AKADEMIE DER WISSENSCHAFTEN DER DDR

ZENTRALINSTITUT FUR KERNFORSCHUNG
ROSSENDORF BEI DRESDEN

ZfK — 646

INDC (BDR)-S4 &

Proceedings

of the XVIIth International Symposium

on Nuclear Physics

— Nuclear Reactions —

organized by
Technical University of Dresden
November 9 — 13, 1987 in Gaussig (GDR)

edited by
D. Seeliger and H. Kalka

May 1988

ISEN ©138-2950



Postanschrift:  Akademie der Wissenschaften der DDR

Zentralinstitut fiir Kernforschung Rossendorf -
PostschlieBfach 19 ’

Dresden
8051

Deutsche Demokratische Republik

Diese f"u'bllikction ‘wurde i}m_ der: Abteii_uhg lnf’oyrﬁdfity)n des Zentfcl_instit_utes f’iir"Kemforschang hergestellt

111-12-12 1 1525/88



AKADEMIE DER WISSENSCHAFTEN DER DDR

ZENTRALINSTITUT FUR EERNFORSCEHUNG
ROSSENDORF BEI DRESDEN

ZfK - 646

PROCEEDINGS

of the XMIIth International Symposium
on Nuclear Physics

- Nuclear Reactions -

organized by

Technical University of Dresden

November 9 - 13, 1987 in Gaussig (GDR)

edited by

D. Seeliger and H, Kalka

’ May 1988



II

Editorial Note

In preparing this materfal for press, the editors have compiled and paginated the
original manuscripts as submitted by the authors., Some of the papers which didn't

meet the requirements stated in the 2nd announcement have been accepted after re~typing
and editor proof,

Authors are themgelves responsible for obtaining necessary permissions to reproduce
copyright material from other sources.



I11

Dear Colleagues,
On the behalf of the Rector of the Technical Universiiy Dresden and &s the chairman of
the Organizing Committee I welcome you at the-

XVIIth International Symposium on Nuclear Physics

in the castle Gaussig. A -

In this year our Symposium is mainly dealing with different aspects of the nuclear
reaction mechanism including the mechanism of nuclear fission,

Nuclear reaction mechanism was the main topic of our Gaussig meetings also 17 years ago,
‘when we started the first small symposia of this series here in the same building.
Especially, pre-equilibrium reactions have been discussed in Gaussig since the very
beginning of this specific topic with great enthusiasm. And, as the present meeting
will show, there is no end of this interesting subject. The same holds for the physics
of nuclear fission, which seems to have a renaissance during the last years - but not
only at Gaussig., There are many other new aspects and directions in the investigations
of nuclear reactions. A few of them are mentioned here: The influence of weak inter—
actions on nuclear processes, the guark structure of nucleons inside the nuclei and the
uge of heavy-ion and high-energy electron beams for experimental invesgtigations.
Altogether, this results in a continuing interest of many laboratories in the world to
this field, as it is demonstrated by the participation of so meny distinguished
scientists at the present meeting.

1 hope you will have an interesting scientific event within the 0ld castle of Gaussig
and a pleasant stay in the surroundings of Dresden.

D. Seeliger
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SEARCH FOR P~0DD AND P~EVEN CORRELATIONS IN NUCLEAR REACTIONS
N.A, Titov
Institute for Nuclear Research, Academy of Sciences of the USSR

The peper reviews the main results of researches of Sp86181 parity violation effects in
nuclear reactions performed by the INR - Linet group.

I. Introduction

The spacial parity violation nuclear systems is due to interference of strong and weak
nucleon~nucleon interaction /1,2/. The spacial parity violation effects serve as a test
for existing models of strong interaction in elementary particle physics as well as in

"nuclear physics. Over the past ten years there were found ‘the P-odd escape aeymmetry of
the heavy nuclei fission fragments /3/ and the spacial parity-violating rotation of a

neutron polarization upon their passage through 117

Sn /4/. Our investigations of them
resulted in finding the P-even left-right asymmetry in heavy nuclei fission end the P-odd
difference in total cross-sections of interaction of longitudinally polarized neutrons

with some nuclei. The analysis of these and some other results makes it possible to clarify
the mechanism of neutron reactions, structure of highly excited nuclear states, fission

physics in more detail.

II. Heavy nuclei fission

In 1977 the group led by G.v. Danelyan found the spacial parity nonconservation in
heavy nuclear fission by polarized thermal neutrons. The fragment escape probability
depended on correlation:

- el
We 1o+ ap(S, P) .

g.and'g being the unit vectors in the directioh of neutron polarization and light fragment
momentum . '
The magnitude of light (heavy) fragment escape asymmetry with respect to captured neutrons
spin appeared to be of the order of 10'4, which is essentially greater than the charac-
teristic value F = (2 $+ 6) . 10-7. Such a magnitude of asymmetry was inconsistent with the
existing knowledge according to which it was supposed that at great (106 2 108) number of
final states the asymmetry which could exist for a single final state would have to be
mutually compensated on detecting the whole spectrum of light (or heavy) fragments. It
was not clear how a weak interaction which affects on the state of one nucleon can define
the movement of a fragment consisting of 100 + 140 nucleons. So it was decided to examine
a new phenomenon in detail to study its nature and search for possible false effects. It
was interesting to compare the nuclear fission with el~decay of polarized nuclei - another
process in which one can observe P-odd escape asymmetry of a heavy charged particle, In
light nuclei the magnitude of P-odd asymmetry can be calculated in detail and serve as a
source of information of a weak opposite parity state mixing matrix-element as well a nu-
clear enhancement factor. The experiment with light polarized nuclei is analogous if they
are produced through the capture of polarized neutrons. But a small size of the expected
effects became a barrier to performance of such investigations. Storage of a large amount
of events to get statistically significant results is possible only at a counting rate of
106 - 108 events per second. So the recording facilities with a necessary operating rate
.were to be developed.

The task was to determine the change in number of particles produced during reactions
examined in the direction towards the detector while the neutron beam polarization point-
ing towards the detector, was reversed. In reations (n,p), (n,a), (n,f) on polarized ther-

mal neutrons the produced particles have fixed energies (in (n,f) on 2330. 2350

,» in spite
of energy fluctuations both fragments can be identified) and are emitted in opposite

directions. The latter means that desired asymmetry has an opposite sign for light and

+ Leningrad Institute of Nuclear Physics



heavy fragments and so they have to be registrated separately, otherwise the desired
asymmetry will be mutually compoensated., This task is usually realized ba means of the
amplitude analysis of detectors signal but here restrictions arise on a count rate, i.e.
on sensitivity, obtained in the experiment. The integral method is used to overcome these
restrictions /5/. To detect reaction products in integratihg mode the gas proportional
chamber was used with separation of light products from heavy ones based on the differsnce
in their ranges.

Fig. 1 shows the transversal cross-section of the
chamber. Target (1) and detectors are put in the
same frame (6). The high potential solid (4) and
wire (3) electrodes are located around the signal
one (5). The gas pressure inside the chamber is
chosen in a such way so as to allow the heavy

products having less range to stop in gas out of
the sensitive volume, and the light ones to pass

through the wire electrode (3). The shielding
action of this electrode and purifying field produ-
ced by the earth electrode (2) make the detector

insensitive to ionization, isolated outside the

sensitive volume between electrodes (3) and (4).

A current tapped off from the signal electrode is only produced by light reaction
products. On reversing the neutron polarization direction towards the detector, the cur-
rent varies in proportion to corresponding change of a number of particles detected,
Detectors current variation was measured by the synchronous detection method with using
analog integration, conversion to numerical code and further digital processing.

To choose proper pressure of a gas mixture in the chamber there was examined either
dependence of a relative fraction of coinciding in time pulses in two symmetrically placed
detectors pn pressure (see Fig. 1) or a sign correlétion of their current signals. Since
for thin targets on detecting a heavy fragment the twin light one, which has a longer
range, had to be registrated by the second detector, time coincidence disappearance meant
that such a pressure was obtained a which a heavy fragment was not detected.

The experiments were carried out at the B.P. Konstantinov Institute of Nuclear Physics,
using a polarized thermal-neutron beam with an intensity of 6 . 107 neutrons/sec of the
VVR-M reactor, a degree of polarization being 95 4 97 %. The neutron spin was flipped with
respect to the guiding magnetic field direction by a high frequency adiabatic spin flipper.

The sign of the sought-for effect changed independently on reversing the direction of a
guiding magnetic field in the target region. The use of two different methods for changing
the sign of the effect enabled us to control and cancel a possible false effect and to
obtain a result with an accuracy that was twice as greater as that in the case of measure-
ments with depolarized beam as a control one.

To suppress the effect of neutron beam intensity fluctuations caused by that of the
reactor power a so-called "differential method” was used: the power fluctuations contribu-
tion to the difference of signals from two opposite detectors canceled, and the sought-for
effect wassummarized., Substraction was made either in analog form at the differential
amplifier or numerically while processing the independently recorded signals of both
detectors.,

The first measurements performed with a 235U-

target corroborated the occurance of the
effect and its dependence neither on chemical composition of the target (USOB) nor on
substrate influence. The fragment B-decay background influence has also been estimated

/6/.



Table 1

Target (mg/cm?) Detection conditions (ag). 1074

—- - +
0.3 U0 - 140 AL - 0.3 U;0, <(S,P)> = 0.91 0.62 ¥ 0.14
- v - -background, I /I, 0.05 0.07 ¥ 0.14

e ’ +
0.2 U,0g - 0.15 Ti - 0.2 U304 Z(S.P)S = 0.88 0.93 ¥ 0.26

f —

0.25 Ti = 0.5 UF, - 0.25 Ti . <(s.B)> = o0.88 0.83 ¥ 0.14

<is,P}> = 0.98 +
to.1

- " - intensity being increased 0.84

Note: The magnitude ((Ei;3:> is determined by a solid angle in which fragments are de-
tected and dependence of their energy release within this solid angle on an angle between
S and P. )
In the subsequent paper /7/ a new phenomenon was observed - the P-even left right
fission fragment escape asymmetry due to interference of the S- and P-wave neutron capture
-states. Addition of P-~odd asymmetry with a coefficient ap and P-even one with a coefi}—
cient a, gives the same kind of total asymmetry, but it is directed along the axis n:

- — - > ~

-
we~ 1o ap(S,P) + 8y S(P,.P) =1+ (n,P)

— — - — - - )
where n = apS + aRL[S,Pn] . S, P, , P being the unit vectors in direction of neutron

polarization, momenta of a neutron and a light fragment, respectively.
Projection of the total asymmetry on the plane perpendicular to the beam axis is given

in Fig. 2 for the 235y fission, ° o
Here angles O  and 180  correspond to P-odd asym=-

a-10* metry, 90° and 270° - to P-even one.
! As a result of data processing presented in Fig.2,
the following values of the asymmetry coefficients
2 {é have been obtained:
a, = (0.78 ¥ 0,10) - 107% ;
;3 ag, = (1.75 ¥ 0.10) - 107% .
ﬂ 4 It was shown that the observed phenomenon of the
e E— 3 — \ y 8° left-right asymmetry is not ‘connected with the
/ ] \\ instrumental distorsion of the P-odd asymmetry
%_P which can arise due to a misaligment of the pola-

rization axis or the displacement of the center of
mass of the "glowing region” of the target rela-
24 tive to its geometrical center; and depends neither
on external magnetic field at the target nor on
chemical composition of this target (see Table 2).

The left-right asymmetry has also been found in
the 233

-3

U fission, instrumental errors and magnetic
field influence being absent.
7

Fig. 2 Circles denote the results of The group led by G.A. Petrov, which also per-
our paper /7/, triangles - the data formed investigations of P-parity violating ef=-
obtained by the Danielyan group in fects in fission at the VVR-M reactor, confirmed
their previous work when the left- the occurance of left-right asymmetry in the
-right asymmetry was not found. 233U-fission and found it in the 239Pu-one /8/.

a, (%33y) = - (6.43 T 0.51) - 1074

RL -

ay, (®3%u) = (1.25 ¥ 0.29) - 1074 .

RL



In 1982 the same group made the difficult experiment on studying the dependence of a on

RL
neutron energy within the region 0.025 + 0.29 eV /9/ and did not find any resonance en-

hancement effect for thermal neutrons. Thus, the experimental data show that the left-
-right asymmetry is a typical phenomenon for nuclear fission with a characteristic value

~1 . 1074,

Table 2
Target ay L(s.P)> P 1074 aRL.<KS,P)>»Pn. 1074 arctg (ap/aRL) Notes
235k, 0.65 ¥ 0.11 1.55 ¥ 0.14 22.9° ¥ 3,3° detector I
235k, 0.63 ¥ 0.10 1.35 ¥ 0.12 25.0° ¥ 3,3° detector II
23%y¢ , 0.65 ¥ 0.07 1.46 ¥ 0.08 24,1° ¥ 2,1° detector I + II
235y,04 0.33 ¥ 0.11 1.01 ¥ 0.09 " 18.0° ¥ 5.5° detector I
235u308 0.56 % 0.10 0.96 ¥ 0.10 30.2° ¥ 5,6° detector II
235y,04 0.41 ¥ 0.08 0.97 ¥ 0.07 22,9° ¥ 3.8° detector I + II
235,04 1.04 ¥ 0.08 mag. field 2.3
times greater‘
2330k, 2.38 ¥ 0.35 -2.88 ¥ 0.36 -39.6% ¥ 4.9° detector I
T 3.10 ¥ 0.28 -2.48 ¥ 0.27 -51.3% ¥ 4.4° detector II
233, 2.81 ¥ 0.25 -2.67 ¥ 0.25 -46.5° ¥ 3.3° detector I + II
233UF4 2.50 ¥ 0.49 -3.10 ¥ 0.43 -38.9° ¥ 6.7° detector I + II

mag. field 2.3
times greater

The magnitude of the left-right asymmetry depends on three factors: the relative value
of the P-wave capture amplitude, the degree of "surviving" during cooling of a compound
nucleus and the degree of averaging after summation over final states. Since the experi-
ment showed that the values observed were practically equal to the first factor, the sec-
ond and third ones have to be of about 1, Thus, the 0.P. Sushkov - V,V, Flambaum hypothe-
sis was substantiated which supposed the connection between the P-odd fragment emission
asymmetry and the "dynamical® mixing of hot compound nucleus states, produced through the
neutron capture. In this model /10,11/ at the fixed nucleus energy ( AE & D) the mixture
of states of opposite parity, which are preserved during cooling, determines the state
mixing of a cold severely deformed nucleus at the saddle point, where angular distribu-~
tion of fragments is formed. To get an interference of the opposite parity states it is
necessary for fission channels of different parity and moment to belong to the rotation
band arising from one and the same intrinsic state of a cold pear-shaped necleus, which is
fixed by K.

The left-right asymmetry in the O.P. Sushkov ~ V.V. Flambaum model is described analo-

gously.

III. Spacial parity violation in the light nuclei

The search for a P-odd escape asymmetry of a-particles in the reactions 6Li(n,a)3H and
10B(n.a)7Li, which were proposed in Ref. /12/ as well as protons in the reaction 3He(n,p)3H
was carried out at the installation described above. The results are given in Table 3.

Only the difference signal of both detectors was monitored, because the level of statis-
tical fluctuations was 2 - 3 times lower than that, associated with neutron flux intensity
variations, The left-right asymmetry was found in the reaction 6Li(n,a)sH. The additional
experiment showed its dependence on neutron momentum, which confirms that it can be inter-
preted as the interference of the S-P-wave neutron capture.



Table 3

Reaction " Target (mg/cm?) g, 107> 85+ 107 Notes
®Li(n,a)% 0.1Ti-0.88+0.29%01-0.1T1  -10.6 % 0.4 +0.30 Y051 N\ =274

- - 1.5A1-2.6%LiF-1.5A1 ~-8.9%0.3 1 0.16 0.23 % =2.74

- - - - _-5.61‘0.4 - - N = 4.7 A
O8(n,a +a;)’Li  0.171-0.3'%8(81%)-0.171 - 0.40% 0.60 -0.13 ¥0.24 ) = 2.7 A
8(n,a ) L1 0.17i-0.508(81%)~0.1Ti . 7.7% 0.6 {1.8 (90 %) A, =2.7 A
08(n,e,) La? - - < 1.2(90% c.1.) <0.37(90 %) -
*He(n,p)3H e + 2 % CO, 0.06% 0.080 0.038%.048 - " -
6 i(n,a)H 1.5A1-3.5%0LiF-1.5A1 - 0.007%0.080 ?ll?nll?
Y% (n,a )71 0.27i-0.321%(81%)-0.271 - 0.21 ¥0.34 -
8(n,a,) L1+ - - - 0.035%0.068 - -

The reaction 1

duction in the ground and the first excited (0.48 MeV) states. In the first experiments

oB(n,a)7Li has two channels, which correspohd to the 7Li-nucleus pro-

the mixture of both'lines of a-particles was detected. In the second one a-particles of
the ao-line were detected separately in the additional sensitive volume, what yielded
simutaneous measurement of the effects at both lines, The left-right asymmetry was found
at the ao-line.

The percularity of the experiment with the reaction
3

3He(n,p)sH was using as a target

a part of the chamber volume filled with a mixture “He + 2 % co, which was intersected
by the beam,

The beam in these experiments was transverely polarized. If the polarization axis devi-
ates from the direction toward the detector, the projection of a left-right asymmetry
could imitate a P-odd asymmetry. The uncertainty in the orientation of the polarization
axis, f;3°, places a limit on the order of 10'5 on the sensitivity to a P-odd asymmetlry.
In Ref. /14/ the left-right asymmetry background was suppressed further by taking the
measurements with a longitudinally polarized bE?m4 w{ih 10 targets and 40 detectors along

" the beam axis (see Fig. 3). In this geometry (S UPni[P) the detectors are relatively in-
sensitive to a left-right asymmetry, and the magnitude of this asymmetry was suppressed
by orientin the polarization axis parallel to the beam axis within an angle of less than
1°.

As in the earlier experiments, the detectors were gas-folled proportional chambers
with wire electrodes. The detectors, operated in an integrating r-egime detected only the
light reaction products. The sensitive volume of each detector was divided into two parts,
the outer part detected (in the study of the reaction 10g + n) only the ao-linq. The anal-
ogous results for ap were obtained in Ref. /15/.

These results are quite close to the lower limit of the estimate a ~1072 - 107% found
in Ref. /12/. The further increase in accuracy was limited by the intensity of the neutron
beam, It is worth mentioning that a value ag = (0.8 + 3.8) 1()_6 was predicted in Ref.

/16/.
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1V. Spacial parity violation in neutron optics

The amplitude of the neutron scattering on nucleus f(0) determined the neutron wave

refractive index in medium n:

n=1+2% gf(0)
2

9 being a number of nuclei per 1 cm3, k - a wave number.

A P-odd component of the f(O)'proportional correlation (g-;;) results in rotation of
the neutron polarization plane in the medium (~Ren) and in difference of total inter-
action cross-sections for longitudinally polarized neutrons (~ Im n). In some papers it
was suggested to search for the first effect as a source of information about a weak odd-
-neutron - nucleus interactioq (a parameter XS from Ref. /1/). To enhance the effect it
was proposed to use resonances in the neutron - point nucleus system (refere to /4/).

The experiment carried out at the Laue-Langevin Institute, revealed the unexpectedly
large value of the effect for the *17sn sample /4/., In the references /17,19/ the effect
enhancement was ascribed to the vicinity of the p-wave resonance. To explain the magnitude
of the P-odd mixing a new weak interaction with a constant ~ 100 G was supposed to occur
/17/. It was shown in Ref., /18/ that a weak mixing of opposite parity states is determined
by a virtual excitation of a compound nucleus (e.g. 1188n) where this mixing (as for the
P-odd effects in fission, 113Cd(n, Yo) is "dynamically" enhanced. The same authors sug-
gested searching for analogous effects in nuclei with low-lying compound p-resonances:
139La, 9.:(’Nb. For thermal neutrons such effects (~1Im n) were predicted to be of the order

of 107% - 1076,

In Ref. /4/ the effect Im n ~A = (N* - N7)/P (N* + N7) = (9.8 * 4.0) - 107% was
measured for the 117Sn sample with Aggg = =(3,0 % 5,3) + 107 as a “zero" experiment., The

results obtained did not allow to make the definite conclusions because the precision of
measurements performed was small due to large contribution of the neutron beam intensity
fluctuations to an error,

A "differential" method was used at the installation which is described in Fig. 4 to
cancel out the fluctuations in the intensity of the neutron beam. '

After passage through the adiabatic high frequency flipper the beam was split into two
parts with a 6LiF-collimator. The beams entered adiabatically the solenoids which pro-
duced longitudinal magnetic fields in opposite directions. Two identical samples were
placed into the solenoids., Both beams were adjusted with a high accuracy. The scattered ne
neutrons were absorbed with additional collimators.'

The neutrons which were transmitted through-the sample, were detected by two multiwire
proportional chambers filled with a mixture 3Ha(o.35 kg/cm2 of partial pressure) co,

(0.5 kg/cmz) Ar (1.45 kg/cmz), which were placed in the same gas volume. The neutron
detection efficiency of the chambers appeared to be about 80 %.
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Fig. 4., Experimental set-up: 1 - neutron guide tube shielding; z - permanent magnet;
3 - neutron guide tube; 4 ~ flipper magnetic fields coils; 5 - flipper HF coil;
6, 7 8 samples; 8 - reversed magnetic field solenoids; 9 ~ LiF diaphragms -~ 10, 11 - detec~

tors; t - high frequency on, @'- HF-off.

Thus, the parity violation effect, as in previous investigations, had an opposite
sign in both detectors. A differential signal included a double parity nonconservation
effect, all fluctuations of the beam intensity except statistical ones being substracted.
Such an approach made it possible to increase the senstivity of the experiment by 52 - 5
times in comparison with a case when only one beam was used for measurements and ensured
monitoring of the majority of spurious effects. The test experiments and signal proces-
sing procedure were similar to that described above.

The results of measurements of the P-parity nonconservation effects taken in the trans-
mittance experiment are listed in the Table 4. The measured wvariable is
Ato'c.y = %_ (N+ -

NT)/(NT + NT), where P, is the degree of beam polarization, N* and N”
are intensities of the detected neutrons or Y-quanta, corresponding to parallel (+) and

antiparallel (-) directions of the spin and neutron momentum. The experimental data show

the neutron helicity dependent effects for 117Sn, 139La, natge,
Table 4 - AS
L -6 Loy . -6 -6 AG,  _g
Nucleus G’mt GY /el Arotl107) 161(10 ) AY(1o ) —_XZGX(w ) Ref.
natgn 2.9 i.. 0.9 -~ 0.6%1.0 - - - 20
175, 3.7 1.2 1.1 - 6.8%0.8 6.2 T 0.7  19.8%1.9 22.6%1.9 20
1392 19.6 9.4 1.0 -9.0%1,4 9.0% 1.4 12.2%1.9 16.1%2.0 20
natgr 15,5 9.8 1.27 -12.5%1.2 9.8 ¥ 1.0 10.5%1.4 15.5%1.5 21
27a1 1.65  0.24 1.55 - 1.1%2.3 0.7 ¥1.5 3.1%a.2  3.5%5.1 -
ERNTS 7.5 1.15 1.05 - 0.3%1,9 . 0.3%1.8" 1.2%2.6  1.3%3.4 -

The experiment for studing the dependence of the radiative capture cross-section on
neutron helicity was as follows, The neutron beam passed through a sample placed in the
single solenoid with a longitudinal field, two scintillation detectors with NaJ(T1l)
crystals @ 150 x 100 mm and photomultiplier dYBV'-49 were located on both sides of the
sample at the distance of about 50 mm from the neutron beanm.

The auxiliary integral current signal was recorded which was proportional to the reac-
tor pdwer, that is to the neutron beam intensity, Substraction of this signal from the
sum of signals of y~detectors permitted to cancel out the neutron intensity fluctuations
and to kesp the measurement error on:the level of counting statistics.



The measurements were taken like in previous exheriments. To the observable variable
A_ there were made the measured corrections for y-background in the detectors and the
calculated corrections for the background induced by the process of scattered neutron
capture in the sample.

The results are presented in Table 4. When measuring in the depolarized bsam, no ef-
fects were observed. '

Therefore we can make a conclusion that both the total cross-section and the radiative
capture one depend on an neutron hecility. The values of CBY/CStot make one assume that .
the P-parity nonconservation in the total cross~section within the experiment errors is
due to that which occurs through radiation capture.

The existence of a large P-odd effect in the totsal interaction cross-section of neu-
trons with 117Sn, 139La, natg, corroborated the resonance nature of its enhancement. Only
the presence of a resonance factor [(E-Eo) + ir72]'1 in the parity-violating scattering
amplitude besides a purely real vertex of the weak mixing of states with opposite parity
/17-19/ gives us an imaginary part of the neutron scattering amplitude, which is respon-
sible for the effects observed. It is very easy to explain the equatlon AGtotNAG
within the scope of the resonance model but in Ref. /22/ it is shown to be a genaral
consequence of a threshold behaviour of the elastic scattering amplitudes and exothermie
reaction.

The resonance nature of observable effects were exhibited in the experiments performed
by the JINR. The magnitude A was measured for resonance neutrons and its resonance
117Sn), C.75 eV
(139La), 0.88 eV (818r) /23/. Comparing the results /20,21,23/ one can see, that energy

behaviour of the effect is in good agreement with the Breit-Wigner formula at AE ~ 10T
117

tot
behaviour was studied in the vicinity of P~-wave resonances 1.33 eV (

(except a slight discrepancy for Sn), which is a surprising fact.

The observation of the spacial parity violation in neutron optics opens a new field
for studying the weak interaction in atomic nuclei because, in principle, it allows to
examine a wide range of nuclei and various states of the same nuclei. Investigation of a.
phenomenon known as "the dynamical enhancement” is of greate interest which, as shown in
Ref. /24/, has universal nature and can enhance any weak, for example, Coriolis, effects

in highly excited states of nuclei,

V. Perspectives

Revelation of a resonance nature of the P-parity nonconservation stimulated the devel-~
opment of some proposals on studing the effects in neutron resonances with 10 - 100 ev-
-energy, These are, for example, researches of a difference in total interaction cross-
-sections /18/, the P-odd asymmetries in neutron scattering /17/ and nuclei fission
(analogously to /3/), asymmetry of captured y~quanta.

Another important lead for.further research is -associated with search for P- and T-odd
effects, which also have to undergo resonance enhancement /17,25,26/. It is proposed to
search for rotation of a polarization plane of neutrons during their passage through a
polarized target (correlation being ?[gn x gt , where 'é', F are spin and momentum of a
neutron, g: is spin of a nucleus of the target) /17,26/ as well as in backward scattering
/25/.

It will be possible to realize all these proposals only by means of a new generation
of neutron spallation sources based on the intermediate- and high-energy proton acceler~
ators. A pulsed neutron source being developed at the Moscow Meson Factory of the Insti-
tute for Nuclear Research of the Academy of Sciences of the USSR falls into this category.
‘he beams under construction will surpass the ones used at the JINR in quality by
103 + 105 times. Today a polarized proton target - a neutron polarizer is under construc-
- tion.

There is a problem whlch can be examined before starting a polarized beam - a search
for correlations (P P £) in heavy nuclear fission /28/. It was shown that the effect can
be observed at some resonances up to 30 - 50 eV even without using the proton compressing



storage ring /29/.

In conclusion I would like to thank V.M. Lobashev who is the leader of the works
presented in this review and all the co~workers for the great pleasure received from our
collaboration, T.E. Grebenjkova for the help in preparing this manuscript, as well as
Dr. D, Seeliger and Dresden Technical University for the invitation to participate in
the Symposium. . ' :
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MULTISTEP COMPOUND PROCESSES IN NUCLEAR REACTIONS
P.E. Hodgson ‘

Nuclear Physics Laboratory, Oxford

Abstract

The quantum-mecﬁanical theorylof multistep compound reactions due to Feshbach, Kerman
and Koonin is reviewed and applied to the analysis of reactions of neutrons with 5900,
93\b and 20981. A detailed study is made of reactions at 14 MeV, and in addition the total
cross-sections in several reaction channels are presented in the range 10 - 20 MeV. Con-
clusions are drawn concerning the energy variations of the contributions of direct, pre-
-equilibrium and compound nucleus reactions,

1. Introduction

During the ninteen sixties, evidence accumulated indicating that i%¥ is possible for
particles to be emitted after the first stage of a nucleat interaction but long before
the sttainment of statistical equilibrium; these are the pre-equilibrium particles. Many
attempts have been made to understand such reactions in terms of a series of nucleon-nu-
cdeon interactions within the target nucleus., Starting with the pioneer work of Griffin
/1/, a series of semi-classical or 'exciton models of varying complexity has been devel-
oped, and with appropriate choice of parameters these are often able to fit the observed
energy and angular distributions of the emitted particles. More recently, several quantum-
~-mechanical theories have been proposed, and these provide in principle a way of calculat-

ing the cross-sections of pré—equilibrium processes without the uncertainties of the
semi-classical approximations. This makes it possible to analyse in a unified way the
cross-sections in all the contributing reaction channels at moderate energies.

Pre-equilibrium processes make substantial and in some cases dominant contributions to
the cross-sections of reactions initiated by neutrons from 10 to 20 MeV. The multistep
compound (MSC) theory of Feshbach, Kerman and Koonin /2/ is described in section 2, and
applied to some neutron reactions on 29¢o and 9:I’Nb in section 3. The semi-=classical and
quantum-mechanical theories of multistep processes are discussed in section 4.

This review includes some of the .materials already presented at the International
Symposium on Physics at Tandem (Beijing 1986) and then describes in more detail the work
completed since then. This new work includes a study of the energy variations of the
cros;asections in several reaction channels for the interactions of reactions with 93Nb
d 20%;,

as a function of neutron energy. Particular attention has been given to the cross-sec-

an This shows the contributions of the multistep processes to the cross-sections
tions of alpha-emitting reactions, and some new results are presented.

2., The gquantum-mechanical theory of Feshbach, Kerman and Koonin

The basic physical picture underlying the quantum-mechanical multistep theory is the
same as for the exciton model. It is assumed that the interaction between the incident
nucleon and the target nucleus takes place in a number of stages of increasing complexity.
To evaluate the probability of emission after the first stage but before the attasinment
of statistical equilibrium it is necessary to consider the mechanism of nuclear excitation
in detail. The nucleus is excited by a series of nucleon-nucleon collisions between the
projectile and the target nucleons. These take place in stages, or doorway states of

increasing complexity beginning with the projectile in the continuum. The first inter-
action creates a particle-hole pair, giving a 2-particle 1-hole (2plh) state. There are a
large number of possible 2plh states. Subsequent interactions create additional particle-
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-hole pairs, giving 3p2h states and once again there are very many 3p~2h states for each
2plh state. This process continues until the excitation is spread through the nucleus to
proddce a fully-equilibrated nucleus which then decays statistically.

At each stage it is useful to consider separately the states with at least one particle
in the continuum and the states with all particles bound; these states may be formally
described by the projections P and Q acting on the total waveform ¥, with P + Q = 1. The
set of states PY contribute to the multistep direct process.and the complementary set of
states QY to the multistep compound process. These states are shown in Figure 1, with the
arrows indicating transitions from one configuration to another. Of only two-body inter-
actions are presenf these transitions can only take place between neighbouring stages;
this is the chaining hypothesis. .

At each stage there are three possibilities: excitation of an additional particle-hole
pair, de—excita;ion of a particle-hole paig and emission into the continuum, The transi-
tion matrix for the de-excitation of a particle-héle pair is the same as the eorresponding
matrix for its excitation, but because the density of final states is so much greatér for
the states with more particle-hole pairs the probability of excitation of an additional
particle-hole pair is much greater than of de~excitation. Thus transitions to states of
greater complexity are much more probable than transitions to states of lesser complexity.
It is therefore good approximation to neglect the transitions going to states of lower

exciton number; this is the never-come-back assumption.
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Figure 1 Multistep description of a nuclear reaction

s

The pre-equilibrium emission can take place directly af each stage from the P-chain,
or indirectly from the Q chain. In the latter case the emission process goes fhrough
states in the P=-chain; this can happen in three different ways as shown in Fig. 1. The
more energetic particles come from the early stages of the chain and the less energetic
from the later stages.

The time structure of the interactions is more complicated. The multistep direct
reactions take place down the P~chain, and these direct processes take place rapidly. The
transitiors down the Q-chain, on the other hand, take place much more slowly, and indeed a
state of quasi-equilibrium is atteined at each stage so that the emission is compound in
character with a symmetric angular distribution. A large number of individual interactions
take place at each stage, but nearly all of them leave the number of particles and holes
unchanged. It is only very occasionally that a collision results in a transition to a
state of greater complexity or to the P-chain and hence to the continuum. To obtain the
emission probabilities only these escape probabilities need be calculated, together with
the probabilities for exciting a further particle~hole pair. The vastly greater number of
interactions taking place within each stage in the Q=chain without changing the exciton
number are only important for their role in ensuring statistical equilibrium at each
stage.

The relative reaction fluxes passing down the P and Q chains depends strongly on the
incident energy. At low energies the Q=-chain interactions dominate, giving symmetric
multistep compound angular distributions. As the energy increases the P chain interactions
become increasing important until finally they are responsible for almost all the cross-
-section giving forward-peaked multistep direct angular distributions. The transitions
between the P and Q chains are small and average out, so that the contributions of the P
and Q chains can be evaluated separately, and their sum compared with experiment.

To describe the multistep compound process mathematically, let T;{ be the damping
th to the n + 1th state, and r;f the
state into the continuum. The total width

width corresponding to the transition from the n

escape width for the transition from the nth

th

for the decay of the n = state is therefore
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\'.\ o= i+ ﬂ‘? ' (2.1)

\
i}

\ The total probability for emission into the continuum from the nth state is then the
product of three factors for each value of the total angular momentum J:
a) the probability of formation of the compound system, which is given by the optical
model expression
227 < T >
ol = g3T <1y >
¢ < Dy > (2.2)
where the last factor is the strength function. .
b) the probability of the system arriving to the Nth stage without particle emission. This
is given by the product of the probabilities of surviving the mth stage,

-1 4
r,.,>
II w, = || lmy> : 2.3
2l m+im < rmJ > . ( )

where <r1 ‘>‘1s the damping width for the tran51t10n to a stage of higher exciton
number and (r‘ > is the total width,

c) the probability that a particle>will be emitted into the continuum from the Nth stage.
This is given by a sum over all possible emission processes divided by the sum over
all processes. Emission can take place in three ways. 30 the emission probability is
glven by the sum of products of emission widths FNJ (U) and the level densities
3 (U) of the final states of the residual nucleus at excitation energy U. This gives
the factor

(i @y @) . (2.4)

<Tns>

Collecting these factors together gives for the double differential-section for pre-
~equilibrium emission by the multistep compound process

_ Ilev .
==\ 2(2', +1) Z E ChJPA(CDSG)Z <TRT (e W) >
=1laAv <Tns> (2.5)
N—l N
<(II <Tpy>)2r<lfy>
<Ims>) <Duy>

m=1

All the factors in the above expressions are calculated quantum-mechanically or, as in
the case of the level density function, obtained from the known systematics of nuclear
properties. The measured cross-section for the formation of the compound nucleus is used,
and if it is not available it can be obtained from the optical model.

The particle-hole level densities are calculated using Ericson’'s expression based on
the equidistant spacing model, with an additional factor giving the spin distribution

PV (E) = on(E)SY = pa(E)S] (2.6)
where n = 2N + 1 and
(n—-1
mp)= S (2.7)

in which g is the total single-particle density and p, h the numbers of particles and
holes (n = p + h). ‘
The spin-dependent factor Sg is given by

2741 J+317 |
= ‘/;nalz”sex [- no? ] (2.8)
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The spin cut-off pareameter C;Z is related to the nuclear temperatur T by the expression
o?=2Cr (2:9)
where C ~nA2/3/90 (Mev'l) and

E=grl-r (2.10)

and a=x?g/6.

Each of the widths correspondlng to the three emission processes may be expressed as a-
product of three factors, the first depending on the level densities, the second on angu~
lar momentum coupling and the third on the wavefunctions of the‘interacting particles:

< T UIRLD) >= XV ARV)HD). (2.11)

The full expressions for the first two of these functions are given by FKK and the third
is s

o(U)=Vo (4—;-r3) %’r /o " un(r il u(ryun(r)dr/r? (2.12)

where V0 is the strength of the residual two-body interaction and the rédial wave func-
tions u_,(r) and ujz(r) refer to the bound particles before the interaction, uj3(r) to
the bound particle after the interaction and ujl(r) to the part;cle emitted into the
continuum,

At lower energies where there are few contributing channels it is possible to fix the
strength of the effective interaction Vo directly and accurately by normalising the sum of
the cross-sections in all the reaction channels to the total reaction cross-section GR
obtained from the optical model potential or from experiment. Thus, at a particular energy

L VIE)+ }:a,-(E) =on (2.13)

where i, j label the reaction channels. V f. (E) is the total reaction cross-section in the
ith channel and G (E) that in the j th channel In this expression the cross-sections in
the first i channels are calculated using the multistep theory, and those in the remaining
j channels are either calculated by the Weisskopf-Ewing theory or taken from experimental
data. ) '

In theé calculetions reported here we evaluate the matrix elements using constant wave-
functions inside the nucleus and a two-body interaction of zero range as originally sug-
gested by FKK. This of course overestimates the cross-sections and so thus requires small
values of the effective interaction Vo‘ In a subsequent calculation Bonetti and Colombo
/3/ repeated the calculation with realistic wavefuntions and a density-dependent Yukawa
interaction and showed that the corresponding,vo is consistent with that found in other
analysis. The main effect of using these approximate wavefuntions is thus absorbed by the
renormalisation of the effective interaction; the effect on the .energy spectra is small.
Making the calculations in this way substantially reduced the computation time.

Feshbach, Kerman and Koonin also derived an expression for the double differential
cross-section for pre-equilibrium emission by the multistep direct process.

3. Multistep analysis of neutron-induced reactions

The Milan group has already made many calculations using the multistep compound and
multistep direct theories /3/. More recently, the multistep compound theory has been used
to calculate the inelastic spectrum of neutrons emitted when 14 MeV neutrons interact
with 5900, 93np and\zogai /4,5/. These reactions are particularly suitable to test the
theory as much date are available, and theyare also of practical importance.

At these energies, there are rather.few open reaction channels and so it is possible to
make a relatively complete analysis. In particular, the effective interaction strength can
be fixed by the requirement that the sum of all the non-elastic cross-sections is the
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reaction cross-section.

Preliminary calculations of the total cross~-sections in the various channels were made
using the Weisskopf-Ewing /7/ theory, and the results are shown in Fig. 2. The optical
potentials used are given in Ref. 4. At energies less than 9 MeV only the (n,n'), (n.,y),

"(n,p) and (n,a) cross-sections are appreciable, and of these (n,n') accounts for about
97 % of the total. The value of the effective interaction VO may therefore be determined
accurately from equation (2.13) using the Weisskopf-Ewing values for the three smaller
cross-sections. The main uncertainty comes from the calculated total
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Figure 2 Total cross-sections of all reactions of neutrons on 5900 and 73Nb as a function
of neutron energy calculated with the Weisskopf-Ewing theory.

reaction cross-section. At 14 MeV the

situation is quite different; the (n,2n) cross=-sec-
tion dominates, (n,n') is still large

and (n,np) and (n,pn) are quite important, The
measured neutron inelatic cross-section includes the neutrons from all these reactions,
whereas the calculated neutron inelastic cross-section refers only to the neutrons emitted
first, i.e. it gives the (n,n') cross-section together with half the (n,np) and (n,2n)
cross-sections but not those of the neutrons from (n,pn) or the second neutrons from
(n,2n).

Examination of the angular distributions of the emitted neutrons and protons show that
they are almost symmetric, with a slight forward excess. This indicates that the reaction
mechanism is predominantly compound, with a small direct contribution that for 5900 can be
estimated from the forward excess to be about 100mb for neutrons and about 20mb for pro-
tons, This direct contribution has now been calculated, and is included in the 30° distri-
bution in Fig. 3. ‘ .

The total reaction cross-section for 14 MeV neutrons on 5900 is 1370 ¥ 30mb (MacGregor
et al /6/) and allowing 120 * somb for direct processes leaves 1250 ks 50mb for compound
nucleus processes., This is therefore the sum of the cross-sections of the compound nucleus
contributions to the contributing reactions, provided there are no direct contributions to
the alpha emission reactions. This latter qualification can be tested when the correspond-
ing angular distributions are available but since the total cross-sections in the alpha
channels are small this will not significantly affect the analysis.

The multistep compound theory was used to evaluate the neutron and proton emission
cross-sections, and the alpha-emission cross-sections were taken to have the value of
45mb given by the Weisskopf-Ewing /7/ theory. Using the level-density parameters of
Brancazio and Cameron /8/, and taking the total compound nucleus cross~section to be
1250mb the value of V0 was determined to be G.90. ) ‘

The emission of the first particle leaves the residual nucleus in a spectral distribu-
tion of excitation energies, and the theory may now be used to calculate the cross-section
corresponding to the emission of a proton, neutron or alpha particle as second particle.
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This gives the (n,2n), (n.np), (n,pn) and n,a) cross-sections, and also the (n,n') and
(n,p) in cases where there is no second particle emitted. The cross-segctions of the two-
-particle emission reactions obtained in this way are appreciable smaller than the values
obtained from the Weisskopf-Ewing theory alone because the possibility of pre-equilibrium
emission of the first particle implies a lower excitation energy in the residual nugleus
and hence reduced hrobability for the emission of a second particle. These cross-sections
are given in Table 1 and compared with the experimental values. This is only possible for
the total (n,2n), (n,p) and (n,a) cross-sections obtained from radiochemical analyses; in
other cases cross-sections obtained must be combined before such comparisons are made.
Thus only the total of the (n,np), (n,pn) and (n,d) reactions is obtainable radiochemi-
cally, and particle emission cross-sections, that can be measured as energy and angular
distribution, refer to the sum of several separate reactions. Thus the total neutron emis-
sion cross-section is the sum of the cross-section for the emission of a neutron as first
particle and that for the emission of a neutron as second particle (i.e. the sum of (n,2n),
(n,pn) and (n,an)). Using the values from Table 1 gives 1758mb as the total compound
nucleus neutron emission cross-section. Adding the direct component of 100mb gives 1858mb,
which may be compared with the value 1780 iy
Sal'nikov et al. /9/.

The calculations also give the double differential cross-section for neutron emission,

100mb obtained from the experimental data of

and this is compared with the experimental data of Sal'nikov et al. in Fig. 3.

In a similar way the proton emission cross-section may be obtgined as the sum of the
cross~section for the emission of a proton as first particle and that for the emission of
a proton as second particle (i.e. (m,np)). This gives 149mb as the total compound nucleus
proton emission cross-section, which may be compared with the value 97 ¥ 12mp obtained
from the experimental data of Colli et al., /1/. The double differential cross-section for
proton emission is compared with the data in Fig. 4.

A similar analysis was made of the reactions of 14 MeV neutrons on 93Nb, and the calcu-
lated neutron emission spectrum is compared with the experimental data in Fig. 5 and the
total cross~sections in Table 2., The calculated neutron emission spectrum for 209g; is
compared with the data in Fig. 6.

The calculation have now been made over a range of energies and compared with the expe-

rimental excitation functions for the (n,2n), (n,3n), (n,p) and (n,ax) cross sections.

~  Tablel
Total cross-sections of neutron reactions on °Co at 14 MeV

Reaction Theory Experiment Reaction Theory Experiment

(n,n') a5 - Neutron 1058490 1780 + 100
Emission
(n,2n) 592 6401 gas  Proten 149 97 4+ 1209); 108 + 22011)
Emission
Total _ (6)
(n,pn) 72 Reaction 1370 £ 30
2 3501
(n,np) 25
(n,p) 52 81+ 1002); 754 1503); 29 + 4014 .
(n,a) 43 30419

(n,an) 2 -
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Table 2

Total cross-sections of neutron reactions on #*Nb at 14 MeV

Reaction Theory Experiment

Theory Experiment

2321

76

0.2

26*

2500 + 120
444 20; 51 2 80D

8 + 3@t

14 + 300t

1731 £ 30

11.1 4 2.707); 9 £ 208); 9.5 4 0,509, 9.3 £ 330

4 8 1]

4 8

outgoing neutron energy (MeV)

d% [d N dE  (mb st~ Mev™!)

b

#Co (n.xp)

Ep = 14 MeV

© = 15°

R. %

outgoing proton energy (MeV)

1 At 15 MeV.

- Figure 3 Energy spectra of neu=

trons emitted at 30° and 150o from
59Co at an incident neutroh energy
of 14 MeV. The experimental data
of Sal'nikov /9/ are compared with
statistical multistep compound
(SMC) calculations. The curves
labelled with the value of N show
the contributions of N-step pro-
cesses and the broken and dotted
curves show those due to the re-~
sidual r-stage processes for the
(n,n') and the (n,2n) + (n,pn)
reactions respectively. The full
¢urve gives the sum of these pro-
cesses (Field /4/).

Figure 4 Energy spectrum of pro-
téns emitted at 15° from >%co at
an incident energy of 14 Mev, The
experimental data /10/ are compar-
ed with the statistical multistep
compound (SMC) calculations. The
curves labelled with the values

of N show the contributions of
N-step processes and the broken
and dotted curves those due to the

residual r-stage
(n,np) reactions
full curve gives

processes (Field
[

processes for the
respectively. The
the sum of these

/4/).
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Figure. 5 Energy spectra of neutrons
emitted at 30° and 150° from 3\b at
an incident neutron energy of 14 MeV.
The experimental data of Sal'nikov
/9/ are compared with statistical

calculations,
the value of
of N-step
and dotted

curves show those due to the residual
r-stage processes for the (n,n') and

the (n,2n) + (n,pn) reactions respec~-
% - tively. The full curve gives the sum

of these processes.

Figure 6 Energy spectrum of neutrons
emitted at 150° from 20981 at an in-
cident neutron energy of 14 MeV. The

experimental data of Sal'nikov /G/

are compared with statistical multi-

step compound (SMC) calculations. The

curves labelled with the values of N

show the contributions of N-step pro-

cesses and the broken curve that due

to the residual r-stage process. The

full curve gives the sum of these
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Figure 7 - Excitation functions
for the (n,2n) and (n,3n) re-

- actions on 5900, 93Nb and

20981. The solid curves were
calculated using the SMCE re-
sults as input for the second
stage and the dashed curves
using the Weisskopf-Ewing
theory for both stages. Refer-
ences to the data on 5900 may
be found in Wilmore and
Hodgson /15/ and Hasan et al.
/16/, those on 93Nb in
Strohmaier /24/, and those on
20985 in veeser et al. /16/.
The dotted curve for 93Nb
shows the result of exciton
model calculations by
Strohmaier /24/ (Field /4/).
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The (n,2n) and (n,3n) cross-sections

The Weisskopf~Ewing calculation gives (n,2n) cross sections that are up to 30 % greater
than the measured values in the energy range from threshold to 20 MeV (Holub et al. /23/.
This difference is attributable to pre-equilibrium emission, which gives more neutrons of
higher energy, which in turn reduces the energy of the residual nucleus and with it the
probability of the emission of a second neutron, thus reducing the (n,2n) cross-section,
The magnitude of this reduction was calculated using the statistical multistep compound
theory and the results are compared with experimental data in Fig. 7.

The (n,p) and (n,px) cross sections

The measurements of proton emission by the activation method gives only the (n,p)
cross~section whereas techniques detecting the emitted protons give the (n,px) cross-
section, where x indicates the inclusion of all otner proton-emitting reactions like
(n,pn) and (n,np). The cross-sections of these reactions obtained by the Weisskopf-~
Ewing and statistical multistep compound theories are compared with some activation data

in Fig. 8.

Figure 8 Excitation functions
for the (n,p) reaction on 93Nb

and 20981. The solid curves were

4 calculated using the SMCE results
as input for the second stage and
in’ the dotted curves using the
g Weisskopf-Ewing theory for both
g o stages. References to 'the data on
L 5%co may be found in Wilmore and
. Hodgson /15/ and Hasan et al.

/26/, those on 93Nb in Strohmaier
/24/, and those on 20981 in
Mukherjee et al. /27/, (Field

Incident neutron energy (MeV) Incident neutron energy /4/).
(MeV)

The (n,a) and (n,ax) cross-sections

The same considerations as those mentioned in the previous section apply to (n,a) and
(n,ax) reactions, Weisskopf-Ewing /7/ calculations are compared with the experimental data
for the excitation function in Figs. 9 and 10 and for the energy spectrum of the emitted
alpha-particles for an incident energy of 14 MeV in Fig. 11. The excitation function for
the (n,a) reaction calculated with the Weisskopf-Ewing theory was normalised to the data
at low energies and falls substantially below the data for energies above 10 MeV. This is
attributable to the pre-equilibrium component, and the exciton model calculations of
Strohmaier /24/ do indeed fit the data well. Measurements of the angular distribution of
the emitted alpha-particles by Bormann et al. /25/ show a marked forward peaking, so the
pre-equilibrium emission takes place by the multistep direct process. It is not surprising
that the (n,a) pre-equilibrium cross-section, is much greater than the Weisskopf-Ewing /7/
cross-section because if the alpha-particle is not emitted with high energy the residual
nucleus has enough energy to evaporate a neutron. The alpha-particle emission spectrum in
Fig. 11 is the sum of the (n,a), (n,xn) and(n,na) cross-sections and for comparison with
the data the Weisskopf-Ewing calculations are normalised to the total alpha-emission
cross-section of 10mb. This comparison shows an excess of high-energy particles that is
characteristic of pre-equilibrium emission, and this is confirmed by the exciton model
calculations of Strohmaier /24/. Calculations of alpha;emission using the Feshbach-Kerman=-
-Koonin theory are in progress.
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Figure 9 Excitation functions for the (n,a)
reaction on 5900 compared with the Weisskopf-
-Ewing calculations. The solid curves were
calculated using the level density parameters
of Brancazio and Cameron /8/ and the dotted
curves using those of Gilbert and Cameron
/28/, References to the data may be found in
Wilmore and Hodgson /15/ (Field /4/).

Figure 10 Total cross-section for the (n,a)
93

-Ewing calculations (dashed curves) and the

reaction on Nb compared with Weisskopf-
exciton model calculations of Strohmaier /24/
(dotted curve). The data are from Bramlitt
and Fink /17/ (x), Blosser et al, /18/ (©),
Prestwood and Bayhurst /19/ (+) and Tewes et
al. /29/ ($) (Strohmaier /24/.

Figure 11 Energy spectrum of alpha-particles
emitted from 93Nb at an incident neutron
energy of 14 MeV compared with normalised
Weisskopf-Ewing calculations for the sum of
the (n,a) and (n,na) reactions (full curve)
and exciton model calculations of Strohmaier
/24/ (dotted curve).
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These calculations of the pre-equilibrium cross-sections as a function of incident
energy allow the changing contributions of the various reaction processes to be deter-
mined, and the results are shown in Fig. 12. It will be noticed that the compound nucleus
cross-section falls with increasing energy, while the direct cross-section rises. Within
the compound nucleus cross-section, the contribution of the multistep compound process at
first rises with energy, attains a maximum and then falls. The énergy at which the multi-
step compound cross-section is maximal increases with target mass.

The present understanding of the cross-sections in the weaker channels such a (n,t) is
unsatisfactory. There is very little experimental data and these cross-sections are gener-
ally much greater than those given by the statistical theories. It is likely that they are
predominantly direct or multistep direct, but this will not be- known until pre-equilibrium
calculations are compared with accurate experimental data.

4. Discussion

The various pre-equilibrium theories differ appreciably in their flexibility, in sev=-
eral different respects. The semi~classical theories have been applied to a much wider
range of reactions that the quantum-mechanical theories, in particular to those initiated
by complex particles and those leading to the emission of many particles. By contrast, the
quantum-mechanical theories have so far been confined to nucleon interaction with not more
than two emergent particles. In the next few years the quantum-mechanical theories will
‘certainly be applied to a wider range of reactions, but a present the semi-classical
theories ‘are the only ones that can be used for many of the more complicated reactions.

Figure 12 The total cross-
-sections as a function of

: ) S incident neutron energy for
. - =y ! 59Co, 9:‘SNb and 20931. The

total cross—section  (barna)
e -
Trrrry
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incident neutron energy {(MeV) 25| stricted to bound states and
include the finite depth of

the potential well.
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&
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o) ‘ 8 ] % 20
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The semi-classical theories are also more flexible in that they have more model para=-
meters than the gquantum-mechanical theories. Here one must distinguish between internal
parameters that are special to the particular theory and those that are fixed by some
external constraint. As an example of the former we may mention the parametrisation of the
residual matrix element in the exciton model which at present cannot be calculated from a
more fundamental theory. In the latter category are the optical model and level density
parameters. Here there is a further distinction that is important for the predictive power
of these theories: reliable global optical potentials are now available for nucleons so
that the cross-sections can be calculated from them for any nucleons with good accuracy.
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The particle-hole level density parameters, on the other hand, cannot be represented with
sufficient accuracy by global formulae and only the total level density can be fitted to
the experiméntal data for each nucleus., Therefore there is a strong need to obtain reli-
able expressions for these particle-hole level densities, in particular for the lowest
stages. These considerations apply both to the semi-classical and to the quantum mechani-
cal theories.

If all that is required is a fit to a particular data set, this can be achieved by both
the semi-classical and the quantum-mechanical theories for the energy distributions of the
emerging particles. The semi-classical calculation may require some adjustment of an
‘internal’ parameter, and both types are subject to the above remarks about 'external'
parameters, particularly those relating to particle-hole level densities. In practice the
range of applicability of the semi-classical models is often well known and it is not

necessary to adjust "internal"” model parameters in each computation. The differences be-
tween the results are therefore quite small and further calculations are needed to detect
deviations in other energy and mass ranges.

