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SUMMARY. The angular distribution of the photofiseion fragments of uranium
amd thorium has been messured at 6,61 MeV, by combining a new type of mono-
chromatic w-ray source with some new developments of the nuclear emulsion
technique. Using the results of part I of thias paper 19 values are given
(in millibarns) for the isotopic, dipolé and quadrupole absorption croas-
sections in the photofission process,
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1. INTRODUCTION

The property of heavy, even-even, nuclei of exhibiting an
anisotropic angular distribution of photefission fragments near
the threshold is a well established experimental fact 2, It was
observed by means of bremsstrahlung o-ray bombardment that the
anisotropy decregses with increasing energy and practically
disappears at about 10 MeV above what is commonly considered
the threshold (5.81 MeV for uranium). The anisotropy seems to
consist mainly of a dipole term and, to dipole-order terms,may

be expressed as
W(8) = a+b sinZe .

The ratio b/a has been measured for uranium and thorium 335

from 6 MeV up to about 30 MeV maximum bremsstrahlung eNnergy,
and a decrease of about 3 orders of magnitude has been ascer-

tained in that interval.

The anisotropy cannot be explained on the basis of a simple
ligquid-drop model of the nucleus. Correct qualitative pre-
dictions 1ssue from the collective model: by application of the
Franck-Condon principle, it envisages the anisotropy as the
result of a sizeable oscillatory motion of the compound nucle
us 6. The more successful unified model of Bohr andMottelson2
gives more quantitative predictions which can be tested eﬁperl
mentally. This theory considers the nucleus going over the

saddle point Ycold", that is: the nuclear excitation levels

would remain almost unchanged. At the saddle point each fis-
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slon channel would be correlated with a set of quantum states
of the nucleus, widely separated. A simple consideration of
symmetry and total angular momentum conservation  predicts a
series of collective excitation states, each associated with a
particdlar angular distribution. As the incident photon energy
increases,y the contribution of the various fission channels to
the angular distribution thusg changes, and rough predictions
can be advanced as to the type of asymmetries to be expected°
Unfortunately the position of the energy levels has not been
measured yet, and the predictions of the theory contain an

element of uncertainty.

A further element of uncertainty is introduced by the fact
that, at about one MeV above the fission threshold the phenome
non of neutron emission sets on. Neutron emission itself takes
place through the absorption of gquanta whose multipolarity varies
with energy.

The study of photofission near threshold, when earried out
by means of monoenergetic o-rays not only can give important
information concerning the nature of the angular distributions
and serve as a test of the theory, but seems to be the only
avallable way, as pointed out by previous authors 7,cﬁ‘obtain-
ing separate cross=-sections corresponding to dipole and to

quadrupole photon absorption processes.

The present paper is the second part of a report on an

exposure of uranium and thorium to 6.61 MeV o-rays; it consti
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tutes the beginning of a systematic investigation of the photo
fission process from the threshold up to energies near the
glant resonance (~ 15 MeV), making use of two new techniques
described below. Although Parts I and II refer only to a
single energy, we feel that the present results have an inter-
ests also from the technical point of view, so as to be puﬁ—

lished at the present time.

2. EXPERIMENTAL MBETHOD

As pointed out in the introduction, it is important to
study the photofission process near threshold by means of mong
chromatic a-rays. The very fact that, as the energy increases,
new anlsotropies are introduced in the angular distribution,
and that the onset of these successive anisotropies takes place
at intervals of one MeV or lesss; indicates that the use of
bremsstrahlung beams is hardly suited for this kind of investi
gation,

Monochromatie «o=-rays have been used in the past7, origi
nating in the F(p,v) reaction. This reaction produced three
lines, at energies of 6.14, 6.9% and 7.14, whose intensities
depend both on the energy of the bombarding proton and on the
thickness of the F target employed. Due to temperature ef-
fects,; the target thickness itself may vary during the

experiment, introcducing further uncertainties.

The mgthod used by us; making use of reactions of the
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type A(n, o) where the thermal neutron flux is that ofa nuclear
reactor, has been already described in Part I of this paper.

It is to be emphasized at this point that the three 1lines
used by us for this exposure, belonging to the Ti(n, ») re-
action, cover an energy interval of only 340 keV and that their
relative intensities are constant. Furthermore, the inten-

sities have been measured with good accuracy.

