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Foreword

The present report collects 14 scientific and technical papers presented at the 1st Re-
search Co-ordination Meeting on "Measurements, Calculations and Evaluations of Pho-
ton Production Data" held in Bologna, Italy, 14-17 November 1994. The papers, deal-
ing with various aspects of photon production data in low-energy neutron induced
reactions, are subdivided into 3 categories as indicated in the title of the Meeting.

Initial 5 papers are devoted to measurements of basic photon production data in three
incident neutron energy regions. In the 1-4 MeV region, a high-accuracy measurement
of the discrete 7 ray production on s6Fe needed for improved reactor pressure vessel
surveillance dosimetry is proposed (Oak Ridge). In the 14 MeV region, experimental
database of discrete photon production cross sections in light nuclei is analyzed (Ob-
ninsk), and measurements of production of discrete gamma lines in light nuclei are
reported (Bratislava). In the 10-200 MeV region, the measurement is described of
discrete 7 lines motivated by the need to test nuclear model calculations as a function
of increasing neutron energy (Vienna/Los Alamos), complemented by a short overview
on the current 7 production measurements at the white neutron source (Los Alamos).

Next 5 papers are devoted to calculations. They are concerned with the modelling
of high-energy (> 10 MeV) 7 rays, a missing step in achieving a complete picture of
the physics underlying 7 emission. Inclusion of the high-energy region is expected to
be important for future evaluations in which the prediction of 7 spectra over a broad
range of incident-particle and 7 energies is required. Recent significant improvements
in the Direct Semidirect model (DSD) are reflected in 4 papers. Extension of the
DSD model to transitions to unbound states (Livermore) is followed by papers on
analogy of the coherence in the semidirect term to that of the Dicke superradiance
(Ljubljana), phenomenological separation of the DSD and multistep parts of capture
cross sections (Obninsk), and importance of angular distributions in interpreting cross
sections for high-energy 7 production (Ljubljana). The last theoretical paper is devoted
to developments in the preequilibrium exciton model for 7 emission and testing the
spin-dependent code PEGAS (Bratislava).

Concluding 4 papers are devoted to compilation, evaluation and benchmarking ac-
tivities. An update of the compilation of the gamma-ray strength functions (Pet-
ten/Vienna) is followed by an overview of evaluated photon production data in JENDL-
3.2 (Tokai-mura), and benchmarking of neutron-induced photon production data for
iron as measured at 14 MeV and compared with Monte Carlo transport calculations
using the European Fusion File EFF-1 (Dresden). The last paper is devoted to bench-
marking of photon production data in the evaluated files JENDL-3.2 and FENDL-1
with an important assessment of the quality of these files (Tokai-mura).

Vienna, 15 March 1995 Pavel Oblozinsky





PRECISION MEASUREMENT OF 56FE
CROSS SECTION FOR THE 846-keV
GAMMA TRANSITION AND FOR En
BETWEEN THRESHOLD AND 4 MeV*

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830 USA

Abstract: An experimental system is described which is
designed to provide accurate cross section measurements of
the production of the 846-keV gamma ray due to inelastic
neutron scattering by S6Fe. Six aspects of the measurement
are considered: (a) precision determination of the incident
neutron flux; (b) gamma-ray detection resolution; (c)
incident neutron energy determination; (d) interacting
neutron-energy resolution; (e) counting rates; and (f)
multiple scattering and attenuation corrections. For
precision determination of the incident neutron flux, a
simultaneous measurement of the 478-keV gamma ray from the
10B(n,oc)7Li reaction is proposed, since this reaction cross
section has been recently determined to a precision of 2-4%
for incident neutrons up to 4 MeV. A large-volume intrinsic
Ge detector is proposed for gamma-ray detection; the Oak
Ridge Electron Linear Accelerator will provide a pulsed
neutron beam. Measurements under actual operation will be
necessary to optimize counting rates and incident neutron-
energy resolution. Multiple scattering and attenuation
corrections will be determined using a modification of the
documented Monte Carlo code SCINFUL; needed cross sections
will be taken from evaluation, or, in the case for the cross
section for the 10B monitor reaction, from recent
experimental results.

'Research Sponsored by the Office of Energy Research,
Division of Nuclear Physics, U. S. Department of Energy,
under contract DE-AC05-84OR21400 with Martin Marietta Energy
Systems, Incorporated.



Motivation: From Fu, et al.,' "The 56Fe(n,n') cross section
exciting the 0.847-keV level up to an incident neutron
energy of 5 MeV is known to about 5% - 10%, but an accuracy
of 2% is needed for reactor pressure vessel surveillance
dosimetry."

Status: An indication of the problem is shown in figure 1,
taken from a report by Smith.2 At least part of the
apparent substantial "discrepancies" exhibited in this
figure is due to a very pronounced resonance-like structure
in the inelastic scattering excitation function as indicated
in figures 2 and 3. In these figures measurements by Voss3

(shown by the shaded results) are compared with the
evaluated1 excitation function for the total cross section
and for two different incident-neutron energy regions.

Proposed experiment: A tested intrinsic-Ge detector based
system will be used. The detector size is "25%" with 1.7
keV resolution at 0.85 MeV gamma energy. The ratio of the
detector efficiencies at gamma-ray energies of 0.48 and 0.85
MeV will be determined in situ with an expected uncertainty
of 1% (or better). A pulsed white-source incident neutron
spectrum will be used; incident neutron energy calibration
will be checked using known resonances in Al and C.
Incident neutron flux will be monitored by measuring the
0.48-MeV gamma ray from the loB(n,oe)7Li reaction and using
the recently reported cross sections of Schrack, et al.*
Already prepared is a self-supporting sample of an iron-
boron alloy, using iron of natural enrichment, but using
boron enriched to 92.4% in the isotope 10B. Corrections for
multiple scattering and neutron attenuation will be
calculated using a modification of the Monte Carlo program
SCINFUL.5

Guidance from the CRP:

Problem-, it appears that data for very high resolution
in neutron energy cannot be obtained with a
high accuracy for all data points within the
time frame of the CRP.

Request: What resolution in neutron energy is needed, and
are there regions of incident neutron energy
deemed to be the more important regions.
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Figure 1. Compilation of measurements of the cross section for
excitation of the 846-keV level in iron as of 1976 (Smith, ref. 2)
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Figure 3. Measured excitation function (Voss, ref. 3) for the 846-
keV gamma-ray compared with the ENDF/B-VI evaluation (ref. 1) for the
TOTAL cross section.
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DISCRETE PHOTON PRODUCTION CROSS SECTIONS IN LIGHT NUCLEI

AT 14MeV NEUTRON ENERGY.*

S.P.Simakov

Institute of Physics and Power Engineering
249020 Obninsk, Kaluga Region, Russia

Abstract

The aim of the paper is to examine the status of the

experimental data on discrete gamma-ray production cross

sections via (n.xy) reaction for light nuclei (Z<20) at 14MeV

incident neutron energy. From this point of view, the available

experimental cross sections for most prominent gamma transitions

measured by high resolution in-beam technique were summarized in

the report. This experimental base was analyzed to estimate the

actual uncertainty of experimental results, and to find out the

nucleus and/or transitions for which the measurements are too

scarce and controversial.

The ENDF/B6 library was checked as well to search whether

the discrete photon production cross sections are presented

there and how they agree with known experimental data.

The attempt was made to obtain the qualitative requirements

arose from fusion reactor technology, geology, medicine and

other needs.

As a final goal, the conclusions for what nuclei the

further experiments and evaluations are of primary importance

were made.

Frames of survey

Neutron induced gamma-ray production cross-sections are

needed for design of nuclear plants, thermonuclear reactors,

neutron therapy, geology and other applied neutronics works.

Besides practical importance, they provide valuable information

•) This work is done under Research Contract No 7809/RB
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base for understanding the nuclear structure and neutron

reaction mechanisms.

Despite the last years trend in gamma-ray production

researches toward the higher incident neutron energies, the

14WeV point is still continuing to be of high importance. This

incident energy experimental data are a good "reference" point

for experiment and theory, in which measuring techniques and

model parameters can be checked and compared. This is why we

restricted the present survey by the experiments made with

neutrons in the vicinity of 14MeV energies (see Table 1). These

measurements have been performed usually at neutron generates or

sometimes at linacs which produce the white neutron spectrum. In

the last case the experimental data were selected or

interpolated from bins near 14tteV.

Table 1. The frames of the review.

Target nucleus charge I < Z £ 2O

Neutron incident energy 14. 1 - 14.9 WeV

Gamma production processes Prompt, Prompt-"-Delayed

Gamma-transitions Resolved

Gamma-ray detectors Ge(Li), HPGe, Nal(Tl)

Time Frames of Experiments Sixties - Up today

The energy resolution of ^-ray detectors is not always

adequate to extract cross sections for individual gamma-rays

lines. This is why we restrict our survey by most intensive

transitions to exclude the factor of large admixture of other

lines. For the same reason we exclude experiments performed

before 1960 year.

The measurement technique used for photon production

measurements is in-beam spectroscopy. Sometimes it is

supplemented by time of flight selection of gammas from fast

neutrons in those experiments where pulsed 14MeV neutron source

is available. In last case only prompt part (emitted in the time

window usually of dozens nanoseconds) of total production cross

section is detected. This is why we distinguish between prompt

and prompt+delay data.
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Photon production cross sections needs

The different branches of science and industry have its own

specific request.

The fusion reactor technology needs different types of

nuclear data, in particular, photon production reactions

relevant to transport of radiation and heat generation in

shielding, magnet and other structure elements. It vas stated

that for some nuclei these data have not yet adequate status

£1,23. The list of light nuclei, for which photon production

cross section with definite accuracy are requested, are

presented in the Table 2.

Table 2. Required accuracy of photon production cross-sections.

Field of Application Elements Accuracy needs References

Fusion Technology

Neutron Therapy

Geology and Mining

Planetary y-rays 0, Mg, Al, Si, Cl,Ca Not adequate [6]

Optimization of neutron therapy requires photon production

cross sections for better solution next problems: 1) the

selection of sources reaction for neutron production, 2) the

design of collimators and shields, 3) the calculation of

absorbed dose. The corresponding elements Z31 are listed in the

Table 2 as well.

Nuclear techniques are widely used for fast,

nondestructive, multielemental analyses of geological samples.

The most abundant elements, which constituent 95% of atomic

elements in the vicinity of earth's crust are the atoms with Z <

15. The different nuclear techniques, used for elemental

analysis, require the accurate knowledge of photon production

cross sections induced by 14MeV neutrons 14,53.

The spectroscopy of cosmic y-ray produced by interaction of

neutrons with planetary objects is a perspective tool for

determination the composition, origin, evolution and present

state of those objects. Discrete gamma lines from neutron

nonelastic-scattering reaction on most abundant elements

Li, Be, C

H, Be, C,

H, C, N, 0
Si, P, Cl

,0

N,

,F

, F, Al,

0, Ca

, Na, Mg
,Ca

Si

, Al,

5-15%
47.

Not adequate

Cl,

Cl,

C4,

2]

3]

53
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(H,0, Hg, Al, Si,Cl) has not yet adequate status for this

applications [63.

Photon production experimental and evaluated data

The experimental data on production of most prominent

y-rays are collected in the Table 3. The data were collected

either from original works or EXFOR Library (CINDA issues up \o

1992 year was used as a guide). The gamma rays energies,

producing reaction, decay scheme and speed of process (prompt,

delayed or sum) are listed in the columns 1-4. The next ones

show the experiment's parameters (incident neutron energy, range

of angle, y-ray detector), measured cross sections, first author

of the work and year of publication. Table 3 shows that most of

data were measured at one emission angle. In that case total

production cross section, listed in the table, are those

calculated by multiplying the measured one by An.

To estimate the achieved experimental accuracy, the average

photon production cross section and mean square deviation of

experimental results for every y-ray transition are presented in

the Table 4. For several transitions we have large enough

statistical ensemble: number of experiments exceeds 5, thus the

actual cross section and data scattering (mean square deviation)

could be well estimated. But for many other f-rays there are few

or only one measurement. In the last case the cross section and

uncertainty of this experiment are listed in Table 4.

It have to be noticed that for Phosphorus there are no

experimental data on discrete gamma production cross sections.

Since gamma yield is angular dependent, the data measured
o oat angles different from 55 and 125 were corrected to obtain

accurate magnitude of integral cross section (corresponding

cross sections are denoted by asterisk). The experimental

information on y-rays angular distribution was used for this

procedure.

For some nuclei the difference of incident neutron energies

(from 14 to ISHeV) could be additional source of discrepancy.

This is illustrated in Fig.1, where production cross section of

4.44MeV gammas in C(n,n') reaction is shown. In contrary to

ENDF/B6, which predict 25% decreasing, experimental data do not
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clearly agree with this the tendency.

The different components of 1779keV y-ray from Si(n,n'y)

reaction vere independently measured: prompt one (387±30mb),

delayed (32±16mb) and sum <614±25tnb>. It is seen that they

contradict each other, even taking into account the uncertainty.

Evaluated data from ENDF/B6 library are shown in the Table

4 as veil. It is seen that for some light elements No Discrete

/'-ray Data (NDD) are presented there - continuous smooth photon

energy spectra from all /'-rays producing reactions are only

available from File MF=15 (photon spectrum), Section MT=3

(non-elastic scattering) for these nuclei. The extracting of

discrete photon production cross section could result in to

large error. For other nuclei or particular reactions No Data

(ND) at all are presented or they are cut at low incident

neutron energy.

Next column presents deviation (in percents) of ENDF/B6

prediction from average experimental results. Only for several

/--lines (4439keV from C(n,n'), 3684keV from O(n,a), 1809keV from

Al(n,d>, 1779keV and 2839keV from Si(n,n')> both the scattering

of experimental results and deviation of ENDF/B6 are less then a

fev percent, that meet the needs stated by applications. For

other nuclei the spread of experimental data and accuracy of

ENDF/B6 prediction have order of dozens percents. It means that

these data status is not adequate.

For illustration, the range of experimental uncertainty for

selected /—rays transitions in each nucleus is shovn in Fig.2.

Upper point means maximum uncertainty, low - minimum, which are

listed in Table 4 for given element. Dashed curves show the

typical range of requested uncertainties (4-15%). Fig. 2

demonstrates that accuracy of about half of the experimental

data exceeds the level of needed requirements.

Conclusions

The published works and experimental information on

discrete y-rays production in light nuclei by 14HeV neutrons

were reviewed and collected. This data base has shown:

- 10% of compiled /--ray transitions were measured in more than 5

independent experiments, 35% - only in one, for Phosphorus the
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discrete photon production cross sections are unknown;

- The uncertainty ascribed by authors (order of a few percent)

usually less then discrepancies between different experiments

< dozens percents);

- Suggesting that spread of experimental data is the actual

experimental uncertainty, one can conclude that requested

uncertainty (4-15%) is achieved only for 4439keV transition in

carbon, 1779keV - in silicon, 3736keV - in calcium and for some

transitions in boron. Whereas for majority of y-rays transitions

and nuclei either the data were obtained only in one experiment

or discrepancy between known experiments too large to meet the

requested accuracy.

Comparison of ENDF/B6 evaluated data with experimental ones

resulted to the next conclusions:

- For some nuclei/reactions the discrete y-ray production cross

sections are not presented in ENDF/B6 at all or included in the

total gamma rays emission spectra. Extraction of cross section

for particular transition sometimes may be incorrect procedure.

- The disagreement of ENDF/B6 evaluated data with measured ones

usually has an order of dozens percents, which exceeds the

needed requirements. Only for some y-raya transition, ENDF/B6

library predicts with more then 10% accuracy the experimental

cross sections, which were measured in several independent

experiments: 478keV from Be(n, t>, 4439keV - C(n,n'), 2742keV -

0(n, n'), 3684keV - 0(n, a), 844keV - Al(n, n'), 1809keV - AKn, d),

1779keV and 2839keV - Si(n,n').

In the present work we analyzed the status of experimental

and evaluated data for the most intensive y-rays transitions in

light nuclei at 14 HeV incident energy. To meet requirements,

arising from different applications, further experimental

researches and evaluations for many of these transitions are

still needed.
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Table 3. Photon production cross sections in light nuclei.

E,keV Reaction Transition Speed E,HeV Angle o, mb Detector Author Year

3-Lithium (7 - 92.55C, 6 - 7.5X)

478 7Li<n,n')7Li 478 •• 0 p 14

3562 6Li(n,n')6Li 3562 -» 0 p 14

0-180 19± 3 NaKTl) Bezotosny 1976

0-180 .11 +.05 NaKTl) Bezotosny 1976

4-Berylliu» (9 - 100X)

478 9Be<n,t)7Li

478 10B<n,ei)7Li

71810B(n,n')10B

1022 10B(n rn')10B

3368 10B(n,p)10Be

478 11B(n,na)7Li

2125 UB<n,n')nB

478

478

718

1740

3368

478

2125

-» 0

-• 0

-> 0

-> 718

-» 0

-• 0

-» 0

P 14
14.2

5-Boron-10

P

P

P

P

14.8

14.2
14.8

14.2
14.8

14.8

5-Boron-ll

P

P

14.2

14.2

0-180
90

55

125
55

125
55

55

125

125

2±.
9±

34 ±

28 ±
31 ±

3±
9±.

21±

23±

4. 5±

5
3

3

3
2

1
5

1

5

1

HaKTl)
NaKTl)

Nal, Ge

HPGe
Hal, Ge

HPGe
NaI,Ge

Nal, Ge

HPGe

HPGe

Bezotosny
Drake

Nellis

Dickens
Nellis

Dickens
Nellis

NelliE

Dickens

Dickens

1976
1978

197C

1988
1970

1988
1970

1970

1988

1988

12 12
4439 C(n,n') C

6-Carbon (12 - 98.9X, 13 - 1.1X)

4439 14.1
14.9
14.2
14
14.2
14.8
14.1
14.7
14
14.1
£14

30-150
90

45-130
0-180
125
90
90
90

30-160
30-150

180+ 7
159110
188± 3
255 ±26
168 ±20
152 ±20
121 ±20
165±17
133±17
232 ±18
249±28

Ge
Ge(Li)
NaKTl)
NaKTl)
Ge(Li)
Ge(Li)
Ge(Li)
NaKTl)
NaKTl)
NaKTl)
Nal

Hurata
Hongyu
Drake
Bezotosny
Rogers
Martin
Clayeux
Engesser
Bezotosny
Stewart

1988
1986
1978
1976
1975
1971
1969
1967
1966
1964

Benvenistel960
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Table 3. (continuation).

£,keV Reaction Transition Speed E,HeV Angle o, mb Detector Author Year

7-Nitrogen (14 - 99.63X, 15 - 0.372)

2313 14N(n,n')14N

3684 14N(n,d)13C

4445 14N(n, oc)UB

7029 14N(n,n')14N

2313

3684

4445

7029 -

14.7 125 47± 6 Ge(Li) Rogers 1975
14.8 55 39± 5 Nal(Tl) Tucker 1970
14.8 90 34± 7 Anticoi Morgan 1969
14.7 90 59±11 NaKTl) Engesser 1967

14.7 125 33± 5 Ge(Li) Rogers 1975
14.8 55 38± 5 NaKTl) Tucker 1970
14.8 90 25± 5 Anticoi Morgan 1969
14.7 90 34±11 NaKTl) Engesser 1967

14.7 125 37± 6 Ge(Li) Rogers 1975
14.8 55 64± 8 NaKTl) Tucker 1970
14.8 90 37± 7 Anticoi Morgan 1969
14.7 90 63±13 NaKTl) Engesser 1967

14.7 125 26± 5 Ge(Li) Rogers 1975
14.8 55 30± 4 NaKTl) Tucker 1970
14.8 90 11 ± 2 Anticoi Morgan 1969
14.7 90 60±20 NaKTl) Engesser 1967

8-0xigen (16 - 99.76X, 17 - 0.04X)

2742 160<n,n')160

3684 160(n, a)13C

3854 160(nfa)
13C

6130 160<n,n')160

8872 -» 6130 p 14.8 90
14.8 55
14.0

3684

3854 -»

6130

p 14.8 90
14.3 125
14.8 55
14.7 90

p 14.8 125
14.8 90
14-16 125
14.7 90

p 14.8 125
14.8 90
14-16 125
14.8 55

6130 160<n, p)16N</3~)160 6130 0 7s

6130 160(n, n'-p/5")160 6130 -> 0 p*d 14.7 90
14

7117 -• 0 p 14-16 125
14.7 90
14.8 90

7117 160(nrn')
160

33± 7 Antico
27± 3 NaKTl)
142±25 NaKTl)

Morgan 1971
Tucker 1969
Bezotsny 1966

53±11 Antico Morgan 1971
41±21 Ge(Li) Orphan 1970
84±10 NaKTl) Tucker 1969
69±14 NaKTl) Engesser 1967

60±44 Ge(Li)
33± 7 Antico
18± 9 Ge(Li)
32± 6 NaKTl)

Yamanoto 1978
Morgan 1971
Orphan 1970
Engesser 1967

137±40 Ge(Li) Ya»a»oto 1978
116±23 Antico Morgan 1.971
84±17 Ge(Li) Orphan 1970
97±12 NaKTl) Tucker 1969

153±15 NaKTl) Engesser 1967
260±42 NaKTl) Bezotosny 1966

33±10 Ge(Li) Orphan 1970
63±13 NaKTl) Engesser 1967
25± 5 Antico Morgan 1971

9-Fluonne (19 - 1007.)

197 19F(n, n')19F 197 -> 0 89ns 14.9 55-140 137± 9 Ge(Li) Hongyu 1994
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Table 3. (continuation).

E, keV Reaction Transition Speed E,HeV Angle a, ab Detector Author Year

440 23Na(n,n')23Na

1275 24Na(ni,d)22Ne

23 23
1636 Na(n,n') Na

11-Sodiun (23 -100JC)

440 -» 0 p 14.8 125
14.6 30-150
14.2 30-150
14.7 90
14.1 30- 90

1275 -» 0 p 14.8 125
14.6 30-150
14.2 30-150
14.7 90

596 ±72 Ge(Li)
329+25 Ge(Li)
440+37 HaKTl)
496±50 NaZ(Tl) Engesser
463+56 HaKTl) Martin

Yanamoto 1978
Degtyarev 1977
Abbondano 1973

1967
1965

2076 -> 440 14.8 125
14.6 30-150
14.2 30-150

175±29 Ge(Li) Yanaaoto 1978
146+11 Ge(Li) Degtyarev 1977
198 ±23 NaKTl) Abbondano 1973
183±31 NaKTl) Engesser 1967

303±43 Ge(Li) Yamanoto 1978
110±10 Ge(Li) Degtyarev 1977
166±23 NaKTl) Abbondano 1973

1636 23Na<n,n'*p/?")23Na 2076 -» 440 p*d 14.7 90 236±24 NaKTl) Engesser 1967

24 21
350 Hg(n,a) Ne

12-Hagnesiun (24 - 79X, 25 - 10X, 26 - 11%)

350 •* 0 p 14.1 90 146±48 NaKTl) Engesser 1967

472

1369

472

844

844

844

24Hg<n,
24!ig(n,

27

27Al(n,

27., ,
Al(n,

27.,,AKn,

P>

n'

a)

n'

P>
n'

24Na

>24ng

24Na

)27A1

27Hg(/9)27Al
- 27*pft ) Al

472 -»

1369 -

0

0

20»s

P

13-Aluniniun

472 ••

844 t

844 ->

844 -»

0

0

0

0

20ms

P

10s

p+d

14.7

14.2
14.2
14.1
14.7
14.1
14.1

(27 -

14.9
14.8

14.7
14.9
14.1
14.1

14.9

14.9
14.8
14.7
14

90

90-130
30-150
55,90
90

30-90
50-160

100X)

55-140
125

125
55-140
30-150
125

55-140

55-140
125
90

131 ±26

364 ±38
628 ±66
387±15
388 ±39
619±60
619±32

51± 3
88 ±11

35± 5
23± 1
26± 2
57± 6

47± 2

70± 2
97 ±15
88 ±18
102±13

NaKTl)

NaKTl)
NaKTl)
Ge(Li)
NaKTl)
NaKTl)
NaKTl)

Ge(Li)
Ge(Li)

HPGe
Ge(Li)
Ge
Ge(Li)

Ge(Li)

Ge(Li)
Ge(Li)
NaKTl)
NaKTl)

Engesser

Drake
Abbondano
Grenier
Engesser
Hartin
Stewart

Hongyu
Yaaaaoto

Hlavac
Hongyu
Hurata
Clayeux

Hongyu

Hongyu
Yaaaaoto
Engesser
Bezotosny

1967

1978
1973
1973
1967
1965
1964

1994
1978

1994
1994
1988
1969

1994

1994
1978
1967
1966
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Table 3. (continuation).

