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The angular distributions of prompt-fission gamma rays with respect to the direction of selected fission 
fragments in the thermal-neutron fission of U235 have been studied for two different gamma-energy groups, 
using a gridded ionization-chamber scintillation-detector assembly and time-of-flight method to eliminate 
fission-neutron background. From the measured angular distributions with respect to the direction of the 
selected light fragments, the values of the laboratory anisotropy {#(0°)— N(90°)}/N(0°) for gamma rays 
of energies greater than 180 and 510 keV are found to be 14.9% and 12.2%, respectively. For the ratio of 
the intensities of the gamma rays of energies greater than 180 keV along the direction of the selected light 
and heavy fragments, a value equal to (0.985±0.024) has been obtained, showing that the heavy fragments 
emit somewhat more gamma rays than the light fragments. These measurements definitely show the ex­
istence of a significant anisotropy of emission of the gamma rays in the emitting-fragment system, suggesting 
the presence of significant angular momenta of the fragments correlated with the fission axis which also 
lead to an enhanced emission of the gamma rays. 

I. INTRODUCTION 

SEVERAL new observations on the emission of 
prompt gamma rays in fission are not in agreement 

with the predictions of the evaporation theory where it 
is assumed that the gamma rays are emitted from the 
excited fission fragments after they have emitted all 
the neutrons possible. Recent measurements by Smith 
et al.,1 Maienschein et al.,2 and by Bowman and 
Thompson3 show that the average value of the energy 
emitted as prompt gamma rays per fission is almost 
twice the value calculated4,5 in the evaporation theory 
showing that gamma emission competes effectively with 
the neutron emission. It is also found that the average 
energy of prompt gamma rays in fission (^ 1 MeV) is 
much smaller than the average energy (~2 MeV) of the 
gamma rays emitted in the thermal-neutron capture,6 

which cannot be explained on the basis of a slightly 
higher, typical first photon emitting state of the com­
pound nucleus formed by neutron capture, as pointed 
out by Halpern.7 If, however, the fragments have large 
angular momenta correlated with their directions of 
motion, a spin-dependent formulation of the statistical 
theory is required to analyze the de-excitation process 
of the fission fragments. The angular correlation of 
prompt gamma rays and fission fragments provides 
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information on the existence of the angular momenta of 
the fission fragments, but its determination is somewhat 
difficult, due to the presence of a highly correlated 
background of the fission neutrons especially of the 
higher energies which are very strongly anisotropic.8 

This may be the reason why some earlier measure­
ments9'10 on the fragment-gamma angular correlation 
have given inconsistent results. The present paper 
describes an experimental determination of the angular 
correlation of prompt gamma rays of two energy groups 
and selected fission fragments eliminating the prompt 
neutrons by the time-of-flight method. 

II. METHOD AND EXPERIMENTAL ARRANGEMENT 

The experimental procedure is similar to the one used 
for determining the angular correlation of the fission 
fragments and the prompt neutrons, the details of which 
are described in a previous paper,11 and only a brief 
description is given here. Figure 1 shows the schematic 
diagram of the experimental arrangement. A gridded 
ionization chamber with its cathode coated with a layer 
of U235, having thickness 100jug/cm2, was filled with 
pure xenon gas and the scintillations in the gas at the 
instant of fission were observed by the photomultiplier 
RCA 6810A giving the zero-time pulse. The assembly 
was placed in front of the thermal column of the Apsara 
reactor. A plastic scintillator of 4 cm thickness, well-
shielded to reduce the background, was coupled with 
the phlotomutiplier RCA 7046 and kept along the 
electric-field direction of the ionization chamber, with 
the face of the scintillator at a distance of 103 cm from 
the uranium foil, to detect the prompt radiations. The 
time difference between the zero-time pulse and the 

8 R. Ramanna, R. Chaudhry, S. S. Kapoor, K. Mikke, S. R. S. 
Murthy, and P. N. Rama Rao, Nucl. Phys. 25, 136 (1961). 
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10 R. B. Leachman, in Proceedings of the International Conference 

on Peaceful Uses of Atomic Energy, Geneva, 1957 (CERN, Geneva, 
1958), Vol. 15, p. 331; M. Hoffman, Bull. Am. Phys. Soc. 3, 6 
(1958). 

11 S. S. Kapoor, R. Ramanna, and P. N. Rama Rao, Phys. Rev. 
131, 283 (1963). 
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plastic scintillator pulse was converted into pulse height 
by a time to pulse-height converter.12 The side-channel 
discriminator outputs of the two photomultipliers were 
fed to a slow coincidence unit which gated the output 
of the time to pulse-height converter. The side-channel 
discriminator of the plastic scintillation detector was 
calibrated, using standard gamma-ray sources to select 
gamma rays of energies greater than a certain fixed 
energy. The time-of-flight method for selecting the 
gamma rays has the advantage over the fast coincidence 
method in that the gamma rays can be selected with 
high efficiency, eliminating the fission neutrons 
completely. 