Another point of importance, which has a bearing on the
uncertainties with which an angular distribution 1is measured,
is the fact that the collimation system employed at the SAPHIR
reactor is such that the emulsions are placed at more than
four meters from the vY-ray source, so that thFre is practiecal
1y no angular dispersion of the beam. Once the emulsions have
been aligned, the direction of the incoming w-rays is extremely |
well defined and no appreciable error is introduced in the
measurements by neglecting the indetermination of the 0° direg

tion.

Speclal care was taken in the preparation of the loaded
emulsion so as to introduce as few sources of distortion as
possible. The following are some of the precautions intro-
duced in our usuval method of loading by mixing the solution of
the element with the emulsion in gel formy, melting and pouring.

1) Diluted gel was used, of the "KOx 2 gelatin® type, in

order to reduce the shrinkage factor.

2) The loading solution's pH was fixed at 5, as near as
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possible to the isoelectric point of the gelatin, where
the swelling is smallest.

3) Rather large emulsions were prepared - of the order of
7 em X 15 ¢cm - in order to avoid edge effects; only =

smzll central area was scanned.

4) Both pellicles and plates were prepared, so as to have

a choice of the less distorted material for scanning.

5) Processing was carried out at low temperature (~5°C)
and at constant pH as far as possible. Fixing was at

nearly 0%.

6) The emulsions, developed without glass supports, were
carriled back almost to their original dimensions by
siowly adding to the washing bath, a solution of ethylice
alcohol with 3% of glycerin so as to reach a 65% alcohol
concentration in two hours; and leaving the emulsion
for another two hours in this solution. Temperature was

kept around 2°C throughout the process.

7) Once the emulsions were mounted on glass supports, dry-

ing was carried out very slowly.

The exposure was the same as for Part I, but the plates
were placed at grazing incidence (angle of incidence = 89.5°).
In order to avoid the effects (however small in principle) of
the scattering of o-rays and consequent variation of energy

and loss of collimation, a distance of nearly one centimster
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was lnterposed between one plate (or emulsion) and the next.

Fisslon tracks in K-0 diluted emulsions processed by our
method - which eliminate all background - are not heavily ion-
l1zed in aspect. Thus any fading could significantly alter the
aspect of the tracks, perhaps to the point of introducing dif-
ficultles in the measurement of angles. Care was taken to
expose the plates at 0°C throughout, and to store them - at
that temperature and at low humidity till the moment of proces
sing, thus minimizing fading.

A very high density of fission events was obtained in the
plates, as said in Part I. This was particularly advantageous
since, for the determination of the angular distribution, it
is convenient to limit the measurements to tracks inclined at
not more than a given angle ﬁo with the plane of the emulsion.
Our high density of fissions allowed us to confine the measure
ments to tracks with{3<215° and still obtain a good statistical

sample.

All angle measurements were carried out in Koristka MS2
microscopes, whose dip measurement is very accurate. Opties
were 10 x 100, with a calibrated eye=-piece micrometer and an

eye~plece external gonlometer accurate to 151.

3. ANALYSTIS AND BELABORATION OF DATA

If the photofission reaction takes place only through 4i-

pole and gquadrupole absorption of w-rays, the angular distri-
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bution will be of the form

Y(0) = a+b(sin® + d sinb cos 0 ), (1)
Since in nuclear emulsion measurements of fission events one does
not distinguish between © and © + 1w, the observed angular distri
bution will be of the form

w(e)

[

a+t sinf0+ ¢ sin’6 cos’O . (2}
The space angle 0 between the fissicn track and the beam direc~
tion - taken as 6 = 0° - is determined by the measurement of two
angles: o, the projected angle on the plane of the emulsion, and
Bs the angle between the fission track and the piane of  the

emulsion.

When,; as in the present case,; the 0 = 0° direction lies on
the planelof the emulsion, the angles oy P and © are connected
by the simple relation:

cos® = coso cosB. (3>

The error on the angle © thus determined is given by

4o = oS C9SP VtgPaldal? + tg2a(as)e, (4)

4
V1= cosla cos® 6]

where, in the case of the present work, da = 0,25° while df is

a function of B itself and is given by

af = 0.107 /1~ 5.22 1072(d, -4, )%= 4.53 1077(a,~a )%,  (5)

where (dzendl) is the difference 2f the z=coordinates of the end
points of the figsion track. The numerical factors are calcu-
lated from the shrinkage factor of the plates and the precision

and magnification of the microscope used in the measurements.
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It 1s thus seen that the measurement error for low values
of © 1s considerable. It follows that the A® Intervals taken
as the basis of accumulation of data, and consequently the cogp
responding so0lid angle; as well as the mean value of © within
that interval, are all affected by errors which are strongly
dependent functions of © itself (and which could be considered
negligible compared with the statistical error on the number of
tracks in the interval A® only for values of © larger than 60°
or 70050

