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A REVIEW OF NUCLEAR FISSION

PART TWO - FISSION PHENOMENA AT MODERATE AND HIGH ENERGY

Author's note:

Earl K. Hyde

February 1960

Part One of this review entitled, "Fission Phenomers, at Low
Energy" has appeared as the report UCRL-9036." Both reports

are self-contained reviews which may later be incorporated in

a larger work covering many other aspectsvof the nuclear physics
of the heavy. elements. This larger wcrk is being prepared under
the authorship of E. K. Hyde, I. Perlman and G. T. Seaborg.
This material is being given limitedvcirculation‘at this time

in hope that it will provide a uséful review in‘its present
form. The author would be grateful for comments on the materi-
al, for notification of errors, or for new inforﬁation concern-

ing the topics discussed herein.
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_ A REVIEW OF NUCLEAR FISSION
PART TWO - FISSION PHENOMENA AT MODERATE AND HIGH ENERGY

12,1 FISSION PHENOMENA AT MODERATE EXCITATION ENERGY

iZ,lol General Comments on Fission Induced by Charged Particles. It
is interesting to consider the changes which occur in the fissioﬁ reaction as
we turn from spontaneous fission or slow-neutron-induced fission on the one
hand td fission induced at moderate excitation energy on‘the other. We shall
talk first about the fission of heavy nuclei (2 2_90) induced by charged parti-
cles of moderate energy. By "moderate’ energy we shall mean an energy range
of a few Mev up to roughly 50 Mev - a range in which compound ﬁucleus formation
is the chief mechanism for the nuclear reaction. We shall first briefly sum-

marize what is known of fission in nuclear reactions of this type amd we shall

" then proceed to a more detailed examination of the experimental data. It is

impossible to discuss Tission induced by charged particles without at the same
time considering the competing reactions which we group together under the term
"spallation.” |
The primary reaction usually involves the initial formation of a compound

nucleus excited to an energy which is the sum of the kinetic energy of the bom-
barding particle plus:the Q-value for the incorporation of this particle into
the compound‘nucleus. This excitation energy is assumed to be rapidly distrib- .
uted back and forth over all the possible degrees of freedom of the compound
nucleus and is eventually disposed of by ejection (evaporation) of particles,
by nuclear fission, or by gamma.ray emission. For the heavy nuclei in which
we are interested, neutron emission is so much more probable than emission of
charged particles that we can often neglect charged particle evaporation. Also
gammsa,  ray emission. is a slow process and does not compete significantly with
neutron emission or fiséion except at an excitation energy below the thresholds
for both these propesses; The de—excitation of highly excited heavy nuclei
reduces for the most part to a competition between neutron emission and fission.
A typical evaporation chain is shown in the Figure 12.1.

. TFission is a very unlikely process wﬁen lead or bismuth is bombarded with
protons, deuterons or helium ions and de-excitation occurs chiefly by neutron
emission. The chief reaction products of prdton, deuteron and helium ion bombard—

ment are the (p,xn), (d,xn) and (a,xn) products, respectively where X specifies

9



e ; UCRL-9065 -

: R Final-- products
Direct interaction '

(~ 10 mb)  Fission Spallation
Y { 1
U23%+32-Mev He?
Compound
nucleus

" ~800mb Neutron evap.

Fizsss‘prod ’ )

mb

| —"‘. , . Pu?38
- 2

2mb

Neutron evap

pu?d? ___>.47mb py237
NIZMEV — © 7mb

Neutron evap.

Pu236 } . Pu236
‘<4 MeV .I ° 5mb

Below fiss. &
n-evap. thresholds.

MU=-19411

Fig. 12.1 The interaction of U235 with 30 Mev helium ions
used as an illustration of the origin of fission products
and spallation products via the compound nucleus route