For a fragment of kinetic energy €/, the pulse at the 
grid of the ionization chamber is given by Fg=const€/ 
X{1— (JR* cos$/4?c)}, where R* is a quantity depending 
only on the range of the track, dgG is the grid-cathode 
distance, and 6 is the angle of the track with the electric-
field direction. The grid pulse height for fragments of 
selected kinetic energy is, therefore, a measure of cosd 
and its distribution gives the angular distribution of the 
fission fragments. For thermal fission, the angular 
distribution is isotropic and was used to calibrate the 
grid pulse heights in terms of cos0. The block diagram 
of the electronic arrangement to determine the coinci­
dence rate between the selected gamma rays and the 
selected fragments moving at different angles is shown 
in Fig. 2. The chance coincidences due to background 
pulses in the plastic scintillation detector were accu­
rately determined by keeping the detector at an 
arbitrary place outside the line of detection in the field 
of an external background source. The shielding 
arrangement ensured that no coincident-fission gamma 
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FIG. 1. Schematic diagram of the experimental arrangement. 

rays reach the detector. The background was calculated 
by normalizing the chance coincidences to the same 
input-counting rates as present during the measure­
ment. The angular distribution of the chance coinci­
dences was found to be isotropic within a statistical 
accuracy of one percent, showing that the coincidence 
efficiencies of the different coincidence units are the 
same and no systematic error is involved. 

III. EXPERIMENTAL RESULTS AND ANALYSIS 

The full width at half-maximum of the gamma peak 
in the observed time-of-flight distribution was about 
6 nsec and the gamma rays were selected only in the 
time-of-flight region extending up to a maximum of 
12 nsec. This eliminated practically all the fission 
neutrons as the energy needed for a neutron to have this 
time of flight is (40±20) MeV. The light and heavy 
fragments were selected at the peaks of the kinetic-
energy distribution with the full width 2Ae/^10 MeV 
in each case. The angular correlations of the gamma 
rays and the selected light fragments were obtained for 
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FIG. 2. Block diagram of the electronic 
arrangement. This employs a slow-fast 
coincidence arrangement with negative 
time elimination. The coincidence pulse 
selecting the gamma peak is fed to one of 
the inputs of each of the four coincidence 
units. The pulses corresponding to the 
different angles of the direction of motion 
of the selected fragments are fed to the 
other inputs of the coincidence units. The 
coincidences are recorded in the "scaler" 
and the corresponding number of fission 
events in "monitor." 
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gamma rays of energies greater than 180 and 510 keV 
and are shown in Fig. 3(a) and (b). Calibration of the 
side-channel discriminator for these two energies was 
done using a U235 and a Na22 source, respectively. The 
relative intensity of the gamma rays of energy greater 
than 180 keV along the direction of the selected light 
and heavy fragments was measured, and the following 
result was obtained: 

LNL (e)/NH(e)l(e)=i2°= (0.985±0.024), 

where NL(B) and NH(0) are the number of the gamma 
rays detected at an angle 6 in coincidence with the light 
and heavy fragments, respectively, which are moving 
into the gas. This shows that the laboratory anisot­
ropics with respect to the direction of the light and 
heavy fragments are nearly equal. 

If a gamma ray is emitted from a moving fragment 
having velocity v at an angle \p in the fragment system 
and observed to move at an angle 6 in the laboratory 
system, the Lorentz transformation of coordinates gives 

tan^= (l-/32y^{sme/(cos6-p)}, (1) 

where p=v/c. This leads to 

N(6) = ntt){(l-l32)/(l-Pcose¥}, (2) 

where nty) and N(d) are the number of the gamma rays 
per fission per unit solid angle in the fragment system 
and in the laboratory system, respectively. 

For /3<<Cl and, therefore, ^ « 0 one gets 

N(e)={n(e)/(i-pcosoy}. (3) 

respectively, are given by 

NL(d) = const[_{RynL(d)/(l-pLCOs6)2} 
+ {nH(e)/(l+pHCOsdm, (4) 

NH(e) = cQvstt{nn(0)/(l-pH cos0)2} 
+ {RynL(6)/(l+pLcos6¥n, (5) 

where L and H refer to the light and heavy fragments 
respectively and Ry is the ratio of the emission proba­
bilities of the gamma rays from^the light and heavy 
fragments. 