E, keV Reaction Transition Speed E,HeV Angle a, mb Detector Author Year

1014 27Al(n,n')27Al 1014 p 14.7 125 64+ 6 HPGe

1014 27Al(n, p)27Hg(/9)27Al 1014

1014

1809 27Al(n,d)26Mg

1014

1809

0 10m

0 p*d

3004 27Al(n,n')27Al 3004

Hlavac 1994

14.9
14.1
14.1

14.9

14.9
14.8
14.7
14

14.7
14.9
14.1
14.8
14.1
14.7

14.7
14.9
14.0
14.1
14.8
14.2
14.1
14.7
14

55-140
30-150
125

55-140

55-140

125
90

125
55-140
30-150
125
125
90

125
55-140

90
30-150
125

90-130
125
90

59± 2
160+ 5
198+50

25± 2

84+ 3
97 ±13
132+14
92±12

167±15
157± 5
142±12
238 ±26
146 ±38
172±34

99±11
94± 6
102±13
188 ± 8
139±23
96 ±11
155+50
99 ±20
131+20

Ge(Li)
Ge
Ge(Li)

Ge(Li)

Ge(Li)
Ge(Li)
NaKTl)
NaKTl)

HPGe
Ge(Li)
Ge
Ge(Li)
Ge(Li)
NaKTl)

HPGe
Ge(Li)
NaKTl)
Ge
Ge(Li)
NaKTl)
Ge(Li)
NaKTl)
NaKTl)

Hongyu
Hurata
Clayeux

Hongyu

Hongyu
Yamaaoto
Engesser
Bezotosny

Hlavac
Hongyu
Hurata
Yamamoto
Clayeux
Engesser

Hlavac
Honqyu
Drosg
Hurata
Yamaaoto
Drake
Clayeux
Engesser
Bezotosny

1994
1988
1969

1994

1994
1978
1967
1966

1994
1994
1968
1978
1969
1967

1994
1994
1991
1988
1976
1978
1969
1967
1966

14-Silicon (28 - 92.2%, 29 -4.7X, 30 - 3.IX)

585

1779

1779

1779

2839

Si(n,a)

2 8SKn,n'

28Si(n,p)

28Si(n,n'

28Si(n,n'

Jig

)28Si

28Al(/3)
- 28

•p/5 )

)28Si

585 ->

1779 -»

28Si 1779 •

Si 1779->

0

0

* 0

0

4618 ->1779

P

P

2m

p+d

P

14.1
14.9
14.1
14.7

14.9
14.1
14.9
14.0
14.1
14.2
14.2
14.1
14.1

14.9

14.9
14.7

14.1
14.9
14.1
14.7

70,90
90

30-150
90

55-140
70,90
90
90

30-150
90-130
30-150
55,90
30-90

55-140

55-140
90

70,90
90

30-150
90

17± 1
58± 3
36± 3
59±20

407 ±25
344 ±52
488 ±29
412±35
310±25
388 ±46
373+40
293 ±28
471 ±70

232±16

639 ±30
589±59

30± 5
66± 6
48+ 5
67± 8

Ge(Li)
Ge(Li)
Ge
NaKTl)

Ge(Li)
Ge(Li)
Ge(Li)
NaKTl)
Ge
NaKTl)
NaKTl)
Ge(Li)
NaKTl)

Ge(Li)

Ge(Li)
NaKTl)

Ge(Li)
Ge(Li)
Ge
NaKTl)

Lychagin
Guoying
Hurata
Engesser

Hongyu
Lychagin
Guoying
Drosg
Hurata
Drake
Abbondano
Grenier
Hartin

Hongyu

Hongyu
Engesser

Lychagin
Guoying
Murata
Engesser

1992
1991
1988
1967

1994
1992
1991
1991
1988
1978
1973
1973
1965

1994

1994
1967

1992
1991
1986
1967
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Table 3. (continuation).

E, keV Reaction Transition Speed E,HeV Angle a, mb Detector Author Year

15-Phosphorue (31-100)

No discrete j--rays experimental data

32 29
1273 S(n,a) Si

32
2028

2230 S(n,n')

4460
32 32

16-Sulphur (32 - 95%, 33 - 0.75%, 34 - 4.21%)

1273 -» 0 p 14.2 30-150 179±21 Nal(Tl) Abbondano 1973

14.7 90 113±13 Nal(Tl) Engesser 1967

2028 -» 0 p 14.2 30-150 115126 NaKTl) Abbondano 1973

2230 -» 0 p 14.2 30-150 278143 NaKTl) Abbondano 1973
14.7 90 192120 NaKTl) Engesser 1967
14.1 30-90 332150 NaKTl) Martin 1965

4460 -> 0 p 14.7 90 9% 119 NaKTl) Engesser 1967

17-Clorine <35 - 75.8X, 37 - 24.2X)

1219 35Cl(n,n')35Cl

1727 37Cl(n,n')37Cl

1763 35Cl(n,n')35Cl

2127 35Cl(n,d)34S

1219 -•

1727 ->

1763 •+

2127 -,

0

0

0

0

P

P

P

P

14.7

14.8

14.8
14.7

14.8
14.7

90

125

125
90

125
90

96120 NaKTl) Engesser 1967

289189 Ge(Li) Yanamoto 1987

158143 Ge(Li) Yananoto 1987
82116 NaKTl) Engesser 1967

332179 Ge(Li) Yananoto 1987
215123 NaKTl) Engesser 1967

1677 41K(n,n')41K

2168 39K(n,d)38Ar
39 39

2814 K(n,n') K

19-Potassiun (39 - 93. 3X, 41 - 6.7%)

1677 ->

2168 ->

2814 ->

0

0

0

P

P

P

14.

14.

14.

7

7

7

90

90

90

112111 NaKTl) Engesser 1967

243120 NaKTl) Engesser 1967

102120 NaKTl) Engesser 1967

20-Calciu» (40 - 96.9, 42 - 0.7X, 43 - 0.1%, 44 - 2. IX, 48 - 0.2X)

770 40Ca(n,p)40K

892 40Ca(n,p)40K

1614 40Ca(n,p)40K

3736 40Ca(n,n')40Ca

800 •*

892 -t

644 -»

736 -•

30

0

30

0

P

P

P

P

14.

14.
14.

14.
14.

14.
14.

7

1
7

1
7

1
7

90

90
90

90
90

90
90

70115 NaKTl) Engesser 1967

31110 Ge(Li) Grenier 1973
60113 NaKTl) Engesser 1967

29110 Ge(Li) Grenier 1973
681 8 NaKTl) Engesser 1967

109128 Ge(Li) Grenier 1973
113123 NaKTl) Engesser 1967
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Table 4. Average photon production cross sections at 14HeV.

Reaction.

Li(n,n' )
(n, n' )

Be(n, t)
10B(n, a)

(n, n' )
(n,n')
(n, p)

B(n, na)
(n,n' )

C(n,n' )

N(n, n' )
(n, d)
<n, a)
(n,n' )

O(n,n' )
(n, a)
(n, a)
(n, n' )
(n,n'+p)
(n, n' )

F(n,n' )

Na(n,n')
(n,d)
(n,n' )
(n,n'+p)

Kg(n, a)
(n, p)
(n, n' )

AKn, a)
(n,n')
(n, p)
(n,n* +p
(n,n' )
(n, p)
(n,n'+p
(n, d)
(n,n* )

Si(n, a)
(n, n' )
(n,p)
(n, n' +p
(n,n' )

E,
keV

478
3562

478

478
718
1022
3368

478
2125

4439

2313
3684
4445
7029

2742
3684
3854
6130
6130
7117

197

440
1275
1636
1636

350
472
1369

472
844
844

) 844
1014
1014
)1014
1809
3004

585
1779
1779
)1779
2839

No

Exps

1
1

2

1
2
2
1

1
1

10

4
4
4
4

3
4
4
4
2
3

1

5
4
3
1

1
1
6

2
4
1
4
4
1
4
6
9

4
9
1
2
4

a, mb
Experim ENDF/B6

191 3 (16%)
.111.05(45%)

5. 513.5(64%)

341 3 ( 9 % )
28. 511.5 ( 5%)

61 3 ( 5%)
211 1 ( 5%)

231 5 (22%)
451 1 (22%)

216+33(15%)*

45111(24%)
331 5(17%)
50115(31%)
32121(64%)

67165(96%)
62119(30%)
36118(49%)
109+23(21%)
207154(26%)
40120(54%)

1391 9( 6%)

463+96(21%)*
184131(17%)*
193199(51%)
236124(10%)

146148(33%)
131126(20%)
530+122(23%)

70+20(27%)
35115(44%)
471 2( 4%)
89114(16%)
120170(58%)
251 2( 8%)
101+21(21%)
170+35(21%)
123133(27%)

43120(47%>#
392172(18%)*
32116(50%)

614+25( 4%)
53118(33%)

62
.13

5. 4

ND
32
6.3
22

ND
46

210

51
10
23
24

62
60
33
165

75

184

NDD
NDD
NDD
NDD

ND
ND

282

ND
38

82

159
92

73
361

58

B6-Exp
Exp ' *

+226
+ 18

-2

+ 12
+ 5
+5

+2

-3

+ 13
-70
-54
-25

-7
-3

-23
+51

+ 88

+ 32

-47

+9

-31

-6
-25

70
-8

+9

Request

%

15

4-15

NR

NR

4-10

4

4-1O

15

?

?

15

5-10

ENDF/B6
Status

N

Y

Y

N

N

N

?

9

?

N
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Table 4. (continuation)

P(n,n')
(n,n')

S(n. a)
(n, a)
(n,n' )
(n,n')

CKn, n' )
(n, n' )
(n,n')
(n,d)

K(n, n' )
(n,d)
(n, n')

Ca(n,p)
(n, p)
(nf p)
(n, n' )

E,
keV

1266
2234

1273
2028
2230
4460

1219
1727
1763
2127

1677
2168
2814

770
892
1614
3736

No
Exps

0
0

2
1
3
1

1
1
2
2

1
1
1

1
2
2
2

a, mb
Experim ENDF/B6

ND
ND

144136(25%)*
115126(23%)
276157(21%)
94119(20%)

96120(21%)
289189(31%)
120138(32%)
274159(22%)

112111(10%)
243120( 8%)
102120(20%)

70115(21%)
46115(32%)
49120(40%)
1111 2( 2%)

150
150

NDD
NDD
NDD
NDD

0
0
0

ND

NDD
NDD

0

45
23
9

161

B6-Exp
Exp '

-100
-100
-100

-100

-36
-50
-82
-45

Request ENDF/B6
% Status

? N

1 ?

? ?

? N

4 N

Comments:

NDD - No Discrete Data

ND - No Data

N - No satisfactory status of data

Y - Satisfactory status of data

? - No quantitative asses

• - Cross section are corrected for angular dependence
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350

100-

C(n.n'4.44 - 0)

OOOOO Experiment
ENDF/B6
Exp. Mean and Spread

13 0 13.5 14.0 14.5 15.0 15.5 16 0

Neutron Energy, MeV
Fig.l. Production cross section of 4.44MeV f-rays in

100 :

C

2 •

0
Be N

Li

B

Na AISi

Me

rc
-r-

r
Cl

Experiment
Needs

I J I I 1 I I T I | I | I I I | I | I | 1

) 1 4 k 6 10 12 14 16 18 20 22

Nucleus Charge (Z)
Fig.2. Uncertainty of experimental discrete photon production

cross sections (vertical bars) and requested uncertainties
corridor (dashed lines).
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Production of discrete 7 rays in light nuclei at 14 MeV

S. Hlavac, I. Turzo and L. Dostal
Institute of Physics SAS, 84228 Bratislava, Slovakia

Abstract

Measurement of prompt discrete 7 ray production in interaction of 14.7 MeV
neutrons with light nuclei using associated a particle method is described. Mea-
sured 7 production cross sections are used for reaction cross section determination,
which are difficult to obtain using classical methods. This is demonstrated on re-
action 16O(n,a7)13C, where the product nucleus 13C is stable. Another example is
the reaction 39K(n,p)39Ar, where the half-life of the product nucleus is 269 y. Both
cross sections are important from different aspects for fusion technology. We deter-
mined experimentally 3 7 ray production cross sections in 16O(n,a7) reaction and
8 cross sections in 39K(n,x7) reactions. The 7 ray cross sections in 16O(n,a7) are
used to determine reaction cross section. Importance of theoretical calculations for
reliable determination of the reaction cross section using our experimental method
is stressed.

Introduction
Measurement of 7 ray production in 14 MeV neutron induced reactions is important,
especially when the data are needed for heating and energy balance calculations of fusion
devices. Apart from such direct application, experimental information on discrete 7 ray
production is very useful for testing of physical ideas used in statistical compound as
well as precompound model calculations. This is especially true when importance of spin
variables in different models is discussed [1], because discrete level population is very
sensitive to these variables. Moreover, experimental data of this kind are easily compared
to the theoretical values, therefore they represent stringent test for models ideas.

It seems, that discrete 7 ray production measurement may serve for still another
useful purpose - in estimation of reaction cross sections which are difficult to measure
by conventional means. Reaction cross sections are traditionally measured by activation
method, which requires that the reaction product has a reasonable half-life and decay
mode. The second mostly used method is spectrum method which may be used also in the
case of stable reaction products, because the cross-section is determined counting particles
emitted in the reaction. Here we must be able to uniquely determine the reaction channel,
which is easy when only single channel is opened. The only possibility to determine cross
section of reactions not fulfilling these conditions was opened only recently by accelerator
mass spectroscopy. However, the necessary experimental equipment is rather expensive
and up to now only very few cross sections were measured by this method.
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On the other hand, most fast neutron induced reactions are accompanied by emission
of discrete 7 rays, independent on the properties of the reaction product. Moreover,
discrete 7 rays uniquely determine reaction channel. Therefore, measuring cross section
for discrete 7 ray gives us the opportunity to determine the reaction cross section. The
inconvenience of this method is that we can measure only population of excited levels of
the reaction product. To estimate the total reaction cross section, we have to add to this
cross section a contribution representing direct particle population of the ground state.
In some useful cases, this information is available from some other experiment, otherwise
it must be obtained from a reasonable model calculation.

Here we demonstrate the ability of this method to provide reaction cross section in two
cases, which are important for practical application in fusion technology. First reaction is
16O(n,a)13C with stable reaction product 13C. Cross section of this reaction is important
for experiments on neutron multiplication in fusion reactor blanket, which are performed
in a water bath. To obtain reaction cross section, we combine our 7 ray production data
with the result of spectrum method.

The second reaction is 39K(n,n'p)38Ar, which is important for nuclear waste assessment
[2]. Nucleus 38Ar is also stable, but because there are two open channels (n,p) and (n,n'p)
with Q-values 0.2 and -6.4 MeV, respectively, spectrum methods can neither provide
required cross section. Because of this difficulty, to obtain the required reaction cross
section we have to resort to theoretical methods and calculate the population of ground
state.

Measurements were performed on recently developed system at Institute of Physics
in Bratislava, which is optimized for 7 ray production measurement in 14 MeV induced
reactions. We used this setup earlier for discrete 7 ray production measurements in
reactions on 208Pb [3] and recently also in 27A1, which may be used as normalization
measurements for experiments performed at white neutron source.

Experimental setup

The whole experimental setup is described in detail elsewhere [3],[4],[5], therefore only
short description will be given here. It consists of a continuous 14 MeV neutron generator,
associated a particle system for timing and a HPGe photon detector for discrete photon
measurement. The setup is based on the time-correlated associated particle method and
uses the advantage of strong spatial and time correlations between neutrons and alpha
particles for background reduction.

A beam of magneticaly separated 150 keV D+ ions bombarded a water cooled TiT
target of 4.5 cm diameter. The beam itself was restricted to a diameter of 5 mm by a
diaphragm placed close to the target to define the geometry of the setup. The beam
current at the TiT target was about 50-80 //A. Neutrons were produced in the TiT
target by the T(D,n)a reaction. Associated a particles were detected by a fast plastic
scintillation counter placed at an angle of 135° with respect to the D+ beam. We used
fast plastic scintillator, similar to NE102, with thickness of 100 /xm and a diameter of
2.0 cm. A movable diaphragm with dimensions of 1.5 x 1.5 cm2 at the distance of 37.5
cm from the TiT target determined the solid angle of the a particle detector. Associated
neutrons collimated electronically by a particles flew first through an iron and a concrete
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shielding. This shielding fully separate the neutron source and the photon detector. The
angle between deuteron beam and the axis of collimated neutron beam was 45° resulting
in the mean neutron energy in the cone of 14.7 MeV and an energy spread of about 400
keV. Sample position was fixed at the distance of 270 cm from the TiT target. The size of
the neutron cone at the sample spot was 14x14 cm2, and the samples were always inside
the cone, even taking into account possible shifts of the deuteron beam along the TiT
target. Behind the sample, a NE213 (<f>!2 cm x4 cm) scintillation detector was located to
control the cone position by measuring the ratio of n x a coincidences to single neutrons.

Photons emitted from the sample were registered by a HPGe detector, which was
placed at the distance of 18.7 cm from the sample and an angle of 125° with respect to
the axis of the collimated neutron beam. This angle was chosen to set the second term
in the Legendre polynomial to zero. The detector had a sensitive volume of 244 cm3 and
the FWHM energy resolution of 1.96 keV at the 1332 keV 7-ray energy. The intrinsic
time resolution was rather poor, about 13 ns, due to rather large detector dimensions.
The HPGe detector, with axis oriented perpendicularly to the detector - sample direction,
was surrounded by a tungsten shielding in order to further reduce the background caused
by scattered neutrons. The efficiency of the HPGe detector up to about 4000 keV was
measured with calibrated 152Eu, 24Na sources and uncalibrated 56Co source.

For cross section determination we used always relative method to avoid problems with
absolute neutron flux and photon detection efficiency determination. For cross section
measurements in 1 60(n,a7) reaction we used a powder sample of CrC>3 and measured
cross section relative to the well known 2+ —* 0+ transition in 52Cr(n,n'7) channel. For
cross section of this 7 transition we have taken at 14.7 MeV a value of (695±28) mb [6].

For discrete 7 ray production measurements in the 39K(n,X7) reaction we used mixed
powdered sample of lOOg KOH with 40g metallic Cr and again determined the cross
sections relative to the known 52Cr(n,n'7) cross section.

Results and discussion

In the reaction 1 60(n,a) we determined cross sections of two strong discrete 7 transitions
with energies 3684.4 and 3853.6 keV to be (53.5±5.0) and (224.3±2.2) mb, respectively.
The cross section of a very weak transition of 3053.2 keV was determined as (3.1±0.6)
mb.

Comparison of our results with the literature data are shown in figs. 1 2 The 7 pro-
duction cross section of 3684.4 transition measured in this work is compared with known
experimental data [8] in Fig.l All these data are rather old and majority of them were ob-
tained with low resolution Nal(Tl) detectors. Only 5 measurements were performed using
high resolution Ge(Li) detectors. Of them four older measurements by Orphan, Clayeux,
Nyberg and Yamamoto were handicapped by rather low efficiency of early semiconductor
detectors with the active volume almost one order of magnitude lower than today avail-
able HPGe detectors. Only Nelson offer new data taken with a large Ge(Li), his data
show in the 14 MeV region rather strong energy dependence and their uncertainties are
also fairly large. Other literature data for production of this 7 line show also large spread
between 38 and 62 mb . Our value of 53.5±5.0 mb therefore represents an almost mean
value of the older experimental data.
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Figure 1: Cross section for production of 3684-4 keV 7 transition in the 16O(n,a'j)'l3C
reaction between 12 and 16 MeV incident neutron energy. Our result is compared with
existing experimental data (see list in Ref.[8j). The smooth line is a spline polynomial
connecting evaluated points from ENDF/B-VI.

The origin of the differences is not completely understood. Part of the differences
may be explained because of our improved experimental technique, large HPGe detector
with very good energy resolution and setup with relatively low background. Relative
cross section measurement also removed uncertainties usually connected with absolute
neutron flux and detection efficiency determination. With respect to the evaluated data,
our experimental point is slightly lower than the ENDF/B-VI value of 60.4 mb at 14.8
MeV.

The literature data [8] for the 3853.6 keV 7 line production are summarized together
with our result in Fig.2. The experimental data may be divided into two parts. The first
group scattered around ~30 mb represent the part with less dispersion and lower values.
Measurements by Scherrer and Yamamoto show rather large uncertainties and their values
are substantially higher than the other group. Our measurement supports the former
group with lower cross sections. Origin of the discrepancies is not known. However, the
Scherrer measurement is rather old and was performed with very low resolution Nal(Tl)
spectrometer. The result given by Yamamoto is relatively new, but its uncertainty is
so high that it is even in accord with other measurements. Our experimental value
(24.3±2.2) mb is here again somewhat lower than the ENDF/B-VI evaluation, which
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Figure 2: Cross section for 3853.6 keV 7 transition production in the 16O(n,a.^j)13C re-
action. Our cross section is compared with other literature data [8] and ENDF/B-VI
evaluation between 12 and 16 MeV incident neutron energy. The smooth line is a spline
polynomial connecting points given by ENDF/B- VI.

gives cross section of 32.7 mb at 14.7 MeV.
Total a particle production cross section is given by the sum of all partial level popu-

lations. Naturally, in our method we can not account for direct ground state population.
For the total population of excited states in 13C we get

= <r3684 + = (53.5±5.0) + (24.3±2.2) + (3.1 ±0.6) = (80.9±5.4) mb. (1)

However, using experimental cross section for the ao branch [7] of 17.3±3.4 mb for g.s.
population, we can estimate from our 7 production cross section the total a production
cross section to be

crQ = a,oro + <TQ. = (80.9 ± 5.4) + (17.3 ± 3.4) = (98.8 ± 6.4) mb (2)

This value is lower than the cross section accepted in the ENDF/B-VI evaluation for
the total a particle production, which is 131.7 mb. On the other hand, our value is in
accord with the JENDL-3 evaluation which gives at 14.6 Mev cross section of 99.4 mb.

In the reaction 39K(n,X7) we determined production cross sections for 9 discrete tran-
sitions in reactions (n,n'7), (n.p7), (n,c*7) and (n,n'p7). Our preliminary results are
summarized in the Tab. 1.
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E7(keV)

788.4
1164.7
1267.2
1769.0
1951.0
2167.6
2813.8
3597.6
3680.0

Transition

3+ ^ 2 +
1+ -> 2+

3/2" -> 7/2"
2+ -+2+

2' -+2+
2+-^0+

7/2- -> 3/2+
9/2+ -+ 3/2+

? ^ 0 +

Reaction
39K(n,a7)36Cl
39K(n,ct7)36Cl
39K(n,p7)39Ar

39K(n,n'p7)38Ar
39K(n,a7)36Cl

39K(n,n'p7)38Ar
39K(n,n'7)39K
39K(n,n'7)39K

39K(n,n'P7)38Ar

Cross section (mb)

20.9±2.2
17.3±1.6
19.3±2.2
6.7±1.4
9.7±1.6
193±14

74.4± 5.3
23.2± 2.8

98±10

Table 1: Preliminary values of discrete 7 ray production cross sections in the reactions
39K(n,3Tf) measured at 14-7 MeV incident neutron energy.

Now we compare our experimental results with literature data. We can form from
discrete 7 ray production cross section a reaction cross section keeping in mind 7 decay
properties of product nucleus. It is for instance well known, that for vibrational medium
heavy even-even nuclei the last 2+ —>-0+ ground state transition collects almost the whole
reaction cross section. It is therefore sufficient to measure only this single 7 transition. In
our experiment this situation arises in the reaction 39K(n,n'p)38Ar, where the transition
2+ —>0+ exhausts the whole reaction cross section. The other extreme represent odd-odd
nuclei with many weak ground state transitions. To estimate reaction cross section in such
a case, it is necessary to sum up cross sections of all those transitions. We can find similar
situation in the reaction 39K(n,a)36Cl, where we observed 3 ground state transitions. In
both cases we need to estimate the ground state population by an independent method,
either be another experiment or by a reasonable model calculation. In the last case used
model should well reproduce all partial discrete 7 ray cross sections.

Our experimental value for (n,a7) cross section is sum of all partial cross sections
which give value of (48±3) mb. In Fig. 3 we compare our data with literature data
in the energy region around 14 MeV. Literature data show great discrepancies and are
substantially higher than our data. The only known evaluation JENDL-3 is even higher
than any experimental data. Our results seem to support lower values given by Borman,
which measured a particle production in a KI(T1) scintillation crystal, which served both
as a target and the detector. The population of ground state can't be very high, because
the Q-value of the (n,a) reaction is positive +1.4 MeV and there is no strong energy
limitation. This is further supported by our data, which show that the population of
excited levels at energies 0.788 MeV and 1.95 MeV differ only by a factor of 2. Because
also spins of the low lying excited levels and ground state are similar, we expect that
the g.s. population is of the same order as the population of excited states . It seems
therefore, that the experimental value given by Bass and also the JENDL-3 evaluation
around 14 MeV are too high.