With respect to angular distributions the quantum-mechanical effects may be more impor-
‘tant. The most recent semi-ciassical_models are based upon the scattering in infinite
nuclear matter with quasi-classical descriptions of refraction and/or finite-size effects.
Conceptually the quantum mechanical theories are of course superior. In particular, there
are difficulties in the description of back-angle cross sections with the semi-classical
theories that do not exist in quantum-mechanical theories., This was illustrated recently
by Holler et al. /30/ in an comparison of semi-classical and quantum-mechanical pre-equi-
librium calculations for the 65Cu(p,(xn) reaction at 26.7 MeV. The hybrid model of Blann
and Vonach /31/ gives a good overall fit to the energy distribution of the emitted neu-
trons but is unable to fit the angular distribution in the very forward and backward di-
rections. As shown in Figure 13(a) the back-angle discrepancy persists when refraction and
finite-size effects are included in the calculations. Similar calculations have been made
by Gruppelaar /32/ using the PRANG code, giving the dotted curve in Figure 13(a). The dif-
Iferences are due to a truncation of the Legendre polynomial expansion to lmax = 6 and to
fan adjustment of f2 by 20 % just to avoid negative values of the scattering kernel. The
resulting curve is still below the data a backward angles. Quantum-mechanical calculations
with the FKK theory are however able to fit the data over the whole angular raﬁge. as
shown in Figure 13(b). This shows tat the gquantum-mechanical theories are able to evaluate
interference effects that are beyond the scope of the semi-classical theories, In addition,
the description of finite-size effects leads to serious difficulties in the semi-classical
models, which perhaps could be solved in a pragmatic way by utilizing the results for a

- systematic study of precompound angular distribution using quantum-mechanical theories.
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SMD/SMC-MODEL FOR PRACTICAL APPLICATIONS

H. Kalka :
Technische Universitét Dresden, Sektion Physik, Mommsenstr. 13, Dresden, DDR-8027
German Democratic Republic '

For many years nuclear reaction mechanism has been investigated within the theoretical
concepts of statistical multistep compound (SMC) /4-6/ and statistical multistep direct
(SMD) processes /2,3,7,8/. Till now a lot of experimental data are compared either within
a pure SMC-model /1,9,10/ or within a pure SMD-approach /11,12/. But in nucleon-nucleus
reactions at bombarding energies between 5 and 30 MeV (which is of interest for nuclear
technology) both SMD and SMC processes are important. Thereforé/we present a simple
SMD/SMC-model for practical applications, firstly proposed in /13/, which calculates
energy and angular distributions of neutrons and protons. In this model besides the exci-
tation of particle-hole states (excitons) also the direct excitation of collective modes
(phonons) are cousidered.,

The SMD/SMC-model will be derived from first principles (Green’s function formalism;
Gaussian Ensembles), Even this general approéch allows a classification of the most
current multistep tlicuriez. The interplay between these theories as well as the role of
the phenomenological excitor model (EM) /14-16/ becomesobvious,

Finally, within the SMD/SMC-model (which differ from EM) numerical calculations are per-
formed without any lfise parameter for different nuclei and incidence energies.

1, Green’s function formalism

A very direct and general approach to nuclear reactions is obtained by the Green’s func-
tion (GF) formalism /3/. Within this formalism the T-matrix for the reaction A+a —» B+b
is given by

i

AT (1.1)

TAE) = (o 0% T f )
. = a
4 X retipealli (Xﬂ>+fs";1j X
where B¥ symbolizes the number of excited quasiparticles plus holes (excitons) of the

res1dual nucleus B, i.e., the exciton number of the comp031te system,n=p+h is eQuivalent
to (b+B ). The explicit form of the distored waves f +> 'be(-) is presented in /3/.

. In many-body theory /17,18/ the transition operator entering the l.h.s. of (1.1) can be
expanded (graphically) in powers of a so-called irreducible interaction I,

T=1+16°T. | (1.2)

The (ph-line irreducible) effective interaction I is a sum of different Feynman graphs, \w
which can not be cut into two parts by just cutting ap, (a+1) p1h ,..., (b+p; )phBh llneS4
The GF G° (n,n) is a product of n single-particle GF's, and has the following spectral §
representation \

}

‘ % i) AR
Go(n,n)=z fnv(x[n]) ?m)()([n']) +Z Pnsc (thﬂ ?nsc (Xr‘n']) = Gb(n.n) + Gu(n.n) (1.3)

i E-eny cg E"Ensc""Q
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where ? 'Pnsc are bound apd uwnbound eigenfunctions in exciton class n. It is espe-
cially convenlent for the further treatment to have equations in which the pole part of
G° occures rather than (1.2). Therefore c° is splitted into a pole part G* (at E = e
and E = EnSc) and a smooth energy dependent regular part G (principle value 1ntegra1}
Then the regular part of G° will be used to define a new effectlve interaction /17/

I' =T+ 16y I’ (1.4)

which yields the renormalized iterative equation

T=I+1" (G +G)T (1.5)

instead of (1.2). But for simplicity, in using (1.5) we omit the prime henceforth.’

Usually, in nuclear physics the general expression (1.5) is decomposed into two parts,

=14 e = 4P (1.6)
where the so-called multistep direct part is given by
oo .
a1+ =11 (G,1)% (1.7)
$=0
and the multistep compound part has the form
b ’ oo
0 = oG T 4 TG, TVG T 4 ... =TT T (G T, ) (1.8)

s="1

In contrast to the multistep direct processes (1.7) the multistep compound series (1.8)
describes processes in which the nuclear system undergoes at least one transition to
stages in which all particles are in bound states,_characterized by Gy. Thus there is no
one‘single-step term within the multistep compound series (1.8) which quite naturally
occure in (1.7).

Eqs. (1.6) to (1.8) are of exact character snd can be applied to reactions with composite
particles. Similar (approximate) expressions were derived either within a shell-model
approach /1/ or projection operator formalism /2/. Then the cross section is obtained
after inserting (1.6) into (1.1) and taking the absolute square of it, But for complex
nuclides, and high incidence energies this problem can not be solved exactly because of
too many (overlapping) nuclear states, and the lack of information about it. Analytical
expressions can be obtained only for energy averaged cross sections
oip = W2/) |1y lR (1.9)
by usiﬁg statistical assumptions. In this manner the (microsopical) multistep pro-
cesses become statistical multistep processes. Since the statistical assumptions are
chosen so that all interference terms between TV and Tb vanish, ng Tfi =0 = T.X ngx

fi
for i 4 £, the average cross section splits into a pure SMD and SMC contribution,

ogp = (410/K%) {Imﬂlz ]Tfllz} = 0,70 + 0,2 (1.10)

After defining the statistical assumptions (Sect. 2) we derive from (1.10) analytical
expressions for the SMC (Sect. 4) and SMD cross section (Sect. 5). In the following we
restrict ourselves to nucleon~-nucleus reactions,
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2, Statistical assumptions (Gaussian Ensembles)

" Over the years several different statistical methods and techniques are introduced for
carrying out the average cross section (1.10). First of all, according to the separate
definitions /18/ of GF's at finite (6 # 0) and zero temperature (8=0) we distinguish
between thermodynamical approaches, and the usual (zero temperature) approaches., In the
first case there is the approach of Midler and Reif /6/ basing on non-equilibrium statisti-
cal operator. In the second case, which are more common, we can distinguish between two
formulations:

i) On one hand, there is the unified theory /2,3/ where the relative phases of certain
matrix elements (of different operators and products of operators) are assumed to
become random within an "optical-background representation" /19/. This method was
improved by Adhikari /4/.

ii) Otherwise, following the pioneer work of Agassi e,a, /1/ there are many approaches
/5,20,21/ which are based on random-matrix ensembles (GOE,GUE) /22/. Here the
equivalence between energy and ensemble averages is postulated.

Comparing i) and ii) the last one is proved to be the more fundamental concept /5/ since
the final result of the SMC-approach of Feshbach e.a. /2/ can be obtained by further
approximations (never-come back assumption) immediately from the random-matrix approach.
In other respects, even the Gausslan Ensembles (GOE,GUE) are used for description of
stochastic (chaotic) behaviour which is observed in both nuclear spectroscopy and nuclear
reactions /23/.

Despite the fact that the statistical methods are very different, the final result of all
SMC-theories are similar to each other, and can be fairly approximated /21/ by the pheno-
menological EM,

Because of the general position of the random-matrix method even this method will be used
in our further treatment. Before defining the statistical assumptions, i1.e., the Gaussian
Orthogonal and Unitary Ensembles (GOE,GUE) we have to distinguish between different types
of matrix elements of the (renormalized) effective interaction I. According to the decompo-
sition (1.6) of G° into a bound and unbound part we have to separate between bound-bound,
a° In
practical cases it is often possible to choose I, I,,» and I, as real quantities. Then
each of them should form a GOE, whereas the complex unbound-unbound element I, should be

bound-unbound, unbound-bound, and unbound-unbound matrix elements, I, Ibu’ I 1

a member of GUE.

According to GOE,GUE the first moments (mean value) of all elements vanish, 3150, and the
second moments are given by /1,24/

/1 ’ —

Ih'v’nv Im'ﬂ‘m)‘ . (8“'M'8V)4‘8nm8v;L+ 6‘n‘m6vw6nm'8v/") I* (n) (2.1)
: -

Ih‘e'c“nv In;‘sici Yy gn'n( 83'9,’ 6c'c; Snmsvv, I ) ( r\,nc) (2.2)

| pemeeeeneme——— | —

2

Ihls'c‘lngc In:g;c: |n181c1 = Sn.n: 8313: SCIC: bnh483346CC1 I (hC ‘hC’) (2.3)
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for Ib, Ibu and Iu' A relation analogous to (2.2) holds for I,py and its second moment
Iz(cn,n’). Here, the a#erage lines are depicted as contraction lines. Further, di€§$rent
type%_gﬁ matrix elements .are assumed to be statistical independent, for example, Iulb =
0 = Iublb etc,

The channel index ¢ = (EIl,Y) will be chosen as energy, direction, and particle type y =y
or = (neutron or proton) of the particle in the continuum. For this reason 600, changes

to 6YY’6 €-¢) 6 (Q~-L1'). Thus all continuum states are normalized per energy unit.

3, Parametrization of mean square matrix elements

Before deriving the general expressions for SMC and SMD processes there remains now the

interesting question of how to relate all unbound mean square matrix elements, (2,2) and
(2.3), to the bound-bound ones (2.1). As it will be explained in the Appendix, this can

be done (for the angle-integrated case) by simple transformations,

—_— —_— —_—

I*(nen) = .I—i(n,n‘)‘S(E} , T*ane) = T nn)S(e) (3.1)

T* (ne,ne) = T (nin')S(e)S(e') /U (3.2)

where

S(e)de = Vi, dp/ (k) =t Vym (2me)" " de / (20 )’ (3.3)

is the single-particle state density in the nuclear volume Vg = 4n)53 A/3 ., Similar
unbound/bound transformations are proposed in /2/ (see eq. (5.34) therein).

—

Referring back to the more generai case of angular distributions Ii can be factorized
/24,25/ into an angle-independent part (3.2), and an angular part,

— —

I*(ne) nefl) = (Lﬂr)~1 1 (ns,n;s') p K2L+4)/uL(ng,n'e‘) T (cos ) (3.4)

L

where PL(cosw?) = Pp (cos 8) P (cos '), and P10 = 1.

r

The dependence of 1° on particle type y (neutron or proton) will be considered in a quite
phenomenological way

I* [neat n'e'B) = T (ne ne') P le) Pp(i'\? (3.5

by introduction of penetration factors

Rleh = 6y [Gle) /G, ()] ' (3.6)

which are 1 for neutrons, and which simulate a threshold behaviour for protons. o _( €£) is
the OM reaction cross section for particle type y at incidence energy £ . Similar
expressions for I%u and Iuﬁ are obtained by ignoring Pa or PB’ respectively.
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4, SMC processes

According to (1,10) the SMC cross section will be obtained from (1.8), By some authors
/1,3/ this problem was not solved exactly but was solved to a good approximation by
inserting ™3 Iin (1.8). PFollowing /2/ we extend this approx1mation by an additional
term IG I which yields for the born series (1.8)

e Tab 2 (L6 T T &) T L6 11 6 T L,

It turns out below that even the term IG I in (4.1) is responsible for the eScape widths
't in the Pauli master eq. (4.11).

Now the (ensemble) average ng ng* is carried out /1/ by breaking up the power-series
expansion of ng Tf?* into a sum of all possible ways of averaging products of pairs
(contractions) of the random matrix elements defined in (2.1) and (2.2). In proceeding
this we restrict ourselves to (lowest-order) contractions that leads to analytical
expressions (for damping and escape widths) which are of first order in I, i.e., contrac-—
tions that are not intersect each other.

Formally, the contraction procedure is treated in two steps /1,21/. In the first step all
internal contractions within the power series (4.1) are considered. After summing up they
are included in the so-called optical propagator

~_4 _1 ¥ ¥ r
Gp = Gy = LGy - IpCylay (4.2)

which hea the spectral representation

(G;W 6mf8vv'[E env+_‘( x+r1)] (4J)‘

nvn'y'

The damping and escape widthsare given by

M=% Lot M= 2w I8, (4.0

b =20 {de Ty (1 | Lyle)t =T K2s+1)?(nln's'5)‘3,;g(U) (4. 4)

ny

where 811, and 3 (U) are state densities of bound configurations in exclton class n’
at excitation energy E, and in exciton class (n'’-1) at residual energy U=E- g' Y' B is
the binding energy of particle type y.

In the second step, after replacing all G in (4.1) by Gb’ cross contractions between be
and Tfi* are performed. Symbolically thls can be written as

SMC Y3 £_4 R 1l Y
G{i = _E_Tl Iub[ G’b B b] ILu Iqb Y"Ib"'Gt -J Ibu (4.5)
L |
b 5= 73 o 5T o)
A — I*1e,m) S, (A ngk: nlkp(ﬁ) (4.6)
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with the dynemical matrix
Ape = (TA+T1) 600 - Toh (7

Here, the short-hand definition /21/ for the propagator contraction,

—
~ ( g

Ebi* = Zv \Gk,@: )m’nv = ZTT%n /(T:l + T:\f) (4.8)

~
was used, The sum over k in (4.6) runs over the exit modes of the final state ‘ff(').

Eq. (4.6) is derived for the most general case where the effective interaction I changes
the exciton number without any restriction. Therefore, in (4.6) the sum over m occurs.
It displays the fact that starting at the initial single-particle state 1p different
exciton states (2p1h, 3p2h, ...) can be excited by a single step (multi-doorway model).
However, in nuclear physics it is quite reasonable to choose I as a two-body interaction
which cannot change n by more than 2 (An=n’-n=2,0,-2). Therefore we specify all damping
and escape wldths (4.4) henceforth by the superscripts (+), (0), and (-). However, the
damping widths T;(°)i do not occure because they cancel in (4,7) automatically.

The two-body assumption simplifies the SMC model (4.6) essentially. Thus the dynamical
matrix Ann’ becomes three-diagonal, Otherwise, the sum over m disappear, and the multi-
doorway model reduces /5/ to an 1-entrance doorway model with the initial exciton number

m=no.

Mathematically, the two-body assumption is connected with a transition from GOE to a
Two-Body Random Ensemble (as a special case of an Embodded GOE) /22/. This transformation
can be performed by a manipulation of the state densities Sn adjoining 1° in (4.4), Intui-
tively, this problem was firstly solved by Williams /26/ who has introduced the density of
accessible final states Sgén) for damping widths. The final state densities for escape
widths are also obitained by combinatoricsel methods from appropriate diagrams /2,13/. This
procedqu_pontainq_ghe assumption that the tﬁo-body interaction is independend of exciton
number, IZ(n,n»)EI2,

The inverse of the three-diagonal dynamical matrix in (4.6) is easily solved by the
jterative relation,

) =)
“h Shﬂo = l-;\—]_ L-En-'l + i_l:\-b-l l’cn.'.z - [‘:‘Tn . (4-9)

. here
where I” = 4 4+ 01 is the total width. Relation (4.9) which was obtained'by contrac-

tion technique is well-known as the time-integrated master equation., Mathematically,this

can be understood from the definition of the mean life time X

Tm?\:‘n(t)dt = (A7) o (4.10)

where the occupation probability Pn(t) satisfies the Pauli mater equation

dpP /dt = - I Pybny (4.11)

and the conditions Pn(t=0) = énno’ and Pn(t=00) =0,
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Assuming, [l(—)l £ O (never-come back assumption) eq. (4.9) reduces‘immediately to the
result of Feshbach e.a. /2/,

n-4
T = A (__@i) (4.12)
HI}; _ﬂ- M

where the value in ruvund brackets is interpreted as depletion factor, But the never-come
back assumption failsg in the descrlptxon of em1ss1ons from complex states n>11, espe-
cially at n =@ = (28E)1 2, where J = f’ Jholds. Here, g = A/13 is the single-
particle state density of the \omposite system (in MeV™ ) Thus, ino contrast to the master-
eq. approach, (4,10) together with (4.9), which describes both preequilibrium and equili-
brium emission in an unified manner the approech (4.12) is applicable to preequilibrium
emission only, In the last case, the compound-nucleus emission has to be calculated
separately within an evaporation model or Hauser-Feshbach thecry. This was done in /9,10/.

Returning to the SMC cross section the two-body assumption reduces (4.6) to the familiar
form

de.e (€] _ Gim(ﬂ EE - (rm( 1+ Ré”( 11 +r;"(€')1 )/T\ (4.13)

dE' naf,

where the absorption cross section (into bound configurations)

GSMC Z JJE dG f.) - 2 YN Iz (+) _ Vi r(+>l (#.14)
=Ty - de hg net hoe "

acts in (4.13) as a normalization constant.

If now the unbound/bound reduction (3.1) is used the SMC—model becomes free of matrix
elements fhroughout This is, because fﬁ (g") T , and T, = are both proportional to EE,
and all Ib cancel exactly within the sum of (4.13). The only mean square matrix element
that survives is that in (4.14) which defines the normalization coustant. In this way the
s hape of the SMC emission cross section becomes independent of I®.

For the sake of completeness we have to mention in which sense the SMC-model (4.13) differ
from the phenomenological EM., The only difference lies in the definitions of escape
widths, Within the EM the emission rates (for simplicity we ignore neutron/proton distinc-
tion)

’ n-2
Nn(i') . 2S+: mE.Ginv (El) E_("_"Q _q. (4.75)
m™h gE E

are obtained from Detailed Balance principle, ard otV ig approximated by the OM reaction
cross sectlon. However, the phenomenological formula (4.,15) can be derived immediately
from f“(° (E’)? /b defined in (4.4b) if the final state density is taken from (5,16) of

refs. /2/, and if we use the straight-forward definition

—

Ginv(el) = (L}na/l‘w) T (nn'e) 3;0) for n=n. (4.16)

In (4.16) the final state density for An = O transitions /27/

S = g (3E) { plp-1) + tph + h(h-1] /(2n) (4#.17)

n
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should be used.

In summary, it has been squn that in contrast to the SMC~model (4.13) the EM contains the

escape width for An = O transition only, i.e., r‘( (ﬁ’)t =0= r' (- (g’)f Further-
more, since in EM the entire inverse cross section (4.16) rather than 1°(n,n'e’) enters
the emission rates the matrix elements cannot cancel within the EM,

5e SMD-processes

Originally, the random-matrix approach /1,5/ was formulated as a pure SMC theory. But
there are several different attempts to include afterwards direct reactions into this
approach:

i) The S-matrix in the presence of direct reactions is reduced to the one without
direct reactions by an unitary Eangelbrecht-Weidenmiiller transformation U, so that
all informations on the direct reactions are contained in U /28,29/.

1i)  First of all, the statistical assumptions (2.3) are introduced within'the 1eadihg—
particle concept /24/ formulated for description of angular distributions in fast
processes.

iii) After discretization of the continuum by a Hernandez-Montragon transformation /30/
 direct interactions are replaced by interactions between resonant states. These
are incorporated into a Generalized random-matrix model /21/ for both SMC and
SMD processes based on GOE and GUE. The obtained model which is the microscopical

counterpart of the phenomenological EM can be applied fon excitation energles
below 20°MeV only,

Besides the above approaches we present now a rigorous derivation within the essential
framework of random matrices (GUE). Starting at (1.7), and using the statistical assump-
tions (2.3) the SMD cross section in (1.10) splits into a sum over_s-step contributions

SMD 3 o ¥ kAt (s) (5.1)
GV;F = B‘T{ ( IuGu) I(ﬂ I(t)z (G\f I:) = Z an >
k™ s=0 — t=0 S={

Here we ignore all internal contractions, i.e., in contrast to the SMC-case (4,2) we have

E; = Gu' It leads to the propagator contraction

GG*‘::(G c.™ = 272§ _(U) (5.2)
a u < u u ‘n8c,ngc ny ' ‘

which differ essentlally from (4.8). In (5.1) we have to distinguish between two kinds of
unbound matrix elements, where I 3 <-l Il-—> is defined between outgoing waves ?

and otherwise I(—)<_ (-] I] +>» is defined between one incomming and one outgoing wave,
But followlng Feshbach /31/ we take

7 M e .3 :
I(i_) I(i_) > I, I;=I. - (5.3)

After performing all (first-order) cross-contractions in (5.,1) we obtain for the single-,
‘and s-step contribution

9 ;) 3 () ' (5.4a)
dﬁ_’:é,e) 3 ‘*E ;wl W te.€0)
€
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d (S)(ﬁ) LITT 4 (2) () ' .
de'dQY —E 5—1x,...gsj;df'dQ«dsdez"fo!S dQs-‘Nm(fﬁ‘Q«\Wx.xt(&ﬂnfﬁﬂ"'Wxs-&(fs@s—uﬁ'g) (54b)

witﬁ the transition probability (for particle-hole excitations)
(s) ~n )
: NQ? (enel) = I (eQx,£0B) S, ( ) (5.5)

where n = 2s+1, For. the mean square matrix element the parametrization (3.2) and (3.4)
should be used. Ekpressions (5.4) were obtained already by Feshbach e.a. /2/ by different
methods. Notice, that the definitions of the transition probability (5.5) differ from that
in /2/ by a factor §(e) S(e?)/4n, and from that in /13/ by a factor S (£ )/4x.

The excitation of collective modes can be introduced easily into this concept by replacing
the particle~hole matrix element by a simple ansatz,

Ia It Lyip * Irot 4 " (5.6)

where I ;, and I . describe the excitation of vibrations (phonons) and rotations.
Assuming statlstlcal independence between all different types of matrix elements (I IVle
O, etc.,) the transition probability (5.5) splits into three components,

(s) vib (5) ret

{5) ex '
Wep "+ W ™ (5.7)

(s)
W = W

“«f

\‘Here, the label (ex) denotes the non-collective particle-hole (exciton) transition proba-
bility.

For the angulér distributions we obtain from (3.4) together with the oversimplified
assumption that /uL(E,E’) is independent of both & and £’ a simple express1oEASach s-step
process for

2 (s} (s) .
degled 1 degld 5 (1L+4) 1} P (cos8) (5.8)
de' d) Yrr cle' L ' A

6. SMD/SMC-model

The aim of this Sect. is to connect the obtained SMC and SMD results according %o (1.10)
into a simple model available for numerical calculations in the incidence energy region
between 5 and 30 MeV., For this reason our model bases on the assumption that the single-
step and two-step contributions are of pure direct type (5.4), whereas all next following
steps (beginning at exciton number n, = 5) are pure SMC-processes (4.13). The double-~
differential x-section will be written as

d6gle) 1 [ g 5 (9144) g (6)PlecsB) +
de' dSY Y de L

de” SHC (©)
Gole ]

(6.1)
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In (6.1) the angular distribution of the SMC-emission is assumed to be isotropic while for
the SMD-processes the empirical systematics of Kalbach and Mann /32/ rather than (5.9) is
used.,

The SMC x-section in (6.1) is defined by (4.13) and (4,9)., For the appropriate final state
densities of escape and damping widths (4.4) we refer to /13/. The normalization constant
in (4#.13) is chosen as

GMe) = Gule) - Z:Gimk) . (6.2)

X _ p:v,'n'

where Oy is the optical model reaction cross section (Wilmore-Hodgson for neutrons, and
Becchetti-Greenlees for protons).

Within the SMD-description we restrict ourselves to the excitation of non-collective
particle-hole states and surface vibrations, i,e., the first two terms in (5.6). For the
explicit expressions of the (angle-integrated) transition probability (5.5) we take the
ansatz

W (6,6 = 2 (24) Rug RO e T Sle)(e) (9/2)" (e-€'+3,-B,) (©.3)

W:;h (fﬁ‘) = Z'n‘l 801? R(C) P ( )Z)E. I_Z)S €)9 ) 8({—5'—(3))_ (6.4)

N

The label (s) on Wég) is omitted in (6.3) and (6.4) since we assume an adiabatic
behaviour of the target nucleus in which the excited particle-hole pair or phonon does not
influence (the final state density of) the next following collision. Through the coumbi-

natorical factor /13/

Ry = 63 + (1= 8,5) (Nog, + Z65,)/A _ (6.5)
in (6.3) the statistical weight of the creation of particle~hole pairs of neutrons and
protons as well as exchaunge processes (non-diagonal part) is considered. A,N,Z refer to
the mass, neutron, and proton number of the target nucleus. After inserting (6.3) in
(5.4a) we obtain, for example, for the (neutron inelastic) single-step process the fami-
liar form

(1) 2 —_— 1 o j |
de ' (e) - m Yx Lr (’ZSH) T K_gf_) (6-¢7 € (6.6)
E .

) 2
de h
The exact value of I° in (6.3) and (6,6) will be estimated below.

Expression (6.4) describes the excitation of phonons of multi-polarity ;} at energy b)),
and with deformation parameter 13.A . For the mean square matrix element I° the simple

ansatz /33/

12 = Ga/m)? 8 5 VP /(16m) ~ (6.7)

is done, where V, = (52 - 0.3g) MeV is the (OM) real well depth of the nucleus. The square
of (3a/R) = Vsurf/VN in (6.7) is introduced since we restrict ourselves to processes
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which take place on the nuclear surface (surface vibrations). In this way VN which enter
both Q(¢ ) and §(&?) in (6.4) will be replaced by Voure = 4naR2, where a = 0,65 is the
diffusness parameter, and R = 1.2 A1/3 fm., In contrast to the particle-hole excitation
(6.3) therg is no spin factor (28+1) in (6.4), It is dropped since in phonon excitations
spin-flip processes are negligible /33/.

Besides the parameters Bz and ng which can be taken from nuclear data tables /33,34/ the
phonon-excitation ansatz (6.4) is parameter-free, It differ from the oversimplified
assumption in /13/ where I ,i oC % I2, and % D 1.

There remains now the important question of how to determine the precise value of 12 which
enters (6,3)., This will be done starting from the known OM reaction cross-section (for
peutrons) which can be decomposed into a (energy-integrated) single-step and one multi-
step component,

= 2, G (E)-I-G () . (6.8)

P =Y
The multistep contribution
3 2
) + +Noaw \ =
Gi"’ (€) = WV [ A+ Zou V) T _2:) E 6.9)
hv 2A 2l R

includes all processes in which the ingoing partlcle produces a composite system that
decay by further collisions into more complex states. Ignoring unbound/bound restrictions
in the final state density all multistep processes (without SMD/SMC-distinction) are
considered in (6,9) immediately. Using (6.8) and (6.9) we obtain the value of I2 from the
OM reaction cross-section, In solving this problem it turns out that 12 depends on inci-
dence energy and can fairly be approximated by

— e

1?2 = 1°(g) ™ 4800 472 ¢ for A %400, 6.10)

and E ﬁ 5 MeV. Formally, it looks very similar to the Kalbach-Cline parametrization /35/,
however, in (6.10) there is an incidence-energy dependence rather than a dependence on
excitation energy F . Even the parametrization (6,10) provides to obtain‘simple analyti-
cal expressions for the direct two-step processes similar to those given in Appendix B
of /13/.

7. Results and Summary

Calculations of (n,n?’) and (n,p) emission spectra within the SMD/SMC-model (code EXIFON
/36/) were performed for four nuclides at different incidence energies £ . The following
input data are used:

B,/MeV B /MeV W,/ MeV 3, 04 /MeV | 8,
52 -~ Cr 7.80 11.04 1.42 0.22 4,60 0.18
56 - TFe 7.64 9.09 0.85 0.24 4,52 0.18
65 ~ Cu 6. 95 8.37 1.35 0.18 3.720 0.16
93 - Nb 7.26 6.57 0,93 0.10 2,30 0.13

The binding energies are taken from /37/ ( linear -shell-term formula). In the calcula-
tions we have restricted ourselves to the lowest 2+, and 3~ phonon excitations only. The
velues tJ,,8, are taken from /34/, while 0 4 is taken from the systematic given in /33/.
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The Bj—parameter was approximated by (0.007033)1/2. All delta functions in (6.4) are
replaced by Gaussians of width 1 MeV for € 5 20 MeV, and 2 MeV for € = 25,7 M¢V.In using
g = A/13 we ignore shell- and pairing-effects till now, Finally, we use r, = 1.2 fm in
(3.3). '

Results are depicted in Fgs. 1. to 9. The meaning of the curves: SMC-contribution (dotted
line), SMD-contribution (dashed ~ dotted line), the sum of SMC and SMD (full line).
Further, the individual single- and two-step contributions (broken lines) are denoted by
the appropriate label.

At € = 14 MeV the discrepancy in the low energy part is due-to the neglection of
(ﬁ,2n)-processes in our calculations, For & = 25,7 MeV also the Legendre—coefficients of
the double-differential cross-section fL(i,E’) =(dGSMD(£)/dg’)/(da(E)/dE’)aL(E’) are
shown, Finally, for 93-Nb also (n,p) energy-and anguler distributions are depicted for

£ = 14 MeV. Experimental data are taken from /38-42/.

The incldence energy dependence of SMC and SMD processes, as well as the individual SMD-
contributions (in mb) are summarized in the following table for 93-Nb.

€/MeV o, SMC SMD (ex) (vib) (exex) (exvib) (vibex) (vibvib) (vibvibvib) o yu

5.2 2037 1861 176 68,0 104 ‘0.5 0.7 1.3 1.2 0.0 0.4
14,0 1781 14410 335 184 112 9.1 7.9 15.7 5.9 0.2 36

25.7 1536 828 568 338 86.3 56.5  24.9  53.3 8.7 0.5 139

As we see, particle-hole excitation rises with increasing energy whereas the phonon-con-
tribution is almost incidence energy independent. The direct three-phonon excitation which
was also included in the calculations turns out to be negligible, 'and can thus be
neglected.

In summary, the predicted SMD/SMC-model which was obtained from first princiﬁes is success-
ful in reproducing of experimental data. Despite the fact that it includes besides the
SMC-processes also the multistep direct excitation of non-collective and collective modes

_ this model is extraordinary simple (computing time of micro-computer: a few seconds).
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APPENDIX

in order to familiarize the reader with the unbound/bound transformations-(3.1), (3.2)
we look, for example, at the (angle-integrated) bound-unbound interaction

—-_. A

I*(nne) = [d T (n nEﬂ) F/T'« (204) T2 (non'e'l) (8.1)

Considef now the single-particle (radial) wave function of the unbound state in
I2(n,n’£’1l), which has the form (for kR>1) /43/

Pyle) = 8;/2( PRIALY S, = (R/m)/ (hv) < (4.2)

inside the nucleus (r % R), whereas the smooth energy—dependent part U (r) of type sin
(kr) is normalized to unity. If we take L(21+1) = 2(kR) /3 we obtain 1mmed1ately from
(A1) and (A2) the final result (3.1). A similar explanation is presented in /3/.
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Note added in proof:

The escape mode f;§+) (c’)1 in (4.13) is energetically impossible and should be
neglected in SMC-processes where all particles are in bound configurations. However,
in additional calculations it was proved that even this mode has a small influence on
the SMC-emission spectra fop n 5.
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DOUBLE-DIFFERENTIAL NEUTRON EMISSION CROSS SECTIONS OF U AT 14 MEV NEUTRON INCIDENCE

ENERGY"

T. Elfruth, T. Hehl, H. Kalka, H. Marten, M. Payrovan+, A, Ruben, D. Seeliger, K. Seidel
and S. Unholzer )

Technische Universitédt Oresden, Sektion Physik, Mommsenstr. 13, Dresden, DDR-8027, GDR

Abstract

Neutron emission cross sections have been measured with time-of-flight spectroscopy
in a wide range of emission angles. The data obtained are compared with previous results.
The emission cross sections have been calculated without any parameter fit. Multiple

chance fission, (n,inf) with i = 0,1,2, and (n,jn)-processes with j = 1,2,3 have been
taken into account where in the pre-equilibrium stage of the compound system single~-par-

ticle and collective excitations have been included.

1, Introduction. P
238

In fusion-fission hybrid reactor designs U is a blanket component arranged at the plas-
ma chamber wall for neutron multiplication, energy enhancement and plutonium breeding.
Therefore, the cross sections of the total neutron production and of all partial proces-
ses at 14 MeV neutron incidence energy must be determined with high accuracy /1/. The in-
vestigation at 14 MeV is also of use for fission reactor data at other energies in the
fast neutron range.

In experiments either the neutron emission is determined as sum of contributions from
all open (n,xn)-reactions and from all fission channels or (if it is measured in coinci-
dence with a fission chamber used as sample) as sum of fragment neutrons and pre-fission
neutrons from all open fission channels. Theoretical calculations must be performed to
decompose - the measured data, where the energy and the angular distributions of the emitted
neutrons can be used as information sources.

In the work presented, the double-differential cross sections of the total neutron
emission are determined with the time-of-flight spectrometer at the pulsed neutron gene-
rator of TU Dresden. They are compared with data obtained by other groups /2-5/ and with
the ENDF/B-IV evaluation.

in a second part of the work, the double-differential .cross sections of all neutron
producing reaction channels are calculated using statistical models of direct reactions,
compound reactions and fission. The components are summed up and compared with the expe-

rimental results.

2. Measurement

The experimental arrangement is shown in Figs. 1 and 2. Ring geometry with flight path
arranged at 90o to the deuteron beam direction is used, so that the average incidence
neutron energy Eo is 14.1 - 14.2 MeV for all emission angles 15° - ¥ - 165° ( and symme-
tric to %¥= 90°). The flight path is about 5 m. The neutron generator operated in a
pulsed regime with deuteron pulses of 2 ns f.w.h.m. and 5 MHz repetition rate, produces
2 - 5x 10 neutrons per s. The neutron production is determined by counting the a-par=-
ticles.

The sample consisting of metallic uranium depleted in 235U to 0.4 % has 8.0 cm inner

diameter, 12.0 cm outer diameter and a thickness of 0.6 cm.

The neutron detector ié a liquid scintillator NE 213 (12.7 cm P x 3.8 cm) coupled with
a XP 2041 photomultiplier., It is biased at 2 MeV neutron energy. The neutron detection
efficiency E(E) is determined by time-of-flight spectroscopy of neutrons scattered from
H, of 14.1 MeV neutrons and of neutrons from a Cf-252 fission chamber. % Monte-Carlo code

* from I.R. Iran, IAEA fellowship



40

is used to calculate £ (E) too.

The microcomputer control of the spectrometer with free-programmable sample changing
and shifting (69) allows to subdivide the data acquisition in many short periods to in-
spect the data after each short-time run and to cover the chosen LQ many times.

The data obtained are reduced to.G'nM(Eo ; E,%) by

n()/AE - AQu 12 -6 fa(9)
N&.ZN 'F 'E(E)

where N (t) is the neutron time-of-flight spectrum corrected for background, dead time and
o are the a-counts; [ng is the solid angle of a-counting;
f1 is the number of a-particles/sr counted per 14 MeV neutrons/sr striking on the sample;

Gy (Eo E D)

dlfferentlal non-linearity; N

5 is the distance tritium target/sample; L is the distance sample/neutron detector; F_ is

the neutron detector front-area; Z
4

D
is the number of uranium nuclei in the sample; € (E)

is the neutron detector’éfficiencyT .

More details of the date acquisition and reduction procedure can be found in Ref. /6/.
The cross sections transformed into the center-of-mass system and integrated over ﬁ? are
shown in Fig. 3. The error bars represent only the statistical uncertainties. The syste-
matic uncertainty of the quantities in equ. (1) is altogether 10 % to 15 % /6/; but the
CSnM must be corrected for finite sample size yet.

The comparison of the CSnM(E) available 'in the literature, shows a spread larger than
the required accuracy. The ENDF/B-~IV evaluation underestimates at least the emission of
high-energy neutrons. The angular distributions are in ENDF/B-IV assumed to be isotropic,
with exception of those for the four pseudolevels; But, also in the middle-energy range
they are forward-peaked as shown in Fig. 6 for E = 5.5 and 7.5 MeV and in Ref. /3,5/.

3. Calculation

The neutron producing reaction channels open at 14 MeV neutron incidence energy are
shown in Fig. 4. At each stage of a compound-system cascade connected by neutron emission
(nj). the neutron emission competes with fission leading to fragment neutron evaporation
(ng), and with y-deexcitation, The (5,1(E.19) determines all following neutron emissions

(5nJ+1 s, «s+s and the number of fission events in the channels f fj+1 s, +e. Contributions
to n, arise not only from compound nucleus emissions but also from direct and other pre-
compound processes. Therefore, especially the n -emission should be treated carefully.

The SMD/SMC model /7/ used to calculate the GSnJ(E.t?). has the advantage that in the
statistical multistep direct processes (MSD) besides particle-hole excitation (excitons)
also direct collective vibrations (phonons) are included in a consistent way. The contri-
bution of direct scattering from the ground-state rotational band is separately taken into
account using a calculation of Lunev /8/. The statistical multistep compound {SMC) emis~-
sion is calculated by solving the master equation for pre-compound and compound nucleus
stages beginning with n = 5 exciton states

The cross seétions of the three fission channels are calculated by Maslov /9/ using
double-humped fission barriers. The value obtained for C; + (5n n'f * C;n 2nfe 18 in
agreement with recent experimental data and is 5 % smaller than that of ENDF/B—IV.

The energy and angular distributions of the fission neutrons 3)f (E., 4?) are calculated
with the GMNM-code /10/ that starts with neutron evaporation spectra (Maxwelllan) in the
syffem of thEJaccelerated fragments which are assumed to be spheroids. The (\)n it

e 3)n'2nf)-value is as in ENDF/B-IV.

The sum of 8ll neutron producing components is compared-in Fig. 5 with experimental
data of angle-integrated emission cross sections. '

The altogether relatively good description of the E-dependence shows that the. main
reaction mechanism are met. The deviation for E 2 10 MeV may be caused by both experimen=-
tal and calculation inaccuracies.

The angular distributions in the middle-energy range of the spectrum presented in
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Fig. 6, demonstrate that the forward-peaking is determined by the n,-emission whereas n;
are symmetrically to Q?E 90° (nearly isotropic) emitted. The ratio of these components
seems alsc to be met by the calculations. ’ '
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Fig. 4 Neutron producing reaction channels
of 238U bombarded with 14.15 MeV neutrons
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Abstract

A simple procedure: of semiempirical parametrization of the direct contributions in double-
differential neutron emission cross gections is proposed. For the case 93Nb + n in the
broad incidence energy range from 5 MeV to 26 MeV this ansatz is proved. In addition to
spectra calculations with the exciton model it provides a satisfactory description of the
experimental behaviour in the full neutron incidence and emission energy range including
angular distributions.

1, Introduction

The knowledge of accurate double-differential neutron emission cross sections in the

whole incidence energy range up to 20 MeV is of crucial interest for fu51on reactor
blanket and shielding calculations /1/.

Theoretical predictions are needed, especially, to £ill the gap of experimental data on
double-differential neutron emission cross sections in the incidence energy range between
7 MeV and 14 MeV. One of the few cases, for which experimental double-differential neutron
emnission cross sections are available in the whoie energy range, is 93Nb+n.

Therefbre, this case is a very suitable one for testing the applicability of different
models and computer programmes along the energy scale /2, 3/. In this way, the most
suitable theoretical approaches could be selected for the calculation of the main body of
missing information on double-differential neutron emission cross sections. The present
paper is one attempt in this direction mainly aiming a simple theoretical description of
the highest part of emission spectra suitable for date evaluation

2, Exciton Model Calculation

During the last 20 years the exciton model and its later modifications was widely and
succesfully used tor calculations of neutron emission spectra /u4-7/.

However, this simple statistical multistep reaction model does not describe single-step
direct excitations of noncollective and especially of collective modes which are
responsible for the highest part of experimental neutron emission spectra (It is well-
known for many years, that the direct coilective excitation of low-lying states by
inelastic scattering of neutrons occurs with high probability).

An empirical ansatz for the average description of the direct part (DI) in the double—
differential neutron emission cross sections is presented in sec. 3 which has to be added
to the emission spectra calculated by the exciton model (EM), where the assumption In
made, that the anisotropy of angular distributions is due-to the direct excitatiom only:

| | ' bt
dﬁe(ﬁ) - 4 ‘ AGD (E)Z 2L+1) COS®> M P
ded de' L de’



The expansion coefficients aL(g{) are tageh from the Kalbach-Mann Systematics /8/.

The emission spectra of the exciton model

EM noo _
u = Gabs(e) Z/"/Tr\\"lﬂ(e') ' (2)
de n=3

is calculated without fitting parameters by means of the code AMAPRE /9/. The life

time 7, is taken from (up to g/;<n) time integrated master equations including in this
way also the compound nucleus neutron emission. For the emission rates Wn(E') from
n-exciton states the well-known formula basing on the detailed balance principle is used.
The transition rates 7\; and )s; which occur in the master equation are calculated by the

Golden Rule using final state densities of Oblozinsky e.a. /10/.

The mean square matrix element is estimated from the imaginary part of the optical model.
Nuclear structure influence (shell and pairing effects) on the exciton state density are
taken into-account following /11,12/.

Further details of the exciton model calculations are reported elsewhere /9,13/.

As yet, calculations with the code AMAPRE do not include the emission of secondary
neutrons., However, for investigations of the high-energy part of the spectra this is not
necessary, The results of this calculations are shown by dotted lines in Fig. 1 ~ 3.

3, Parametrization of the diréct Contribution

The usual way of calculating direct reaction contributions by DWBA or CC methods is
well-known /14/. The task is more involved in the case of statistical multistep direct
theory /15,16/. Special nuclear structure informations are needed in both cases for prac-
tical calculations which are usually both difficult and time-consuming,
On the other hand it was founded from comparisons with experiments, that the direct part
in the spectra shows a simple systematical behaviour, suitable for crude empirical
parametrization /17,18/.
Basing on this observations we propose the following empirical ansatz for the direct
contribution to the differential cross section in (1):
ol

de(€) G g (€. (3)

de' £

With a normalization constant C, [mb} and the relative function

3[€,€') = dcsm(e\/ djg(.ﬂ = exp {— ————~(62~§;) } H\E‘S') | (4)

de'

is given by a Gaussian having the width
D= g /C ~ (5)

and the Heavyside step function H({~%’).

In the case of 93Nb we found that using the constants 01 = 600 mb and 02 = 3 a reasonable
description of the experiments is obtained, as shown at Figs., 1 - 3 by broken lines,

The parametrization of the direct part (3) leads to a constant energy-integrated value,
independent of incidence energy,
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oy [ de’ (e 4 (I 2 |
G (s)—jds_@_—= 5 \7) - | )

The sum of both con.ributions (1) shown as full line is im satisfactory agreement with
the experimental emission spectra in a very broad incidence energy range, except the
lowest part of the spectra, where secondary neutrons from the (n,2n) reaction occur,
To compare the calculated angular distributions with experimental data we use the
Legendre polynomial expénsion

d'ele) 1 dele) ‘
a0 W de ZL: (20+1) fL(E.E) P (c0s 9) 7)

Qomparins (7) with the model ansatz (1) and the definition (4) we get the relation
between fL and the Kalbach-Mann coefficients ay, as

°

fL(EIS‘) = g(elé') a, (¢) for L4, (8)

Formula (8) can be interpreted as the reduction of Kalbach-Mann coefficients due-to the
dominance of isotropic multistep compound emission at lowes emission energies (This is
understandable, because the a; (g’) coefficients had been fixed at high incidence
energies, where the direct process is dominant).

Both coefficients aL(E’) and fL(Q,E’) are shown on Figs., 4 - 6 for L = 1,2, It is evident,
that the reduced coefficients fL(E,E’) give a much better description of the experimental
angular distributions than the aL(g’) coefficients. !

4, Conclusions

In the case 93Nb + n the simple parametrization of direct excitations introduced give a
reasonaple description of the experimental spectra over broad incident and emission -
energy ranges, including the highest part of the spectra.

Below 14 MeV the calculations with the exciton model predict reutron emission with only
a very small part of pre-equilibrium emission, whereas direct contributions %o the
spectra in (1) are constant (about 200 mb) and independent of incidence energy.

At higher incident energies the exciton model calculations show a remarkable part of pre-
equilibrium emission which is separated on the energy scale from the main range of direct
(collective) excitation, At 14 MeV the present analysis overestimates the part of
emission spectra, where both the direct (collective) contribution and the pre-equilibrium
part of the EM calculation are in the same order of magnitude. ’
This might be caused by a double-counting of emission processes from no'= 3 states in the
EM and the direct (two-step) contribution.

Further lnvestigations for other nuclei are needed for coming to conclusions about the
possibilities of the use of the parametrization proposed for nuclear data evaluatiouns.
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Figure captions

Fig. 1

Fig, 2
Pig, 3

Experimental integrated emission quctra at £ =5.2, 6.2, 7.2, and 9 MeV
/19,20/; dotted line exciton model; broken line - parametrizations (13) of
direct contributions, full line - sum of both contributions. '

As fig., 1 for ¢ = 14 MeV, experiments from /21/

" As fig. 1 for €= 20 MeV and 25.7 MeV, experiments from /23,24/.

Fig. 4

Fig. 5

Fig. 6

Legendre coefficieﬁts of angular distributions for 5.2, 6.2, 7.2, and 9 MeV
/19,20/; broken lines - aL(s’), full lines - fL(G,e') for L = 1.2

As fig. 4 for € = 14 MeV, deta from /21/.
As fig. 4 for ¢ = 25.7 MeV, data from /23/.
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NEW SET OF ONE=-FERMION LEVEL DENSITY PARAMETERS

Capote R., Herrera E., Kabin E.*, Lopez R., Osorio V.
Institute of nuclear sclence & technology,
P.O.Box 6122, Havana, Cuba

4+ Institute for nuclear research, Moscow state university,
117234, Moscow, USSR

ABSTRACT: A new set of level density parameters
for unified preequilibrium and equilibrium cal-
culations is oblained. Systematics for this
parameters are proposed. The new parameters
guarantee the consistency between the sum over
all possible particle-hole compornents and the,
one—fermion total level density.

The achievement of consistency between the sum over all

possible particle-hole, components and the one-fermion total level

density
exp [2YaCU-D>]
Ewlcp,h,u-m . . o
Y48 <(U-D>
p=h
is a real need in unified preequilibrium and equilibrium model
<:.'ailculat,1ons1 >

However commonly used a and D Dilg’s paramet,ePSZ) don’t
satisfy mentioned condition(see fig. 1), because they are
obtained by fitting experimental data using two~fermion level
density formula. In the present contribution a new set of level
density parameters a, and D1 for nuclei with mass number
40 £ A £ 250 were obtained. For this new set of parameters the:
relation (> is valid and therefore the consistency is achieved.
Calculations using different level density parametrizations were
compared with experimental data. A good agreement was achieved by

using ai and D1 parameters (see fig2). A sistematics for the
parameters in the range 50 = A < 150 also is proposed :
a1=' 184 + 00754 - <47 t 53> for 50 < A < 85
a = <113 = .003>4 for B6 = A £ 150
Di= P- 965 + 94" . for B0 = A4 < 150
where P is calculated with Kummel’s paramet,rizat.ions)
New parameters a, and D’ allow the practical use of the pairing
correction for p-h state densities proposed by Ignatiuk and

Sokolov4) as was suggested by FuS)
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{

Table 1.Level density parameters ai(Mev"\") fand 'D'i(MeV).

I = 0.5 Irig I = Irl:g
Even - even nuclei: .
Ca-20/44 4,78 1.60 4,95 1.35
Ti-22/48 4.79 1.13 5.31 1.23
Ti-22/50 4.80 2.43 5.04 2.18
Cr-24/54 4.7 .87 5.44 1.09
Fe-26/58 5.44 1.22 6.18 1.32
Ni-28/62 5.85 1.40 6.64 1.55
Zn-30/68 6.58 1.14 7.28 1.19
Ge-32/74 9.16 1.44 9.42 1.30
Se-34/78 8.87 1.51 9.81 1.50
Sr-38/88 8.06 2.49 8.52 2.39
Ir-40/92 9,12 1.51 10.01 1.51
Mo-42/96 9.53 1.17 10.44 1.17
Mo-42/98 10.15 1.00 11.10 .99
Ru-44/100 9.97 .87 10.83 .83
Ru-44/102 11.04 .80 11.97 .78
Pd-46/106 12.35 1.50 13.38 1.49
Cd-48/112 12.52 1.59 13.77 1.60
Cd-48/114 13.33 1.73 14.63 1.73
Sn-50/118 12.30 1.72 13.53 1.73
Sn-50/120 12.00 1.66 13.25 ~ 1.63
Te-52/124 12.53 1.38 13.77 1.40
Te-52/126 12.77 1.57 14,03 1.56
Xe-54/130 12.45 1.33 13.67 1.31
Xe-54/132 12.59 1.60 13.84 1.61
Ba-56/136 12.55 1.74 13.77 1.73
Ba-56/138 10.87 1.63 12.06 1.64
- Nd-60/144 14.22 1.76 15.43 1.74
Nd-60/146 15.34 1.57 16,57 1.55
Sm-62/148 14.47 .93 15.58 .89
Sm-62/150 16.45 .88 17.67 .85
Sm-62/152 15.78 .26 17.00 .25
Gd-64/156 15.52 42 16.81 .39
Gd-64/158 15.21 .54 16.55 .53
Dy-66/162 15.19 .41 16.43 .39
Dy-66/164 13.98 1 15.19 .10
Er-68/168 15.32 .42 16.54 .41
Yb-70/172 16.05 .53 17.49 .52
Yh-70/174 15.65 72 17.10 .70
Hf-72/178 16.77 .55 18.04 .53
Hf-72/180 16.47 .64 17.63 .63
W-74/184 16.77 .66 18.30 .65
0s-76/188 16.77 .97 18.30 .96
0s-76/190 17.07 .83 18.59 .82
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0dd

I =0.5 Irig 1 I"’:ﬁ
Pt-78/196 16.67 .98 18.25 1.00
Hg-80/200 13.76 .80 15.14 .82
Hg-80/202 13.60 1.10 14.98 1.10
Pb-82/208 7.83 1.95 9.25 2.19
Th-90/230 22.06 .49 23.76 .46
U-92/234 21.42 .33 23.10 .31
U-92/236 22.97 .58 24.66 .56
Pu-94/240 23.15 .78 25.13 .78
Cm-96/246 21.04 .41 22.69 .39
- odd nuclei:
Sc-21/46 5.17 -1.59 5.40 -1.77
V-23/52 4,72 -1.65 5.05 -1.75
Mn-25/56 5.28 -1.93 5.86 -1.88
Co~27/60 5.81 -1.54 6.23 -1.58
Cu-29/64 6.84 -.66 7.63 -.64
- Cu-29/66 7.19 -.32 8.10 -.24
Ga-31/70 7.75 -.57 8.62 -.55
Ga=31/72 7.92 -1.36 8.87 . -1.28
As-33/76 8.95 -1.12 9.91 -1.06
Br-35/80 9.09 -.96 10.02 -.94
Br-35/82 9.78 -.32 10.78 -.31
Rb-37/86 7.11 ~.69 7.83 -.67
Y-39/90 7.18 .00 8.16 .07
Nb-41/94 10.44 -.35 10.97 -.43
Rh~45/104 12.28 -.73 13.53 -.71
Ag-47/108 12.41 ~-.61 13.64 -.60
Ag-47/110 13.26 -.65 14.58 ~.63
In-49/114 13.26 .05 13.99 .00
in-49/116 13.37 -.44 14.13 -.49
Sb-51/122 12.64 -.90 13.76 -.89
Sb-51/124 11.97 ~1.05 12.96 -1.05
1-53/128 12.66 -.90 13.81 -.88
Cs-55/134 11.93 -.98 12.93 -.98
La-57/140 11.66 -.77 12.81 -.75
Pr-59/142 13.02 -.15 14.33 -.14
Eu-63/152 18.26 -.76 19.69 -.76
Eu-63/154 18.11 -.39 19.53 -.41
Tb-65/160 16.17 =71 17.63 =71
Ho-67/166 15.49 -.74 16.75 -.74
Tm~69/170 16.36 -.57 17.86 -.57
Lu-71/176 16.91 -.49 18.23 -.50
Ta-73/182 16.68 -.60 18.02 -.61
Re-75/186 17.27 -.56 18.74 -.56
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Table 1.(continued)

I. =0.5 In.g. : _ I = I"“'S
Re-75/188 17.55 -.64 19.07 -.64
Ir-77/192 18.15 -.56 - 19.75 -.55
Ir-77/194 - 16.66 -.63 18.20 -.57
Au-79/198 15.02 -.57 16.44 -.57
T1-81/204 10.28 -.17 11.61 -.07
T1-81/206 9,32 -.53 10.54 -.43
Bi-83/210 9.26 -.96 10.48 -.86
Np-93/238 23.03 -.45 24.85 -.46

0dd nuclei:

Ar-18/41 4.05 -.28 4,91 .07-
K~19/41 3.49 -1.51 4.39 .05
Ca-20/41 3.68 -.33 4,39 .05
Ca-20/43 4.15 -.54 4,98 -.01
Ca-20/45 4.41 -.20 5.27 .14
Ti-22/47 4.19 -.57 4,98 -.12
Ti-22/49 4.83 .58 5.74 .84
V-23/49 4.35 -.60 5.08 -.28
v-23/51 6.61 1.45 5.80 .73
Cr-24/51 4.26 -.24 5.03 13
Cr-24/53 4.58 .30 4.69 .42
Cr-24/55 4.69 -.42 5.66 -.04
Mn-25/51 3.79 -1.13 4,53 -.7
Mn-25/53 4.16 .53 4.91 -.13
Mn-25/55 4,25 -.85 4,90 -.61
Fe-26/55 4,37 -.18 5.14 .16
Fe-26/57 4.69 .44 5.60° .03
Co-27/55 4,44 1.26 5.22 1.39
Co-27/57 4.69 .20 5.54 .52
Co-27/59 4.94 -.19 5.68 .04 .
Ni-28/59 4.40 -.63 5.19 -.21
Ni-28/61 5.12 -.46 6.03 -.07
Ni-28/63 6.04 .52 7.22 .87
“Ni-28/65 6.25 .51 7.41 .72
Cu-29/61 4,52 -.91 5.39 -.52
Cu-29/63 5.16 -.40 . 5.98 -.18
Cu-29/65 4.9 -.42 5.62 -.25
Zn-30/65 6.39 -.53 7.29 -4
Zn-30/67 7.05 .24 8.09 .32
In-30/69 6.62 .01 7.64 1
Ge-32/71 7.57 -.80 8.56 -.70
Ge-32/73 7.96 -.78 . 9.00 -.72
Ge-32/75 7.30 -.89 8.33 -.80
Ge-32/77 8.41 .00 9.56 .01
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I =051 i i
Se-34/75 8.47 = 5.48 - .65
Se-34/77 8.43 -.69 9.46 -.64
Se-34/79 8.90 -.19 9.99 -.17
Se-34/81 9.28 .08 10.45 .10
Se-34/83 8.56 .31 9.79 .35
Sr-38/85 9.12 .29 10.17 .33
Sr-38/87 9.15 1.19 10.32 1.26
Sr-38/89 6.98 1.15 8.20 1.32
Zr-40/91 8.22 .84 9.41 .93
2r-40/93 10.00 1.08. 11.36 1.13
Zr-40/95 10.08 .76 11.39 .79
Mo-42/93 8.41 .93 9.50 1.01
Mo-42/95 9.15 .47 10.32 .54
Mo-42/97 9.81 1 11.00 .15
Mo-42/99 11.02 -.23 12.31 -.20
io-42/101 13.80 04 13.85 .06
Ru-44/103 10.42 -.78 11.66 -.74
Ru-44/105 12.50 -7 13.93 -.15
Cd-48/113 12.24 -3 13.60 -1
Cd-48/115 13.52 .03 15.00 .04
Sn-50/113  .13.48 .97 14.79 .95
$n-50/115 11.82 77 13.10 .77
$n-50/117 12.76 .67 14.14 .66
Sn-50/119 12.86 .93 14.36 .94
Sn-50/121 13.69 1.7 15.24 1.17
Sn-50/123 12.91 1.20 14,57 1.23
$n-50/125 12.08 .83 13.63 .84

| Te-52/123 13.21 .32 14.60 .32
Te-52/125 12.76 -.24 14.11 -.23
Te-52/127 13.40 14 14.92 7
Te-52/129 13.08 -.10 14,52 -.09
Te-52/131 13.07 .61 14.66 .63
Ba-56/135 12.92 .04 14.25 .03
Ba-56/137 12.82 1.4 14,28 1.14
Ba-56/139 N.74 .65 13.45 .69
La-57/139 11.33 42 12,09 .38
Ce-58/137 13.47 .25 14.77 .24
Ce-58/141 14.32 1.49 16.30 1.54
Ce-58/143 15.31 .86 17.27 .90
Nd-60/143 16.48 1.66 18.42 1.69
Nd-60/145 14.31 55 15.94 .57
Nd-60/147 15.11 -.21 16.73 -.20
Nd-60/151 16.22 -2 17.92 -.13
Sm-62/151 15.32 -7 16.90 -.68
Sm-62/153 15.44 -.72 17.01 ~.69
Sm-62/155 14.30 -.69 15,80 -.67
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Table 1.{(end)

I =0.5 Irig I = I”:g

Gd-64/153 . 16.67 -.49 18.22 -.49
Gd-64/155 16.86 -.54 18.43 -.52
Gd-64/157 15.09 -.42 16.58 -.41
Gd-64/159 - 15.11 -.39 16.67 -.37
Gd-64/161 . 15.02 -.24 16.61 -.23
Dy-66/157 ©17.68 . =.45 19.20 -.46
Dy-66/159 14.63° -.64 16.05 -.63
Dy-66/161 17.04 -.46 18.61 -.46
Dy-66/163 14.48 -.61 15.93 -.60
Dy-66/165 14.22 -.52 15.75 -.50
Er-68/163 16.86 -.48 18.37 -.48
Er-68/165 15.71 -.48 17.19 -.48
Er-68/167 v 15.75 -.26 17.30 -.25
Er-68/169 15.42 -.19 17.01 -.18
Er-68/171 ,\ 15.29 -.23 16.90 Co=21
Yb=-70/171 15.00 -.59 16.44 -.59
Yb-70/173 15.30 -.27 16,81 -.26
Yb-70/175 | 15.20 -.13 16.82 -.12
Yb-70/177 15.81 -.04 17.48 -.02
Lu-71/177 16.65 ~.12 17.32 -.17
Hf-72/175 16.02 -.48 17.48 -.48
Hf-72/177 16.41 -.23 17.98 -.22
Hf-72/179 16.09 -.17 17.69 ~-.16
Hf-72/181 16.23 -.04 17.89 -.04
W-74/181 16.95 -.16 18.50 -.16
W-74/183 15.46 -.42 16.98 -.41
W-74/185 15.53 -.61 17.10 -.59
W-74/187 17.12 .05 18,917 .05
0s-76/187 16.39 -.48 17.92 -.47
Hg-80/199 14.68 -.39 16.11 -.40
Hg-80/201 11.92 -3 : 13.30 -.27
Pb-82/205 11.07 .19 12.44 .26
Pb-82/207 8.16 .79 9.47 .97
Pb-82/209 7.72 .52 9.28 .75
Th-90/231 22.66 -.40 24,67 -.40
Th-90/233 22.41 -.37 24.50 -.37
U-92/233 22.49 -.20 24,39 -.21
U-92/235 22.01 -.17 24,03 -.16
U-92/237 - 22.63 -.05 24.71 -.04
U-92/239 23.40 -.37 25.52 -.37
Pu-94/239 -720.70 -3 22.54 -.31
Pu-94/241 21.42 -.45 23.35 -.45
Am-95/243 20.48 -.34 21.86 -.36
Cm-96/245 21.36 =17 23.28 =17
Cm-96/247 20.10 =34 22.04 =33
Cm-96/249 21.53 -.38 23.58 -.38

References )

1> BNL~-NCS-51694(19833,"IAEA Advisory group meeting on basic and

applied problem=s of nuclear level densities”
2> Dilg W.,Schantl W. et al. NuclPhys.A217(1973> 269

Kumel H., Mattauch JH. et al. Nucl.Phys. 63¢(1965> 1
Ignatiuk A.V.,Sokolov YuV. Sov.J.NuclPhys 17(1973)> 376

-Fu C.Y. Nucl.Sc.& Eng.86(1984> 344

Lu C.C,Vaz L.C.,, Huizenga J.R. NuclPhys.A190¢1972> 229
Gilbert A., Cameron A.G.W. Can.J.Phys. 43(19638) 1446



56

IS THE NEUTRON WIDTH INDEPENDENT OF THE FORMATION MODE OF THE COMPOSITE NUCLEUS ?

