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ABSTRACT. -

Measurements on angular distribution of photofission fragments 
of 232Th from monochromatic 'If -rays at energies near threshold are 
reported. The data are compared with measurements of other authors 
obtained with a bremsstrahlung 'if -ray source. 

RIASSUNTO. -

Si riportano Ie misure di distribuzione angolare dei frammenti di 
fotofissione del 232Th. I risultati sono confrontati con Ie misure di altri 
autori ottenute con una sorgente di gamma di bremsstrahlung. 

1. - INTRODUCTION. -

The angular distribution of photofission fragments from 23 2Th 
has been measured using monochromatic q' -rays in the energy range 
5. 4 ~ E1' ~ 9.0 MeV; 

The monochromatic 'd' -rays have been obtained from the (n, 'r) 
reaction of thermal neutrons on particularly chosen target elements (see 
table I, colomn 1). 

The fission tracks have been recorded in nuclear emulsions. 
Pellicles of nuclear emulsions loaded either with thorium or uranium 
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complex, s e parated one from th e other by thin m ylar sheets to avoid dif­
fusion of fissile nuclei from one pell icle to the other, have been exposed 
at the end of the transversal beam hole of the nuclear reactor "Saphir" 
of EIR (WUrenlingen, Switzerland)' 

Results on measurements of 238U photofission cross section 
and angular distribution of fragments, as well as photofission cross sec 
tion for 232Th have already been published(1 + 4), and we refer to our­
previous papers for all details about the technique employed, the target 
elements chosen for the Y-ray irradiations, the geometrical conditions, 
the measurement and the evaluation method. 

2. - E XPERIMENTAL RESULTS. -

For the analysis of our experimental data we fo llowed the same 
procedure discussed in detail in our paper on the angular distribution of 
the photofission fragments from 238U (ref. 3). 

We give here only a short account of the more significant results. 
The measured angular distribution have been fitted either to the functions 

or 

WI(9) = a l + b l sin2 9 

y2 2 
A II. test for each 'd - ray energy was then made and the X values for 
either the W(9) or the WI (9) functions were plotted. 

The distributions obtained are very similar to those shown in 
Fig. 3 of ref. (3) for the uranium analysis, allowing us to conclude that 
also in this case the constant c has to be generally considered different 
from zero , although the statistical er,ror makes it compatible with zero 
for many energies. 

The angular distribution W(B), after correction for neutron 
background, is due to the contribution of all the lines of the r -ray spec 
trum of the element used as a target. The background correction, which 
gene rally is small or negligible, was performed and a similar conclu­
sion a s in the case of 238U can be given. There is only the exception of 
the S target; the cross section measurements (4 ) showed that the yield of 
the fission tracks produced by the 5. 43 MeV line on thorium is no lon­
ger n e gligible as in the case of the uranium photofission but of the same 
orde r of magnitude a s the y ield of fission tracks from the two lines at 
7. 78 and 8.64 MeV. The irradiation with the S target was therefore used 
in order to obtain s ome information at 5. 43 MeV, although the final stat.!:. 
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stical error is ' very large, due to the large uncertainty in the cross sec­
tion at 5. 43 MeV and due to the severe correction. 

In Table I, the values of the constants a, b, c of the W(e) distri­
bution, normalized by means of 

7i/2 f w(e) sine de = I 
o 

are reported both before and after the correction for the low intensity 
'0 -ray lines. The values of the costants before the 7 -ray corr,ection 

are attributed to a mean energy Ea- (column 2), obtained weighting the 
energies of the lines in the spectrum by their intensities and fission 
cross sections. The energy E-r of the main line is reported in column 7. 

The error quoted in Table I takes into account the statistical eE. 
ror due to the number of m easured tracks and to all the corrections in­
troduced. 

3. - DISCUSSION. -

Fig. I shows the evaluated b/a distribution together with the 
most recent results of Rabotnov et al. (5). The two distributions are not 
directly comparable because the measurements of Rabotnov et al. are 
plotted at the maximum energy in the bremsstrahlung spectrum. We can 
say however that, while the behaviour is very similar in both measure­
ments, the absolute values are so different that no physical reason can 
be found for the discrepancy. A look for sistematic error seems unavoi 
dable. 