Experimental cross section of 39K(n,xp7) reaction given in Fig. 4 show greater dis-
crepancies. We found 4 independent cross section values, 3 of them obtained by charged
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Figure 3: Cross section of the Z9K(n,a^)36Cl reaction compared with other available ex-
perimental data (see list in Ref. [9]) and JENDL - 3 evaluation.

particle measurement and a single activation value (half-life of 39Ar is 269 y). By mea-
suring emitted protons only as was done in all in-beam experiments it is very difficult
to distinguish between (n,p) and (n,n'p) channels, therefore it seems that these experi-
ments measured rather the sum of both channels than the (n,p) cross section alone. Our
method, where we can uniquely determine the reaction channel shows, that (n,n'p) chan-
nel is dominant. Literature data show rather strong discrepancies. Although older data
of Borman and Alexandrov are in good agreement, they are by a factor of « 3 higher than
the last value of Foland. The sum of our (n,p7) and (n,n'p7) cross sections is within the
quite large error bars of Borman and Alexandrov. In view of these arguments, the (n,p)
activation cross section of Schantl seems to be very high.

In the (n,n'p) channel we determined cross section of the 2+ —• 0+ transition in the
even-even product nucleus 38Ar. It is well known, that this transition in (n,n') reactions
on medium nuclei exhaust approximately 90 % of the reaction cross section. If this is also
the case in our reaction, than our (n,n'p7) cross sections is very close to the (n,n'p) cross
sections. Our experimental value is in rather good accord with JENDL-3 evaluation of
(n,n'p) channel.
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Figure 4: Measured cross sections of (n,py) and (n,n'p~f) reactions on 39K compared with
other available data [9] and JENDL - 3 evaluation. Experimental data of Borman and
Alexandrov represent most probably a sum of both cross sections. The result of Schantl
was obtained by activation method and should refer to the (n,p) cross section.

Conclusions
To summarize, using prompt in-beam 7 ray technique, we measured discrete 7 ray pro-
duction cross section in neutron induced reactions on light nuclei 16O and 39K. Our data
for 7 production 1 60(n,a) reaction are in good agreement with overall mean experimental
values from older experiments. There are no available experimental data on 7 production
in reactions on 39K, where we determined 8 different cross sections.

We used our 7 ray cross sections to determine also the whole 160(n,a)13C reaction
cross section. In addition to our 7 ray production cross section of (80.9±5.4) mb we
used a published value for g.s. population which gave us the reaction cross section of
(98.9±6.4)mb. This value is lower than ENDF/B-VI evaluation, but is in good accord with
JENDL-3. In the literature there are no simmilar data for reactions on 39K, therefore we
are not able to compare reaction cross sections. To do this, we need a reliable theoretical
data on discrete level population. We are prepared to perform these calculations in the
near future using well established statistical model codes like STAPRE or GNASH. We are
in favorable position, because we measured cross sections of several discrete transitions in
4 different reaction channels. This data are sufficient to adjust parameters used in model
calculations.
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We have shown, that from measurement of discrete 7 ray production cross sections
also the reaction cross section can be determined. This is useful mainly in cases, where
the reaction product is stable or very long-lived nucleus. Using discrete 7 ray technique,
which uniquely determine the reaction product may be even used with advantage in cir-
cumstances, where also the spectrum method is not enough conclusive. There are still
several recommendations from activation community [2] for new cross section measure-
ments, where our technique may be used.
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208Pb(n,pxnY) Reactions for Neutron Energies up to 200 MeV
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ABSTRACT

The prompt gamma-radiation from the interaction of fast neutrons with enriched samples of
208Pb was measured using the white neutron beam of the WNR facility at Los Alamos National
Laboratoiy The samples were positioned at about 40 m distance from the neutron production
target The spectra of the emitted gamma-rays were measured with a high-resolution HPGe
detector. The incident neutron energy was determined by the time-of-fhght method and the
neutron fluence was measured with a 238U fission chamber. In addition to the primary purpose
of this experiment, the study of (n,xny) reactions leading to various lead isotopes, gamma
transitions in the residual nuclei 207,205,203,20 l j j w e r e analyzed. From these data gamma-
production cross sections in the neutron energy range from the effective thresholds to 200 MeV
were derived The lines for the analysis had to be chosen carefully as the (n.pnxy) cross
sections are rather small and the interference with unresolved lead lines (even weak ones)
would cause significant errors The effect due to isomers with half-lives exceeding a few
nanoseconds was taken into account and corrected for, if necessary. The measured cross
sections were compared with the results of nuclear model calculations based on the exciton
model for preequilibnum particle emission and the Hauser-Feshbach theory for compound
nucleus decay Unlike the case of (n,xny) reactions the calculated results in general did not
give a good description of the measured cross sections

1. Introduction

One method to measure photon-production cross sections in neutron induced reactions is
the use of a "white" neutron spallation source and high-resolution gamma-ray spectroscopy.
The incident neutron energy is determined by the time-of-flight method and gamma-ray
production cross sections can be measured simultaneously for a wide neutron energy range.
Recently such measurements have been performed at the Weapons Neutron Research facility
(WNR) at the Los Alamos National Laboratory in an energy range covering several hundreds
of MeV. * One of the recent experiments was a study of (n,xnv) reactions on 207,208pb j n m e

neutron energy range from 3 to 200 MeV 2>3 The (n,xny) reactions were analyzed first, as
neutron emission is the dominant reaction channel. Good agreement was found between the
experimental results and model calculations performed with the code GNASH.4 These
calculations are based on the Hauser-Feshbach formalism for compound nucleus decay and
the exciton model for preequilibrium particle emission. Multiple preequilibrium particle

Present address Lawrence Livermore National Laboratory, Ltvermore, CA 94551, U.S.A



40

emission was taken into account and the level density formula given by Ignatyuk5 was used
More details on these calculations can be found in Ref. 2.

The objective of the present work was to identify gamma-rays related to less intense
reaction channels in the already measured spectra. We analyzed 208Pb(n,pxnv) reactions
leading to various isotopes of Tl As our nuclear model calculations can reproduce (n,xnv)
cross sections very satisfactonly, it was the goal of this work to check these calculations for a
weaker channel

2. Experiment

The experiment was performed on the 30° left flight path of the WNR facility and is
described in detail in Ref 2 A schematic diagram of the flight path collimation and shielding
is shown in Fig 1 The isotopically enriched Pb sample (99 56% 208Pb) was mounted at a
distance of 41.48 m from the neutron production target on a thin plastic frame Two high-
punty coaxial Ge detectors with active volumes of approximately 70 cm3 and 140 cm3 were
used at y-ray emission angles of 90° and 125°. The collimators were steel tubes filled with
tungsten powder, because the usual lead shielding emits the same gamma rays as the isotopic
lead targets when excited by scattered neutrons. The detector position of 125° was chosen
because the value of the V2 Legendre polynomial function is zero at that angle The angle
integrated cross section can then be approximated as 4K times the measured cross section at 8
= 125°, provided the coefficients of the higher-order polynomials are small Gamma rays
from Tl isotopes were analyzed in the spectra measured with the 125° detector only.

The neutron energy range from 3 to 200 MeV was divided into 53 groups with increasing
widths according to the energy resolution of the experiment. The neutron flux was measured
with a fission chamber containing a 2 3 8U fission foil centered on the beam at a distance of
37.30 m from the production target The neutron fluence for each energy group was
determined from the two-dimensional (neutron TOF versus fission pulse height) fission
chamber spectra using 238U(n,f) cross sections given by Lisowski et al.6

Collimator

Neutron Bearrw

Fission
Chamber

( 2 3 8 ^ 2 3 5 ^

Fe + Concrete

9 0 (

41 m Flight Path 10m

Figure 1: Experimental setup
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Two-dimensional spectra, neutron TOF versus gamma pulse-height, were recorded for the
Ge detector. The time resolution, determined from the y-ray flash fr°m m e neutron-
production target, varied from 10 ns FWHM for Ey = 200 keV to 5 ns FWHM for E^ = 3 MeV.
The y-ray energy resolution obtained during the experiments was 2.8 keV FWHM at a y-ray
energy of 803 keV.

3. Data Reduction

Gamma-ray transitions considered for the analysis were those with rather large cross
sections (more then about 10 mb in the maximum as predicted by the code GNASH). As even
weak gamma-lines from 208Pb(n,xny) reactions reach such cross section values, it was
essential to select only such Tl-lines which could clearly be separated from the Pb lines in the
gamma-ray spectra. Finally there must also be no interfering background lines, especially
from the tungsten collimator

A major problem in such white source experiments is the presence of isomers with half-
lives exceeding a few nanoseconds in the residual nuclei. When isomers are present in the
cascade preceding the gamma-transitions investigated, the measured gamma-radiation is not
emitted promptly. Such delayed transitions may be detected in this type of experiment but
they cannot be properly correlated with the neutron energy because the measured TOF
includes the decay delay Therefore correction procedures have to be applied to ensure that
the derived cross sections relate only to the prompt emission of gamma rays. Due to the pulse
structure of the WNR-facility, the actual correction procedure depends on the half-life of the
isomer If the lifetime of the isomer is large compared to the duration of a macropulse
(typically 800 us), most of the delayed y-rays (about 98%) would be emitted between the
macropulses when the detector electronics is gated off, and thus will not be counted. If the
half-life of an isomer in the cascade is comparable to the duration of a macropulse, the delayed
y-rays are observed in the measured spectrum with a uniform distribution in time and can be
subtracted as a constant background. The background rate then can be determined from the
measured intensities below the effective reaction threshold. For isomers with shorter half-
lives the delayed contribution to the measured transition can be determined from the time
distributions of the decay of the corresponding isomers. (See Ref. 2 for details). The
applicability of this last method depends on the decay scheme, y-ray intensities and energies of
transitions related to the decay of the isomers. It was not possible to use this method in any of
the Tl-nuclei studied in this work. If the lifetime of the isomer is smaller than the time
resolution of the experiment the delay can be neglected.

According to the decay schemes7 and the y-ray intensities, the transitions listed in Table I
were chosen for analysis Table I also shows the isomers which might cause delayed emission
ofthey-rays.

As seen from Table I long-lived isomers have to be considered for the y-transitions in
2O5T1 and 201Tl. The isotope 2O3T1 does not have any known isomers, from 207Tl a prompt
transition was chosen for analysis No correction was necessary for the 203.8-keV isomer in
205JI wjth a half-live of 1.46 ns. The average lifetime of this isomer is well below the time
resolution of our experiment and can therefore be neglected. To get a coarse estimate of the
effect of the 1484.0-keV isomer (tj/2 = 4.5 ns) in 2O5T1, the data analysis was redone under the
assumption that the 203.7-keV and 720.1-keV y-rays were partially delayed by a constant
delay time equal to the mean lifetime of this isomer. The fraction of the y-ray intensity
delayed was estimated using the results of model calculations. This procedure resulted in
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somewhat different cross sections. On the average the differences were about 4%, much
smaller than the statistical uncertainties of about 15% to 30%. Because correction factors
could be estimated with large uncertainties only (due to the poor statistics), we neglected also
this correction for the delay caused by this 4.5-ns isomer.

If significant intensity of the 203 7-keV and 720 1-keV lines in 205Tl is delayed by the
3290 6-keV level (tj/2 = 2 6 \is), this would result in significant intensity below the effective
thresholds of the relevant excitation functions As this intensity is not observed, the measured
cross sections for the 203 7-keV and 720 1-keV transitions can be considered a good
approximation to the total y-ray production cross sections for these lines.

Table I: Nuclear reactions

Reaction
investigated

208pb(n,pnY)207Tl

208pb(n,p3nY)205Tl

208pb(n,p3ny)205Tl

2O8Pb(n,p5nv)2O3Tl

208Pb(n,p7nY)201Tl

208pb(n,p7nY)2C)1Tl

and gamma transitions investigated

Y Transition
(Level energies in keV)

1682.7 -> 351.0

203.7 -> gs

923.8 -> 203 7

680.5 -» 279 2

331.2 -» gs

1571.7 -»1238.8

Y Energy

1331.7

203.7

720.1

401.3

331 2a

332.9a

Isomers in Y cascade
J* E[keV] t1/2

3/2+

11/2"
25/2+

11/2"
25/2+

(9/2-)
(13/2-)

(13/2-)

none

203 7
1484.0
3290.6

1484.0
3290 6

none

919 5
2015 0

2015 0

1.46 ns
4 5 ns
2.6 ns

4 5 ns
26(xs

2 035 ms
2 9 ns

2.9 ns
1 The 331 2-keV and 332 9-keV y lines in 201Tl were not resolved

In the residual nucleus 201Tl there are two gamma-transitions with 331.2 and 332.9 keV
y-ray energy. These two lines cannot be resolved by our experiment The delay from the
2015 0-keV isomer can be neglected due to the short half-life of 2.9 ns The half-life of the
919.5-keV level (2.035 ms) is long enough that more than 98% of the delayed intensity is
emitted outside the time range (corresponding to the neutron energy range between reaction
threshold and 200 MeV) which was actually analyzed There is in addition also no significant
intensity (within the uncertainty limits) observed in the neutron energy range below the
threshold Therefore corrections need not be performed and the measured cross section for the
residual nucleus 2O1T1 is the sum of the y-ray production cross sections for the 332.9-kev
transition and the prompt part of the 331.2-keV transition.

To derive y-ray production cross sections, a one-dimensional y pulse-height spectrum was
derived from the two-dimensional spectrum, neutron TOF versus y pulse-height, for each
neutron energy group. Fig. 2 shows an example of a spectrum for the neutron energy range 90
to 100 MeV. Four of the lines actually analyzed are marked in the figure. The number of
counts in the y-peak areas were obtained by adding the channel contents within the peak and
subtracting a smooth (linear) background As the choice of the peak limits and the
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background region is somewhat subjective, an additional uncertainty component was added
quadratically to the statistical uncertainties An estimate of this uncertainty was obtained by
comparing the peak areas determined by different summing limits and background regions
Corrections were applied for the attenuation of the y rays within the samples.
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Figure 2: Part of the gamma-ray spectrum for the neutron energy group 9 0 - 1 0 0 MeV The
marked y-hnes were analyzed

From the peak areas, the neutron fluence, and the y detector efficiency, relative excitation
functions were derived for each y transition analyzed. The differential cross sections at 6
=125° were converted to total y-production cross sections by multiplying them by 4JI

Because of uncertainty in our knowledge of the Ge detector dead time and the absolute
flux intercepted by the irregular shaped samples, the results were normalized to data obtained
in a separate 14-MeV experiment performed at the Institute of Physics of the Slovak Academy
of Sciences.8 Normalization factors were derived from the cross sections of prominent
transitions in 208Pb(n,n'y) and 208Pb(n,2ny) reactions.

The total uncertainties were obtained by adding statistical and estimated systematic
uncertainties in quadrature. Uncertainties in the range from 35% to 50% were estimated for y-
ray production cross sections of the 1331.7-keV and 401.3-keV transitions in 207Tl and 203Ti,
respectively. For the measured y-ray production cross sections in the residual nuclei 205xi and
201 j i m e total uncertainties were in the range from 15% to 35%.
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4. Results and Discussion

Extensive calculations of the y-ray production cross sections in 208Pb(n,xY) reactions were
performed by means of the code GNASH4 in the course of the investigation of 208Pb(n,xny)
reactions (see Ref. 2). Three extensions in the modeling of preequihbnum reactions were in-
stalled in GNASH to improve the physics for calculations at higher energies Until now it was
assumed that after the first preequilibnum particle is emitted, the remaining particle-hole
states proceed to equilibrium via a series of nucleon-nucleon collisions before decaying. This
assumption was modified to allow the particle-hole states left after primary preequilibnum
emission to decay by "multiple preequilibrium" emission The second modeling improvement
was to calculate spin distributions for the residual states formed in preequilibrium reactions
using angular momentum distributions based on the exciton model. And finally, we have
incorporated the excitation-energy dependence of the Ignatyuk level-density formula5 into the
particle-hole state densities used in the exciton model calculations Cross-section calculations
were performed with this a priori "best choice" parameter set (see Ref 2 for details) For the
nuclear level densities, the Ignatyuk model was chosen instead of the simpler Gilbert-
Cameron9 and other Fermi-gas models. The energy-dependent level density parameter of the
Ignatyuk model accounts for the theoretically expected disappearance of shell effects in the
nuclear level densities at higher excitation energies Within this model the nuclear moment of
inertia was given the value of the full rigid body moment of inertia

The same "best choice" parameter set, which gave good agreement with the experimental
cross sections in 208Pb(n,xnY) reactions leading to various lead nuclei was used in the
calculations of y-ray production cross sections in Tl nuclei from 208Pb(n,pxny) reactions. The
results for transitions in 207,205,203,201x1 are given in Figs. 3 to 7 In Fig. 7, from the sum of
the calculated y-ray production cross sections for the 331 3-keV and 332 9-keV transitions, the
production cross section for the 919 5-keV level (tj/2 = 2 035 ms) was subtracted to correct for
the fact that only the promptly emitted 331 2-keV y-rays are observed in the experiment.

There are rather large uncertainties, and also some approximations are made regarding the
effect of long-lived isomers on our experimental results Because model calculations without
special parameter adjustments can predict experimental results in general not better than
within about 20% to 30%, the experimental results are suitable quantities for comparison with
calculations.

Other than in the case of reactions with neutron emission only (see Refs. 2 and 3), there is
no agreement between experimental results and model calculations for the majority of the
transitions analyzed. For the analyzed transitions in 207Tl (Fig 3) and 2O5T1 (Figs 4 and 5)
the model calculation overestimates the measured cross section for neutron energies above
about 70 MeV The calculations result in cross sections about a factor of 3 to 4 higher than
the experimental ones There is rather good agreement for the 401.3-keV transition in 2O3T1.
Finally the calculated cross sections are smaller than the experimental results for y-ray
transitions in 201Tl for high neutron energies. It seems that our calculation gives a too hard
spectrum of the emitted protons. Proton emission is important for the preequilibrium stage of
the reaction only, as proton emission from compound nucleus decay is strongly suppressed by
the Coulomb barrier. An average energy of the emitted protons from the preequilibrium stage
that is too high results in higher cross sections for reactions with the subsequent emission of
only a few neutrons, and in lower cross sections for reactions with multiparticle emission as
less energy is available after emission of the proton As seen from Figs. 3 to 7 this effect is
observed in the present study It should be mentioned that the experimental information on
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discrete levels and y-ray branching m Tl nuclei is not as good as for Pb As the information on
discrete levels and y-ray branching is essential for the calculation of y-ray production cross
sections for individual transitions, incomplete level scheme information might also contribute
to some of the observed discrepancies

Neutron emission is such a dominant reaction channel that the results of the previous
investigations2'3 of 208Pb(n,xny) reactions are virtually independent of the description of
protons in the exit channel The present study of 208Pb(n,pxny) reactions gives us experimen-
tal information, that may help to improve the modeling of (n,pxn) reactions for lead
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GAMMA-RAY PRODUCTION EXPERIMENTS AT THE WNR WHITE
NEUTRON SOURCE

R.O. Nelson and S.A. Wender
P-23, M.S. H803, Los Alamos National Laboratory, Los Alamos, NM 87545, U.S.A.

ABSTRACT

Using the WNR white neutron source, photon production data have been acquired in the
incident neutron energy range, 3 < E,, < 400 MeV, for a number of target nuclei using
BGO detectors and high-resolution Ge detectors. The gamma-ray energy range covered is
0.1 < Ey < 10 MeV for the Ge detectors and 1.0 < Ey < 20 MeV for the BGO detectors.
The Ge detector measurements allow identification of reactions from the known energies
of the gamma-ray transitions between low-lying states in the final nucleus. The lower
resolution BGO data were also for discrete transitions. The data are useful both for
testing nuclear reaction models at intermediate energies and for numerous applied
purposes. We list the target nuclei studied to date and the status of the data.

1. Introduction

Gamma-ray production data have been acquired for a variety of targets at the WNR
spallation neutron source at Los Alamos. Most of the recent measurements used Ge
detectors, although earlier experiments were performed with BGO detectors. The data
provide continuous coverage of the neutron energy range, typically, from 3 to 400 MeV.
The y-ray energy range measured is from approximately 100 keV to 3 MeV for heavier
targets, and from a few hundred keV to 10 MeV for lighter mass targets. These energy
ranges were chosen because relatively intense, higher energy gamma rays are expected
from the lighter nuclei. This is due to the larger level spacings of the low lying states of
light nuclei, as compared to heavier nuclei. The WNR facility is described by Lisowski et
al.1 A description of some of the Ge detector experiments is given in Ref. 2.

The data were acquired with two main goals in mind. First, the data provide
information that can be used in evaluations and applications. Second, by extending the
data to higher energies we can validate extensions and improvements in nuclear reaction
model calculations.

Here we present an overview of the data that have been acquired to date. In many
cases the data reduction task is still in progress. The data are acquired as both 2
parameter arrays (neutron time-of-flight versus gamma-ray pulse height) and as event
data, which allows resorting of the data with maximal dispersion in the spectra as needed.
The amounts of data to be handled are large and hence require automated data reduction
procedures to expedite the process.
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2. Data

Some common features of the measurements are listed here: The data were measured
relative to the 235-238U(n,f) cross sections using a fission ionization chamber.3 Almost all
of the Ge detector data were taken on a 41 m flight path. The BGO data were taken on an
18 m flight path.

Several experimental factors determine the energy range over which reliable cross
section values can be extracted from our data. Because our flux decreases exponentially,
and due to the fact that cross sections tend to be smaller at higher energies, the number of
counts available limits the maximum energy at which we obtain useful data. One must
also consider the production of y rays by secondary particles produced in the sample. In
order to correct for this contribution, we must make measurements with two or more
different sample thicknesses. The magnitude of the correction depends upon the reaction
threshold energy as well as the magnitude of the cross section at a given energy. Inelastic
scattering to the first excited state of the target nucleus is an example of a reaction which,
at high energies, can have a very large correction due to its small cross section, and the
larger cross section for excitation of the same state by charged particles and lower-energy
scattered neutrons. A reaction with a higher energy threshold, such as (n,3n), will require
less of a correction because the same residual nucleus is unlikely to be created by
secondary charged particles, and the mean free path of neutrons with sufficient energy to
initiate the reaction is much larger than for lower energy neutrons.

Additionally one must consider the angular distribution of the y rays. It is usually
desired to obtain the angle integrated cross section for a reaction from the y-ray data. For
y rays that are emitted isotropically a measurement at any one angle is sufficient. For
dipole transitions a single measurement at 125° is sufficient. But for y rays of higher
multipolarity, it is necessary to make measurements at several angles to determine the
angular distribution. The variation from isotropy is observed to be large in some cases,
especially in the resonance region of light nuclei. White sources are well suited for
making such measurements because the energy dependence of the cross section is
obtained in one experiment. The 16O(n,n'2y) reaction is an example of a reaction for
which the octupole y-decay exhibits striking anisotropy of the angular distribution. The
resonance structure persists to energies near 20 MeV, with the angular distributions
varying rapidly with incident neutron energy.

Our data can be divided into two categories. In the first category are data which have
been acquired with relatively fewer counts and for only one target thickness. These data,
listed in Table 1, can be used reliably for incident neutron energies less than
approximately 20 MeV for reactions with low thresholds, and may be useful for reactions
with high thresholds at higher energies if the cross sections are large. The second
category, listed in Table 2, contains data that were taken with two or more sample
thicknesses and with more counts. From these data, we expect that reliable cross sections
may be extracted for many reactions even at higher energies. Data on C, N, and B were
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taken with lower resolution BGO detectors, but with an extended y-ray energy range up to
20 MeV. These data are indicated in the column with the number of angles. The number
of angles at which data were obtained, the status of the data reduction, and one or more
applications are also listed in the tables.

Table 1. Samples for which limited data are available.

Sample
B

Na
Si
S

Ca
Ti

Ni

Mn

# of angles
2

+BGO
4
2
2
2
2

2

2

Data Reduction Status
In progress

In progress
In progress
In progress
In progress
In progress

In progress

In progress

Application
planetary exploration

fusion, (n,2n) discrepancies
planetary exploration
planetary exploration
planetary exploration

planetary exploration, structural
material

structural material, planetary
exploration

planetary exploration

Table 2. Samples for which more complete data are available.

