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ABSTRACT

The yield of K x-rays from different fragment masses have been
determined in the thermal neutron induced fission of U235. The energies of
the pairs of fragments were measured with two semi-conductor detectors placed

on either side of a thin U235

foil., The K x-rays from the light and the heavy
groups of fragments were separated by measuring the x-ray energies with a 1 mm
NaI(Tl) crystal. The fragment mass distributions in coincidence with the light
group of X x-rays, heavy group of K x-rays and the unbiased mass distributions
were simultaneously recorded in different quarters of a 1024 channel analyser
memory. Frém these distributions,; after suitable corrections for the back-
ground, x-ray detection efficiencies and finite energy resolution effects, the
number of x-rays as a function of fragment mass have been determined. The K
x-ray yield per fission is found to be (0.08 1.0.01) for the light fragment
group, and (0,30 i_0,0Z) for the heavy fragment group. The gross features of
the yield as a function of mass are similar to those observed earlier for
emission from Cf252 fragments.. However, unlike the case of szsz, for masses
greater than 144 the striking increase in the yield is not observed. The pre=-
sent results are consistent with the interpretation that the x-ray yield depends
both on the characteristics of the low lying states and the initial spin of the
fragments,
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fission chamber through two aluminised Mylar windows to avoid scattering of
the beam at the chamber walls. The U235 foll was mounted on a rod fixed at
an angle of 45° to the top plate of the chamber in such a way that the foil
was at anVanglé of 45° each to the incident beam, the line joining the fission
detectors and the line Joining the center of the foil and the x-ray detector.
The x-rays were detected through a 0,01 in. beryllium window of 1.25 in,
diameter fixed at the centre of the base plate of the chamber. In this geo-
metry the distance of the NaI(Tl) crystal from the center of the foil was
fixed at 8.1 cm.

B. Procedure and Electronics

The methdd consisted in simultaneously measuring the fragment mass
distributions in coincidence with the light group of K x~rays, heavy group
of K x~rays and without regard to any secondary radiations. From these dis-
tributions, after correction for the background, x-ray detection efficiencies
and the finite energy resolution effects, the K x-ray yield as a function of
fragment mass were obtained. Fig.2 shows the block diagram of the electronic
arrangement. ‘The pulse height distributions from the fission detectors, Dq
and Dp were first matched by adjusting the amplifier gains. The amplified
pulse heights V1 and Vé'from detectors D

to an adder divider circuit which generated a pulse proportional to Vé/(v1+Vé).
3 )

1 and D2 respectively were then fed
As also pointed out by Atneoson et al”, because of the observed linear depe-
ndence of the ﬁulse height defect with fragment mass, Vé/(v1+Vé) is linearly
related to‘Ez/(E,1 + E2) where E, and E, are the kinetic energies of the pair
fragments . From the conservation of momentum it follows that the output
Vé/(V1+Vé) is proportional to the fragment mass M1, if it is assumed that no
neutrons were emitted from the fragments. The procedure adopted for the cali-
bration of Vé/(v1+V2) versus fragment mass and the correction of the mass dis-
tribution for the effects of neutron emission and experimental mass dispersion
are described in the Appendix. The Qutput of adder-divider circuit was fed

to a 1024 channel analyser, divided into four quarters of 256 channels each.
The mass distribution without coincidence with any secondary radiation was

recorded in the first quarter of the analyser memory.

The pulse heights from the x-ray detector were calibrated into

energies using the sources of Am,2419100579 051379 Ba133 and Gd153

« The full
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width at half maximum (FWHM) of the Ba KD& line was found to be about 10.0 kev.
The relationship between energy resolution of the x-ray detector system and the
photon energy4was also experimentally obtained using the calibration sources.

A high precision pulser fed at the input of the x-ray detector amplifier was
also calibrated with respect to x=ray energies. The pulse heights from the x-ray
detector system corresponding to the light fragment K x-ray energy group (8 to
21.1 kev) and the heavy fragment K x-ray energy group (21.1 to 50 kev) were se-
lected with two single channel analysers using the calibrated pulser. The pulses
from the fission detector D2 and the x-ray detector were fed to a coincidence
unit of resolution time (2% ) of 1°2f¢sec to ensure 100% coincidence efficiency.
The single channel analyser outputs were gated with the coincidence pulse to
select the light and heavy fragment K x-rays respectively. These pulses selec-
ting light and heavy fragment K x-rays were used to steer the pulse height ana-
lyser so that if there waé a pulse corresponding to the detected light fragment
or heavy fragment X x-ray, the vg/(v1 + Vg) output was stored in the 2/4 or 3/4
of the analyser memory respectively instead of in the 1/4 quarter. In this way,
the date recorded simultaneously in the 1/4, 2/4 and 3/4 of the analyser memory
represented the normal fragment mass distribution, mass distribution in coineci-
dence with light fragment X x-rays and in coincidence with heavy fragment X x-
rays respectively. The X x-ray sbectrum was also recorded periodicelly by gating
the li2I{M.) detector outunt with the fregment x-ray coincidence pulse.