In our measurements the angle of each fission track recorded 
in the nuclear emulsion was measured assuming the edge of emulsion to 
be parallel to the 'J' -ray beam. However, controls have been made , r~ 
cording for each angle its direction towards the glass or the surface Of 
the emulsion and recording the angles from - lC/2 to + lC/2. Any mista­
ke in the alignment of the emulsion, and therefore in the assumption that 
the edge of the emulsion was parallel to the '4' -ray base, would show it ­
self in an asymmetric distribution in respect to the assumed zero. Only 
in a few cases was a small correction necessary. 

The geometry of the exposures, background neutrons and the 
efficiency of scanning and its correction has already been discussed else 
where(3). -

So we cannot account in any manner for a flattering of the aSYI!! 
metry in our measurements. Moreover as the alignment was set up "ex 
novo" for each energy exposure. It is hard to find a cause for a syste­
matic lowering of the asymmetry as shown in Fig. 1. 



TABLE I - Values of the a. band c parameters of the angular distribution 
)l>-

E 
Target 'If a b c 

(MeV) 
Target Elf 

(MeV) 
a b c 

Dy 5.61 0.099 1. 121 1. 152 S 5.43 0.478 O. 087 3.471 
:to. 067 ::0. 053 ::0.435 :to. 63 1 ::0.541 ~2.595 

y , 6. 14 O. 103 1. 224 O. 607 Dy 5. 58 O. 099 1. 114 1. 186 
-:0.031 :to. 022 :!:0.231 -:0. 073 :to. 058 :to. 470 

Ca 6.42 0.086 1. 164 1 1. 034 Y 6. 07 O. 098 1. 209 0.724 
:to. 025 -:0, 018 -:0. 184 -:0. 037 -:0. 027 -:0.276 

l',,' 

I I I I O. 073 Ti I 6 .6 6 , O. 116 1. 287 0.200 Ca 6.42 1. 1 84 1. 033 
:to. 014 + I -:0.027 :to. 020 ::0:199 :::0.018 _ O. 153 

I 
B e I 6.80 O. 286 O. 952 0 , 587 'T' • 6. 75 I O. 128 1. 361 -0.265 ,1 

I I -:0.069 :to. 1 0:l I -.to. 4 90 :to. 032 :to. 025 :to. 263 

Pb I 7. 28 , O. 264 0,918 0.93 1 Be 6. 82 O. 286 0.952 0.587 
",-. to. 074 :to, OG2 ::0.611 :0. 069 :to. 1 03 :to. 490 
r ,;, 

S 7.33 0.590 0.389 1. 128 Pb 7.28 . 0.288 O. 839 1. 143 

i I ":0.171 + ::0. 693 to. 088 :!:O. 073 :to. 721 _ 0, 147 
, • , I I Cu i 7 . 60 I 0,495 O. G59 0. 490 Fe 7. 63 0.512 O. 685 0.231 

:to. 031 + :to. 234 ::0.036 :to. 026 :0.271 I -0.022 

Fe 7.63 0.499 O. 694 O. 291 Cu 7. 91 0.624 0.456 O. 544 
:to. 027 + ::0.197 : 0. 059 ::0. 043 :to. 447 _0.019 

Ni 8. 27 0.742 0,381 0.033 Ni 8. 86 O. 886 0.218 - 0. 236 
:0. 032 :to. 02:3 :0.236 - :!:O. 049 

~ 

.:.0. 035 :!:0.362 
------- ~ - ----
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FIG. 1 - Experimental ratio bja as a 
function of E'(j'. Black points are our 
experimental datai white points are 
Rabotnov et al. (5, results and are 
plotted as a function of Emax of the 

bremsstrahlung spectrum. 
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A systematic inefficien 
cy in the r ecording of fissions at 
zero degrees in the measurements 
of Rabotnov et al. could be the on­
ly error that would account for a 
higher asymmetry than the real o­
ne, but from the statement of the 
authors, they slightly over, rather 
than understima ted the value of the 
constant a. 

However, the actual va­
lue of the asymmetry has not been 
taken into account in the discussion 
of Rabotnov et al. ; only the posi -
tion of the maximum of the b/a fun 
ction has been considered. In the 
single barrier configuration the fi~ 
sion threshold and the energy of the 
1 -K ; a level should be approxima­
tely the same; in the double bar -
rier configuration, the fission thr!:. 
shold is determined by the higher 
of the two, while the angular distri. 
bution will depend on the relativ e 
height of the barriers A and B. 