As the fragments are completely stopped in the gas 
and in the backing in a time of about 10~9 and 10~12 sec, 
respectively, and the time of emission of the gamma 
rays is expected13 to be less than 10r10 sec, it seems 
certain that the fragments moving into the gas have 
their full velocities at the time of gamma emission. If 
some gamma rays are emitted at about the same time 
as the neutrons, the fragments moving into the backing 
will also have their full velocities at the time of emission 
of these gamma rays. However, the anisotropy of 
gamma emission arising entirely due to the motion of 
the fragments for any possible values of Ry and the 
velocities of the fragments is found to be much smaller 
than the observed anisotropy establishing the presence 
of the anisotropic emission of the gamma rays in the 
fragment system. 

The laboratory angular distributions were trans­
formed to the fragment system for the different cases 
of the velocities of the fragments at the time of gamma 
emission and under the assumptions of Ry=l and 
nL(d)ttnH(0). The plots of n(0) against sin20 for the 
different cases are shown in Fig. 4, where the continuous 
lines are the least-square fits to the experimental points 
in the various cases. The fit suggests that the angular 
distribution is of the type »(^)« ( 1 - a sinV), which is 
expected if the anisotropy arises due to the polarized 
high angular momenta of the fragments. The values 
of a obtained for; the various cases are given in Fig. 4 
showing that the anisotropy of gamma emission is 
about 10%-15%. The statistical error in the values of 
a are less than 0.5% and 1.5% for the cases of E> 180 
and £>510 keV, respectively. Results reported 
recently by Desi et al.u and Blinov et aln lead to similar 
values of the anisotropy after allowing for the proper 
transformation corrections. 

It can be seen from Fig. 4 that the measured anisot­
ropy (ai) is lesser for the high-energy group of the 
gamma rays and a2 for £>510 keV is nearly the same 
as az for E> 180 keV. A possible explanation to this is 
that the high-energy gamma rays are emitted earlier 
than the low-energy gamma rays and the fragments 

The number NL(6) and NH(0) of the gamma rays in 
coincidence with the light and heavy fragments, 

is S. Desi, A. Lajtai, and L. Nagy, Acta Phys. Acad. Sci. Hung. 
15, 185 (1962). _ T 

14 S. Desi, G. Graff, A. Lajtai, and L. Nagy, Phys. Letters 3, 
343 (1963). . „ « 

16 M. V. Blinov, N. M. Kazarinov, A. N. Protopopov, and 
V. M. Shiryaev, Zh. Eksperim. i Teor. Fiz. 43,1644 (1962 [transla­
tion: Soviet Phys.—JETP 16, 1159 (1963)]. 
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FIG. 4. Plots of n{6) against 
sin20. The straight lines are 
least-square fits to the experi­
mental data, giving anisot­
ropics ai, a2, and as after trans­
formation to the fragment 
system under the assumptions 
(i) /*£=#* = <), (ii) / 8 L - 0 . 0 4 7 3 , 
/3// = 0.0321, and (iii) PL 
=0.0473, j8/? = 0, respectively. 
The broken lines show the 
anisotropy of the gamma rays 
arising purely due to emission 
from the moving fragments in 
cases (ii) and (iii). 
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going into the backing have their full velocities only at 
the time of emission of the high-energy gamma rays. 
However, it is also possible that the difference in the 
observed anisotropics for the two groups is due to the 
difference in the anisotropics in the fragment system 
itself. 

The measured ratio of the intensities of the gamma 
rays nearly along the direction of motion of the light 
and the heavy fragments contains the information on 
the value of Ry. From Eqs. (4) and (5), one obtains 

NL(6) rR'(l-aL sin20) (l-aH sin20) 

NH(0) L (1-0LCOS0)2 ( l+jfeCOS0)2 ]/ 

where 

r-(l-affsin20) 

L(l-/3tfcos0)2 

-(l-aj/sin20) R'H-atLshM) 

¥ (1+01, cos0)2 

R'c~R£l+U<*L-aB)l. 

] , (6) 

(7) 

As the difference ah—an can at the most be equal to 
the average anisotropy a which is about 0.10, one 
obtains 0MR'<Ry<1.07Rf, and thereby Rf is very 
nearly a measure of Ry. From the measured value of 
[NL(0)/iVtf (fl)]^)^0 and Eq. (6), for the cases when the 
fragment moving into the backing has zero velocity and 
full velocity, one obtains J?/=0.43_o.25+0-40 and 
i£'=0.54__o.i7+0-21, respectively. The calculated values 
of R' are very sensitive to the measured ratio, as the 
statistical uncertainty of about 2.5% in the measured 
ratio results in errors of about 40% to 90% in the 

calculated values of Rf. In view of this, though an exact 
value of Ry cannot be inferred from the present meas­
urements, the calculated values suggest that Ry is less 
than one. 