In 15 separate runs of 24 hours each about 105 triple coincidence
events corresponding to 2.36 x 107 binary events were iecorded. To ensure the
stability of the selected energy windows, the energy calibration of the precision
pulser and the settings of the two single channel analysers were checked before

and after each run.

C. Background Corrections

The above measurements were carried out with and without a copper
filter of thickmess 440 mg/cm? to correct for the background triple coin¢idences.
This filter was essentially opaque to the fragment K x-rays (10 - 40 kev) and
was practically transparent for the fission Vv -rays. The trensmission of this
absorber for 30 kev; 40 kev and 100 kev photons was calculated to the (0,8)%,
(12,3)% and (82.0)% respectively. The measurements taken with the absorber re-
presented total background counts arising firstly due to the true coincidences

between fission and the compton scattered fission Y -rays, and secondly due
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to the chance coincidences, The difference between these two measurements re-
presented to a good approximation the spectra in coincidence with the X x-rays
alone. A small transmission of the high energy K x-rays (~ 40 kev) through
this filter was taken into account in correcting for the background. Measure-
ments showed that about 40% of the total counts belonged to the background

coincidences, the chance coincidences being only 15% of the total.

III. RESULTS AND ANALYSIS

The observed energy distributions of the x-rays after correction for
the background is shown in Pig.3. This measurement was done earlier10 in an
experimental geometry different from that shown in Fig.1. In this case the x-
ray detector was in line with the fragment detector placed on the other side
of the foil. This spectrum contains thé x=rays emitted from both members of
the fragment pair, one moving towards and the other away from the x-ray detector
and hence the Doppler shifts on the average energies is not expected. The spec-
trum of the x-rays emitted from Cf252
Grlffin( 1) with a NaI(Tl) detector is also shown in the figure for the sake of

comparison of peak positions in the two cases.

fragments as measured by Glendenin and

The imass distributions §¢(M) and SifM) observed in coincidence
with the light group and heavy group of K x-rays are shown in Fig.4 along with
the normal mass distribution >/(M)q Here M is the approximate preneutron emis-
sion mass, uncorrected for the effects of reutron emission and mass dispersion,
The sécond hump in the distribution ,/(M) and the first hump in the distri-
bution §/(M) correspond to the cases when the light and heavy fragments res-
pectively are mov1ng towards the detector D2 It can be seen from Fig. 1 that
when the fragments are moving towards the detector ng the x-rays emitted all
along the fragment path are not seen by the x—ray detector. Therefore only the
first hump in ‘7/(M) and the second hump in 5/(M) correspond to the unshielded
view, while the other two humps correspond to a partially shielded view. The
data have been'éhalysed to obtain the observed K x—ray'yield per fragment for
thé cases of unshielded and partially shielded views separately.

The unbiased and mass distribution Y (M) and the distribution
\/X(ML’H) in coincidence with the light or heavy fragment K x-rays are related

by

Yy O 5 Ya) = SL " (e, 5) By Of,m) = R (dg p) eene(1)
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where NX(MLyH) is the average number of K x-rays emitted from masses MLgH,WL(M)
is the detection efficiency for the K x-rays characteristic of fragment mass M,
and Jl_is the solid anglé of detection. Thus, HX(Mi) and RX(MH) were obtained
from channel by channel division of the counts in the 2/4 and 3/4 respectively
by the counts in the 1/4 of the analyser memory. The values of RX(M)/SI are
plotted as a functlon of flnal fragment mass gj (after neutron emission and cor-
rected for mass disper81on) in Pig. 5(a). The solid angle of detection Sl was
calculated for the present experimental geometry with the computer GDC=36OO using
a Monte Carlo method taking into account the finite size of the source and x-ray
detectore Slnce the direction of fragment motion ig peIpendlcular to the direc-
tion of x-ray detector and the x-ray detector was at a relatively large distance
as compared to the foil-fragment detector distance (Fig.1), the solid angle was
calculated assuming that all the x-rays were emitted at the source foil itself.
This approximation can only lead to a maximum uncertainty in the calculated solid

angle of sbout 3% which is included in the quoted results.