L. tasoh, M, Przytula
Inetitute of Phyeics, Lodz University, Lodz, Poland

Abstract: Neutron decay probabilities calculated according to a semiclassical
‘description are different for neutron and alpha-particle entrance
channels. This implies a deviation from the compound-nucleus theo-
retical predictions. To test this experimentally, some appropriate
cases for study are proposed.

1. INTRODUCT ION

‘It is commonly accepted to consider two extreme models for description of the
nuclear reaction mechanism, the compound-nucleus model and the direct interaction
one. Either of these two models individually provides a satisfactory approximate
description of reactions induced respectively by low and high energy particles. In
the case of intermediate energy region, when it is impossible to describe reac-
tions by these models used individually, the procedure for separation contribu-
tions appropriate to each model is employed. Such procedure is rather a formal
classification and can not be treated as a literal picture of the physical reali-

ty. In this case it may be not meaningful to conceive of a demarcation line
between these models, the problem boils down rather to understand what occurs in
the excited nucleus from its formation to its decay.
The discrepancy between measured characteristics of nuclear reactions and expecta-
tions based on outlined models can be lie within the measurements accuracy, so
they should not give indication of incorretness of the model assumptions. Thus
only fncreasing the measurements accuracy or analysis of effects, sensitive to
changes in model assumptions, may reveal defects in our understanding of the reac-
tion mechanism. A

It is known that difficulties in description of particle spectra from reac-
tions at medium energies may be obviated by introduction of mechanism of preequ-
ilibrium decay and use Griffin's model 1) or its versions. This success inspired
to use analogous approach in description of neutron induced reactions; atthough
these reactions are traditionally tho ught to pass through the compound nucleus
stage. As a result of using the new approach (so called semiclassical description)
the essence of which is the assumption that the decay process goes together with
the process of step by step energy redistiribution, was the satisfactory explana-
tion of the average reduced neutron widths and the partial radiative widths depen-
dence on number of neutrons in nucleus 2,3). Moreover the additional assumptions
make it possibie to obtain reasonable estimations of the average widths of neutron
resonances 7). Further considerations and calculations which were carried out on a
basis of this approach lead to a suggestion, that in the case of neutron resonan-
ces the so called "independence hypothesis" may be not futlfilled. According to
this hypothesis intermediéte excited nucleus completely "forgets™ how it is for-
med, and this means independence of the decay of the entrance channel.
The purpose of this work is to give the reasons .for possibility of deviation from
the independence hypofhesis in the case of resonance states of intermediate nuc-
leus excited by neutrons and alpha-particles. Earlier indications are 4) that the
nucleus "amnesia" is not complete if nucleus is excited by neutron capture. Here

we present quantatitative estimations of degree of expectate violation for a num-
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ber of selected nuclides and resonances.

2. THE FOUNDATIONS OF SEMICLASSICAL DESCRIPTION

In the ;eMchasSicél'desciiptlon presented in ref. 2) anq used to analyse:re-
Sonance states excited by neutron capture, the redistrlbutloﬁ of energy is assumed
to be a result of two-body_collislons of nucleons. As a consequence of thesecol-
lLisions the stnuéture of excited nucleus evolves -from the sinplés& configuration
after neutronlcapiure when the whole excitation energy is concentrated on the only
onelnucleqn, to configurations in which the excitation energy is redistributed
betweernn many nucleons. in the simplest version of the description, the configura-
tions of excited nucleus are characterised onlybby the number "i" of excited par-
ticles (above Fermi level). The probability of finding the excited nucleus.at time
"t" in con¥lgubation with mjn exqited particles depends on the ant[al configura-
tion, the intranuclear transition rates for transitions to the neighbouring con-
figurations A_?, and on probability of the decay from the ‘i-configuration per unit
timg Aﬁ. There is a competition between a decay process and an equilibrium one,
so the decay is liable to occur at any time during the evolution.
The evolution of nuclear structure is tﬁsated statistically and is described by

fhe set of coupled master equ;tions in'tké form:

dP,(t)/dt = AT

PPlt) = UMD S AT NP () A 4P (1) 11/

where "I" changes from 1 to the maximal number of nucleons "k" which can be ralsed
above the Fermi level at given éxcitatlon energy. The general cohservation.rqles
remain valid in‘this process, of course. The mode of decay of excited nucleus are
connected only with particular configurations designed-as favourable configura-
tions. For example, at-fow energy résonances the favourable configuration to neu-
tron decay of resonance states is that with i=1. The whole probability of decay
into a selected channel depends on mean time which an excited nucleus spends in
configuration favourable to this decay. It is given by

8, = ‘SPi(t)dt e/

Quantities Si may be extracted from the system of linear algebraic equations

obtained from time-integrated master equations /1/ at boundary conditions appro-
priate for particular pFojectIle. For instance In the case of neutron induced re-
actions and those'Inducedrbylalpha—partlcles the boundary conditions are written

as follows

Pi(t=0) = 5} ; and Pl(t=oo) =0 (for neutrons)
o ' 13/
P}(t=0) = 5; i and Pi(i=oo) = 0 (for alpha-particles)
’ -

These boundary conditions denote that the evolution'of nucleus excited after neu-
tron capture starts from configuration with i=1, whereas after alpha-particle.cap~
tufe it starts from éonf\gurafion with- i=4, In both cases, for all configuratfons_
we have, because of decay, Pl(t)=0 when t-oo. '

In the calculation of decay probability the contributions P, of particular confi-
gurations are needed; they are defined by )
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P, = 8,/ Y o, /4]

The calculation of P, requires the values 7\?, )ﬁ and k. In ref. 2) 7\? were
calculated from Fermn golden-rule

Np = e TR E i) 15/

with semiempirical expression for matrix element. The leve! density ca? of accesi-
ble final states was taken from ref. 5) with the correction factor given in 6).
The details relative to 7\i and k calculations may be feund in ref. 2)
3. ESTIMATION OF THE PROBABILITIES OF THE NEUTRON DECAY FOR COMPOSITE NUCLEUS
FORMED IN REACTIONS INDUCED BY NEUTRONS AND ALPHA-PARTICLES

As mentioned above, acédrding to the compound nucleus model the decay the par-
ticular gxcitéd state is independent'of the mode of its formation. Thus the proba-
bility of thfs process should not depend upon, among other things, the target nu-
cleus and projectilé. On the other hand, according to the semiclassical descrip-
tion this dependence allways exists for-the kind of projectile defines unamb i guo-
sly *) boundary conditions and thus the solution of master equations /1/. The que-
stion now is what value of this dependence is, and what reactions should be chosen
to obtain strongest effect. Since the expected effect is, from the formal stand-
point, the result of different boundary conditions, its magnitude should be in-
creased together with the mass difference of projectiles. The great effects may
be expected also when averaging over many configuratiéns is not possiblelthat is

when excited nucleus has a simple sfructure 4) and thevnumber of favodrable con-

figurations for given decay channel is as-small as possible.

These conditions are fullfilled in the case of reactions initiated by neutron and
alpha-particles bombardment of the light nuclei if the exit channel is a neutron
one. The course of both these reactions may be then illustrated with the diagram:

.ZZp Th === 3p-2h === 4p-3h === Sp-bh=== ...

for (n,n) reaction
1p-0hj===2p-1h == 3p-2ha= =5p-th== ...
for {a,n) reaction

where the initial configuration is enclosed in a circle and the exit one islenclo—
sed in a rectanglel At excitation energies neaf neutron binding energy the only
favourable configuration for neutron decay is that with i=1 as it is shown on the
diagram. The low single particle states density in the case of light nuclei pro-

vides the simplicity of structure of the excitéd state.

*) In ref. 2) a distinction is not made between neutrons and protons in potential
well, so these same effects are expected for reactions induced by particles with

the. same mass number.
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The choice of light nuclei as target ones is aiso advisable for experimental rea-
sons. The comparatively tow Coulomb barier {(greater penétrability) and low density
of resonances (requirements on resolution are smaller) alleviates measurements.

On the other hand, the necessary data on K (|M|2=K U;1A—3
A- mass number) for light nuclel are rather uncertain and introduce additionatl

; U- excitation energy,

error into the results of evaluations.

(n) (o)
!

The results of calculations of p and P - contributions of the favourablg
configuration, that is the configuration with i=1 for (n,n) and (a,n)} reactions
reSpectiver, are listed in Table 1 for the most "promising” cases. Other data
connected with these reactions (excitation energy and energies of projectiles) .

are also tabulated.

Table 1. Calculated contributions of configuration favourable to neutron emission.

Target nucleus | Neutron | Alpha-particle | Excitation |

in energy energy energy pgn) pga)
(n,n) | (a,n) | (kev) | {MeV) | (Mev) | »103 102
reaction reaction
| { l | | | |
o1 M8 | 2230 | 2.6238 |  12.915 | 3.05 | 3.00 |
na | 9P 1 o.us] 2.367 | © 12.4186 | 0.443 | 0.402 |
SMs | iNe | 7906 | 0.6589 - | 11.1701 | 0.402 | 0.367
| | 102.71 |  1.8493 | 8.7431 | 0.500 | -0.472
32 29,
16 14! . )
\ |- | 1358.8 | 3.2353 | 9.9622 | 0.278 | 0.244
B¥s. 1 i | o258 | w2416 | 11.6653 | 0.134 | 0.091 |

Atl values p'.areAevaIuated for K=250 MeV?®, although there are suggestions that
this value is too low 8). If this is the case, It results only in increasing
pgn)/pgm) ratio.
The same effect is expected, in principle, in other exit channels but its estima-
tion on the basis of the semiclassical description-is somewhat uncertain as yet.

Bgcausemf;=p1r;p theisimplest way to obtain experimental values of pgn) and
pga) is measurement of neutron widths for both kinds of reactions. But in the case
of so simple structure of excited state, the doubts may arise as to how determine
neutron wjdth from experimental data and the question may be raised as to whether
the cdnception of resonance width is sensible. For this reason it appears that a
more appropriate method, although more difficult, is to measure relative neutron
yields in both reactions.

Based on the present results such measurements do not seem to be beyond the
scope of experimental possibilities, and might throw some new light on the

understanding of the reaction mechanism.
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DECAY OF THE DOORWAY STATES OF THE GIANT DIPOLE RESONANCE (DGR) BY
NEUTRON CHANNEL

I.M.Glatky,A.M.Lapik,B.S.Ratner,S;S.Verbitsky, A.V,Veselovsky
Institute for Nuclear Research Academy of Science USSR Moscow

The method of singling out the processes of doorway state decay to the con-
tinuum by means of neutron energy spectrum energetic component registration is
proposed.The results for some nuclei in the region of N=28 neutron shell closure
are considered.

DGR is a collective coherent excitation of a nucleus consisting of a super-
position of particle-hole transitions.Simple 1p-1h configurations created on the
first stage are chamging by more complicated and neutron (or proton) emission may
occur:-on all gtages of the reaction (Fig.1). The states which are generated on
the first stage of the reaction - so called doorway states (DS) - describ% the
amplitude of the closed channel of the reaction which is excited by the interac-
tion with the open chaﬁnel.DS concept was introduced by H.Feshbach in 1965 1).

DS is connected with the continuum by a one-particle operator.In that case the
decay result is an emitted neutron and a residual nucleus is in a hole state.
The another channel of doorway state evolution is the complication of configﬁra-
tions due to residual interaction resulting in the formation of the compound nu-
cleus and neutron evaporation (preequilibrium emission is possible also).

O .

Tt 1p-1h " | 2p-2h . :
[Pir:clzl:itfifizﬁ' Doorway state| I -—fCompound nucleus—l
‘n in n . n
Direct neutrons Semidirect ' Precombound Evaporative

neutrons neutrons - neutrons

Fig.1. The étages of photoneutron process

DS concept holds true if the probability of transition into more compli-
cated states is not too large.The width of the cross-section structure generated
by the DS decay in continuum (intermediate structure-IS) ig too small for struc-
ture of single~particle type but too large in comparison with compound nucleus
resonances,As it is known the DS are most distinct in photonuclear reactions and
in reactions of isober-analog state formation,The study of DS decay features is
of great interest and permits to make some advance in a first stage of a nuclear
mechanism understanding.In 'the photornuclear reaction investigation there are fthe-
experimantal possiblilities tc.select the processes connected with the DS decay
to the continuum,.One possibility was realised firstly in a-classical work 2).In
this work At 'was studied 4, p) reaction for the nuclei with significant proton-
neutron bound energy differeces and therefore with small proton evaporation pro-
bability.So called "direct photoeffect" discovered in this work is the manifesta
tion of the DS decay.The alternative possibiiity to single out the DS decay to
the continuum is to discriminate the part of an energetic spectrum of reaction
products which is connected mainly with the compound nucleus decey.The analysis
of the experimental data for a large amount of a medium~weight end heavy nuclei.
3) shows a well defined break in energetic spectra of neutron emitted (Fig.2).
This. break divides gpectrum into'two parts: low energetic part which expoﬁentia-
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11y falls with the energy and corresponds mainly to neutrons evaporated from com-
pound state and high energy part resulting from nonstatistical processes.It is
interesting to note that for nucleon induced reactions this break is much smaller,
It seems likely to single out the first stage of the reaction process by the re-
gistration of high energy part of emitted photoneutrons spectra only.This method
has lower efficiency in the photoproton case due to the absence of such separa -
tion of photoproton energetic spectrum into two components which :are connected
with Coulomb barrier,

| Pu - Be
4 present work
1 o A.Rubbino and D.Zubkel
@ . Nuovo Cimento,1966,
- 0. B XLIV,N.1,178-181
- -]
~ o
oot :
Lo}
¢ 3
-
A4 -
d é
=
L
4 6 8 10
§ pr MeV E pr MeV
Fig.2.Energy spectra of photoneutrons Fig.3.Energy spectra of neutrons
from some medium-weight nuclei from PuBe sourge

In the previous investigations of the (f,n) reaction on the nuclei 8y
and éoNi 4) IS was detected. Authors explsined origin of that siructure by dipo-
le and quedrupole oscillation interference according to dynamic collective model
5).1IS in a cross-section of (%§,n) reaction was observed in a number of other
works but the accuracy of results was not good.

The purpose of investigations carried in the photonuclear reactions labora-
tory of INR since 1975-76 6) was to study mechanism of BGR excited states decay
through neutron channel.The experiments were carried out using INR 30 MeV synch-
rotron.The stability of’the bremsstrahlung spectrum tip was maintained with ac-
curacy + iO KeV,Neutrons were detected by the scintillation neutron spectrometer
with stilbene monocrystal detector 50X50 mm.Energy scale calibration was conduc-
ted with PuBe source (Fig.3) and using the photoneutron spectrum from 160(’3‘,n)15b
reaction.Registration efficiencylof spectrometer geometry was about 2.1073.4 large
electron and.@-quanta background was reduced with the help of pulse shape discri-
mination.The spectrometer electronics in CAMAC standard operated on-line with
"Electronika-60"-computer (in the first experiments data were recorded by a mul-
tichannel analy ser).For the investigations nuclei in the region of a closed N=28
shell were chosen.It was connected with the ‘hope that in the case one or two par-
ticles outside the closed shell (or one or two holeg)single-particle effects wou-
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1d exibit themself more cléarly.Energy threshold of photoneutron detection in our
experiment was chosen in & region of a break in an energy spectrum i.e. it corres-
ponded & =3.5-3. 7 MeV.
The results obtained for the iron isotopes 54Fe and 56Fe indicated several
peculiar features: 1. Comparison of the total (s} reaction cross-gection with
the cross-section for energetic neutron emission shows that IS is conne-
cted just with the energetic neutron spectrum component (Fig.4). '
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Fig.4. The cross-section of the 54Fe(gﬂ n)53Fe and 56Fe(g‘,n)55Fe
reactions for all and high energy neutrons

The usefulness of dynamic collective model which claims to explain IS of the
(f»n) cross-section on the spherical nuclei is questionable,2. The location of
maxime observed in the photoneutron spectra (Fig.5)measured with different valu=
es of ExNKmaximum energy'of/x- quanta in bremsstrahlung) correlates with that of’
peaks in cross-section for energetic photoneutron emission.Henceforth it was pos-
gible to determine positions of the energy levels of the residual nuclei and com-
pare them with the known spectroscopic data.As a rule identification of a decay
sceme is unambiguous despite of poor energy resolution of neutron spectrometer.
Thaet is due to comparatively large energy distance between lowest levels of final
nucleus.3. No decays were obgerved practicalli in reaction 54Fe('&‘,n)53Fe to the
ground state of final nucleus.The resonances at 22.5 and 24.8 MeV both decay to
the states with energy E = 0.774 MeV (3/27) and 1.696 MeV (7/2”) and are superpo-
sition at least of two dipole transitions.Absolute values of cross-sections are
obtained from the energy neutron spectra by the extrapolation of their low-ener-
getic part with the relationI N(E)= C-£-EXP(-&/T) .In a data given here the mista-
ke of the work 6) which was connected with wrogg cross-section calibration is
corrected.As is seen from Fig.4 the both curves have very similar shape with no-
table peak at about 25 MeV.In low energy region the marked difference is pointed
out.In the case 56Fe(ﬁ\n)55Fe reaction peak at Et“ 16.0 MeV is observed which
seems to be connected with dipole transitions of valence 2p3/2 neutrons.

Absence af decays into ground state of the final nucleus,especially notable
for resonsnces at Efn 22 and 25 MeV is interesting feature of the DS crested in



(4,n) reaction on the iron isotops.One of the possible explanations is isospin
separation rule which forbids neutron channel decay for the T, states,Because of
that it seems possible proton shells excitation followed by energy transfer to
neutron.Partial cross-sections of reactions 54Fe€x,n)53Fe and 56Fe(T,n)55Fe for
e MeV were calculated in 7) on the basis of quasiparticle-optical model.
The values of cross-sections calculated appeared rather close to observed(Fig.5).

54Fe(?;n)53Fe 56Fe(?;n)55Fe

Epp= 26.2 MeV 7 1y (7, m) v
(4

series 1 52Cr(r,n)51Cr

series 2 @
a series 1+2 H
% 5 smoothing date =
. i E
3 =
3 2
3 3L
2 5
g oL
1 1 1 1 L [l | 1 1 i 1
5 6 .7 8 9 E;n, eV 14 18 22 Ey, MeV

Fig.5.Neutron energy spectrum from Fig.6.The(W,n)reaction cross-secti-
94Fe(¥,n0)” Pe reaction at By = 26.2 MeV  ons for nuclei with Ne28(gp3.7MeV)

Indication to the existence of the IS in this calculation was also obtained but

contribution of this structure in the crogs-section turned out much lower in com-
parison with the experimentsl data.

. The investigation of the reaction 64Zn(']‘ n)63Zn 8) additionaly supports
conclusion of the previous paper about connection of IS in (gxn) reaction cross-
gection with energetic photoneutron contribution. In a number of papers the struc-
ture in cross-gection of reaction 64Zn(’a‘,n)63Zn was suggested due to isospin spl-
itting. As it is known two states with difference values of isospin T = TO and
T = To+1 where TO - isospin of initial nucleus are generated in the dipole pho-
toabgorbtion ( if Z £ N ).In the case of neutron emission lower levels of final
nucleus have isospin T0—1/2 and for proton T0+1/2.But the presence of this stru-
cture in the cross-section for energetic neutrons emission forces us refuse from
isospin splitting hypothesis because of decay of Tystate into the étate TO-1/2
by the neutron emission is forbidden due to isospin selection rule.

The curves of cross-sections for energetic neutron emission were also mea-
sured for nuclei 51V and 520r 93.These nuclei have closed neutron shell 1£7/2
gimilarly to the nucleus Fe but: their proton shell 1£7/2 have only 3 and 4 pro-
tons,correspondently.As it ig seen from PFig.6 the structure in this case is sig-
nificantly less pronounced.Ilt will be noted that the difference betwég%p%nergies
of the neutron and proton which defines contribution of the gstatistical component
for 51V and 520r nuclei does not differ,essentialy,from that for a 56Fe nucleus,
It is the reason why the explanation of the less pronounced structure in cross-
section of energetic neutron emission in the case of 51V and 52Cr'due to larger
contribution of "evaporation" process is nof correct,After carrying out automati-
sation of the experiment 10) the procedure of photoneutron reaction yield measu-
rements was modified:at every Eﬁh{neutron energy spectrum was measured.Such pro-
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cedure permits to change the value of minimal neutron energy for which cross-gec-
tion is measured and also to record enérgy speétra at every Efm.In such manner
the investigation of reaction 58Ni(’b‘,n)sTNi was carried out.Choice of this nucle-
"usg caused by the following considerations.i1. Nucleus 56Ni-has closed neutron and
proton shells (:sN=Z=28 )} and two valence neutrons above closed shell.It was pos-
gible to expect that iﬂérpretation of experimental results in this case would be
more unambiguous.2.Croés-sectioh shape of 58Ni(1§n)57Ni regction foz'sn?o was
measured with rather good precision 11),$hanks to that it is especially interest .
to compare this cross-section with one for En>3.5 MeV.Measurements of the yield
curve were made from threshold up to E7m=2o MeV with the 100 KeV energy steps,
Curve of the cross-section calculated by the method of inverse matrix is presen-
ted on a Fig.B8.Errorsindicated are r.m.sJThey.were'bbtained by ‘the following pro-
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Fig.ﬁrne comparisgson of the experimental and theoretical results for the
cross-section of the (¥,n) reactions on iron isotopes (for&3.7 MeV )

cedure,Noise with dispersion same as in experiment was added to the smoothed yi-
eld curve severel times and in every time cross-section was calculated.Obtained
set of cross-sections was used to extract errors in a usual way.Thése errors
give answer to the question whether the existence of the structure in cross-sec-
tion curve is proved by the yield statistical measurering accuracy.

Widths of resonances are significantly enhanced due to yield curve smooth-
ing procedure.The effect of smoothing can be seen from the part of yleld curve
near the energy of resonance at E,,- 18,9 MeV{( Fig.9), ! Appearently, full width
of the resonance is less then 100 KeV,so that the 1life time of DS exceeds 1szos.
Meagurements of photoneutron energy spectra at every value of E@mmade possible
to calculate the dross-aection(s(gino) for the transition to the ground state of
the final nucleus{ Fig.10 ).Since thé energy resolution in the energy under discu-'
gsion is 0.4-0.5 MeV (0.3MeV energy avereging connected with energy step shosen
have to be added to energy resolution .It have to be pointed out that positions
of all resonancés in6(3,n0_3) and é(ﬁ,no) coincide with the exception of the Te-
gonance: at 18,8 MeV which is abaent in 6('0‘,n0).In the energy region above E-:18' MeV
the .probability of the transition to the ground state decreases appriciable in
oorreaspondence with the resulis obiained for the iron isotopss.

vtoaobtain:dati,anmelatiie,widths of resonance state decay to the different
‘states of final nneléns the technique suggested by Gent'group 12) was used:quasi-~



monochromatic 4 -line is formed by the combination of three bremsstrahlung spectra
which have energy shift AE from one to another.Neutron spectrum obtained by this
method corresponds to 17.9 MeVQj‘ -line with FWHM about 0.5 MeV (Fig.11).Peaks in

gspectrum correspond to the transitions to 57N1 gstates with energies E =

1,113 and 0.768 MeV (unresolved) and to the ground state 13).

Fig.8. The cross—section of the SBNi(y,n)57Ni
reaction for neutron energy §,>3.5 MeV
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of both cross-sections is shown on the Fig,12.The discrepancy in the energy of
resonances can bg explained by the scarsity of experimental points in the peak
area of work 11).From Fig.12 we can see that the structure observed in the total
cross-section of the .reaction is connected with emission of high energy neutrons,
Hence the cross-section for emitting low energy neutrons (evaporated from compou-
nd state )has very smooth form,It was shown above that contribution'of energetic

5844 (v, n)5 784 €00
i
| \ “|| H ” \‘\ ‘\
L \\‘

Fig.12. The cross-section of the 78Ni(¢ n)57N1 for
neutron energy é >0 MeV and § )3 5 MeV.
|

neutrons to the total yield is of less than 0.1.But thé cross-section obtained
for energetic neutrons corresponds to all neutruns conﬁected with decay to lowest
states of final nucleus,Thus the cross-section of the 58Ni(’&‘,n)57Ni reaction con-
nected with excitation of lowest states of the final nucleus (having probably
hole structure) in the 16 - 20 MeV excitation energy .range consists of separeted
nerrow resonsnces,For width of this resonances from results of this work it is
possible to give the upper estimation only.The additional measurements will be do-
ne in narrow energy range using small energy steps.
CONCLUSIONS

1.Present paper describes the method which permits the effective studying of
characteristics of the doorway states created in (§,n) |reaction.

2.The doorway states observed in (T,n) reaction are ;shown to0 be connected with
the transition to the ground state (at low excitation |energy) and to the lowest
excited states of tﬁé final nucleus which have hole structure in accordance with




nuclear spectroscopy data.

3,FFEM of the resonances related to doorway state decay to the continuum is
lower than 50 KeV,This estimation is rather close to results obtained for the re-
action Si(p,4) and for neutron scattering 1).It is necessery to point out that
the appropriate valuterdeduced from {@,p) reaction is considerably higher (in
the case of 45Sc(‘!‘.p) resction is about 300 KeV 14 ).

4,In the excitation energy range E?= 16-19 MeVexcited states have isospin T=T¢.
This conclusion is confirmed indirectly by decrease of contribution of transiti-
ons to the ground state of final nucleus at E$>18 MeV,

5.It seems nessesery to give microscopical explanation of doorway state struc-

. ture observed for the reaction 5BNi(/",n)S’?Ni (the number of resonances and their

positions). :

6.1t is of interest that the transitions to the lowest states of final nucleus
give considerable contribution to the total cross-section of the 58Ni(f5‘,n)571\11
reaction.This contribution is abou* 25 % in the energy range under study.
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ASTROPHYSICAL ASPECTS OF THE PROBLEM OF GIANT RESONANCES IN NUCLEI

V.V. Balashov

Institute of Nuclear Physics, Moscow State University, Moscow 119899, USSR
1

The advances in astrophysics are closely associated with the development of the physics of
atomic nucleus. The urgent astrophysical problems make it necessary at present to treat a
very broad class of nuclear problems ranging from the most novel problems bearing on the
quark structure of matter to those pertaining to the commonly studied brances of the low-
energy nuclear physics.

The aim of the present work is to examine some of the astrophysical aspects of one of the most
extensively discussed problems of nuclear physics, namely, the problem of giant resonances.
The work has arisen from the rapid evolution of a new trend in the astrophysics and the cosmic
ray physics which is called sometimes the high (superhigh) energy gamma-astronomy. We mean the
detection of the gamma quanta of energies above 1012 - 1015 eV in the composition of the
galactic (and, maybe, metagalactic) cosmic rays. What is the information about the Universe
that they carry back to the Earth? This question has not been answered yet; moreover, we can- -
not even make sure that the events detectéd on the Earth, which we attribute to the superhigh-
energy gamma-quanta, are actually due to such quanta, rather than to some other (maybe quite
new for us) particle species. ’

The key point of the examined problem is to deal with the origin and the generation mechanisms
of such cosmic gamma-quanta. Recently, V.L. Korotkikh, I.V; Maskalenko and the present author
proposed a special, so-called photonuclear, mechanism of their generation /1/ which is essen-
tially as follows: A relativistic nucleus of primary cosmic rays (PCR) interacts with the uni-
versal microwave radiation or with the soft photons near discrete galactic sources. If the
nuclear Lorentz-factor FA is high, the phdtoh energy in the rest-nucleus frame appears to be
sufficient for giant resonance or direct photo-disintegration to occur in the nucleus. It is
well -known in the physics of photonuclear reactions that the product-nuclei generated by the
decays of giant resonances remain in their excited states within a high probability. Their
de-excitation is accompanied by the gamma-quanta whose energy in the rest-nucleus frame may
reach several MeV. In the observer reference frame, an excited relativistic nucleus is a
source of narrow-directional gamma-ray emission whose highest energy is of the order of

FA X Mev.

The concept of photonuclear mechanism of cosmic gamma-ray generation is a direct extension of
the long-known ideas concerning the J °-meson photoproduction in the interactions of superhigh-
energy primary cosmic ray protons with the soft photons of the universal microwave radiation
/2/. The two mechanisms are directly relevant to the fundamental problem of the primary cosmic
ray energy spectrum cutoff at the high-energy side. It should be borne in mind, however, that
our ideas concerning the primary cosmic ray composition are subject to substantial alterations
nowadays. For example, whereas all the complex nuclei (heavier thanm helium) were considered
quite recently to constitute a negligible fraction of the PCR composition, the latest data are
indicative of quite a different pattern, namely, the data of the Japanese-American Collabora-~
tion JACEE /3/ show that at a 101%ev energy the fraction of Fe nuclei in the PCR composition
reaches several dozens of percent. In such a situation, the examination of the role of the
complex nuclei of PCR belong no longer to the exotic scientific domain, but gets quite prac-
tical.

In our first estimates /1/, the nuclear-to-proton PCR eomponent contribution ratio (as'cal-
culated for energy per a nucleon) was taken to be 0.1 %. To get a higher definiteness, as
regards the nuclear physics, the calculations were carried out for the 160 nucleus whose
basic photo-disintegration channels have properly been studied in experiments /4/. In the
calculations, use was made of the Planck distribution for the universal microwave radiation
with temperature kT = 2.5 - 10'4 eV and of the power-law PCR energy spectrum
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- —s, The calculations have shewn that at the adopfed con-

centration of complex nuclei the photonuclear mechanism contribution to the diffuse gamma-ray

emission in the 10'15 -

1017

eV range dominates the contribution of the photomeson mechanism

whigh was considered until now to be of major importance (see Fig. 1). It also dominates the

contribution of 7¥°-production in the strong interactions
of primary protons with the protons and other components

! ! IJA/51=10’2 of interstellar gas. The reasons for such dominance are
S -3 + A+]"—>(A-l)'~... 5 =25 quite obvious; they are (i) a lower nuclear photo-dis-
5 KT = 15.10'LeV integration threshold compared with the pion photopro-
S -4 R -{ duction threshold and (ii) a high number density of the
:; P*X‘*’“--- photons of the universal microwave radiation.
% -5 - -} The result presented in Fig. 1 is of interest only as
E% regards the methods and should not be related directly
Z s L - to the spectrum of the diffuse gamma-ray emission
»5? incoming to the Earth from the Metagalaxy. The fact is
1 - ! 1 that it is just in the range of £ - 101° - 1016 ev
) 16 17 18 g EI” ev where the maximum is known in the gamma-quantum absorp-
Fig. 1 tion factor due to the interactions of the quanta with

Energy distribution of gamma-quanta
produced by protons and nuclei on
the universal microwave radiation
photons

the photons of the universal micorwave radiation and,
so, the free path of the gamma-quanta of such energies
is as small as tens of kpc, i.e. is of the order of the
Galactic dimension.

The problem of cosmic gamm-ray generation by the discrete Galactic sources is more interesting.
In recent years more and more data were obtained concerning the superhigh-energy gamma-guanta
from the well-known Cyg X-3 source /S5/.
proposed and are studied theoretically;

emission from the source are discussed.

The various models for the source proper have been
different versions of the nature of the gamma-ray
Fig. 2 shows the integral spectrum of the gamma-
quanta from the discrete Cyg X-3 source together with the results of our calculations /1/
allowing for the photonuclear mechanism (dashed curve 1), the mechanism of Jr°-meson produc-
tion on protons (curve 2), and the reaction of y;y°-meson production in the strong pp-interac-
tions.(cur¥e 3). We emp-loyed the schematic discrete source model known in astrophysics,

namely, the superhigh-energy gamma-rays are gener-

i ! | ] |
JA/]p=L/.

X =75 10

ated in the strong and electromagnetic interactions
of the source-generated ulirarelativistic protons

p;p.*.Ki,,, with the soft photons and baryons near the source.

E=3eV
S=27

Such a scheme may be used as a first approximation
to the physical model of a binary star (a neutron

star and companion star) and was actually used
earlier when discussing the spectrum of the gamma-
ray emission from Cyg X-3 /6/. We have introduced
two additional aspects in the model, namely, the
nuclear»compbnent of the primary corpuscular flux
and the photonuclear mechanism of gamma-quantum

3}
—
2~

generation. The PCR is characterized by two para-
meters, by the relative number density of nuclei

lgl3y (E>Eg)), cm 25"

]
[+4]

and protons IA/Ip and by the spectral slope S. The

gamma-quantum generation medium is also charac-
12 terized by two parameters, namely, by the phbton-
to-baryon (nucleon) number ratio X = Nph/NB and

by the mean photon energy £ .

14 lg Ezy eV

=ig. 2

Integral spectrum of gamma-quanta from
the Cyg X-3 discrete source /5/. The
solid line summarizes the contribution
from the various generation mechanisms
(see the text) /1/.

The calculations havé shown that in a broad range
of the model parameters the resultant gamma-ray
spectrum exhibits a characteristic step-like form
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with a pronounced contribution from the photonuclear mechanism in the middle of the spectrum.
It is just such a step-like form that is exhibited by the integral spectrum of gamma-ray emission from Cyg X-3
constructed using all the data obtained by various groups. Without attributing a significant physical meaning

to the particular values of the model parameters displayed in Fig. 2, we shall note that the general form of

17

the gamma—ray—émission from Cyg X-3 in a broad energy range from 108»t0 10"" eV can readily be accounted

for in terms of the discussed schematic model. As in Fig. 1, the 16

example of

0 nucleus is taken as an
complex nuclei in the PCR composition.

The next step in developing the approach proposed must be to go over to the realistic'model
parameters. This rélates to describing both the primary corpuscular fluxes (their energy spec-
trum and composition) and the superhigh-energy gamma-quantum generation medium and concerns
also the data on the elementary processes of gamma-emiter formation. In ocur work /7/, to meet
the requirements of astrophysics, we substituted Fe nucleus for 160. Besides, apart from the
photnuclear mechénism, we introduced the mechanism of production of excited nuclear frégments
in the interactions of the PCR relativistic nuclei with the nucleons of the generation medium.
Immediately, this approach gave rise to the problems relevant to nuclear physics. Although

the cross section for the gamma-quantum absorption by Fe nuclei has long been known / 8/, we
have to know = much more, namely, in what manner are the various excited states of product-
nuclei excited under the giant-resonance decay? Moreover, the resultant cosmic ray gamma-quan-
tum spectruﬁ depends essentially on the
the multiplicity and the mean energy of

tion process. The photonuciéaf reaction

means of the de-excitation of such states, i.e. on
the nuclear gamma-quanta genérated by the de-excita-
physics was not faced earlier with such questions.
True, the like questions arose in other problems of nuclear physics (for example, when cal-
culating the relative yield of isomers); however, not a single ready answer can be used.

‘ Fig. 3 shows the result of the cal-

J culations where the spectrum of

I 1 ¥ ! 1 1

=% eV
= 2.7

7.5x107

the nuclear gamma-quanta generated

as a result of photo-disintegra-
tion of Fe nuclei was taken to be

-~ uniform in the 0 - 9 MeV range,
while the fraction of the tran-
sitions directly to the ground

4 %

states of the daughter nuclei was
considered to be negligible. As

1g (I4 (E>Ey ), e

-16 |-

\

\

in our earlier
160 nuclei, we
characteristic

the cosmic ray

calculations with
again obtained the
step-like form of
gamma-ray spectra

1014

E(,ev
Fig. 3

Integral spectrum of the gamma-quanta of a discrete
galactic source, The dashed lines show the calculated
contributions from the various generation mechanisms.
The solid line is the sum of the contributions. The

data are for the Cyg X-3 discrete source /5/.

from the discrete source with a
dominating contribution of the
photonuclear mechanism in the
101! - 10 ev range (at the
effective temperature of the
ambient photons of about few. eV).

From the study we have concluded
that the photonuclear mechanism
is absolutely necessary to allow
for in any further fESearch
bearing on the high- and super-
high-energy gamma~ray astronomy.
The relevant problems arise also
in the nuclear physics. A new and
important aspect appears in the
problem of the decays of the
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highly-excited collective states of nuclei, which has been the most difficult problem in the
entire set of the problems relating to giant resonances since the sixties. Namely, we have to
know, and be able to predict, the multiplicity and the energy distributions of the secondary
gamma-quanta accompanying the giant resonance decays. The problem will prove to be particu-
larly important if the indications are corroborated that the complex nuclei (Fe, etc.) are
actually a noticable (and, maybe, dominant) component of the superhigh-energy PCR. In such

a case special attention will have to be paid.to another mechanism of the cosmic ray gamma-
quantum generation in which the gamma-emitters prove to be the excited nuclear fragments
produced in the inelastic strong interactions of ultrarelativistic nuclei with protons of
medium: A + p - B* + ..., B*— B *y- It has been established reliably nowadays that the
production of such excited fragmentis in the corresponding inverse process p + A —> B* +
invelves an ative role of the multipole giant resonances (very interesting information on how
such processes proceed can be derived from the coincidence experiments which get more and more
habutual from day to day). As to the existing theory of nuclear disintegration by protons and
by other high-energy particles, it has not been applied to the medium and heavy nuclei yet
(including the nuclei near Fe which are of particular interest in astrophysics), although it
covers the various aspects of the production of éxcited daughter nuclei and their de-excita-
tion (see, for example, /9/). To extend the theory to the range of medium and heavy nuclei

is an urgent -task not only in the nuclear physics proper but also in its applications to
astrophysics.
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NEGATIVE PARITY STATES IN THE SPECTRUM OF L1 FROM_ELASTIC SCATTERING
3 -

‘AND RADIATIVE CAPTURE OF He BY “H.

A. Mondragén and E. Hernindez C
Instituto de Fisica UNAM' - 1
Apdo. Postal 20-364, 01000 México, D.F. MEXICO

ABSTRACT. The results of a new resonance. analysis of the elastic scat-
tering of 3He by ®H in odd parity states and ‘the radiative capture of
3He by *H in the first excited state of 6Li are presented. We give
evidence for a very broad level of ®Li at E,. = 26.5 MeV with J"= 2°
S,T = 1,1 not previously reported. Also, th% change in shape in the’
»angular distribution and the broad maximum observed in the cross section
for radiative capture of 3He by 3H in the first excited state of °Li at
high energies are explained in terms of the interference of three very
‘wide 33F. overlapping resonances. Numerical values for the resonance
energies; the total,elastic and radiative widths are 'given.

1. INTRODUCTION

*The isobaric diegram of nuclei with A = 6 shows that all excited states of %e and §Li, and all
-states of 6Be are unbound with réspect to nucleon and to cluster decay(1)ﬂ In 6Li, the study of the
4He +d system has led to good information about the T = 0 states. The relatively small widths of
the 0% and 2 =.1, states below 6 MeV have made it possibie to study them in several reactions
and in 1ne1ast1c scattering. However, the other states of 6L1 are very poorly known, except that it
is clear that there .are no other sharp or fairly sharp T ="1 states of 6L1 below - 17 MeV( ) In
thls work we are particularly 1nterested in the T = 1, negative parity, unbound states ‘of L1 that
are strongly coupled to the 3He + 3K channel Ev1dence for these odd parity states comes from the
elastic scattering and radiative capture of He by H in odd orb1ta1 angular momentum states.

A phase shift analysis of the elastlc scattering of He by H due to Vlastou et al(s) shows
resonances JT = 21,01 at EL 21.0 MeV and 21.5 MeV respectlvely 1n the 33PJ waves (L = 1), and
resonances JT = 41,31 at ELi-' 25.7 MeV and 26.7 MeV respectlvely in the FJ waves. (L = 3) but no
resonance is reported with JT = 21 for L = 3. The negative parity states of L1 seen as: resonances,
in the 33P2 and F waves in the elastic collision will show up in the radlatlve capture of 3He by -
3H in the first excited state of 6L1, which is a 13D3 state(a) at E = 2.18 MeV with "= 3% and
T = 0, but not in the capture in the ground state J'='1", T = 0 s1nce the selection Tules forbid
these transitions. Recently, D. Schenzle and P. Kramer(7) computed the energy: spectrum of 6L1 tak1ng
into account the non-central terms in the nucleon nucleon interaction. They found the three 33
states of negacive parity split in one 33F4 states at E .= 24.9 MeV, and the 33Fzz'and'33F3 “state-
degenerate - at E ; = 27.8 MeV. It was also found that these.states are almost pure {3,3} partitions.
These results strongly suggest that the broad maximum in the excitation. function, dots in F1g(a),
are due to the presence of three very wide 3F overlapplng réesonances, “two. of whlch 33FZ and F4,
produce coherent contr1but1ons to the photon field that 1nterfere

2. RESONANCES IN THE EiASTIC SCATTERING OF | He BY H

The e1ast1c scatter1ng of polar1zed He by H was measured.by Vlastou et al( ) over the energy
range from 20 to 33 MeV. These authors. represented the cross section and polar1zat10n of the scat-
tered and recoil particles in temms of 18 real phase ShlftS which they called solution I, and then
they made a parametrization- of,rhefesonant phase shifts in tems of the single Ievel R - matrix
formaliem‘and £6ﬁhd'the resonances mentioned above.iThey also made a second, more realistic analysis -
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of the same elastic data, called solution II, in terms of 18 complex phase shifts, to account for
the possible influence of the open channels. A resonance analysis of the complex phase shifts of the

more realistic solution I1 was not attempted.

In this work we made a Xz fit of the single level Sl' matrix formula
J .
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Fig 1. The phase-skifts 837, and inelasticities
"3 . of the L. partial ~J waves as function
of"] the 3He Ldb energy. The dots show the
experimental data of Vlastou et al®. The full
line — is the best fit of the single resonance
plus background, éq(1), to the data.

2y Tel,0j F o (K
1€ E-E. +ill . (M
23 > 43
to the complex phase shifts of the 33P 3p 33p

22 72 3

- and 33Fjl partial waves of solution II of Vlastou

et al(3 over the energy range from 5 to 33 MeV.
In the notation of Vlastou sl. = n,.exp{2iRes, .}
and My = exp{-ZImGlj}. In expression (TJ,FQ( k)
is the Coulomb penetration factor which is a known
function of the masses, charges and relative energy
of the two colliding nucleil®) with no free
parameters. @Hs(a) is the phase shift due to a
charged hard sphere of radius a and charge ZHeZH’
The magnitude|B£j| of the background term ,Blj,and
the phase of the elastic width ¢2j are linear
functions of the energy with the same value of the

slope. The resonance energy E ., the elastic width
o1 % and the total width sz are constants

independent of the energy. Therefore, in (1) there
are ten parameters that may be varied.

The fit, was performed using the computer
programme FASFIT with an automatic search routine,
all the ten parameters were varied in each search
cycle until the best set of parameter was found.
The quality of the fit to all >°F,,%? 33,
complex phase shift data is very good. We found a
E, = 10.76 MeV with
J"'=37,5=1,T = 1, not yet reported. The result of
this fit is shown in Fig(1) and the numerical values

Fs»and

very broad 33F2 level in Li at

of the resonance parameters of the elastic channel
are shown in Table 1.

5. RESONANCES IN THE DIRECT RADTATIVE
CAPTURE OF SHe BY °H.

The differential cross section for direct
capture from the continuum to a bound state of the
3He-sH system with emission of electric dipole
radiation, computed in perturbation theory to first
order in the electromagnetic field, may be written
as
| - Lor,a; (E) Pz(cose) (2)

where o is the total yield of the reaction
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Table 1. Resonance parameters g, tn St (new) i
State E 0] MeV) T 2 MeV) Fel 4 - (MeV) . FY, 0 (eV) - ; : : i
33p, 2.49 3.03 3.01 33.58 !
33F2 10.76 8.74 8.28 77.69
33F, 8.98 6.73 6.11 00.087
33E, 9.18 . 5.37 4,23 713.58
A = - 48° A = 110° A = - 158° 1
12232 Xi2-34 X32-34
2 2
i .
o = _Ix ELJ | Q!,J | (3)
(2s + 1) Fig 2. differential cross section
for the 3H(3He,y J6Li reaction at 90
and Lab.— Best fit of interference
. xz - {[ Hm‘ WZ(U 3331 Qresone}mces formula to the data?
a, = —=24 F b 3 JLJ AN
2 8(2s + ™ AR (4)

in these expressions, Q,. is proportional to the radial integral of the electric dipole operator
between the initial scattering state of 3He - 3H and the final bound state of 6Li, s is the channel
spin, £ is the orbital angular momentum of the relative motion of 3He and 3H and j is the total

angular momentum of the system, and

Vs . . . jf 13 jf L)
2(08';33") = 13/:1 (201MiWJ BECAIUNPARE DR M 0 MM 0 M
i . 1 »1 1 1

In LS coupling, the first excited state of 6Li is described as a 13D3 state( ) hence considering
waves up to £ = 3, there are only four partial waves, i.e, 3)SPZ, 33I‘2, 33F and P which can
contribute to the electric dipole transition to this state. In order to make apparent the resonant
structure in the cross section due to the nucleus-nucleus interaction in the entrance channel we
expand the wave function of the relative motion of 3)He and 3’H in terms of Gamow states(g) , keeping

only one resonant term in each partial wave and dropping the background term, we obtain
: 1 1
2 /2

. g+ 1 om0y by ij) Te1,05 Ty,2 F Ok
=YY@+ i e (E-,E-.)+i1—1‘. . (5)
L] 2 713
1/,
where a, is the Coulomb phase , by I.el ,4j is the transition amplitude from the scattering state to
the resonant state of energy E 12 Ly, IX,Q,J T /2 zj is the transition amplitude from the

resonant state to the first exc1ted state of Li, and ¥, (k ) is the Coulomb penetration factor(g).

The cross section for the. reaction H( He,y ) L1 was measured by Blatt et al ) from EH =1 MeV
up to 5 MeV and by Ventura et al () from EHe 6 MeV up to 26 MeV. In order to make a fit of expres-
S S—— — sions (2) - (5) to the experimental data of Ventura et al (6) ,we

proceeded as follows:

~ i) The numerical values of the total yield, dots in Fig(4),

g © ) and the coefficient a, (E) were obtained from a least squares fit
5y : ! | of expression (2) to the angular distribution of Ylph'otons Fig(3)
_ i ji) .Once we knew the mmerical values of op » dots in Fig(4),
2 we inserted the mmerical values of the elastic channel

------ -] parameters in (5) and made a fit of the sum of resonant terms (3)
En (NeV) to the mmerical values of o and obtained numerical values of.
Fig 4. Total yield ot cne reaction the radiative widths Fyi 1j. A fit of the resonant expressions
SH(®He,y )®Li — " Best fit of .(4) and (5) to the mumerical values of a,(E) gave us values of

interfering resonances formulae to -
the data. g . the relative radiative phases Xej Z'J' With this first set
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. i 2 . s
\of’resonant parameters we made a x  fit to the excitation function
|

taken at 90° Lab, dots in Fig(2), and refined the fits to o.. and

L | \ vy A ! T
< B .;‘% Mev \ ! aZ(E) until we obtained the best set of parameters. Some of these
e . ' ={13.1 Mev | results are shown in Table 1. The solid lines in Fig(2),(3) and
\ vy T RO M Fig(4), show the best fit of our formulae to the experimental data.
‘ ' .
10 4

4., CONCLUSIONS.

( Mb/sr )
w
T

From a careful numerical analysis of the elastic scattering of

cm

He by H in odd orbital angular momentum, L = 3, in which the

Z )

( 4
dn
o
T
———
L

. { I unitarity of the resonant S matrix and the threshold behaviour were
. b \\\\L\f_},iz//// | exactly taken into accoung, we have found ? very broad F - wave
\‘%\{-_§————”}’/ level in the spectrum of "Li, at ELi = 26.52 MeV with J"= 27, S = 1
4 and T = 1 which had not been reported in previous studies. The

negative parity level with S =1, T=1and J = 3 was found at

L Lt S E; = 24.64 MeV that is, shifted by almost 2 MeV to lower energy
30 60 90 120 150

with respect to the value quoted by Ajzenberg- -selove () . The negative

8., (beg)
cm S parity level with S = 1,T = 1 and J = 4 was found at the same energy
Fig 3. {_ %and } photon angular as in AJzenberg-Selovg. From the mmerical aggly51s of the elastic
dlstrlbutlon of 3H(3He )Y, J6Li scattering of “He by “H in the L = 1 state ("P, wave) we found a
reaction, Best fit of negative parity, S =1, T = 1,J = 2~ at 18.28 MeV. Most probably

interfering resonances formulae - .
to the data. this is the 2 p-level reported by Viastou et al at ~ 21 MeV.

The identification of the J'= 27, S = 1,T = 1 state in the spectrum of 6Li as a very wide
resonance in the 33F2 elastic wave in the'SHe + 3H channel allowed us to solve a long standing puzzle
in the radiative éapture of 3He by 34 in the first excited state of 6Li The change in shape of the
angular distribution of the cross section for this reaction observed at Ehe = 21.7 MeV is produced by
the interference of the coherent contribution of the 33F and the 3F4 resonances to the photon field.
The broad maximum in the excitation function observed at EHe 21.8 MeV is due to the presence of
three very wide overlapping resonances. We also give mumerical values of the resonance energies, the
total, elastic and radiative widths.
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POLARIZATION EFFECTS IN THE ®Li(’He,X) °Li - X + p REACTION
AT LDW ENERGIES

S.BurzYﬁski, J.Turkiewicz, K.Rusek, I.M.Turkiewicz and P.iupraﬁski
Institute for Nuclear Studies, Hoza 69, 00-681 Warsaw, Poland

Abstract: The sequential reaction °Li(°He,X )°Li - & + p has been studied at
energies of 1.5, 1.73, 3.0 and 3.5 MeV. From the kinematically compléte p-alpha
goincidence experiment the angular distributions of protons from the _decay of the
Li g.s. nucleus have been derived. Their asymmetry relative to the 5Li momentum
has.been explained in terms of a polarization of the intermediate oLi system.