when a heavy element is. caused to fission by bombardment '
with charged particles of moderate energy.
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the number of evaporated neutrons. The yield of each specific product has a
characteristic rise and fall as a function of the bombarding energy. There
is a threshold at the‘point where enough energy becomes available for the evap-
oration of x neutrons, a rise to a maximum, and then a fall as a new threshold
is passed for the\evaporationrof x+ 1 neutrens;~ A typical example of such
excitation functions is showﬁ'in Fig. 12.2 where the (p,xn) products of ﬁhe
bombardment of bismuth are displayed. From statistical considerétions, from
reasonable assumptions on the_energy_speetrum of evaporated neutrons,‘and from
nuclear reaction radii of heavy nuclei, it is possible to develop mathematical
expressions to fit such data as those shown in the figure and to predict cross
sections for unmeasured products. We shall later discuss such a reaction model
developed by JACKSON : | ‘ - .
When the target element is thorium, or uranium,or some element of higher
atomic number, the fission probability is at least comparable with the probabil-
ity of neutron emission. Hence it is necessary to cors ider fiséion competition
at each step in the neutron evaporation chain. - Fission may occur before any
neutrons are emitted, or after one neutroﬁ is‘emitﬁed, after two neutrons are
emitted, etc.. The (p,xn), (d xn and (a xn) feaction cross sections still
show the characterlstlc rise and fall as the energy of the bombardlng particle
is increased and the positions of the maxima in the cross section peaks are
nearly the same as they would be without fission competition. However, the
cross section curves are markedly reduced and the observed peak heights of the

successive products along the evaporation chain are smaller and smaller be-

- cause of additional losses to f1s51on at each succe551ve evaporatlon step.

It is stlll possible. to use a statlstlcal evaporatlon model to describe
the experimental results, but only after modlflcatlon of the. model to include
fission competltlon. We con51der such a modlfled model below.

From a consideration of the experimental data one can reach certain
tentative conclusions on the relative probablllty for neutron emission and
fission as a function of various parameters. This probability is often ex-

pressed in terms of the "widths' for neutron emission or fission. The ratios

1. J. D. Jackson, Can. J. Phys. 34, 767 (1956).
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Fig. 12.2 A typical example of the excitation functions for
(p,xn), (d,xn), and (a,xn) products when the target
element is from the lead-bismuth group of elements.
'This particular figure is taken from the work of BELL
and SKARSGARD and shows the excitation functions for
Bi209(p,xn) reactions. Can.J.Phys. 3k, T45 (1956).
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f‘n : r
j%:rTr; or F are those of chief interest. It heﬁ been concluded that
n' - f
for the heaviest elements . ( = 90 or greater) the. ratloIv— decreases as the

atomlc number increases but is also subgect to a strong mass number dependence
(flSSlonablllty decreases with increasing A). There is no marked dependence
of the Tr— ratio on ex01tatlon energy, although there are differing inter-
pretatlons as to the exact nature of the trends which may be discernible in
the data. ' ‘

The pattern of fission product yields‘es.a_functiqn of energy of the bom-
barding particles undergoes a uniform change which seems to be largely indepenf
dent of the target element or the bombarding pafticles. This typical change
is illustrated in Fig. 12,3. At low bombarding energy, a twin-peaked curve
resembling that observed in slow-neutron induced fission is found. At higher
energies the yieids corresponding to symmetric fission increase rapidly and ]
the valiey fills in. It is important to note, however, that the positions of

the asymmetric fission peaks do not appear to change appreciably with excita-

“tion energy. The peaks appear to shift slightly to lower mass because of the

emission of more neutrons but the increase in symﬂetric fission is not a result
of the two ésymmetricApeaks-moving together. In fact, the overall width of the
mass yleld disﬁribution increases as the eXcitatidn energy is raised; the rela-
tive yield of very asymmetric Tission increases at the same time that the rela-
tive yield of symmetric fission rises, - The twin-peaked distribution character-
istic of low-energy fission gives way to a broad single-humped curve with a
rather flat top when the energy of the deuterons reaches about 20 Mev and the
energy of helium ions reaches about 4O Mev, '

The overall fission product dlstrlbutlon is often. 1nterpreted as the
superposition of two fundamentally different types of fission, an asymmetric
and a symmetric mode.* The probability for each type of fission and other
characteristics of each type of fission, such as the details of the mass divi-
sion,undergo independent changes as a function of the eXcitation energy. ?o
make the situation_even more complex, the radiochemical results in many cases

reflect an average distribution for two or more fissioning nuclei at varying

% One of the first suggestions that it was meaningful to discuss the mass
yield curve in terms of an asymmetric and a symmetric fission mode was