IV. DISCUSSION 

The observed anisotropy of emission of the gamma 
rays of about 10%—15% and the form of the angular 
distributions show that the fragments are formed with 
a significant average angular momentum correlated 
with the fission axis, the large angular momentum 
arising in the possible case of the nonaxial splitting of 
the neck, as suggested by Strutinski.16 On the statistical 
theory, Strutinski has obtained the following expression 
for the angular distribution of the gamma rays: 

nty) = l+kL(h2J/IT)2 sinV, (8) 

where / and T are the moment of inertia and tempera­
ture of the fragment, respectively, and & L = 1 / 8 , —3/8 
and —81/64 for L=l (dipole), 2 (quadrupole), and 
3 (octupole), respectively. From Eq. (8) for the ob­
served anisotropy of 0.13, the average angular momen­
tum (/) for the complete cascade is estimated to be 
about 11 units, assuming quadrupole emission, a rigid-
body moment of inertia of the fragments of average 
mass 120 and temperature 0.4 MeV as estimated later 
from the spectral shape of the gamma rays. The angular 
momentum Jo at the beginning of the cascade will be 

16 V. M. Strutinskii, Zh. Eksperim. i Teor. Fiz. 37, 861 (1959) 
[translation: Soviet Phys.—JETP 10, 613 (I960)]. 
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FIG. 5. Spectrum of the fission gamma rays observed by 
Maienschein et ah and that calculated on the statistical theory 
for the cases of dipole and quadrupole emission using Eqs. (10) 
and (11), respectively. 

higher than this average value (/) by a few units. The 
average angular^momentum Ji with which the frag­
ments are formed at the point of scission will be more 
than Jo by a few units carried off by the evaporated 
neutrons; and, therefore, the value of Ji of about 20 
units estimated by Strutinski appears reasonable on 
the basis of the present results. The observed enhanced 
emission of the gamma rays can, therefore, be associated 
with the fragment angular momentum, as due to the 
spin dependence of the level densities, especially during 
the late stages, the fragments may have to de-excite by 
gamma emission even if neutron emission were possible 
on energy consideration. The enhancement of the 
gamma-ray emission due to the presence of a high 
angular momentum of the nucleus has also been recently 
observed in direct experiments.17'18 

The observed number and the spectrum of the gamma 
rays suggests that some of the gamma rays are emitted 
in a process other than the statistical de-excitation of 
the fission fragments. On the statistical theory, the 
spectrum of the first gamma rays from a nucleus with 
temperature T is given by 

WL{E) = comtE2L+1 exp(~E/T). (9) 

Approximating the temperature distribution of the 
fragments after neutron emission to a linear distribution 
P(T) = 2T/Tm

2 up to a maximum temperature Tm on 

17 J. F. Mollenauer, Phys. Rev. 127, 867 (1962). 
18 G. R. Choppin and T. J. Klingen, Phys. Rev. 130, 

(1963). 
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the basis of earlier results11 and taking into account the 
decreasing excitation energy of the fragments from 
initial average excitation to zero during the gamma 
cascade, the following expressions are obtained for the 
spectrum of the fission gamma rays for the two cases, 
assuming that the statistical theory is applicable at all 
the stages of the gamma emission. For dipole emission: 

nd(E)/E= const exp(-£/ r m °) 

+ / {exp(-x)/x}dx . (10) 
J E/rmo J 

For quadrupole emission: 

nq(E)/E= const["{ (E/Tm«y+ (5E/TJ)+11} 

X{exp(-E/Tm»)}+6f {exp(-x)/x}dx\. (11) 
J E/TmQ J 

Tm° is related to the average nuclear temperature To of 
the fragments at the beginning of the gamma emission 
by T r o=|r m ° . The fission gamma-ray spectrum observed 
experimentally by Maienchein et aL? along with the 
calculated spectra for the cases of dipole and quadrupole 
emission, is shown in Fig. 5. The fit to the high-energy 
part of the spectrum is found to be good for a value of 
7^°=0.8 MeV (T0=0.53 MeV), and r w °=0 .6 MeV 
(JTO^O.4 MeV) for dipole and quadrupole emission, 
respectively. However, at lower energies the calculated 
spectra for both the cases predict much lower yields 
than observed experimentally. For the same reason, the 
value of the number of the prompt gamma rays calcu­
lated on the statistical de-excitation process, in a 
manner similar to that outlined by Strutinski et al.19 in 
connection with capture gamma rays, is found to be 
much smaller than that observed experimentally. The 
higher yield of the low-energy gamma rays than 
calculated suggests that, in addition to the statistical 
de-excitation process, the gamma rays emitted at the 
later stages of the cascade originate from the de-
excitation of the rotational states of the fragments, 
giving rise to more low-energy gamma rays. 
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