Sample
C

N

0

Al
n*.56p e

2O7.2O8pi

# of angles
4

+BGO
4

+BGO
7

2
4

2

Data Reduction Status
Near completion preliminary

results available
In progress, preliminary results

In progress, preliminary results

Completed
In progress, preliminary results

Completed

Application
"standard", explosives detection,

medical radiotherapy
explosives detection, medical

radiotherapy
medical radiotherapy, fusion

experiment background, explosives
detection

model development
compare with ORELA data,

structural material, reaction model
development

reaction model development,
accelerator driven transmutation
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OVERVIEW OF REACTION MECHANISMS FOR CALCULATING THE HIGH
ENERGY COMPONENT OF FAST-NUCLEON INDUCED GAMMA SPECTRA

FRANK S. DIETRICH
Lawrence Livermore National Laboratory

P. O. Box 808, Livermore, CA 94550, USA

ABSTRACT

This presentation reviews the current status of quantum mechanical models for
understanding the high-energy component of gamma spectra resulting from radiative
capture of fast nucleons; i e., the part of the spectrum that is not amenable to standard
statistical model (Hauser-Feshbach) treatments. These models are based on the direct-
semidirect (DSD) model and its variants. Included are recent results on the extension of
the DSD model to unbound final states, a discussion of problems and improvements in
understanding the form factors in this model, and a brief discussion of a model closely
related to the DSD, the pure-resonance model.

1. Introduction

In radiative capture of nucleons above a few MeV incident energy, the most energetic
gammas are well understood as arising from direct reaction processes. Since its
introduction 30 years ago, the direct-semidirect (DSD) model1'2 has been the principal
theoretical tool for interpreting this component of the gamma spectrum. In this model,
direct radiative capture is supplemented by additional coherent amplitudes in which the
incident nucleon excites giant resonances that subsequently decay by gamma emission.
While both types of amplitudes are required for a full description of the capture process,
semidirect excitation of the giant-dipole resonance (GDR) is dominant over a wide energy
region about the position of the GDR. In addition to the dominant El multipolarity,
higher multipolarities (Ml, E2, E3) have also been included in DSD calculations.

An important feature of the semidirect terms is the form factors that contain the
physics of the coupling of the incident nucleon to the giant resonances. These form
factors are derived from models for the transition densities of the giant resonances3, and
contain input from the strength of the isovector or isoscalar nucleon-nucleon interaction,
as well as the fraction of an appropriate sum rule exhausted by the giant resonances; form
factors for both isovector (El, E2) and isoscalar (E2) resonances have been implemented
However, the details of the radial shape and strength of the form factors are poorly
known. In particular, an imaginary component4 in the form factor is required to achieve a
phasing between the direct and semidirect terms that agrees with experiment, but its origin
is not well understood. Section 3 below reviews an attempt to shed light on the real part
of the form factor by employing a microscopic folding model which has proven successful
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for calculating inelastic-scattering form factors as well as optical potentials. The
importance of Coulomb excitation in calculating the form factors for proton capture is
illustrated New insights into the imaginary component of the form factors are contained
in the contribution of A Likar5 to this meeting

Up to the present, DSD calculations have been limited to capture to bound final states,
and consequently only the portion of the gamma spectrum between the incident nucleon
energy and the endpoint (approximately 8 MeV higher) has been available for this model
Consequently, the portion of the spectrum above the region where Hauser-Feshbach
calculations apply (less than approximately 10-12 MeV) and below the region of bound
final states has been calculated only with semiclassical pre-equilibrium models6, or with
multistep compound models that yield conflicting results7'8 A recent extension of the
DSD model to unbound final states9 that significantly expands the region of applicability of
this model is reviewed in Section 2 This extended model is also applicable to a portion of
the bound final-state region where conventional DSD calculations are of limited usefulness
because of fragmentation of the final single-particle orbitals among a dense background of
complicated neighboring states.

Difficulties in applying the DSD model to certain transitions in heavy nuclei
(particularly neutron and proton capture on 208Pb) led to the development of a closely
related model, the pure-resonance model (PRM). This model1011, which is an
approximation to DSD, was developed in the course of an examination of the consistency
of the DSD model. A current view of this model and recent results using it are presented
in Section 4.

2. The Extended DSD Model for Capture to Unstable Final States

The direct-semidirect model has recently been extended to allow calculation of
radiative capture to unstable final states Two types of unstable final states are included.
1) states in which the single-particle configuration following capture are unbound and may
therefore decay into the continuum, and 2) single-particle states that are bound, but
subsequently damp into the compound nucleus. In both cases, the correct treatment of the
compound-nuclear damping is critical for the success of the model The model has been
tested by performing an experiment on radiative capture of 19 6-MeV polarized protons
on **Y, and is described in a paper recently submitted for publication9.

The principal difference between the extended treatment and the standard DSD model
is in the handling of the final state. In the standard DSD model, the final state of the
captured particle is described by a bound-state wave function, usually obtained by solution
of the Schrodinger equation for a Woods-Saxon well. In the extension of the model, all
necessary information on the final state is determined by a complex (i.e., optical) potential,
which is defined for both unbound and bound final-state single-particle configurations
For unbound final states, the imaginary potential describes damping of the simple single-
particle state following capture into the compound nucleus. Similarly, for bound final
states, the imaginary potential represents the spreading of the single-particle configuration
into a dense spectrum of complicated states in the neighborhood of the final-state energy
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The extended model reduces to the standard DSD calculation in the limit of vanishing
final-state imaginary potential.

In the extended model for capture to unbound final-state configurations, the double-
differential inclusive cross section (i.e., in which only the outgoing gamma is measured) is

do ...
= cr .+a , , (1)

in which the first term on the right-hand side is

and the second is

For bound final-state configurations, the corresponding expression is

In these expressions, ¥,(+) is the energy-averaged incident wave function at energy Et, it
is the optical-model wave function, plus resonant terms representing coupling to giant
resonances that give rise to the semidirect amplitude. Ef and Ey are the energies of the

final nuclear state and gamma ray, respectively, while E is E,-Ey. Hr is the

electromagnetic operator <f>inc is the flux of incident particles. G(+) is a Green's function
(with appropriate boundary conditions) for the interaction of the captured nucleon with
the target via a complex optical potential. W is the imaginary part of the optical potential,
defined for both continuum and bound final states, and x^ ls m optical-model wave

function for continuum final states For the unbound case, Eq. (3) is the straightforward
extension of the conventional DSD calculation. The additional term, Eq. (2), represents
damping of the final-state configuration following capture, and in fact is the dominant
term9

Calculations using the extended DSD model are shown in Figs. 1 and 2 and are
compared to the results of the "Yip,"/) experiment with 19.6-MeV polarized protons.
Direct El , E2, and E3 radiation as well as semidirect El were included.

Fig. 1 shows the measured 90° differential cross section, together with the extended
DSD calculations and with Hauser-Feshbach calculations using the GNASH code12 of the
equilibrium statistical emission using two different prescriptions for the gamma-ray
transmission coefficient13'14. The peak at 15.11 MeV is due to inelastic scattering on a
carbon impurity in the target. The combination of DSD and Hauser-Feshbach calculations
reproduces the data reasonably well, and additional multistep reaction mechanisms are not
required. The DSD calculation were made with Eqs. (2) and (3) in the unbound region
below 19.6 MeV gamma energy, and with Eq. (4) in the bound-state region above that
energy. There is no discontinuity between these two regions. The DSD calculations were
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carried out to only 26 MeV, since the ground-state peak near 28 MeV is more
appropriately treated by a conventional DSD calculation. The calculations show a
transition between compound and direct processes in the region near 16 MeV.
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Figure 1 Unpolarized differential cross section at 90° The data (dots) are shown
together with the extended DSD model calculation (solid line), and with Hauser-
Feshbach calculations using Kopecky-Uhl (dashed line) and Bnnk-Axel (dot-dashed
line) gamma transmission coefficients. The calculations were folded with
experimentally determined lineshapes before presentation with the data.

In Fig 2 the extended DSD calculations are compared with the measured analyzing
powers at the five angles for which data were taken. The data are well reproduced by the
calculations, including the reversal in the sign of the asymmetries between the forward and
backward hemispheres.

The calculations shown here suggest that multistep contributions may not be important
at energies up to approximately 20 MeV. To further investigate this issue, the model is
currently being applied to a set of gamma-production data taken with 34 MeV protons15

If the higher-energy data show that multistep contributions are required, the extended
model will be incorporated as the final step in a multistep-direct theory based on the FKK
reaction theory16
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3. The Form Factor Used in Direct-Semidirect Calculations

As noted in the introduction, a correct description of the complex form factors for
coupling to the giant resonances remains an important outstanding problem in the DSD
model. There is an issue of consistency in the DSD model (noted below in Section 4) that
may be best addressed through an improved treatment of the form factors The form
factors are similar to those used in the DBWA description of nucleon inelastic scattering.
However, radiative capture in the DSD picture contains an ingredient that is not present in
inelastic scattering the direct-capture amplitude interferes with the semidirect amplitude,
and this places additional demands on the form factor to assure the correct phasing. The
imaginary component of the form factor, introduced phenomenologically4, has been
adjusted to fit experiments, but its origin is not well understood. A new approach to the
imaginary form factor has been introduced elsewhere at this meeting5 There is also a
great deal of variation in the prescriptions used for the real part of the form factor. Most
treatments of the real part are based on hydrodynamic models; however, a microscopic
approach based on a particle-hole description of the giant resonances is also possible

This section reviews an early attempt11 to calculate the real part of the form factor
using a simple microscopic model for the giant dipole resonance. The shape of this form
factor is significantly different from those obtained from hydrodynamic models The
results are similar to those presented in another microscopic treatment by Shubin at this
meeting17 The contribution of Coulomb excitation to the form factor is easily calculated
in a microscopic model, and the importance of this effect for proton capture is shown
below.

The microscopic description of the form factor requires a description of the transition
density for the giant resonance, which is convoluted with an effective interaction In the
calculation shown in Fig. 3, the transition density for the giant dipole resonance in ^'Pb
was obtained from the random phase approximation (RPA) form of the Brown-Bolsterli
schematic model, and is shown in the lower part of the figure The effective interaction
used to obtain the form factors shown in the upper part of the figure was taken from the
isovector part of the microscopic optical potential of Jeukenne, Lejeune, and Mahaux18

(JLM). This interaction is complex, and is energy and density dependent. Only the real
part of the interaction was used, since the strong energy dependence of the imaginary part
leads to an ambiguity in the calculation of the imaginary form factor (i.e, the energy at
which the interaction should be evaluated for capture from the continuum to a bound state
is ill defined). The strength of the JLM isovector interaction has been normalized upward
by a factor of 2.5, which is in accord with the normalization required to reproduce the
(p,n) reaction to isobaric analog states19 For proton capture, the Coulomb excitation
contribution was calculated by convoluting the transition density with an electromagnetic
interaction of the form 1/r2

The resulting form factors for proton and neutron capture shown in Fig. 3 peak at
significantly larger radii than those for hydrodynamic models. The curve labeled B-G is a
typical volume-type hydrodynamic form factor using the isovector strength and geometry
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of the Becchetti-Greenlees20 optical potential The approximately 25% difference between
the proton and neutron microscopic calculations is due almost entirely to the effect of
Coulomb excitation. Coulomb excitation thus contributes significantly to the proton form
factor, since the capture cross section near the peak of the giant resonance is nearly
proportional to the square of the strength of the form factor. It should be noted that the
microscopic form factor peaks at a larger radius than the transition density; this is a
consequence of the density dependence of the effective interaction. It would be desirable
to carry out a systematic comparison of DSD calculations with data using a microscopic
form factor for the real part of the GDR coupling, supplemented by a phenomenological
form for the imaginary part.

Figure 3. Folding-model calculation of the real part of the GDR form factor for
based on a schematic-model description of the transition density and the JLM effective
interaction. The curve labeled B-G is a hydronamic form factor shown for comparison.
The difference between proton and neutron microscopic form factors is due to Coulomb
excitation.
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4. The Pure-Resonance Model

The pure-resonance model1011 (PRM) was developed to address questions of
consistency between the two terms in the direct-semidirect model It was based on the
two observations that 1) in the photoejection reaction (which is inverse to radiative
capture) experimental data show symmetric resonant peaks without an obvious
nonresonant contribution; and that 2) the direct amplitude in DSD contains a giant-
resonance contribution, since the incident optical-model wave function is not orthogonal
to the giant resonance

The PRM results from reformulating the capture model so that the continuum wave
function appearing in its matrix elements no longer contains giant-resonance components
This is accomplished by using projection operator techniques as developed for the
photonuclear problem by Wang and Shakin21 Using these techniques, the direct-
semidirect amplitude

GDR

may be formally rearranged (neglecting an unimportant small term) as

°-^± + ^ (6)
F -F + 1iT F -F + 1iT
^y £ ' 5 P ^ 2 / 1 S P "£> ^GDR ̂  2llGDR

in which C\ through c5 are matrix elements calculated with ordinary optical wave functions
in the DSD case (Eq. (5)), or projected wave functions for the PRM (Eq. (6)) ESP and
TSP are the position and width of a single-particle resonance in the entrance channel, and
are computed from the optical potential. The single particle resonance lies in the region of
approximately 8 to 10 MeV EGDR and FGDR are the position and width of the giant dipole
resonance.

In Eq. (6), c^ and c4 are both large and nearly cancel. Thus, a potential instability that
is implicit in the DSD model is exhibited explicitly in the PRM formulation. In the pure-
resonance model this instability is eliminated by assuming that this cancellation is exact,
leaving only the giant resonance term.

A recent experiment22 on the 40Ca(n,y0) reaction, which was performed to search for
the isovector quadrupole giant resonance, shows the usefulness of the PRM. Fig 4 shows
the data for this reaction, together with two calculations that included El and E2
radiation The right-hand panel shows the 90° differential cross section, while the left-
hand shows the fore-aft asymmetry A(55°), defined as [o(55°)- a(l259)y[a(55o)^f(l25o)l
where a is the differential cross section. The solid curves used DSD for both El and E2,
whereas the dashed curves were calculated using PRM for El and DSD for E2

In the case shown in Fig. 4, it is apparent that the PRM yields a better reproduction of
the experiment than the DSD. However, it should be noted that the approximation of
neglecting the first term in Eq (6) may be extreme, and that this approximation may not
be necessary if the consistency between the direct and semidirect terms in the DSD model
is better understood than at present. Further work should be done in this direction.
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Nuclear Dicke States in the Direct-Semidirect
Model

A. Likar
Institute J.Stefan and Department of Physics
University of Ljubljana, Ljubljana, Slovenia

Abstract

The structure of the doorway state assumed in the direct-semidirect (DSD)
model was addressed by Sokolov and Zelevinsky. Modification of the model due
to nuclear Dicke states in presence of two open channels has been done. The results
of calculations for capture to the single particle states in Pb are presented.

1 Introduction
Sokolov and Zelevinsky [6] discovered a new type of collectivity in the regime of strongly
overlapping compound states interacting with open decay channels. They showed that a
Dicke type state may be formed if a complex system interacts with one open decay channel:
a specific state is formed with large decay width, all other states remain quasi-stationary
with negligible decay widths.

In the DSD model the giant resonance state is considered as collective state which
exhaust most of the dipole sum rule and, as well, is strongly coupled to the neutron
channel. The giant resonance was therefore considered to be also the Dicke state. This
may not be generally the case. In the modified DSD model the form factor and semi-direct
part of transition amplitude must be changed in order to adequately represent the giant
dipole resonance. The modified model requires new parameter, measuring the overlap
between giant resonance state and nuclear Dicke state. We firstly give short description
of the DSD model and sketch derivation of the form factor for inelastic scattering of
nucleon to the bound state. Then we propose the modification of the model due to Dicke
states and show that modified model better reproduces the measured cross sections in
heavy nuclei.
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2 The DSD model
The T matrix for nucleon radiative capture in the first order perturbation theory is:

+), (2.1)

where |0) is ground state of the target nucleus with captured nucleon in a single particle
state and |V>+) is exact continuum state with incoming nucleon. The electromagnetic
interaction is denoted with H^. The time independent state \ip+) is solution of Schrodinger
equation:

(E - H)\rP+) = 0, (2.2)

The nuclear Hamiltonian is H and the energy of the nucleus plus incoming nucleon is E.
In the Feshbach's [7] projection-operator formalism the state \ift+) is divided in elastic

channel state (P), doorway state (D) and the rest of the states (Q):

\rj>+) = (P + D + Q)\r!>+), (2.3)

The projection operators P,D, and Q satisfy relations: P + D + Q = 1 and P2 = P,D2 =
D,Q2 = Q. The projection operators P , D and Q also modify the Hamiltonians and for
DHQ we write HQQ.

The transition matrix T in the DSD model is:

TDSD = <0|tf7|V>0
+> + (0\Hy \ /oHDP\r!>+), (2.4)

t, — bjR + il R/Z

The first term is called direct term and the second semi-direct one. The excitation of
giant dipole state from the elastic channel is governed by the operator Hop-

The form factor for inelastic transition of nucleon to a bound state is defined as:

Wn,iAro){(Ot\(H^HDP\Ot)}xJ;+(ro)) = {rpn,iAro){H'(ro)}\xj>+(ro)). (2.5)

The form factor was derived [2, 8] from the isospin dependent component of the short
range two-body force which is responsible for excitation of giant multipole state in the
target nucleus. The Hamiltonian HDP is therefore supposed to be:

v' =

The multipole expansion

V

of r3 term of is:

pt — J"o) (2.7)
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The form factor H' could be calculated if we evaluate the matrix element:

| ^ | 0 t >. (2.8)

The multipole expansion of V together with the equation 2.8 gives the normalization
condition [8] [2] for k':

' rzh'dr = 1. (2.9)

The same normalization should be applied if h'(ro) is complex. Imaginary component
may be in principle present even in free form factor, related to isospin dependent part
of imaginary optical potential. For known radial dependence of k' the free form factor
follows using this condition and the dipole sum rule for the square of the matrix element
(<f>D\Hy\Qt). In [8] two radial dependences of h,(r0) are reported and since then widely
used in nucleon capture calculations. Older is surface shaped [1]

2NZ k> K df(r0)
H ~ - T o 3 ^ (

and volume shaped one, more frequently used [2]:

(>o) (2.11)

In our calculations we have used the volume shaped form factor with parameter Vi =
UhMtV.

The form factor for heavy nuclei has large imaginary component, which is surface
peaked and of the order of the real one [4]. The parameter W\ in the complex form
factor, parametrized as oc Vxrof(ro) — iWirodf(ro)/dro is for heavy nuclei of the order of
100 MeV. Possible source of the imaginary part of the form factor is discussed in [5]

3 Nuclear Dicke state
The giant dipole state play the role of a doorway state, which is strongly coupled to
the continuum channel and at the same time not strongly coupled to the complicated
states. The giant dipole state is supposed to exhaust the whole dipole sum rule and
at the same time the only state the nucleon can excite in early stage of the scattering
process. Sokolov and Zelevinsky pointed out that the state which is strongly coupled to
the nucleon channel may be different from the state which collects all dipole strength.
There are generally two types of collectivity. Internal collectivity forms the giant dipole
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resonance absorbing the total dipole strength but is stationary, without any coupling to
the continuum. This coupling is introduced by introducing a decay width to the state.
Open channels, however, force another collectivization of the nuclear intrinsic excitations
(lp-lh excitations to be specific). The so called nuclear Dicke state collects the decay
widths from intrinsic excitations leaving them almost stationary. The Dicke state itself
decays rapidly to an open channel and is therefore the only state which is coupled to the
continuum. The giant dipole resonance and specific Dicke state may not be the same
states. In an extreme case the giant dipole state may be totally de-coupled from the
continuum. The more realistic possibility where giant dipole state is partially de-coupled
from the continuum will be studied in the following.

Following [6] we consider N intrinsic lp-lh states with the same energy t and decay
widths w due to access to decay channels. Let us for a moment have only one nuclear
decay channel, that of the incoming nucleon. If the decay channel is closed, the residual
interaction governing the system is in the simples case taken to be factorizable, [9]:

Hmn = eSmn + Xdmdn. (3.12)

The moments dm are matrix elements dm = (m|d|0). It is well known that Hamiltonian
3.12 leads to the so called intrinsic collectivization: one state is shifted to higher energies
with all the dipole strengths, other states are not shifted and with no dipole strength. In
presence of open decay channel, the Hamiltonian 3.12 should be changed to an effective
one. We still work in the system of N intrinsic states without explicit channel variables.
The effective Hamiltonian accounts for finite decay amplitudes An of intrinsic states:

Hefj = Hmn — —AmAn. (3.13)

For the system which is invariant to time-reversal, the amplitudes dm and Am could be
chosen as real numbers. Here separability is not a suitable approximation but necessity,
following from unitary condition of the S matrix:

S(E) = 1 - i ^ A-mgmn(E)An. (3.14)
mn

The effective propagator Q{E) is given by:

Q(E) = - g ^ - (3.15)

The separable imaginary part of the effective Hamiltonian then forces collectivization of
widths, where one state collects all the decay widths of the intrinsic states therefore de-
coupling them from the decay channel. The state only coupled to the decay channel in
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called nuclear Dicke state. Generally for each decay channel there exists specific nuclear
Dicke state.

In nucleon capture process let us assume only two open channels, gamma and nucleon.
The effective Hamiltonian for this case is:

Heff = Hmn -
 %-{A^Al + AlAl). (3.16)

The decay amplitudes for 7 channel are denoted with A^ and for nucleon channel by A^.
The amplitudes to the 7 channel are proportional to the dipole matrix elements:

The shift of the giant dipole state from the unperturbed energy e is in this notation:

ER = e + Ad2 (3.17)

where d2 stands for the sum J^n d% so the vector d is defined as:

d = R}-

The total width w acquired by the Dicke state is:

w = A2 (3.18)

where we introduced another vector A similarly as d:

A = {An}.

The transition matrix Tba for reaction b —• a could be calculated most directly from
K matrix K = A+G(£)A using:

Tba = K . (3.19)
1 + ^tf

The propagator G{S) for closed system is used in definitions above:

Explicit calculation of transition matrix is straightforward but somewhat lengthy. The
result for (71,7) reaction depends on angle t? between the vectors A and d:

E - E R - ad
2
2
(%fff* + \\w



In parallel case t? = 0 we get familiar expression for semi-direct part of the reaction. The
total width of the doorway state is sum of particle width w and 7 width ad2 . The decay
width F* to more complicated states of the nucleus is in this simple model neglected.
The coupling to the nucleon channel is in the DSD model given by the matrix element
{4>D\HDP\^Q)

 a n d m 3-20 with y/w. The coupling to the photon channel is in the DSD
model obtained from (0\H^\<f>D) and in 3.20 from Void?. The increasing angle d therefore
decrease the strength of the form factor and in this way de-couples the giant resonance
from the continuum.

When vectors d and A are not parallel the resonance energy is slightly shifted to
higher energies. The shift could be neglected if we are few MeV from unperturbed energy
e. The width of the resonance is diminished and is slightly energy dependent being smaller
below the resonance energy ER.

4 Discussion

The different free form factors proposed in 2.10,2.11 are not equally successful in repro-
ducing the experimental data. There is general opinion that surface peaked form factor
2.10 does not properly account for actual process of excitation of giant dipole state. Close
look at the derivation of both free form factors suggests another interpretation. The
derivations are equivalent, the difference arises only in different forms of operator a+ for
creation of giant dipole state from the ground state. In one case the form of a+ is pro-
portional to rYiM(r) and in other eV. For excitation of linear harmonic oscillator in the
ground state both operators lead to the same state, the first excited state. The same state
is reached with creation operator a+ ex (x — xodfdx). This suggests alternative form factor
as a combination of volume and surface ones and indeed such form factor was suggested
in [3] The difference in results may also be probably due to improper optical model used
to generate the initial wave functions since the effect of D component of the initial wave
function should be excluded from the optical model potential. Such an elimination is not
done in the DSD model calculations.

In the calculation of cross sections with nuclear Dicke state one should include the F*
component of resonance decay width. We supposed in the calculation that entire width is
FT component and therefore neglect the coupling of the resonance with more complicated
states (Q) of the nucleus. Some estimates suggest that as much as 70% of the resonance
decay width is F* component. If such estimates are correct, the effect of nuclear Dicke
state is overestimated in our calculation. It is clear that angles 1? close to TT/2 are excluded
by experimental (n,7) data compared with our calculations. The effect of nuclear Dicke
state may be, however, important at energies E « e, at the lower energy tail of the



resonance. The effect of this changes for neutron capture in 20SPb is shown on Figs.l and
2. We see that moderate angle i? w 30° improves the fit to the data.