made by TURKEVICH AND NIDAY, Phys. Rev. 8L, 52 (1951).
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report UCRL-3493. Similar sets of curves have been
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levels of .excitation because of the occ;rrence of fission at more than one
stage of the evaporation chain. In the study of many other features of’ f1551on
as for-eXample\the angular distribution of the fission fragments one runs into
the same problem that the results are an average‘for a mixture of fissioning
nuclei so that the exact behavior of a specific fissioning nucleus excited to
a specific energy has to be extracted from the data in an indirect fashion.
The.mass distribution of the fission products observed in the bombard-
ment of lead or bismﬁthvtargets with deuterons or helium ions of moderate
energy is decidedly differept. A symmetric distribution in mass ls observed
and the width of the distribution is much smaller than observed ia any other
case of symmetric mass splitting. The results probably represent mainly a

single nuclear species excited only slightly above the fission threshold. This

' fission threshold may refer to a symmetric saddle point quite different from

the saddle point which leads to the asymmetric division of heavier nuclei. As:

the excitation energy increases the width of the mass division increases until
at very hlgh energles the appearance of the mass yle%d curve is similar to that
for very high energy flss10n of uranium. The ratio f__' is extremely low for
near-threshold fission in the lead-bismuth group of targets but, contrary to
the thorium-uranium group of targets, this ratio increases rapidly as a func-
tion of energy. There is some evidence that it levels off at high excitation
energy.

The mass yield curves for fission of interﬁediate nuclei such as radium
and actinium are intermediate in character. In the fission of radium bombarded
with 11 Mev protons, for eiample, oﬁe sees a threeehumped, mass-yield curve
which receives its mostvdirect interpretation as a superposition of symmetric
and asymmetric fissionvtypes-occurring‘with about equal probability. At higher
bombarding energies the mass yield curve soon turns into an overall broad
symmetric distribution Wito no. indication of three peaks. This shows that the
probabiltty for the symmetfic type of fission increases more rapidly with energy.

We sammarize these general observations on the mass distribution of fis-
sion products in the schematic dlagram Flg. 12. 4 Ityis tempting to ihterpret
the experlmental data as suggested above in terms of an asymmetrlc and a sym-
metrlc mode of fission.. The fission threshold for asymmetrlc fission lies
lower in the heaﬁiest,elements and higher in the-lead-blsmuth reglon. «In an
intermediate group of cle ients centerirg;a;ouud radium and actinium the two

fission thresholds are apparently quite . close
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Tn the moderate energy range which we.are:mowconsideringz the majority
of reactions involve the initial formaion of & coﬁpound nucle@s?but there are
a significant number of events which go by other reaetion mechanismg which we
can consider together under the general heading of direct interactions.

"The strong competition by fission for £he de—excitation of the, compound
" nucleus and the intermediate»nuclei'in the evaporation chain has the obvious
consequence that the cross sections for the (a,xn) processes are greatly re-
duced. It has another consequence, not so clearly anﬁicipated, that(ofher nu-
clear reaction types.not proceeding by a compound nucleus mechanism becqme‘
evident. TFor example, the (a,pxn) reactioﬂ“cross seetions are of the same order
of magnitude (a few millibarns) as those for the (a.xn) reaction when uranium
or plutonium targete are bombarded. The (a,pxn) reactioh products cannot be
produced by the compoundvnucleus mechanism because proton evaporation is strongly
repressed by the Coulomblc barrier in the heavy elements Furthermdre, the
( ,pxn) exc1tatlon functions-do not show a peak characterlstlc of an evapora-
tion: process.but rise steadily. Hence the (o ,pxn) reactions involve direct
interaction processes. The same comments apply to (d,pxn)‘and (p,pxn)_reactione.

Even in the (o,xn), (&,xn) and (p,xn) type reactions there is evidence
of & sizablé: contribution to the total cross section by non-compound nucleus

mechanisms. The (a,n), the (4,n), and (p,n) reactions never have cross sections

. above a few millibarns, do not show a peak of the type predicted by compound

.

nucleus theory, and decrease only slowly at high beam energy. Hence, a major
fraction of the cross section is attributed to direct interaction. .The excita-
tion functions for the (a,2n) and (d,2n) reactions have peaks charécteristic
of compound nucleus formation but in addition, have high energy extensions
("tails"). which must be attributed to other,meehanisms...Such a mechanism,
for example, might involve the following in the case of the (a,Zn) reaction:
. The incoming helium ion strikes a neutron in the nucleus ejecting it with a
sizable amount of the initial energy of the helium ion: The helium ion is
amalgamated with the nucleus and residual energy is removed by the evapora-
tion of a second neutroﬁ.