Corrections for the Energy Resolution of X Ray Detector

The determination of Ny(My y) from Eq.(1) is valid only if the pulse
height selected from the single channel window settings always correspond to the

energy windows of 8 - 21 kev and 21 - 50 kev required for separating K x-rays
from the light and heavy fragment groups. However, due to a pulse height spread
in the x-ray detector output, the pulse height distribution of the heavy frag-
ment x-rays has a tail extending into the light fragment vaay window and vice
versa, In addition, the escape peak of the heavy fragment x-rays of energies
greater than 32 kev falle in the light fragment x-ray region. The wvalues of

Nx(ML’H)fcorrected for these effects were derived in the following manner:

Let PR(M), P¥(M) and P°(M) be the probabilities that x-ray emitted
from mass M gets detected and gives a pulse height falling in the xiéht window,

wrong window, and outside the window ranges respectively. Then,
PR(x) + PY() + o) = M (). L cenena(2)

The values of NX(ML) and Nx(MH) for a pair of complementary fragments are
then related to the measured values Ry(M;) and Ry(My) by the following equations:

Re(My) = Ne(Mr) PROM) + N (i) 27(or) RN G))
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and

Re (M) = We(m,) PR(M,) + Wy (i) P (o) veesed(d)

The probabilities PB(M) and PW(M) were calculated using the measured response
of the Nal detector for different photon energies. It was found that the ex-
perimental energy resolution (full width at half maximum, FHWM) as a function
.of energy E, has the simple relation; FWHM = a E; + C, where a and ¢ -are

constanis,

With this relation, Gaussian distributions of average K x-ray energies
equal to those expected for emission from different fragment masses, and having
areas equal to (QKM).le were computed. To calculate average K x-ray energy from
fragment mass M, the corresponding fragment charge was calculated on the equal
charge displacement hypothesis(11)a The efficiency of the 1 mm Nal crystal for
different energies was calculated from the known photo-electric and total absor-
ption cross sections also taking into account a small attenuation of the x-rays
in the two beryllium windows. For x-ray energies greater than 32 kev, the re-
sulting pulse height distributions were taken as two separate Gaussians of
average energies E and (E-28) kev, and having areas equal to W\fM)JLi_1»p(Mi}
and Wl(M)Slp(M) respectively where p(M) is the escape probability for x-rays
emitted from mass M. The areas under the two Gaussians in the ranges 8 - 21.0
kev and 21.0 = 50 kev where computed by numerical integration to obtain the values
of PR(Mp,), PW(ML)g,PR(MH) and PW(Mg)o The number Nx(M) of K x-rays per fragment

 obtained from Eqs.(3) and (4) sre plotted against the fragment mass M§ after
neutron emission in Fig. 5(b), both for the cases of unshielded and partially
shieded views° The K x-ray yields per fragment for different fragment masses
shown in Fig.5 have been corrected for the effects of experimental mass reso~
lution in an average manner by plotting the yield =zt the mass corrected for the
mass dispersion shift. Consequently, the x-ray yield fof any mass My should be
interpreted to represenf a weighted average yield over a few neighbouring frag-
ment masses. The observed smooth variation of the yield with fragment mass there-
fore does not rule out the possibility of different K x-ray yield from neighbour-
ing cdd and even masses. Nevertheless, the present results do show the average

behaviour of the variation of the K x-ray yield as a function of fragment mass
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(1,2)

for U236 fragments similar to the earlier measurements for Cf »2 fragments.

From the measured yield per fragment for the unshielded view, the
average number  of K x-rays emitted from the light and heavy groups were calcula-
ted and the values are given in Table-I, The results of other measurements are
elso shown in the table for comparison. From the present data the average
number of K vacancies per fission is calculated to be (0.12 + 0.01) for the
light group and (0.35 + 0.02) for the heavy group. The ratio of the observed
number of K x-rays for the unshielded and shielded views are found to be (1,424
0.09) and (1.54 1.0009) for emission from the light and heavy g roups respeetively..
From the experimehtalggeometry it is found that in the case of partially shielded
view, the observed yield refers to only those x-rays emitted in the initial 0.9 cm
of the fragment path. On this basis, the observed ratios correspond to average
x-ray half lives of (0.36 + .05) nsec. and (0.62 + .07) nsec. for the light and
heavy groups respectively, assuming a single decay constant. It may, however,
be noted that the assumption of a single decay constant is an unrealistic one.

In fact 2 continuous spectrum of various half=life components can be expected for
each fragment group firstly due to different possible gamma hélf—lives and second-
ly due to different values of conversion coefficients. The half-=lives estimated
here, therefore, correspond to a suitably weighted average over the fragment
group of the product of gamma half life and the corresponding internal conversion

probability for different transitions.