5 Conclusion
The collectivization of widths of the intrinsic states cause the width of the giant resonance
state in the energy denominator may also be energy dependent being narrower at lower
energies. Analysis of the cross section for capture to the single particle states in 20SPb
show, however, that the angle i? may not be too far from 0° even if the decay width F* is
neglected.
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Figure captions
Fig.l The effect of angle t? = 30° on neutron capture cross section (dotted line) to the

single particle state 2<7g/2- The solid line denotes DSD calculation with i? = 0°. The decay
width F* to complicated states is neglected in the calculation. Optical potential from [11]
was used, the experimental points are from [10].

Fig.2 The same as on Fig.l but for capture to the lin/2 state.
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THE EFFECT OF COLLECTIVE EXCITATIONS ON THE FORMATION OF
PREEQUHJBRIUM GAMMA RAY SPECTRA FOR THE RADIATIVE

NEUTRON CAPTURE REACTION

A.I. DITYUK, Yu.N. SHUBIN, G.Ya. TERTYCHNY
Institute of Physics and Power Engineering

Obninsk, 249020, Russia

ABSTRACT
The high-energy gamma ray emission from fast neutron capture on 208-Pb has

been analysed in the frame of direct-semidirect (D-SD) mechanism using the realistic
parameters for Giant Dipole Resonance, collective form factors and effective isovector
interaction. It is shown that collective D-SD process based on particle-vibrational nature of
entrance channel plays significant role in primary gamma ray emission, but this
mechanism enables to explain not more than one half of observed cross section. This result
corrects the early D-SD calculations of Longo and Saporetti which assumed the
predominance of this process in high-energy gamma emission. On the other hand our
results differ essentially from recent calculations of Herman et al., which manifest the
negligible role of SD process as compared with MSC one. The main reason of these
differences is that in latter calculations entrance neutron channel was considered as a
noncollective one.

1. Introduction

Cross section for production of high energy gamma rays resulting from fast neutron
capture is small as compared with total cross section for (n,y) reaction but it is of great
importance for many applications. During last decade multistep compound reaction
theories1'2 were used to develop various quantum mechanical models for description of
high energy gamma ray production3"6. However the results obtained in the frame of new
models do not give better description of cross sections and spectra in comparison with
more phenomenological exciton model7. Moreover the results differ in conclusions
relatively the role of various mechanisms in preequilibrium gamma spectrum formation. In
paper3 the conclusion has been made that multistep direct process contribution to 14
MeV neutron capture is 50-80%. On the other hand the calculations performed for the
same nuclei in paper5 lead to opposite results: the contribution of this mechanism is small,
not more than 10%. The results of these papers contradict both each other and many
calculations on the base of direct-semidirect mechanism which describe total cross
sections, excitation functions and gamma spectra with the accuracy «90% for some light,
medium weight and heavy nuclei10*13.We consider it important to have conclusion about
real contribution of direct-semidirect mechanism to (n,y) reaction cross section. The aim
of the present work is to estimate absolute contribution of combined direct (D) and
collective SD processes to the observed gamma spectra. In our calculations for Pb we
used the realistic parameters for GDR, effective nucleon-nucleon interaction and radial
form factors that are consistent with experiment and recent nuclear structure calculations
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In our opinion this is the first necessary step to develop the combined SD-MSC model
that would be free of arbitrary choice of the main input parameters.

2. Collective semidirect mechanism of radiative neutron capture

Soon after the appearance of the fast nucleon capture experiments it became
apparent that statistical evaporation and direct single-particle models fail to reproduce the
observed cross sections and specific form of high-energy tail of y ray emission spectra
For the first time in Brown's paper8 it has been noticed that because of y ray energies in
this case cover the energy location of GDR observed in photonuclear reactions then the
two- step collective process of excitation and deexcitation of GDR in target nucleus must
dominate in primary y rays production. The simple evaluation for (p,y) reaction on Pb and
Ge confirmed the validity of this hypothesis. This paper followed by papers of Clement,
Lane, and Rook 9 for the long time became the keystone for the following experimental
and theoretical studies of fast neutron radiative capture 10"13.

Let us to dwell on the main points of this model. Due to well-known dominance of
electric dipole mode in full operator of electromagnetic transitions the matrix element
determining the combine D-SD radiative capture can be represented as follows

Ey -

where ¥ „ Tf are the wave functions (w.f.) corresponding to initial (continuum) and final
(bound) states of captured neutron. x¥i = x¥{* *Fi is the w.f. of quasibound doorway state
built as direct product of final neutron state and GDR which has the mean energy Ei and
total width F i , Ey = E, - Ef is the energy of emitted y rays. The operator of El transition
has usual form'

- 1 (2)
If the matrix element (1) is known then radiative capture cross section is determined as
follows

2
i (0

M« (3)

where summation is performed over all partial continuum waves permitted by parity and
momentum conservation n, = 7if (-1)1, |jf -lj < j , < jf +1. The main contribution to cross
section arises from SD-part which can be represented in compact Breit-Wigner form

(4)
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In the frame of collective SD model the integral characteristics of GDR are used,
therefore it is convenient to use collective El coordinate a ^ to generate the GDR w.f

and to normalise it on bremsstrahlung sum rule 14:

PA4 / 3= PA4/3(mb),

p=(0.145 + 0.200) (6)

Since GDR is isovector excitation mode the effective interaction between captured neutron
and doorway state is isovector operator. In r-local approximation it is determined10'13 as
follows

^ S ( ) (7)

where p(r) is the ground state density of nucleus, p0 = p(r=0). Simple calculations using
(5), (7) and expansion of 5-function in spherical harmonics result in following
representation for particle-vibrational matrix element that determines partial width Tm.

Hfo) = Z^-(0|a+cx|0)1/2T3i Y ^ h f e ) (8)

In practice either surface or volume radial form factors are used

_ 4TC dp(r)
hs^~ 3A dr

v(r> = 77^rP(r)> Jr hs(v) (r)dr = 1

10-13

These form factors correspond to GDR transition densities from the earliest
hydrodynamic description of GDR given by Goldhaber and Teller (pCT, h») and Jensen
and Steinwedel (pJS, hv). The following investigations of Myers and Swiatecky 1S within
the refined hydrodinamic model showed an appreciable mixing of both dipole modes For
light nuclei GT mode dominates, whereas for heavy ones they are comparable. This
conclusion agrees results obtained in the frame of self-consistent theory of finite Fermi
systems 16 and can be a base for more realistic parameterization of collective form factors.

The strength Vi (7) is the next important parameter determining the width Ta. It is
worthy to identify Fa (7) with isovector effective interaction that is used in microscopic
calculations of GDR and other isovector multipole giant resonances in nuclei n . This
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Landau-Migdal interaction is r-local also but in addition it is density-dependent to
account for the finite size of nuclei."

%x=2300, f̂  = 0.76, C0 = 300MeVFm3 (10)
It is this interaction we used in our numerical calculations for 208Pb but in order to

compare obtained results with ones of Longo, and Saporetti 12"13 one have to average

Fjjj . There is some ambiguity of this procedure because of the final results are

dependent on shape of form factor (9) used in calculations of rm. If form factor hv(r) is
used then it is more appropriate to use the following average procedure

<f'(p(r)) = ̂ Jp(r)f'(p(r))r2dr (ll)

Using the realistic parameters for Saxon-Woods potential " and formulas (7,10,11)
the following evaluation can be obtained:

po=O.167FnT3, <f(p(r))) = 1.35, V1=270MeV (12)

All rn^in details of calculations has been discussed, so we summarise the final expressions
for the widths:

where Sf is the spectroscopic factor for the final state n. In numerical calculations we
take into account direct capture and D-SD interference in total cross section also. It is
worthy to note, while the contribution of D-capture rather small, o 0 « 0.0la"*, it is
important to take into account D-SD interference because of cr0*80 « 0 1 aM.

3. Analysis of the 208Pb(n,y) reaction

We have chosen the nucleus Pb because there are most complete experimental
information on the total (n,y) reaction cross section energy dependence, excitation
functions for residual levels of 209Pb and y-ray spectra 13. Besides that this reaction has
been investigated in detail in the frame of D-SD approach in papers 12>13, and the results
obtained are the subject for our analysis. As in papers 12>13 single particle neutron levels



77

are defined from Schroedinger equation solution using Saxon-Woods potential. The
parameters for Saxon-Woods potential were obtained so as to describe binding energies
for these levels that are known from the experimental data. The geometrical parameters
were taken the same. Optical model parameters were used from Becchetti-Greenlis
systematics. It should be noted that the choice of other parameters can result in (10-20)
% changes for the cross sections. In our calculations more realistic spectroscopic factors
Sf for the "single particle" neutron states in 209Pb were used as compared with 12>13. They
were taken from experiment18 This resulted in reduction of the total cross section by «
10%.

In comparison with the papers 12>13 we used also more realistic values for the energy of
El-resonance, Ei = 13.43MeV, and for its width, H = 4.07MeV M, instead of 13.0MeV
and 3.5MeV, correspondingly 12>13. Because of strong dependence of cross sections on
these parameters (see formula (4)) the cross sections calculated are 1.4 times less on
condition that other parameters are the same. The results depend strongly also on the
normalisation of collective dipole operator to inverse sum rule o\i (see relation (6)). This
value enters into the definition of Ym and FT, and, consequently, the cross section appears
to be quadratic function of this parameter. We used in our calculations the experimental
value o.i = 229 mb w. This value 1.26 times less than a.\ used in 12>13 so the cross section
is 1.6 times less! On the other hand the strength parameter used in our calculations, Vi =
270MeV instead of 184MeV 13 results in cross section increase to 2.2 times, because of
quadratic dependence of cross section on V t value ( see (12)). However, joint action of
these three factors gives close results for these two calculations, the difference being only
20 % in the region of neutron energies E > lOMeV. The difference of cross sections at
lowes energies is connected with the fact that in addition to "main" El-resonance we
included into calculations resonance with energy E = 1 lMeV and width F = 1.5MeV that
takes 10 % of sum rule. This resonance is observed well in photoabsorption cross section
and is interpreted in the frame of microscopic theory 17 as an intermediate structure
connected with collective one-phonon state 2+. In these calculations (curves 2,3 in Fig. 1)
the volume form factor hv(r) was used, besides the difference of ours, consistent
calculations, from experimental cross sections is approximately 27 %. Using of surface
form factor h,(r) increases these differences up to 65% (curve 1 in Fig.l). Supposing for
simplicity that realistic form factor h(r) = 0.5*(hy + h,) (see preceding section) we can
conclude that D-SD mechanism explains «50-60 % of the observed cross section. This
conclusion agrees with the results of paper 3 and contradicts 5. Main reason of these
discrepancies consists in different interpretation of SD mechanism in paper 5 in
comparison with authors 8'9 in that aspect that in the first paper entrance channel is
considered statistically and is characterised by width Tm « 0.1 KeV while the average
value in our calculations is «400 KeV (both entrance channel and exit channels are
collective!). If we imitate additive contribution of multistep compound process simply by
increasing of parameter Vi up to 300 MeV, the result is obtained that is shown in Fig. 1
(curve 4). Following investigations will show in what degree this procedure is justified.
Let us note that the results obtained agree rather well with the experimental data. The
same is confirmed by results shown in Figs. 2-5, where partial components of cross
sections connected with the excitation of discrete levels for 209Pb are shown (excitation
functions). Let us note once more the important role of low-lying El-structure with
energy E = 11 MeV. It allows to adjust the calculation and experimental data at the left
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side of curve (Fig. 1) and to amend the excitation function description for g9/2-level
(Fig.2). The most convincing evidence of D-SD physical assumptions correctness is the
correlation of structures in y-spectra with the discrete levels position for daughter nucleus
209Pb (see Figs.6-8). As can be seen the theory explains these structures successfully. In
some sense they have been predicted because the theory has been developed before such
experimental data appeared. Nevertheless we can not speak about absolute agreement
between theory and experiment because there is obvious deficiency of calculated cross
section near neutron binding energy (see Fig. 6-8). Whether this discrepancy is connected
with low-energy local El- structures, tails of quasistationary states or with some features
of energy dependence of multistep compound process should be found out in a future.

500 8 0 0

9 11 13 15
Neutron energy. MeV

17

700-

gr/a Eo=l£2MeV

g»/t

12 13 1* 14 15 16 17 18
Gamma ray energy. MeV

Fig. 5. The same as in Fig. 2 but for
excitation liun single particle level.

Fig. 7. The same as in Fig. 6 but for neutron
energy En = 12.2MeV.

10 2MeV

10 11 12 13 1 * 15 16 17

Fig. 6. Calculated spectrum of hard y-rays
from 2ot?b(iL,y) reaction for neutron energy En
= 10.2MeV. At upper part of Figure position
of single particle levels in ^ b is shown.
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Fig. 8. The same as in Fig. 6 but for neutron
energy En = 14.7MeV.



4. Conclusions

Considering the results of investigations outlined we can conclude:
It is shown that 50-60 % of total radiative fast neutron capture cross section for 208Pb

is explained by D-SD mechanism. The remaining part of cross section can be explained
apparently by competing multistep compound reaction. This conclusion is in agreement
with the results of paper 3 and contradicts to paper 5 conclusion where D-SD mechanism
role is lowered obviously. Main reason of this conclusion consists in underestimation of
collective nature of entrance channel connected with particle-vibrational interaction of
incident neutron and intermediate £1- resonance.

The results of papers 10"13 based on a priori assumption that D-SD mechanism is
dominant for (n,y) reaction require additional examination. This is connected with some
arbitrariness and inconsistency in the parameter choice, that define cross section absolute
value, namely isovector interaction amplitude Vi, E l - resonance parameters (Ei, Fi, a.i)
and transition potential form factor h(r). Our results show that using consistent parameter
choice one can see that absolute cross section values for SD process explain half of
observed cross section only.

The importance of taking into account local El-resonance structures for total cross
section calculations, excitation functions and y-rays spectra. The influence of such
structures should be more pronounced for light and medium weight nuclei, where the
effects of El-fragmentation connected with quasiparticle-phonon correlations play a
significant role 17.
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Abstract

Angular distribution of 14 MeV neutron radiative capture prompt 7-rays, averaged
over the transitions to bound states, is calculated for |§Ca(n, 7)|JCa, ^|Fe(n,-y^Fe,
!|Sr(n,7)!iSr, g Y ( » , 7 ) g Y , I f C e f n ^ ^ C e , and g*Pb(n, 7)!§9Pb reactions.
The direct -semi-direct model extended to cover, besides dipole, also the isovector and
isoscalar qaudrupole giant resonance contributions has been applied. Results indicate that
calculated angular distribution of 14 MeV neutron capture 7-rays is somewhat anisotropic
(a2 typical value is about -0.3), but practically forward-backward symmetric (ai being
typically less than + 0.03). In the calculation of energy and angle integrated cross-section
multiplying the 90° experimental value by 4x, one obtains the result which is 10% to 20%
too high.

1 Introduction

Study of the fast neutron radiative capture has been initially aimed to determine the prompt
7-ray spectra and corresponding integrated cross sections (direct transitions to the bound
states) and activation cross sections (cascade transitions included). Intensity of prompt 7-
ray spectra measured at about 90° and multiplied by 4x has been considered as a sort of
angle integrated cross section [l]-[3] though e.g. in the case that only the a% coefficient of the
Legendre polynomial expansion (see the text) is different from zero, the following relation
holds:

For the sin2$ and 1 + cos2d distribution the coefficient a-i is -1 and + 0.5 respectively, and
therefore the denominator in eq. 1 equals 0.66 and 1.33. At the same time, by the use
of the special experimental arrangement [4]-[6] , the 4TT (or 2x for heavy nuclei) solid angle
integrated prompt 7-ray spectra were measured. Due to a rather poor accuracy it was hopeless
to extract from comparison of these measurements and the ones at 90° even an indication
of e.g. average a2 value. It could be done only from comparable spectral measurements
at different angles. This possibility opened after the development of improved experimental
technique. From the first measurements of this kind [7] it was evident that physically clear
picture can be obtained only for transitions to the well separated ground states and eventually
also to the low excited states. Angular distributions of these transitions were then measured
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rather intensively at different bombarding energies [8]-[l3]. By the help of the direct-semi-
direct (DSD) capture model [14]-[17] these measurements became the source of the additional
knowledge about GDR. Even more, from such analyses interesting new phenomena e.g the
isovector quadrupole giant resonances (IQGR) were studied [9]-[11].

Here the calculated average angular distribution coefficients of prompt neutron capture
7-rays are presented as a function of the neutron energy for 2oCa(n, 7)|oCa, |®Fe(n, 7)!frFe,
!|Sr(n)7)ffSr, §gY(n,T)§gY, \f>Ce(n,7)£|1Ce, and i fPb(n , 7 ) l fPb reactions using
different optical model potentials. Prom these neutron energy functions the 14 MeV data are
extracted and evaluated by the help of some additional calculated and experimental results.

2 Direct-semidirect (DSD) model

In DSD model the transition matrix element T,/ is the sum of the term describing the direct
capture of the bombarding nucleon to the (single particle) final state, accompanied by the
emission of 7-photon, and the resonant term, resulting from the two step process in which
first the giant resonance mode is excited and, later on, deexcited by the emission of 7-ray:

= R RES ^ 'X ) + — E - E • + tT /2

Here (if>f\ is the wave function of the captured nucleon into the bound state, |x+) is the
optical model continuum wave function, dj and D3 stand for the single particle and collective
electromagnetic operator of multipolarity j , respectively. ERJ and Yj refer to the position and
the width of the (multipole j) giant resonance of the combined target plus nucleon system,
respectively. Symbol HTj means the coupling interaction of the incident nucleon to the target
nucleus vibration. There were proposed several radial forms of this interaction. The complex
form [15], in which the real and imaginary strengths Vj and Wj (though in some way connected
to the corresponding strengths of the isospin part of the optical model potential) are treated
as free parameters, has been in the last decade considered as the most adequate. Parameters
Vi and W\ are usually extracted a) by fitting the GDR excitation function at 9 = 90° (e.g.
ref. 16) and b), less accurately, from the description of the 14 MeV neutron capture 7 - ray
spectra [18]. Initially DSD model was formulated to treat only the dipole giant resonance
contribution, appearing on the average at the excitation energy EJH = 77A1/3 MeV. Later
on it has been enlarged to cover also higher multipole giant resonances [19] e.g. isovector
giant quadrupole resonance (IVQR) apearing at EvR2 = 130.41/3 MeV and also the isoscalar
giant quadrupole resonance (ISGQR) observed at excitation energy EjR2 = 65A2/3 In this
formulation of the DSD model besides the dipole resonance transition matrix element, also
those of quadrupole resonances appear. As we are summing up coherently the contributions of
different parity, due to the interference effect, the odd Legendre coefficients become different
from zero. If one remains within the original (dipole) version [20] of the DSD model, this
is true only for 02 Legendre coefficient. In this case at 14 MeV neutron energy the angular
distribution is of the type of sin20 + const, or cos20 + const.

In the complete DSD calculation different multipole transitions, either direct (DIR) or
resonant (RES) therefore take place. It is worth of mentioning here, that, due to the low
neutron quadrupole effective charge, intensities of the direct neutron quadrupole capture
transitions are very small in comparison with that of the direct-dipole , resonance-dipole
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or resonance- quadrapole transitions. If we limit ourselves to the dipole and quadrupole
processes the DSD neutron radiative capture matrix element is therefore the sum,

Txf = TDIR-DIP + TRES-DIP + TRES-SQGR + TRES-IVQGR •

As already mentioned, resulting angular distribution is generally forward - backward asym-
metric and the odd Legendre coefficients are different from zero. The most sensitive is the
coefficient a\ . It is in fact the neutron energy dependence of otj which offers the possibility
to extract the information about QGRs by the study of fast neutron radiative capture. Till
now mostly the IVQGR has been considered [9]-[ll]. Observable contribution of the ISQGR
was possibly found in Ca-41 [9].

3 Experimental techniques

Sample to be measured is put [8]-[13] in the collimated neutron beam and prompt 7-rays are
detected by a large (recently up to 25cm2 x 25cm) high quality NaJ(Tl) spectrometer, usually
embodied by the anticoincidence shield. Pulses belonging to the improper neutrons, e.g.
those hitting the Nal(Tl) crystal directly, are eliminated by the time of flight discrimination
technique. For this purpose the neutron source is nanosecondly pulsed. Mentioned before
Legendre expansion coefficients a,, usually extracted from the measured angular distribution,
are denned by the equation:

>s0)) , (3)
tut

so that,

/ -zfidQ = 4xAo • (4)

Usually the angular distribution is measured at three angles i.e. 55°, 90°, and 125° . From it
two combinations, Ai = (hs-Ii2s)/(hs+Ii2s) = (0.57o1-0.02a2-0.38a3)/(l-0.39a4) mea-
suring the fore-aft asymmetry, and A* = 2-4/90/(/5s-(-ii25) = 2-(2-a2+0.67a4)/(l-0.39a4) ,
indicating the anisotropy of the distribution are determined. If higher coefficients are small,
A\ ~ 0.57oi and A%~ a2.

4 Results

Angular distribution asymmetry coefficients A\ and anisotropy coefficients A2 as a function
of neutron energy and averaged over all bound state transitions for 2oCa(rti7)2oCa, |fFe-
(n)7)l?Fe, !|Sr(n,7)||Sr, |?Y(n,7)|gY, lf>Ce(n,7)l?Ce, l§8Pb(n,7)l°»Pb reactions
are shown, respectively, in Fig.l. and in Fig.4. for different optical potentials. One observes
that below neutron energy of about 15MeV the A\ value is practically zero, independently
on optical model used in the calculation. In this energy region the angular distribution is
therefore symmetric with respect to 90°.

There are no corresponding average experimental data to be compared with the present
results. Experimental and DSD study of the capture transitions to the individual levels,
might indirectly help us in this respect. From Fig.2. and Fig.3. one observes that also in
these cases the measured and DSD calculated A\ coefficients are not much different from zero.
As it follows from Fig.3, this result does not dependent on such details of the calculation as



it is its width (r) b) or the integral (EWSR) of the IVQGR c). These findings are easily
explained by the fact that in the neutron energy region below about 15 Mev the tail of the
IVQGR is so low that its effect is not observed even in the interference process.

Behaviour of the average anizotropy coefficient Ai is much more dynamic. Even though,
from our results (Fig.4) one is allowed to conclude that in the neutron efiergy region below
about 15MeV the DSD A2 values practically do not depend on the optical model used in the
computation. It is interesting that in all cases presented in Fig.4 the average A2 coefficients
are negative, meaning that the 7 - ray angular distribution of the spectral integral is of the
shape of sin2 6. Our DSD model values of A2 calculated for individual states of fljNb, on the
other hand, are of both signs (Fig.5.) The same result follows from the experimental data
for transitions to the individual bound states. (Fig.6.)

Table 1: Interval of the average asymmetry coefficient values A2 for 14 MeV neutron radiative
capture (averaged over all prompt bound state transitions) calculated within DSD model
using different optical model parametrization.

Target
«Ca
SFe
IfSr
89v
39 z

140 p -
58 ̂ e

208 pv
8 2 r D

A2averageDSD
- ( . 5 - . 6 )
-( .32- .36)
-(.38 - .41)
-(.2 - .27)
-(.33 - .36)
-( .48- .49)

Table 2: Comparison of experimental and DSD model Ai and A2 coefficients for the capture
transitions to the individual (single particle levels). Symbols h,d,g, mean the lhu/2, 2d3/2

and 1̂ 7/2 levels, respectively.

Target
40Ca
DSD

88Sr
DSD
^Sr

DSD
89y

DSD
89y

DSD
208pb

DSD
208pb

DSD

EnMeV
14

11

11

14

14

13

13

Level

<*5/2

*l/2

^5/2

h,d ,g

09/2

t'll/2

A i

+(.00 ±.05)
-(.02 - .06)
+(.17 ±.02)

-(.25±.1O)
+ .07
+(.05 ±.01)
+ .05
+ .02
+ .03
+(.10 ±.05)
+ .04
-(.05±.10)
+ .01

A2

-(.15 ±.08)
- ( . 2 - . 3 )
-(.6±.O8)
- .7
-(.7±.4)
-1.0
-(.75±.l)
-.7
-(.08±.02)
-.03
-(.9±.3)
-.25
-(.16±.2)
+(.25 - .40)

Values of the angular distribution anizotropy coefficients A2 at about 14 MeV neutron
energy, extracted from Fig.4. are shown in Table I. (Ai values are typically less than
0.03). Their reliability these values can be estimated from the analysis of the reported
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experimental data for the transitions to the individual excited states (Table II.). In these
cases the agreement between the measured and DSD model calculated data is quite good.
Strong disagreement is found only for the population of the g9j2 level in 209Pb. In Table II.
there are not included rather inacurate experimental data [7] for the population of the g9/2

ground state in 208Pb, being Al = +(.06±.08) and A2 = +(.03 ±.20) [7]."