In the (o, p2n) or (d,p2n) cases, the reactions are more properly des-
cribed as (@,t) or (d,t) reactions as has been shown by the work of WADE,
GONZALEZ-VIDAL, GLASS AND SE.L\PORGQ2 These investigators studied the yield of

2, W. H. Wade, J. Gonzlez-Vidal, R.A. Glass, and G.T. Seaborg, Phys. Rev. 107
1311, (1957). -
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tritium in heavy»element‘targets and found it large enough to account for the
entire (a,pZn) or (d,pZn) cross section as determined by measuring bhe heavy
element'produét. The energy and angular distribution of the tritons were those
expected of.a‘direct intérac£ion'(qstripping” or ”pibk-up”) process and quite
unlike those predicted by a coﬁpouhd nucleus mechaﬁism.' ‘

The total cross éeétion for all reactions of the non-compound nucle&s
type is not a large fraction of the total reaction cross section. It probably
is rot much greater than it is in the case for bismuth and other non-fission-
able heavy element targeté, In the latter caée, however, these reactions are
not very apparent because the (a,xn), (d,xn), or (p,xn) cross sections are so
huge. For the fissionable elements the large (a,xn), (d,xn) and (p,xn) reac-
tién'probabilities are reduced markedly so that they‘are comparable'in magni-

- tude to those resulting from leés_probable reactions. This feature lends a
great déal of interest to the detailed study of the spallation reactions in
the fissionablé'eleménts:‘"It'has not been possible to be'very specific about
the mechanism of the direct interaction procesSes:since these are not well
understood; some more specific.discussion of the spallation reactions under

" consideration herg'are.given ih the references cited,but the relative impor-
tance of stripping, knock-omn, pick4@p and "locai excitation" reactions is not
established. | |

It may be worth mentioning'at this point that thé'study of the: inter-
action of hedvy ions wiph/heavy element targets will be gquite interesting since
there is some evidence”%hat non-compound nucleus reactions are of appreciable.
magﬁitudé.' Such mechanisms may be-of considerable importance in by—passing
the severe fission competitioﬁ'which'tends to eliminate transuraniﬁm element

nuclides proddced‘by compound-nucleus-type reactions.

s 2
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12,1.2 Fission Cross‘Sections at Moderate ExcitationEnergX° Shortly

afte; the dlscovery of slow neutron flss10n, it was observed ‘that flSSLon could
be 1nduced in uranium by its bombardment with charged partlcles, but it was '
some years before quantltatlve measurements were made,, o :
JUNGERMAN AND WRIGHT3 measured flSSlon ex01tatlon functlons in thorium
and uranium when these were bombarded with deuterons of energy ranging up to
18.8 Mev and by helium ions of .energy up to‘37.6 Mev, The basis of the methodc
was a determinatioh of éross fission: product beta activity. This somewhat in-
accurate method was improved upon by JUNGERNAN who developed an ion_chamber
method for direct measurement of fission pulses in charged particle beams.
Using Th232 235

hold at about 7 Mev for deuterons and at about 18 Mev for hellum ions. Above

and U 238 targets, he showed that there was a flSSlon thres-

. these thresholds the fission cross sections rose rapidly with beam energy to.
values representing a high percentage of the.total geometric cross section’
for these elements, A sampling of JUNGERMAN'S results is given in Table 12.1.
An extension of these measuremeﬁts to higher eoergtes is reviewed io Section

12.2.6 below. MC CORMICK AND COHEN’

protons ranging up to 22 Mev in energy. A sampling of their results is also

bombarded the same target nuclides with

given in the table. In all cases a major_fraction of the total .reaction cross
section went into fission, bﬁt this percentage was appreciébly less for thorium
“&han for uranium, .

It is also possible to measure fission cross sections radiometrically
by quantitative analysis of individual fission products and by suitable inte-
gration of the mass-yield curve., A number of determimstions of this type are
listed in Table 12.1 -for thorium, uranium, neptunium and plutonium targets,'
Values of the'fission cross section at other: bombardment energies than those
listed as well as values of individual spallation cross sections can be found
in the reference listed. | _

Values: of the fission cross section for neutron induced fission as a
function of the neutron energy were covered in Section ll 3 of the previous
chapté%i ﬁ%%(o%lss1on probablllty is covered later in this chapter in Section

12.3.1.