In order to diminish such measurement error, one may use
eq. (3) to transform W(@) into a W(x), by integrating over f3

from 0° to B, One thus obtains

W(x,3EB)) = EU*B sino + C sinfo cos® o sin Bys  (6)

where _ b+ e 5 ¢ 4
A=a+ 5 sin ﬁoeng gin Bo’
B=b - hte sin® 504-3 sin® Bo?
3 S
C =

2 .2 1 .4
c (l«-; sin Bo * g sin ﬁ°> o
Here the uncertainty on the difinition of the A« intervals
is constant,; as do is not dependent on the values of « and is
quite small (dx = 0.25%°); while 4B depends only on the cut-off
angle Bo and, & priori, may be as small as desired. Besides, the

mean value &icorresponding to each interval is well defined and

each interval has the same statistical weight so that no norma-
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‘lization is necessary. On the other hand, it is evident from
(6) that the function W(o, B (B ) is less dependent on the
actual values of a, b, ¢ than the function W(6), so that the
cut-off angle has to be determined on the basis of two op-

.posite criterias

1) to accumulate the maximum number of tracks for a given

scanning time;

2) to minimize the errors on the coefficlents of the angu

lar distribution.

Considering that, for densitles of fission events not
greater than a certain limit, the number of measured events 1s
obviously proportional to the area scanned in the given time
interval, the number of measured events per day increases with

the chosen cut-off value Bo’

In.the present paper the wvalue of ﬁo chosen is 15%: the
high density of events in our plates allows nevertheless the
accumulation; within this limiting angle of dip, of a suf-
ficient number of tracks to provide a good statisties. Further
morey at such low values of Bo distortion effects are negligi-~

ble Bo

Finally, another source of error arises from the eventu-
ality that the scanner's efficiency be a function of the angle
of the track. This was put to test by having various scanners
measure the angular distribution (of the projected angle o)

corresponding to the fission events found in the plates used



for the determination of the
photofission eross~-section

(see Part I), which were ex-
posed normally to the beam.
This distribution is obvi-
ously expected to be iso-
tropics however, to render
any unexpected anisotropy
null for the present test,
the piates were rotated on
the microscope stages by
about 15° to 20° for every
1000 measured tracks. The
distributions thus obtained,

with the o= 0° direction
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FlGo 1o = Efficiency of detection of fiasisn
tracks for an isetropic distributien.
Abscizszaz angle o« ef the truck with respect
to the axio .of the micrescope stege.
Ordinates actunl number of measaured tracke.
The s0lid 1line represents the function used
for the cerrection of the measured angular
distribut jonse

Y

taken invariably as the x-axis of the microscope stage, shows

for all our scanners that the efficliency is a function of o,

with a minimum for o= 0°, Figure 1 shows the result of this

tests the curve represents the efficiency function used by us

to correct the experimental points. A 3% error was attributed

to the correcting factor for all wvalues of .

To minimize the effects of such correction, however, the

angular distributions were measured by having the plates aligned

with the beam direction along the x-axis of the microscopes for

half the time, and with the beam direction along the y-axis for
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the other halfj all other conditions of measurement remaining

the same. In this way the scanning efficiency influences in a
different manner the angular distribution to be measured; the
agreement within statistical errors of two such distributions
corrected for the efficieney factor gives a plausibllity test

for the efficiency correction curve which has been used. Figure

2 shows two distributions thus

correction for the efficiency.

measured, with and without the

The quoted errors are only

statistical.
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FIG, 22, = Gomparison of the angulee
distributions measured on the same
emulsion, placed jn two different
pesitions en the stege. Solid lines
direction of the 4 beaa, parallel to
the x axis of the stagey dzshed line:s
direction of the 4o~ betm; perpendicu-
lar to the x axis of the stage. His-
togram normelized %o 1000 irackse

FI8. 2b. = The same distributions as in
Figo 2a, bul corrected by means of the
efficiency curve of Fig. I, Histograa
normelized to 1000 tracks.
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We conclude that, with our precautions in this experiment,
the instrumental errors, with the possible exception of the

efficiency error, are negligible with respect to the statistical

one.