The energy spectrum of particles emitted in 3He induced reactions on. the L1
target contains mainly a contﬁnuum coming from the processes with three particles
in the final state 1-4): 6Li+’He ~ o +X+p. At low energies the direct break-up in
which the three particles in the exit channel are produced simultaneously has a
very small cross section.2). The basic mechanism for this reaction is then the
sequential break-up characterized by the formation 'of the intermedjate systems from
pairs of particles (alpha-alpha) and (alpha-p) which subsequently decay by a par-
ticle emission. The reaction proceeding by the intermediate (alpha-p) system which
is considered to be °Li nucleus is the sgbject of -the present report. 3

The measurements of the 6Li(3He,c() Li reaction were carried out using the “He
beam from the Van de Graaff accelerators in Warsaw (1.5 and 1.73 ‘MeV) and at the
Joint Institute for Nuclear Research.in Qubna (3.0 and 3.5 MeV).The target was 100
ug/cm2 thick Lif (enriched up to 95% of 6Li) layer evaporated onto a 10 um/cm2 car-
bon foil. The energy loss of the iricident 3He beam in the target ranged from 75 keV
to 125 keV depending upon the 3He energy. The Rutherford cross section for the elas-
tic scattering of the He+19F measured simultaneously with the reaction on 6Li, W as
used to obtain the absolute normalisation of the cross section.

The geometrical scheme of the experiment is shown in Fig. 1. The -particles
emerging from the target were detected by two detectors working in coincidence.
Because of favurable kinematical conditions (Q-value for the reaction under study
is 16.87 MeV) no identification of particles was necessary. One detector, kept in
a fixed position at 9090 to. the beam had the thickness of the depletion layer adjus-
ted to. be a full energy detector for alpha particles from the studied energy range,
but a fransmission detector for protons. The second detector of a depth of 2.5 mm,
was covered by aluminum foil thick enough to stop all particles but protons_with
energies above 2.5 MeV. Proton detector was set in the reaction plane defined by
the incident SHe and the registered alpha particle. Its position was changed from
300 to 1300 of the lab angle in 100 step, on opposite side of the JHe beam, that
means on the side of °Li recoil. The coincidences were stored on a magnetic tape as
3-fold events: the energies of an alpha-particle (E;) and a proton (Ep) and the time
difference between them. Time resolution of the prompt peak in the TAC spectrum was
typically 50 ns. Random coincidences, monitored by recording events over a vider
time range, were negligible. Signals were processed by a Nuclear Data 4420 computer,
which controlled the write up of the data on tape and pr0v1ded for several an-line
control dlsplays
Durlng the off line analysis event by
event recorded data were sorted to pro-
duce bidimentional spectra in the (Ej-Ej)
plane, gated by TAC window.

For two detectors used in coincidence at
a particular pair of angles, the partic-
les energies Ey and E; are lying in the
(E1-E2) plane on the well determined
contour, resulting from the energy rela-
tion for a kinematically complete three-
-body reaction experiment 5).

Each contour corresponds to the ‘total
energy E1 equal to the sum of the reac-
tion Q-value and the kinetic energy
brought in by the incident particle.

In our experimental setting only oane-
contour was observed for Q value equal
‘to 16.87 MeV with a width defined by the
total energy resolution. Along the locus
clusterings of experimental points were
observed corresponding to the sequen-

’ tial processes proceeding by the inter-
Fig. 1 ‘mediate unbound states.(Fig. 2)
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i, g.s., 3/2-, "= 1.5 MeV 6), from the reaction °Li(’He,ok)°Li

®8e, 11.4 Mev, 4+, = 3.5 MeV 6),from the reaction °Li(’He,p)%Be.

Projection of the kinematical contours onto the E; axis yielded the one-dimen-
tional alpha particle spectra. Some of them are s%own in Fig. 3. They mainly con-
tain two broad peaks, the higher energy one being a contribution from ZLi g.s.
and the lower energy one from the 8Be 11.4 MeV state. The procedure of decomposi-
tion of these two contributions was applied by fitting the energy dlstrlbutlons
of alpha particles in the frame of final state 1nteract10n theorles 7).

Alpha particle spectra in the range correspondlng to 6Li(3He D()5L1 transi-
tion_were integrated to obtain the (o? p) angular correlations correspoﬁalng to
the °Li g.s. decay. They were transformed into the angular distributions of pro-
tons in the rest frame of the ZLi using the three body kinematics formula of
Ohlsen 5). These angular distributions are shown in Fig. 4. The positive angles
correspond to the emission of protons in the direction nearer to the direction
of the incident “He beam. Error bars contain both the statistical errors and the
uncertainties resulting from ambiguities in energy spectra separation.

All the presented angular distributions are evidently asymmetric in respect
to the direction of the emission of the 5Li, denoted by 0°® on the angle axis.

The asymmetry observed at 1.5 MeV and 1.73 MeV is of the same type as that obser-
ved by Livesey and Pilusec 3) at 1.25 MeV, shown also in Fig. 3 for comparison.
One must comment on aa close similarity of the angular correlations measured at
1.25, 2.5 and 1.73 MeV, because the energy 1.5 MeV (corrected for energy loss in
the target) cgrresponds to the 17.64 MeV

level of the 7B compound nucleus while

other two energies fall beyond any know .
level. It would mean, that the process

does not seem to be affected by an exci-

ted single level of the compound nucleus,
contrary to the interpretation suggested 04
in ref. 2). The smooth change of the

measured angular distributions with the

3He beam energy rather points to the 02
direct process governing the reaction
mechanism. The angular distribution
measured at 3.0 MeV is rather flat. How-
ever at 3.5 MeV the asymmetry is again
quite pronounced, but in this case more
protons are observed at negative proton

oM.
o« [MeV]

>

emission angles then at positives - Jjust 3
opposite to that at lower energies. 06
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The asymmetry of the SLi decay can be understood -if one assumes, that this
nucleus is formed during the first stage of the reaction in a polarized state.
The angular distribution for the particle with spin s to decay into two particles
with spins s; and s; is described in the rest frame of the decaying particle by
the general expression given e.g. by Simonius- 8):

4w
ICK DI Z. T At Y;Q 8,9)

tk are the spherlcal polarization tensors of rank k, which describe the
q
polarlzatlon of the decaying particle,
k01 25, -k £q& +k
(8,9 ) are the ahgles defining the direction of the emission of one of -
the decay products;
Ay, the decay amplltudes are real and g-independent. Parity conservation
in the decay implies Ag=0 for odd k. Thus the decay of SLi ground state
of spin 3/2 into an alpha particle and a proton is completely determined
by the polarization tensors tyg, top, tz; and tgp. Assuming A, equal to 1 accord-
ing to the usual conventions 13) one can calculate Ajy=-1. Using the coordinates
in which the experimental angular distributions are presented, the angular dis-
tributions for the particular case of the °Li proton decay proceeding in the
reaction plane can be written in a form: i

1

W(B) = t . -3 ty (3 cos?8-1)+\& t,, sinfcosd - ot,, sin’e

2722
From this expression one can see immediately that the abymmetgic angular disfri—
bution results from the term containing tj; component of the 2Li tensor polariza-
tion. To describe the measured proton angu}ar distributions this formula was i
transformed into

w(e)_: A -8 cos? (8-8)

where A, B and 80 are the following functions of the tensor components:

R

] 1 BRI 1 \[ 3 3, \2, .2
A=t - 7 tpo 7V—;t22ff_v(7t20 PRI T N

V3 3 2 2
B = VG tyy - 3 t,0% +6th

V_'t
i+ 21
Bn-—7tg _}_t " )
7 Y20 7 {7 t22

They were free parameters in the fit to the experimental angular distributions.
The solid curves presented in Fig. 4 are .the results of these fits. The best fit
parameters are smoothly dependent on the incident energy, what 1ndlcates that
the correct description of the experimental data is not.fortuitous.

Parameters A and B determine -the. overall normalization and anisotropy of the
distribution. The asymmetry is related to 85, where 8,5, the arctg function of
all three tensor polarization companents depends very strongly on their relative
signs and magnitudes. Thus the observed experimentally change of the possition
of the minimum in the proton angular distributions should reflect the energy
dependence’ of the tensor polarization of oLj. In fact it contains also a hidden
angular dependence on the energy-dependent. 5L emission angle kinematically coup-
led to a fixed (90°) alpha-registration angle.

The source of this strong polarization can be found in_ the dynamlc conditions
of the reaction. It is well known that a strong angular momentum mismatch forces
the transfer to occur in the reaction plane (see e.g. von Oertzen 10). Thus .the
transferred angular momentum 1 is perpendicular to the reaction plane (having
a z-component.m The polarization of the transferred orbital angular momen-
tum is transmit%ed to the total angular momentum transfer and hence to the pola—
rization of outgoing partlcles through the coupling between 1 transfer and spins
of the participating nuclei given by an appropriate Clebsch-Gordan coefficient
9). The 5Li nucleus being the product of the very mismached reaction should then
have very large vector and tensor pelarization. Our measurements of the angular
correlations are sensitive only to the second rank polarization 8) as explalned
above. :
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7Li(7Li, %He)®Be SINGLE-PROTON STRIPPING REACTION
ABOVE COULOMB BARRIER

0.V. Bochkarev, L.V. Chulkov, A.A, Korsheninnikov, E.A. Kuz'min,
I.G. Mukha, G.B. Yankov

Abstract: The 7Li(7Li, 6He)SBe (Q = 7.28 MeV) reaction has been measured at Elab(7Li) =
= 22 MeV., Exact finite-range DWBA calculations reproduce the shape of angular distribu-
tions of the 8Be(0+) and 8Be+(2+) states. The contribution of the compound reaction mecha-
nism is less than 10 %. ' ’

1. Introduction

Transfer reactions are being studied for a long time. As far back as in 1959
9Be(7Li, 8Li)BBe reaction was investigated /1/ as involving a transfer of a neutron from
one of the initial nuclei to the other. At that time it was also expected that the
7Li(7Li, 6He)eBe reaction proceeded by a direct transfer of one proton between the col-
liding 7Li nuclei /2/. But the measured angular distributions of 6He at incident energxes
below the Coulomb barrier ( 2.5 MeV) have exhibited /3 4/ the absence of a strong struc-
ture, an almost total isotropy and small cross sections., Since there are no other publica-
tions about this reaction in the literature, it would be interesting to have new data at
incident energies far above the Coulomb barrier.

6He)BBe measurements at the lithium

In the present work the results of the 7Li(7Li,
energy of 22 MeV are given. Deduced angular distributions for the ground (O+) and first
excited (2+) states of 88e are compared with the theoretical models of direct interaction

and compound nucleus.

2., Experimental Procedures and Results
6

The7Li(7Li, He)BBe reaction was induced by accelerating double-ionized 7Li particles
to 22 MeV using the I.V. Kurchatov IAE. isochronous cyclotron. Beam currents were up to
400 nA. The target was made by evaporating 1.23 mg/cm2 of 7Li(99.7 %) metal onto a thin
carbon backing. The target thickness was about 1 MeV to the 22 MeV lithium beam. 6He
spectra were measured by steps of 1.0 =~ 1.5° in the angle range of 6 = 30% lab and by
2.5° in the 30 - 60° lab one. With the account of the particle identity in the entrance
channel, the angle range of 6 - 60° lab corresponds to the 10 - 170° cm one. Particle
identification was effected by means of the E(1.2 mm) and E(32 um) silicon detectors
with the 2 x 10 sr solid angle. Typical "He spectra are shown in fig. 1. These spectra
exhibit well-pronounced and resolved peaks for the first two states of 8ge (O and

3,04 Mev), as well as a smooth bBCkground. No special investigation of the background
sources was performed But it was supposed that the continuum could be due to the two-step
reaction Li( Li, a) 105e% 6He + a. Experimental spectra were approximated by the curves
consisting of three components: two Breit-Wigner distributions from the peaks and the
Gauss distribution from the background near the peaks (fig. 1)

Fig. 2 gives the results of the experimental angular distributions of the 6

corresponding to 8ge (g. s.; 0+) and ®se* (3.04 MeV; 2+). The systematic error in the

absolute cross section is taken to be ¥ 10 and ¥ 15 % for the first excited and ground

He particles

states, respectively. Both the angular distributions are anisotropic and have & strong
structure unlike that of the data at incident energies near the Coulomb barrier /3,4/.
3. Analysig

The angular distributions are compared with the exact finite~range DWBA calculations

using the LOLA code /5/. The radius parameter of 2,00 fm and diffusenes of 0.65 fm were
used in the calculation of the bound state wave functions. The bound state potentials
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.Fig. 2 6He experimental and DWBA angular distributions for the 7Li(7Li, 6He)BBe
(O+ and 2+) reaction at Elab(7Li) = 22 MeV

were determined by allowing the depth to vary until the experimental binding energies were
achieved. On the basis of the shell model, one expects a stripped proton to be captured
into tha ip-state. For the tran31t10n leaving Be in its oF ground state, only the 1p3/2
capture is allowed. For the 2% first excited state both the 1p3/2 and 1p1/2 captures are
allowed. According to the selection rules, the l-transfer values are equal to O, 1 and 2
for the P3/2 final state, while for Pi/2 only 1 and 2 are realized. Since the difference
between the cross sections for the p:,,/2 and p1/2 states is essential only at forward
angles (0 10° ). one expects that only the 1p3/2 capture is allowed for both the final

8ge states (0 and 2% )e

The optical-model parameters used for the entrance and exit channels were taken from
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the analysis of the 7Li(24 MeV) + 9Be reaction by Cook /6/. The DWBA calculations are
shown in fig., 2 together with the experimental angular distributions. The singie—protqn
stripping calculations reproduce, in general, the shape of angular distributions, as well
as the rate of fall~off with increasing angle but not the details of these distributions,
in particular, the positions of maxima and minima. The attempts at varying the optical-
-model parameters fasiled to improve the calculations,

The single-proton spectroscopic factors were deduced by comparing the experimental and
DWBA cross sections at the forward angles. They are 1.1 and 1.3 for the ground and first
excited states of 8Be, respectively. The theoretical data are 2,898 and 1,119 /7/. The
discrepancy is not too larga to speak about some dominat mechanism other than the one-step
direct proton transfer. But this discrepancy and phse problem can be an argument for the
existence of two-step contributions or the need for other types of the optical-model
potential.

To estimate the contribution of the compound process in the 7Li(7Li, 6

He)BBe reaction
at 22 MeV, calculations have been made using the Hauser~Feshbach model. The deduced cross
sections are less than 12 and 7 % of the experimental cross sections for the ground and
first excited states of 8Be. respectively.

4. Conclusion

The angular distributions of SHe have been measured for the ground and first excited
7,..7,; 6
Li{ Li,
the Coulomb barrier. Clear indications have been obtained that the direct mechanism is the

states of 8Be from the He)BBe reaction at the lithium energy of 22 Mev far above

dominant one. The comparison of the experimental and theoretical DWBA data shows that the
angular distributions are, on the whole, satisfactorily described by the single-proton
stripping mechanism. The phase problem in the DWBA calculations remains open. The contri-
bution of the compound-nucleus mechanism is negligible.
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A MEASUREMENT OF THE FORWARD DIFFERENTIAL CROSS SECTION OF THE
REACTIDN\IH(n d)y AT E =25 MeV :

.\ t \ T
P. Michel, K. Mgller, J. Mgsner, G. Schmidt
Central Institute for Nuclear Research, Rossendorf, G.D.R.

In recent years it has become obvious that the forward differential cross section
of the reaction lH(n,d)) and its inverse, the photodisintegration, is a sensitive
probe for studying the nucleon-nucleon interaction and the electromagnetic transi-
tion operator. To test different theoretical approaches to this reaction requires
accurate experimental data.
The present experimerrtal and theoretical situation is shown in Fig. 1. Most theare-
tical approaches predict a minimum in the differential cross section at about
El=10 MeV. But up to now no clear decision can be made by the experimental data
whether the minimum exists. The experimental data are mainly by the Mainz/1,7/,
Louvin/4,6/, Frascati/2,5/, IUCF/3/ and RUG-Gent/B/ groups.
Theoretical calculations have been performed by Partovi/9/, Laget/10/, Friar/11/,
Jaus/12/, Cambi/13/, Hwang/14/, Pandey/15/ and others.
Fig. 1 exhibits two main features:
i) Most theoretical approaches give a poor description of the experimental data.
ii) Oue to the very small cross section of the reaction the experimental errors
are large. '

In the present paper an experiment has been performed to add a new data point to
Fig. 1 for En=25.6 MeV (corresponding to EJ‘15 MeV). The experimental set-up is
shown in Fig. 2. The neutrons are produced by bombarding a Ti—3H target (manufactu-
red by Kolomiez et al., Institute of Nuclear Research of the Ukrainian Academy of
Science, Kiev/ USSR) with 9.5 MeV deuterons from the Rossendorf Tandem accelerator.
The capture deuterons are produced in a gaseous 1H target and then detected in a
spectrometer consisting of a telescope and two position sensitive multistep avalan-
che chambers /MSC/. . , \

The target gas cell contains two MWPCs which ensure that the detected particles are
originated .within the gas cell. '

The two scintillation counters (SC1, SC2) serve for measuring the time of flight
and the response of the charged particles and the MSCs are used for the determina-
tion of the frack coordinates in order to reconstruct the neutron-deuteron angle.
Detectors are coupled via CAMAC electronics to a small computer KRS 4201(Robotraon).
Details of the experimental arrangement are given in refs. /16-18/.

Using Monte Carlo simulation we deduce the zero- degree cross section from the mea-
sured angular distribution. The result is

(Eg)cm' = (5.8 % 2.3) pb/sr
da 8=0° ‘

The main error is due to the‘statistics of the measurement. A comparison of the
capture reaction measurement with corresponding photodisintegration experiments
/1,7,8/ shows that in the latter cases about 100 times larger reaction rates are
possible and therefore essentially smaller statistical errors can be achieved.

The result is in good agreement with a lot of theoretical predictions but because of

the relativly large error more detailed conclusions cannot be drawn.
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FOLDING=-POTENTIAL ANALYSIS OF ELASTIC AND INELASTIC ALPHA'SCATTERING PROCESSES AND OF
(p,%) AND (x,p) REACTIONS ON LIGHT NUCLEI

G. Staudt, H, Abele, R. Neu, Ch. Striebel, M. Walz, S. welte

Physikalisches Institut der Universitat Tiubingen, D~7400 Tibingen

H. Oberhummer, H. Cech, Institut fir Kernphysik, Technische Universitat Wien, A-1020 Wien
P.D. Eversheim, F. Hinterberger, Institut fir Strahlen- und Kernphysik, Universitat Bonn,
D=-5300 Bonn

Abstract

Differential cross sections of elastic and inelastic a-scattering have been measured on
some light nuclei at E = 48.7 and 54,1 MeV. The experimental results were analysed in
terms of the optical model and the coupled-channels method using a double-filded a-poten-
tial. Previous investigations of some (p,x) and (a,p) reactions have been reanalysed em-
ploying these a-potentials. The angular distributions as well as the correct absolute
magnitude of the (p.,a) and (a,p) cross sections are well reproduced.

Introduction

Elastic alpha-nucleus scattering processes are generally describea by optical potentials
whose parameters are adjusted to reproduce the scattering data. Furthermore optical poten-
tials are needed in the analysis of inelastic a-scattering data using a coupled-channels
procedure. Finally, the knowledge of & optical potentials is necessary in the calculation
of (p,a) and (a,p) reactions in the framework of the DWBA.

In order to analyse elastic alpha-nucleus scattering processes the simple Saxon-Woods
shape is generalized by introducing terms of higher order of the well-known Saxon-Woods
function. Further "model-independent” parametrizations of the optical potential are com-
monly used employing either a sum of Gaussians or a sum of Fourier-Bessel functions added
to a Saxon-Woods form factor /1/. '

160(a,a) elastic scattering has been presented

A systematic optical model analysis of
by Michel et al. /2/, For the real part of the optical potential they found a new parame-
trization. The extracted potential, which has only two smoothly - varying - energy -

dpendent parameters, gives a precise description of the a-16

0 elastic scattering data in
the energy range between 30 and 150 MeV. The analysed data were shown to allow the elimi-
nation of the well.known so-called discrete ambiguity. The real volume integral per nu=-

cleon pair of this potential which is about 400 MeV oS at low energies, descreases with

energy with a slope comparable to that found for higher mass targets.

A further approach to the determination of optical model potential constitutes the
double-folding procedure. Recently the a-particle scattering was analysed by Kobos et al.
within the framework of this concept /3/. The resulting volume integrals JR/4A vary be-
tween 300 and 400 MeV fm3. The model yields a good account for a-scattering in an ‘energy
regime of 25 to 100 MeV for nuclei in ‘the mass region between 40ca and 2OBPb.

We have measured the elastic and inelastic a-scattering on some light nuclei in the mess
region A = 11 - 24 at incident energies E = 48.7 and 54.1 MeV. In order to analyse the
data optical model and coupled-channels calculations have been carried out using a poten-
tials based on thé folding concept. Furthermore we reanalysed previous investigations of
some (p,a) and )a,p) reactions employing double-folded a potentials in the OWBA calcula-
tions,.

Experimental Procedure.

s

The measurements were performed by using a particle beams from the Bonn isochronous
cyclotron. Typically, intensities between 20 and 400 nA were utilized with a beam resolu-

tion of 5'10-4. Target foils of about 50 ug/cm2 thickness (118, 24Mg) and gas targets with
: 12,13 , "14,15  16,17,18, 20,22 :

a pressure of about 500 mbar ( Ne) have been used.
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The detector system consisted of four E~E-telescopes fixed on two turntables. The
detectors were of the surface barrier type with a thickness of about 200 um ( E) and
2000 um(E). The detector signals were amplified and registered by means of standard par-
ticle identification techniques. Great care was taken to fix the zero-degree direction
&Q;ch could be determined with an accuracy of about 0.1 degree.

The inelastic ascattering on 24Mg has been measured at the Heidelberg post accelerator
utilizing the multistep speqikometer. With an energy resolution of better than 100 keV in
the particle spectrum all members of the ground state and the y-band up to E, = 8 MeV
could be well §eparated.

The a=Nucleus Double-Folding Potential
The real part of the folding potential is described by

UF(r) = A Idr1 (drsz(rl)pa(r2)~ t(E,pT.pa,s=t+r2-rl) ;

where r is the separation of the centers of mass of the colliding target nucleus and the
a-particle, pT(H) and p (r,) are the respective nucleon densities, and X is an over-
all normalization factor. The quantity t is the energy and density dependent effective
nucleon-nucleon interaction '

t(E,p,s) = g(E,s)f(E,p)
with the M3Y interaction .

g(E,s) = 7999952‘%15l - 2134552§3%§§51 - 276(1-0.005E)5(s)

E = p¢-m.
and Ea /4

where ES'® is the c.m. kinetic ener y of the a-target-system. The density dependence is
a g Y P

given by -
£(E,p) = C(B) [1+a(B)e P{EYP)

with p = pT(rlﬂma(rz). The parameters C(E), «(E) and PB(E) were determined by fitting the
volume integral of t(E,p,s) to a parametrized form of the real part of a G~matrix inter-
action obtained from Brueckner-Hartree-Fock calculations for nuclear matter for various
densities p and at various nucleon energies E., /4/ '

By the use of the computer code FOLD the real part of the optical potential UF(r) was
calculated /5/. For the density distributions of the target nuclei pr end of the a-par-
ticle Pa the charge densities measured in electron scattering were used.

In order to gain a sufficient flexibility in the shape of the absorptive part of the opti=-
cal model potential a "model independent” form was chosen expressing the imaginary part of
the potential as a sum of Fourier-Bessel functions of six terms

6

hALY =§:: 2o (v ﬁ: £).

v=1

A cut-off radius R, = 10 fm was used. All fits were performed using the computer code
GOMFIL /6/, where the only adjustable parameters are the six Fourier-Bessel coefficients
a, of the imaginary part and the normalization constant A of the real part of the poten-
tial., '

rptical Model Analysis of Elastic a-Scattering

The double-folding potential was first applied to an analysis of the elastic a-scatter-
ing on 185, For this nucleus elastic scattering data are known covering a broad energy
range. The experimental data togethaf with the results of the calculation are shown in
fig. 1. The quality of the fits compares well with the best available phenomenological
optical description /2/ provided the double-folding potential is renormalized by a factor
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L

%» ~ 1.35 in agreement with the findings of Kobos et 8l. /3/.
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Fig. 1. Elastic g-scattering Fig. 2. Real and imaginary part of the
16 . .
on O: Experimental data and optical potential as used in the calcu-
optical model fits, calculated lations of fig.1

by using the double-folding

potential.

The real parts of the renormalized folding potential and the imaginary parts obtained by
the fitting procedure are shown in fig. 2. The renormalization factors A, the volume
integrals and the rms radii are listed in table 1. The real potentials are in excellent
agreement with those obtained by Michel et al. for both their depth and shape /2/.
Recently, Wada and Horiuchi have shown /7/, that a + 16
20Ne levels also fit well the elastic scattering cross sec-

O RGM calculations which reproduce
the spectroscopic data of the
tions up to high energies. The equivalent local potential derived from the resonating-
-group method is found to be very similar to the optical potential calculated by the
double-folding procedure. Thus it is concluded that a significant part of the energy de-
pendence of the real part of the a + 164 potential is due to the internucleus antisymme-~
trization,

The imaginary potentials derived by the procedure described above are shallower than
the potentials of Saxon-Woods type. On the other hand they resemble in shape to the real
potentials as obtained by the folding procedure. As for the real part, the depth of the
imaginary part decreases slightly for increasing incident energy. However, the radial
range and the volume integrals JI/AA slopes up with energy. This means, that for increa=-
sing energy the absorption is pushed more to the surface. The rms radii for the imaginary
potential are for all energies larger than those for the real part.

Table 1. Renormalization factor * , volume integrels and rms radii from an optical model

analysis with a double-folding potential ftor elastic a=-scattering on 160

E, A W S W) \ 12

(MeV) (MeV fm") (£fm) (MeV fm”) (fm)

32.2 1.395 407 3.61 51.1 4.33

39.3 1.389 400 3.61 56.9 4.20

48.7 1.390 397 3.61 74.8 4.40

54.1 1.354 383 3.61 76.6 4.28

69.5 1.332 369 3.61 93.8 4.23

1042 1.288 339 3.62A 101 4.12

146 1.275 313 3.63 108 3.97

@ exp. data renormalized by the factor 0.73 /ref. 2/
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Now we analyse all our data measured at an incident energy of 54.1 MeV in terms of
double-folding model. The results are shown in fig. 3 and in table 2. Not unexpeétedly,
the comparison of the fit to the experimental data of elastic scattering is the less
favourable, the more the nucleus is deformed. Inspecting sections for the 118, 12C, 20Né
and 24Mg it becomes evident, that it is beyond the scope of an optical model analysis to

interpret the angular distributions of elastic scattering for strongly deformed nuclei.

This statement, though less stringent, is also valid for nuclei like 130 and 180.
Table 2, Renormalization factor 4, volume integrals 10% YR
and rms radii from a optical model analysis 3 OF o-PARTICLES
with a double-folding potential for elastic oy B, = St.thev
a-scattering on light nuclei at ‘incident ] ’?f’mw ]
energy E = 54.1 Mev 1 e w10 1
10"
Tezget A T4 DY T /2 ol
nucleus (MeV fn’) (fm) (MeV £m) (£m) _
10"
11y 1.32 393 3.46 122 4.35 R
12¢ 1.32 367 3.37 115 3.12 E ool
B¢ 1.32 375 3.46 97.2 4.12 s
14y 1.31 368 3.47 80.8 4.11 %ok
15y 1.35 381 3.57 89.1 4.52 ’
169 1.35 383 3.61 76.6 4.28 o'k
179 1.32 375 3.66 93.8 4.60 i
184 1.30 364 3.66 112 4.68 " r
20xe 1,21 352 3.86 127 4.50
22xe 111 307 3.81 114 4.42 T
2y 1.15 323 3.86 116 4.26 ol
1ot b .

g 30 80 90 120 150 18O

Fig. 3. Elastic @ -scattering
on some light nuclei at Ea =
54,1 MeV: Experimental data
and optical model fits, calcu-
lated by using the double-

folding potential.

Coupled-Channels Analysis of Inelastic a-Scattering

For the elastic and inelastic scattering on deformed nuclei coupled-channels calcula-
tions are adequate to analyse the experimental data. It is well known that at low-medium
energies a-scattering is very sensitive to multistep processes in the excitation of the
target nucleus. Therefore we analysed the elastic and inelastic a-scattering cross sec-
13 i8 20 22

C, g, Ne,

the coupled-channels method utilizing the program ECIS /8/. An investigation of the a-scat-

tions for the excitation of collective states in Ne and 24Mg in terms of
. 2. . )
tering on ~°C is in progress.

i8 20

For the nuclei 130, o, 22

Ne and ““Ne the concept of the symmetric rotor model is em-
ployed. The calculations give a reasonable description of the data, s. figs. 4 and 5. The
inelastic a-scattering on the strongly collective nucleus 24AMg has been analysed within
the framework of triaxial rotor model /9/ extended to hexadecapole degrees of freedom. The

results are given in fig. 6.

In all the coupled-channels calculations ageain a folding potential was used for the
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optical potential. Measuring the strength of the imaginary potential by the volume inte-
gral, this integral is much smaller in the case of a coupled-channels analysis as compared
to an optical model analysis (s. fig. 7). This trend is expected since the strength of the
absorptive part of an optical potential has to take into account all the couplings into
inelastic channels. As can be seen in‘fig. 7, the correlation between the volume integrals
JI/4A obtained in optical model analyses and the deformation parameters P, is striking.
On the other hand, the values of the volume integrals DI/4A obtained in coupled channels
calculations are actually similar to those extracted from the optical model analysis of
the elastic a-scattering on the spherical nucleus 16O.
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a e
54.1 MeV: Experimental data and N
(=]
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by using the double-folding
potential. B, = -0.24, B, = -0.04. . E ]
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coupled-channels fits (crosses).
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DWBA Analysis of (p,x) and (a,p) Reactions

During the last few years much attention has been paid to the absolute normalization of
the cross section of (p,a) or (a,p) reactions. Recent microscopic analyses reveal striking
discrepancies between the measured absolute values % oxp and the theoretical predictions
T /10-12/. The enhancement factor

-4

e = —SXD

%th

required to obtain agreement between both values varied up to three orders of magnitude.
This discrepancy may be due to unrealistic NN potentials, the omission of multi-step
processes and the use of insufficient single-particle wave functions in the calculation
of the form factor. The influence of the optical a-potential in the exit (or entrance)
channel of the DWBA transition amplitude has been investigated by Brunner et al. /10/ for
the transfer 27Al(p,a.)ZAMg and by Hamill and Kunz /11/ for the 40Ca(a,p)4SSc reaction.
Both analyses conclude that the employance of deep optical a-potentials of Saxon-Woods
form results in an acceptable description of the differential cross sections whereas this
type of potentials require large enhancement factors ¢ to renormalize the theoretical
predictions. On the other hand, when using shallow Saxon-Woods potentials small enhance-
ment factors are needed but the resulting angular distributions of cross section and
analyzing power are unacceptable.

The situation is drastically altered if an optical a-potential based on the double~fold-
ing concept instead of a Saxon-Woods potentials is adopted. Stimulated by the recent suc-
cess of the folding model in the description of the elastic and inelastic wa-scattering we
reanalysed previous investigations of some (p,a) and (a,p) reactions using double-folded
a-potentials in the DWBA calculations. The computer code TROMF was developed which allows
" a least-square fit to the experimental elastic scatfering data in the entrance- and exit
channels as well as to the experimental differential cross sections of the transfer reac-
tion, simultaneously /13/. The code optimises the free parameters of the optical poten=
tials in the entrance and exit channels as well as the microscopic form factor. For the
proton channel Saxon-Woods potentials are aused, whereas for the a channel a "model inde=-
pendent” form was chosen expressing the imaginary part as a sum of Fourier-Bessel func-
tions oflsix terms and the real part as a sum of Fourier-Bessel functions of six terms
added to the a-folding potential. The elastic scattering cross sections were calculated
using the optical model code included in the code DWUCK V /14/., The three-nucleon transfer
{p,a) or (a,p) was determined using a microscopié finite range DWBA model /12/. Thereby
we used the finite range DWBA code DWUCK V and the microscopic form factor code TRANS@4
/15/.

As an example I will discuss the reaction 27Al(p,a)24Mg (g.s.). The experimental data
have been taken from ref. 12. As a first result of the least-square fit procedure the
best-fit parameters of the single-particle bound-state potentials give reasonable values,
approximately the same as for instance the parameters given by Malaguti and Hodgson /16/.
The resulting microscopic form factors deduced from both parameter sets are shown in
fig. 8. Secondly, the best-fit a-optical potential is quite similar to the folding poten-
tial for the elastic a-scattering on 24Mg at Ea = 42 MeV /17/ as shown in fig. 8. Both
potentials give an excellent fit to the experimental 24Mg(oc,or,)24Mg data at 42 MeV.

27Al(p,a)24Mg differential cross section and analyzing power values are

Finally, the
well fitted (solid lines of fig. 9). The angular distribution of the cross section and the
analyzing power as well as the absolute magnitude of thé cross section are reproduced

using an enhancement factor of & = 1.20.

In order to estimate the sensitivity of the computed cross section and analyzing power
we performed calculations using both the form factors and both the a-optical potentials
shown in fig. 8. The results of this variation are given as dashed and dashed-dotted lines
in fig. 9. As can be seen, the variation of the reaction cross section and analyzing power
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is more marked than that of the microscopic form factors and a-gptical potentials. This
shows the sensitivity of the resaction data to slow variations in the shape of the form
factor and the a-optical potential.

The most interesting result of our best-fit search is the following: even we only fitted
to the experimental elastic differential cross sections of the entrance and exit channel
as well as to the éngular distribution of the (p,a) cross section, we obtained also the
correct absolute magnitude of this cross section, In all the work up till now it was im-
possible to get the absolute magnitude and the angular distribution of the (p,a) - or
(a,p) cross section simultaneously. The progress in fitting the (p,a) and (a,p) experimen-
tal data is due to the use of optical a-poténtial which is of the folding model instead
of the Saxon-Woods: type.

10? T T T

micr. formfactor
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Fig. 8. Best-fit form factor and Fig. 9. Differential cross sec-

best-fit @ optical potential tion and analysing power for

27

(solid lines), form factor calcu-
jated with the parameters of
ref.16 (dashed-dotted line),

folding potential for the elastic

24
scattering on Mg at Ea = 42 MeV

(ref.l17)(dashed line).

Al(p, 0 *rg at E, =35 MeV:
Experimental data and DWBA
results calculated with the
form factors and & optical

potentials given in fig. 8.

We also investigated the energy dependence of this reaction. Again the experimental data
have been taken from ref. 12. In the calculations with E_ = 24 and 45 MeV the same form
factor was used as it results from the search procedure with E_ = 35 MeV as given above.

Again the elastic scattering and reaction data are fitted but only with free optical model

parameters and with free

values. As one can see from fig. 10 the experimental elastic

p- and a-cross sections as well as the (p,x) reaction cross sections are reproduced excel-
lently by the microscopic finite range DWBA calculations.
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DWBA calculations using a microscopic form factor. In all cases the absolute reaction

cross section is well reproduced if a normalization factor of only € = 1.2 is used.

Conclusions

A study of elastic and inelastic a~scattering processes on several light nuclei at an
incident energy near 50 MeV has been performed. The experimental results were analysed in
terms of the optical model and the coupled-channels procedure. It could be shown that the
double;folding potential calculated by means of the DDM3Y nucleon-nucleon interactien
describes rather well the experimental differential cross sections for a broad energy
range from 30 up to 150 MeV,

Furthermore these potentials have been used in the analysis of (p,a) and (a,p) reactions
in the framework of microscopic finite-range DWBA calculations. It was possible to obtain
almost the correct magnitude of the cross section, while in previous work the absolute
value was generally underestimated by about two orders of magnitude. Simultaneously the
angular distribution of both the experimental cross sections and the analyzing powers
could be reproduced.
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ABSTRACT:

Elastic and inelastic alpha-particle differential cross sections have been meas-
ured at 12.80, 14.56, 16.34 and 18.13 MeV on °’Ni. The results were analysed with
the optical model and coupled channel calculations were done. The energy dependence
of the volume integrals was compared with the theoretical prediction. A similar
study is in progress for °*°Cr and '"s,

Recent papers 1)I 2), 3, 4)

report on rapid variations and anomalous behaviour
of the nucleus-nucleus potential for energies E in the vicinity of the top of the
Coulomb barrier. It was shownlthat there are general theoretical argumentss) for
expeéting such an energy dependence of the potential parameters at low enefgies,
based.on the dispersion relation which connects the real and imaginary parts of the
‘complex optical potential. This relatich which is based on the causality principle
has the following form:

P °; W(r,E')
O (E'-E) )

Here P is the "principal value", Voxis a slowly and smoothly E depending term. It is

expected that W(r,E') decreases rapidly for energies below the Coulomb barrier. Be-~

Vi(r,E)= Vo(r,E)+ dg'

cause of the above mentioned formula the real part is expected tec be bell shaped near
the top of the Coulamb barrier. In order to confirm this principle the a+62N1
elastic and inelastic scattering was studied in this work.

The experiwent was performed using the sector focusing cyclotron of the £bo
Academy. The collimated a-particle beam was momentum analyzed in a 110° magnet.
Usihg‘four surface-barrier Si detectors angular distributions were measured for the

62

elastic and inelastic (2;) scatterihg of a-particles by Ni in steps of 2. and 4°

at laboratory energies 12.80, 14.56, 16.34 and 18.13 MeV. The target was a

150-200 'ug/cm2 thick foil enriched in 62Ni (97.94 %). The overall energy resolution
was about 100 keV in the experiment while the energy loss in the target was 35 kev
for 16 MeV bombarding alpha energy. The measured cross-sections are shown in figures
1 and 2.

First we analysed the data in the frame of the optical model. As it can be
expected the volume integrals JV and JW.c;nnot be determined unambiguousl& frqm'
the low energy scattering by 62Ni. We obtalned good agreement with several very
different optical parameter sets and very strongly -varying volume integrals. ‘These
parameter sets and the corresponding. volume integrals with the X -s are given in
6). The
coupling constant was' set to 0.16 in accordance with the value obtained in 7). The

table 1. Later ‘Wwe made coupled channel calculations using the program‘ECIS

parameters for this case are given in table 2. The experimental data and4the results

of calculations are compared in figures 1 and 2.

The volume integrals are compared with prediction of 5) in figures '3 and 4. The
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from the optical model calculations

2

Ey v Ty ay W Ty a Iy 3 o, el
[Mev] (Mev]  [fm] [fm] (Mev]  [fm] (fm] (MeV fm”] [MeV fm”) '
12.80  210.8 1.40 - 0.56 12.4 1.80 0.14 667 76 0.5
14.56  207.0 0.51 32.7 1.00 0.62 646 42 0.4
16.34  211.2 0.52 14.1 170 0.20 659 73 1.0
18.13  198.1 0.58 16.1 1.69  0.39 631 84 1.6
12.80 137.2 1.45 0.58 11.9 1.79 o0.21 481 72 0.6
14.56  133.6 0.5¢ 12,5 1.63 0.38 463 59 0.5
16.38  133.0 0.54  16.55 1.48 0.14 462 57 1.9
18.13  126.3 0.59 13.1 1.71 0.4l 445 7 1.8
12.80 104.6 1.50 0.56 10.5 .1.81  0.52 402 65 0.5
14.56  101.8 0.52 10.84 1.66 0.34 387 53 0.5
16.34  105.0 0.5 10.3 1.72 0.15 397 55 1.2
18.13  94.6 0.58 11.7 1.72 0.3 366 64 - 2.0
12.80 60.5 1.55 0.54 9.86 1.58 0.50 254 43 0.8
14.56  57.0 0.53  7.67 "1.67 0.3% 239 39 0.6
16.34 58.0 0.52 14.4 1.67 0.24 242 80 6.1
18.13 31.5 0.72 5.61 1.86 0.47 139 39 2.6
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Table 2. The parameters obtained when the inelastic (2?) channel was coupled to the
" elastic one

.

' - 2 32
By v Ty ay w w Ay Iy 3 * JW 3 Xel. Xinel.
[ev] [Mev] [fm] (fm]  [Mev] [fm] {m]  [Mev ] [Mev fm°]
12.80 196.7 1.40 0.5 14.4 1.78 0.32 629 87 1.2 3.1
14.56 191.2 0.55 14.2 1.69 0.37 604 73 1.0 3.3
16.34 192.2 0.55 14.6 1.69 0.36 607 75 2.4 6.8
18.13 200.4 0.40 20.0 1.09 1.45 605 © 58 1.8 4.7
12.80 129.2 1.45 0.55 12.9 1.47 0.10 450 43 1.4 4.5
14.56  126.3 0.54 14.0 1l.46 0.08 439 45 0.9 2.5
16.34 124.2 0.55 13.9 1.46 0.10 433 46 0.8 2.6
18.13 117.3 0.60 15.7 1.49 0.18 414 50 2.4 4.8
12.80 99.1 1.50 0.54 10.5 1.47 0.66 379 39 1.3 2.2
14.56 96.2° 0.52 13.4 1.30 0.81 366 39 1.44 2.5
16.34 95.6 0.55 8.49 1.75 0.23 366 48 2.5 3.5
18.13 86.3 0.65 12.9 1.72 0.48 340 73 23 5.5
12.80 56.6 1.55 0.54 8.24 1.40 0.20 238 24 1.8 1.6
14.56 54.9 0.507 5.72 1.78 0.26 232 34 1.0 1.6
16.34 52.6 0.58 6.00 1.76 0.27 234 35 4.1 2.5
18.13 65.2 0.62 9.6 1.77 0.33 280 57 12.1 6.8
\ % 6001 S
600 a *+ 7Ni (OM) - o +82Ni [€C)
] 500~
500 . |
i . L00—
W00
3oo: 3°°E
”Ezoo— ' ”E 200~
100 — 1wo-
il @
S L J T 1 )
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Fig.3. Comparison of the volume Fig.4., Comparison of the volume
integrals obtained from the op- integrals obtained from the cou-
tical model calculation with the pled channel calculation with the

prediction of 5). ‘pediction of 5).
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different symbols correspond to different parameter sets given in tables 1 and 2.
It can be seen that the best fit values in the coupled channel case are close to

the predicted ones.
Similar experiments have been performed for target nuclei 50Cr and 348. The
analysis of the data is in progress. Preliminary results for an angular distribution
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of elastic o-scattering on S measured at the cyclotron of INR (Debrecen) are

shown in figure 5.

*S (o, 0q) %S
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Fig.5. Preliminary results for the experimental
angular distribution of elastic scattering of
a-particles on ’*S compared with the results
of optical model calculations.
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PEAKIMM (n,«) TIPM SHEPI'MM HEJTPOHOB 3 Msa

. Opamen, M. Capxa, M. dxopek, K. 'oau
Comenius University, Department of Nuclear Physics; CSSR 842 15 Bratislava

I'e Teasdep, Y. fin
Technische Universitdt Dresden, Sektion Fhysik;, DDR 8027 Dresden

ApoTauusa

Weuepaancey sdPexrTusnue cewemus peixux (h,o) peakumnit Ha sAEpax cpegHero beca
51~V, 55-Mn, 69=(a, 95~Mo, 143~N4 npe sHeprum zefirposos 3 Mas, oGcymxenne
®KCTIeDUMEHTAXBHRX Pe3YyAbTATOB OHJIO CHEENAHO HA OCHOBE CTATHCTHUECKOIO MO-
Rexs Xaysepa—-PemCaXxa ¥ CPRBHEHH C BHUMCHenHwMM Jammumu mo [3]. Bce skcme-
PUMeHTH OHJXK clesaH¥ Ha HeliTpoHHOM reHeparope TV [pezjen.

1. Beegzenmue

Peaxuuu (n,«) npu 2HEpruy ueiwpoﬁom 3 MeB Ha AARpaX CpeAZHero Beca& K
cpegHe T#EeJHX SIDPAX NPOTEKABRT TJAyYGOKO NOX KyJAOMGOBCKMM O8DhLEDOM € OYeNb
HUBKO# NpaBEenogoSHOCTBER (Q;+10'83-u2).
EUD COCTEBHOI'O AZP& M MX MOXHO CHYMTATh OUeHH DELKMMM DOarRIuAME (1] o

Hccaenopanue »THUX pexwaﬁmnx peaxuuit {(n,4) aBageres HOBO# o06aaCTHD

B ocHOBHOM OHH MPOXOHAT Yepes cTa-

HefiTponHOft cnexTpoMeTpMM, KOTOpD&Z Havaka cBoe DAsBuUTHe B 60~THX roiax. 9T
MCCAeAOBAHUA LADT B NEpPBYD ouYepeib HOBYE® uHPODMAUMD O OMBMUYECKOM MOBELEHUH
H CTPYKTYP® BHCOKO BOBOYRIZEeMHHX cocTosHuE aToMuHMX aaep. JanT eBemeHKS O
caMoM mnponecce axpda=pacneje u Ayume oCACHADT NPEeECTABAGHMA O MeXAaHUSMe
aTux peaxnnit.

dxcnepuMesETaAbHOE KCCAELOBa&HEME 3THX peakuuit saTpyzHsered TeM, uYTO 10—
ZydyeHne HelTpoHOB ¢ 3Hepruedt 3 Mes B HeiTPOHHNX reHepATODEX HA OCHOBE pe-—
391978 D(d,n)BHe NJIOTKOCTh NOTOKA HeHXTDOHOB HuEe NAOTHOCTK NOTQKA HeUTPOHOB
M3 peaKuuu T(d,n)4He TnpeMepHO He ABAa NOPAAKA Huxe 14-Mep HellTpoHOB., Ceue-
Hug peaxunft (n,«) B o6macTu sHepruu HellTpomom 3 MsE Ka f4pax cpeXZHero meea
M CPeZHe TANSJHX SKepP, MOMEDeHH EJA TaKKX HYKJAUZAOB, I'Ae BEAHURHE ) OTHO-
cKTeJbHO BHCOKBf, ~ 10'3132, HanpuMep peaxuuy HA AIpax 58 HNS 54Fé [2]°
HKosddunue HTH TpaHCMUCCHM ZJAR dacTul exbda, LAN HAMH UCNOABBYEMHX HYKJUIOB
cAeAyDIME HENpHUMED 55, = 10'7, Byo 4 10'5, 143y. 10-6, [0 CPSBHEEHMD €
saNi - 10“20 Lrs aTOMHMX sSAep, ceueHMd peakuu# (n,d) + 10'33u2 cymecTByDT

" TONBKO TeopeTuueckue xaumEe [3].

2o DKCT@PHMEHT

Las msmepeHus ceuenuit peaxns peaxuuht (n,d) Ha axpax cpeiHero Beca M
CpEARe TaZeJHX AEDAX NPU SHePr¥M HeUTpOHOB 3 MoB, MH MENOAbLSOBAAU METOA
HeATPDOHHO=-8KTUBANKORHOrO AHRJAMSA B COUMTAHMUM ¢ GETA-TaMME CHeKTDPOMETDa&,
MeTOH NpAMHX MsMepeHu# ¢ MCHOAbBOBAEWEM MOHM2AUMOHHON! KaMeDH M ra280BO~NO~

AYNPOBOARMKOBOTO TeJEeCKON&e

MeTox aKTMBANMOHHOTO 8HAANSE OHI MCNOALBOBAH AAS TeX fAep, y KOTODMX
nocxe peaxuuu (M,«) ocrTapTes AOYepHHe Gera-raMMa PA&AMOAKTHBHEE SADA C NOAY—
NepuofoM pACNaja HeCKOAbKO MUHYT WJAK 48COB. JTHM METOROM OHAK KBMepeHH ce-
yenun peaxyuit (h,o) Ha sgpax 55 « 89%a (4] .
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Uenryp undopManum o XapakTepe DeakxUuil NoaydyseM Korna MUSMepsieM NPAMO
smepreruueckuit cnexTp aiAbda LaHEOR peakuuy, M2 sTUX KEHHHX MOXHO NDPEMO
onpesesuTh NepexoRH axabda AJA OTHZEAbHMX BO23CYEAEeHHHX ypoBHell JOuepHMX snep
M TeM caMWM BHCYMTATH napnraibHHe sddexTuBHHMe ceueHus peaxumit (n,<L). Jiax
2TOro OHJ MCNOJb3OBAH ['@80BO-TIOAYNPOBOAHUKOBNHA Teseckon AJAA xxepzfiu- 55Mo,

G;l ARA l437¢d[5,6jo
Hauepenu& ¢ MoHuzaUMOHHON kamepoit ¢ ceTkolt szpa G?Zm, He TipuBenu® X yc-
nexy, XOT® TeopeTHuecKue Npeicxasanud 2dPexXTUBHOTO cevenus AJAf (n,«) peax-

r~
\)O‘:C "

MK BJA °TOrOo AAP& OHJAM AZOBOABHO BHCAXH -f?x - 878 uuxpobapr. Tabauna N1
nNokaexBaeT HamM PacuycTHHE ik nsMepeHHwe sdlekruBHHe ceueHusm {1 ,<).

TaGauuga ¥1

fapo - Sly Soy, 67, 69, 9%y, 143,
Te;ﬁg’)‘ 17 12 878 28 1?8 ;ff 12
3“;’;@3’“000 (7+3) £700  (70+50) (90+40) Eégg%g?)

TeopeTuyeckue BeJUuUuHM B Tabinue BL Oway BMUMCIEHM Ha OCHOBE CTARTUCTU-
vyeckol MoZeau Xaycepa-Pembaxa moandpmkaumei#t mporpemme STAPRE, raze Ouau npu-
HATH BCO BHUMSHWUE KAHAJNn ,D,%. [I0THOCTH BOSGYREEHHNX cocTosHMUE, NpOrpaMda
onpejesseT PE&CUOTOM IO {7] us mumckoBcro wabopa (B obiacTu LZUCKPETHNX CcOo-
crosHul)» BeJuUMHN napaMeTpPOB NJAOTHOCTH BO20OYEIeHHHX cpcTosHult "a" u sHep-
retuuecrrx meselt "A " 6uay B3ATH 48 [8]. JAf DACUOTA TPAHCMUCCUOHHHX Koe®¢i—
HMEeETOB Ha OCHOBR ONTMUeCKOR MoJesu OWJAY MCNOJDbSOBAHE INPOUEAYPH M8 nporpaM-—
Mp SCaT (9]« Tanke wucnoabsoBascf raobaibpHMi norenuuex Mex Pezerva u Cauaepa
[10]. Npororun kKaHan OWJ onucaH noTeHuuaaoM BeuerTiut u [punzec [11]° Tpan-
cMmicoroHHNe QYHKUUY LJag HeliTpoHOB CHJAM DacuyuTaHH HEJOKAJbHHM IA06AJbHEM MO-

rennunagon lepu um Byx [12].

3, OGcysneHue pes3yabTaATOR

B o6xacTu sgep cpeXZHero Beca Owayu usMepeHm addexTuBHme ceueHus (n,x)
peaxuu#t nas azep 55Mn, 69@&, oumbka B pesyabTaTaiX OwJs BRmLe y mApa 69630
Npuuunoit a3Toro OHJA MSOTONMUECKM COCTAB €CTECTBEHHOIo raJus, rie Eg»ma uso-
ToTAa 70@3 B Deaxuuu 69@& (n,yﬁ7oéa Gayeka MO DHEPTruUM BOoBOYEAEHUA ILOUEDHOTO

GSCu

aLpa 660, ., Hax YA8J0CH ONpeNeNuTh Deaxnup 69%a (nya) HA OCHOBE DAaBHUIM

NOAYNEpPHONOB HOUYEDHHX SEED 660“ n 706&. LlaHHHe SEp& UMENT MAJAYyD NAOTHOCTE

BOBGYRECHHNX COCTOSHMA, Bce 9HepreTHYECKM DASDPEWEHH NepeXomd COCTABHAPO fAA—

P2 peaJauMsynTCH# HA NACKDETHHX YDOBHAX. B caydyae rayboxko moabapuepHMX peakiuit
PACXORLEeHNEe MeXAY Teopuell ¥ BKCUEDUMEHTOM MOMHO CHUHTATH MUHHMSJIbLHMM.

95Mo u 14QNJ pacnan axapda ocynlecTBASETCH rﬂyﬁoxo nof KYyJAOHORBR=-

B cayuae
cxuM Gapuepom (nas 95Mo; E¢° = 9,2 Msm, BHCOTa 6opbeps AJN2 HACTHUIH aabda
18 MeB ¥ EBJR 143Nu, E*o = 12,4 MeB a BHCOTA dapbepa 25 MeB)., 3TH AZDPA MMeT
BHCOKYD CTeneHb NJIOTHOCTM BOBOYRREHHHMX cocTOsHMii. V2 ueMepeHWX Besuunk 5;0
M 6;1 ¥ 143Ak/noxyqaewcs, yro OGOJBIMHCTBO IMUTUDOBAHMX YacTull MIET HE& OCHCB-
HOe COCTOfHEMEe M TOAbKO 23% uieT Ha mepBHIt Bo3OyxueHHM} ypoBeHp (mO TeopeTu-
YyeckuM pacueraM 21%). Y snpa 14%NJ pacueT naeT 3aHUNEHHMe 3HAYyeHud. J8 uc-

CAeJOBRHHMX MBOTONOB 3PEKTHBHHE cCeYeHMS peakuuirt (n,L), B 9HEepreTHUECKOM HH-



102

reppaxe 1 Mep GuaAM pPacCuUNTAHR BauuHas c smepruf 2 Mes B xarazory JAER]~M B84~
103 [3] mam mesoronos 51V, ssln, 9. Pucynox W1 noxasisaeT SaBRCHMOCTS

pacuorEMx addexTuBEMX ceuenutt G, or smeprus B, Ha STHX aEDEX. ue (3] x
TAKEe Halle SKCHNEePUMERTAJbHME pPesyAbTaTH LAA 3Hepruu 3 Mem. Hs cpaBmenus s-
TUX BeaWUYUH Xopoliee COraacHe JaeT 95Mo. B o6xactx #ALep cpeamero meca (51V,
55Mh) IKCNEePUMEeHTalbHNE HOHHHE 38HHXEHMH NO CPABHeHMD C PACHETHHNMH,

Ian ZaasHefimero pAasBETHS ONPOGAEMSTHXKE HYXHo B Z8AbHeAmeM YTOTHNTR XO
CHX NOp CYWeCTBYDmME 9KCTIePMMEHTalbHNE DesyALTATM M DASMIKDUT PHeDreTHHEC—
xu¥ MHTEDBAA M KOAMYECTBO HBOTONOB.

o S
[ﬁb] ‘1v ///

000 |
BM

wr My

200 +

'é‘ﬂsMo

Lo 0 e %" Mn_, . .
! r 3 b 5 E [Mev]
Puc.Wl; $ysxuuu BOBSYELeHMA, PACHUTAHM MO [3] AJas a4ep 51V, 55Mn, 95Mo u

HAaulli 3KCTNepUMEHTAJIbLHNE BeJIVYMHM,.
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FROM TOTAL NEUTRON CROSS SECTIONS TO THE
SYSTEMATICS OF NUCLEAR CHARGE RADII*

'I.Angeli, J.Csikai, and A.Algora Pineda
Institute of Experimental Physics, Kossuth University,
H-4001 Debrecen, Pf. 105. Hungary

Experimental investigations and model calculations on fast neu-
tron cross sections lead to a comprehensive study of rms charge
radii. The deviation from the rough A dependence follows simple
trends with discontinuities at magic neutron numbers as well as
at the inset of strong deformations. A correlation between varia-
tions of radii and binding energy has been established. The rms
radil measured by electron scattering are - on the average - less
than those measured by muonic atom X-rays.