5 Conclusion

Using the Direct - Semi - Direct capture model, enlarged to include also the qudrupole giant
resonances, the angular distribution asimmetry coefficients Ax and anizotropy coefficients A2

were calculated. From their dependence on the neutron energy the 14 MeV data (A\ ~ 0
and Ai ~ -0.3) were extracted. Results practically do not depend on the optical model used
in the computation.
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6 Figure captions

Fig. 1 (a-f). DSD model fore-aft asymmetry coefficient A\ for radiative neutron capture in 40Ca,
56Fe, 88Si, 89Y, 140Ce and 208Pb, averaged over all bound state transitions, as a function of neutron
energy, for different optical models.

Fig. 2 (a-c). Examples of the agreement between the experimental and DSD model values of
the A\ coefficient for the capture transitions to the selected individual states (ground states): / 7 / 2 in
41Ca a) [9], [13] and ds/2 in 90Y b). One observes also insensitivity of the results on the width T b)
and on the strength (EWSR) c) of the IVQGR considered in fjY(n, 7)|§Y reaction [10].

Fig. 3. Neutron energy dependence of the DSD model fore-aft asymmetry coefficients Ai a) and
of the anisotropy coefficients Ai b) for the neutron capture to the individual states in the fJiNb.

Fig. 4. (a-f). DSD model anisotropy coefficient Az for radiative neutron capture in 40Ca,
56Fe, ^Sr, 89Y, 140Ce and 208Pb, averaged over all bound state radiative transitions, as a function of
neutron energy for different optical models.

Fig. 5. An example of the unability of the DSD model to reproduce the experimental neutron
energy dependence of the Legendre coefficient values a2 for the neutron capture into the ground state
09/2 a) and first excited state tu / 2 b) of 209Pb. Disagreement is typical for the neutron radiative
capture in heavy nuclei [12].
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Abstract

We calculated 7 energy spectra within the pre-equilibrium (exciton) model of nu-
clear reactions with full account for both the spin couplings as well as for couplings
of different nuclei and cascades of 7's. This has been done using the computer code
PEGAS.

The calculations presented are those for two 14 MeV neutron-induced reactions,
namely 56Fe+n and 93Nb+n, which differ significantly in the target spin. We have
found a difference with respect to the spin-independent version of the pre-equilibrium
code; this difference depends on the choice of projectile-target combination (and their
spins), the incident energy, as well as on the channel studied. In both cases, it does
not influence the 7 spectra drastically.

The study of spin effects in the presence of discrete levels is of special interest and
the code PEGAS is being modified as to enable such a possibility.

1 Introduction

We studied the spin effects on the observable quantities in nuclear reactions. We benefited
from the code PEGAS [1], which enables to take consistently into account both particle
and 7 pre-equilibrium emission (including cascades) and the spin-coupling effects. This is
probably the first and till now the only one fully pre-equilibrium master equations code
with a rigorous treatment of spin coupling effects, where the pre-equilibrium description is
consistently used at all stages of the reaction. The code PEGAS is in its strucure and in
the input data very similar to its spin-independent predecessor, code PEQAG [13]. This
closeness enabled us to study spin effects in detail, especially the influence of the inclusion
of spin coupling formalism on the calculated 7 (and particle as well) spectra.

The pre-equilibrium model combines in a natural way the pre-equilibrium nuclear reaction
concept with the equilibrium statistical decay. This is enabled via the master equations
approach, that allows one to follow the time evolution of the reaction system up to its

* E-mail- betak@savba.sk
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complete decay. The master equations description of a nuclear reaction is used for all stages
of a nuclear reaction. Specifically, all subsequent emissions, including the equilibrium ( =
the compound nucleus) one, are treated within the pre-equilibnurrf formalism, where the
compound nucleus is just its equilibrium limit. In order to handle properly the cascades of 7
rays, the ususal set of master equations (tens of equations) has been enlarged to couple also
different excitation energies as well as various nuclei. The great advantage of such a model
is a consistent calculation of multiple particle emission as well as multiple 7 emission. The
model has been quite recently extended to account for angular momenta [2], opening thus
a possibility to calculate also discrete 7 ray production. It is important that the nucleon
as well as the 7 emission rates of the pre-equilibrium decay automatically take over their
correct equilibrium (Hauser-Feshbach) form in the angular-momentum version of the model.

2 Master equations with spin coupling

The set of master equations used with exphcite treatment of spin variables and all possible
couplings and cascades is (see e.g. [1])

dP{i,E,J,n,t)
= r{i,rj,J,n —

+ P(i,E,J,n +

- P{i,E,J,n,t)

,t) \x([i\E\ J',n'}Mi,E, J,n])de , (1)

where P(i,E,J,n,t) is the occupation probability of a nucleus 1 at the excitation energy
E, spin J and the exciton number n, X+ and A~ are the transitional rates to neighbouring
states, and L is the total integrated emission rate of particles (protons it and neutrons v)
and 7 rays.

The nucleon emission rate per energy and time unit is in its usual shape

KA[E,ln) A [U,S,n- 1]) = ̂ ~ ^ j }
 J K * » £ £ Tt{t) , (2)

where u;(n, E,J) is the particle-hole state density denned below, T/'s are the transmission
coefficients of the emitted nucleon and Tlx(n) is the charge factor for a given type of a nucleon
[3]. At any stage of the reaction Hv{n) + 7lT(n) = 1; the initial values as well as those at
equilibrium depend on the type of reaction and neutron-proton composition of the system.

The particle-hole state density cjn(£, J) is

~ Aph)n

where g is the single-particle level density, the exciton number n is divided into particles p
and holes h, n = p + h, Apk is the correction term due to the Pauli principle, and the spin
part is
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where un is the spin cut-off parameter.
The transition rate from an n-exciton state to a more complicated one, n —> (n -4- 2), is

taken factorized
\+(E,J,n) = ̂ \M\2Yn

lXn/ . (5)
ft

In eq. (5), \M\2 is the energy part of the average squared transition matrix element of the
residual interaction, Y^ is the energy part of the accessible final states, and X^j represents
the angular momentum part of the squared transition matrix element together with the
angular momentum part of the accessible final states. The energy part Yj; is just that of the
spin-independent case (see e.g. [4]), and the spin part Xnj^ is given as [2]

1
(6)

HQ

where A(Qj4J) is 1 for \Q — j4\ < J < Q + j4 and 0 otherwise, and

Figure 1: Diagram of
the X^j function for
the intranuclear tran-
sitions.

(7)
n

J3J5 V 2 U 2

and the angular momentum density of pair states is

(8)
\ 2 2

In eqs. (6) to (8), the notation of spins is explained in Fig. 1.

3 Gamma emission

The 7 emission mechanism encoded into the PEGAS code is based on the El single-particle
7 radiative transition, Brink-Axel hypothesis, and it uses the giant dipole resonance 7-ray
strength function [5, 6]. The 7 emission is associated with the change of the energy of
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a single nucleon (which eventually may fill in the corresponding hole, decreasing thus the
exciton number by -2). With full angular momentum couplings, the 7 emission rate A7 from
an rc-exciton state is [2]

, J, n] -+ [U, S,m])=

where U = E — e7 and the branching ratios are

"(m, E - e7, S)
u>(n,E,J)

(9)

(10)

In eq. (9), <JQDji(e^) is the photo-absorption cross section. Within the equidistant-spacing
scheme, the energy terms y's are

Vn = 9" ,

and the corresponding spin coupling terms

(ii)

A

Figure 2: Diagram of z™5 (left) and x^g2J (right) functions for the 7 emission.

xn
n

J
$ =

313233

J2 1
(12)

2 2

(13)

The notation of spins involved is depicted in Fig. 2.
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By solving the set of master equations, we get the time integrals of the occupation
probabilities,

oo

T(I,E,J,TI) = JP(i,E,J,n,t)dt , (14)
o

which are essential in calculations of spectra, cross sections, and other interesting quantities.
Thus, the angle-integrated energy spectrum of 7's or particles emitted from the originally
created composite system (1 = 0) at its initial excitation energy Ec is

( l ^ l = yt<r{Ec,Jc)T(Q,Ec,JC:n)\x([O,Ec,Jc,n]^ [anything]) . (15)
\ x / 0 Jc >n

Here, cr(Ec, Jc) is the cross section of a creation of the composite system. The full 7 and/or
particle production spectrum is obtained by the summation over all nuclei within the reaction
chain and an integral over all possible excitation energies E,

~T-= £ v(hEc,Jc,E,J)T(i,E,J,n)\x([z,E,J,n}^[™y^mg}). (16)
aex E FTm

Here, a(i, Ec, Jc, E, J) represents the population cross section of a nucleus with the excitation
energy E and spin J, when the original composite system was created with the cross section
cr(Ec, Jc). The population cross section incorporates the preceding history of the system by
cascade deexcitation and particle emissions before the present emission.

One should emphasize that our approach differs significantly from the standard one.
Commonly, only the particle emission is (or could be) considered to proceed at the pre-equ-
ilibrium stage of the reaction (even that applies often to the first emitted particle only), and
the weaker (and therefore also slower) 7 emission is considered to occur already from an
equilibrated compound nucleus. The only exception from this simple rule is the calculation
of the hard 7 emission in reactions without (or prior to) the particle emission, like (77,7)
and/or (p, 7) ones. In this paper, however, all the emission, both that of particles and of 7's,
is considered consistently within the pre-equilibrium formalism. Our approach obviously
incorporates the equilibrium (compound nucleus) emission as its natural limit, and — in
practice — a significant portion of the emission occurs at or very close to the equilibrium
stage.

All what has been said above is fully valid for both continuum and discrete 7 emission.
There is no artificial difference between the two, both are described in the same way. The
continuum states are spreaded over all allowed exciton states and distributed over spins; the
discrete states often prefer a specific information in all variables (one usually specifies the
spin and eventually also the corresponding exciton (quasiparticle) number in addition to the
energy of a given state).

4 Parameters

The initial configuration to be used for the calculations is generally accepted to be no = ApT0}.
This means no = 1 for nucleon-induced reactions (on an even-even target). Thus, both the
direct and semi-direct terms of the nucleon capture are effectively described within the pre-
equilibrium statistical formalism. We pay for this consistency of description by some loss of
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detailed information, which could be employed in more refined microscopic models (as e.g.
the DSD model is), but not so easily in a phenomenological model.

The second quantity to be fixed is the intensity of intranuclear transition rates (eq. (5)).
To do that we have used the average squared matrix element of the residual interaction
|Mnonspm |2 of spin-independent calculations according to the parametrization of Kalbach [7],
where it depends on the per exciton excitation energy, e = E/n. The value of K' = 100
MeV3 has been found to yield reasonable results [8]. The squared matrix element \M\2 for
the spin version of the model is established from the condition [2]

\M\2 < Xn/ >= \Mnonspin\
2 , (17)

where the averaging is performed over J This procedure ensures consistency of nucleon
emission spectra obtained in both the spin and the nonspin versions of calculations. The
condition (17) is evaluated at n = 3, the most dominant exciton state for the nucleon
emission in nucleon-induced reactions. We adopt the same approach of fixing the value of
the matrix element for other reactions as well.

In our calculation, a simple equidistant-spacing scheme of states has been used with
g — A/13; the pairing corrections have not been considered here. The spin cut-off parameter
has been taken in the form of Herman and Reffo [9]

an
2 = (0.24 + 0.0038£)nA2/3. (18)

The particle trasmission coefficients were approximated by the use of formulae by Murthy
et al. [10]. Similarly, the 7 photoabsorption cross section is used in the Lorentzian form

NZ r2

= 53.2mb A (ey2 - EGDR )2 + e-y r

with peak energy [11]

EGDR = 29y/(l + 2/AV*)/AV* (20)

and width T = 5 MeV.
As the aim of our present study was to demonstrate the influence of the proper spin

description on the calculated quantities, we did not adjust the parameters as to be able to
follow the data more closely, but we simply preferred their global (a priori) values.

5 Results and discussion

The first comparison of spin-dependent and spin-independent formulation has been presented
in [2]. It was based only on the primary 7 contribution to the 7 emission from the original
composite system of 56Fe+n, mainly that from the lowest exciton state. The conclusion
therein (and till now the only pre-equilibrium one) reported only negligible differences be-
tween the two calculations for the case studied. Today, spin effects in the pre-equilibrium
decay are one of topical items (see e.g. the recent paper by Chadwick et al. [12]).

Here, we have considered three reactions with projectiles at energies close to 14 MeV,
namely those induced by 14 MeV neutrons on 56Fe and 93Nb and by 17 MeV 3He on 93Nb,
to perform a comparison of spin-dependent and spin-independent versions of the pre-equ-
ilibrium exciton model. The first two reactions differ mainly by their target spin, which
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(obviously) influences directly the spin distribution of the composite system. The target
spins are 0+ for 56Fe, and (9/2)+ for 93Nb. The third reaction is not shown in detail herew.
It differs from the two preceding by additional amount of angular momentum introduced
by impacting 3He, as well as by higher excitation energy (due to different binding of the
projectile). The comparison of spin distributions in the initially created composite system
is given in Fig. 3.
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Figure 3: Initial spin
distributions in three
investigated reactions.
The arrow denotes the
Nb-target spin.

The inverse cross sections for both neutrons and protons were those obtained from a
formula of Murthy et al. [10]. For a reference spin-independent calculation, we have used
the PEQAG code [13], with properly adjusted input parameters, so that both the codes
(PEGAS and PEQAG) should yield results very close one to the other. The only difference
included is just the presence of spin coupling.
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Fig. 4 depicts spin-energy distributions as obtained within the equilibration process in a
composite system prior to particle emission. The original excitation energy spin distribution
(identical to that in Fig. 3) is not drawn, because it is several orders of magnitude higher than
all the rest of the distibution. We see significant differences among all three participating
systems, fully in accord with their specification.
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Figure 5: Gamma spectra from 56Fe+n (upper part) and 93Nb+n (lower part) at 14 MeV.
The experimental data are drawn as isolated diamonds with errorbars (Fe+n: Ref. [14];
Nb+n: Ref. [15]) or x's (Fe+n, Ref. [16]). The spin-dependent calculations are drawn by
squares; the spin-independent ones by +'s.
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Figs. 5 brings the resulting 7 energy spectra from two reactions, namely 56Fe+n and
93Nb+n at 14 MeV. They are a kind of a priori calculations, as there has been no free
parameters: the matrix element and the initial exciton number were fixed from analyses
of the nucleon emission (see the preceding chapter), and the 7 calculation itself has been
performed with the same values.

The influence of the spin coupling is negligible in 56Fe+n (this confirm the earlier finding
of Oblozinsky [2]), and more seen — though not yet a dramatic one — in the other reaction.
The particle spectra (especially the proton ones), which are not a subject of this study, are
however influenced more significantly (see [17]).

6 Conclusions

We have studied influence of the spin effects on the particle and 7 spectra in three selected
reactions at excitation energies of several tens of MeV. Whereas the presence of spin couplings
yields no significant effect on the neutron (and 7) spectra at the reactions induced by neutrons
at zero-spin target, departures from this condition give rise to significant effects, especially
in the case of proton emission, where the effect can reach more than a factor of three in some
cases.

Therefore, the further use of spin-independent calculations is a kind of oversimplification
which may lead to improper results and it should be taken with extreme caution only.

The other areas of pre-equilibrium decay where a proper treatment of the angular momen-
tum couplings are expected to be important, are the discrete 7 transitions and consequently
isomeric cross sections. Within other approaches, they have been studied in Ref. [12]; and
the are one of our nearest aims within the pre-equilibrium exciton model with full account
of the spin couplings.
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ABSTRACT

Earlier compilations of photon-strength functions, based on
experimental data from resonance- or thermal-neutron capture
and photonuclear reactions, have been reviewed and updated
with recent data. The assigned fE1 and fM1 uncertainties are
discussed, especially those due to uncertainties of relevant
quantity such as the s-wave spacing Do and in the absolute
calibration of the radiative capture width Fv. Possible cor-
rections due to strong non-statistical contributions are
discussed. Derived systematics of fE1 and fM1 values as a
function of atomic mass A are reviewed in view of their use
in statistical-model calculations.

1. Introduction

The compound nucleus mechanism is dominant for the neutron
capture process up to several MeV incident neutron energy.
Therefore the statistical model is generally used to des-
cribe and calculate the (n,y) cross sections and spectra for
these energies. An exception to this can occur in thermal
and resonance regions (thus at low neutron energies) in mass
regions, where non-statistical processes (potential and
valence capture) may become important.

The 7-ray transmission coefficient TXL, usually used in the
model calculations, is related to the 7-ray strength func-
tion fXL as

TXL <EV) = 27C EY
2L+1 f X L ( E v ) , ( 1 )
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where EY is the y-ray energy and L indicates the multipolari-
ty of the radiation. Therefore both theoretical and experi-
mental knowledge of y-ray strength functions is a very impo-
rtant ingrediant for description and calculation of photon-
production data in all reaction channels, not only for the
(n,y) reaction. The impact of different theoretical formula-
tions of El, Ml and E2 gamma-ray strength functions on the
statistical model calculations have been recently studied in
several publications1'7.

In this study we concentrate on experimental y-ray strength
functions, collected over a period of about 40 years and
based on measurements of partial radiative widths Fyi. Such
data originate from three different experiments. Most of the
data are derived from discrete resonance-capture experiments
using the method of slow neutron time-of-flight spectro-
metry. In some cases, the 'thermal neutron-capture data can
be used, however, with some restrictions. The last source of
data is set of the photonuclear data. Common in the analysis
of all these experiments is a need to average over Porter-
Thomas fluctuations, which govern the distribution of par-
tial radiative widths.

The first compilation of McCullagh et al.8 included about 50
nuclides with absolute partial widths originating from
(nres,y) and (y,n) reactions, selected from data published
before 1980 and averaged over the observed resonances. These
data were analysed in the frame of model dependent (single-
particle model and Brink-Axel approximation) strength func-
tions for El and Ml radiation. The mean energy for this data
set was about 7 MeV. From fits to these data Kopecky9 derived
global formulae for the additional dependence of fE1 and fM1
on the mass A compared to the above models. We prefer the
model independent definition of strength functions for
dipole radiation, written as

fL(Evi) = <rvi/E
3
n> x 1/DO. (2)

A first update of this data set was made by Kopecky and Uhl10

in 1990. In their study a few new data have been added and
the general reliability of the data was addressed. It has
been noticed that for a meaningful application of the expe-
rimental fL(EYi) values in the statistical-model calculations
it is necessary to check (and correct) the data for the
presence of a non-statistical component in the total or par-
tial radiative widths. Such corrections have not been
applied yet and the use of data, if a non-statistical mech-
anism is strongly present in the resonance region, may lead
to a significant overestimation of normalization in the
calculation. The aim of this paper is to develop the y-ray
strength function systematics, based on the recently updated
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set of experimental data. A further objective of this work
is to address the accuracy and reliability of fXL data in
general in view of all possible sources of uncertainties.

2. Update, accuracy and revision of selected data

2.1 Data additions
The original set of data8 has been extended with data pub-
lished between 1981 and 1994 with, however, no claim on
completeness. The recent extension includes resolved-reson-
ance measurements16"22, thermal-capture measurements23"25 and
photonuclear data26"28.

Two comments should be made concerning the interpretation of
thermal capture data in terms of strength functions. First-
ly, Bollinger29 has demonstrated that the distribution of
y-ray intensities following the thermal capture follows only
approximately the Porter-Thomas distribution, and in cases
that both spin components contribute in thermal region, the
distribution should be intermediate between %2 distributions
with one and two degrees of freedom. Secondly, the conver-
sion of thermal y-ray intensities into partial radiative
widths is based on the average value of the total radiative
width, as derived from all measured resonances. This quan-
tity, especially if resonances in a wide energy region are
considered, may not be a good representation of the radia-
ve width for the thermal region. Three of such measurements
have been included in our data set; we have selected only
those where the authors derived the fElrMi values by them-
selves23"25. However, it should be mentioned that a huge
wealth of thermal capture data is available and it would
certainly be worthwhile to consider making effort to convert
well selected data into the y-ray strength functions.

The final data sets of fE1 and fM1 values are listed in Table
1. In the original data8, only a small number of minor cor-
rections have been carried out, most of the data have been
adopted without changes. Values for two different resonance
spins, treated separately in Ref.8, have been combined. Given
errors include statistical, normalization (assumed 20%) and
Porter-Thomas uncertainties. Data posterior to Ref.8 have
been adopted without changes and their origin is quoted in
first column of Table 1 by their reference. Further, the
number of resonances and y-rays used in evaluation of fE1/M1
values is quoted, just to indicate the quality of averaging.

Another assessment concerned the mean energy Ey at which fE1/Mi
values have been derived. Following Eq. (1) only the partial
E3Y reduction factor has been applied and no additional ener-
gy dependence was assumed. This is reasonably true if the
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energy region is narrow and the additional energy dependence
which comes from the El(Ml) giant-resonance model is negli-
gible. The quoted fE1,M1 value is then the mean value over all
partial fEi,Mi(

Eyi) entries considered, assumed to correspond
approximately to the mean value <Ey>. This energy is quoted
in Table 1 between columns 1 and 2. An inspection of these
values shows, that the majority of data do not significantly
deviate from earlier quoted <E7> ^ 6 - 7 MeV. A fraction of
the fE1/M1 scatter may, however, stem from internal differen-
ces in distributions of partial data within the <EY> range.
The only data outside 6 - 7 MeV to be considered are the
actinide data with <Ey> z.

 4 •2 MeV. The energy correction due
to additional energy dependence (e.g. assumed E2Y for El
radiation) increases fE1 values by factor of 2.5. The global
trend of fEljM1 data is, however, not significantly influenced
due to a relatively small number of such data points, as was
shown in Ref. 9.

2.2 Additional uncertainties in fE1 and fm values
In order to get a feeling for additional uncertainties, two
of their main sources are discussed now in detail.

Firstly we review uncertainties in fE1,M1 coming from the
s-wave resonance spacing Do. This quantity may severely
influence the "experimental" fL(Ey) values. Recent evalu-
ations of Do values at ENEA Bologna, Obninsk and CNDS publis-
hed in Refs.11'13, compared to the original BNL evaluation14

showed in several cases significant disagreements, despite
the fact that a similar methodology (corrections for missed
or wrongly assigned resonances), was applied. All Do evalua-
tions11"14 are quoted in columns 2 and 3 of Table 1 together
with the value used in the original fE1,M1 analysis. It turned
out that in some cases an incorrect Do value was applied in
the derivation of fEi,M1 values and a correction is proposed
here. A general word of caution, however, has to be given
here. As an example of such significant differences the
93Nb(n,y) reaction can be mentioned. While values of Do = 37.8
eV, 44 eV and 4 5 eV have been deduced in Refs.8'14'11, respect-
ively, the evaluations12'13 resulted in 90 eV and 105 eV.
Additionally Vertes and Grigoriew31 quoted the value of
67 eV. Thus the data differ by more than a factor of two.

The fEi,M1 data may therefore be categorized into two groups,
those with no significant differences among the derived Do
values and consenquently with a small uncertainty due to
resonance spacing and those where significant disagreement
among Do values occurs. For the last group the additional
uncertainty has to be considered and those data are labeled
with "Do" warning in Table 1 or a correction is proposed.
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Special attention hasto be paid also to the absolute cali-
bration of the radiative width and its accuracy. Several
approaches have been applied in the experiments considered,
such as internal normalization to a strong secondary transi-
tion in the spectrum studied or to well known values of the
radiative width for individual resonances. As "an external
normalization/ either measurements relative to the Au stan-
dard (4.9 eV resonance) have been used or measurements
relative to well established thermal capture standards, such
as e.g. Cl. Recently, Becvar et al.15 developed a method of
calibration relative to the 477 keV 7-line from the 10B(n,a)
reaction by a simultaneous time-of-flight measurement of the
target material with a thin layer of boron. Close inspection
of available data, however, raised a suspicion that in many
cases the accuracy associated with the normalization pro-
cedure is underestimated, with possible consequences for the
derived fEliia values.