IV DISCUSSION
For the purpose of comparison, the present results on K x-ray yield

from U236 fragments (unshielded view) are shown in Fig. 5 together with the pre-

252

viously 2 measured K x-ray yield from Cf fragments. Since the light pesk of

the mass distribution is at a lower mass in the fission of U‘?36 as compared to

2
that in the fission of Cf25 s in this work it has been also possible to obtain

data for fragment masses less than 90 in the region of neutron closed shell of

N=50 for which no data were available from Cf252 studies, The K x-ray yield

252 (1-4)

curve for Cf has been earlier interpreted on the basis of the variastion

of the internal conversion probability as a function of mass as expected from the
characteristics of the low lying states. The present results on the yield from

U23 fragments are consistent with the interpretations earller put forward for
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the case of szsze As expected, the x-ray yield is found to be vanishingly small
for fragments of mass around 84 which have closed neutron shell of N = 50. As
one moves away from this closed shell, the yield is found to increase upto mass
106, similar to the case of emission from Cf252 fragments. Since both the U236
and Cf252 fragments are neutron rich to nearly the same extent, the present re-
sults are consistent with the proposal<12’ 2-4) thet the neutron rich fragments
around mass 106 make up a new region of~defofmation and therefore deexcite with
lower energy, highly converted transitions. However, an alternative explanation
for the observed high K x-ray yield in this regibn could be that in the neutron
rich even nuclei arocund mass 106 the first excited state is 0+ leading to O+~—>O+

transitions.

2
For the heavy group of U 36 fragments, the minimum in the yield is also

found to be in the region of closed Z = 50 and W = 82 shells, similar to the case

of Cf252e However, the striking increase in the yield for masses greater than
144 (corresponding to N > 88) observed for the case of 2272 does not seem to be
236 236

apparent for the'case of U . On the other hand the yield from U fragments
appears to be nearly constant or somewhat decreasing with increasing mass for
Afragment masses between 144 and 151. This effect appears to be similar to that

(192) for Cf252, where a drop in the yield beyond mass 153 was

earlier reported
observed, although the region of stable deformation is known to extend to mass
180, Atneoson et'al(B)

nected with the possibility that these fragments (Mf)>153) are not being formed

have pointed out that this drop in the yield may be con-

with sufficient spin to wndergo a cascade of rotational transitions., It has been
suggested that closed shell spherical nuclei which cannot receive spin by simple
Coulomb inteiaction may also be less effective in imparting spin to the partner
fragment which may be deformed. Consequently, fragments of masses greater than
153 may be formed with continually decreasing spin as these fragments at scission
will be paired off with fregments approaching spherical shape, due to the proxi-
mity with N = 50 shell. It is possible to test these arguments by a comparison
of the K x-ray yield for U236 and szif fragments, since mass of the heavy frag-
ment paired off with the light fragment having N = 50 is different in the two
cases, On the basis of the observed(13) number of neutrons as a function of

fragment mass we assume that due to neutron closed shell at N = 50, the scission
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deformation of the light fragment is continuously decreasing below mass 97 and 90

for the cases of Cf252 and U236

fragments respectively. The corresponding masses
of the partner heavy fragments after neutron emission are 152 and 144 respectively
in the two cases, It can therefore be expected that the spin imparted to the
heavy fragment decreases a5 one moves beyond these masses., The drop in the x-ray

yield for Cf252
U236

fragments does indeed appear at sbout mass 153, For emission from
fragments also, the points in PFig. 4(b) can be interpreted either to suggest

a decrease in the yield beyond mass 144 or at least a constant yield between masses
144 to 151. It therefore appears quite likely that the absence of a striking in-
crease in the x-ray yield for masses beyond 144 (corresponding to N~ 88) for the
case of 0236 fragments is due %o the pairing off of these fragments with undeformed
partners having ¥~50, The present results, therefore, favour the argument that
the x=-ray yield depends both on the properties of the low lying states and the
initial spin of the fragment. It may be pointed out that in some recent determi-
nations(4) of the K x-ray yield from Cf252 frogments as a function of fragment
atomic numbers, the decrease in the K kwray yield for 2 D60 corresponding to Mf}153
is not evident. If this observation doés not arise due to any uncertainties in the
fragment charge yield curve used for the above determination; one has to assﬁﬁe
that the shapés of the X x=ray yield curve differ when plottéd as a function of
fragment mass and atomic number. It will be interesting todetermine with a high
resolution Li-drifted silicon detector the K x-ray yield as a function of fragment