4, EXPERIMENTAL RESULTS

Figures 3, 4 show the angular distributions W(o,B{15%)
measured both for uranium and thorium. The errors comprise
both the statistical errors and the error on the efficlency.
The total number of measured tracks of 85600 for uranium, and
3100 for thorium. The experimental points divided into 18 in-
tervals of width A«x= 5°, have been analysed either by  the
method of least squares applied to the funection

Ay *+ By sin“o +C_ sin®«
or by a Fourier analysis of the funetion

Al+ Blcoa 2o+ Cl cos 4o *

* For [30 = 15° the coefficlents of the 2 distributions are related to those
of eq. (2) by

Ao =a + 0,0224b+ 0.0215¢ Ay =a+0.511b+ 0.130¢,
B, =0.9776 + 0.9348 o, B, = = 0.489 b+ 0.0107¢ ,
G T o= 009651 c, C o 0n120 Cs

1
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For the least squares analysis the errors. on the coefficients
A:Ao’ Bo’ Co were obtained from the dispersion of the experi-
. mental points from the calculated functionj from this the
values of ay; b and ¢ of eg. (2), as well as the corresponding
errors, were found, while, for the Fourler analysis, the
values of Alg Bl’ and C1 as well as their errors were found

as explained in (450 The values of b/a; c¢/a and ¢/b as well
as their errors are shown in Taﬁle I. The agreement between

the two methods of elaboration is evident, and we take it as

500 _

400
Jo00

o0
200 3

200
190

100}

oL
] -

60 90%

1
o 30°

Fi8o 30 = Angular distribution W{e, B =
= 15°) of fisslen fragments frem 23278,

E"' 661 MeVo FlBo 8, = Angular distribution w{ce, B3,

= 15 ) of fission fragaents from 238y,
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TABLE I
Nucleus Method b/a c/a ¢/b
Least squares 134 | 12 10.1%0.1
232‘Th
Fourier 11+3 1+41 |0.1+0.1
| Least squares {2.1+0.5]0.6+0.4 [0.3+0.2
238y
Fourier 12,040.2{0.6+0.3 [0.3+0.2
TABLE IT .
E'r* Y=-ray
MeV source b/a c/a c/b
6.5 bremms.> | >25 - -
Th [6.61%*% |Ti(n, )7 | 11 + 3 141 0.1+0.1
7.0 ***|premms.S |10.642.1 |-2.1+1.6 |-0.20+0.16
6.1 F(pya)’ |14 + 14 21+21 1.4+ 0.2
6.5 bremms .2 4.4+1.0 - -
bremms.> |4.2+1.8 {3.1+%.2 | 0.75:0.71
6.61** [Ti(n,») |2.0+0.2 |0.6+% 0.3 0.3 + 0.2
6.9 F(p,+)7 [0.7+0.3 [0.2+ 0.8 0.3 + 1.1
bremms . 2.80+0,44§0.34+0.85 {0.12 + 0.30
7,0 **¥*|bremms .2 |2.11+1.240.96+0.88 |0.45 + 0.49
* Eroindicates either the maximum bremsstrahlung energy of the energy
of the monoenergetic heam, as the case may be. Only those points of
other authors are quoted whose energy lies within 0.5 MeV from our
energy (6.61 MeV),
i We give the values obtained by means of the Fourler analysis of the
data (see Table I).
HHH

For purpose of comparison we quote the values given in the paper of
Baerg et al,2, including the coefficient ¢, although the authors ag
sume in thelr discuseion ¢=0.
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an indication that the experimental points fluctuate as ex-—
pected for a normal distribution*. Table II summarizes the
comparison of our results with those of previous papers, which
we have limited to the parameters b/a, ¢/a and ¢/b as measured

by Katz e% al. > for T and Th using bremsstrahlung, Baz etal.‘4

5. for U using bremsstrahlung, and Fork

and de Carvalho et al,
man et al. ! for U using the F(p,7) reaction. However, the
comparison is not very significanto Fdr one thiﬁg the angular
distributions found using bremsstrahlung beams are the result
of the summed contributions of all fission channels whose

energies lie below the maximum energy of the continuous spec-
trum.” In our case the spectr&m consists of three very narrow
lines (of width of the ordey of a few oV and energles of 6.41,
6.55 and 6.75 MeV}, Since the position of the channels is not
known, nor their width, it‘coulé be that the angula: distri
bution found by ug agrees with ﬁhe-angular distribﬁtions found
by means of bremgsirahiung only because, by éhanée, our lines
excite the same mixfﬁre of channels excited Ey the continuous

spectrum. Or else, if the ehannel widths are rather large, it
could be that the spectrum shane becomes less important as re=
gards the observed angular'distributiono Whether the agreement
- or lack of disagreement - between our results and those of

the authors who have used bremsstrahlung is a chance event or

Note that, because of the aigebraic form of the coefficients in the least
squares and Fourier analysis methods; in the first case the error on b is
large while in the ssecond case the error on a is large.
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is connected with the channel widths cannot be established at
the present stage of our work; measurements at other energies
with our monochromatic source will give information on  this

matter.