3. 7. Jungermen and 5. C. Wright, Phys. Rev. 74, 150 (1948)
h, J. Jungerman, Phys. Rev. 79, 632 (1950)

5, G. H. McCormick and B. L. Cchen, Phys. Rev, 9€
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Table 12.1 F1ss1on Cross Sectlons for’ FlSSlon Induced by Prgtons,
: Deuterons or Helium Ions of Energy Less:zthan 50+ ‘Mev*
‘ . : . Fission. ‘ B
Target Bombardlng Energy Cross-section % :
Nucleus Particle (Mev) - (barns) = = -Spallation ' Method . Reférence¥*
Rh o 0.8 2.1x107° ©100 ~ - Rediothemistry 2la | -
Bi - 4 15 1.6x1077  ~100 Radiochemistry 20
b B 22 1x107 ~100 Radiochemistry v
Razzé' o 11 ~.002 99 6
RaZ2° @ 22 .050 %6 20,21
Ra?%®  n 3.3 .000k ‘ 2la -
| e .003 " 2la
23 037 2la’
h?3% g 7.7 - 2107 )
10 .ok 1\. Tonization L
15 o8 ‘ chamber
17 Ao
Th232 o 18.2 hxlo-u
- 25 AT Ionization L
30 .65 chamber
_ 34 75
'I‘h232 o "37.5 ~0.5 " _ Radiochemistry 7
m?3% oy 21.5 0.83 | S35 Radiochemistry 8
™m3% o 15.6-19.6 9x10™"
o 19.8 - 0.021°
o 25:7~28.9_ 0.550£0.140 Radiochemistry 9
o 34.9-37.7 0.88%0.22 :
o 43.4-45.9 1.6+0.40 3
v?3 g 23.5 0.18k 98.8 |
a 35.3 1.27 .98.8 Radiochemistry 10,11
o e 1.99 98
y233 a 9.0 0.125) ' A
12.1 ~ 0.60 97
15.4 1 97 - Radiochemistry 14,15 f
23.4 1 98 .
233 228 1.29 10 Prop. ctr. 2le
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Table 12.1 (cont'd.)
' S Fission ‘ .
Target Bombarding Energy Cross-section: L : .
Nucleus Particle (Mev) - (barns) Spallation . - Method Reference
Ut g 20.5  .010 9 -
23.1° .087 . 7.4
25.9° - .310 5.5
28.2 .580 3.3 Radiochemistry 2lb
33.8  1.030 1.9
39.9 1.380 1.k
'21.9  0.58
26.8 0.ke ,Radidcheﬁistry 10,12
© 3k 1.29
45 1.8%
y?3> o 21.5  1.31 Rediochemistry 8
o 22.8 . 1.28 11 prop. ctr. 2l
y23> a 8.2 .003 _
10.0 .06 ' Ion-chamber L
15.0 0.6 . |
17 10.85
% q 19.5 . .00WY
22.8 .10, 'Ibn-chamber . 4
25' .22 '
30 65 |
‘ u?3® et 22.6  0.13)
27.1 0.89 Radiochemistry 10,13
38.6  1.48° -
, b5,k 1.50
U238 D 22.8 1.22 12 prop. ctr. FARS
21.5 1.28 ' Radiochemistry 8
10 ofoz9} - -
- - 1547._. Radiochemistry 16a
U~ a 18.0 .001 ~T70
20 .011 ~h1 Radiochemistry
325 ;790 10.7 2;:c$i§2copy 1o
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Table 12.1 (cont'd.) ) B
- o “Fission o
Target  Bombarding Energy Cross-section - % e
Nucleus ~ Particle (Mev) (barns) Spallation ..::Method Reference
23 a - 8 .001 | |
| 10 . ;O6v :Ién-chambef L
L 15 Lo B
238 Q 19 .001
25 .20 . - Ion-chamber L
30 .60 ' '
o 35 .83
238 a5 0.0035
| 10 o.o86‘} Radiochemistry 19a
13.6  0.430 |
20 1103 L . .
| 5 1.61 } Radiochemistry 16a
w3« .. 19.8 0.013 o
22.7 0.13 93 Radiochemistry 1L,15
31.5  0.72 97
bs.7  1.36 97
Pu?? a 9.2 0.05 o
O 15.0 0.59 93 Radiochemistry 14,15
20.2 1.4 96
| 23.h 1.8 97
pu?® o . .2 18
24,5  0.125 '6.1'_
3k 0.31 6.6 Radiochemistry 16,17
bo.7 0.78 3.2
- . 4.5 1.9 1.3
RCES o« , 25.2  0.430 uQu, .
30.2 0.98-}- 2.3 Rediochemistry 16,17
o | W74 1.%0 2.3 | : |
putt0 g 12.h 0 0.367) '
154 0.995 " Radiochemistry 19
— 21.2 1.3
* flSSlO for high energy neutrons and protons are given in Tables 12. 19-12.22,