3G‘fragments to see whether such a difference is apparent in this case

charge for ﬂz
also, The above arguments based on the role of initial spin of theAfragments are
valid only if the variation of the K x=ray yisld as a function of fragment atomic

number is similar to that as a function of mass number,
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APPENDIX I

Mass Calibration and Correction for Mass Dispersion

The fragmenti masses are derived from the fragment kinetic energies with
the momentum conservation relation. If E? and E; are the fragment kinetic energies

before neutron emission, it follows that
' *

B

* *
By + B

The effect of neutron emission on the mass distribution arises from the following

M1 = 236

two factors; PFirstly, it introduces a dispersion in the fragment mass because of

the variation in the neutron number, direction and energy. This dispersion in-

creases(13) the variance of the mass distribution by about (2.8) (mass unit)z,

Secondly, the calculated mass Mﬁ obtained from the ratio E1/(E1 + E2) will be
shifted with respect to the actual mss depending on the number of neutrons emit-

C

ted. The difference between the calculated mass M1 and actual mess NH is given by

My - M, = O, v, - M ,)/236 veeena(1)
where ., and ), are the number of neutron emitted by fragments 1 and 2.

On the basis of mvailable data, the pulse height from the fragment detector

varies linearly(14) with fragment erergy and mass. In this case; the pulse height

(3)

.consequently distribution in the pulse height ratio gives the distribution of the

ratio VéAY1 + Vé)also varies linearly with the energy ratio E2(E1 + Eb)and

fragment mass Mfu
For the maess calibration,; the calculated masses M: for the two pesks and
one minimum of the mass distribution curve were ascertained from the data of
Schmitt et al(15)a The channel numbers corresponding to the same points in our
mass yield data were ascerteined and a least square fit gave the relationship

between calculated masses and channel number.

The mass distributions thus obtained are shown in Fig.4; where the frag-
ment mass refers to that uncorrected for the effects of neutron emission and mass
dispersion. The variance of the observed binary mass distribution is about 65

(mass unit)2 indicating a variance of about (1598) (mass unit)2 for the mass
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dispersion function which is attributable largely to the instrumental effects.
Correction for the experimental mass dispersion shift was carried out using the
method of Terrell(13)° The initial fragment masses corresponding to the new
calculated masses corrected for the mass dispersion shift were obtained with
Eq.(1). The experimental mass yield curve corrected for mass dispersion effects
is compared with that obtained by Schmitt et al(15) in Fig.7. The observed
good agreement between the two curves ensures the consistency of the procedure
adopted for mass calibration and dispersion correction. The final fragment
masses N% representing the masses of fragment nuclei undergoing gammas deexcita-
tion were obtained by substracting the number of neutrons emitted from different

magses., -

TABLE I

The Light- and Heavy-fragment K x-ray Yield

for U236

Fission Fragments

Light-fragment yield
(K x-rays/fission)

Heavy-fragment yield

(K x-rays/fission) References

(0.08 + 0,01)
(0,10 + 0.03)
0,08

(0.17 + 0.02)
(0.12 + 0.03)
(0.18 + 0.06)

(0.30 + 0.02)
(0.42 + 0.12)
0,12

(0.43 + 0.08)
(0,20 + 0.05)
(0.39 + 0.09)

Present work

O 0 3 O
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Pig. 5(a)

Pig. 5(b)

vFigc 6
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FIGURE CAPTIONS

Schematic diagram of the experiméntal arrangement for
determining the K x-ray yleld from different fragments.

Block diagram of the electronic aerrangement for K x-ray

yield determination.

The energy distribution of the K x-rays after correction for
background. In this measurement, the x-ray detector was
placed on the other side of the foil in line with the

fragment detector.

The mass distributions observed in coincidence with the
light and heavy group of K x-rays are shown along with the
observed unbiased mass distribution. The shaded humps cor-
respond to the partially shielded view of the x-ray detector,
while the other two humps are for the unshielded view.

Measured K x-ray yield uncorrected for detection efficiency
and the effects of energy resolution of the x-ray detector

is plotted as a function of fragment mass after neutron

emission (corrected for mass dispersion shift).

Number of K x-rays per fragment after correction for detection
efficiency and the energy resolution effects is plotted as a
function of fragment mass after neutron emission (corrected
for mass dispersion shift). |

236 252

A comperison of XK x-ray yield from U and Cf frogments.

. Mass distribution curve obtained with the adder-divider

circuit and after corrections described in the Appendix is
compared with the measurements of Schmitt et al< 5
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