As an example the 15oSm(n,Y) reaction can be mentioned. The 7-
ray intensities, based on the experiment carried out at the
BNL fast chopper, were calibrated by two different methods.
In the original study30 the absolute normalization against a
secondary transition in the 15OSm(n,7) spectrum resulted in a
value of fE1 = 4.46(110) 10'

8 MeV"3, while later a new calib-
ration20 against the boron 477 keV line, gave a value of fE1 =
7.83(157) 10"8 MeV'3. Their difference lies outside the quoted
errors. However, it has to be remembered that it is very
difficult to judge the quality of internal calibration
without reviewing the original experimental data and the
corresponding calibration runs in detail. It seems that an
error factor of f=1.5 is a reasonable estimate of the addi-
tional global calibration uncertainty.

2.3 Comments on non-statistical capture mechanism
Another inspection was considered for nuclides which can be
influenced by a strong El non-statistical component present
in the resonance region. This effect may explain some of the
experimental fE1 values which significantly exceed values
based on pure statistical contributions. Further it is of
relevance how large their influence is on the global system-
atics of fE1 as a function of mass. In some data the size of
the valence contribution has been discussed and estimated
alrea- dy authors as referenced. Here we can list the fol-
lowing reactions: 91Zr(7,n), 92Mo(n,7), lolRu(n/7),

 198Hg(n,7)
and 207Pb(7,n). For the mass region of the 3s-wave giant
resonance, 40<A<60, an estimate of approximately 50% valence
contribution to the total radiative width can be quoted.
This seems to be a reasonable guess based e.g. on calcula-
tions of Allen and Musgrove32 and comparisons between FY(s-
waves) and Fy(p-waves) values in the above mass region, where
the latter is assumed to have a pure statistical nature.
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Similar enhancements of El radiation may be expected in the
3p-(4s-) giant resonance regions (90<A<110 and 140<A<200).

For nuclides, with very limited number (<3) of primary tran-
sitions (e.g. ground-state transitions), the value of the
derived strength function may not be reliable an"a not repre-
sentative for the statistical capture, even if a relatively
sufficient number of resonances was used for averaging.
These transitions may still carry the simple (single-par-
ticle) structure through several resonances.

For Ml radiation the situation is more complicated. There is
no general theoretical explanation of the non-statistical
mechanism, despite the fact that these effects have been
experimentally observed (see e.g.33'34).

3. Discussion of data

3.1 El radiation
All surveyed data with their original values, denoted accor-
ding to their experimental origin, are displayed in Fig.l
together with a least-squares fit of a power dependence on
mass number A (solid curve). Data follow reasonably well the
expected smooth global trend with two exceptions, where some
deviations above the general scatter of data may be con-
sidered. These large deviations belong to data in mass
regions with A<40 and 170<A<210. There is no difference
detected in data trend among the three experimental methods
applied. For indication how the extension and revisions of
tha data set have influnced the general trend in fE1 data,
the fitted curve from 19819 is plotted in Fig.l for a com-
parison.

Reasons for a large scatter of the low-mass data (A<40) can
be surely attributed to an insufficient averaging together
with pronounced single-particle character of many transi-
tions. However, it seems that their mean value reasonably
represents the general trend, as expected from the other
data. The situation in the mass region with 170<A<210 is mo-
re complex. Several strongly enhanced data points can be
explained by the presence of a non-statistical mechanism, in
particular those around the double-closed shell region.
However, this enhancement is not a general feature of all
data, some values seem to follow the general trend, as
determined by data from the mass region with 100<A<170. It
is noticed, that the general data scatter around the trend
curve in Fig.l can be characterised by a uncertainty factor
of k=2, which leaves about 10% of data points outside the
uncertainty band (see Fig. 1).
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Fig. 1 Plot of fE1 values [full circles (nres,7), open circles
(y,n) and squares (n^y)] against the mass number. The full
curve represent a LSQ fit to recent data, the fit from 19819

is denoted by the dashed curve. Dotted curves display an
uncertainty band with k=2 (see Eq. (4)).
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1e-O9

1e-10
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Fig. 2 The same as Fig.l, the open circles denote entries
with nonstatistical contributions. The dotted curve results
from a LSQ fit to only statistical data (full cirles), while
the full curve stems from Fig. 1.
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This data scatter probably masks the expected enhancement of
fE1 values in other mass regions (see Sect. 2.3). This is
demonstrated in Fig.2, where data with well established non-
statistical contributions have a tendency to lay in the
upper half of the data band. It turns out, however, that
these non-statistical data influence very little" the overall
trend and fit to the fE1 values. This can be seen in Fig. 2,
where the fit to data without those labeled as "nonstat" is
drawn and differs negligibly from the fit to all data.

A substantial fraction of this scatter can be certainly
attributed to uncertainties (see Section 2.2) and to an
insufficient averaging of Porter-Thomas fluctuations. All
facts discussed above suggest that extensions and changes in
basic data including recent revisions (Do revi- sions, see
comments in Table 1) have a very small influence on global
behaviour of fE1 values and their fit.

3.2 Ml radiation
For Ml radiation, the situation is more complicated for
several reasons. The systematic behaviour of the Ml strength
function (see Fig.3) shows a similar mass dependence as El
radiation. These data, however, are scarce and statistically
less accurate, often based on inadequate averaging. The
uncertainty representing data scatter, determined in a
similar way as for El radiation with about 10% data points
outside, amounts to a factor of three (see Fig. 3). The curve
fitted to data available in 1981 (Ref.9) differs very little
from the present fit.

There is no well established general theoretical expression
for fM1. The frequently used single-particle estimate is at
variance with a finite energy-weighted sum rule and is also
ruled out by the observed mass dependence. The recently pro-
posed giant resonance model35, based on the Brink hypothesis
and the spin-flip Ml resonance, lacks a global description
of the sum rule. The data display also some effects, which
may be attributed to a non-statistical origin. Some of the
enhanced data seem to cluster in a gross structure but a
clear identification is difficult. However, their influence
on the general trend is marginal, as can be seen in Fig. 4.
Only in two original references the nonstatistical origin of
data was identified.

4. Recommended systematics

It was shown that there has been no significant influnce on
the global trend of the fitted strength functions as a
function of mass by updating the basis data set since 1981.
It was shown further that this global trend is also not in-
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Fig. 3 Plot of fia values, the uncertainty band has a value
of k=3 (used symbols are the same as in Fig.l).
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Fig. 4 Non-statistical f^ data, used symbols as in Fig. 2
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fluenced by data enhanced by non-statistical effects. The
general reason for this is that the associated individual
errors, dominated by Porter-Thomas uncertainties, are some-
times comparable to these effects and that the number of
non-statistical entries is relatively small. Therefore we
have decided to apply only corrections to the those Do values
in the original entries, which were obviously wrong. These
changes are documented in Table 1. The least-square fit to
these data resulted in a recommended experimental (trend)
systematics, which reads as

fE1 (exp) = 9.23X10"
11
 A1-34!0-14 ,

= 1.58xl(T9 A0 47 °̂ 21 .
(3)

These expressions are recommended for estimates of fE1/M1
values in calculation normalizations if the neutron binding
energy is not too much different from a value of 6 to 7 MeV.
The associated uncertainty factor k, defined as

E1/M1

L,M1' (4)

has been proposed in Sect. 3.1 and 3.2 and amounts to
k = 2(3) for El(Ml) radiation, respectively. These, to some
extent arbitrarily chosen uncertainty factors, agree reason-
ably with asociated errors of the A power as derived from
the least-squaresd fit, resulting in k values 2.1 and 2.9.

1e-06

1e-10
50 100 150 200 250

MASS

Fig. 5 The fE1 data corrected for non-statistical contribu-
tions (see Table 1). Fit to these data is denoted by the
dashed curve, the other symbols as in Fig. 1.
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In the second phase we made an attempt, only for fE1, to pro-
duce a set of data representing pure El statistical compo-
nents. Applied corrections for non-statistical contributions
have in many cases a rather subjective character, based on
an educated guess and should not be taken as a proper quan-
titative treatment. This exercise resulted in more smoothed
data but with a little influence on the global trend. The
corrected data are again documented in Table 1 and displayed
in Fig.5.

5. Comparison with model predictions

The standard method to relate the surveyed data to model
predictions is to display the C/E values from the model con-
sidered for comparison. We have chosen, as in all earlier
studies, the standard Lorentzian, with an energy independent
width, as explored in the Brink hypothesis36. Applied para-
meters of the El giant resonance were taken from Dietrich
and Berman37 or, if not available, deduced from the neigh-
bouring isotopes.

There has been longstanding evidence that this formulation
overestimates the large body of experimental data both from
discrete-resonance and averaged-resonance capture experi-
ments (e.g.35'38) and also other pertinent quantities such as
<FV>, oy and da7/dE (see e.g. refs.1'7). If, from obvious
reasons, the data below A = 40 and around A ^ 50 are neglec-
ted (nonstatistical region), this overestimation is also
confirmed for fE1 values as demonstrated in Fig. 6. Addi-
tionally, the C/E values have a similar behaviour1'7 as found
for the radiative width <FY>, the aY cross section and the y-
ray spectra doY/dE, namely, a clear overestimation for mass
regions 90<A<150 and above A = 190, and a reasonable agree-
ment with the standard Lorentzian prediction for the defor-
med rare-earth region with 150<A<180.

It has been shown1"7 that this overestimation is removed by
adopting a generalized Lorentzian with an energy dependent
width. However, a problem, as mentioned above, remained in
the mass region above A = 150, where the modified Lorentzian
underestimated the experimental data and in fact the stan-
dard Lorentzian gave a reasonable agreement. This was a sur-
prising result especially because it abruptly disappeared at
A=180. In order to maintain the global applicability of the
physically-sound generalized Lorentzian formulation, Uhl and
Kopecky4"7 introduced an empirical enhancement factor k0. The
size of the enhancement has been determined by a simulta-
neous adjustment of a large number of calculated <FV>, ay and
day/dE in the mass region 90 < A < 210 against the experimen-
etal data. This adjustment resulted in a purely empirical
expression as a function of mass (see Refs.7'39 for details)
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(A) 1.0
1.0

for A < 148,
0.09(A-148)2exp[-0.18(A-148)]

(5)
for A > 148

ill
O

100 150 200 250

MASS

Fig. 6 Ratio of calculated (standard Lorentzian) and experi-
mental fE1 values plotted against the mass number.

This enhancement (about factor 2 to 3) remained hidden
within the scatter of the present experimental strength
function data. However, it seems that it is possible to
detect it and explain it globally from the distribution of
the total radiative widths. The updated data base of <Fr> (s-
wave) values is displayed in Fig. 7 as a function of neutron
number. Inspection of these data, plotted with a smooth
trend curve, shows three distinct regions of enhanced <F7>
values, which correspond to well established non-statistical
regions. Two of them are the well known double magic number
regions with A=50-60 and A=200-210, corresponding to the 3s-
and 4s-giant resonances in the s-wave neutron strength
functions. The less distinct enhancement lies just above
A=*150 and is again associated with the non-statistical
capture in the lower part of the double-humped 4s-giant
resonance.

For a graphical comparison with our previous results on
these enhancement7'38, we have plotted the experimental <Fr>
values in the discussed mass region together with the calcu-
lated enhanced values of <F7>. This calculation was based on
application the enhancement factor, as derived in Eq.(5), on
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Fig. 7 The average measured s-wave neutron radiative widths
plotted against the neutron number. The solid curve is an
eyeguide to the trend systematics.

a
O

130 140 150 160 170 180 190 200 210
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Fig. 8 The fE1 enhancement factor (from Ref.7'39) plotted
together with <FY> values from Fig. 7 around the rare-earth
mass region.
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the mean value of <Fy> = 60 meV for nuclides with A < 148.
The results displayed in Fig. 8 show a very nice agreement
and support the explanation of this effect by a global
enhancement of the total radiative width in the reaction
mechanism.

6. Conclusions

1. The original experimental data set for El and Ml gamma-
ray strength functions8 has been reviewed, and extended by
recent data. The resulting fE1 and fM1 values show a smooth
increasing dependence on mass A, different to that expected
from the single-particle model. Together with an additional
energy dependence above the E3 phase-shift factor (as detec-
ted in many averaged-resonance capture experiments), it may
be concluded that the use of single-particle model should be
disregarded for both El and Ml radiation.

2. The data fluctuations around the fitted systematics are
dominated by a combined effect of experimental uncertainties
(including the averaging properties) and uncertainties in Do
values, their possible corrections are discussed and in se-
veral cases applied. The size of these fluctuations compli-
cates the interpretation of individual data in terms of sta-
tistical and non-statistical components, however, a global
trend of these effects is detected.

3. The resulting set of fE1 values generaly underestimates
the predictions by the standard Lorentzian, as expected from
previous studies. This behaviour forms a global argument for
the use of the generalised Lorentzian with the energy-depen-
dent width. The enhancements of El radiation above this mo-
del in mass regions 50<A<60 and 150<A<170, which influnces
all quantities such as fE1, <F7>, aY and dOy/dEm may be at-
tributed to global non-statistical effects. However, it is
not exluded that some of the <F7> enhancements are due to
experimental effects.

4. For practical applications in statistical model calcula-
tions, the experimental ratio of <ry>/D0 is probably the best
normalization check. The derived systematics of fE1 and fM1,
if necessary combined with the trend in El/Ml ratios, can be
used as a reasonable approximation of the strength functions
in model calculations, if experimental values are not avail-
able.
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Table 1. Compilation and revisions of experimental values for gamma-ray
strength functions fE1 and fM1 based on s-(p-) wave neutron
capture and photonuclear data.

FN

[Ref.]

Reaction

#res/El/Ml

Do

Applied
in

[Ref.]

Revision

[ev]

[2]
[3]
[4]
[5]

comment fa

f(El)bc

[10-8

Revised

f(Ml)bc

MeV3]

values

F -20
[1]
(n,Y)
2/5/3 <4.4>

33200
200000

1.80(112) 4.26(310)

Do uncertainty

Mg-25
[9]
(Y>n)
14/1 <8.5>

143500
220000
120000

0.36(19)

Mg-25
[1]

143000 143500
220000
120000

1/4 <6.0>

5.17(380)

Mg-26
[1]

6/1
14000

3.46(255)

Al-28
[1]

19970

(Y)
2/5/2 <6.6/6.9>

54000
32000
64300

1.48(92) 2.08(139)

Do = <50000>

40000

0.40 0.59(37)

0.22(15)

0.83(66)

0.125(70)Si-29
[1]
(n,7)
2/5/2 <6.0/5.4>

135000

Do uncertainty

100000Si-30
[1]

1/2 <6.9>

0.57(39)

S -33
[1]

203000 17000
60000
17000

1/4/3 <7.5>

0.15(12) 0.66(57)

17000 11.9 1.79(143) 7.88(681)
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Cl-36 24500 21000
[1] 18000
(n,7) 28000
1/9/5 <7.2/5.4> 8428

0.13(7) 0.30(20)

Do uncertainty

1300Sc-46
[1]
(n,Y)
2/13/9 <7.0/7.2>

1300
1280

1450

1.61(59) 1.17(59)

Cr-53 42000
[1] 40000
(7,n) 45000
21/1/1 <7.9/7.9>

3.19(235) 2.80(188)

#5(El)16(Ml) Nonst. effects 0.5 1.60(118)

1.74(20)Cr-54
[12]
(n,7)
23/33/31 <6

7100

.7/6.7>

7100
6330
7100
6550

0.59(6)

Nonst. effects/Averaging

Fe-57 17000
[1] 23000
(7,n) 25000
15/1/1 <7.7/7.7>

2.46(181) 2.25(78)

#8(El)7(Ml) Nonst. effects 0.5 1.23(99)

1.46(70)Fe-57 17000
[10] 23000
(7,n) 25000
32/1/1 <7.8/7.8>

0.96(33)

#14(El)18(Ml)Nonst. effects/Averaging

Co-60
[1]
(n,Y)
1/8 <7.0>

1060 1100
1560
1100
1340

2.70(146)

Nonst. effects 0.5 1.35(73)

1.46(101)Ni-61 16000
[1] 13900

23/1/1 <7.8/7.8> 14935

2.00(108)

#7(El)16(Ml) Nonst. effects 0.5 0.73(50)

1.53(52)Cu-64
[1]
(n,7)
3/9 <7.5>

629 320
504

1040
1452
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Ge-74
[1]

5/7/7 <!..

Zr-91
[1]
(Y-n)
32/1 <7.2:

76

1/7.9>

>

Nonst.

Nb-94 37.8
[1]

7/15/16 <6.5/6.5>

Mo-93
[1]

8/10/9 <6

MO-95
[13]
(7-n)
NA/1 <7.3=

Mo-99
[1]
(n,7)
17/7/8 <5.

Ru-100
[1]

4/5/10 <6.

Ru-102
[1]
(n,7)
6/5 <7.8>

Do = 67

1000

.6/6.2>

82
40
82

165

6400
7800
8600

10500

effects

44
45
90

105

eV

2100
1630
3600
3000

Nonst. effects
Do = <2580>

>

Nonst.

429

.5/5.5>

31.4

,9/7.4>

24.6

975
749

1150
2265

effects

970
703
970

25
14.
17.
26

16
13.
18
94

Enhanced trans.

Rh-104 23.2
[1]
(n,7)
6/4/2 <6.9/6.9>

Pd-106
tl]
(n,7)
8/10/12 <7

11.9

r.0/7.9>

16
18
31

10
10.
10.
13

5
6

4

2
3

0

0

0

0

0

.42

.5

.20

.50

.62

3

7

3

5

2

5

1

5

2

4

2

4

3

.44(115)

.48(281)

.14(118)

.04(124)

.84(70)

.67(147)

.13(29)

.38(41)

.69(20)

.32(81)

.97(41)

.13(33)

.79(87)

2

1

0

1

0

2

4

2

0

1

.57(82)

.20(44)

.68(25)

.46(42)

.59(18)

.12(118)

.00(160)

.46(98)

.54(31)

.19(27)
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In-116
[1]
<n,Y)

9.5

31/12/12 <5.9/6.1>

Sb-122
[1]
(n,Y)
12/9/9 <6.1/5.

Sb-124
[1]
<n,Y)
4/11/13 <5.6/5

Te-126
[1]
(n,Y)
6/10 <7.7>

I -128
[1]
(n,Y)
8/7/12 <6.5/6.

I -128
[14]
(n,Y) thermal
0/11/20 <6.5/6

Do

Ba-136
[1]
(n, Y)

13.5

9>

20.7

.8>

38

13.3

5>

9.7

.5>

= <15>

47.6

6/1/4 <6.6/7.9>

Ba-136
[15]
(n,Y) thermal
0/16/16 <6.5>

Nd-144
[1]
(n, Y)
10/3/1 <6.6/6.

Nd-14 6
[1]
(n,Y)
10/2 <6.7>

Sm-148
[16]

(n, Y)
12/16 <6.6>

Sm-150
[1]
(n, Y)
3/31 <6.3>

Sm-150
[17]
<n,Y)
7/13 <6.5>

40

44.6

3>

18.7

5.7

2.3

2.2

9.4
11
9.4
9.3

18
14.1
18
18.5

38
26.9
38
42

38
37
48
56.25

9.7
15.7
14.5
15

9.7
15.7
14.5
15

0.65

40
38
40
-

40
38
40
-

45
24
36.5
40

22
17.5
17
20

5.7
5.8
4.7
6.9

2.2
3.1
1.9
2.45

2.2
3.1
1.9
2.45

5.56(159)

3.05(61)

3.48(203)

1.88(46)

8.64(329)

5.59(213)

4.23(254)

2.7(7)

4.59(181)

4.31(171)

4.5(9)

4.46(110)

7.83(157)

1.13(30)

0.61(12)

0.79(20)

1.60(44)

0.31(5)

0.73(13)

0.47(9)

1.40(70)

0.57(21)

0.30(22)
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Gd-155
[18]
(n,Y)
15/8 <5.9>

Gd-157
[17]

NA/5 <6.0>

Er-168
[8]
(n,Y)
45/6/4 <6.4/6.

Er-169
[1]
(n,Y)
7/26/9 <4.9/5.

Dy-163
[19]
(n,Y) thermal

14.5

37.8

3.8

4>

94

2>

55

0/9/7 <5.5/5.3>

Tm-170
[1]
(n,Y)
9/16 <5.9>

Lu-176
[1]
(n,Y)
11/8/2 <5.8/5.

Lu-177
[17]
(n,Y)
6/15 <5.9>

Yb-174
[7]
(n^Y)
22/5/5 <6.3>

Hf-178
[1]
(n,Y)
37/18/3 <6.5/6

7.3

3.47

8>

1.7

7.8

2.5

.2>

14.5
16.5
14.5
-

37.8
44.0
38.0
-

4.0
4.5
4.6
-

94
94

100
-

64
51
64.6
82

7.3
9
7.3

16.5

3.45
3.2
3.6
-

1.7
1.8
1.7
2.3

7.8
-
7.8
9.5

2.4
2.5
2.4
2.9

Abs.cal.uncert. 0.5

Ta-182
[1]
(n,Y)
19/66/1 <5.2/4

W -183
[1]
(n,Y)
7/15/5 <5.2/4.

4.5

.3>

66

7>

4.17
3.96
4.4
4.0

66
61
66
66.8

8.3(17)

10.0(18)

16.7(152)

6.39(147)

8.3(4.4)

4.72(101)

7.41(251)

8.46(410)

20.0(33)

17.77(335)

8.89(168)

10.47(157)

10.25(338)

4.9(5)

1.57(95)

2.9(1.3)

3.19(139)

3.65(152)

6.64(356)

4.25(183)
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W -184 12 12
[1] 13
(n,Y) 13
6/13 <6.3> 24

Do uncertainty

Pt-196 16.3 18
[1] 16
(n,y) 18
22/9 <7.0> 15.4

Au-198 16.2 16.5
[1] 15.6
(n,7) 16.5
4/5 <6.4> 16.75

Hg-199 83 105
[1] 93
(n,7) 105
2/3/41 <6.5/5.2> 93.65

3 enh.trans. 0.15

Hg-200 88.1 100
[1] 75
(n,7) 100
3/9 <7.2> 88.3

Hg-202 100.5 98
[1] 126
(n,7)
3/3 <7.2> 97.8

Pb-207 35700
[1] 15100
(7,n) 37100
11/1 <7.1>

Nonst. effects 0.3

Pb-208 37500
[1] 38000
(7,n) 36000
10/1/1 <7.5/7.6>

#3(El)#7(Ml) Nonst. effects

Th-233 18.2 16.8
[1] 16.5
(n,7) 16.8
5/3/1 <4.2/4.5> 16.55

U -235 12.3 10.6
[1] 11.8
(n,7) 10.6
4/53/19 <3.9/4.4> 12.15

U -237 15.4 14.7
[1] 15.7
(n,7) 15
7/2/3 <4.6/4.8> 16.45

28.14(970)

20.31(257)

11.00(530)

58.08(445)

8.71(67)

10.91(404)

8.47(693)

36.61(261)

10.98(78)

9.37(800)

18.30(766)

12.14(392)

8.16(352)

22.1(155)

0.185(60)

8.88(602)

2.11(78)

0.37(17)
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U- 239
[1]
( n , Y )
2 3/9/5 <4 .1 /4 .

16.4

2>

20.9
21.2
21.7
22.3

12.74(314) 3.22(96)

FN - final nucleus
Do values are quoted in the order of:

BNL", CNDC11, Obninsk" and ENEA Bologna"
a Correction factor
b Given errors are in quadrature added statistical,

normalizations (20%) and Porter-Thomas uncertainties.
c The origin of data is the reference quoted in the first column.

In the last line of data sections a comment is given on the
quality of data treatment in original references (if doubts exist)
and the revised value is presented (if strong arguments for
revision exist).
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EVALUATED GAMMA-RAY PRODUCTION DATA OF JEJVDL-3.2

K. SHIBATA, S. IGARASI* and T. ASAMI*

Nuclear Data Center
Japan Atomic Energy Research Institute
Tokai-mura, Ibaraki-ken 319-11, Japan

ABSTRACT

The second revision of JENDL-3 contains gamma-ray production data for 66 nuclides.
Evaluated quantities are emitted gamma-ray spectra, production cross sections and
multiplicities in the incident neutron energy-range from 10'5 eV to 20 MeV. Except for
light nuclides, statistical-model calculations were mainly used to obtain these quantities.
The evaluated data are presented by comparing with measurements and with other
evaluated data libraries.