1. Fast neutron cross sections 'and the mass number dependence of the

radius parameter r_(A)

The roots of the investigations to be presented here go back to about twenty
years. The equipments available to us at that time (neutron generator, scintilla-
tion detectors, etc.) set a limit to the fields to be studied. Having this in mind
total cross sections of 30 elements were measured at 14 MeV, The aim of these mea-
surements was to search for eventual fine structure in the mass number dependence
of total cross sections. Although significant deviations from the smooth mass
number dependence was found, these deviations could not be attributed to any sim-
ple effect (e.g. odd-even, or N-Z symmetry) 1). The smooth mass number dependence
of the total cross sections was described by a simple semi-classical optical model
2, 3, 4). During this work, the role of nuclear radius, the fine structure in its
mass number dependence, and its connection to the binding energy per nuclecn 5),
arose over and over again.

An analysis of nonelastic neutron cross section data at 14 MeV resulted in the
mass number dependence of the radius parameter

_ 4.0 15
rO(A) =1.,21 +A_2.I.5 - ;\77.3. (fm) (1)
if the expression
= 1/3 2 't
- -TT(I'O(A)A + &) (2)
is used, and
5.6 17 '
=1.27 hd - . 3
ro(A) + F—j A173- (fm) (1 )

if x/2 is used instead of x in (2).

*This work was supported by the Hungarian Research Foundation (Contract No. 259.)
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However, small systematic deviations from this smooth mass number dependence can
not be unambiguously established because the accuracy of nonelastic cross section

data is limited and no data on series of separated isotopes are available. There-
fore, our attention turned to the fine structure in nuclear charge radii.

2. Fine structure in the mass number dependence of nuclear charge radii
The present-day sources of nuclear charge radii yield the quantity r=<r2>1/2,
or differences thereof for neighbouring nuclei; both r and Ar are more or less
model indeﬁendent. Fast electron scattering, characteristic X-rays from muonic
atoms may yield both r and Ar values, while optical isotope shifts (including mod-
" ern versions using laser techniques) and Ka isotope shifts yield only Ar differ-
ences between isotopes of elements. Composing literature data measured with these
methods, long series of rz(N) values can be constructed. It is worth to normalize
these experimental data by the well-known formula

re = Vg £ (2) al/3, T(3)

where

la]
]

1,05 + L8 1.2 0 eny, S (4)
a213 43

For the isotopes of a given element, the increase of radii with neutron number N
is systematically less than expected from the above simple formula. This can be
illustrated 6) by plotting the ratio :

g(N) = (5)

as a ftunction of N. These points lie very close to a straiqght line, the coeffi-
cient of correlation being generally higher than 0.95. Therefore, we may write

N o+ bz=(ﬂ)u+bz {6)

£ (N) = a
Z oN

Z

The good linearity means that'the derivative (—%%—) is constant in a wide range
of neutron numbers. It would be interesting to find a connection between this
deriQative and some - approximately constant - property of the nucleus: average
density, compressibility? .

It should be noted, however, that there is a sudden increase in the slopes a,

at magic neutron numbers, showing the effect of neutron shells on the charge

distribution. The slopes a, depend on the mass number and neutron number in two

Z

distinct ways: firstly, the absolute value of a, decreases roughly as 1/A, and

2
secondly, there are sudden changes at magic neutron numbers. The 1/A dependence

can be explained simply by the liquid drop model. Allowing for this dependence by

multiplying a, by the average mass number Kz of the element in question, a plot

Z
of azﬂz products shows up a characteristic saw-tooth structure with drastic

changes at magic neutron numbers and at the inset of large deformations 6).
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An attempt to the interpretation of the systematic behaviour described above
could reproduce the average trend, but not the pronounced shell effects 7). So, a
theoretical interpretation of this systematics is still lacking.. . e

€.

3. Correlation in the fine structure of nuclear charge radii and binding
energies ’

An interesting relation between radii and binding energies is worth mention-
ing. Plotting the quantity

B
By = b, [(—=2B) 8a) (7)
N 2N .
B
S
where Bexp is the experimental binding energy,
Bg is calculated by Seeger’s semiempirical formula, we have the "reverse"
of the aziz plot 8). It should be noted that BN values derived from different iso-

topic sequences, follow approximately the same dependence on N, This is the reason
why Nir calls it a “"universal" function 9). This universality results in a broad
predictive power 8).

4, Differences between radii determined by electron scattering and muonic
atom X-rays

In principle, the root-mean-square (rms) radius for a given nuclide should be
the same value, irrespective of the method of measurement. However, this does not
seem to be true for rms radii determined by electron scattering a1 and muonic

atom X-rays L Ruckstuhl 10) has measured T for the nucleus ;ZC, and
concluded that there is a 2.4 x (standard deviation) difference between the two
radii: '

Toy ~ Tmy =~ 2.4 st, dev.

This difference is tentatively attributed to a short-range additional weak inter-
action between muon and nucleons. Dispersive effects at electron scattering may
also cause apprecia?le ol = Tmu differences 1ll). An analysis of up-to-date o1
and Tmu data has shown 12) that the average difference is

Tey = Ipy = - 0.006(% 0.002) (fm) .
Its abgolute value is higher for light nuclei, and decreases with increasing mass
number. The mass number dependence of the difference may perhaps help in deciding
the right interpretation: cross section normalization, dispersive effects in elec-
tron scattering, nuclear polarization, or additional weak interaction in muonic
atoms? If neither of these can be held responsible for the difference, this would
render the issue even more challenging.
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ON THE USE OF NUCLEAR REACTION THEORY
METHODS IN APPLIED CALCULATIONS OF
NEUTRON FLUX FUNCTIONALS
Ippolitov, V.T., Korolyov'E.V.. Pozdnyakov A.V.

V.G. Khlopin Radium Institute, Leningrad,USSR

The expression for the real part of an optical potential is obtained on the basis of
real nucleon-nucleon forces. The results of cross section calculations are performed.
This method is recommended for neutron cross sections calculations for nuclei range where

\

experimental data do not exist. ~
Neutron flux functionals are the objects of practical interest in the calculations of
neutron fields in different assemblies: ' i

Y = &Sg F (T, E,;‘z‘) P (¥, E, {I) drdEdi, (1

where F is a neutron flux density, P is a given function.

The Monte Carlo method is most often used in calculations of assemblies, that have the
complicated geometries and compositions. Using the Monte Carlo method it is possible to
calculate the functional (1) by averaging of some random quantity on neutron trajectories,
not determining the neutron flux density in the all phase space.

The determination of the neutron path length in complicated geometries is one of the .
principal difficulties of the neutron trajectories simulation. The modern Monte Carlo
codes allow to solve this problem and to reduce to minimum the calculational error connec-
ted with a simplification of the real geometry.

A representation of energy dependent neutron cross sections is an another problem of
neutronics calculations. The multigroup approximation with use of group constants libra-
ries is widely practised for solution of this problem. Increasing the number of groups up
to several thousand in the energy range up to 15 - 20 MeV it is possiblé to decrease the
methodical error of group constants and to make it comparable with initial data uncer-
tainties. ' @

The group constant libraries are generated from evaluated data files based on experi-
mental data. The results of differential experiments are far from being complete and they
have many discrepancies. In the process of data evaluation’ the calculations based on the
nuclear reaction theory are often used. The reliability of the results depends on an ad-
equate choice of a nuclear model.
238y calculated with use of the
coupled channel model /1/ and the data from multigroup neutron cross section library
RIYaD /2/ (the number of group is 2293 in energy interval from 1072 eV to 20 MeV). The
RIYaD constants for uranium isotopes were generated from ENDF/B-IV files.

The Fig. 1 presents the total cross sections for

With use of both data the Monte Carlo calculations of K for infinite natural uranium
medium were carried out. The results of calculations performed a good agreement with each
other and with experimental data /3/ (the discrepancies are 0,5 %)

The calculation of the nuclides accumulation and transmutation is the object of the
great practical interest. The receipt of reliable results is prevented by an absence of
cross section experimental data for the majority of fissidn products. In this case the
problem of nuclear data prediction based on nuclear reaction theory arise.

The nuclear data prediction in a region which is difficult for experimental investiga-
tions for example in the region of fission products, is hampered since the information
about nuclear level schemes; deformation parameters and optical potential parametere do
not exist. In contrast to stable nuclei region where the optical potential parameters for

' concrete nucleus may be determined by fitting of calculated cross sections to experimental
data, the optical potential for fission products has to have the greater predictional
potency and, therefore, has to be constructed within limits of microscopic approach.
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Fig. 1 The total cross sections for U: full line - the results of coupled

channel calculations; dashed line - the multigroup library RYDaD data

Let consider in detail a possibility of an optical potential real part construction
based on .the real nucleon-nucleon forces.

As NN-interaction we use nucleon-nucleon potentials of one~boson-exchange model (OBEF).
Expanding them in series on zero-range velocity dependent potentials and limiting by
square terms of relative transfer momentum it is possible to obtain an expression for an
effective nucleon-nucleon interaction making a contribution to the central nuclear field

/4/:
= t | 1ex BS(E -F,)- g {t,4x, 8] [(3;_{7'2‘) S(#,-F,) +

+ 8 (Fy2,)(F, 7,02 [ {8,058 (§1-0)8(F,-F,)F,-5,),

v .
12 (2)

where P 1is the épin-exchange operator, is the gradient operator acting only on the
left, -acts only on the right, the coefficients ty and X, are defined via masses and
coupling constants of exchange mesons.

The effective interaction (2) allows to receive, in the Hartree-Fock approximation,
the analytical expression for an equivalent energy dependent potential V(r, E), which may
be considered as the real part of a nucleon-nucleus optical potential (see /4/). In par-

ticular, for a neutron-nucleus potential we have:

V(r, B)= VO, (2)+VE (£)B+V3(r)+V5(r)E,

ng:)=5)(r)g(r)[c°+c1?2/3(r)+c V_.Q-(L]
b (3)
o VE (r) = uf(r)g(r)’

vo(x) =ASS(r)gz(r)[bo+b19(r)+b2§2/3(r)+b§/3f(r)+b4v§o(r)],
vEe) L2ao(re?(r)

Here Vav and V are the isoscalar and the isovector components of the real part of the

(r) is the nuclear density distribution,

AP = SJ n(r)‘f’p(r) ,
2
g(r>=((1~—£y‘—+‘ﬁ)9(r))'1
| 2 9,

E is the incident energy. The coefficients c,, b depend only on the coupling con-

it Y4
stants and masses of the exchange mesons.
In other words, now we have ths relation between OBEP parameters and parameters of

Re Vopt.
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In the considered approach all the compoﬁénts of V(r, E) have different formfactors
whose shapes are basically determined by the tensor forces connected with the one-pion
exchange. The calculations have shown /5/, thet all versions of OBE-potentials taking into
account the one-pion exchange (the PvS-models) lead to an appearance of discontinuities
in the formfactors for all the components of V(r, E). It is probably associated with
features of NN-potential expansion. Limiting this expansion by square terms of relative
transfer momentum we inexactly take into account the contribution of long-range tensor
forces connected with one-pion exchange. Decreasing the pion-nucleon coupling constant,
i.e. decreasing the tensor forces contribution it is possible to eliminate the formfactor
discontinuities in all PVS-models. Decreasing the one-pion exchange contribution into
NN=-interaction we pass on to a some effective nucleon-nucleon interaction, which differs
from the vacuum one. The presence of surrounding nucéleons must influence in the first
place on the processes connected with the pion exchange, since such processes are charac-
terized by transfer momentum less than KF and their contribution, according to Pauli prin-
ciple,must be suppressed. In the case of heavy mesons exchange (scalar and vector mesons)
a typical transfer momentum is greater than KF and Pauli principle has no importance.

The direct comparison of the real part of the optical potential calculated on the basis
’ M

of meson theory of NN-potentials, Re Vop

e with phenomenological optical model potentials

is hampered since Re Vgp has the formfactor that differs from the Saxon-Wood's one.

Therefore the value of g~ was chosen by comparison of the neutron cross sections, calcu-

lated with Re Vgpt , with experimental data and the cross sections calculated with help of
208

phenomenological potentials for Pb. The calculations were carried out with the OBE~

-potential /6/ taking into account the exchange of real mesons and resonances only. A

Saxon-Wood's distribution with ry = 1.2 fm, a = 0.5 fm and (0) = 0.17 fm'i3 was taken as’
(r). Since in the offered approach only the real part of a central potential is calcu-

lated it is necessary to choose Im Vopt and a spin-orbital potential V for the neutron

SO
cross sections calculations. In principle, in our approach there is a possibility to con-
struct VSo , but for the simplification of calculation we use the phenomenological spin-

-orbital potential. In the concrete calculations Im Vopt and VSO of the potential /7/,
whose parameters were determined on the basis of totality of experimental data for nuclei
with A 40 and incident energy E, 50 MeV were used. »

opt calculated from NN-potential /6/

/7/ it is possible to describe (with discrepan-

The performed calculations show that using Re v
with 92 = 2,0 and phenomenological Im VOpt
cies 10 %) the neutron cross sections for spherical nuclei with A 80 in the energy
interval from 1 to 16 MeV, ’

Fig. 2 presents the neutron total and elastic cross sections calculated for
both Re Vgpt and phenomenological potential /7/. In the same picture the data from ENDL

files are shown. It is necessary to emphasize that used optical potential real part has

107Ag using

the only free parameter 92 which have been determined by fitting of calculated cross sec-

208

tions to ENDL data for Pb and have not been changed in subsequente calculations.

When 92 = 2.0 the isoscalar component of Re Vg practically coincide with phenomeno-

logical ng(r)<3 /7/., but isovector component hagtthe shape which differs from Saxon-
-Wood's one and essentially differs from phenomenological ones. Therefore the suggested
potential will have the greatest difference from phenomenological potentials for nuclei
with A Z (A Z), in particular, for fission products. Since V(r, E) have been con-
structed proceeding from sufficiently common physical conceptions the use of it in neutron
cross sections calculation for fission proddcts is more reasonably than extrapolation into
this region of phenemenological optical potentials which were obtained from analysis of
experimental data for stable nuclei. .

We believe that the afore-cited examples of concrete calculations illustrate the fea-
ture of our approach consisting in a development of nuclear reaction theory and nuclear
models on the more fundamental basis that is necessary for providing of growing nuclear
data requirements for applied neutronics calculations.
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4 }
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0 4 8 12 16 E, MeV
Fig. 2 The cro%s sections tot and el for 107Ag, calculated with V(r, E)

when 92 = 2.0 (full line), dashed line - the cross sections calulated
with phenomenclogical potential /7/, points - ENDL data
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CHOEKTPH HEATPOHOB YTEYKM U3 YPAHOBOH U TO?MEBOH COEP C KAIMQOPHUEBHM MCTOYHMKOM HEATPOHOB

C.ll. CumaxoB, A.A. Anzpocernxo, I.A. Aszpocesko, 5.B. IeBkuH, B.B. Kypasmes, M.I'. KoGoaes,
B.A. Tanamnaes

duauKo-sHepreTuueckut mHcruryT, OCHMHCK, CCCP

B.A, 3arpazckmit, I1.0. Jysuiud

MHCcTHTYT aToMmioit aHepruyu uM. N.B. Kypuyarosa, Mocksa, CCCP

I, Bsegenue

lensid MHTETPANBEHNX DKCHEPUMEHTOB M CpPABHEHMA MX ZAHHHX C DPE3yJNLTaTaMu pacueToB fBISETCH
npoBepka (aiifioB OLEHEHHHX SZEDHHX ZAHHHX, & TAKke TECTHUPOBKA IPOTI'pAMM ¥ METOJ0B, KCIONE—
3yeMHX B pacyeTax nepeHoca MaiydeHuit B Bemectse /I/ . CpeZ pasiMuHHX THUIOB MHTETDANBHHX
3KCIEDUMEHTOB DKCIIEDUMEHTH cO COepuueCKUMU COODKaMy ¥ HeATDOHHHM MCTOYHMKOM B IEHTpE
XapaKTUpU3ynTed HamGonee mpocToit (cdepmueckd cuMMeTpmyHO#t) reoMeTpuelt, UTO NMO3BOAAET
npexzne BCero 3QQPeKTUBHO DENATh 3a7auy TEeCTUPOBKM HE#TDOHHHX NAHHHX. K BTOMYy THUIY OTHO-
CHTCHl SKCIEPUMEHT, OMMCAHML KOTOPOTO MOCBfilieHa HAcTOAmaA padora.

Haw MHETEpec k 3Toiff paGoTe BH3BAH TAKKE elie ABYMA OCCTOATENHCTBAMM. BO-TNEPBHX, HACKOIBKO
M3BECTHO M3 JNMTEPATYyDH, NAHHHX NO CHeKTpaM HeftTponoB yreuxku u3 Y u Th chep ¢ xamudop-
HUEBHM MCTOUHMKOM HET. BO-BTODHX, B OMMCHBAEMOM HKCIEDHMEHTE CIEKTD HellTPOHOB yTEuk:
W3MEpANCA MeTOZOM BDPEMEHW NpojieTa, B TO BDPeMd KaK paHee B NMOZOGHHX 3KCHEDUMEHTAX C Kalu-
.POPHUMEBHM MCTOYHUKOM BCETZa NPUMEHANCA AMINMTYZHHE MeToZ. II03TOMy NPEACTABIAET MHTEPEC
MCCNeZ0BaHKe BO3MOKXHOCTM NPHJIOKXEHUS METOZ8 BPEMEHM IPOJNETa K MHTETDANBHHM SKCIEPUMEHTaM
CO CHNOHTAHHO PACTAZANMUMCS HEATPOHHHM MCTOYHMKOM.

2. OHCIEDUMEHT

l3aMepenus crnexTpoB HefiTporoB yredxu u3 L u Th clep mpoBozmmmcs meTczoM BpeMmeRM NponieTa
Ha YCTAHOBKE, CXEMATUUECKM uaogggxenﬂoﬁ Ha puc. I. McrounukoM HellTpOHOB ABAANACE OHCTDas
MOHM3AINVOHHAA KaMepa CO CJI0eM Cf, HaAECEHHHM Ha OZMH M3 ABYX INIOCKMX aXexTpozoB /2/ .
JNeKTPHUYECKUH CHTHAN C KaMepH WCIONL30BAJNCH ZNA NOJYYEHHS CTON-CUTHANA IJIA BPEMEHHOIO
aHaNM3aTopa HeATPOHOB yTEUKMm ¥ ZAAA CUETA UNCIA aKTOB ZENEHUT 3& BpeMA 3KCIepHMEeHTa. Ypo-
BEHP AMCKDUMMHALWM B YCHIMTENe-(OPMUPOBATENE YCTAHABAMBAJNCH TAKMM, YTOOH OTCEYS CHIHAIH
cOOTBETCTBYlmue, X —yacTuiiaM, NHTEHCHBHOCTH KaiMDODHMEBOIO MCTOUHAKA HEHTPOHOB HA MOMEHT

NpOBEZeHusl SKCHEPUMEHTa COCTaBMUIA S-IO5 HC.

lccnenyemue CGOpKM, BHTOUEHHHE K3 MeTANMYECKOr'0 ypaHa M TOpHA, NPeZCTaBAANM COGO# moiHe

chepH ¢ pasmepamy, NpuBeZeHEHMEH B Tadnume I. Kamepa ¢ 25 Cf BBOAMNACEH BHYTPH CHEpH 4epes

IRAKHZpMYeCKull KaHaJ zuamerpom 5 cM. Topuenas cfepa OUEXNOBAHA CBEpXy AJOMMEMEBOR (Qoabroft
ToamuHO# I,5 MM. . :

HeliTpOHH, BHJIETALEAE K3 COODKHM, PETHUCTPHPOBAINCH COMHTHIIANUOHHHM ZEeTEKTODPOM, DACHOJOKEH-
HHM ZETEKTOPOM, DAaCMOJOXEHHOM B 3auuTe. JleTeKTOD COCTOAN M3 KpucTajia Cruiblena @ 6,3 cM
¥ BHcoToft 4 cm m 93Y I43-I /3/ . [lopor perwcrpanum HeidrpoHoB pasHanca 0,1 MaB, cyumapoe
BpPEMEHHOE paspemeHKe ZeTeKTopa ¥ KaMepH C Cf ~ 3 HC, TPONETHOE DACCTOAHKE WCTOUHMK~

ZeTexTop ~ 385 cM. A ompeZenerusa Bxjiaza QOHOBHX HEeHTDOHOB, DPACCEAHHHX NMOMEMOHMEM, MOEXY
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cepolt # AETEKTOPOM YCTAHABAUBANCA MeTaNMnYeCKHi KOHyc zamHo#t 100 cu. Braromaps MaccmBHO
samuTe BOKDYT LEeTEeKTOpa BPEMEHHOE pachpezenenue QOHOBHX HEeRTDOHOB GHIO DABHOMEDHHM, &
orsomenne sddexr/dor = IS5.

Prc. I Cxema skcrnepuMenta: I. Kawmepa ¢ 252Cf , 2. COopxa,
3. llerexrop, 4. 3amura, 5. "TeHeBo#" KoHycC,

TaGanna 1. [apamMeTpH MCCIEZOBAHHEHX cdep
SneMeHT pazuyc, CM Bec, &I
BHeWHNH Bﬂ&TpeHHnﬁ
238 (0,4 % 2°U) I2 4 130
232Th I3 3 . 105

Nocie BHUMTaHMA $OHA BPEMEHHO} CIIEKTD HeWTpOHOB YyTeUKM Npeo0pas3nBalicAd B 3HEPrEeTUUYECHHUi.
TaK KaK CTON-CHI'HAJH OT KaMepH ZIeNEeHMA DpaclpeielleHH BO BpPEMEHM CTATHCTUYECKH, TO B CIEKID
BBOZMJNACH NONpABKA HA MX CHyuaiimHe Hanoxemus f4/ . Ipum cpe;Hell wacToTe NOCTYNIEHAR CTOM-

curHanoB I,

3. IOS Cex 'I, nonpaBka uMmena Beauuudy 3 - 10 %. D0exTMBHOCTH PETMCTpALUH

HEJ/TPOHOB ZETEKTOPOM M3MEDANACh B TaKOi ¥e MOCAEOBATEIBHOCTH ¥ TAKOHR Xe TeOMETpUM DKCIe-
puMeHTa, KOT/a MCTOUYHMK HelTpOHOB yCTaHABAMBAJICA OZuH Oe3 cep.

WickoMHll CHEKTp HelTpPOHOB, BHIETEBNMX C NMOBEPXHOCTM cfep B TedecHHit yroil HA OLMH HEATPOH
MCTOUHMK ¥ HA GIMHAIY SHEDPruM, HAXOZMICH COTIACHO CIeAypueMy BHDaXEHWD:

Ncg(E) M
L(E) - ¢ ‘ ucT . 5(E)
Nucr(E) M ) =

Tze Nc¢(E) ). Mq 38DETHCTPHPOBAHHH] ZEeTEKTOPOM CIEKTD HEATDOHOB M COOTBETCTBYDLEE €My
YHCAOD 8KTOB HLENeHEA B CIydae mamepeHwa co chepoit,

Nyer (B) =

M\CC\'— TO X€ caMoe, IJIA Ciryuas U3MEpEeHHA C TOJIHM NCTOUHUKOM.

(77eK?p MTHOBEHHHX HEATPOHOB CIOETAHHOTO IENEHMS 252Cf # S(E) sagamancs B BuZe pacnpeje-
neERa MakcBenna c¢ mapameTpoM T = I,42 MsB u xoppextmpypmell yuxmmelt /u,(E), KaK 3T0 pe-
KOMEHJABAHDO B padoTe /5/ :

5(E) = 2-‘ E/m -'I"a Q#p(~E/T)/«A(E) @
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3 Bupaxenus (I) BHZIHO, UTO CHIEKTD HelTDOHOB yTeqxn S (E) noxyuasercs M3 OTHOWGHHE 3KCIe-
PUMEHTANBHHX BEMUUMH, M3MEPAEMHX B CNU3KMX DKCNEDUMEHTANBHHX YCHOBMAX: KaMepa. ¢? Cf
OKDYXeHHAn ucciuexyeMmoit cGopkoil, u 6e3 Hee, Orcoza cieAyeT, 4YTO M3MEpEHHMA ABIANTCA OTHOCH-
rensEEMY ¥ L (E) HE COZEDEMT TAKMX CHCTEMATWYECKMX IOTpemHOCTeli Kak, HANpHMep, NOrpPEmHOCTH
onpezeieHus 50PeKTVBEOCTH AETEKTOpa MIM YKMCIa HelTpoOHOB, BHIETEBNMX M3 MCTOUHMKA. [lorpem-
HOCTH CNEKTpa HElTDOHOB YJTOUKM, MSMEDEHHAA TaKNMM CHOCOGOM GYyZeT ONnpeZeldAThCA B OCHOBHOM
CTATHCTHUECCKON TOYHOCTEW (B HaumeM ciyuae oHa paBHa 0,5 - I0 % znm wmuTepBana sHepruit I MsB
B Imanasoxe I - 9 MsB), cmadnnsnocrsm pacoTH anmaparTypd (X3 %) ¥ TOYHOCTED, C KOTODOi
H3BECTEH CIEKTD HeATDOHOB ZeleRMA 252 Cf (2% /5/ ). Takuu 00pa30M NOJIKAA NOTPEmHOCTH
3KCMEPUMEHTANBHNX ZaHHHX cocTaBiseT 4 - II %.

3. PesynpTaTH M3MEpPEHM#t ¥ pacueToB
- BKCIIEPUMEHTANEHHE ZAHHHE W DE3YABTATH DACYeTOB MO CIEKTDaM HEJTDOHOB yTEUKH M3 Ugr Th
chep moxasasu Ha puC. 2 ¥ 3, & Takke NPUBeZeHH B TaCaune 2, NPOKHTETPUPOBAHHHE IO BHEPTMM”
B yKa3aHHHX MHTepBalaxX. Bce pacueTH B Hacrosmeil padoTe BHMONHERW mo nmporpaume BRAND /6/,
MoZleupyuell mpouecc mepenoca usdyyeHEMit B BemecTBe MerozoM MoHTe-Kapio. B mporpause B Ka-
yecTBe KoncTaHTHOTO Mozyas ucmombayercr NEDAM 17/ s OCHOBAHHAf Ha CMCIMOTEHE OUEHEHHHX
neftrponnux namgsx ENDL- 75, B pacquax CTEeKTDP KelTPOHOB WCTOURKKA 3A[ABANCA COTNACHO BH—
paxenuo [2[ .

I . 10° |
X ég |
o b
Z -
~ g
) a1
4 -
-2
] 10
A\ -3
10
-0 2 y 6 8 10
E Mab ‘_ ,
Puc. 2 ChexTpu HellTpoHOB yTeukw M3 ypaHo-  Pmc. 3 Toze, uro Ha puc. 2, AAA TopmeBo#
Boi#t cdepu: - DKCIEpHMEeET, : chepH.
- pacuer, '

CnexTp HeliTpoHoB KankfopHHEBOIO
ucrounuka (2):

llpr CpaBHEHWN BKCISPHMEHTANBHHX W HefiTPOHHHX AGHHHX NPeXZe BCEr0 BOBHAKAET BONDOC O BIMA-
HAM Ha DKCIEPUMEHTAJNBHNE PE3yRBTATH Taxux HaKTOpOB, KAk DacCesHHe HeliTPOHOB HCTOUHHKA HA
KOHCTDYKIMOHHHX DIIEMOHTAX KAMEDH, TOUHOCTH METOJa M3MeDeHMA NO BDeMeHHM IpoIeTa, HAIMuMe
KaHaZa B cOOpKaX. OeHKAa BIMAHMS NEPEUMCIeHHHX (AaKTOPOB MPOBOZMAACH PACUGTHHM MyTeM.
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Taonyna 2 Pe3ynpraTH M3MepeHHit M pacuyeToB

fzpo | E, B @I $2  §s JLEYdE, R /4y  ucroumnxa Pacyer

SKCICDUMEHT pacuer ) OKCIICDUMEHT

0,4-I I,0I I,03 1,00 |O0,3470 % 0,0130 0,398 ¥ 0,00I8 | I,I4 % 0,04

I-2 1,00 I,02 I,04 |0,149I f 0,0054¢ 0,2120 % 0,006 | I,42 * 0,05

2-3 1,00 I,0I 1,03 |0,063 %0,0025 0,0710 % 0,00II | I,I2 % 0,04

34 0,99 I,0I I,0I |O0,0346 % 00,0014 0,0408 ¥ g,0008 | 1,18 * 0,05

U 4-5 0,99 I,00 I,00 |0,0I89 f 0,0010 0,022I % 0,0005 | I,17 t 0,06
5-6 0,98 I,00 I,00 |O0,0109 % 0,0006 0,0I36 % 0,0004 | I,25 % 0,08

6-7 0,98 0,0057 * 0,0004 0,0073 ¥ 0,0003 | I,28 ¥ Q,II

7-8 0,98 0,003 * 0,003 0,0033 t 0,0002 | 1,03 % 0,I2

8-9 0,97 0,0018 * 0,0002 0,0020 ¥ 0,0002 I,II £ 0,17

0,4-9 0,634 £ 0,023 0,7689 ¥ 0,0029 | I,2I 0,04

0,41 1,01 1,02 1I1,0I {0,3I50 % 0,0110 00,2583 % 0,00II | 0,82 * 0,03

I-2 1,00 I,0I 1,02 {0,I957 % 0,0071 0,2040 ¥ 0,00I0 | I,04 % 0,04

2-3 1,00 I,00 I,02 |0,0958 * 0,0035 0,1010 % 0,0007 | I,05 % 0,04

-4 0,99 0,99 1,02 |0,0523 % 0,00I9 0,0585 % 0,0006 | I,I2 % 0,04

Th 4-5 0,99 0,99 I,0I |0,0295 * 0,001 0,0%5 ¥ 0,0004 | I,07 ¥ 0,04

5-6 0,98 0,99 I,0I |o0,0148 ¥ 0,0008 0,0163 % 0,0003 | 1,10 % 0,05

6-7 0,98 0,0075 * 0,0004 0,0091 ¥ 0,0002 | 1I,2I % 0,07

7-8 0,98 0,0036 ¥ 0,0003 0,0049 ¥ 0,0002 | I,36 % 0Q,I3

8-9 0,97 0,00I6 * 0,0001 0,0020 £ g,000I | 1,25 % Q,II

0,4-9 0,716 £ 0,026 0,6856 * 0,00I8 | 0,9 % 0,03

licKaxenne CHEKTpa HEATPOHOB MCTOUHMKA MPOMCXOZMT IJIABHHM OCDPA30M 33 CUET DACCESAHUA Ha
anexTpozax ( zuckn $ 20 wmM, romumHOd & = 0,18 MM ) u crenkax kamepd ( & =-0,35 MM ).
Kax BuaHo (cM. mompaBky QI (E) B TaGmume 2) NDOMCXOZMT HE3HAUNTENBHOE "CMATUEHUME" CNEKTDA
HeATPOHOB WCTOYHMKA., ‘ :

Oriwmue reoMeTPHM WCCHELYyeMOi COOPKM OT COepnuecKku CHMMMETPUUHOA OGYCHOBIEHO HANMUKEM OT-
BEPCTHA, 4epe3 KOTOpOoe WCTOYHMK BBOAMTCA BHYTDH CPepH., PacueTn moxasanm, YTO OTHOmMEHME
QZ (E) cnexTpOB yTeuk: K3 IHenoli cdepH M 3 COODKM C KAHANOM MMeeT BEJMYMHY HE IIpEBHuA—
DEYD BeJMYMEY COOTBETCTBYWEHEro oTHoweHua macc 1,03, ’

[Ipr u3MepeHE¥ CIEKTPOB HEHUTDOHOB YyTEUKM METOZOM BDEMEHH NpOJETa M3 MACCHMBHHX 06pasios,
CTPOr'0 TOBOPA, HAPYmMAETCA CBA3h MEKIYy BpeMeHeM IIpoJleTa W 3Hepruii HeifTpoHoa. 370 mpomc-
XOJZMT ¥3-3a 3aJepEKE HelTpOHa, WMCNHTHBAKILEI0 MHOT'OKDATHHE DacCedHMs B TakoM oOpasue. Iad
ONEHKN BEIMYMEH COOTBETCTBYbHEH# MOmpaBKk B pacduerax mo BRAND wmozemmposancs SKCIEpHMMEHT
[0 BpeMeHW HpoJieTa M nIponezypa o0paloTKM ZAHHHX. BHauajle paCCUMTHBAJICH BDEMEHHOH CIEKTD
HeliTpOHOB YTEUEM C YUSTOM DEAJBHOTO BPEMEHR NpoJeTa Ha IyTM HCTOYHUK-CHepa-ZeTeKTop M
shdexTuBHOCTE ZeTEKTOpA. Jaree BPEMEHHO} CHeKTp NMpEeOCpa30BHBAJCH B 3HEDreTHUECKuil Lt (E)
¥ CDABHMBAJCA C NPAMHM DacueTOM SHEepreTMYeCKOr'0 CNeKTpa HefTpOHOB yTeuKd L;(E). Kax
BUZHO ¥3 TACIMIH 2, COOTBETCTBYONAA HOMPABKA Q3(E) = Lg(E)/ L{(E) Taxxe CpaBHMTENBHO
HeBEJIHKA.
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lipyBeZcHANE HA PUC. 2'M 3 ¥ B TalNA. 2 SKCOCDUMEHTANLHHE ZAHHHE YK€ IONPABIEHH HA NEpevnc-
nednHe Bwme $arTopH (T.e. HA QyHKUMO @(E) =¢1.. ¢2¢3) M COOTBETCTBYOT TaKHM 00Da30M
CHNEKTDY HeiTDOHOB yTEUKHM 3 cPEepUUECHH CHMMETPMUHOX CGODKM C MCTOUHMKOM HE[TPOHOB B LEHTDE
¢ pacnpezeleHueM No 2HEPruu (2). ’

Tam ®e NpuBEZEHH pacueTHHE NAHHHE N0 CINEeKTDPaM HEeATPOHOB YTEYKM, BHIOJHEHHHE IO NPOTpaMMe
BRAND ¢ onenensMM HeiATpPOHHHME ZaRHHMM w3 ouGmmorexw  NEDAM. Kax BUJHO, DACXOXZAEHHA

MEXIY PACCUSTHHMK ¥ SKCNEDUMOHTANBHHMM JaHHHMY BO MHOI'MX DHEDPTeTHUECKAX MHTEPBANaxX NMpeBH-
maeT ¥X CYMMADHYN MOrPelHOCTH, UTO CBULETENBCTBYET O HETOYHOCTH MCIONB30BAHHHX B pacueTax
$aiinoB OUECHEHHHX HelTPOHHHX NaHBHX. UHTEepecHO OTMETHTH, UTO ANA ypaHOBOH cdepH coraacue
3aMeTHO GoJiee XyImee, AHANOTHYUHHA De3ynbTAT OHA NMONYYeH HaMy ANA CNEKTPOB HEHTPOHOB YTEUKM
3 9T0# ypaHoBOff c6opku ¢ I4 MsB - MCTOUYHMKOM HEATPOHOB B HEHTpE /8/ $ B WHTEDBAJE 3HEDPTHi
BTODMUHHX HelirponoB 0,4 - I0 MsB oTHomeHme pacueT/sXKCnepMMeHT paBHanoch 1,27 & 0,08.'Mc—
MOJb30BAHME B pacyeTax LAHHHX M3 OHOMMOTEKR ENDFVB]I zano ormomenme I,05 ¥ 0,06. Takum
o6pasoM B ofenx ciyuaax (¢ I4 MsB m Cf-MCTqunKaMn HeliTpoHOB) odaapyxmnaewca nJjoxoe Ka-
YEeCTBO OMONMMOTEKM OINEHEHHHX JaHHHX

4, 3axmyeHne

B HacTroameit pacoTe CHEHTD HEATDOHOB YyTEUKM ¥3 CHEepUUECHUX cdopox.co CIIOHTAHHO JENANUMCH
NCTOYHEMKOM HeliTpOHOB zsch B L[EHTDPE U3MEDEH METOZOM BPeMeHM lpoznera. [I0 CpaBHEHUD C aMIIIU~
TYZHHM METOZOM, IDHUMEHABNMMCH B JIDYIMX DPaC0TaX ANA MOJOOHHX WU3MeDEHHi /I/ , Clexyer oT-
METMTH DPAZ NPEUMYNLECTB. '

Bo-TlepBHX, M3MEPEHHA CIEKTPOB HEATPOHOB YyTEUKM ¥ ompeielcHre >HPeKTUBHOCTH AETEKTOpA
IPOKCXOZMT MO CYWEeCTBY B OZHOM SKCIEDUMEHTE ¥ B OXHO# reomerpuu. TaxuM o0pasoM HeT HEOOXO0-
IMMOCTH, KAaK B CJIydae aMIIMTYZHOT'O METOZA, KaJmGpoBaTh ZETEKTOpP OTHOCHTENBHO ADPYTHX HCTOU-
HUKOB M3IyueHuil, YTO B KOHEUHOM CUETe NMOBHIMAET HAZEXHOCTEH MaMepsAeMoil mHQopmaumy. Kpome
TOI'0, CHEKTPOMETD 0 BPEMEHM MIpoJeTa o0najaeT JyHKOuei OTIMKA, KOTOPYO B CIyuae W3MepeHud
CIJIOWHNX DHEDPIUTHUECKUX DACHPEZeHWH MOKHO, KAK NPABUAO, CUMTATH § —~QYHKOMeN, MOCKONBKY

ee OTHOCHTENBbHAA MIPMHA CDABHMTENBHO Mana (B wameM ciyuae AE/E % 8 %). B aMmimTyznHoM
MeToZe QYHKUMA OTKINKA ZETEKTOpa Ha OCHOBE OPraBHYECKOT'O0 COUHTHIIATODA npeACTaBnﬂeT'codoﬁ
0oJiee MIH MeHEee DaBHOMEDHOE pacHpeZeseHMe aMniuTyZ MMOYyJABCOB OT HelTPOHOB ‘¢ ONpeZeNeHHOH
sHepruefl. N03ToMy 37€Ch BO3HMKAET 3ajada THATENBHOTO ONpPEeNeHMA QYHKIMM OTKIMKA CIEKTDO-
MeTpa ¥ BOCCTAHOBJIEHMA DHEPreTHUYECKOrO pachpelelieHMA M3 &NNaparypHOro, 4YTO BHOCHT AOIOJI-
HUTENBbHHE TOTPEHHOCTH, ‘

C zpyro#t cTOpOHH, NMDPHAOKEHME MeTOZA BpEMEHK NPOJNeTa K UBMEDEHMAM CIIEKTPOB HefTPOHOB yTedu-
KM M3 MHTETPAJBHHX COOPOK CO CHOHTAHHO AGAALKMCH KCTOUHMKOM HEHTDOHOB BHOCMT CBOM Xapak-~
TepHHE O0COCEHHOCTH. PeYdb MZeT O CIydYaiiHOM HAJOKEHNN CTON~CUT'HAN0B, HAPYMEHNA CBA3SN MERLY
aHepruell HeliTpOHA ¥ BpeMeHeM MpoNeTa, BIMFHNE MOHM3ANMOHHON KAMEDH HA CHEKTDP HeATDOHOB
MCTOUHMKA. Kax OHIO MDOKA3aHO BHIE, BIAMAHMEM NeDEUKXCIEHHHX (QAKTOPOB MOEHO JmGO NpeHeGpeus,
NHGO CPABHMTENBHO JNETKO yYeCTh. HO B ADYyTUX ciyvyadX, HanpuMep, W3MEPEHMAX CHEKTPOB yTEUKH
u3 COOpOK CONBNMX DPa3MEPOB OHO MOKET 3aMeTHO BO3DACTATh.

MlomyueHEHe B PadoTe SKCHEPMMeHTANbHHE ZAHHHE IO CIIeKTpaM HelTPOHOB YTEUXKH M3 UrTh cdep

c Cf —¥CTOUHMKOM HelfiTpOHOB B neﬁrpe,cpaBHuBanncL C pacueTaM#, B KOTODHX B KauecTBe KOHCTAHT-
HOTO MOXYJA MCIONB30BANACh OuOIMOTEKA OLEHEeHHHX Eeﬁwpoanux ZaHHHX NEDAM, OGHapyxeHHHE 38~
METHHE DACXOEIEHHf, OCOGEHHO B CIyyae ypaHoBo# cdepH, CBUZETENBCTBYNT O HETOYHOCTH JGHHHX

B 3T0of OHOIMOTEKe.
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COINCIDENCE EXPERIMENTS ON LIGHT NUCLEI WITH INTERNAL TARGET IN ELECTRON STORAGE RING

8.G. Popov . )
Institute of Nuclear Physics, 630090 Novosibirsk, USSR.

The pioperties of an electron as a perfect probe of nuclear matter are well- known:
point-like character, good knowledge of electromagnetic interaction which is weak in
comparison with nuclear forces, However, cofresponding cross sections are small and the
presence of the radiation tail impose strict demands on the experimental statistics.
High beam inteusity and large target thickness are standard conditions for high lumino-
sity. Experiments are carried out usually with linear electron accelerators. '

Coincidence experiments being necessary for modern nuclear physics can be performed with.
the high duty factor only which is not the case for conventional linear accelerators.
Recently a few facilities of new generation became available and several projects have
been suggested. The Table 1 gives a list of machines in operation and in construction for
energies in a broad range 100 MeV ~ 4 GeV,

The alternative method using a superthin internal target in an electron storage ring has
been developed in Novosibirsk., The main advantages of this methodics are

i) high efficiency of utilizing the accelerated electron beam
11) high duty factor

ii1) high energy and ‘kinematical precision at high luminosity
iv) excellent possibilities of detecting secondary particles
v) possibilities to use exotic targets as well as beams.

By means of this methodics eleciroexcitation coincidenlce experiments on iight nuclei
(12-C, 14-N, 16-0) were carried out at excitation energies up to 70 MeV. Various reaction
mechanism (direct, resomant, preequilibrium and statistical) are separated and analysed.

As an illustrative example, Fig. 1 shows the dependence of the proton temperature (for
"gquilibrium" proton component wilth isotropic angular distribution and. quasi-Maxwellian
spectrum) on excitation energy for 16-0 and 14-N. Increase of accuracy and detailed
analysis are necessary to understand roughly the consitant behaviour of temperature.

‘The next important step in the progress of‘electron-nuclear physics will be connected
with using longitudinally polarized particles.

Most of results of Novosibirsk group were overviewed in the talk presented at the Inter-
national Symposium on Modern Developments in Nuclear Physics (Novosibirsk, 1987).
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TABLE 1 THE CONTINUOUS ELECTRON BEAM FACILITIES

LABORATORY EYPELOF ENERGY, MEV D.F. '/ AVERAGE CURR., MKA
CCEL.-

NOVOSIBIRSK, USSR

1.  VEPP-2 SIT 100 =500 90 0.5 &
2. VEPP-3 SIT 400 -2100 100 0.1 A
STANFORD, USA ’
3. LINAGC LA 70 =120 75 20
4, PEP SIT 2-15 GeV © 100 50 mA
5, ILLINOIS, USA RM 67 100 2
6.AMSTERDAM, NETH. LA 500 2.5 20
7. SACLAY, FRANCE LA 600 1.0 1.0
8. MAINZ, FRG RM 180 100 10
9, MIT, USA LA 700 1.0 0.5
10. TOCHOKU, JAP, ST 150 80 0.5
: PROJECTS ‘
11. DARMSTADT, FRG LA 130 _ 100 20
NBS, USA ‘
12, RTM-1 RM 185 100 550
13. RIM=2 RM 1000 100 300
14, LUND, SVEDEN ST 400 -550 100 10
15, SASCATOON, CAN LA 300 . 80
16. SAO PAULO, BRAS. LA+ST 17 100 100
17. SACLAY, FRANCE LA+ST 500 -2000 100 100 ‘
18. MAINZ, FRG RM 840 100 100
19. CEBAF,USA RM 500 -4000 80 240
20. ILLINOIS, USi RM 450 : 100 20
21, MIT, USA  8IT 250 -1000 100 80 mA
22. ARGONNE, USA RM 4000 100 300
23. BONN, FRG ST 3500 60 . _
24, MSU, USSR . RM 110 100 100
25. KHARKHOV, USSR ST 2000 100
26, NOVOSIBIRSK, USSR SIT 100 ~-220 © 90 1.0 A
27. FRASCATI, ITAL. ST 500 100 100
28. MONTREAL, CAN, RM 200 100 300
29, TSUKUBA, JAP. LA 500 2.0 100
LA -~ Linear accelerators BRM - Racetrac microtron; ST - Stretcher;

SIT -~ Superthin internal target.
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NEW EXPERIMENTAL INSIGHTS INTO THE NUCLEAR FISSION RE-
ACTION :

J.P. Theobald, Institut fiir Kernphysik der Technischen
Hochschule Darmstadt, D-6100 Darmstadt

Abstract

Experimental results on cold-deformed fragmentation,
spontaneocus nuclear tripartition, alpha particle asso~
ciated nuclear fission and on fission ftagnent kinetic
energy fluctuations in resolved neutron resonances are

presented and discussed. ! |
|

'

preface ‘ 1 !

This is a raport on @cperinental work, vmich has been
done with my friends and colleaques. M. Matterer, C.
Budtz~J¢rgensen, H.H. Knitter, B. Leroux, M.S. Moore
and my students: F.J. Hambsch, P. Heeq, P. Koczon, F.
Kraske, J. Pannicke, Patricia Schall, and K. Weingdrt-
ner.

1.) Introduction

Recent experiments which we have performed with the
fission product spectrameter "OOSI FAN TUTTE" at the
high flux reactor of the Institute v. Laue-Langevin
(ILL) in Grenoble (France), with the "GELINA" suppor-
ted neutron time-of-flight spectraometer at the Central
Bureau for Nuclear Measurements at Geel (Belgium) and
with the kinematic spectrometer "DIOGENES" at ILL and
in our Institut filr Kernphysik der Technischen Hoch-
schule Darmstadt (IKDA), have given us new messages
fram the nuclear fission process. These news we have
partly already transmitted to the scientific community
by ,ublications)" 2,3 or by contributions to confe-

renoes)4’ 50 6. 7 8.

These information refer to (in brakets the names of the

instruments with which the corresponding experiments

have been performed are quoted):

- cold-deformed or so called "hot" fragnentatims)
(OOSI FAN TUTTE),

- spontaneous nuclear tripartition)z, (DIOGENES) ,

- alpha particle associated fission) ¥ 3 &, (proGms),

1, 12
’

and
- kinetic energy fluctuations of fission fragments in
resélved neutron resonances)3' 7 8, (GELINA) .
As the fxrst two items have been presented and discus-
sed in ref. ) 2
vations in chapters 2 and 3. In continuation of my last
contribution at Gaussig in 1985),5 I shall inform you
more thoroughly about our latest results on alpha accom—
panied fission in chapter 4 and discuss the fragment

, I shall only summarize the main obser-

energy fluctuation more detailed for those of you, which
have not been at the Kiev Conference on Neutron Physics
in September this year)8 in chapter 5.

2.) "Hot" fraamentation

The scission point configuration of the fissioning nuc-
leus can be characterized by the free energy in this

system:

MeV T T
0 123-123
oloe i@ " Q=282

- -
) | e b ]

Q=179.8] .

0
-0} b
50 05 10 15 20 78
Total deformation BleBh
Fig.1. Free enerqy at the scission for mass splits
123-123, 112-134, 106-140, 100~-146, 90-156 and 80-166

amu as' function of the total deformation. The thin line
is the reaction Q value. Each symbol represents the sum
of Coulanb interaction and deformation energies correc-
ted for shell and pairing effects as a function of total
deformation. The size of the symbol is a measure of re-
alisation frequency of the corresponding deformation.
Cold fragmentation is marked with C and "hot" one with
H. In both cases the free energy is equal to zero.

E =Q = (V. . +V

:Lnt is the na::g:nt fi:aDgnent Coulamb and nuclear inter~
action energy and VLD the liquid drop energy of the in~
dividual fragments., Efzee is a function of the total de—
formation energy at scission which is approximatively

the sum of the light and heavy fragment deformations

free + shell and pairing corrections)
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aL + &H. For same fragment mass ratios of the 245

reaction the function Ef

This function hag two zero points: onc for the lowest

C!'n(nth
ree (%) is displayed in figure

£)
1.

possible deformation, when the reaction Q-value is tied

up essentially .in Coulomb potential energy and another
one_for the highest possible deformation when minimum
energy is left for Coulamb repalsion. These two situ-

ations characterize oold (C) and "hot" (H) fragmentation.

Instead of "hot” the more correct but less stylish no-
tation "ocold-deformed” has been st:lggested.)13

Cold fragmentation has been subject of several experi-

Figuxeszourd\e On(n £) reacumcoldmd

"hot” fragment mass spectra on a 10 /Hev yield level.
"Hot" fragmentation is an interesting process for the

investigation of shell effects on the stability of very
deformed nuclei) 3

252Cf
With the inner part of our toroidal angular position
gensitive ionization chamber "DIOGNES")S

3.) Spontaneous tripartition of

, constructed

.and successfully applied for the investigation of alpha

ment.s)g' 10 and there exist excellent reviews of the ex-

perimental and theoretical i‘esults)”. "Hot" fragmen-

tation has been investigated only recently)"' 12. As

the results have already been published)‘I and disc:usse~d)1,3

I shall restrict my report to a summary of the main fea-
tures of this rare process:

i) "Hot" fragment mass spectra show,like cold mass

spectra,fine structuresccaused by (shell) stioi-

lized fragmerit masses, and, what has certainly to
be confirmed,

ii) "Hot" fragments do not necessarily deexcite by neu-

tron emission, if they do not stay on a 10 ns time
scale in a shapé isameric state, which could cause
retarded neutron emission, which is not detectable
in this experiment.

The latter cbservation is supported by an experiment of

V.P. Zakharova and D.K. Ryazanov)'?, which find zero

neutron emission for certain "hot” mass splits.

B
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particle associated fission, we have measured energy- and
relative angular distributions of the three reaction
products from spontaneous ternary fission of 2E-’2Cf .
Experimental details, in particular techniques to dis-
criminate randam triple coincidences of binary fragments

are described in ref)Z. Energy and mass spectra cbtained
are displayed in figure 3.

60

40

.20

40 60 80 100 120

Mass / amu

140 160

Fig.2. Cold (a) and "hot" (b) fragmentation mass yields
‘of ‘the highest (a) and the lowest (b) kinetic energy
observed. Fine structure is marked with mass nutbers.

Fig.3a) Energy spectrum of 252Cf ternary fission events,
measured with a low-energy threshold of 25 MeV. The in-
get indicates the mean angles. .
b) Mass distribution calculated fram the measured ener-
gies ard angles using momentum conservation. The binary

fission mass spectrum of 252Cf is represented by dashed
lines.
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While the energy spectra agree quite well with results
published by M.L. Muga and collaborators) > the mass
spectra show significant differences. These discrepan-
cies in the mass assigrments are due to the fact that
M.L. Muga did not measure the relative angular distri-
bution of the three reaction products but assumed in-
stead a nearly 120° / 120° / 120° / angular correlation.
Consequently we do not confirm on the 100 yield level
near symmetric tripartition but the well known charged
particle associated fission. For near symmetric tripar-

tition we can give upper limits as listed in table I.

Table I

Mass of the
Lightest Particle

Oternary / Okinary

12<A<30 *Light-Particle =~ 107¢

Accompanied Fission”
30<AKT0 ® Asymmetric <8-10
: Tripartition®

*Symmetric <2-107°

70< A<
i Tripartition”

With the results ends hopefully a 20 years old discus-
sion about the existence of low energy near symmetric
tripartition, which could never be identified by radio-
chemical analyses

RN | N

120

100

60" 80
A©/deg

Fig.4. Distribution of the angles between light ic-
les with 2 2 6 and light fragments, peaked at 87° with a
FWHM of 12° The dashed line shows for camparison the
corres g distribution of longrange alpha particles,
peaked at 84,9° with a width of 18,3° FwHM

Fram the evaluation of our spectra together with the
measured anqular distribution of the light charged par-
ticles relative to the lighter main fragment as shown
in figure 4 we can draw the following conclusions:

i}  Light particles with nuclear charge numbers Z z 6
are emitted fram all types of main fragment mass
splits. -

ii) These particles are emitted close to the scission
point, where already two Coulamb fields of the nas-
cent fragments have a focussing effect on the par-
ticles ancjulax‘ distributions.

This means that these termary fission events have the
most characteristic features in common with alpha par-
ticle associated fission, the subject of the next chap~-
ter, however, with minor differences:

iii) Compared to alpha particles the heavier light nuc-
lei have a smaller widthof the angular distribution
and a mean emission angle closer to 90 °
These observations are probably a consequence of a
more restricted spatial origine of these particles.

4.) Alpha particle associated fission

With the angular position sensitive double torus ioni-
zation chamber "DIOGENES" Zve have measured kinematic ob-
servables of alpha particle accampanied fission. A quar-
ter section of the detector system is presented in fi-
gure 5, more details have been given in ref.)s.

cathoos

reutron beom saa

BOAT lube  PIENGR Chomber | DROC

omrstin cramaer
Fig.5. Detectorsystem "DIOGENES"

Fram the measured quantities,particle - particle, partic-
le - fragment and fragment - fragment parameter corre-
lations can be deduced. Same examples are displayed in
figure 6 for the case of the 2350 (n,af) -reaction. Simi-
lar data are available for >>°pu (n,af) and 25%Cf(s.f.).
Of course,there exist all cuts through these two Cimen-—
sional distributions, all mean values and all projections
on the coordinate axes. In figure 7 distributions of the
alpha particle emission angles are displayed for the
above mentioned reactions. For theoretical investigations
all ‘data are available on magnetic tapes. I shall now
discuss same aspects of these data and put the emphasis
on the following two questions, .

i) the classical one about the information provided by
ternary alpha particles on the scission point con-
figuration of the essentially binary fission process.

ii) and a more provccative one about essential differen-
ces between binary and alpha particle associated
fission.
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Concerning

i) In the past trajectory calculations have been used to
transform measured kinematic observables like alpha
particle energies Ea’ emission angles Gal and frag-
ment kinetic energies }ZZff into the corresponding mi-
croscopic scission point parameters Eo(l())’ Oo(z)and Eé?)
The particle and fragment motion is calculated in the
Coulamb plus nuclear potential of nascent fragments.
Their finite sizes are taken into account by shape
parametrization of the scission point configuration
known fram binary fission theory.
We performed also such trajectory calculations:
for each of the fragment mass ratios 1.2, 1.4, 1.6,
and 1.8 more than 10° trajectories with the initial
parameters randamly distributed inside the following
windows

0 MeV s £;°) <

(o)
O MeV g Eff

‘10 Mev
s 70 MeV

o (o) o
o £2y s 180

E, / MeV

180 : .
160 1 St 1
140 o ~

0a / deg

- 190

4

=170

~

ur 150 {s

”0‘. :-.._ . ]
1.0 1.2 1.4 1.6 1.8 2.0

mN/mL

The scission point shape of the fragments was assumed to
be ellipeoidal. )

By a selection procedure, described in ref.)6, we sepa-—
rated subaroups of trajectories which reproduce more
than 99 % of our data. This was the situation, when I
gave my talk here in Novamber 1985. In the meanwhile

we know that subgroups of trajectories with these pro-
perties can be generated for quite different scission
point configurations and microscopic parameters) 16.