Section 12.2.6.
*¥ Fission cross sections are given for a number of other energies ahd fission

cross section curves as a function of energy are given in the original references.

Reference numbers refer to footnote entries in text.

L2
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12.1.3. The A ,llcatlon ofra Statlstlcal Model to Com_ound'Nucleus
Reactipbns in Non—F1ss1le Heavy Elements. There have been avnumberxof'experiF

mental studies of the yields of the principal heavy element nuclides produced

by the bombardment of lead and bismuth targetsuwith charged partlcles of mod-
erate energy: Dbismuth + deuterons (KELLY AND SEGRE22 23 RAMLER ), bismuth +
helium ions (KELLY AND SEGREZZ’23 RMMER®Y; bismith + protons (KELLYZ?, ANDRES?);
27) ‘The data
from several of these studies are summarlzed in Section 7. 4,1 of Chapter T
The excitation functions .for the (p,xn), (d,xn) and (a, *n) products are all
very much alike and it has been poss1ble to fit the data rather satisfactorily
w1th a statlstlcal model developed by JACKSON 28 whlch we now discuss.

Let us consider a nucleus excited to energy E and assume that this
nucleus will de-excite only by neutron emission as long as this is energetl—

cally possible. Let‘us assume further that the neutron spectrum is glven by

P(n) = E exp.  -E/T o o - (12.1)
where ‘the nuclear temperature T is taken to be -constant. .This_asSumption of
constant nuclear temperature is contrary to the assumptions_inherentiin most
nuclear models but itis doubtful that any large errors are introduced by this

approximation.

22. E. Kelly, Ph.D, Thesis, University of California; see also University of

o Callfornla Radiation Laboratory Report, UCRL 1044, Dec. 27, 1950,

23, E. L. Kelley and E. Segrd, Phys. Rev. 75, 999 (1949)

ZM; W. J,.Ramler, J. Wing, D, J. Henderson and J. R, Hulzenga, Phys. Rev. }i& 5
a5k (1959) . | | S |

25. Andre, Huizenga, Mech, Ramler, Rauk, and Rochlin, Phys. Rev. lOl 645 (1956).
26. R. E. Bell and H., M. Skarsgard, Can. J. Phys. 34, 745 (1956).

27. W. John, Phys. Rev. 103, 704, (1956). '
28. J. D. Jackson, Can. J. Phys. 34, 767 (1956).
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W1th these assumptions JACKSON then shows that the probability that a
nucleus with 1n1t1al excltatlon B w1ll evaporate exactly X neutrons is given by
2x-l) . (12.2)

P(E,x) = I(A ,2x-3) - I(Ax+j_’

where I(z,n) is Pearson's incompléte gemma function,

1(z,n) = (1/n;)ofZ 'yn eV dy, and Ax = (E-}ii ,Bi)'/'r (12.3)

-Bi is the binding energy for the ith neufron and T is the'nuclear temp-
erature. The first term of these Pearson functlons (equatlon 12. 2) gives the
probablllty that at least x neutrons w1ll be evaporated from the compound nuc-

“leus, and the second term gives the probability ‘that at least.(x+l) neutrons
will be evaporated° The dlfference of these two terms glves the probablllty
that the compound nucleus w1ll emit only X neutrons.