In fact, (see for instance 
ref. (6,7)) if the secondwellisdeep, 
the nucleus will stay there for a 
considerable time; therefore it may 
forget the K value with which it pa~ 

sed over the first barrier, and the angular distribution will correspond to 
the distribution of K values at the second barrier. 

If the second barrier is 1 +- 2 MeV lower than the first one, this 
distribution corresponds nearly to a statistical distribution of K, because 
many channels are open over the second barrier even for energies close 
to the fission barrier (in the present case the barrier A). 

Therefore the angular distribution is smoother than one would ex 
pect fo, near-barrier fission. 

If the barrier B is higher than the first one (A) the usual picture 
of the channel structure in near-barrier fission should be valid. In this ca 
se moreover, it is the second barrier that corresponds to the effective 
energy threshold. A very high value of the asymmetry in the angular di­
stribution should be therefore an indication of the barrier B being higher 
than the first one. The analysis of the angular distribution should there-
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fore correspond to the analysis of th e channel structure at the second 
barrier. 

In this case the spectrum of fission channels can still be regar ­
ded similar to the spectrum· of low lying excited levels of the cold nucle­
us. One expects therefore (i) a rotational band of positive parity based 
on the 0+ level (containing no 1+ levels); (ii) a rotational band of negati­
ve parity beginning with a 1 - level and separated from the 0"" level by a 
distance LI. 

The photofission cross section is then equal to 

(1) 

2+ 1-
where b ~ and b'1f are the cross sections for gamma quadrupole and 
dipole absorption, respectively and I c is the total width for all decay 
process in competition with fission. Below the threshold for the ('0, n) 
reaction r c = Iy . 

The differential angular distribution can be given by 

21[ 
d s-~ f 
- - = 
dn. 

with 

WJ (e) = 2J + 1 {"loJ 12 + I oJ 1

2l 
K 4 lK - IK S 

J 
where 0MK(e) represent the spherical Wigner functions. Therefore 

4TL 
d "1ff 

dJl. 
b ,2e . 2e 2e = a + sm + c sm cos 

Taking into account the normalization mentioned abov e 

Tc/2 
[ W(8)sined8 = 1 
o 

the constants a, band c are related to the width of states and the 6)r. by 
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(2 ) 
2 1 
-a= 
3 1 +0<. 

(3 ) 
2 1 1 
"3 (b + 2 a) = 1 + cJ.. 

cI-. 

1 + 01.. 

(4) 
2 15 c = 

cJ.. 
1 +1)( (1 

with 

(5a) 

I - I-

1 b"'15 r f 
= --

1+<>Z 
S;f 

r1 -

and 
2+ 2+ 

ex. 8"0 rf 
1 + <oJ. ~f r2+ 

(5b) 

From (4) one has that the condition 

has to be satisfied for all the energies; the "equals" holds only when the 
2+K ,0 channels are not excited. 
From (3) the condition for neglecting the term from quadrupole absorp­
tion is given by 

1 
1 + eX 

"> a 
1 
2 

which, since 1/(1 + eX) "> 0, is always fulfilled near threshold; one can 
therefore put, with negligible error and with no restrictive hypothesis on 
the behaviour of 1/ (1 + eX ) 

(6 ) ~ (b + ! a) = _-,,1-,-
3 2 1 + 1)( 
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for the whole range of energy considered. 

On the contrary, from (2), the conditions for either the term 
from quadrupole or dipole absorption being negligible, are restrictive 
and would oblige one to make a definite hypothesis about the behaviour 
of ~{- a nd s-~+ with gamma energy. 

No reliable direct data are available at present for the absolute 
value and energy dependence of b~ and i.ts partial components correspo!!. 
ding to various multipolarities; therefore a definite hypothesis has to be 
introduced in order to be able to evaluate the experimental data. One has 
to keep in mind that any conclusion would be reliable strictly under the 
condition of the validity of the hypothesis introduced. 

The relation (6) can b e written as 

(7) 

Taking into account th e Bohr and Wheeler expression for the width of sta­
tes 

B1-E 
1. + exp 

- - _. BO -E 
1. + exp E 

Op 

the constants B O' EOp = (EO c urv ) /2 7{, B 1, E 1p = (E 1 c urv) /2 n: can be o!:>. 
tained by means of a fit of the function (7) to the experim ental data, intro ­
ducing a set of hypothesis for the behaviour of ~/(l +0( ) with gamma e­
nergy. 