1. Introduction

The third version of Japanese Evaluated Nuclear Data Library (JENDL-3)1 was
released in 1989. It contained neutron-induced reaction data for 171 nuclides among
which gamma-ray production data were stored for 59 nuclides. After slight modification
and addition of 172 FP nuclides, the first revision of JENDL-3 (referred to as JENDL-
3.1) was made available in 1990. The JENDL-3.1 gamma-ray production data have been
used for shielding and nuclear heating calculations, and it was found that some
improvements should be needed. There were several problems concerning the gamma-
ray production data. A big problem was related to energy balance of capture reactions
at thermal energy. Most of the gamma-ray production data were evaluated by using
statistical-model calculations, and energy balance was automatically preserved in that
case. At thermal energy, however, the calculated data were replaced with experimental
data for many nuclides, and total energy was not necessarily conserved. Another problem
is concerned with discrete gamma-rays from inelastic scattering to low-lying levels of
natural elements. According to the policy of the JENDL-3 project, elemental data of
structural materials should be prepared for user's convenience as well as isotopic data.
To achieve this, the discrete gamma-rays due to each isotope were embedded in
continuum spectra which are represented in a finite energy bin. In other words, sharp
discrete lines were somewhat smeared with a finite energy interval. This treatment was

Nuclear Energy Data Center
* Data Engineering, Ltd.
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however found to be inadequate from the analysis2 of an integral experiment3 performed
at KfK. The gamma-ray production data in JENDL-3.1 have been thoroughly re-
examined, and some problems were resolved. The revised data were included in the
second revision of JENDL-3 (JENDL-3.2) which was released in June 1994.

JENDL-3.2 contains gamma-ray production data for 66 nuclides, which are listed
in Table 1. This paper describes the evaluation method of the JENDL-3.2 gamma-ray
production data and presents several results of cross sections and spectra.

Table 1 Nuclides for which gamma-ray production
data are stored in JENDL-3.2

Ca
5 9Co
1 0 7Ag
181Ta

3He
BNa
^Ca
Ni
1 0 9Ag
W

6Li
Mg
Ti
S8Ni
Cd
Pb

7Li
27A1
51V
«°Ni
Eu
204pb

9Be
Si
Cr
Cu
Hf
2O6pb

^Si
55Mn
"Cu
174Hf

2O7pb

UB
29Si
Fe
65Cu
176Rf

208pb

12C
30Si
54Fe
Zr
177Hf
209Bi

1 4 N

31p
56Fe
9 3Nb
178Hf
23 5 u

1 5 N

s5 7Fe
Mo
179Rf

23 8 u

1 6 Q

K
S 8Fe
Ag
180Hf

239Pu

*) The nuclide without a mass number stands for a natural element.

2. Light Nuclides

2.1. Radiative Capture
For very light nuclides up to carbon, neutron capture reactions play a significant

role in gamma-ray production, together with inelastic scattering to several discrete levels.
In the low energy region, the capture cross section is assumed to have a dependence of
( En ) ~ i a , where En stands for an incident energy. On the other hand, the inverse reaction
is used to evaluate the higher energy part of capture cross section if the measurements on
(y,n) reactions are available.

The capture cross sections of 3He are shown in Fig. 1, where the JENDL-3.2 data
are compared with those of ENDF/B-VI and with experimental data. In this case,
experimental data are available in a wide energy range, and the evaluated data were
obtained as follows:

.where any and £„ are given in units of barn and eV, respectively. In the above equation,
the second term indicates p-wave capture. It should be noted that the ENDF/B-VI data
assume a straight line in the entire energy region. P-wave capture is also important in
the evaluation of capture cross sections of 16O. It is found from Fig. 2 that the recent
measurements4 indicate a dependence of ( En )

i a above several tens of keV, while the old
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data point is placed on the ( En ) ~ m line. In the energy region above 1 MeV, the
JENDL-3.2 data were obtained by using the 17O(Y,n0) cross sections measured by Johnson
et al.5
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2.2. Inelastic Scattering to Discrete Levels
Figures 3 and 4 show (n,n'y) cross sections of 7Li and 12C, respectively. In either

case, there are a lot of experimental data although they are not shown in the figures. As
for 7Li only y-ray measurements are available for this level, while both neutrons and y-
rays can be measured for the 4.439-MeV level of 12C. A small difference between
JENDL-3.2 and ENDF/B-VI is seen at the foot of a big resonance around 4 MeV in the
case of 7Li. It is found from Fig. 4 that the uncertainty of the evaluated data is relatively
large concerning 12C.

CO

c
o

.a

c
o

o

w
V)

o

0.30

0.20

0.10

JENOl-J 2

- - E N D F / B - V I

l\ EY = 0.478 MeV

- \ -

I

CO

c
a

en
O

CJ

0.0 10.0 20.0

Neutron Energy (MeV )

Fig. 3 7Li(n,n'y) reaction cross sections.
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- JEF-2 2

I Ey = 4.439 MeV
k

0.0 10.0 20.0

Neutron Energy ( MeV)

Fig. 4 12C(n,n'Y) reaction cross sections.

3. Structural-Materials

3.1. Statistical-Model Calculations
The evaluated gamma-ray production data of structural materials were obtained

from statistical-model calculations using computer codes CASTHY6, GNASH7 and TNG8.
The composite formula of Gilbert and Cameron9 was used to represent level density. The
profile function of giant dipole resonance is of the Brink-Axel10 type, i.e., a Lorentzian
shape.

In the previous version JENDL-3.1, the calculated thermal spectra were replaced
with measured data after a benchmark test11 had been done, since it was too difficult for
the calculations to reproduce the measurements well. As a result of this replacement,
total energy was not necessarily conserved at thermal energy. In the present JENDL-3.2,
this drawback was removed by taking account of experimentally determined branching
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ratios for primary transitions in the calculation of capture gamma-ray spectra. Evaluated
thermal spectra from natural nickel are shown in Fig. 5, where the JENDL-3.1 data are
based on the experimental data12 measured at ORNL. It should be noted that the JENDL-
3.2 data are almost consistent with those of JENDL-3.1 in this case. On the contrary,
the natural zirconium data of JENDL-3.2 differ from those of JENDL-3.1, as seen in Fig.
6.
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Fig. 5 Capture gamma-ray spectra from
natural nickel at thermal energy.

Fig. 6 Capture gamma-ray spectra from
natural zirconium at thermal energy.

3.2. Data of Natural Element
According to the policy of the JENDL-3 project, data of natural element should

be prepared for users' convenience. In the resonance region, capture reactions contribute
to gamma-ray production. Therefore, gamma-ray multiplicities and spectra for a natural
element were calculated from each isotope, and were given in MF/MT= 12/102 and 15/102
of the ENDF format. Above the resonance region, all the contributions but inelastic
scattering were combined into the nonelastic reaction (MT=3). In the JENDL-3.1
evaluation, the contributions from the inelastic scattering to discrete levels were also
included in continuum spectra of the nonelastic reaction with a finite (-500 keV) energy
bin. This treatment, however, caused a serious problem in the analysis2 of leakage spectra
from iron spheres measured3 at KfK. The spectrum calculated from JENDL-3.2
reproduces an experimentally observed peak around 850 keV better than that of JENDL-
3.1, as seen Fig. 7.
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3.3. Evaluated Cross Sections and Spectra
Evaluated gamma-ray spectra from natural chromium and iron at 12 MeV are

shown in Figs. 8 and 9, together with measurements. In this comparison, the elemental
data of ENDF/B-VI and JEF-2.2 were generated from major isotopes, i.e., s2Cr, 53Cr, 54Fe
and 56Fe. Total gamma-ray production cross sections are compared with experimental
data in Figs. 10 and 11. In these figures, the experimental data were obtained by
multiplying the spectral measurements mentioned above by 4K, while the evaluated data
were corrected for experimental cut-off energy of gamma-rays. As for chromium, all
evaluated data are smaller than the measurements. On the other hand, the iron data of
JENDL-3.2 are considerably larger than those of the other two libraries, although the
measured data are consistent with JENDL-3.2.
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Fig. 10 Total gamma-ray production cross
sections of °*Cr.
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Fig. 11 Total gamma-ray production cross
sections of T e .

4. Actinide Nuciides

4.1. Prompt Gamma-Ray Spectrum from Fission
Verbinski et al.13 measured prompt gamma-ray spectra from thermal neutron-

induced fission of asU and ^'Pu and from spontaneous fission of 252Cf. Their results
indicate that the fission gamma-ray spectrum does not depend so much on the fissioning
nucleus. The evaluated gamma-ray multiplicities and spectra were obtained from these
experimental data. The evaluated data of 238U were deduced from the measurements of
a5U. Neglected was the neutron energy dependence of the gamma-ray spectra.
According to the Thomas-Grover theory14, the spectrum will not change much with an
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incident neutron energy. In fact, Takahashi15 calculated the gamma-ray .spectra for 238U
at several incident energies using the Thomas-Grover theory and found that the energy
dependence is quite small.

4.2. Statistical-Model Calculations
Gamma-ray spectra from radiative capture and other nonelastic reactions were

calculated by using the GNASH code. The energy dependence of gamma-ray profile
function was assumed to be of the Brink-Axel type giant dipole resonance superposed
by the so-called pygmy resonance. The parameters of the pygmy resonance were
determined so as to reproduce the neutron capture gamma-ray spectrum measured by
John and Orphan16 in the eV region: op = 4.0 mb, Ep = 2.1 MeV and Tp = 1.0 MeV.

4.3. Evaluated Cross Sections and Spectra
Total gamma-ray production cross sections are shown in Figs. 12-14, where the

evaluated data were corrected for experimental gamma-ray cut-off energy in order to
compare with measurements. As for ^ U and ^'Pu, the JENDL-3.2 data give smaller
cross section than those of ENDF/B-VI and the measured data of Drake et al.17"19 On
the other hand, for 238U, the JENDL-3.2 and JEF-2.2 data are larger than those of
ENDF/B-VI.

Evaluated gamma-ray spectra are almost consistent with available experimental
data, as seen in Fig. 15 for ^'Pu.
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Fig. 15 2"Pu(n,XY) spectra at 7.5 MeV.

5. Conclusions

The second revision of JENDL-3 contains gamma-ray production data for 66
nuclides. As for light nuclides, p-wave capture plays an important role in gamma-ray
production. The statistical model was applied to evaluate medium-heavy and heavy
nuclei. Prompt gamma-rays due to fission are important for actinide nuclides. Evaluated
gamma-ray spectra were compared with available experimental data. Furthermore, total
gamma-ray production cross sections were compared with measurements by taking
account of experimental gamma-ray threshold.
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An Integral Test of Neutron-Induced Photon Production Data for Iron

H. Freiesleben, K. Seidel and S. Unholzer
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Momrnsenstrafle 13, D-01069 Dresden, Germany

Abstract

An iron slab of dimension lm x lm x 0.3m is irradiated with 14 MeV neutrons. The
neutrons and protons penetrating and leaking the assembly are measured. The spectral
photon fluence normalized to one source neutron is compared with Monte Carlo transport
calculations (code MCNP) based on data of the European Fusion File EFF-1. Discrep-
ancies are discussed.

Note: Abstract only. Text of the paper has not been received by deadline.
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BENCHMARK TEST OF GAMMA-RAY PRODUCTION DATA
IN JENDL-3.2 AND FENDL-1
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ABSTRACT

In regard to verification of secondary gamma-ray data in evaluated nuclear data libraries,
there were two useful sets of benchmark experiments conducted at the principal D-T
neutron source facilities in Japan; FNS and OKTAVIAN. By analyzing the experimental
gamma-ray spectra and heating rates with MCNP-4A, gamma-ray production data in
JENDL-3.2 and FENDL/E-1 were tested for fourteen elements of C, F, Al, Si, Ti, Cr,
Mn, Fe, Co, Cu, Nb, Mo, W and Pb. Through comparisons between the experiments and
the calculations, validity of the secondary gamma-ray data contained in the two nuclear
data files was confirmed for most of the nuclei. However discrepancies between them
were still observed in some cases, and improvements of the data were recommended for
more accurate data libraries.

1. Introduction

Neutron induced secondary gamma-ray data in evaluated nuclear data libraries are
highly important from a view point of applications for nuclear heating and shielding
designs of fusion devices. There were some previous studies '"* so far for verification of
the secondary gamma-ray data. However the verification is still not adequate for applications
of the data to real designs of fusion devices.

Recently benchmark experimental data " related to the secondary gamma-ray for
many materials have been accumulated at the two principal D-T neutron source facilities
in Japan; FNS in Japan Atomic Energy Research Institute and OKTAVIAN in Osaka
University. On the other hand, two cross section libraries for the MCNP code8, FSXLJ3R29

and FENDL/MC-1 10, have been available since the summer of 1994. The FSXLJ3R2
library is based on the latest version of the Japanese Evaluated Nuclear Data Library,
JENDL-3.2. The FENDL/MC-1 library distributed by IAEA on July 26, 1994 is derived
from the FENDL/E-1 evaluated nuclear data library. The FENDL/E-1 library consists of
the data selected from three major evaluated nuclear data libraries, JENDL-3.1, ENDF/B-VI
and BROND-2. In order to verify secondary gamma-ray data in JENDL-3.2 and
FENDL/E-1, analyses of the above benchmark experiments were carried out with MCNP-
4A.
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2. Brief Review of the Experiment

In the FNS experiment2'5'7, gamma-ray spectra and gamma-ray heating rates were
measured at several positions in cylindrical experimental assemblies made of Fe, Cu and
W. The experimental assemblies were thick, i.e., about 5.5 to 8.5 mean free paths of 14
MeV neutrons. There were many low energy neutrons in the assemblies and observed
gamma-rays were produced not only threshold reactions caused by D-T neutrons but also
radiative neutron capture reactions by low energy neutrons. The gamma-rays were measured
in the steady state without any time cut-off. Therefore secondary gamma-ray data for a
wide neutron energy range can be verified with the FNS experiments.

As for the OKTAVIAN experiment3 6, leakage gamma-ray spectra from spherical
piles made of LiF, CF2 (Teflon), Al, Si, Ti, Cr, Mn, Co, Cu, Nb, Mo, W and Pb were
measured. Since thicknesses of the piles for most of the materials were not so large, i.e.,
around one mean free path of 14 MeV neutrons, 14 MeV neutrons were dominant in the
spherical piles. The spectra were measured from the time of neutron emission to about
70 ns. Source D-T neutrons from the target did not slow down below about 0.1 MeV
within the time range. Because of the above two reasons, most of observed gamma-rays
were produced by threshold reactions mainly with 14 MeV neutrons. Thus the OKT AVIAN
experiments are suitable to examine secondary gamma-ray data produced by neutrons
around 14 MeV.

3. Calculation

The continuous energy Monte Carlo transport code MCNP-4A8 was used for all
the calculations with the FSXLJ3R29 and FENDL/MC-1 I0 libraries. Original nuclear
data libraries taken in FENDL/E-1 are presented in Table 1. Since cross section data of
Si and Mo were not included in the FENDL/MC-1 library, FSXLIB-J3 "•12 library based
on JENDL-3.1 was used for the two materials instead of FENDL/MC-1. The data
adopted in FENDL/E-1 for Mo was the same JENDL-3.1 while that for Si was BROND-2.
The MCPLIB1 library was used as the photon transport cross section library.

As regards calculations for the FNS experiments, angle-dependent source neutron
spectra were used as a source term. The source spectra were obtained by a Monte Carlo
calculation precisely simulating the , » . , „ . , , _ , , ,

, ,. x .-, Table 1 Original nuclear data libraries taken in the
real target structure. Gamma-ray FENDL/E-1 library,
kerma factors derived from the photon
interaction cross section library, DLC-
99 13, were adopted to calculate
gamma-ray heating rates of each
material.

In the OKTAVIAN experi-
ments, the sample materials except
lead were filled in containers made
of type 304 stainless steel or soft steel.

Li-6
Li-7
C
F
Al
Si
Ti
Cr

ENDF-B/VI.l
ENDF-B/VI
ENDF-B/VI.1
ENDF-B/VI
JENDL-3.1
(BROND-2)
JENDL-3.1
ENDF-B/VI

Mn
Fe
Co
Cu
Nb
Mo
W
Pb

ENDF-B/VI
ENDF-B/VI. 1
ENDF-B/VL2
ENDF-B/VI.2
BROND-2
JENDL-3 1
ENDF-B/VI
ENDF-B/VI & VI. 1
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Both the sample material and container were modeled in one-dimensional spherical
geometry in the calculations. Measured source neutron spectra14 were used as an isotropic
source term. A spherical surface of 5.8 m in radius, which was the distance between the
real target and the detector, was used for a detector surface. A time cut-off about 70 ns
was taken in the calculations. The real D-T neutron targets simultaneously emitted
gamma-rays along with D-T neutrons. In order to consider the target gamma-rays,
another series of calculations with source gamma-rays were made for all the OKTAVIAN
calculations. A flagging method u 15 was applied to the OKTAVIAN calculations to
examine contributions of gamma-rays emitted from the containers and the targets to the
measured spectra.

4. Results and Discussions

4.1. FNS Experiments
Calculated to experimental values (C/Es) for gamma-ray heating rate of the iron

experiment along the central axis of the experimental assembly are shown in Fig. 1. The
heating rates by FENDL agree well with the experiment within the experimental error
bands of about ± 10 %. However those by JENDL-3.2 are larger than the experiment by
10 - 70 %, especially near the front surface of the assembly where 14 MeV neutrons are
dominant. Since the gamma-ray heating rate means deposited energy to a surrounding
medium by gamma-rays, the heating rate has strong correlation with total gamma-ray
energy released by gamma-ray production reactions around the measurement point. Hence
the discrepancy between JENDL-3.2 and the experiment near the front surface of the
assembly implies that energy balance of the gamma-ray production cross sections in
JENDL-3.2 are distorted for incident neutron energy around 14 MeV. Excess gamma-ray
energies are released by 14 MeV neutron reactions according to JENDL-3.2.

Figure 2 shows C/Es for gamma-ray heating rate of the copper experiment. It is
seen in the figure that the FENDL and JENDL-3.2 calculations result in almost the same

2 0

1 5

1 0

0 5

0.0

Gamma-Ray Heating Rate

Expt Error

•JENDL-3 2

-FENDL1

2 0

1 5

1 0

0 5

0.0

Copper
Gamma-Ray Heating Rate

Expt. Error

-100 100 300 500 700 900 -100 0 100 200 300 400 500 600
Distance from Surface [mm] Distance from Surface [mm]

Fig. 1 Calculated to experimental values for
gamma-ray heating rate of iron.

Fig. 2 Calculated to experimental values for
gamma-ray heating rate of copper.
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heating rate at all the measurement points. Although the C/Es range between 0.6 and
1.25, both calculations agree with the experiment if experimental errorscof 10 - 25 % are
considered. As it is pointed in the previous works2"16, 14 MeV neutrons are dominant
near the front surface of the assembly. When one moves to the deeper part of the
assembly, a fraction of low energy neutrons below 1 MeV increases with decrease of the
14 MeV neutrons. Therefore it is deduced that secondary gamma-ray data of copper in
both JENDL-3.2 and FENDL/E-1 for not only 14 MeV neutrons but also lower energy
neutrons are valid.

As for the tungsten experiment, C/Es of gamma-ray heating rate are shown in Fig.
3. The C/Es by JENDL-3.2 are a little closer to unity than those by FENDL, and the
C/Es by both calculations have almost the same trend. Calculated heating rates with both
libraries are larger than the experimental ones at all the measurement points. The
discrepancies between the calculations and the experiment are remarkable, nearly a factor
of 2, at shallower measurement positions. This fact suggests that gamma-ray production
cross sections of tungsten in both libraries are evaluated larger than the true ones for
incident neutron energy around 14 MeV. Figure 4 represents the measured and the
calculated gamma-ray spectra at 76 mm position. Both calculated spectra are somewhat
softer than the measured one, that is, the calculated spectra are larger and smaller than the
measured one in energy ranges of 1 - 3 and 3 - 1 0 MeV, respectively. Although the
calculated spectra differ a little each other, they agree with the experiment as a whole.
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0 0

Tungsten
Gamma-Ray Heating Rate

Expt Error
-JENDL-3 2

-FENDL1

i .

10

100 0 100 200 300 400
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500 600
10'

-

• Expt
JENDL-3 2
FENDL-1

i

Tungsten •

- I T I I ^ z = 76 mm '

10 10 u

Gamma-Ray Energy [MeV]

10'

Fig. 3 Calculated to experimental values for
gamma-ray heating rate of tungsten.

Fig 4 Measured and calculated gamma-ray
spectra in the tungsten assembly.

4.2. OKTAVIANExperiments
The measured gamma-ray spectrum in the OKTAVIAN experiment consists of

three components; gamma-rays from the testing material, from the container and from the
target. Since only the first component is under consideration, the latter two components
are regarded as parasitic. Thus contributions of the parasitic gamma-rays to the spectra
are investigated by means of the flagging method. Figures 5 and 6 illustrate the contribution
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10'
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Fig 5 Contribution of parasitic gamma-rays to the
total gamma-ray spectrum for CF2 pile.

Tungsten

• Tungsten
• Target
- Container
-Total

4 6 8 10
Gamma-Ray Energy [MeV]

12 14

Fig. 6 Contribution of parasitic gamma-rays to the
total gamma-ray spectrum for tungsten pile.

of the parasitic gamma-rays to the spectra in the CF2 and W cases. It is clearly seen from
Fig. 5 that the parasitic gamma-rays are comparable or dominant to the gamma-rays from
the Teflon over all the energy range. In the spectrum of tungsten, Fig. 6, parasitic
gamma-rays are larger than the gamma-rays from the tungsten above 5 MeV. Similarly it
is found for most of the materials that the contribution of the parasitic gamma-rays are
considerable. Hence it should be noticed that discrepancies found between the measured
and the calculated spectra are not always attributed to inadequacy of the cross sections
used.

Some examples of the calculated leakage gamma-ray spectra are presented in Figs
7 (a) - (d) with the measured ones for the four materials. As for Al, both JENDL-3.2 and
FENDL agree well with the experiment. Good agreements are similarly seen between the
calculated with both libraries and the measured spectra for LiF, CF2, Si, Cu and Mo. In
Fig. 7 (b), the calculated spectrum by FENDL is closer to the measured one comparing
with JENDL-3.2 for Cr. On the other hand, JENDL-3.2 shows better agreement with the
experiment for Co and Nb as seen in Figs. 7 (c) and (d). Discrepancies between the
calculated spectra with both libraries and measured ones are observed for Ti, Mn, W and
Pb.

All the calculated and measured spectra are integrated above 0.5 MeV except Mn
and Nb. The lower limit energy of 0.7 MeV is adopted to Mn and Nb because the
measured spectra around 0.5 MeV seem to be distorted. The upper limit energy is
changed to 6.5 MeV for LiF and CF2, and 5.0 MeV for Nb and W, respectively, since
contributions of the parasitic gamma-rays are large above the upper limit energies. There
are two advantages of the integrated spectrum; the measured and the calculated spectra
can be compared quantitatively, and mismatches of energy resolution between the
experiments and the calculations can be avoided. The integrations are carried out in two
ways; direct integration of the gamma-ray flux and integration of products of gamma-ray
flux and energy, that is,
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Fig 7 Measured and calculated gamma-ray spectra for OKTAVIAN experiment.
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and

= J(j)Y(E)dE

IE = J(j>r(E)-E-dE.

(1)

(2)

The former, IN, is equivalent to total number of gamma-rays while the latter, IE, corresponds
to total gamma-ray energies. From a viewpoint of engineering, the latter has much
meanings because most of design parameters concerning gamma-rays have strong relation
to the total gamma-ray energies. Figures 8 and 9 show C/Es of the IN and IE for each
material.

It is found from the figures that all the calculated IN and IE values agree with the
experiment within 30 %. The IN values by FENDL scatter around the unity as similar to
the IE values while as regards JENDL-3.2, the IE values are more gathered around unity
than the IN values. Differences of all the IE values between JENDL-3.2 and the experiment
are smaller than 17 %. But the IE values by FENDL/E-1 for four materials, Cr, Mn, Co
and Nb, differ more than 18 % from those by experiment. Hence it is pointed out that
JENDL-3.2 presents better agreements than FENDL/E-1 for the total gamma-ray energies
released by mainly 14 MeV neutron reactions.

5. Concluding Remarks

Present status of the accuracy of the secondary gamma-ray data in JENDL-3.2
and FENDL/E-1 is briefly summarized in Table 2 taking account of both FNS and
OKTAVIAN experiments. Through the benchmark test of the secondary gamma-ray data
for fourteen elements, validity of the data in both libraries is proved for about half of the
element while some problems are pointed out for several elements.

Table 2 Status of accuracy of secondary gamma-ray data in JENDL-3.2 and FENDL-1.
Symbols of ©, O and A indicate excellent, good and poor, respectively

Element JENDL-3.2 FENDL-1 Element JENDL-3.2 FENDL-1

C
F
Al
Si
Ti
Cr
Mn

o
A

o

not available
o
o
o

Fe
Co
Cu
Nb
Mo
W
Pb

A

o
A

o

o
©
A

A

o
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