It is clear that the integral over the whole solid angle
of W(8) should be proportional to the total photofission cross
section. Integration of W(6) - remembering that in nuclear
emulsions the measured distributions does not distinguish be-
tween 6 and e+jn ~yields

oy = H(a+ 2b/3 + 2¢/15) (7}

where H is a proportionality constant. This constant can be
determined by introducing in (7) the value found by us in Part

T of this paper. We find H, = 5.5 107 and Hy = 1.4 1072,

Th
With these two values and obvious definitions, we find the
cross-sections corresponding to the isotropic, dipole and quadru

pole absorption processes shown in Table III.

In this table 04 and Gd are called cross-sections for di-
pole and quadrupole absorption, although, for several reasons,
their physical nature might not be so clear-cut. If one con-
siders Bohr's theory of fission,; the level spacing is probably
so large that we may assume that our incident energy will not

excite K=2 channels *. The K=1 channels, according to the

* K is the projection on the symmetry axys of the nucleus, of the total
angular momentum. In an even-sven nucleus, K= 0 corresponds to a
configuration with all nucleons coupled by pairs; K=1 to at least one
uncoupled pair of nucleons; K=2 to at least two uncoupled pairs.
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theory, should yield angular distributions whose asymmetries are
of opposite sign to those of the K=0 channels. Thus, the values
given for T3 and 0@ in Table III represent an upper limit for

the actual dipole and quadrupole absorption cross-sections.

TABLE IIT *

o%(mb)
(from part I) **

Nucleus Oig (mb)] og(mb) | o (mb)

252y 5.5+0.6 0.7+ 0.2{4.840.6/0,1+ 0.1
238y 9.2+0.9 3.7+ 0.4|5.1+0.6(0.3+0.2

*  The valuee of 9ig 04 and oy have been computed using the Fourier analysis
results for a, b and ¢ (see Table I).

**k

An error on the dose measurement has been detected since the publication
of Part I of Efis paper. Instead of (2.0 1011 + 10%) quanta/em the dose
was (1.72-201Ls 109) quanta/cm ; accordingly the cross-sections reported
in Part I should be changed to the values shown in the present Table III.

On the other hand, the isotropic term could appear
either by the contribution of fission through barrier pene -

2

tration *; or by a mixture of levels, for instance K= 0 and

_K: 1 levels.

Supposing only the first hypothesis to be true,and
only K=0 levels to contribute to the angular distribution,
then the numbers quoted in Table IIT, would in fact represent

the cross-section for fission through barrier penetrations(ois),
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through dipole absorption via the (17)K=0 channel (ca), and
quadrupole absorption via the (2¥)X = 0 channel (od).

This extreme hypothesis 1s evidently not true as
our energy is well above threshold, and therefore contribution

through barrier penetration should be sensibly lower than 50%.

Assuming,; on the other hand, no barrier penetration
at all at our energy - which is also an extreme hypothesis -
and assuming that all fissions go through the (17)K=0,(17)K =
= 1 and (27)K=0 channels, Bohr's theory would give, for the
first two channels, respectively, the distribution sinze and

2 = sin2

Q. If one weighs these two distributions in such
manner as to obtain; from their sum, our experimentally de~

termined one, one gets the following two chaﬁnéb*contributions

Opp = 5.0 mbj o = 6.3 mb for (17)K = 0 level,
Op, = 0.5 mbj oy = 2.5 mb for (17)K = 1 level,

These considerations are; of course, only tentative,
for they are based on measurements at a single energy. Cross-
sections and angular distributions at monochromatiec energles
of 7.38 and 5.43 MeV, obtained from the Pb{(n,n) and S(n, »)
reactions,; will be soon published and will give more informa-

tion on which to base a more sound discussion.

* ok K
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Errata corrige

In Table IIT of Part I, the value reported for the ratio
as measured by Katz et al. 2 has been erroneously calculated
without welghing the contributions. of three differently intense
lines of titanium. Instead of 0.92 it should be 0.85.
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