The transformation of measured "macroscopic” kinematic
oObservables into "microscopic" scission point parameters
by trajectory calculations is far fram being uneguivocal.

Q



124

'oj ML I.' L L AL L B M l‘tg
E 252CF PEAK: 84.9° 1
- FWHM: 18.30 -
102 E -i
i ;
10! ‘r\l !
1002...:= |:=*"|:| t—t— 'l::
¢)
10° | 233py PEAK: 83.60 =
S5F - FWHM: .20.69 3
2 |
102
5
2
10" et ————
[ 235 PEAK: 83.20
0° E 5 FWHM: 19,80
10? 3
101 PREN SRR R BEPTE DO B NN NPT R
D 20 40 60 80 100 120 %0 160 180
Ou-LF
e B e, Bl S

preliminary data

Now the question raises, if the experimental data carry
scission point configuration effects at all. In order to
elicit this point we have separated the measured most
probable emission angles 1 and the widths of the an-

bgular distributions 4 chl

more stretched (E®>E®) scission point configurations,

for more compact (E*<E*) and

ticle emission. However, it is debatable whether these
effects are also relevant for the investigation of the
usual binary fission.
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Figs.8 and 9. Most probable emission angles and widths
of the angular distributions_for cold, integral and

hot fragment mass ratios.) 3

In figure 9 another configuration effect is obvious: the
strong increase of the width of the angular particle dis-
tribution close to main fragments mass symmetry. We know
from the saw tooth shape of the U function, the average
number of emitted neutrons for a given fragment mass,
that mass symmetric fission at the scission point is de-
formation asymmetric. Most probably this fact can ex-
plain the increase of the angular width mentioned above.

Although there are nuclear cmfigurétion effects, they
are obviocusly not accessible by trajectory calculations.
Therefore O. Tanimura and T. Fliefibach have started to
develop a quantum mechanical theory of ternary fission) 1

‘ They calculated energy and angular distributions of al-

for which the kinetic energies of the main fragments are
higher or lower than the average values. Figures 8 and 9
are plots of G and&@ ; a8 functions of the main frag-
ments mass ratios for oold and hot fission events)zilao
the integral functions are displayed. There is a small
but clear indication for muclear configuration effects
on both cbservables 0, and 50'01 at the instant of par-

pha particles fram the fissioning nuclear system

23 Sten

by solving the Schridinger equation with a time depen-
dent potential. Figure 10 shows their results for the

alpha particle intensity as

function of emission angle

and kinetic energy for more or less elongated fission
shape configurations campared to our experimental re-
gsultg displayed on the top of this figure.
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Table II

"Normal” means typical for binary fission "stretched"
means that the elongation parameter is 30 % above "nor-
mal® A: PWHM.
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Table IT presents the most probable’ emission angles and
kinetic energies of the alpha particles for more or less
stretched nuclear shapes as well as the widths of angu~
lar and kinetic energy distributions campared to experi-

‘mental results. In contrast to classical trajectory cal-
" culations this theory can reproduce the increased focus-

sing effect of more elongated fission ccnfigurations as
shown in figure 9.

Another result is worthwhile to mention: equatorial al-
pha particle emission occurs before polar one.

There is a good qualita'tive agreement between theory and
experiment, but by far not the complete congruence of
experimental and theoretical data we know from our tra-
jectory calculations, (which are most probably misleading).
However, the theory of O. Tanimura and T. Fliefbach is
based on more fundamental physical arguments and the re-
sults on nothing more than the time dependency of the
deformation parameters of the nuclear potential during
fission as campared to ordinary radicactive alpha decay.
As. in their calculations this time dependency has been
assumed to be essentially linear, the results are sur-
prisingly good.

ii) We are now left with the question on differences
between binary and ternary fission. Is the old as-
sumption correct, that the alpha particles, emitted
in a few permillages of essentially binary fission
do not disturb significantly the general fission
process and carry only information about the (binary)
scission configquration?

A more detailed examination has shown that this as-
sumption is not valid. The alpha particle is not only
a spectator but a participant in the fission process.
This becames evident from the comparison of the total
kinetic energies released in ternary and binary fis-
sion by the three and two reaction products respec-
tively. For the cases 2:'ISU(n,ch.) and 235U(n,f)as ex-
amples, these quantities together with their average
values and the corresponding maximum Q-values are
plotted as functions of the heavy main fragment
masses in figure 11. The deformation energy of the
main fragments is in ternary fission substantially
lower than in binary fission. This is valid for all
nuclear systems we have investigated: 235U(n'lf Ve
2% (n,af), 23%CE(s.£.) and also 2¥an(n,af) we
have studied with the time-of-flight spectrameter
OSI FAN TUTTE extended by a series of semiconductor
detectors around the fissile target. The differences
between Q-values and mean total kinetic energies for
kinary and ternary fission are shown in figure 12
for the above nuclei. ' '

The consequence is, that the main fragments in ter-
nary fission are less deformed than in binary frag-
mentation. The alpha particles modify the nuclear
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5.) Fission fragment kinetic energy and mass fluctuations
in resolved neutron resonances

With the neutron time-of-flight spectrometer of the BOMN
at Geel in Belgium we have measured fragment kinetic
energy- and derived fragment mass-distributions in re-
solved resonances (or groups of resonances) of the
235U(n,f) reaction in the neutron energy range from ther-
mal up to about 125 eV).|8'7’8 and we found strong total
kinetic energy fluctuations. These fluctuations are anti-
correlated with variations of U, the average number of

neutrons per fission event:)19 as displayed in figure 13.
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Fig.13. Fluctuations of the fragment total kinetic ener-
gy as function of the incaming neutron energy together
with fluctuations of 9)'

In resolved resonances, fragment mass distributions of
high statistical accuracy have been determined. In
figure 14 two examples are shown for the restnances at
12.40 and 19.30 eV incoming neutron energy. I cannot
discuss here correlations between the measured energy
fluctuationg and fluctuations of other fission parameters
fram resonance to resonance, which have been used in the
past for mostly spurious resonance channel spin assign-
ments)zo. This discussion is the main subject of ref.)18
and would not fit into the frame of this report.

Instead I shall try to interpret these fluctuations in
the framework of the recent exit-channel model of fission
developed by U. Brosa, S. Grossmann, and A. Miller) z

In our context, the essential aspect of this model is
that it introduces new decision elements for fragment
mass and energy distributions into the development of the
fission process. This process is in general described by
the motion of a "configuration point” in the potential
lardscape of the fissioning nucleus, i.e. a mapping of
the shell and pairing corrected liquid drop nuclear po~
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tential as function of deformation coordinates.
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Fig.14. Mass distributions of fission fragments in the

resolved resonances at 12.40 eV and 19.30 eV of the

235y(n,f) reaction. The dotted lines are five Gauss-dis-

tributions which fit the experimental data.
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Fic.15. Fission paths in the deformation space of 2350.rn
is the neck radius and ].h the half elongation of the fis-
sioning nucleus. (Courtesy of U. Brosa).

The new decision elements are "bifurcation points",where
the path of the configuration point in the potential lands-
cape splits into two (or more) directions. Figure 15 il-
1ust;ates the situation for 2350, where three fission paths
or exit channels are distinguishable. A consequence of
these three paths is the break-up of the fragném: mass and
encray distributions into three ounponents)3. This theo-

retical prediction is supported by our data in figure 16,
the mass distribution of thermal neutron induced fission
of 233y, which could be decamposed into three partial
distributions W,, W, and Wy. In ref.)>'® ve have de-
monstrated that the partial distribution parameters are
in fair agreement with the model calculations)?'.
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Fig.16. The same as in fiqure 14 for thermal neutrons.

On the basis of these considerations we campare now the
fragment kinetic energy fluctuations plotted in figure 13
with fluctuations of the branching ratio W1/W2 in figure
17.
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Fig.17. Camparison of the measured energy fluctuations
of figure 13 and the fluctuations of the ratio W./W,,
the two Gaussians fitting the asymmetric fragme.n% s
distributions.

We recognize a strong correlation, which is confirmed by
a correlation coefficient of r = 0.81 = 0.05.

6.) Summary and Conclusions

In chapters 2 - 5 we have shown same points of growth of
the physics of nuclear fission.
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Ccld - deformed or "hot" fragments are candidates for
very deformed shell stabilized nuclei.

There is same evidence that they do not deexcite by
neutron emission or stay on a 10-100 ns time scale in
shape isameric states

Down to a yield level of 10—9 per binary fission no

spontaneous symmetric tripartition is observed for
252c£(s.£.).

Alpha particle associated nuclear fission is a self-

ruled process, which cannot be used to study binary
fission cont.gqurations) 22.

There is for the first time an "ansatz" for a quantum
mechanical theory of alpha particle accampanied nuc-

lear fission.

Fluctuations of fragment kinetic enetgiés in resolved

neutron resonances are not correlated with the channel -

spin. Most probably they are due to fluctuating bran-
ching ratios at the bifurcation points in the Brosa-

- Grossmann-Miller model of nuclear fission.

Finally it has to be pointed cut, that all the above re-
sults are standing in juxtaposition. There is no dynami-

cal theory of nuclear fission as a unification of the
different experimental observations.
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F. G6nnenwein+, JF. Bocquet++ and R. Brissot*t

+Physikalischas Institut, University of Tabingen, Morgenstelle 14, D-7400 Tubingen, FRG
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Abstract

Measurements of the nuclear charge distributions of fission fragments for fission pro-
cesses close to the barrier are reviewed. The emphasis is put on thermel neutron induced
fission. The nuclei studied range from Th up to Cf. It is shown that: the observed odd-
-even effect of the fragment charge yield and the odd-even staggering of the total kinetic
energy may be evaluated to yield the energy dissipated in the course of fission between
the saddle and the scission point. The dissipated energies found are rather small., They
vary smoothly with Z /A of the compound nucleus and increase from about 3 MeVv for 230y,

up to 11 MeV for 250

1. Introduction

The total energy Q released in nuclear fission is shared between the total kinetic ener-
gy TKE and the total excitation energy TXE of the‘fragments. The energy distributions for
both, TKE and TXE, have been extensively studied experimentally for many fission reactions.
However, for a deeper insight into the fission mechanism these global energy distributions
are probably not too helpful. This is due to the fact that again both, TKE and TXE, re-
ceive contributions from at least two different terms. The kinetic energy TKE is the sum

of the Coulomb repulsion'energy E 1 of the nascent fragments at scission and any pre-

Cou
scission kinetic energy ‘¢ the fragments may already have acquired at the time of neck

rupture, Similarly, the final excitation TXE of the fission fragments at infinity is made

up from the fragment deformation energy EDef at scission and the energy E already

int
transformed into internal excitation energy at this stage of the fission process. For a

fission reaction where the available energy is just sufficient to overcome the fission

barrier, this internal excitation energy E. has to be identified with the energy E

int Dis
dissipated through viscous forces between saddle and scission. This situation is nearly
met for thermal neutron fission. At the scission point, then, part of the available ener-
and E SC1 . 0n the

Coul Def’ pot
other hand, the prescission kinetic energy and the dissipation energy are both fed by the

gy. viz, the sum of E is gtill tied up as potential energy E
energy gained in going from the fission prone parent nucleus to the scission configuration,
In the case of induced fission close to the fission barrier, this energy gain may be visu-
between the saddle and the scission point. The

ot
energetics for this special case is sketched schematically in Fig. 1. Put into formulas,

alized as the potential energy drop. AEp

>
o aE pot .
2 Figure 1: Schematic presentation of the energetics for
L
5 \ ™ Scission Point Q near-barrier fission.
5
- +
DC_’ Coul  Def
L) ©@® Deformation

the above statements for near barrier fission read

Q = TKE + TXE = (ECoul +g) + (ED ¢ 1 )

Sci ) 1
YRy b e v Ep ) =E O+ AE . (1)

Coul ot
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Any detailed theory of nuclear fission will have to calculate the energy terms of eq. (1)
individually. For a close comparison with theory also experiments should aim at deter-
mining these quantities. ’

The static potential energy surface PES of a fissioning nucleus has been and still is
extensively studied. The degree of sophistication in the calculations has moved from
macroscopic (liquid drop) to either macroscopic - microscopic (inclusion of shell and
pairing effects via the Strutinski récipe) or purely microscopic approaches. The corre-
lation between the fine structure of the PES in the vicinity of the fission barrier and
the observation of spontaneously fissioning isomers is well known. More recently a rich
structure of the PES beyond the saddle point has come back into focus /1,2/. While all

models agree that the energy gain AEp between saddle and scission increases with the

ot

fissility x ~ 22/A of the fissioning nucleus, the exact figures for AE are strongly

pot
model dependent. A subtle point in this context is the proper definition of the scission
configuration, i.e. the determination of the neck radius at which a sudden necking-in
occurs /3/. In dynamical calculations of the fission path also inertial 'and viscous forces

will play a role.

Calculations of the dynamical type give information on the prescission kinetic energies

e /4,5/. Experimentally e becomes accessible by studying ternary fission. In the evalua-
tion of the experimental data the measured angular and energy distributionsof the ternary
particles are compared to trajectory calculations. An input parameter to these calcula-
tions is the prescission energy ¢ of the fragments. Unfortunately, the results are ex-
tremely sensitive to other model parameters like the emission mechanism of ternary par-
ticles, the size of fragments and nuclear forces. The spread in what may be tentatively
called "experimental” values for e is accordingly large and ranges between 10 and 50 MeV
/6-9/. Thus, the situation is not very satisfactory.

The energy E dissipated in moving from the saddle to the scission point is directly

linked to the ei:cosity of nuclear matter. Numerous theoretical studies have been devoted
to this subject. Concepts which have been discussed in recent years for tackling nuclear

friction are one-body and two-body dissipation mechanism (see ref./10/ for a review of the
literature) and microscopic descriptions of the intrinsic excitation of fissioning nuclei.

The latter are reviewed in /11/.

The present paper surveys the available experimental information on the energy Epis
dissipated between saddle and scission in low excitation nuclear fission. Two types of
expariments have so far been proposed with that purpose in mind: the dependence of the
symmetric to asymmetric fission yields on the excitation energy of the compound nucleus
/12/ and the odd-even effects in the nuclear charge yields of fission fragments. In both
cases the measured observables have to be correlated to the physical quantity of interest,

E by a model.

Dis’

The basic idea, why & may be deduced from the proton odd-even effect.is the follow-

‘ing: starting from an (ZiZn.even) fissioning nucleus, any odd charge number Z of the
fragments indicates that at least one proton must have been broken in the course of fis-
sion; on the other hand, pairs are broken by the internal excitation energy the fissioning
nucleus already has at the saddle point and/or accumulates during the descent from saddle
to scission. Hence, from a comparison of the even and odd charge yields of the fragments

it should be possible to infer the excitation energy of the fragments at scission.

It should be stressed that, stated in terms of radiochemistry, only the independent
fragment yields carry the relevant information, since for these yields the primary charge
distribution has not been blurred by P-decay. These charge distributions are directly
accessible to physical measurement techniques. In contrast with the proton number Z, the
primary odd-even effect of the neutron number N (and hence the mass number A) is difficult
- if not impossible - to observe, since neutron evaporation is much faster than any frag-

ment identification method. An exception to this rule is, however, given in the cold
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fragmentation regime of fission. In cold fragmentation one studies the limiting case of
fission where no neutrons are emitted. Therefore, here the odd-even effect in the neutron
numbers carries a similar information to the one in the proton numbers of the fragments.

In the following we will mainly dwell on recent and partly unpublished results on the
proton odd-even effect in a variety of actinides, studied by thermal neutron fission at
the High Flux Reactor of the Institut Laue-Langevin in Grenoble, France.

2. Experimental Techniques

Radiochemical methods were the first to determine nuclear charge distributions of fission
fragments. A huge amount of data covering many different types of fission reactions has
been collected, The data are complete in the sense that they range from the lightest up to
heaviest nuclear charges occurring in fission /13/. Mass spectrometry, counting of P-decay
length and X-ray spectroscopy has also, but more occasionally, been used for the problenm
at hand.

A systematic series of measurements of fragment nuclear charge distributions has been
started a few years ago on the mass separator Lohengrin installed at the High Flux Reactor
of the Institut laue-Langevin in Grenoble., The fission target is placed close to the reac-
tor core and the recoiling fragments are analysed as to mass. number A and kinetic energy E
by the separator /14/. To take nuclear charge data a special detector is installed in the
focal plane of the separator. In the first version of this detector the energy loss AE of
fragments in a carbon foil was determined by a time-of~flight technique /15/. In a later
version of the detector, the AE carbon absorber was replaced by parylene and the residual
energy behind the absorber was measured by a high resolution ionization chamber /16,17/.

More recently a AE-E ionization chamber has been put into operation on Lohengrin /18/,

rest
where both, AE and E .o 3re measured. This method yields very clean and reliable
res
results. '
Some of the charge data to be reviewed were taken just by placing a AE-E__ . ionization

chamber in front of a fissile target being irradiated by thermal neutrons /19/. For fis-
sion reactions like 229Th(n,f), showing a well pronounced odd-even effect on the charges,

this relatively simple method has proven to give useful information.

Also the fission fragment spectrometer Cosi fan tutte of the Institut Laue-Langevin /20/,
which is complementary to Lohengrin, has been pushed to measure nuclear charges. On this
instrument the charges are inferred from the ranges of fragments with known mass and ener-
gy in-an axial ionization chamber /21/. First results are available for the reaction
24%p,(n,F) /22/.

The charge resolving power Z/az of the above physical methods is limited to roughly
Z/AZ = 50, This means that, in contrast ro radiochemistry, only the nuclear charges of the
light fragment group can be studied. However, since the charge identification by physical
techniques only takes a few micro-seconds, the interference through f~decay is virtually
outruled, The measured charge numbers are those of the primary fragments and the sum of
the charges for the two complementary fragments of binary fission has to be strictly equal
to the charge of the fissioning nucleus. It is, therefore, sufficient to know the charge
distribution of one fragment group only. A further asset of the physical methods is that
nuclear charge distributions may be scanned for @ given kinetic or excitation energy of
the fragments.

3. Experimental Results

A sample of experimental charge distributions obtained at the Institut Laue-lLangevin for
thermal neutron fission of actinides ranging from 229Th(n,f) through 249Cf(n,f) is shown
in the Figs. 2a through 2d, respectively. The original deata may be found for 229Th in ref.
/19/, for 235U in ref. /16/, for 239Pu in ref. /17/ and for 249Cf in ref., /23/. The mea~
sured primary charge distributions of fission fragments are presented as the charge yields
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of the heavy fragment group, normalized to 100 % within the group. Evidently for the
light actinide 2297 one observesa striking odd-even effect, with even Z charge numbers
being much more favoured than odd ones. As one moves to the heavier actinides this effect
becomes less pronounced. For the heaviest nuclide studied, 249Cf. the effect has almost
disappeared. It should be noted that all charge distributions in Figs. 2a to 2d have been
averaged over the fragments' kinetic energies.,
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It is a

longstanding practice to quantify the odd-even effect 6 of the charge yields by

8 =(Y -Y) /(Y + X, (2)
with Ye and Yo the sum of yields for even and odd charge fragmentations,respectively.

with this definition a preponderance of even over odd Z-yields is equivalent to a positive
5> 0.

The proton odd~even effect & is plotted in Fig. 3 as a function of ZZ/R of the fis-
sioning nucleus. This latter parameter is proportional to the fissility, a notion first
introduced in liquid drop model calculations. The figure summarizes all data obtained so

far for thermal neutron fission of (even,even) compound nuclei /16,17,19,22,23/.
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Obviously, there is a close correlation between the odd-even effect and the fissility.
On the other hand, no such correlation is observed between the odd-even effect and either
the fission barrier height B¢, or the neutron binding energy B,. or the difference
(B,-B;) between these two energies. The latter energy, (Bn-Bf). is available at the saddle
point as internal excitation energy, ESad‘ for thermal neutron fission., From this experi-
mental fact it is concluded that the main contribution to pairbreaking in thermal neutron
fission is not due to the excitation energy at the saddle. Instead, one has to look for a
pairbreaking mechanism beyond the saddle point. Once having passéd the saddle point, a
fission prone nucleus will slope down the potential energy surface, until it reaches the
scission point, where a rapid necking-in of the neck connecting the nascent fragments
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occurs. All theoretical calculations - from macroscopic to microscopic models - of the
potential energy surface agree that the potential energy gein AEpot (s. Fig. 1) between
saddle and scission increases smoothly with the fissility z“/A of the compound nucleus. As
an example, in Fig. 4 the figures for AEpoV as reported by M. Asghar and R.W. Hasse for a
liquid drop model calculation /24/, are plotted as a function of ZZ/A.

This behaviour of AEpot is intriguing for the following reason. If nuclear matter

shows any viscosity, the dissipated energy E

Dis has to be supplied by the energy gain
AE
po

t and one would hence expect Epjs tO follow a trend similar to AEpot as a function
of ZZ/A. But if the dissipated energy Epis 9ets larger with increasing Z2/A, this should
favour pairbreaking the higher the Z“/A values are. Therefore, the odd-even effect should
slope downwards when plotted versus ZZ/A._This is exactly what is observed experimentally.
In the following we will take the conjecture for granted that in thermal neutron fission
of the actinides the majority of proton (and neutron) pairs are broken in the descent from
the saddle to the scission point. ‘
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So far we have considered the odd-even effect averaged over the fragment energies. But
the physical charge measurements to be presented here contain more detailed information.
In Fig, 5 we show the dependence of the odd-even éffect &6 on the kinetic energy E, of the
light fragment. Evidently, the odd-even effect gets more pronounced with the kinetic
energy increasing. From energy conservation, an increase of the kinetic energy has to be
compensated by a decrease of the excitation energy of the fragments. It is to be expected
that for a small measured excitation energy, both terms contributing (s. eq. (1)), viz.
the potential energy of deformation and the internal excitation at the scission point,
will be small. Therefore, the observed dependence of the odd-even effect on the kinetic
energy corroborates the idea that the probability for pairbreaking is directly linked to
the internal excitation energy and that a large odd-even effect points to a small internsal
excitation energy and vice versa.

O 230 Th
+ 234 U

sol- & 240 Pu’
O 250 Cf

Figure 5: Proton odd-even effect vs. light fragment

kinetic enerqy for thermal neutron fission of

229
Th, 233U,239Pu and 24901".

Prcten Odd-Even Eifect / %

%0 100 1o
Light Fragment Energy / MeV

The odd-even effect sloping upwards with kinetic energy-in Fig. 5 means that the higher
the kinetic energies the more even charge yields of fragments are enhanced as compared to
odd ones. Stated otherwise, the kinetic energy distributions of even charge fragments are
shifted to higher energies relative to the distributions for odd-charge neighbors. The
mean light fragment kinetic energy E, for a given light fragment charge Z is shown in

Fig. 6 for some of the compound nuclei studied by thermal neutron induced fission.'A well
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o Figure 6: Light fragment kinetic energy vs. light
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detectable pronounced odd-even staggering of the mean light fragment kinetic energy is
manifest. Similarly to the odd-~even effect in the yields, the size of the odd-even stag-
gering of the kinetic energies gets smaller the higher the fissility 22/A of the compound
nucleus is. For the heaviest nucleus studied, 249Cf(n,f), the staggering is barely visible.
This dependence of the odd-even staggering on fissility is not readily obvious and will
have to be intefpreted in terms of a model in the next section.

4. Evaluation of Data

The qualitative arguments having been put forward so far, suggesting a correlation
between the proton odd-even effect 6 and the internal excitation energy E; . at scission,
and hence also the energy Ehis being dissipated in fission, have now to be supported by a
more quantitative analysis. As already pointed out, starting from a (even,even) compound
nucleus any observed odd-Z fragments indicate that proton pairs have been broken. In fact,
in principle it is sufficient to break one proton pair only and to distribute the two
protons with equal probability onto the two fragments in order to completely wash out any
odd-even effect 6. It is thus seen that 6 is very sensitive to pairbreaking.

Several models have been proposed linking the odd-even effect to pairbreaking and inter~
nal excitation energy or intrinsic temperature at scission. Within the framework of the
very successful version of the scission point model by B.D.Wilkins et al., /25/ the odd-
-even effect 6 is related to the pairing gap parameter /12,26/. The parameter A depends
on the intrinsic temperature or excitation energy. For high temperatures the gap parameter
A decreeses. This facilitates pairbreaking and for high internal excitation energies the
odd-even effect 6 is predicted to converge to zero. ‘

A different approach being based on the statistics of quasiparticle excitations has been
suggested by G. Mantzouranis and J.R. Nix /27/. The final reasoning is very similar to the
one just described. Let us stress that in ‘both these models the increase of the potential
energy .gain AE . with fissility 22/A will entail a raise in the intrinsic temperature
through viscosity effects and hence will lead to a drop of the odd-even effect 6, in fair
agreement with experiment.

For the quantitative evaluation of the present data we have chosen to rely on yet an-
other description of the odd-even effect 6, since this description appears to depend less
on the details of the underlying nuclear fission model. From a purely combinatorial analy-
sis of pairbreaking H. Nifenecker et al. /28/ have derived the following formula for the
p: vton odd-even effect 6:

N
8 = (1 - 2psq) ™%, (3)

In eq. (3) Nmax
is the probability to break a pair, ¢ is the probability for this pair to be a proton
pair, while p is the probability for the individual nucleons of a pair to go into comple-

is the maximum number of proton and neutron pairs which may be broken, q
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mentary fragments. The maximum possible number of broken pairs Nmax
excitation energy made available in the course of fission. With the probability q from
eg. (3) the average number of broken pairs <N> is simply

will depend on the

N = qN_ . _ : (4)

The two probabilities ¢ and p from eq. (3) may be fixed by simple arguments. The proba-
bility ¢ for the broken pair to be a proton pair is set to be proportional to the proton
number Z out the A nucleons:

' e = Z/A ~ 9.39. (5)

For the probability p it is assumed that the two protons from a broken pair have an equal
chance to end up either in one single fragment, or in the two fragments of binary fission.
This assumption is in line with the view that nucleon pairs are broken in the long descent
between saddle and scission. Accordingly we put

p = 1/2. ' (6)

Even with the simplifications brought about by egs. (5) and (6), one is not in a position to
calculate from the measured odd-even effect 6 the number of broken pairs, unless the basic
probability q to break a pair is known. However, fortunately enough the probability q does
not enter in a crucial way into the calculation of the internal excitation at scission,
the quantity we are finally interested in. In fact, this energy may be calculated from

Eint =24 (N> = ZAqusx . (7)

if it is assumed that it always takes the energy 24 = const to create a two quasiparticle
excitation from pairbreaking. This approximation tends to overestimate the calculated

energy E. For 2A we adopt the figure re~commended by H.C. Britt and J,R. Huizenga /29/

int®
for the gap parameter at the saddle point, namely

24 = 1.7 MeV. ’ (8)

From eqs. (3) and (7) the excitation energy may now be deduced from the measured odd-even
effect by treating q as a free parameter. Letting vary q between its limiting values g = O

and g = 1 one finds Eint = -4.,36 1nd and Eint = ~-3.44 1nd, respectively. Evidently, the

t

calculated energy E. is not sensitive to the exact figure of q. We therefore propose as

int
the final formula we are looking for

Ejne = -4 1nb MeV. (9)

This corresponds roughly to the choice g = 0.5,

Eq. (9) tells that for no pairbreaking at all (6 = 1) there cannot be any excitation

either (Eint

excitation energy. The formula thus reproduces in a strikingly simple way the physical

= 0), while the more pairs are broken (6 0), the higher is the internal

input.

Turning now to the evaluation of the thermal neutron data, we make use of the observa-
tion discussed in section 3 that here the main pairbresking mechanism is viscous heating
between saddle and scission. To first approximation we therefore identify the internal
excitation energies Eint’ calculated from the charge measurements with the help of eq. (9),
with the energies Ebis dissipated in the course of fission. Some of these energies Epss
for the actinides under study are displayed in Fig. 7. For comparison with the gain in
potential energy AEpot values between saddle and scission, the ZXEpot
have again been plotted in Fig. 7. As anticipated intuitively, the dissipated energy E
closely follows the trend of AEpot

fairly constant and it is concluded that 30 - 40 % of the available energy is converted

values from Fig. 4

Dis
with fissility, Moreover, the ratio EDis/AEPot is

into excitation. It should be stressed that the quoted figure for the percentage of dissi-
pation, which in a way is a measure for the viscosity of nuclear matter, is liable to
large errors. This is due, first, to the simplifications which were necessary to derive
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eq. (9) and, second, to the uncertainties in the calculation of the potential energy drop

AEpot' which depends strongly on the fission model.

There is, however, a slight inconsistency in the treatment of data presented in Fig. 7
which has to be remedied., We recall that the energy gain AEpot calculated from fission
models is the potential energy drop between the saddle and the scission point. For a fair
comparison with theory one should, therefore, get hold of precisely the energy dissipated
through viscosity in the descent from saddle to scission. The energy Eint having been \
discussed in connection with the breaking of proton pairs in eq. (9) is in general mddé
up from the truly dissipated energy Epis and the excitation energy ESad.thq nucleéns _\

L . Vo
already has at the saddle point, i.e. \ i h ‘

-
= i ! \ ) !
Eint = Epis * Esag ° \ \( \ \ P . (10)
: , S ¢

i .
This equation states that internal excxtatxon energles at the ‘'saddle and those accumulated

| |
through viscous forces between saddle! and 301s510n are treated on an equal footlng as far

b |
as pairbreaking is concerned. For thermal neutron fission Egaq 18 much smaller' than Epis
and this means that the 1nterpretat10n of thermal neutron fission data we have given above

is to first appfox1m%t10n Justlfled This is no longer true for fast neutron fission.

For neutron 1nduced fission reactions where the incoming neutron energies do not exceed
the rangelof first chance fission, the excitation energy of the compound nucleus from
which fission proceeds is well defined. Assuming that any energy which is not needed to

overcome the fission barrier stays with the fissioning nucleus as excitation energy ESad

~ at the saddle, one has

Esad = By + E, - By (11)

with 8, anp E, thé neutron binding and kinetic energy, respectively, and B¢ the fission
barrier height.

with the help of egs. (10) and (11) it .now becomes feasible to have an independent test
or even calibration for the 6-thermometre of internal excitation put forward in eq. (9).
In fact, any'change dEn in incoming neutron energy is equivalent to a change dESad of the
saddle point energy and hence a change dEint of the total excitation energy. Upon varying

(and hence E ) by known amounts and measuring the corresponding shift in the odgd-even

effect 6 the bagg; equation (9) may be checked. In view of the many assumptions which had
to be made when deriving this equation, an experimental test of eq. (9) is highly desir-
able.

Unfortunately, there is only one fission reaction, viz, 235U(n,f), where nuclear charge
measurements have been performed for at least two different neutron energies E . Besides
thermal neutron measurements, radiochem;cal data are available for E, = 1.9 Mev /30/ and
E, = 3.0 Mev /26/. The proton odd-even effect deduced from these data is given in Fig. 8.
As expected from the general discussion given above, 6 decreases rapidly with increasing
neutron or internal excitation energy. This is a gratifying result since it confirms by
experiment the ideas put forward for the interpretation of 8. Yet, the error bars in the
data are large and prevent detailed conclusions to be drawn. But taking the data points
seriously one readily realizes that they are in conflict with the predictions from eq.(9).
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Instead, the experimental data from Fig. 8 are well reproduced by the equation

Ejnt = = 21lné MeV . (12)

This could indicate that the excitation energies calculated from eq. (9) are overestimated
by a factor of two. Since it has already been pointed out in the derivation of eq. (9) that-

this formula should yield upper limits to E the above result is not at all surprising.

int’
Still, for a reliable calibration of the é-thermometre more accurate experimental data are
needed. Charge measurements from (d,pf) reactions are under way which - at least prelimi-
narly - seem to favour more eq. (9) than eq. (12), we will, therefore, continue to use

(9) in the following.

In the next step we put together all available data on the broton odd-even effect, both
for thermal and fast neutron fission. From the measured odd-even effect 6, the total
int 8 calculated using - eq. (9) and from eqs. (10) and (11)
dissipated between saddle and scission is deduced. Figure S summarizes all

internal excitation energy E
the energy EDlS
Epis data having been collected up to date /15,16,17,19,22,23,26,30/ and displays their
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dependence on the fissility ZZ/A. Similarly to Fig. 7 the smooth variation of the energy
Epis with the fissility is fairly well established. The thermal and fast neutron data fit
together quite satisfactorily. Also included in Fig. 9 are values for Epis which have been
obtained from radlochemlstry by J.E. Gindler et al. /12/ for fast neutron fission of 232 Th,
235y and 238U. Since in this case the approach used to deduce Epig i completely different

from the present one, it is reassuring to find a close agreement between the two methods.

Upon comparing the energy Ep; g dissipated (Fig. 9) with the energy AE ot available
between the saddle and the sc1351on point (Fig. 4) one notices that the ra%io ED;J“Epot
stays fairly constant for all Z /A in the range studied. A similar conclusion had already
been reached from the first approximate evaluation of thermal neutron fission data (s.
Dis from eqs.(9) to (11) and
~0.3,Again it is difficult to give error bars for this

Fig., 7). The figure which is obtained for this ratio with E
AEpot from ref. /24/ isEms/AEpot
latter quantity. Despite these uncertainties as to the absolute value of EDiJAEpot' the

constancy of EDiJAEan for the nuclei studied appears to be well established. This allows

for a simple parametrization of nuclear viscosity in fission processes.

So far we have only considered the odd-even effect 6 averaged over the kinetic energy
distributions of the fragments. We finally héve to discuss the variation of & with the
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kinetic or total excitation energy of the fragments (Fig. 5) and the odd-even staggering
of the kinetic energy with the fragment charge (Fig. 6) for thermel neutron fission.

Neglecting neutron evaporation, the relation between the light fragment kinetic energy
EL and the total kinetic energy TKE reads TKE = ELAF/AH' with Ae and AH the masses of the
fissioning nucleus and the heavy fragment, respectively. With the help of this equation
the measured odd-even staggering 6EL of the light fragment energy is converted into the
odd-even staggering &6 TKE of the total kinetic energy. For thermal neutron fission of the
nuclei studied, the correlation between the odd-even effect in the charge yields 6 and the
staggering of the total kinetic energies O6TKE is given in Fig. 10, There is evidently one
Uranium data point to the right of the figure spoiling on otherwise clear carrelation
between 6 and 6TKE. This point stays for the 23?U(n,f_) reaction which has been studied
by the AE-E ionization chamber method (s. section 2). Later tests have shown that this
method may be subject to considerable errors as to the energy dependence of charge yield
measurement. It is therefore justified to discard this data point from the discussion.

The correlation between 6 and 6TKE has led to the conjecture that the energy
necessary to break a pair is taken from the prescission kinetic energy. With the premise
that at most one proton pair is broken H.-G. Clerc et al. /31/ have derived the formula

28
148 ° (13)

8TKE = 2A

Adopting for the pairing gap parameter the value 2A = 2.3 MeV a rather good fit to the
data in Fig. 10 is achieved. However, the assumption that only one proton pair has been
split is not consistent with the analysis having been outlined for 6 as a function of
fissility.

50
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A more general combinatorial treatment, but again assuming that pair breaking drains
prescission kinetic energy, leads to a slightly more involved relation between & and
OTKE /28/:

STKE = 2A 81n5/(82—1) (14)

Again choosing 2A = 2.3 MeV, the fit for the Cf, Pu and U data points is datisfactory but
one fails to reproduce the Th data. It is questionable whether a proper choice for 2a

can be found at all, since the data seem to imply a linea~ relationship between 6 and
8TKE which is not foreseen from eq. (14). In fact, the basic ad hoc assumption to corre-
late & and 6TKE, invoking the preécission kinetic energy, may be put into gquestion. After
all, first there°is an odd-even effect 6 Q@ already present in the available energy Q and
second for even and odd charge fragments the deformabilities may be different leading to
different scission configurafions and hence Coulomb energies.

Another approach to the correlation between & and O6TKE goes back to Fig. 5 showing the
dependence of the odd-even effect 6 in the charge yields on the kinetic energy EL of the
light fragment. As already argued qualitatively in the preceding section, the slope
d6/dEL is intimately connected to the odd-even staggering 6EL (s. Fig. 6}. Switching from
E, to the total kinetic energy TKE one can indeed deduce the following relation /32/:

2
STKE = 207 (d8/dTKE) (15)
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with d?KE the variance of the TKE distribution. For the 230Th nucleus with the steepest
slope dé/dEL in Fig. 5 one calculates a slope d6/dTKE ~ 1 % MeV. The dependence of &6 from
TKE is thus seen to be rather weak as compared to the dependence of &6 from the internal

at scission. In fact, from eq. (9) one finds for the slope d6/dEint
Th nucleus on the average d6/dEint = ~10 % MeV. This factor of ten for
the ratio between the two slopes is also observed for the other actinides. The reason for

excitation energy E.

int
for the same 230

the proportionality between the two slopes may be understood from

d8/dIXE = (db/dEint)(dEint/dTKE). (16)
Since we are concerned here with thermal neutron fission one may substitute Eint by the
energy EDis dissipated between saddle and scission and find ’
d5/dTKE = (d&/dEint)(dEDis/dTKE). : (17)
From eg. (9) one has for the first factor
| d8/dE, = -8/4 Mev 1. (18)

The second factor is expected to be rather universal and at least in principle is avail=~
able from theory. The calculation should take into consideration that both the prescission
kinetic energy and the Coulomb energy at scission contribute to TKE. The width of the TKE
distribution then comes about by letting move the location of the scission point on the
potential energy curve vs. deformation of Fig. 1. A similar argument has been used to
explain the variation of the average odd-even effect & with fissility 22/A in the above
discussion. Of course, if the factor dEDiS/dTKE in eq. (17) were to be ponstaht, then the
two slopes d&/dTKE and dé/dEint would be strictly proportional to each other. Since Epis
and TKE show a smooth trend, though opposite in sign, with the deformation of the scission
configuration, at least a near constancy of dEDis/dTKE is anticipated.

Putting together the egs. (15, (17) and (18) one finally ebtains

5 2

STRE = ~ 5 op o (dEp. /dTKE)  MeV. (19)

D

Though for a quantitative comparison with experiment the last term on the right hand side
of eq. (19) has not yet been calculated, the formula shows that STKE and 6 are proportio=~
nal to each other. This feature is in good agreement with experiment (s. Fig. 10). Last
not least is should be pointed out that, due to the linear correlation between & and 8TKE,
the dependence on fissility ZZ/A of the average odd-even effect 8§ entails a similar de-
pendence of the odd-even staggering 6TKE of the kinetic energy. The experimental observa-
tion from Fig. 6 with OTKE tapering off for increasing fissilities thus finds a simple

explanation,

5. Conclusions

It has been shown that measurements of the nuclear charge distributions and, more speci~-
fically, the proton odd-even effects of fission fragments from (even,even) compound nuclei

may be evaluated to yield the energy E digssipated between the saddle and the scission

point. The idea behind is that - in thzliynamical evolution of a fissioning nucleus -
dissipative forces will lead to internal excitation energies, which ifn turn induce nucleon
pairs to be broken; the number of broken pairs serves as a measure of the dissipated ener~-
gy on one hand, while on the other hand it governs the magnitude of the observable odd-

-even effects.

It is found that the dissipated energy Epjg LNcreases smoothly with the fissility ZZ/A
of the fissioning nucleus for all actinides studied, from Th up to Cf. This behaviour is
similar to the one calculated from various fission models for the potential energy gain

AE . : . . E .
pot between saddle and scission. The close correlation between Ej, - and AE,  is
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considered to be a proof for the conjecture that, in the descent from the saddle to the
scission point of fission, nuclear viscosity is responsible for the breaking of nucleon
pairs. -

Especially for fast neutron fission any péir breaking which may al}ea&y occur at the
saddle point has to be taken into account. In the present approach this has been done by
simply treating excitation energies at the saddle and those generated by the fission pro-
cess itself on equal grounds. It could be shown that with this procedure the values ob-
tained for the dissipated energy Epis from ;hermal and fast neutron fission agree reason-
ably well with each other, if due allowance is made for the simplifying assumptions in the

evaluation. It should be stressed that the duoted figures for E (s. Fig. 7) are upper

limits and that the actual values may be down by a factor of twgts
%rom the present analysis a typical value for the dissipated energy in the standard
235U(n,f) reaction is E . ~ 5 MeV. From theoretical calculations /5,11/, the figure
Epig ™ 14 MeV is reported. Evidently, the discrepancy is rather large (and gets even
larger considering that our value is thought to be an upper limit). It should be pointed
out, however, that in the theoretically calculated. energy of dissipation, besides a proper
choice of the viscosity forces, the definition of the scission or exit point enters as a
crucial parameter.The abcve discrepancy could be largely removed if in the calculations
the exit point of fission were to be placed at smaller deformations of the scission con-

figuration. This would entail both, smaller potential energy drops AE and dissipation

pot
energies /5,11/. By the way, the ratio EDis/AEpot calculated in /5,11/ is pretty close to
the figure deduced in the present work. In fact, the energies AEPot given in /24/ for

236 and used here are by a factor 2 or even more smaller than in /5/ and /11/. Since

also the dissipated energies E deduced from our charge measurements are smaller by

Dis
about this factor than in /5,11/, the agreement for the ratio EDis/AEpot may be rather

fortuitous. It nevertheless appears that the theoretical models could be made to come into
agreement with the E values found in the present study. In this context it is inter=-
Dis = 8.2 MeV has been claimed in /33/ for 235U(n,f) from

a semi-empirical analysis of experimental data combined with potential energy calculations

Dis
esting to note that the figure E

for the scission configuration.

Finally, it should be stressed that though in fission pairing or superfluidity is not
fully preserved the damping forces nevertheless are rather small, with the dissipated
energies ranging between 3 and 11 MeV in going from 229Th(n,f) to 249Cf(n,f).

In thermal neutron fission, experimental data for both, the dependence of the odd-even
effect 6 on the fragment kinetic energy and the odd-even staggering of the total kinetic
energy O8TKE, have been presented., The énalysis shows that not only the slope d&6/TKE, but
also the average odd-even effect 6 in the charge yields is proportional to 8TKE. Different
models have been discussed trying to understand the correlation between 6 and 6TKE. A new
model has been broposed which is based on a similar reasoning as already employed for the
interpretation of the average & data and their dependence on fissility., This latter ap-
proach seems to offer a simple explanation for the linear correlation between 6 and 6TKE.
However, for a quantitative test of this model the calculation of the variation of the

dissipated energy E with the total kinetic energy TKE is still missing.

Dis
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FIUCTUATIONS OF FISSION CHARACTERISTICS AND THE STRUCTURE OF FISSION CHANNELS.
V.I.Furman and J.Kliman*. l

Joint Institute for Nuclear Research, Dubna, P.0,Box 79, Moscow, USSR.
*Institute of Physics EPRC,Dubravska cesta 9, Bratislava, Czechoslovakia.
Abstract: The fluctuations of the total kinetic energy, the independent yields
end Ghe anidotropy of an angular distribution of fission fragments in the indi-
vidual resonances with J =4 are analysed. The possible way to unify the stan -

dard channel picture of a fission with recent ideas about fission pathsare in -
vestigated.

1. Introduction

Impressive advances recently obtained at the study of detailed fission frag-
ments characteristics 1),2),%) and also the successes 4) in theoretical treat -
ment of their mess and kinetic energy distributions somewhat overshadowed quan -
bum mechanical aspects of fission physics. The cause, may be, is in that this
aspects clearly appear only in the rare cases when the fission results from in-
dividual states of nuclei., The quantum - mechanical effects can appear in the
first place in the form of interference between fission channel amplitudes, ob -
gserved in the (n,f) cross sections 5)as well as in the P-even 6) and P-odd 7),8)
angular correlation of fission fragments. Secondly, the sharp changes in the dif-
ferential and integral characteristics of fission for different initiasl states
of a fissile nucleus with given spin and parity that appear, for example, in
strong fluctuations of fission widths of neutron resonances 5), in relative yield
flpctuations9) of given fission fragments, and also in an aniéotropy variation of
fission fragments angular distribution 10), are related to the fact that the num-
ber of fission channels is limited to & few units and each of them has its wave
function 11). If we suppose that the nucleus conserves the axial symmebtry during
the process of fission the wave function of a channel on the way to scission
point is characterised by the values of spin J and its projection K to the defor-
mation axis. Thus, the angular characteristics in & fixed channel are described
11) by the wave function of symmetric topﬂihﬂﬂ, and- the internal properties of
channels are determined by the detailed features of movement in the nuclear space
of large deformations. The basic properties of the fission fragments, the coup -
ling of amplitude of formlng separate fragments have to be programmed into the
channel wave functiony’ , 8ince without this it is impossible to understand the
existence the above-mentioned interference effects. Let us remark that the theo-
retical description of P-even and P-odd angular correlations, observed in the
study of (n,f) reactions with slow polarized neutrons 12),13) was constructed on
basis of direct generalisation of Bohr!s idea.

The aim of our paper is the modification of the fission picture proposed in
11) to insert into (this approach) the quaglclasslo characteristics of different
fission paths which may define 4) the main features of mass and kinetic energy
distrivutions of fission fragments. The generalization is based on analysis of
the experimental data sets for a compound nucleus 236U, unique in its‘dompletness.
The knowledge of spin separated cross - sections of (n,f) reaction 14) permits to
analyse in detail the fluctuation (from one resonance to other) of mean kinetic
energies 1), of the fission fragment yields 9),15),16) and also of the fragments
angular anisotropy coefficients 10). The important part of our analysis consists
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in the use of the results 17), where authors obtain the weights of separate fis-
sion channels in neutron resonances extracted from the detailed mvastlgatlon
of the interferences revealed in the fission cross—seotlons 14) of 235 U(n £)
reaction.

2. The basic formulas.

The wave function of compound state with the characteristics J,%,M is de-
scribed in the form .
) T% TTMK JFM
v M Z ag, 9” + S” .

7% 28M A .
where %”, denotes the part of functlon % not conneqted to fission, and gquan-
tum fission channel is described by a standard function of the deformed nucleus
(aee e.g. 18) formulas 4.19 or 4.39). Purther the projection of J to the z-axis
in & laboratory system of coordinates denoted by M is omitted. The coefficients
370\ defining the value of admixture of a given fission channel (here for simpli-
city we take into account only one channel with fixed J ,J,K) to the state A ran-
domly fluctuate for different A-s. Due to strong mixing in K 19) caused by Corio-
lis interaction we have(ai,\> const/(2J+1).
In the frame of statistical approach to the structure of neutron resonances
<Q',7“>.:1/NA s Where N'\»'l is the total number of components in the wave function

(1). Moreover we suppose Ghat
. TJEK /S K TTK ‘
% = O(Z %y 5/:( €]

Tk
where the function %/ describes the properties of the bulk of fission fragments
connected to path of fission 4) (walley) ''d''. The coefficients o(:; of dynamical
mixing of contributions of walleys to a given channel J,%,K are normalised by

°(ol=1 (3)

taking into account the orthogonality of functions W for different d. Then the
total fission width, of the state , has the form

JT 7. T
where '{ Z o(a[ 0[‘7”“ (5)

The nontrivial mesning of the dependence of "partial" widthl:[ » related to the
sum of contributions of all fragments from a given walley.d to the total probabi-
lity of fission, on the value of K lies in the fact that the height of the fission
barrier is naturally connected with the saddle configur'ationA of nucleus on the
fission path 4 in a full analogy with ref.4). Transmission of the fission barrier
in channel J,%,K is formed by dynamical weighting (via the coefficients o(;) of
trensmissions in separate walleys.

We introduce the relative contribution of the channel J,%,K in the total fission

widths 7” 75
7 -
m\ = /A /r with Z ka\ =7 . )

So in'a given resonance\ the relative ylelds of fission fragments (i,J) (Mi, i
J,ZJ,!%J) with kinetic energy of relstive movement Eka we describe in the form

Waily=7 BT G o
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-In analogy with the paper 1) we assume that the mass and energy distribution be-
longing to a given walley d may be described through the universal (normalised)
function ?d(i,j) while the weights of walley Wd}may fluctuate for different A
Ve omit below the indices J,J, if. it does not lead to misunderstanding.

The weights W anare expressed by the ‘relation

Wty = Z Fndld 17"/ [ ®
with kZ Wy =1 ' (9)

Finally as is follows from (7) the mean total kinetic energy (over all fission
fragments) for the fission through a state )\ may be written as

E, = ; Ey Wy, (10)
where E—:/ = fo/ML' 012,' Ek[ja (L,/} 1)

3. The analysis of experimental data and discussion of results.

If we consider a compound - nucleus 236U formed by s-neutron capture there

exist only states with J =4~ and 3 . As it has been shown in ref 14) for the
resonances with J =4 essgential contribution give only two fission channels
having K=1 and 2. This is connected to the forbideness of the channel having
J,9,K = 470 under the condition of the axial symmetry of a fission and to the
strong hindrance of the channels having K=3 and 4 caused by a low transmission
of the fission barrier. For the states with J¥ = 3~ the situation is more com -
plex because an essential contribution give at least three values of K=0,1 and 2,
so below we restrict ourselves only to an investigation of fission characterls -
tics of the compound - states with b CL
ST /T 71 . Let us consider firstly the fluctua -
ation for different states ) of the mean
total kinetic energy —E;, measured in the
4 | : ‘(»' paper1) as a difference E,- Eth' where Ep
i 1 is the value of total kinetic energy for
thermal neutrons. Taking into accounts only
. two channels K=1 and 2 and using formulas
o~ l( (8),(6) and (10) one has

! | aBsE-E=SEaiy+<Bo-bu
where ,_,4}

A o/
AW,{A Wy <Wip>= A ("/’/ /_2'/ (13)

: It is clear that a E has to depend linear-
1y on P’]} , 8s it is conf).rmed by fig.1,
0H l . where the relation between values A'ﬁ"\ and
‘I' P,y from ref. 17) for resonances A\ with
J® =4~ lying in the interval neutron energy
"0 o 4 6 s 1 .1 evg E ¢ 35 eV is shown. (We use in our
Py enalysis only rather definite resonances,
with very small J% =3~ admixture.)
g%‘géhg'fgggigiagiggng{ v:?ghwg‘lli}%hzsq Hence we may conclude that the fluctuations
with respect to the total kinetic of the total kinetic -energy are satisfacto-
energy fluctuations: rily described taking into account only
random contributions of two fission channels
with K=1 and K=2.

A
Me\zl -
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Note, that from (12) easily follows the correlation betweenAE)‘ and
W= (u/u/uf,b\)/(u{l_“/u/ﬂ?"} established in the paper 15). Indeed as implied by
1) the superlong walley can be neglected, if we consider the values directly de-
termined by the symmetric fission yield. So from (9) it follows that AWr .’.“.—AM@

Then
w, = [(WIr> [<wpy> /4_2 A Wxi
“/tlr/ // < W / (14)
Y
nd A[:_—; ~ AWy (E —%} + Cons?. 15)

Using the formula (13) we are able to explain simultaneously the small magnitudes
of the fluctuations Ak{/ £0,03 and the large ones of P’I)‘ (P A‘ 0.5), if the diffe-
rence (0(0//2/4//' _0(4/;-///—-2)

Such a situation lB fully attalnable.

T T T T T T T ! ! T T T T T T T T T
144 ! |
L Ba h Y
| , YAf| 1007,
YXIfL , ] W 44
35 I -
i - |
1 sy = .
- |
30 R ]
_ L
| l 1 30+ s
25 1 1 1 1 1 - i J I L 1 - , \ L . | \ | , E
2 4 8 8 o 2 4 6 g 1
PM : ) PM
Fig. 2. Cq;‘*mlation of the independent Fig. 3. T;i.e same as a Fig.2 for the
yields of Ba with respect to the _ yields of
weights of the fission channel JHiK=471.
In Fig. 2 and 3 the fluctuations of the independent yields of nuclei 14413& and
’!OOZr are shown in a correlation with P’\.). . As it follows from (7)
~ - F %
A ()}A (Bq)/)//A} = Fr (Ba) aW7a 16)
a (Y l(2)/Yy) = (2]~ (2r)] a vy 1
In last formula [5(Zr}~§(zd] >Q 80 using (13) we can qualitatively describe

by the relations (16) and (17) the experimental situation. However it is necessa- _
ry %o note that the magnitudes of the yield fluctuations are larger than expected
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in comparison with the energy fluctuationsﬂifk.

’ ’ In ¥ig.4 we compare the
2 : : . : , ratios Skz)_//A{P“U/Y’pA (Watley)
from ref.15) with the wvalues
Aza . It is important to note
that the large fluctuations
( 100%) ofSA cannot be explai-
ned if we take into account only
two fission channels with K=1;2.
| i | If one include the channels
' ! - having K=3 and 4 with small
__::;:;:ﬂ~— | weights it permits in principle
to explain the absence of the
0 L ! . L L correlation between Syand A E
’ and & large dispersion ofg too

PIVy
x 570

aEn[Mev]

Fig. 4. Comparison between the fluctuations of
the total kinetic energy and of the pg%gato—walley

yields ratio for the compound states with
JW =47
In ref.10) the authors have measured the anisotropy of an angular distri -

bution of fission fragments and extracted the values of so called Agbs

for by the formula

, expressed

— 3—- ‘/— -
a A, Onp B+ A, G (6]

(£,) =

- (18)
07,7/ () + ’( , (£,)

JE

The coefficients AEA for the fixed neutron resonance may be written as

_
7uk 7

/4 Z A (19)°

where A depends only on the angular variables. As a measure of a spin purity
of AObS%En) we use the value of an effective spin
, 6/7 (&) .
Tegp =3+ e or @)
05 (6] + 415,
In the Fig. 5 together with the respective values of qu the coefficients
obS(E ) for neutron energies E_ where_ J .. > 3.3 (and hence Agbs ~ Ag) )

are shown. For the case under study Azx -1, 31 qu - 1.17 and the large fluctu-
ations of Azx have to exist. As it is seen from Fig.5 this relation qualita -
tively describes the experimental situation.
However it is necessary to keep in mind that the values ObS(En) are
rather sensitive to the small contributions of fissgion channels with K = 3%
and K = 4,

It has been stressed that in our approach there is a natural explanation
for the smsll fluctuations of the total kinetic energy of the fission fragments

and the large fluctuations of the coefficients A2)
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In conclusion it may be

1,0 — . T T T T L A
pme— S noted that our analysis
Eﬁ1 1 gives the direction of &
[LB - E possible way to unify the
i standard channel picture
of a fission 11) with the
0.6+ ’ recent ideas 4) about
T3 —l— fission paths.
0,4+ ! N . The authors are indeb-
l ted to Drs. A.B.Popov and
02k : -—T__I i S.G.Kadmensky for the
’ -t valuable discussions.
O t 1 L 8 1 " T
26 24 22 20 18 16 14
-A>
Fig. 5. Correlation of the weights of the fission chan-
nel JivK = 471 with respect to the anisobtropy coeffici-
ents AEh .
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CONSISTENT THEORETICAL DESCRIPTION OF ENERGY AND ANGULAR DISTRIBUTIONS OF PROMPT
FISSION NEUTRONS

H, Marten, A. Ruben, and D, Seeliger
Technische Universitdt Dresden, GDR

Basic requirements to be met for the physically\consigtent calculation of energy and

angular distributions of prompt fission neutrous are summarized., Main emphasis is

pointed to an adequate statlstlcal—model approach (SMA) to cascade neutron evaporation

from a fragment dlvers%ty speclfled by the occurrence probability P({pﬁ}) as function of

a fragment pa;ameteA 'set {p } ("internal" consistency) as well as to the SMA application

to, any fission reaction depending on the P({pf})-descrlptlon as function of the
_flSSlonlng—nucleus parameters {pFN} ("external" consistency).