2 
The particular hypo thesis 0(/(1 + 0( ) = 15 c would change (7) to 

This function is the one which h as gen e rally been used to obtain informa­
tion on the behaviour of the nucleus near the fission threshold, on the as­
sumption that this function is not affected by any hypothesis on the varia­
tion of S~- and s~+ with e nergy. On the contrary one sees that the v~ 
lidity of such an equation i s a consequence of the well defined hypothesis 
that the quantity ()( /0 +,,( ) given by eg. (5b) has the sarrie behaviour as 
the measured constant c; one supposes therefore that the lowering of the 
constant c with increasing gamma energy is not a consequence of the even 
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tual excitation of the 2+K f 0 levels. Rabotnov et al. (5) start from the ob­
servation that in the single barrier configuration the maximum of the fun­
ction r fa / r f1- occurs at an energy value slightly higher than the fission 
threshold. On the contrary, their experimental values of b/a for the dou­
ble even nuclei measured have the maximum consistently at energies lo­
wer tban the fission threshold. They therefore conclude this to be a cons~ 
quence of the double potential barrier; they suppose the first barrier to be 
the higher one a nd to be responsible for the position of the fission thresh­
old, while the angular distribution is determined by the channels at the s~ 
cond barrier. The position of the maximum of the relation b/a would the­
refore be roughly situated at the energy of the level 1 -K = 0 at the second 
barrier. 

We consider, however, that such conclusions are not reliable 
enough, as the BO value from e q. (7) can be very easily changed with rea­
sonable hypothesis on the behaviour of cI../{l +Dl...) with energy. 

Our experimental data have been fitted in eq. (7) by means of a 
program of minimisation of 2. Introducing the two hypothesis 

DI.. 2 
1) -1-+'-'---0('--- = -15 c 

Di.. 
and 2) 1 + Di.. = const. 

the values reported in Table II have been obtained. 

TABLE II 

Values of the Band Ep parameters obtained by means of a 
fitofeq.(7), with the two hypothesis of column lfor ol../(1+oI.). 

Di.. BO EOp B1 E 1p 
I + cI.. (MeV) (MeV) (MeV) (MeV) 

2 
6; 48 15 c O. 16 7. 77 O. 27 

0.156 6. 64 O. 24 7.57 O. 29 

The hypotheses on the cI. /(1 +01.) function, correspond to suppose 
that either 1) the percentage contribution of quadrupole absorption beco­
mes lower for higher energies and the 2+K=1 and 2+K=2 l evels are not e~ 
cited in the considered interval of energy; or 2) the observed lowering of 
the term (2/15) c is entirely due to the contribution of the 2+K=1 and 
2+K=2 states, while the percentage contribution of quadrupole absorption 
to the fission process is constant. 

In Fig. 2 the experimental data for the function 
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are plotted. The full line gives th e r 1; 1 r l~ function calculated by 
means of the constants given in Table II. 

4. - CONCLUSIONS. -

The experimental data on angular distribution of photofission frag 
ments from 232Th has been analysed. A critical discussion on the inter­
pretation of the experimental data leads us to the conclusion that the analy 
sis is strongly influenced by the hypothesis on the behaviour of the function 
oi../(1+oJ. ) = ( 6'~+ Ib''lr f)( r [+1 r 2+). 

A comparison of th e values given in Table II shows that the hypo­
th esis c( 1(1 +~) = const. shifts the BO values at higher energies, as we 
expected. We notice however that our experimental data would put the BO 
level position higher than the fissio n threshold, also with the hypothesis 
c/.../O +0() = (2/15)c. Our experimental data are therefore much in favour 
of an interpretation of the second barrier higher than the first one, in agre..:. 
ment with the Lynn discussion (8), that is of a picture where the photofission 
behaviour of 2:J2Th is determined both for the fission threshold and for the 
angular distribution mainly by the second barrier. 

We remark moreover, looking at Fig. 2, that the hypothesis 
c( 1 (1 + oJ.) = (2/15)c is obviously wrong at high energies. The r 11- 1 ria ra­
tio can not be higher than one while the experimental value at 8. 86 MeV is 
well over one and well outside the statistical error. 

No reliable information seems to be obtainable on both the posi­
tion and height of the first potential barrier, as long as no information is 
available on the behaviour of the function 0<.10 +<><) given by eq.(5b). 

, -, I' Q 
r..iU 
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