1. Introduction

A large number of microscopic measurements has shown that the energy spectrum of prompt
fission neutrons (PFN) is an evaporation-like distribution phenomenologically described
by either a Maxwellian or a Watt spectrum. Most of the observations are comsistent with
the theoretical concept of neutron emission from highly excited ard rapidly moving
fragments. However, PFN emission has to be understood as a superposition of different
components corresponding to specific mechanisms.1 In addition to the main one, the
so-called "scission neutron" emission due to rapid nuclear-potential changes close to
scission, the neutron emission during fragment acceleration (probably including non-
equilibrium effects), and neutron emission from n-unstable light charged particles
(5H3,6He+,etc.) after ternary fission can be assumed. The possible role of these secoun~
dary mechanisms has been discussed in Refs., 1,2.
Several characteristics of secondary neutrons (mostly considered as a central component
in the lab., frame of fissioning nucleus) have been derived from experimental PFN data
(in particular, the dependence of the probability distribution on emission angle) in
comparison with statistical-model approaches to the predominant evaporation component.
It has been emphasized in Ref, 1 that most of the contradictions of informations deduced
are due to rough ansatzes for the description of PFN specira in the centre-of-mass system
of fragments (CMS) and the neglection of the intricate fragment occurrence probability
P({pf}), i.e. average fragment parameters are used. Furthermore, the CMS spectra have
been often adjusted on the basis of the experimental distributions themselves.
Several questions appear:
(1) What are the requirements to be met in adequate calculations of PFN characteri-
stics?
(ii) What role do secondary mechanisms play?
(iii) Is their consideration necessary for practical SMA applications to PFN emission
at all?
(iv) How can the distribution P({pr}) be predicted, in particular in the case of
induced fission reactions as function of incidence energy?

The questions stated above comcern basic problems of PFN theory and their practical
application.

2, "Internal" consistency of PFN theory

Several attempts have been made to describe PFN energy and sngular distributions
assuming that all prompt neutrons are evaporated from fully accelerated fragments
(SMA).3'7 These approaches can be classified according to

(1) the ansatz of an evaporation spectrum as function of {pf} (either Hauser-
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Feshbach or Weisékopr-Ewing or approximative),
(i1) the complexity of P({pr}) considered.

The physical constraints of a pure SMA have been em@hasized in a recent review.8
The importance of the consideration of a complex P({pfj) distribution for the precise
description of PFN emission dlstrlbutions has been studied in the framework of the
cascade evaporation model (CEM) 19 indicating certain deviations if neglecting special
features of PFN emission, However, the applicability of a SMA is restricted in most
cases due 0 the lack of knowledge of the P({pf]) distribution, Provided that P({pf}) is
known accurately, the agreement of SMA calculations with experimental data (energy and
.angular distributions, in particular as function of certain {pf} variables) is a
measure of the "internal" physical consistency of the SMA, It should be assumed that any
deviations are due to

- the influence of secondary-neutron emission as discussed above,
- the non-adequate SMA ansatz (e.g. neglection of PFN characteristics).

In the case of 2520f spontaneous fission, P({pf}) can be deduced from experimental data
on neutron and y-ray emission as function of fragment variables (mass number A, charge
number Z, total kinetic energy TKE, excitation energy E¥ , angular momentum I) w1th
reliable precismn.7

The CEM considering the whole'dependence of PFN emission on A, TKE, and E* ’ e.g.

{pf} {A,TKE E ] , as well as on averages Z(A) and I(A), has recently been used to
describe new experimental data’® on energy and angular distributions N(E,9) of 252 Cf(sf)
PFN. In particular, the center-of-mass system anisotropy of neutron emission (due to-
fragment angular momentum) and neutron/y-competition of de-excitation, have been
considered.11 As shown in Appendix A, the parameter-free CEM reproduces the measured
data within the experimental as well as thecretical uncertainties.

No significant indications of secondary neutrons have been found. The upper limit of
their relative yield was estimated to be £5 %.

At present, the CEM can obviously be assumed as a "internally" consistent SMA to describe
the whole distribution N(E,8). In particular, the crucial polar regions at E close to the
average fragment kinetic energy per nucleon Ep, i,e. at low centre~of-mass frame energy,
have satisfactorily been reproduced due to the consideration of neutron/y-ray competition
and reliable choices of the global optical potential.s’11

Concerning the analysis of‘N(E,Q:{pf}) data, a more detailed investigation should provide
further informations on PFN emission, The new experimental data obtained by Knitter and
Butz-Jérgensen,12 i,e. N(E,9:A,TKE), are a comprehensive base for further studies.

The Madland-Nix model (MNM) has widely been used for the description of PFN spectra N(E).
It incorporates an approximative spectrum ansatz. Furthermore, the calculations are
performed for average fragment parameters pf of both groups in binary fission reactions.
The consideration of the spectrum dependence on A has been introduced in the generalized
wu (a3, ie. fpp) = {E*4}, TRE(A4/4,), E"(R), E(A), Ty ya . However, some
refinements had to be taken into account to obtain a consistent description of N(E,9)

for any fission reaction, namely the consideration of n/y-competition (simulated by a low
limit To of rest-nucleus temperature) as well as sgm%;empirical level density parameter
a(A) instead of the Fermi-gas model approach a=~4,"* Including these modifications, the
GMNM provides the basis for a reliable prediction of PFN energy and angular distributions.
The a(A) scaling factor considered as well as the limit T  are handled as model para-
meters defining the spectrum hardness and the shape of angular distribution at E close to
Ef, respectively. Both have been adjusted on the basis of 252Cf(sf) data. They are not
changed in case of GMNM gpplications to any fission reaction, Both the CEM and the GMNM
are suitable to describe N(E,8) for 2520f(sf) with adequate accuracy, i.e. within
experimental as well ag theoretical uncertainties (internal consistency). However, their
application to any fission reaction requires the knowledge of the relevant P([pf})
distribution,
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A reliable prediction of P({pr}), i,e. the precondition of the "external" consistency
of PFN theory, is only possible in the framework of the more simple GMNM,

In the case of CEM, it can be derived neither from fission theory nor from experimental
data with sufficient accuracy and/or completeness. Hence,'we'll focus on GMNM discussing
possibilities of P({pf})-prediction for any fission reaction.

3, Prediction of fragment digtribution for complex SMA applications

As outlined above, the application of complex SMA requires the knowledge of P({pf] s
{PFN})' where {pFN} denotes a parameter set of the fissloning nucleus as mass and charge
number, excitation energy, angular momentum, etc. Since basic fission theories fail to
reproduce this occurence probability with adequate accuracy, the GMNM has been combined
with semi-empirical fission theories providing P(A;E’(A),TEE(A1/A2) : AFN’ZFN’E+FN> for
actinide fission (Th-Cf) at E’FN below about 25 MeV:

(1)  two-spheroid model (TSM)14, i.e. a scission point model including semi-empirical,
temperature-dependent shell correction energies, for the prediction of E'(4) and
TEE(Aﬂ/AZ) (energy partition as function of mass asymmetry);

(ii) 5-Gaussisn approach15 (justified theoretically16 as well as experimentally17) for
the prediction of P(A:AFN,ZFN,E'FN) (mass yield curve);

In addition, the angular distribution of fragments with reference to incident-beam
direction, W(B), which causes a PFN anisotropy with reference to incident-beam direction,
is approximated by a

(iii) statistical-model description’® of W(B:A,,ZmsE ) based on the distribution in
7w Zen0 B py

angular-momentum projection (XK) depending on fissioning-nucleus temperature
(calculations based on an adjustment to experimental data).

In the case of multiple-chance fission reactiouns, e.g. (n,xnof)-reactions, the fragment
occurence probability is predicted for each chance separately. Consequently, the GMNM
can be applied to each chance., In our first applications, this has been done for average
E'FN for x21. The weight of each chance, i.e. the partial fission cross section of;x’
as well as the spectra of pre-fission neutrons are calculated within the Hauser-Feshbach
model including fission channel (code STAPRE)?9 In summary, the followlng scheme should
be realized:

Ingut: E;(A)’ﬁx(A’I/AQ)’PX(A)
s
GMNM

Vg(A),Nx(E,G),Nx(E), ete.

ﬂ W, (8)

GX(E,EI) (emission probability with reference
to incident-particle direction)

5
—— f x -
Results: Y = L ===, (v, + x)
L8222 tot af,tot X
x

(multiplicity including pre-fission and post-fission neutrons)

b 4
(eross-section of post-fission neutron emission)

o(E, ¥) = D> O¢,x v . Gx(E,h’)

etc.
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(For some applications, see Appendix B as well as Refs., 20, 21)
The semi-empirical fission theories mentioned above reproduce the following remarkable
trends in the dependence of fragment variables on EFN‘

(1) Due to the diminution of shell effects with increasing scission point temperature
(which increases as E;N increases), E'(A) and congequently, Y(A) changes in a
definite manner: The strong saw-tooth like behaviour becomes less pronounced with
increasing E;N. ﬁ‘(A) shows the strongest rise at A around 132 (double-magic
fragment) as a consequence of the diminuished stiffness. The TSM reproduces the
energy partition results as measured (cf. Refs. 22,23).24

(ii) Position, width, and weight of the 5 Gaussians describing the mass yield curves
(two asymmetric "standerd" fission paths, one symmetric fission path1 ) have
been adjusted on the basis of experimental data as in Ref., 19.

The higher Epy,

- the higher the weight of the symmetric mogde,
- the higher the widths.,
The relative weights of both asymmetric modes depend on EFN' Whereas AH (mass
number of the heavy-fragment group) is almost independent on Apw at very low EFN’
it is remarkably dependent on EFN itself,
(iii) The fragment anisotropy decreases with increasing EFN(except threshold region where
special fission channels are 1mportant)

It should be emphasized that experimental fragment occurence probabilities are comﬁonly
used for the calculations if they are known with sufficient accuracy. This is necessary
in the case of threshold fission specifically. Here, channel effects are4oonsiderabie.

So far, they are not included in the semi-empirical fisslon theories.

The reliable description of P({pf}= {pFN}) is of high importance to predict PFN data for
any induced fission reaction ("external" consistency of PFN theory) Some results are.
shown in Appendix B. So, it becomes possible to study V(EFN), E(E? N)' and, in particular,
the correlation function E(¥) (c¢f. Ref. 25). .

As shown in Appendixes A and B, the shape of PFN spectra is neither Maxwelllan nor Watt
type. Whereas E increases as EFN increases, the gshape of the PFN spectrum with reference
to Maxwellians corresponding to given E is little changed., However, this result is a pure
theoretical one. So far, the accuracy of measured PFN spectra is not sufficient to confirm
this behaviour found for pure (n,f)-reactions, In the case of multiple-chance fission,
remarkable deviations from the approximatively linear increase of E and ¥ with increa-
sing incidence energy appear at higher—order thresholds (x%ﬂ).zo’25 This is due to the
diminished E;N for xZ1 as a consequence of pre-fission neutron emission.

4, Conclusions

(1) PFN energy and angular distributions N(E,8) can be well described by 'a complex SMA
based on the assumption that all neutrons are evaporated from fully accelerated
fragments characterized by an intricate occurence probability P({pf}) (CEM without
free parameter, GMNM based on parameters adjusted for 252 Cf(sf)). '

(ii) However, such a SMA should probably simulate emission probability distributions of
secondary neutrons (scission neutrons, neutrons emitted during fragment acceleratlon)
to a certain extent., In contrast to previous assymptions (central component ),
recent theoretical work527’28 indicate that scission neutrons are preferentially
emitted in polar direction, Further, the neutron component Auring fragment accele-
ration is girongly influenced by dissipation mechanism (relaxation)

(iii) The TUD concept for calculations of PFN spectra, angular distributions, and
multiplicities in any fission reactions relies on & combination of GMNM with semi-
empirical fission theories, since bgsic fission theories fail to reproduce the
fragment occurence probability in a complete and sufficiently accurate manner. In

1
i
~
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-spite of this alternative compromise, PFN data are well described/predicted.

Equcially, rultiple-chance fission reactions are considered separately in

‘connection with Hauser-Feshbach theory including fission channel for the calcula-

tion of scattered-neutron cross sections, fission crosa—séctions, and y-production
cross sections, ’
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Selected résults of CEM and GMNM calculations
for 2520f(sf) (check of internal consistency)
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Cf neutron angular distribution at
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GMNM spplications t6 induced fisgsion reactions
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Ratio of PFN spectra calculated in
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experimental data3o)

10 T T T T "'ﬁ
238)(n,xnf)
E; =14,5 Mev

total

6 fnx /rr\b-Me\."1

Fig. B 3

Partial PFN cross sections for
238y figsion induced by 14.5 MeV
neutrons (cf. Ref, 21)
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Anisotropy ratio R; (0°/90°) of PFN
emission with reference to fragment
anisotropy ratio Rw (parameter) for
actinide fission (average behaviour)
(cf. Ref, 30 for experimental data)
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FISSION ENERGETICS AND PROMPT FISSION NEUTRON EMISSION

H, M&rten, A. Ruben, D. Seeliger
Technische Universitdt Dresden, Dresden, GDR

Abstract

Fission energetics are studied in the framework of a simple two-spheroid model including
semi~empirical shell correction energy. For the neutron induced and the multiple chance
fission the calculated energy partitions are discussed in comparison with experimental
results, A further application of this model shown in this paper is the evaluation of
neutron multiplicities. :

1, Introduction to the Two-Sphéroid-Model

For several applied purposes, for instance the calculation of fission neutron spectra,
the exact knowledge of the total kinetic energy (TKE) and the average excitation energy
(E®™ of the fragments is required, The Two-Spheroid-Model (TSM) /1/ allows the calcula-
tion of those energy partitions on the basis of a general treatment of energy.

The foundation of the TSM is according to Terrell /2/ the assumption of spheroidically

- shaped fragments, whose major semi-axes nearly meet at the scission point. The deviation
from the spherical shape effects the deformation energy (E~def) of the fragments, which
is assumed to be quadratic in radius change and linear in the deformability parameter o.
The total kinetic emergy (TKE) is equal to the coulomb energy of the two charges, effec-
tively located at the centres of the two fragments.

Setting up a general energy balance we introduce a nuclear potential F, which is equal
to the sum of kinetic and deformation energies of the complementary fragments. By using
the classical method of minimizing this potential at the scission point we get a set of
equations, which allows to deduce TEKE and E-def of the fragments, if knowing the defor-
mability parameter «.

According to Kildir and Arras /3/ a is determined by the fragment shell correction
energies 6w with reference to the a-value deduced in the framework of the liquid drop
model. In the energy balance the dissipative energy according to the results of GSnnen-
wein /4/ and a simple approximation of pairing effects are included. -

On the basis of the well-known fragment data for 252-Cf(sf) and 235-U(n,f) we deduce the
deformability parameter a and the shell correction energies 6w of the fragments for both
fission reactions. Using the formalism of Bohr and Mottelson /5/ to fixe these shell
energies for the nucleare temperafure 7=0 we get a set of shell correction energies as
the foundation for geveral applications. The results of further researches have polnted
out, that the 6w-values of other fission reactions are nearly linear in the mass of the
fissioning nucleus,

Interpolating the parameter—sefs deduced and taking into account the diminuation of the
shell effects due to the intrinsic temperature t at scission it is possible to calculate
by the TSM the fragment deformability parameters a for a fission reaction of any actinide
nucleus, These parameters allow then the calculation of the TKE and E¥ as a function of
mass split within the minimizing equations described above, With a further energy balance,
it is possible to calculate the average fragment neutron multiplicities.

2, Application to neutron induced fission

In the following part of this paper the calculated energy partitions and neutron multi-
plicities are discussed in comparison with experimentally received values. A systematic
study of the dependence of the total kinetic energy on the incidence energy and the frag-
ment mass showed in the case of the neutron induced fission of 235-U a behaviour similar
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to Straedes experimental results /6/ (Fig. 1-3).

The maximum of TKE is stipulated by the extrem negative shell correction energies of the
heavy fragments around the mass number 130, which lead to a strong stiffness. An increa-
sing incidence energy causes the diminution of shell effects. The stiffness decreases
and the TKE-maximum has a smaller value, In the region of the positive shell correction
energies, for instance in the symmetrical region, the washing-out of shell effects leads
to an increasing fragment stiffness, which is connected with higher TKE-values.
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+z 4 }
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In the first two figures, the calculated differences between the TKE of thermal and
higher-énergetic induced fission of 235-U as a function of fragment mass are shown in
comparison with the results of Straede et al. /6/. The small differences between the
calculated and experimental values point to a stronger washing out of the shell effects
than assumed up to now. Figure 2 shows the increasing TKE in the whole mass region in the
range of small incidence energies caused by pairing effects, considered in the calcula-
tion of the level density parameter according to Ignatjuk /7/.
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The average TKE-differences, shown in Figure 3, were deduced by folding‘the total kinetic

energy with the fragment mass distribution. This average value is mostly determined by the
region of the TKE-maximum, That leads to the increase above 1 MeV incidence energy. Below

this energy, the excitation of the fissioning nucleus does not suffice for pair braiking.

This leads to an increasing TKE.

3, Application to multiple chance figssion

The high-energy induced fission reactions are characterized by the simultaneous existance
of the (n,xnf) attendant reactions. In the framework of our model, multiple chance fission
is evaluated by separate calculation of fragment energy distributions of the partial
reactions and a summation, weighted up by the partial fission cross sections. In the
following figure, the results of such calculations are shown for the 14.5 MeV neutron
induced fission of 238-U, Yamamoto et al. /8/ found experimentally similar results.

Fig, 4
Calculated average neutron multi-

:.8 plicities for the three partial
WL E reactions of the 14.5 MeV neutron
_— induced fission of 238-U

1.8 .

238 HEN,Xnfl e

I

1z8
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4, Bvaluation of neutron multiplicities

A further application of the TSM is the evaluation of experimentally received neutron
multiplicities. The general energy balance fixes the sum of the neutron multiplicities
of two complementary fragments. As the only free parameter remains the partition on the
fragments. This allows the comparison of neutron multiplicities with the energy balance
or the adaption to the energy balance, Because of the well-known total kinetic energies
and the rather accurate calculation of the Q-value such adaptions are possible for many
fission reactions.,
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Th a MILTOM Fi
el 8. 5
boos . MASLEM ’ ]
2.8 . o b BOLDEMAN | Experimentally received /9/
MUE / npnvmxn and adapted (thick line)
2.6 / neutron multiplicities for
235 U (n’f)
1.0

FROGMENTHASSE



159

T T T T L T T Fig ‘ ? B
252 CFEsF) fﬁ ..... . T 5 Experimentally received and
: ; i ”E;ﬁ?ﬁgxigﬁﬂmEH adapted (thin line) neutron
-8 S L multiplicities for 252 Gf(sf)
MUE - o l iy
2.0 _Jﬂf ﬁ
4]
. rﬁ?ﬁ |
R f

ap—

il

;
1LZ6 P 2
FRGEMEMNT MGG SE

188

The last figures show the results for two fission reactions. In the case of uranium we
get the thick line by adapting Apalins experimental values /10/ to the energy balance.
For the spountaneous fission of californium we can approximately reproduce the newer
results of Walsh and Boldeman /11/ by adapting the values from Signarbieux /12/.

5. Conclusion

The semi-empirical formalism used in the TSM allows the calculation and the analysis of
fission energetics and prompt fission neutron emission in the range of fissioning nuclei
between thorium and californium. The accuracy of the calculated energy partition is
comparable with that of experimental results.
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THE FISSION NEUTRON SPECTRUM OF Th

H. Médrten, D. Richter, A. Ruben, D. Seeliger
Technische Universitét Dresden, GODR

G.N,., Lorchikova, S.E. Sukhikh, A.M. Trufanov
Y
Institute for Physics and Power Engineering, Obninsk, USSR

Abstract.:

23

The fission neutron spectrum has been measured for neutron-induced fission of 2Th at

7.3 MeV incidence energy using time-of-flight technique in conjunction with the efficient
pulse shape discrimination of background y-rays (three-dimensional spectroscopy of nesutron
time of flight, scintillator light output, and pulse shape amplitude) as well as sliding-
bias method.

Systematic errors have been diminuished or excluded due to the spectrum analysis with

252

reference to the Cf(sf) neutron spectrum {nuclear standard) measured under identical

experimental conditions.

232

The experimental post-fission neutron spectrum of Th is compared with calculations

performed in the framework of the generalized Madland-Nix model with account of multiple=~
chance fission. \

V
\
'

1. Introduction

232 233

Th - u
fuel cycle. On the other hand, investigations of neutron nuclear reactions with fissiona-

Nuclear data for thorium are of importance for reactor projects based on the

ble nuclei are assumed to give clues for the further understanding of reaction mechanisms
in conjunction with the development and/or check of fission neutron models.

Thorium as a light-actinide nucleus has a rather small fission cross section. Therefore,
the measurement of the fission neutron spectrum by the use of a fission chamber (as re-
quired for high incidence energy) is difficult due to the relatively low foreground/back-
ground ratio. Previous experiments are only known for the incidence energies 1.5, 2, and
14 MeV /1,2,3,4/. Hitherto, the spectra havn't yet been described ;heoretically.

1
The present paper includes the results of the experimental as well as theoretical study
2321y, 1.e.
both (n,f) and (n,n‘'f) reaction chances are open. In this case, pre-fission neutrons

of the prompt neutron spectrum from the 7.3 MeV neutron-induced fission of

arising from the (n,n'f) reaction have a maximum energy of about 1 MeV. However, the pre-
sent work concerns the pure post-fission neutron spectrum above 1 MeV. The theoretical
description based on the generalized Madland-Nix model /5,6/ in combination with a semi-
empirical scission point model for the calculation of fragment energies (excitation energy,
kinetic energy averages) as a function of mass asymmetry has to account: for both fission
chances (cf. /7/).

2. Experimental method and data analysis

The experiment has been carried out at the Rossendorf 10-MeV tandem accelerator. 7.3-MeV
incidence neutrons have been produced by the use of a gaseous deuterium target via
D(d,n)3He reaction at an average beam current of 2 pA. The multi-plate fission chamber
/8/ with 40 hemisphere plates and 750 mg 2324, (total) has been located at 18 cm distance
from the neutron-producing gaseous target. A (5" x 1.5") NE 213 scintillator viewed by a
XP 2040 photomultiplier was applied as neutron detector located within a heavy shielding
and collimator system at 90o with reference to incidence neutron direction.

The time-of-flight measurement based on a 1.32-m flight path has been combined with the
efficient pulse shape discrimination /9/ to reduce the background. The three-dimensional
measurement of neutron time of flight (TOF), light output (LO), and pulse shape amplitude
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(PSA) enables .

(i) the off-line distinction between neutron and y-rays (background) and, hence, a care-
ful background suppression without efficiency losses, :

(ii) the application of the sliding-bias method in spectrum analysis /10/ and, consequent-
ly, the reduction of uncertainties {optimum foreground/background ratio for a given
neutron energy E depends on bias).

In addition, the 252Cf(sf) neutron spectrum has been measured by the use of the same ex-
perimental arrangement (Cf fission chamber, 5 . 105 fissions/min) to analyse the measured

Th spectrum with reference to the well-known standard /1i/.

A typical two-dimensional (TOF, LO) spectrum deduced from the three-dimensional data
(sequently stored on magnetic disc) by a sorting procedure with n/y-discrimination (de-
fined PSA ranges depending on LO) are shown in Fig. 1. This spectrum itselves provides one
possibility to calibrete the LO co-ordinate by comparing the LO reéponse functions at
fixed neutron energies with the corresponding distributions calculated by the use of a
Monte-Carlo code /12/.

In addition to the spectrum analysis on the basis of the calculated efficiency data de-
pending on neutron energy E and LO bias (two-dimensional matrix for direct application
of the sliding-bias method), the measured Th fission neutron spectrum has been analysed
with reference Cf standard spectrum., In this way, uncertainties due to scattered-neutron
background, resolution, calibration etc. are diminuished or excluded.

Both the Th and the Cf neutron spectra measured have been corrected for time resolution
/10, The y-peak FWHM of the present measurements are 1.8 ns and 3.8 ns for the Cf and the
" Th experiment, respectively. In the case of the Th multi-plate fission chamber whose 40
electrodes are combined to 4 sectors each yielding one output signal, the rather high
capacity of the sectors is the most important restricting factor.

The measurement has been carried out in & 200h nm.

3. Results

The measured Th fission neutron spectrum at 7.3 MeV incidence-neutron energy has been
fitted to a Maxwellian distribution yielding a “temperature™ parameter T = (1.31 k3 0.03)
MeV, i.e. E = 1.965 MeV. The data are represented in fig. 2 in comparison with the épec-
trum calculated in the framework of the generalized Madland-Nix model (GMNM). The fragment
mass yield curves, the average kinetic energies and excitation energies of the fragments
as a function of their mass number, and the fragment angular distributions have been de-
duced for the possible fission chances (n,xnf) separately. Using the GMNM the double-dif-
ferential emission probability Gx(E,W) (norm 1.) (¥ - neutron angle with reference to
incidence beam direction) can be calculated for the possible chances (x = 0,1 in the pre-
sent case). We obtain the total cross:section of fission neutron emission by

X nax

G(e¥) = = G, Y, Gl (EY)

( c;{x- partial fission cross section for chance x, ¥, - average number of neutrons per
¥
fission in chance x). The total number of fission neutrons including pre-fission neutrons

is glver:_b-y . G ) _
=S = (Y, +x)
ot %o Gyue
As shown in fig. 3, the average energy E of post-fission neutrons increases with increa-
sing incidence energy, but is considerably influenced by the second-chance fission reac-
tion at the (n,n'f) threshold. This effect has been often neglected in previous works.

Conclusions

232

The spectrum of neutrons from Th fission induced by 7.3-MeB neutrons has been measured.
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It can be fairly well reproduced by a Maxwellian distribution with T = (1.31 z 0.03) Mev,

The GMNM, whose free parameters have been adjusted in the case of the 252Cf(sf) standard

neutron spectrum, has been used for the calculation of the Th fission neutron spectra
without any further adjustments.

The very gpod agreement between experimental and theoretical data is a confirmation of
the theoretical scheme applied in the present work. Specifically, the possible fission
chances at incidence energies higher than about 6 MeV have been considered separately.
The present work shows the influence of multipie-chance fission on the spectrum shape

(represented by the average emission energy) in the case of Th at incidence energies
close to the (n,n'f) threshold.
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ABSTRACT

Double-differential emission probabilities W(B,E)) of the prompt }-rays accompany-
ing the binary- and. ternary fission of 252-Cf were measured. An average angular mo-
mentum L=~ 7h has been derived for the binary fission mode. The gamma angular-di-
stributions of the ternary fission mode show similar asymmetries but other shapes
than the binary distributions.

1. INTRODUCTION

The analyse of preceding experiments, e.g./1,2/, has ‘confirmed that the angular mo-
mentum of fission fragments after binary fission is aligned in a plane perpendicu-
lar to the axis defined by the two fragments like the angular momentum of compound
nuclei relativ to the beam axis. The behaviour.of the resulting angular distribu-
tions of the emitted prompt l—rays was investigated in the theoretical work of
Strutinsky /3/. Average angular momenta have been derived by fits of the measured
double-differential angular distributions W(8,E ) as shown by Skarsv8g /1/. Similar

252Cf were pub-’

results for characteristic b—tran51t10ns, produced in the s.f. of
lished by Wolf and Cheifetz /2/. The hitherto ex1st1ng measurements deal with the
binary fission only. For the ternary fission mode there is only an estimate con-
cérning 252¢¢ for 0 deg/90 deg anisotropy by Ivanov /4/. He stated a ratio

R[0 deg / 90 deg] =1, but he has"nof measured this magnitude as a function of the
b ray energy. -Therefore, this measurement raises some questions. In this paper we
present a first measurement of double-differential emission probab111t1es wl(e E))

of prompt y-rays accompanying the ternary f15510n of 2520f
2. EXPERIMENTAL SET-UP

Fig 1 shows a sketch of the experlmental set up to study the angular distributions
‘of prompt y-rays from both the binary and ternary fission of 252Cf The fission .
fragments were registered p051t10n dependently in coincidence with the )-rays, de-
tected by fixed detectors. We used two 51llcon detectors.in order to increase the
registration efficiency of the equatorial light charged particles (LCP) indicating
the ternary fission mode. Each of these detec{ors (4=23mm) covers an angulap'ader_
- ture of about 45 deg. Two y-ray detectors were-uéed (i)'a 2,0x2,0 idches NaJ(T1)
crystal which prov1des sufficient position- resolutlon for the measurement of the
gamma angular distribution of the binary mode and (ii) two 'S, 0x6,5 inches NaJ(T1)
crystals in order to increase thé registration eff1c1ency (necessary for the ‘terna-
ry mode) and to check the forward-backward emission symmetry o

The 252Cf -source on Ta- backlng (~10A f1ss1on acts per sec.), the transmissiqn
parallel plate avalanche counter (PPAC), the position sensitive PPAC and the sili-
con surface barrier detectors were mounted in a glass shade filled with 10 Torrs
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of n-heptane. The position sensitive PPAC (35x180mm2) covered an angular range from
~3,5 deg to +92,4 deg with respect to the axis defined by the source and the centre
of the forward NaJ(T1l) crystal. The transmission PPAC was mounted some mm's apart
from the source and it delivered the start signal for both the TOF Branch of the '
fission fragments (separation of the light and heavy groups) and the TOF of the .
l-quanta.

Disturbing effects were eliminated by the following measures. The 6.12 MeV
o -particles from the g.st. decay of 2520f were shielded by 36um Al foils in front
of the Si-detectors. A time window of 10ns around the prompt }-peak eliminated ne-
arly completely the prompt fission neutrons at
the given flight path of 50cm. The arrangement
with two large NaJ(Tl) crystals allowed also
to estimate the level of multiple (two-fold)
gamma rays and accidental coincidences which
was found to be about 4% (ternary case) and
6% (binary case) of the true omes. The conta-
mination of the detection system was found to

be negligible ( after the run of 1.5 months

only 0.6% of coincidences came from the con-

tamination). The influence of background con-

tributions due to scattering in the surroun- Fig.l Detector arrangément

ding materials was taken into account by mea-

surements with lead shadow cones inserted between the glass shade and the NaJ(T1)
detectors. Sumarizing,'the true coincidence counting rates for egch l—branch
amounted to be 2500 per min., 360 per min. and 1.2 per min. for the binary fission
configuration with the large and small NaJd(Tl) crystals and the ternary fission
measurement, respectively. The experimental arrangement including the data acquisi-
tion system has been already described elsewhere /5/.

3. DATA EVALUATION AND MONTE-CARLO-SIMULATION

For each coincidence event three parameters were stored onto a magnetic disc:  the
fission fragment TOF, the coordinate of one fragment and the y-ray response ampli-
tude of each scintillation counter. The energy of the LCP was measured simultaneou-
sly with a multichannel analyser. The data evaluation starts with the generation of
two-dimensional distributiqns, i.e. the fragment

TOF vs. the coordinate. This procedure allowed
a separation of events belonging to the light
and the heavy fragment groups. By this it was
possible to cover the angular range from 0 deg.
to 180 deg. for the y-rays with respect to the
emission direction of the light fragments. The
-response axes (=100 keV) were divided into

17 bins (binary case) or 10 bins (ternary case).

The projections onto the position coordinate axis % CHANNEL
we generated within each bin. Then, a Gaussian

deconvolution procedure was applied to the well Fig.2 Example of a calibration
resolved position spectra. Then the evaluated spectrum 88Y
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distributions were n8¥malized by geometrical "efficiencies" of the position sensi-
tive PPAC. For this pd}pose, two-dimensional distributions of the fragment TOF and
the coardinate were measured for the following conditions: (i) swich-off the coin-
cidence with }'s and < 's (binary "efficiency") and (ii) break of the coincidence
with the }‘s only (ternary "efficiency"). The resulting y-Tay distributions are re-
presented with respect to the direction of the light fragment. The response func-
tions of the used NaJ(Tl) crystals were measured with calibrated y-tay sources and
an improved procedure like that described in /6/ was.used to fit these calibration
spectra (Fig.2). The response matrix was evaluated from this set'of data.

The double-differential emission probabilities W)(B,EJ) have been simulated
by a Monte-Carlo-code which was applied up to now to reproduce the binary angular .
distributions only.
) This code presupposes (1) the input of the fragment-mass yield distribution,
(2) an average energy distribution of the emitted y-rays, (3) the velocity distri-
butions of the fragments including the stopping process in the Ta-backing, (4) the
estimation of the moment of the }—emissién /1/, (5) the )—multiplicity vs. fragment
mass, (6) an energy-dependent ratio of the multipol orders El and E2, taken from
/1/, (7) the c.m. angular distributions of El and E2 radiation according to
Strutinsky's theory /3/, were we used a temperature of T=0.4 MeV and a moment of
inertia J=0.5 Jrigid’
/8/ and (9) our evaluated response
functions of the NaJ(Tl) crystals.
The Dopplef effect was taken into

(8) an initial angular momentum distribution as described in

account for each simulated event.
After that, the emission angle and
emission probability are transfor-
mat into lab.system. These calcu-
lated distributions were compared

COUNTS (103, arbitrary units )

with the measured ones in order to
determine the average angular mo-

Il
1

W
T
1

mentum of the fragments. A satis-

_factory agreement with the experi-
AN

mental binary fission angular di-

stributions was achieved for an

Er= (537 + 583} keV ]

average angular momentum of L=7 h 1 A 25% A=21% |
(Fig.3). A= 23% ,Ags 24%
The angular distributions of _ ' ;
the prompt )—rays from the ternary W- ]
fissian mode.are also given with ° o °
respect to the direction of the 1r E;'-:(BQL*QBS)W .
emitted light fragment in order . ﬁ?_; g;& :A:k-::g::
to compare these distributions
with the binary ones. Fig.4 shows 0 T
angular distributions of y-rays 0 5 90 135 180
associated with LCP and fission A ~?deg.)
fragments for three selected ener-
gy intervals., The same data evalua- Fig.3 Measured and calculated binary

tion procedure was used as in the angular distribution
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case of the binary mode in order to represent the data points in the angular range
from 0 deg to 180 deg. The intensities were normalized in each angular bin with

the measured geometrical efficiency of the PS5 PPAC which takes into account regi-
stration probability of the LCP. For comparison, the angular distributions are gi-
ven without and with regard of the respomse matrix of the large NaJ(Tl) crystals.
On principle, the behaviour of the corrected distributions is similar to the direct
experimental points in these energy bins.

10r s | EI
; »
L ]
9 x = @ .
x 10F ¢ @ ]
. & ?
8- [ ¥ . N -
— X x ‘u:| ?
£ S 9F .
g ] 1 1 1 1 1 I\ ] 1 I 1 - A _%
210« ] x x ¥ x g 0
) . o F] 8 i .
= * x x L4 @ [+] &
£ qt N i o
o . x X . Q A A
NO' ] . Z 9 L | L ) 1
Z 8 <t 11
= 2 e it 3D
s S ? a
5 i 1 H 1 L ] ' 1 1 | { (& . i
o .
o10F % P . o § &, i J
. 2 x x * *()o g o
ME ¢ . | 8 [ N B! L
0 - 30 (deq) 30
i 1 ! L ) L L L . J.(deg
8% 30 & 90 20  ® w0
%, (deg)
Fig.4 Measured ternary angular Fig.5 }—angdlérfdistributions, if a
distributions o light fragment was registered
x Measurement after normaliza- A binary‘fissioﬁ
tion with. the geometrical * ternary fission. (backward
efficiencies : Nald-detector)
» The "x"-distribution after x ternary fission (forward
multiplication with the ] NaJ-detector) )
inverse response matrix (:)E) rEspon-se=(2(]0-4}0)kev,
(D Ey=(280-430)keV, Ey response”(430-11300keV
C)El=(5407820)kev, : (all distributions are norma-
(D Ey=(820-1500)kev lized to a maximum hight of
"(all distributions are normali- . 10007

zed to maximum hight of 1000)

The shabes of the angular distributions for both the binary and the térnary
mode are compared in Fig.5 for the angular range from 0 deg. to 90 deg with respect
to the direction of the light fragment. Only the direct experimental values ( nor-
malized by the geometrical efficiencies) are shown.
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In conclusion we have found anisotropic angular distributions of prompt y-rays

in the ternmary fission of 252

Cf contradictory to the result of ref./4/. In our opi-
nion, the 0 deg / 90 deg ratio, R= 1.015, given in ref./4/, comprehends no further
physical information. Our measurements show different shapes of the gamma angular

£ 22201, This result

challenges further theoretical investigations of the ternary fission process.

distributions in the binary and the ternary fission mode o
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APPLICATION OF BRAGG CURVE SPECTROSCOPY TO NUCLEAR FRAGMENTATION PROCESSES
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ABSTRACT

An axial ionization chamber for the determination of the energy and nuclear charge
of fragments was constructed and has been tested with butane and pentane. Separated
element distributions have been registered in low-energy heavy-ion reactions and in
proton-nucleus collisions at 1 GeV 1ncidence energy.

INTRODUCTION

Nuclear fragmentation induced by intermediate-energy projectiles is a current field
of investigation. Relative light target-fragments are produced in the energy range
from 1 MeV/u to 10 MeV/u in dependence on the target mass. This energy range enab-
les us to test the methods of Bragg Curve Spectroscopy(BCS), ref.1), to tesolve
single nuclear charges of the emitted fragments

PRINCIPLE OF BCS

This method is based on the generation of ‘an ionization current signal in an axial
ionization chamber characterized by the eleciric field parallel to the particle
track. In this case, the anode signal représents the time reversal of the sfopping
process of the detected particle in the active chamber volume (Bragg curve). The
height of the Bragg peak (BP) is directly related to the nuclear charge Z and,fur-
thermore, the BP signal is independént on the energy of the registered particle.
Therefore, a shaping time less than the duration of the current signal deiivers the
BP information. The measurement of the deposited energy requires a shaping time
longer than the total collection time.

DETECTOR CONSTRUCTION AND OPERATION

The operation conditions were tested with a sample ionization chamber which has a
distance of 11 cm between the cathode (Ni foil of 130pg/cm” -2 Q 20mm) and the anode
(polished Cu plate). Ten equidistant guard rings between the cathode and the Frisch
grid (separated by a distance of 2cm from the anode) maintain an electrical field
nearly parallel to the incoming particles: Negative high voltage is supplied to the
cathode and a divider chain determines the potentials of the field shaping rings
and the Frisch grid. The ionization chamber was operated with a fixed ratio
(E/p)A_FG/(E/p)FG_C=1.4 which was calculated from the screening inefficiency of

the Frisch grid. .

The gas pressure was adjusted to stop the incoming particle slong the active cham-
ber ienght. We tested three different gases: vapour of n-heptane, commercial butane
and purified n-pentane. Heptane was refused because no regular pulse shape distri-
butions were obtained. Perhaps, the electron recombination is too high 'in this gas.
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Commercial butane with about 6Bvol.% of isobutane content was found to be a sui-
table chamber gés. We prefered butane in the experiments at the Tandem generator

on account of its simple handling. But it has the drawback that the signal amplitu-
de poes down without gas flow-through by about 2% per hour after a new filling.

An enlarged jonization chamber was construc;ed'based on the experience with the old
one. The following improvements were introduced: 1) The entrance window was increa-
sed to 70 mm in the diameter and it serves as the cathode avoiding any dead gas la-
yer. The entrance window is a Formvar foil of 60-70 pgcm -2 supported by a wire
mesh of about 97% transparency. This window keeps the gas pressure up to 150 Torr
in the ionization chamber. 2) The Frisch grid was grounded resulting in an improved
h.f. trouble hardness. 3) Purified n-pentane (repeated freez1ng by means of liquid
nitrogen and distillation into the evacuated 1on12at10n chamber) was used. The use
of purified pentane resulted in a better long-term signal stability (linear ampli-
tude loss of 0.5% per hour after new filling, established during 60 hours). The me-
asured energy resolution amounts to be 55 keV FWHM for alpha particles of 5.15 MeV.

MEASUREMENTS AT THE ROSSENDORF TANDEM ACCELERATOR
The properties of the sample ionization chamber filled with butane were studied with

"fragment-like" 120 jons of 20 MeV scattered by a Au target (290pgcm_2).
times for the BP and E signals were chosen experimentally regarding the timing limi-

The shaping

tations of the available electronics. The total charge released by the ionization
was measured with a pulse sha-
ping of 2us. Under this conditi-
ons, nearly full charge collec-
tion was attained for ' wid
B/p> 2.0 V/%orr cm. The separa- , o
tion of different nuclear char- el {32Mev) + ©
80

gos was tested with a target ems -1
riched in 198 (mixed with 12g) gL i

which was bombarded by a 32 MeV B '2"’ £
3501 beam. The incidence energy

exceeds the Coulomb barrier
(=22 MeV) and the occurence-

of some transfer praducts is fa-
voured by positive Q-values. In-
deed, we observed pronounced
branches of C,N, and 0 out of
the products of elastic scatte-
ring. The 105 ang 12¢ constitu-
‘ents of the target scatter the
1ncoming'35C1 ions elastically

BP-BRAGG PEAK AMPLITUDE (CHANNEL )

Fig. 1 Bragg ‘Peak amplitude (BP)
vs, released energy
for products.of the
35 C1 (32 MeV)—» 10 B re-
action, p=52.5 Torr of bu--
tane, ¥ (BP)=0.25pus, i
«(E)=2ps. -
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into narrow cones which are not accepted by the ionization chamber mounted at 27.5
deg. with respect to the beam axis. This feature enables us to follow the low in-

tensity branches of'N'and 0 down to about 8 MeV. Nevertheless, the upper branch in
fig.l belongs to the beam particles partially scattered from the Al target holder.
The lower branch in fig.l is formed by the lgB .
target recoils. The range of these recoils it B 3
(22,5 mgcm'2

in butane) exceeds somewhat the r

depht of the ionization chamber (1.85 mgcm'z). | g0 N
108

The observed vertical fringe seems to be

TTTT

caused by no physical reasons.-

T

Fig.2 shows the projection of the events
(along the inclined isotopic branches) onto
the BP-axis. In spite of the moderate energy

T

COUNTS PER CHANNEL

resolution the nuclear charges from Z=5 to Z=8
are well separated. A linear relationship bet-
ween the BP amplitude and the nuclear charge
up to Z=17 was observed for butane.

Fig.2 Distribution of nuclear charges obtai-

ned from fig.1l “—  BRAGG PEAK AMPLITUDE

DETECTION OF FRAGMENTS IN RELATIVISTIC PROTON NUCLEUS COLLISIONS

The new improved axial joniza-

tion chamber was tested at the
1 GeV proton beam extracted

2

from the Gatchina synchrocyc- -
lotron. The ionization chamber
was mounted at a distance of
50 cm from a thin nickel target
located in the centre of an

mvv
1
-n
1

evacuated reaction chamber.
Fragments were detected at 144
deg. with respect to the beam

~3
T
1

axis. The ionization chamber was
filled with purified n-pentane

[o2)
T

of 55 Torr and operated at a re-
duced field strenght of

E/p=2,2 V/Torrcm in the cathode-
anode. volume. The BP signal was

(6]
T
l

generated.with a shaping time of
0.5us. The CAMAC data acquisiti-
on system allows to accept an

BP- BRAGG PEAK AMPLITUDE {x10? CHANNEL )

£~
T

expanded range of shaping timeé

: -4
for the E-~signal. . 3r Be :g
’ -%
»37

RBIn-

Li
Fig.3 BP vs. E for the reaction L 2p e ' _ ]
p(16eV)—s Ni 20 60 0D D 80

ENERGY (CHANNEL)




The measurements were carried out with T=4ps.
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A double~grid avalanche counter lo-

cated near to-the target served-as fast trigger for the appearance of a fragment.
Well separated isotopic -branches from Z=2 to Z=11 were obser-

ved.As in the experiments with
heavy ions we found an ascent of
about 5% for the isotopic bran-
ches with increasing fragment en-
ergy. The plot shown in fig.3 is
corrected for this effect. There-
fore, events which belong to the
same nuclear charge are located
in branches pafallel to the ener-
gy axis. As also seen in fig.3,
the isotobié distributions corres-
pond to a limited energy range of
the registered fragments. For fi-
xed Z, the distribution starts on
the left where the BP amplitude
becomes indebendent on the par-
ticle energy.

Fig.4 Distribution of nuclear
charges in the target frag-
mentatior of p+Ni (bottom)
and relation between the
fragment charge and BP am-
plitude (top)

The limit on the'fight is determined by the depht and the gas pressure of the ioni-

101

£

COUNTS (ARB. UNITS)

o

I

Mg
mﬂ,,rtq

BRAGG PEAK AMPLITUDE

zation chamber, some of the produced ftagments punch through the active chamber

depht - and, consequently, we see back- bendingof some branches of equal nuclear char-

ge. On account of the relative 'low pentame pressure, we observed only the low-en-

ergy part of the frdgment‘distribution.

_The resolution of adjacent nuclear charges amounts to be Z/aZ=x38..
raging result. opens a wide field for application of BCS in studies of nuclear frag-

mentation processes.
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Fig.aishows the projection onto the BP axis.

Methods 196 (1982) 33.

.40. This encou-



172

DYSON BOSON MAPPING THEORY AND NON-UNITARY REPRESENTATION
OF THE SELFCONSISTENT COLLECTIVE-COORDINATE METHOD
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Department of Physics, Kyushu University, Fukuoka 812, Japan

Abstract: The Dyson boson mapping theory for the multi-phonon collective
subspace in the many-fermion Hilbert space is surveyed and the merit of this
theory 1is emphasized. The Dyson-type reformulation of the selfconsistent
collective-coordinate (SCC) method of Marumori, Maskawa, Sakata and Kuriyama
is given and the relation between these two theories is discussed. Applying
these theories to a simple SU(3) model and comparing the results with the exact
solutions, we discuss the advantages of these theories.

. 1. Introduction

Various types of boson mapping theories, which transform the physics in
the original collective subspace in the many-fermion Hilbert space into the
physical boson subspace, have been proposed for the description of collective
motions in the space of many-nucleon (or many-quasiparticle) states. )
The most popular one is the Holstein-Primakoff-type mapping1). The merit
of this type of boson mapping is that it is unitary and the hermiticity of
- the 6riginal fermion hamiltonian is conserved in the boson space. However,
it has the demerit that the mapped operator is, in general, expanded in an
infinite power series of boson operators. This causes serious discussions

concerning the convergence of the expansion.

2)

Another popular one is the Dyson-type boson mapping whose merit is that
the mapped operator is of a finite series of boson operator monomials. There-
fore, we can avoid the’ problem coming from the infinite boson expansion as
in the Holstein-Primakoff mapping. However, this type of mapping has an outward
demerit; namely, the mapping is non-unitary and it does not conserve the
hermiticity of the hamiltonian. It has therefore been thought that it is very
difficult to calculate the B(E2) values in the Dyson boson mapping and to study
the properties of the boson eigenstates.

Recently it has been clarified that complete information about the eigen-
states in the hermitian boson theory ‘(the Holstein-Primakoff boson mapping)
can be obtained from the results of the Dyson boson theory3). Furthermore,
it has been clarified that the non-hermitian eigenvalue problem in the Dyson
boson theory is precisely converted into a hermitian eigenvalue problem
equivalent to that in the Holstein-Primakoff theory in a very easy way4).
Today, one can thus fully make a good use of the finiteness of the boson expan-
sion in the Dyson boson mapping, since the difficulty of the non-unitarity
of the Dyson boson mapping (or the non-hermiticity of the Dyson boson
hamiltonian) has completely been solved3'4).

When we intend to apply the boson mapping theories to realistic nuclei,
we 1nevitably start from some truncated collective subspace in the full
many-fermion Hilbert space and we map the subspace onto the corresponding boson
space. One of the simplest truncations: is the "phonon truncation" in which

the space of many-fermion states is truncated to the multi—phonon subspace

{ |i> = x;M1x‘;M2---- x;M jo> 3 n=0,1, 2,7, (1.1)
n

1. .
where X2 is the collective Tamm-Dancoff (TD) phonon with spin J=2 and the

M
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algebra of the fermion-pair operators is forced to be closed within the above
TD phonons. Under this truncation approximation, the Dyson mapping gives us
a very simple but non-hermitian hamiltonian which consists of up to sixth-order
boson operators. The eigenvalue problems for this non-hermitian boson
hamiltonian are precisely converted into the hermitian eigenvalue problem equi-
valent to that in the Holstein-Primakoff mapping without being bothered by
infinite boson expansions4). In this sense, - the Dyson boson mapping theory
is guite useful.

However, what we have to emphasize is that the contribution from the
non-collective phonon degrees of freedom cannot be taken into account in the
above collective subspace (1.1). It is however well-known that the anharmo-
nicity effect due to the coupling between the collective and non-collective
degrees of freedom plays an essential role in the transitional region of nuclei.
In order to take the anharmonicity effect into account, we have to extend the
subspace (1.1) to involve the non-collective phonons, but it is difficult since
there are usually a great number of non-collective phonons.

5)

Marumori, Maskawa, Sakata and Kuriyama proposed a new method called
the selfconsistent collective-coordinate (SCC) method to describe the large-amp-
litude collective motion within the framework of the time-dependent Hartree-Fock
theory. This has made it possible to treat the above mode-mode coupling effect
in a very systematic way. Recently, we have reformulated the SCC method in
a Dyson-type non-unitary representation and we have clarified fhé relation
to the generalized Dyson boson mapbings). )

In the present paper, we survey the main points of the Dyson boson mapping
theory and the Dyson-type non-unitary representation of the SCC method. And
we apply these theories to a simple SU(3) model. Comparing the results with
the exact solutions, we will discuss the advantages of the Dyson boson mapping

theory and the Dyson-type representation of the SCC method.

2. Dyson boson mapping

Let us define the quadrupole TD phonon X+ in the multi-phonon subspace

2M
(1.1) by

t SR
Xam = %x(dp)cdcf, . (2.1)

Corresponding to the collective fermion subspace (1.1), we introduce the collec-

tive boson subspace
. - -9 + -
{16y = (nt) /2 blu, blm, ++-- bi'm,,.l") }, (2.2)

where b +

M is the gquadrupole boson operator satisfying commutation relations

Ebzm, btn'] = SMM',
[ bam, band = Cblu, bi. 1 = 0. (2.3) .

In order to give the precise definition of the Dyson mapping, we have

to introduce a set of orthonormalized basis vectors in the multi-phonon subspace.
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(1.1). To do this, we use a representation in which the norm matrix N whose

matrix elements are defined by Nij = <i|§> 1is diagonalized as
3 .
T (N - madggdug=o, (2.4)
It is easily seen that the eigenvalues are n, z 0. Let us denote the
zero-eigenvalue solution by a = ag. One can assume the following orthonor-

mality relations:

¥ <
Zugl Uy = Sap . (2.5)

Using these, we can define orthonormalized basis vectors of the multi-phonon
subspace as '

-1 c .
[ay = 'n.,b/z 2 ugliy, a # 4, (2.6)
1

which satisfy the orthonormality relation
The corresponding orthonormalized basis vectors in the boson space are
given by ' ‘

la) = Z_uilé). : (2.7)
4

Thus the physical subspace in the boson space is {|an 7 a # ag} s in which
every state has its counterpart in the original fermion space, i.e. the
multi-phonon subspace. Therefore the projection operator to the physical
éubspace in the boson space is defined by

P = Z lan(al. . (2.8)

ata,

Using the orthonormal basis vectors introduced above, we. can define the

Dyson mapping by the following transformation operators:

’ U' = Z 'na, , n.))((d.l (2.9%a)
a4,
-4/2
U, = 2 'nk/la))éal. (2.9b)
. Q,+Q°
In the Dyson mapping, we have two types of boson state vectors 6btained
by transforming a fermion state vector ]W> ; one is a bra (¢| and the other
is a ket |V) as
(¢ = <Elut, V) = U 18>, (2.10)

An arbitrary fermion operator OF is transformed into OD as
0, = U,0:Ul = 5 S|y Glom iy W wit e )
a,bfa, vy

In order to calculate the matrlx element of the original fermion operator O

<1|0F|3> , we use the phonon-ﬁ&uncatlon approximation explained before, in
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which the following aéproximate commutation relation is assumed:

[Xam,, [XZMuXtMﬂ] =-22 Co<zmpamMiimd>GryrMelemd Xy, , (2.12)
L=0,2,4 :

where CL is the structure constant determined by the amplitudes x(oB) appearing
in the phonon operator (2.1). Then the matrix element of the original fermion

6perator OF is written in the form of
<Ol > = %fckd(lj > (2.13)
Substituting this in (2.11), we have

Op = PO, P = (Of)oF, ColCORdpli)= Fi5 . (2.14)

What should be noticed here is that the norm matrix element <i|§> in
(2.13) is cancelled by the inverse of the eigenvalue ny in (2.11). This cancel-
lation is the biggest merit of the Dyson mapping at the expense of losing

unitarity of the transformation, because we have no more to treat the explicit

form of matrix element Nij = <i|y>.

The quantity fij = (OF)D can, in general, be expressed by matrix elements
of simple boson operators; for example, if OF is the collective phonon operator,
then we have

ex ! + T

(Xdudy = bhw = Z  C.COBLBI I b, Jop, (2.15a)
L=0,2,4

(XamDdp = boy, (2.15b)

where [...] denotes an angular momentum coupling.

LM
As discussed in the previous paper3), as long as we do not make the maximum
boson number extremely large in a practical case, we can consider P = 1,
Moreover, we proposed a method to verify whether P = 1 is correct or not in

a given boson space .

Although we have so far formulated a case of only one kind of retained
phonon (the collective TD phonon) for simplicity, it should be noted that it
is quite straightforward to generalize it to cases of more kinds of retained

phonons.

3. Hermitian treatment of Dyson boson hamiltonian
In the hermitian boson theory we need to consider only the "eigenket
|WA) belonging to an eigenstate A , while in the Dyson boson theory we have

to consider both the eigenket IWA) and the eigenbra(¢x . Expanding these eigen-

vectors as
12 = a1, ) = TEP1D, (= IYTEL, G

we have three typés of eigenvalue equations,
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2 ( :{; - Exby)aM =o, (3.2a)
J .
?:_ ( ﬁ.?} - Ex8y) Y =0, (3.2b)
PR AR ¢ fu’} - Eady) =0, (3.2c)
v e

,wherevhinP = (i|Hg,|3) and hijD = (i|Hy|j). The first equation of (3.2) is

the eigenvalue equation in the Holstein-Primakoff boson theory and the second
fnd the third are, respectively, the right- and left-hand-side eigenvalue equa-
*xﬁions in the Dyson boson theory.

The orthonormality conditions for the amplitudes‘ a, B and y are

t

¥, (A7) . , ‘
PR R A S VR A A Kl NV (3.3a,b)

The second orthonormality (3.3b) is still not enough to determine the amplitudes
B and y, because (¢i| = k;1(¢A| and lwi) = kklwk) also satisfy (3.3b),
where k " is an arbitrary nonzero constant. Namely, there still remains an
arbitrariness by a constant kA'

We can calculate the correct matrix element of an arbitrary Dyson operator
without obtaining the explicit form of the correctly normalized eigenstates.
Let (¢X| and ]wx) be _eigenvectofs which satisfy the orthonormality condition
(3.3b) but are not necessarily correctly normalized. The corresponding correct-

ly-normalized eigenvectors (5 and |$A)‘are rglated to them through

Al

(akl = h;‘(¢hl ’ l$z) = kA’WA), (3.4)

where one can assume without loss of generality ﬁhat kA ia a real positive

constant. Let 0D be the Dyson boson- image of an arbitrary fermion operator
= t. _ + .. U \

OF' and OD be that of OF, notice tbat UD = (O-F)D # (OD). _For these operator,

the relation :

(‘Elobl‘—P-A')?(‘—FAAOHJ‘T’A )* (3.5)

- should hold. -Putting (3.4) in (3.5), we have

(&X /{‘k’)z = ( ?XIODI\PA’)/(¢A’I'6D| \PA)*. - (3.6)

Then the correct matrix element is given by

— %
COn | Bo | ¥a) * ] /2
(3.7)

(31051 Fu) = (410 wo[
? : AR CNE-NAD)

We can generalize the above discussion. Let |1fbe a basis vector of the
boson space and let (i} and |I) be the corresponding correctly-normalized bra
and ket vectors. Then we have the following correct matrix element between

the boson basis states i and j:

i
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\ o 4
—_— T GBI
c"lODIJ‘) = (tloblj) \_—— . (3.8)
‘ <1 Op[3)
Assume that o, and 6b in (3.8) are the Dyson boson ~ Hamiltonian Hy. Then we
have
- ‘ NELI D G
(T|Hp13) = clHs13) . (3.9)
" (¢IHol3)

This is hermitian. An eigenvalue problem consisting of the matrix elements
(3.9) is equivalent to  the eigenvalue problem for the hamiltonian HHP' Thus
we have got a method to exactly hermitize the non-hermitian Dyson boson

hamiltonian.

4. Application of Dyson boson mapping to simple SU(3) model
Let us apply the Dyson boson mapping theory to a simple SU(;) model consi§—
ting of three single-particle levels, each of which has a same j value and
then same degeneracy 2Q = 23j+1. In this model, a single-particle state is
specified by a set of quantum numbers (jm). )
We consider the génerators Kij of»the SU(3) Lie algebra:

+ -
'<CJ\= Zcbm mel (t-]=0) 1, 1).

(4.1)

We assume the following hamiltonian:

tmf

2 2
He = ‘Z )k, + V,“Z1 K¢ Koj
o=

1 - -
+ 37V 2 (KK + KosKog)
=1 J J
: 2
+ V, “Z"-( ' (Kio Kjp. + Kij Koo). (4.2)
.’ =
And we also assume that the lowest single-particle. level (i = 0) is completely

filled; so that we are considering 2Q-particle system.
Now let us introduce the TD phonon operator by

+ 1 3 .
Xa in %'I;L(«) Ko . (4.3)
In this model, we have two kinds of TD phonons ( A = 1, 2). We start from

the following multi-phonon subspace containing both the phonons:
~1/2. A "
£l ma> = (nta Y'Y (X O™ (0> 5 0gmamag 200 }. (4.9)
Corresponding to the fermion subépace (4.4), we introduce the boson subspace

{lm.,m;)g (m,n‘nﬂ) (b+ m(bf m;lo) 0g M+m g2l 3. (4.5)
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where the boson operators satisfy

Uby,bivd =84, [ba,bad=[bi,bh 1 =0, (4.6)

According to the procedure of the Dyson boson mapping shown in sect. 2,

we have the Dyson boson images of the generators as follows:

2 - .
CKio)p = Ao Z I By (1= M/20), (Koo)y=ain Z Xa(SIbs,
Az =

2.
| N t
(Ke)y, = 2 Xal) Tw(§) b by, (4.7)
J ,\)‘/5'
where n is the boson number operator n = ZA bIbA' Using these, we have

the Dyson boson hamiltonian
. . ~
HD = PHDP = Ha P,
ﬁb = S OE(ALN) bi b)‘/
AN

+ 5 Vye(a, ) bt (20 ~ W) by
AN

LS vy Tb] (= m) by (2= 1)+ barbad
4 Ax

+

= 3 VYCA,N)fbi (2n-n)blyby + Bubyba b (4.8)
Vi 3

Since there is a strict one-to-one correspondence between subspaces (4.4}
and (4.5), P = 1 holds exactly in the boson subsﬁace (4.5). Therefore,
diagonalizing the origina]:v hamiltonian HF is exactly equal to diagonalizing
the boson hamiltonian HD = HD within the subspace (4.5).

Next let us consider the collective subspace in which only the collective
phonon ( ) = 1) is retained and non-collective one ( X = 2) is neglected.
This just corresponds to the Dyson boson mapping for the collective subspace.
The numerical results and the comparison with the exact solution are shown

in Fig. 1.

5. The Dysén representation of the selfconsistent
collective-coordinate method

In applying the Dyson boson mapping so far discussed, we start from some
collective fermion subspace; usually, we take the multi-phonon subspace
consisting of the collective TD phonon. However, this choice of subspace is
not always good, when the coupling effects between collective and non-collective
phonon degrees of freedom are large, for instance, in the so-called transitional
nuclei. Marumori et al. 5) proposed the selfconsistent collective-coordinate
{SCC) method to describe the large-amplitude collective motion within the frame-
work of the TDHF theory. This has made it possible to treat the above coupling
effects in a very systematic way.

We have recently reformulated the SCC method using a. non-unitary represent-

ation6). Taking a special kind of representation in this reformulation, we
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can obtain just the original version of the SCC method, but what we are most
interseted in is the Dyson-type representation, which corresponds to the Dyson
boson mapping whereas the original version of the SCC method corresponds to
the Holstein-Primakoff boson mapping7). Let us explain this below.

A guantum state at a time t is described by a bra <9(t)| and a ket
|W(t)> whose time-development is determined by the variational principle

. ‘ . 'a ‘ .
§<Btr| chgy — H|EWEY> =0. (5.1)

We should assume that <¢(t)l and |¥(t)> satisfy the normalization condition
<P(E)|Y(t)> = 1. ‘

Now we restrict our space under consideration to the time-dependent
Hartree-Fock (TDHF) manifold; namely, every statevector is restricted within
the space of states consisting of time-dependent single Slatér determinants. '

We also assume that the time dependence of <¢{t)]| and |¥(t)> is specified
by two kinds of time-dependent parameters £(t) and n(t) which we call the
collective coordinates. In the original version of the SCC methods), the

corresponding parameters are n(t) and its complex conjugate n*(t) . There
exist infinite numbers of ways of parametrization with the use of the collective
coordinates & and n . In order to "specify the parametrization, we assume
the canonical-variable conditions (CVC) introduced for the first time by

1.5); the CVC in the present case are

Marumori et a
@] S | L > = T8 <@ED IS [EETI >, 5.2

Under the CVC, we get the following canonical equations of motion from the

variational principle (5.1):
. Bgeb - ? Jeb ’
1= 55 > P=-5g . (5.3)
b= (E+1)/0z, p=1( -, Hp=<E|HIT >,

where the "collective hamiltonian" JED(E, n) is not always real.

According to Thouless's theorem, we canAexpress the statevectors as
a Pa)
[ZCEMI> = NCem eI ¢ed> <B(EM) | = M(5,7)<e,] 5% (5.4
where |¢O> is the stationary Hartree-Fock ground state and
A . 1. T Pa) R
Gy = Z (gl apbi,  Gu= 32 gu(pidbiay, (5.5)
ri Mo
and az and bI are the particle and hole creation operators, respectively, and

9, and g, are functions of the parameters £ and n . The normalization condition
leads to

Ny CEMINLCED) = NC(E,m) = <$o] €% % | ¢, (5.6)

Now, let us assume
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NeCE,m) = ENCEFReSE™ Nycg,m) = f/\/(f,’nj"*e"""”? (5.7)

The explicit form of S(£, n) will be given later. We can obtain

A A
G, G s
<Pole® e | $a> = exp{Tr[Log (1++9,8.)1}, (5.8)
where 9, and- g, are matrices consisting of the matrix elements g1(iu) and
gz(ui). We introduce matrices f and g whose matrix elements are defined
by

C-P)ar_ = (C1 +9'9=)'1-31)cr, (_9)1‘": = §.Cpe). (5.9)

If we choose a special representation called the Dyson-type representation;
namély we choose k = 1 and

Scg,m) = +TrC£9]. (5.10)

Then we have a much simplified expression of the SCC method. The CVC are simply

written
3 '
T+r+—%-—-§§-3]=n, Trl.'flg,]-—g—f)ﬂ]#-é. (5.11)

And the expectation values of the fermion operators are written as

<Elafblley = (9 - 9%, <Elboay ]3> = (Fy,

[

<glafav|E>= (§flpv, <é|b§bj|"£>= £9);:. (5.12)

So that the collective hamiltonian JCD(E, n) are also simply written in terms
of £ and gq.

The functions £ and g of the canohical variables £ and n are, in
principlé, obtained by’ solVingb the cvCc (5.11) and the variational equation
(5.1). Expanding f and g in power series of £ and n , we can get order by
order solutions. However, since the expression is somewhat lengthy, we omit
here. One can refer to ref. 6). . '

It should be noted that, if we take only the first .order of the (£, n
)-expansion of £ and g and replace £ and n by a boson creation operatdr Bfand
an annihilation operator b, respectively, then the results correspond to the
Dyson boson mapping within the collective. multi-phonon subspace. Therefore,
we can take into account the coupling effect between the collective and
non-collective phonon by taking the higher-order terms than the first order.

In Fig. 1, the results of the application of the present theory .to the
simple SU(3) model are shown. We took up to the third-order terms in this
calculation. Compariﬁg them with -the results of the Dysoh boson mapping
discussed in sect. 4 and the exact solution, one can see that. the Dyson-type
representation of the SCC method is quite useful.‘ '
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0.00 002 .004 0.06

Fig. 1 Energy eigenvlaues of the SU(3) model. The abscissa denoﬁes the inter-
action strength X . The values of the parameters in the fermion hamiltonian
(4.2).afe taken as follows: €(1) = 1.0, €(2) = 2.5, V1 = V2 = X, and V3 = OfSX
The solid lines denote the exact eigenvalues of the hamiltonian. The dashed
lines denote the results of the Dyson boson mapping retaining the collective

TD phonons only. The dotted lines denote the results of the SCC method, in
which the Dyson ordefing is used in the quantization procedure and the Fock
terms (1/2%-terms) in the collective hamiltonian ﬂf_D(E, n ) are neglected.
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6. Summary

(1) The Dyson boson mapping method became very useful for the collective
multi-phonon subspace, because there is no problem relating to the convergence
of the boson expansion and the problem of non-hermiticity of the boson
hamiltonian has completely been resolved.

(2) It has been clarified that the Dyson-type non-unitary representation
of the SCC method is quite useful in order to take into account the coupling
effect between the collective and non-collective phonon degrees of freedom.
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PHONONS IN SOFT NUCLEI-AND DYNAMICAL 0(5)-SYMMETRY

0.K. Vorov, V.G. Zelevinsky
Institute of Nuclear Physics, 630090 Novosibirsk, USSR

The review of results obtained in the semimicroscopical theory of anharmonic nuclear
vibrations is given. Main publications are the following:

0.K. Vorov, V.G. Zelevinsky, Yad. Fiz. 37 (1983) 1392
Nucl. Phys. A 439 (1985) 207
Proc. XXI LINP winter school, Leningrad (1986) 195

V.G. Zelevinsky, Sov. Phys, Izvestia, ser. fiz. 48 (1984) 79
Nuclear Structure, Dubna 1985, 173
Nuclear Structure, Reactions and Symmetries,
Dubrovnik 1986.

The theory is based on the traditional picture of quadrupole phonons in superfluid nuclei.
In soft nuclei the vibrational frequency is low and the vibrational amplitude is large
giving rise to strong nonlinear effects. The microscopic consideration reveals the
dominance of quartic anharmonicy and, as a consequence, 0(5) symmetry of spectra. The
resulting pattern of spectra and transition probabilities (E2 and M1) is found to be in
good agreement with data for practically all spherical non-magic nuclei. The physical
picture emerging is-that of two boson condensates, nemely usual s-boson (Cooper pair)
condensate and the new one, the d~boson pair 0(3) - and 0(5) ~ symmetrical condensate.
Artificial IBM postulates (strict conservation of the boson number, out of collective
bands and so on) become redundant and the data description is, as a rule, better than in
the IBM using the parameter number less than that of various IBM versions.

Prospects of developing the full microscopic theory are discussed.
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THE NEUTRON-RICH N=59 ISOTONES-TIES BETWEEN SPHERICAL AND STRONGLY DEFORMED NUCLEI

H. Ohm and K. Sistemich
Institut fiir Kernphysik, Kernforschungsanlage Jiilich
Postfach 1913, D 5170 Jiitich, F.R.Germany

G. Lhersonneau, B. Pfeiffer and K.-L. Kratz*
Institut fir Kernchemie, Universitdt Mainz
Pastfach 3980, D 6500 Mainz

Abstract: The neutron-rich N=59 isotones lie at the unusually rapid transition between spherical
nuclei with N < 58 and well deformed isotopes with N > 60. In accordance with this unique posi-
tion, evidence for shape coexistence has been observed which is reviewed here. At present there
is no indication of a particular softness of these nuclei with respect to deformations.

1. Introduction

The study of products of nuclear fission has revealed the existence of a new region of deformed
nuclei at A ~ 100. This has been a surprising finding since calculations in the frame of the
spherical shell model predicted remarkable subshell closures at 7=38,40 and N=56 which indeed
showed up in the properties of the nuclei around ZSZFSG' An even more surprising result was the
fact that the transition from spherical to deformed nuclear shapes in this mass region is un-
usually sudden. It is by now well known that several nuclei with N>60 are strongly deformed
while their close neighbours with N<58 have properties of spherical nuclei. This leaves the N=59
isotones as candidates for a "transitional region". Consequently one would expect softness or
shape coexistence for these isotopes which makes their investigation very appealing. One
important aspect in these studies is the relevance of the shapes and of a possible softness of
the A ~ 100 nuclei for the.calculatiohs of the energy balance in the fission process. In this
paper the presently available knowledge on the N=59 nuclei is discussed, after the evidence for
the spherical nature of the lighter isotopes and for the deformations of the heavier ones have
been outlined in sections 2 and 3.

2. The properties of the nuclei with N<58

Some of the experimental data which characterize the individual nuclei of the A ~ 100 region are
compiled in Fig. 1. There is little doubt that the nuclei with N<58 are basically spherical at
least in their ground states, as will be discussed in the following.

ffggi This nucleus 1) seems to have vibrational character where the 0} level at 1229 keV may be
- an intruder.

22§£i The ground state is based on the §1/2 quasiparticle configuration 2) in accordance with
the shell-model expectation for the 57th neutron, cf. Fig. 2. The 556 keV level is a good
candidate for‘being the 53/2 state while the interpretation of the 352 keV level as 53/2 poses
some difficulties 3).

* Support granted by the BMFT under contract 06MZ552 _
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Fig. 1: Selected expemmenta] information on the nuclei at-the onset of deformation near A=100.
The values of |B] have been deduced from the lifetimes of the first-excited states.
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_EZXi_ As in the case of 955r the lowest-lying states can be understood as quasi-particlé
configurations while the levels above 1 MeV are presently investigated in terms of particle-core
coupling calculations 4). It is interesting to note that an isomer at 3523 keV with a half-life
of 144 ms exists 5) which probably has ["99/2’ v(h11/2’ g7/2)] quasiparticle character. Hence,
it is conc1uded that this nucleus shows s1ngle particle nature even at high excitation energies.
351; The experimental knowledge about the properties of .the low-lying levels is especially
extended for this isotope. Hence, calculations in terms of IBFFM could be performed 3) which
provide a good interpretation of all known levels as being based on proton-neutron quasiparticle
configurations including some coupling to the sk core.
982r The h1gh 1y1ng f1rst excited states indicate the effect of shell closures both for protons
and neutrons [d5/2 + 51/2?] The decay properties of the levels have led to a grouping into
bands based on the ground and the first excited states 6). The fact that the 02 level is
strongly popu]ated in the (d, 6L1) react1on is interpreted as evidence for strong proton-pair
neutron-pair correlations. The band which has been attributed to the 02 Tevel .exhibits a vibra-
tional behaviour. (Here it shou]d be mentioned that the 4% and 6% spin- and parity assignments
for the levels at 1843 and 2491 keV, respectively, in this band are at variance with results of
recent y- Y angular correlation studies 7) at the fission-product separator JOSEF.
EZZil This nucleus has the highest lying first excited state of all the odd-mass nuclei in this
region in accordance with the fact that it has just one valence neutron beyond the doubly sub-
magic gslr. The single-particle nature of the lo-
227 h",.2 west levels has been tested in nuclear reaction

studies 8) and through a measurement of the

g factor of the 1264 keV level 9).

ffﬁﬂii The low-energy spectrum contains proton-

quasiparticle states 10). At energies around 500
140 gt keV core-coupled states may come into play 11).
T 3 Efﬂgi The properties of this isotope are deter-

-gﬁi mined by a valence proton and a valence neutron
@ = beyond 967 12).

886 . g, 100Wg: The structure has. been reproduced in IBA
calculations '13) where configuration mixing
(Nn=1 and Nu=3) has been taken into considera-
tion. The ground state is a mixture of about 60%
of the "spherical" configuration (N =1) and 40%
of the collective one (N =3), while the 02 Tevel
O e Py I Sy is orthogonal. Thg decay properties indicate 14)
the band structure outlined in Fig. 1.
fgﬁgi The low-lying states are also here inter-
preted as single neutron configurations 15).

e pm{> Hence; the available knowledge on the levels
-0.89 '55 -0.85 dee - shows” that the nuclei with N<58 can well be de-
: ¥ ‘scribed in terms of the spherical shell model. In
' . the 'special case of 97y this is true even for
high-lying states which indicates that the sub-
: shell closures in this region are remarkably

protons neutrons

efficient. In other cases like 35Zr collective
96 '
Y

Fig. 2: Single particle levels near ~ .
‘(energies in MeV)
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structures seem to exist at higher excitation energies 6) although it is still to be studied to
which extent these structures are connected with static deformations.

3. Rotational structures in the isotones with N>60.

Bands with rotational level-energy sequences have been observed in several nuclei with N »60.
Information on the size of the deformation has been obtained in some cases: through the
determination of the 1lifetimes of the band members by B -y and y-y delayed coincidence
measurements and of the isotope shifts by laser spectroscopy 16). Fig. 1 shows the lowest-lying
ones of the observed bands. -
2§§£L A rotational ground-state band exists in this nucleus. The half-life 17) ‘of the 2{ Tevel
of 2.7 ns shows that the 2{ > OI transition is very collective (B(E2) = 98 single particle
units). Under the assumption that the classical relationship between B(E2) and the deformation
parameter B is valid, a value of }B8l=0.39 results where the prolate shape is most probable.
This value is remarkably large in view of the fact that the close neighbour 97Y shows no
evidence for any deformed structures and that én extremely low-lying 0% state exists 18} which
indicates configuration mixing. According to configuration-mixing calculations 19), this 05
state belongs to a nuclear shape which is different from the one of the ground state. The best
fit to the available data is found with B(03) = -0.2.

EE§£L A ground-state band is observed which has the patterh of a symmetric rotor 20,21). Only a
few hembers of this band could be studied since these levels can be reached exclusively through
the B~ decay of 99Rb. No determination of the size of the deformation has been published as yet.
Egli The knowledge about rotational bands is unusually rich for this nucleus. Eight members of
the ground-state band could be identified in the study of the y radiation from an 8.7us isomer
with high spin. Several side bands have been observed which provide key information for the
determination of the Nilsson parameters for this new region of deformed nuclei 22-24). The size
of the deformation has not yet been determined. But the properties of the bands and, in
particular, the probable Nilsson configurations of the band heads indicate a prolate deformation
of a similar size as in the neighbours. It is interesting to note that basically all observed
levels have been assigned to bands. Thus there is no evidence known for a coexistence in this
isotope in contrast to the situation in both even-even N=60 neighbours 985r and lOOZr.

EEE!L A band Based on the 11 keV level has been identified 25) which is characterized by a
moment of inertia of about 90% of the rigid-rotor value - a result which is typical for the odd-
odd nuclei of the A ~ 100 region.

100Zr: A rotational ground-state band coexists with a low-lying 05 state. There is a striking
similarity between 1007, ang 98sr with the exception that the 05 state in 100zr may belong to a
spherical structure 19). . '

1017-. The existence of a ground-state deformation is weli established 20,26). The knowledge on
higher-lying levels is still scarce and it cannot be said whether different shapes coexist.
101ny and 102Nb: In both cases the energy sequences of the low-lying levels indicate deformation
the size of which still has to be determined.

10240: The Tifetime of the 2} level shows that the 2 » 0 transition is collective but the
energies of the levels (E4+/E2+ = 2.52) do not correspond to those of the band for a good rotor.
Similar to the case of 1OOMo, this nucleus is well described through the IBA calculations 13)
with coexisting N =1 and N"=3 configurations. '

103y5: In contrast to the situation in lono, a rotational ground-state band has been identified
27). In spite of the fact that only a few members could be observed in the study of
the y radiation accompanying the R~ decay of the ground-state of 103Nb with the probable spin
and parity 5/2+, the band characterizes 103Mo as a good rotor 27).
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Thus all the nuclei with N=60 (except maybe for lOzMo) shown in Fig. 1 are probably strongly
deformed in their ground states with prolate (and symmetric?) shapes. (It should be mentioned
that evidence for deformations has also been observed for N>60 nuclei with smaller and larger Z
than discussed here.) An interesting fact is that the odd-mass nuclei seem to be "better" rotors
than their even-even neighbours as can be concluded from the comparison between 99Y and 98$r,
1007+ an¢ between 1930 and 192Mo. A second remarkable fact is that according to the present
knowledge the deformation of 983r is at least as large as the one 28) of 1005r which is
considered to bé one of the best rotors of the A ~ 100 region (E4+/Eé+ = 3.23).

4, The structure of the N=59 nuclei.

The comparison between the properties of the isotopes with N<58 outlined in section 2 with those
that have N»60 (section 3) shows that really an unusually drastic transition occurs for the iso-
topic chains with Z < 42. This is particularly obvious for Y and Sr: 97y has single-particle
nature even at high excitation energies while 99Y shows all properties of a symmetric rotor, and
965 has a vibratioha] level pattern while the deformation has already gained its full size at

98sp. In fact, the deformation decreases rather than increases from 985r to 100Sr 17).

Thus the "transitional region" at A ~ 100 is basically confined to the N=59 nuclei for which
therefore either softness with respect to shape changes or shape coexistence would be expected.

- And, indeed, there is strong evidence for shape coexistence.

EEXL The best example is 98Y 29) where a band of levels with a rotational energy sequence built
upon the 496 keV level has already been discovered at the same time when information on ground-
state bands in the even-even nuclei was found. This band is very regular with very little
staggering and indicates a well pronounced deformation of 98Y in this excited state.

In contrast, the levels below the 496 keV state show no rotational pattern. Recent studies 30)
of the absolute y-ray intensities in the A=98 B~ decay chain suggest that the ground state of

98y has negative parity (in contrast 29) to earlier conclusions}); the spin is probably 0 or I.
These configurations can be reproduced well with the available shell model orbitals
(e.q. ™12 and “51/2)' The strength of Fhe B~ decay is. interpreted as evidence for the single
particle character of the ground state of 98Y. Moreover, if a rotational band with a similar
deformation as the one of the 496 keV level would be built on the ground state, then some

feeding from the higher spin members of the known band above 496 keV would be expected.

Thus it is-probable that 98Y is spherical (or only weakly deformed) in its ground state. The un-
usually many isomeric states also point to shape coexistence in this nucleus since part of them
can hardly be due to large differences of the spins of the involved levels 29). Additional rota-
tional structures may well exist in 98Y, and the 600 and 666 keV levels are candidates for being
the first two members of an additional band: The y transition between the 666 and 600 keV levels
seems to contain a highly collective E2 component with B(E2) > 100 single particle units (de-
duced from a (66 kev) = 1.5(7) and t1/2(666 keV level) < 0.8 ns). The 600 keV level is strongly
fed (logft= 4.4) through the B~ decay of the deformed ground state of %8s, The results of the
RPA calculations with the code of 31) predict'strongly fed deformed 1% levels at about 600 keV
excitation energy; It is interesting to note Fhat the energy difference of the discussed levels

is the same as in the rotational bands of the odd-odd neighbours 1ike 100Y and 102y, 32).
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975 and 997¢: The isotones 975, and 992r seem to be very similar nuclei 33,34) - in analogy to
the properties of the neighbours 985y and IOOZr.‘ Recently, it has been shown 2;16) that
properties of the ground-state of sr are compatible with its interpretation as the El/z level.
Hence it 1is reasonable to assume that the lowest levels of sy have quasiparticle nature. The
isomer at 307 keV may well be based on the 57/2 configuration. It is then remarkable how
strongly the 51/2 - §}/2 gap has decreased with respect to the situation in 9zr. This trend can
already be observed in a comparison of 97Zr and 955r, cf. section 2. It cannot be said whether
the 167 keV level has &3/2 character since the position of this quasipartic]é state at A ~ 100
is still unclear 3).

The nature of the ground state of 992r has not been determined experimentally. But the
similarity with 975r renders the assumption of I“=l/2+ reasonable. This has been the original
suggestion which has later been revised-35) to 3/2+ from the analogy to heavier odd-mass N=59
isotones. In any case, the lowest levels of 992r do not form a rotational band as the energies
‘of the first and second excifed state might suggest. The half-life of the 252 keV level rules
out its interpretation as a band member. On the other hand, if the 121 keV level would belong to
a ground-state band then further members should have been observed in the study of the B decay
of the 5/2% ground state of 99y, ’

Candidates for being members a rotational band in 9glr are the 614 and 667 keV levels (in close
analogy to 8Y). It is now known that the 667 keV level has a half-life 36) of 8.7(5) ns. The
conversion coefficient of the 53 keV transition between the two Tevels has been determined to
aK=2.0(7). Thus this transition must have an enhanced E2 component with B(E2) ~ 200(100) spu. A
similar pair of states with possibly an enhanced E2 transition between them are the 645 and 714
keV levels in sy, Hence although there is no definite proof, it is probable that there are co-
éxisting shapes in 97¢p and 99Nb.v )

100Nb: The available data are too scarce to draw any conclusions on the' structure. It is
remarkable that two completely independent sets of levels have been observed 37) in the study of
the B~ decay of 1007, (hight;hand side of the scheme of this nucleus in Fig. 1) and in the
depopulation of a ps isomer in 100Nb.

state (probably the one from the B~ decay) while the other may be based on the 3-s isomer in
100
Nb.

One of these sets is expected to be built upon the ground

101Mo: The level structure, transfer data and the transition probabilities have well been
reproduced through IBFM/PTQM calculations where 100y, has been taken as a transitional core 4).
Similar calculations have successfully been applied to the heavier odd-mass N=59 isotones 103Ru
and 1054 38,39). '

In conclusion, it can be stated that the rapid transition into the new region of deforﬁed nuclei
at A ~ 100 brings about a very attractive class of N=59 nuclei. There is strong evidence for
shape coexistence in 98Y, whereas there is no hint at a particular softness with respect to
deformations. For 97sr and 992r there are indications of a similar structure but more detailed
studies, in particular on level lifetimes, are needed to check the conjectures on the rotational
patterns' above 600 keV. The N=59 isotones with higher_ 7 seem- to have a more classical
transitional nature in accordance with the fact that the shape transition is less sudden in the
Mo chain and beyond than in the lighter elements. For calculations of the energy balance in the
fission process it can be assumed that the nuclei with N>58 will be produced in a deformed shape
while those with N<58 might prefer spherical configurations even at high excitation energies
(e.qg. 97Y). It would be of interest to search for evidence of the rapid structure transition at
N=59 in the kinetik-energy vs mass distribution in fission.
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CHAOS AND ORDER IN ATOMIC NUCLEI

I. Rotter
Zentralinstitut fir Kernforschung Rossendorf, Oresden, 8051, GDR

Abstract

The traneition from the resonance reaction mechanism at low level density to the direct reac-
tion mechanism at high level density is investigated by means of numerical results obtained
from microscopic calculations for nucleon induced reactions. The transition takes place rather
sharply at f:==ﬁ. Here, two types of motion of the nucleons exist simultanecusly: a motion in
long-living states which are near equilibrium and a motion in short-living states which are
far from equilibrium. A formation of new oerder far from equlibrium takes place only in the
open quantum mechanical nuclear'system. It is caused by the quantum fluctuations via the con-

tinuum,

1. Introduction

The formation of order out of chaos is one of the most interesting problems in present timel.

Although it is a general problem it should be discussed carefully in some special cases which
are proved experimentally in detail. Such a case might be the atomic nucleus the properties

"of which are investigated for more than fifty years.

The nucleus is a physical system consisting of particles which are all of the same type. They
move in an avarage central field which is created by the particles themselves. Every nucleus
appears in different states which can be excited and investigated by means of different nu-
clear reactions. Two types of nuclear reactions induced by, e.g., low-energy nucleons are very
well known for a long time: the fast direct reaction process and the slow resonance reaction
process. While in the first case, information on the target nucleus can be obtaimad, the res-
onance process contains information on the compound nucleus. For both processes, mathematical
methods are worked out the results of which are 'in good agreement with the experimental data.
Although the methdds used in both cases are completely different from each other, a regular
motion of the nucleons inside the nucleus is proposed in both cases. Nevertheless, nuclear

physicists hold often the idea that nucleons in nuclei move chaotically2’3.

It is the aim of the present paper to discuss this problem on the basis of numerical results

obtained from microscopic calculations.

2. Bound and isclated nuclear states .

The basis of the microscopic nuclear structure calculations is the shell model in which a
regular motion of the nucleons is assumed to take place in a conservative field of force. The
basic equation is the Schrddinger equation in a function space ({1 space) in which all nucleons

occupy bound and guasibound single-particle states,
SM SM _

with the Hamilton operator

H = H0 + V (2)

and HQQ = QHQ. Here, Q is the projection operator onto the Q space which is the total func-
tion space in nuclear structure calculations (Q = 1). The wavefunctions of the many-particle
nuclear states are identified with the eigenfunctions 4)gM while the real eigenvalues EgM are
assumed to be the energies of the states. The Hamilton operator is proposed to be Hermitean
since the system is considered to be enclosed fully into the Q space. Collective effects ad-
ditionally to the crestion of the average field are enclosed in the residual interaction VDQ'
The wavefunctions
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SM .
R ™ 2 3ri Li Gy

i
are mixed in the basic wavefunctions ﬁpi’ the energies EgM are real.

The results of the microscopic nuclear structure calculations describe successfully the low-
lying bound nuclear states as well as the states at higher excitation energy which are iso-
lated due to their small decay widths or (and) their large distance from other states with
the same spin and parity. The results of the nuclear structure calculations represent the
real nuclear theory proved by many experimental data, sometimes in a "revolutionary" manner4
as, e.g., by the discovery of isobaric analogue resonances and of Gamow-Teller resonances. It
must be concluded, therefore, that the nucleons move inside the nucleus with some regularity
which is, obviously, dictated by the Pauli exclusion principle. The main cooperative effect
is the formation of the central potential. '

It is, however, very well known that the wavefunctions (bgM of the nuclear structure calcula-
tions do not have the true asymptotic behaviour and that the finite lifetime of the nuclear
states cannot be calculated within the model. The point is that the nucleus is treated as a
closed system (0 = 1) in nuclear structure calculations although most of the nuclear states
can decay by particle emission since they lie above particle decay thresholds. The system,
included in the Q space, is, in reality, coupled to the continuum (P space) and must be
treated as an open syétem: The nuclear states are "quasibound states embedded in the con-
tinuum" (QBSEC):

Recently, a method has been worked outs’6 for treating the nucleus as an open quantum me-
chanical system. The basic Schrédinger equation H Y= Ey is linear in the whole P + Q func-
tion space (P + Q = 1), but nonlinear for the system confined in the Q space:

(Hyq - E)Lft = —HQPLfJ (4a)

or ( ) M
SM +

(Hoq - E)(p R == Hgp Bp ~ HpgPp (4b)

As a consequence, correction terms to the Hamilton operator

G(+j H

eff
- 5

Hog = Moo * Map Bp ° Mg )
as well as to the wavefunction

O . (+) &

Sp= et w0 G (6)
appear by which the coupling of the Q subspace to the P subspace is taken into account. The
wavefunctions .

- SM
br= 2 bggi i €D
Rl
_ ) ‘ . SM ;
are expanded in terms of the shell model wavefunctions d)R . The wavefunction JlR has the true

asymplotic behaviours’é. The Hamilton operator Hgéf is non-Hermitean. Its eigenValues are com-

plex,

“géf dg - (Eq - 7 FR) P q (8)

o~ —_—

describing the positions ER as well as the widths f'R of the nuclear states. The widths r—R
are inverse proportional to the litetimes TR of the resonance states.

It has been showné’7

on the basis of this model that the spectroscopic properties of the dif-
ferent nuclear states can be described by the standard nuclear structure methods to a good ap-
proximation as long as the nuclear states are either bound or well isolated. In such a case,
the additional forces via the continuum (feedback), which appear in the open system, are
small. As a consequence, the nuclear states may be considered as conservative structures, to

a godd approximation. The coefficients bRR’ in the expansion (7) fulfill approximately the
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condition bRR.:s é\RR" The energy shifts EgM L Ek are small but nonVanishing even for bound
states. The finite lifetime ?R of the resonance states follows immediately from the non-
Hermitean part Hgéf - HQQ of the Hamilton operator.

The equations of the open quantum mechanical nuclear system in the Q space are nonlinear,
eqs. (4). Further, strong cooperative effects are known for a long time2 to exist in the nu-
clear system. Self-organisation is expected therefore, from a mathematical point of view, to

take place in the nuclear system.

The regular motion of the nucleons supposed in all nuclear structure calculations can be, in-
deed, understood8 as a consequence of the strong cooperative effects existing between the
individual nucleons. The formation of the common potential HO by the nucleons themselves is

a genuine cooperative effect. The residual interaction Vik between the nucleons is relaﬁively
small. The different many-particle states of a nucleus differ by the different occupation of
the single-particle states with nucleons in the common potential. Only in the g;ound state,
all the nucleons occupy the lowest single-particle states. In the excited states, some of the
nucleons occupy higher-lying single-particle states, which are still bound, by leaving holes
in the low single-particle states. If these states of the many-particle system lie above par-

ticle decay thresholds, they have a finite lifetime against decay.into the open channels.

Thus, the regular motiocn of the nucleons in bound and isolated nuclear states is nﬁt in con-
tradiction to the existence of strong cooperative effects between the nucleons, as proposed
in ref.z, but is caused by them., The description of the nuclear structure by restricting to
the Q space is a good approximation according to the slaving principle which is universal in
synergeticsg. Further, the different nuclear states should be considered as dissipative strue-
tures formed by self-organisation faf from equilibrium in accordance with the definition of

dissipative structures in open systemsl’lo.

3. Calculations for isolated and overlapping resonance sta%es

In contrast to the success of nuclear structure calculations at low level density, the experi-
mental results " at higher level density are not described satisfactorily. They raise a
number of questions which are on ithe interface of reaction theory and nuclear Structufe and
force us to rethink our.éssumptions in dealing with nuclear reactions on serveral points.

In standard nuclear reaction theory, the motion of the nucleons is assumed to be a chaotic
oneB. The nuclear states are proposed to be statistically independent although this assump-

tion could not be provsp experimentally, e.g.ll

, and all the nuclear structure studies point
to strong cooperative effects. The existence of the central potential represents the basis

not only of all nuclear structure studies but also of the standard nuclear reaction theories
since the proposed statistical independence of the nuclear states makes sense only if nuclear

states in a central potential exist.

In order to clarify this problem, microscopic calculations in an open nuclear system have

been performed in dependence on the degree of coupling between the system (Q subspace) and
the environment (P subspace). The method used is the Rossendorf continuum shell model (CSM)
sketcﬁed by eqs. (1) to (8), for details see refss’é.
subspaces has been varied by hand. The calculations are performed in the following manner.
16

The degree of coupling between the two

(i) The shell model problem (1) is solved for the compound nucleus 0 with basic wavefunc-
tions (P out of the c??figuration spgce (1p3/2,1p1/2)51(251/2,1d§/2)1 and
(151/2)‘1(1p3/2,1p1/2) (251/2,105/2) . The 76 states with J™ = 1~ (mixed isospin) are
mixed in the basic states ¢y eq. (3), six of which are of (lp-1h) type and the remain-
ing ones are of (2p-2h) type. The potential used is of Woods-Saxon type with standard
parameterslz.

15 15

N and
configuration space (lp.),/z)-l and (lpl/z)_]L by using the same parameters as for

0 within the
160

(ii) The shell model problem (1) is solved for the residual nuclei
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(iii) The Schrodinger equation (8) with the non-Hermitean operator (5) is solved in an energy
region where the d3/2 single-particle resonance is not important, with 29 or 30 out of
the 76 resonance states which are used as basic states in the coupled channel calcula-
tions (8). The 29 resonance states have small components of the basic lp-1h configura-
tions. In some calculations, another resonance state has been added to the 29 ones

‘ 1 1ds,,, either T = 0 or T = 1. The number of

channels taken into account in the calculations is 1 (corresponding to the ground

state 1/2° of lsN), 2 (corresponding to the two states 1/2° and 3/2° of 15

15N and 150).

with the main component ¢, = (193/2>_

N) or 4 (cor-
responding to the two states 1/2° and 3/2° in both nuclei

p—

In figs. 1 and 2, the dependence of the inelastic cross section and of the widths [T, on the

degree of overlapping <7f>/<llz>of the resonance states (where > = f: is the meaanidth
and <D> = 0 the mean distance) is shown. The overlapping has been varied by solving eq. (8)
with input values ES obtained as solutions of eqg. (1) as well as with other values E 'SM

changed by hand in such a manner that the differences A E between the energies of the dif-
ferent shell model states are reduced. The wavefunctions qDRM of the shell model states used

as input in eg. (8) thereby remain unchanged Such a procedure to vary the degree of overlapping

is justified because the eigenfunctions q)R and eigenvalues E - —rbf the operator (5) depend
only weakly on energy. The parameters of the Woods-Saxon potentlal and of the residual inter-
action remain unchanged in this procedure (for details see ref.lB).
™k
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The inelastic cross section N(p,p') in depend- I l I ‘
ence on the degree of overlapping {I")/ <0)> . The 0 l] l]llA l| l ”]
calculation has been performed with two channels gl Al
~and with 30 resonance states, 29 of which have Fi 2 Mev]
dominant Zp 2h nuclear structure (corresponding g. —
to Fig. 1 in ref.13) and 1 state has dominant The widths [T g of the individual
1p-1h nuclear structure and T = 1. resonance states R in dependence on

~ the degree of overlapping <I™>/<D> .
The calculation has been performed

: . with two channels and with the same
In Fig. 3, the dependence of Zf [‘R on the degree 30 resonance states as in Fig. 1.

R=1
of overlapping F/D of the resonance states is shown.

TEg sum runs over those m resonance states the widths of which are the largest ones, i.e.
K20 >0 >0F>... It holos®
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1D 0F‘/D Fig. 3
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/0.
1200
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4001 where f‘R are the widths
of the resonance states R
Y &o ﬁo?& 50 % és én . by taking into account

SM,
AR ke the external mixing
(eigenvalues of Hgéf ac-
caording eq. (8)) and r_ are thelr widths calculated by neglectlng the external mixing

(diagonal matrix elements of Heff) Due to the condition (9) it follows

N
jz r-R = const ' (10)
R=1

and

Z r = const - Z f_R (11)

R=m+1

at a certain exc1tat10n energy E where N 15 the total number of resonances. The widths shown
in Fig. 3 are calculated at the positions E of the resonance states.

The degree of overlapping f—/D of the resonances corresponds to the strength of external

mixing, involved in egs. (7) and (8), which is given by the non-diagonal matrix elements

SO HEE gl B > = KPP I mgp 65 Mg 1 B > (12)

The more the resonances overlap, the larger are the matrix elements (12). The results shown
in figs. 1 to 3 illustrate therefore the behaviour af the nuclear system in dependence on the
degree of external mixing of the resonance states via the continuum

4. The transition from isolated to overlapping rescnance states

The eigenfunctions q)R of HDD’ eq. (3), as well as the elgenfunctlons q)R ofkﬁgf,eq N,

are the more mixed in the corresponding basic functions 90 and q) the stronger the resid-

ual interaction V is in the first case and the non-diagonal matrix elements (12) at fixed re-
sidual interaction V in the second case. Sirong internal mixing corresponds to large coeffi-

cients ap; with R # i in the expansion (3) in the same manner as strong external mixing leads
to large coefficients bRR' with R # R' in the expansion (7). The coefficients agy are real while

the coefficients bRR‘ are complex since the operator H.. is Hermitean and the operator (5) is non-Hermitean.

aa
The basic wavefunctions ﬁpi of the shell model problem (1) describe a regular motion of the
nucleons in the central potential which is dictated by the Pauli principle. If the eigenfunc-
tions(p 2M are mixed strongly in the (Fi’ i.e. no main component in the expansion (3) can be
found, thHen the motion of the nucleons is usually considered to be a chacotic one. Another

representation, e.g. by taking into account the collective aspects in the interplay between
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the constituent particles from the very beginning, is more adequate in this case. This fact
is very well known from the numerous nuclear structure calculations for heavy nuclei.

The motion of the nucleons in the nucleus cannot be characterized by a simple
time dependent description as in the classical case. The concept chaos used here is there-
fore more complicated than that used for classical systems. In the model, applied in this
paper, time is not fixed and the motion cannot be characterized by its time behaviour. All
the dynamics involved in the model is caused by the finite lifetime of the resonance states
calculated from the energies by means of the uncertainty relation between energy and time.
According to the energy representation used in the model the quantum chaos is defined in this
paper by means of the spectroscopic properties of the A nucleon system: the quantum chaos

is characterized by a strong mixing of the wavefunctions (eigenfunctions) of the A nucleon
system in the basic wavefunctions as well as by an information loss on its spectroscopic
properties. The mixing of the eigenfunctions is model dependent: a strong mixing in relation
to a certain basis may often be transformed into a small mixing in relation to another basis,
e.g. by cheosing another shape of the central potential. Therefore, it is necessary to con-
sider also the information aspect. As long as spectroscopic information on the A nucleon
system can be obtained from the experimental data (e.g. from the reaction or scattering cross
sections), the motion of all A nucleons should be considered as a regular one. Otherwise, it
is chaotic and the different nuclear states manifest themselves in the cross section not by
isolated resonances but by fluctuations around an average value.'The widths of the resonance
states are, in such a case, small with small differences in absolute value. This information
aspect in connection with the chaos will be discussed in the following on the basis of

numerical results obtained (figs. 1 to 3).

It is worth mentioning that a definition of the quantum chaos from a spectroscopic point of
view is used also in problems of atomic physics and quantum chemistry.

In a closed system, a chaotic motion of the nucleons (from the one-body point of view) cor-
responds to the formation of an equlibrium state: the different basic states are excited

with a probability which is about the same for alil (?i’ and the lifetime of the nuclear state
is infinite by definition. An equilibrium state of the system will be reached therefore if
the system is closed and if the residual interaction is not too small. '
In the open system, the external mixing creates also an excitation of the basic states SM
which is more or less the same for all (b gM if the external mixing is not too small. Bui in
contrast to a closed system, the open system has to organise itself in such a manner that the
lifetime of the states reached is as long as possible. Otherwise, the state reached cannot be

considered as an equilibrium state.

The results shown in fig. 3 illustrate this behaviour of the open nuclear system. Instead of
the lifetime of the resonance states, their widths are considered. As long a.s the resonance

states do not overlap, it holds bRR.¢= é\RR" The motion of the nucleons in the eigenstates
eff
aag
soon as the resonance states begin to overlap, the system tends to reach an equilibrium state

f
RR' ©
which are of almost the same magnitude. Additionally, the widths of most resonance states are

is therefore of the same regularity as in the corresponding eigenstates of HQQ, As
by means of the external mixing: The expansion (7) contains many terms the weights b

reduced, i.e. their lifetimes are enlarged. This reduction of the widths must, however, be
compensated in the open system due to the condition6 (10). The numerical results show that
the compensation takes place by an enlargement of the widths of a small number of states. The
stronger the external mixing, the larger is the difference between the widths of the many
leg-living states and those of the few short-living states. The redistribution of the widths

starts rather suddenly at = 0.

The matrix elements <&bgM \HI § Ej> of the operator HQP between the wavefunctions (bgM of
the 0 space and the scattering wavefunctions E of the P space are involved in both expres-
sions the width [_R as well as the E}citation probability of the resonaﬂfe state R in nucleon
induced reactions. A long lifetime T-R’ corresponding to a small width T—R, is correlated
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therefore with a small excitation probabilityB. Consequently, the equilibrium states with a -
long lifetime are excited with a small probability in nucleon induced reactions.

The few other states of the system which appear due to the condition (10) in an open system
itogether with the many "equilibrium" states, are far from equilibrium. These states have a
large width, corresponding to a short lifetime, and will be excited in nucleon induced reac-
tions with a large probability. They can therefore be simulated by single-particle resonances
in relation to the target nucleus, i.e. by changing the central potential. In this represen-
tation, the short-living resonance states consist of one unbound nucleon in relative motion
to the target nuéleus which consists of A - 1 bound nucleons. The motion of these A - 1 nu-

cleons is a regular one in the central potential created by the A - 1 nucleons themselves.

In an open system the equilibrium state with a chaotic motion of the nucleons can, therefore,
not be reached immediately. On the way to the equilibrium, another state far from equilibrium
appears which becomes soon the overwhelming one due to its large and fast probability of ex-
cifation. This state can be represented by a regular (and not chaotic) motion of all but one

nucleon.

The two extreme cases of reaction mechanism at low and high level density are very well known
in nuclear reaction theory. While information on the nuclear structure of the resonances in
the A nucleon system can be obtained at low level density, this information is lost at high
level density. According to the chaotic motion of the nuclecns, the resonance states can be

seen at high level dénsity as fluctuations around an average value 0nlyl3’14.

This average
value is determined by the fast direct process which contains the information on the environ-
ment (motion of a nucleon relative to the target nucleus). The correlation between the system
(@ space) and the continuum (P space) is so strong at high level density that the considera-
tion of the nucleus as an open system (in the Q space) looses its meaning. The properties of
the system at high level density are determined mainly by the P space in which the motion of

only A - 1 nucleons is a regular one.

It is worthy of note that irreversibility on a microscopic level® exists still at high level
density in the long-living states, but is hidden partly by the fast direct scattering process
which is reversible as a whole in the P + Q space. The scattering process is described by a

Hamilton operator which is Hermitean in the closed P + Q space.

It can be seen from fig. 3 (see also ref.lé) that the transition from the resonant process to
the direct one takes place at F;zlﬁ, independently of the nuclear structure of the resonance
states and of the number of channels taken ipto account in the calculation. The addition of a
resonance state with mainly 1lp-1lh nuclear stiructure and with isospin T =0 or T =1 does not
change the final result discussed above. The resonance state with mainly lp-1h nuclear struc-
ture can be identified in the cross section at low level density but not at high level den-
sityl4. The number of channels taken into account in the numerical calculation is correlated
with the number of short-living resonance states at high level ‘density as it is to be expected

from calculations in a schematic modells.

The general picture of the transition from one type
of regular motion to another one is; however, independent of the number of channels. It is,
obviously, the sharper, the larger the continuum is, i.e. the larger the number of channels

is (ref.lé).

5. Summary

The transition from the resonance reaction mechanism at low level density'to the direct reac-
tion mechanism at high level density has been investigated in this paper by means of numerical
results obtained from microscopic calculations for nucleon induced reactions. In the resonance
reaction mechanism, a compound nucleus is formed the properties of which can be described by
standard nuclear structure calculations. The nucleons move in an average potential in a
regular manner. The second part of the Hamilton operator (5) is small in comparison with the
first part. In the direct reactian mechanism, the nucleon is scattered in the field of the
target nucleus as a whole. All but one nucleon move in an average potential in a regular
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manner. The second part of the Hamilton operator (5) plays an important role.
The numerical calculations give the following results

(i) The transition from resconant to direct reaction mechanism takes place rather sharply at
F:=ﬁ: The .transition is the sharper the larger the continuum is, i.e. the more chan-

nels are taken into account in the calculation (ref.lé).

(ii) The second part of the Hamilton operator (5) creates both an information loss on the
nuclear structure of the compound nucleus and an information gainm on the nuclear struc-
ture of the open channels, i.e. on the nuclear structure of the target and residual nu-

clei.

(iii) At high level density, two types of motion of the nucleons exist simultanecusly: a
motion in long-living states which are near equilibrium, and a metion in short-living
states which are far from equilibrium. The long-living states are excited in nucleon
induced reactions with a small probability whiie the short-living ones are excited with
a-high probability. Furthermore, the reaction via the short-living states is very fast.
Due to their large widths, these states overlap the long-living states; and the nucleus
behaves more or less as a whole.

(iv) From the point of view of the compound nucleus, the nucleons mave chaotically in long-
living states at high level density. These states appear in the cross sestion as fluc-

tuations around an average value.

(v) From the point of view of the target and residual nuclei, the motion of the nucleons
at high level density of the compound nucleus is represented by a regular motion of all
but one nucleon in the average field of the target and residual nuclei, respectively.
The average value of the cross section is de{ermined by the scattering of a nucleon in
the field of the target nucleus as a whole.

(vi) The numerical results show that order out of chaos takes place only in the open guan-
tum meohanical nuclear system. In a closed system, there are no forces to introduce
a new order. If the equilibrium state is reached in a closed system, it can exist a

long time without any distortion.

(vii) There exists a strong correlation between the finite lifetime of the states near
equilibrium in an open system and the formation of states far from equilibrium. In the
states far from equilibrium, the target nucleus behaves as a whole, i.e. the many-body
aspects play a subordinate role in the P + Q space.

(viii) The finite lifetime of the nuclear states creates an irreversibility on a microscopic
level. This irreversibility continues to exist at high level density although the main
process (scattering of a nucleon on a target nucleus) is, of course, reversible.

Although most of the discussed results are very well known in nuclear physics for a long time,
a direct experimental test has yet to come (for a detailed discussion see refB). The most
direct way is to investigate the lifetime of the compound nucleus states in dependence on the
excitation energy and the correlations between the resonance amplitudes. In both cases,
deviations from the assumptions of standard -nuclear reaction theory result if the nucleus is
considered as an open system, i.e. if the feedback of the final state (consisting of the
final nucleus and a nucleon) on the decaying state (in the compound nucleus) is considered.

In this paper, only nuclecon channels have been considered. The results hold, however,.in an
analogous manner also for, e.g., alpha particle channels and for the coupling to the electro-
magnetic field.
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STATISTICAL PROPERTIES OF DECAYING STATES

V.V.. Sokolov, V.G, Zelevinsky
Institute of Nuclear Physics, 630090 Novosibirsk, USSR

Using the general phenomenologlcal description of resonance reactions in terms of the
nonhermitian Hamiltonian ’3{3 H--z-l" » the statistical properties .of decaying states are
analyzed as a generalization of Wigner-Dyson statistical spectroscopy. The hermitian
part H is assumed to belong to GOE of N x N orthogonm random matrices. Statistical
properties of r‘ having matrix elements r Am A are determined through Gaussian

- . /28 ;b ab a
independent random amplitudes Am for open channels a=1y...,k }(Am An> = § 6mn7 /N, A
Due to the algebraic structure of T‘ for k<N there exist only k nonzero eigenvalues of [0

i

The distribution function for complex energies gn = En -5, (eigenvalues of }Q ) is

found. It reveals the quadratic repulsion N]fn -gm‘2 at small distances in accordance
to the T-noninvariance of decaying systems. Linear repulsion of level energies E, at

spacings less then the widths is removed.
A
In the case of strongly overlapped resonances algebraic properties of I" become decisive

generating k "collective" rapidly decaying states {k<N) which absorb the total width
?r ", Similar picture has been observed in numerical calculations by I. Rotter. The
‘complex level deunsity S (&, ) and the average S~matrix are obtained.

The conclusion is that the level statistics of unstable systems differs significantly
from that of stable systems at I'/D~1 the phase transition takes place and the system
gets into the strong overlap regime with quite different collective behaviour.

_First results are published in Proccedings of Kiev Conference on Neutrou Physics
(September 1987), and submitted for publication to Phys. Lett, B.
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STATES WITH FIXED EXCITON NUMBER AND PARITY IN ODD - A NUCLEI

W. Augustyniak
Institute for Nuclear Studies, Nuclear Reactions Department, Warsaw, Poland

Abstract

The densities of states of doubly even nuclei at high excitation energy are very well
described within frame of BCS theory with finite {temperature, A possibility to include
into the calculations a realistic set of simple particle states makes the results more
credible /2,3,4/. The results are very semsitive to sequences and energies at single
particle states as well as to the pairing forces; as opposite to quedrupole - quadrupole
forces /5/. The quadrupole - gquadrupole forces do not alter significantly the results;
thus the free quasi - particles model seems to describe properly the density of states at
high excitation energy. Application of BCS theory with finite temperature and the Moante -
Carlo method has allowed to predict the parity and exciton number distributions /6/. For
the odd - A nuclei the level density has been successfully reproduced by means of intro-
ducing of a proper shift of the excitation energy to the level density of neighbouring
doubly even nuclei /4,7/. The fact that the level density in odd - A nuclei is well
reproduced by shift of the excitation energy scale is rather a good prescription than
transformation of properties of doubly even systems into odd ones, Here the blocking
method given in ref. /3/ has been used to describe the properties of odd - A nuclei.
Additionally, the Pauli principle has been taken into consideration.
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