 Figure 12, 5 shows how the functlon P(E X) appears as a function of
E/Ta To construct these curves B/T was set equal to 4,05 B is the average

.neutron binding energy. -In the lower range of bombarding energies where all

the interactions of the bombarding particle with the target nucleus involve the

initial formation of a compound nucleus the cross section:for the (p,xn), (d,xa),

and (a,xn) products are given by simple functions of the type

(p}xn) (E ) P(E,x) ' ' Co(12.4)
where P(E,x) is given in expreSSIOn 12 2 and @ (E ) is the reactlon cross
section for an in¢ident proton of energy E as given by ‘the curves of SHAPIRO29
this evaluation involves a choice of a nuclear radius for whlch the best choice
appears to lie in the range R= 1,35 - 1.50 x 10° l3A /3 from the curve- 1"1t‘c,|nfr

trials of-several authors using the JACKSON model. The energy E in Eq. 120

is approximately’ equalcto: the kinetic energy of the iricoming particle ¢horrected

“for the Q- value of compound nucleus formation;
At somewhat higher energies not all reactions go by the compound nucleus
30

reaction since a certain fraction gp by the SERBER mechanism involving pri-

'mary interactions of the incomingbparticles with individual nucleons in the
29. M. M. Shapiro, Physw Rev. 90, 171 (1953)
30. R. Serber, Phys. Rev. 72, 1114 (1947).

&
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. 12.5 The probabilitiés P(E,x) that a nucleus with
excitation energy E will evaporate exactly x neutrons

‘as a function of E/T where T is the nuclear temperature.
The curves are for B/T = 4.0, B is the average neutron

, binding energy. The effect of the alternation of the

' successive neutron binding energies is shown by the
dotted curvés,(appropriatg for even neutron number

targets). From JACKSON. 20 -
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nucleus in a series of quasi-free two-tody collisions., The ircident particle
ﬁay pass through the nucleus without ary interaction or it may make a few

collisions with nueleons in the nucleus knocking some of them out and perhaps

4

escaping itself. Hence the primary interaction may involve the emission of a
few prompt particles, random in number and in amount of kine%ic energy. The
residual nuclei may be left with a wide range of different excitations. The »
second step of the reaction is the evaporation of further particles mostly
neutrons from the excited residual nucleus. |

This reaction mechanism is very pfominent at high ranges'of bombarding
particle energies - say 100 Mev or greater - and we shall have more to say about
it in Section 12.2 below. In the energy range below 50 Mev, which we are
now discussing, it enters only asc.aiminor correction. JACKSON2 discusses how
Monte Carlolcalculations of the prompt knock-on cascadé process can be incorp-
orated with his evaporation model to predict'crOSS sections of the (p,xn) re-
action types for protoﬂs of energy ranging up to 100 Mev. Figﬁre 12.6‘is his
curve showing (p,xn) cross sections as a function of incident proton enérgy for

209 targets. The binding

x= 1,2 ,..8 with the constants appropriate for Bi
energy of the incident proton is 5.0 Mev, the average neutron binding energy
is 7.3 Mev, and the nuclear temperature is approximately 1.8 Mev. The nuclear
radius constant was set equal to 1.35 x 10_13 cm, As the energy increases the
effects of the internal‘multiple collision cascade become apparent. A given
cross section has the usual compound nucleus peak but has a "tail" extending
up to higher.energies. The magnitude of this tail goes up as the number of
evaporated neutrons increaSes while the peak height goes down.

Comparison.of these curves with the experimental results of BELL AND

2 2
SKARSGARD 6, who analyzed the products from (p,xn) reactlons in targets of Pb 06

Pb207, PBZO8 and B12091 showed good general agreement of theory and experiments
as far as the generél features of the reactions are concernéd. RAMLER, WING,
HENDERSON, AND H_UIZENGA3 compared their experlmental results for the reactions
5129 (o,2n), Bi 203, (a,3n), Bi 209 (a,4n) and Bi 209 (a, n), pi 209 (d,2n) and )
209 (d,3n) with the predlctlons of the JACKSON model and got good agreemeht
éxcept for a high energy "tail" on the (d,n) experimental curve, which they

attributed to a stripping process.

31. W. J.-Ramler, J. Wing, D. J., Henderson and J. R. Huizenga, Phys. Rev, 11k,
154 (1959). |
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12.6. JACKSON's calculated (p,xn) cross sections in barns
for heavy elements as a function of incident proton energy
in Mev. The curves are drawn for Bi209 as target with
-cm, B = 7.3 Mev, T = 1.8 Mev. Also shown
are the sums of the (p,Xn) cross sections and the
"geometrical" cross section o,; the deviation of these

two curves at higher bombarding energies is a result of
the onset of the internal prompt cascade process.
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12.1.k ggmgetition of Fission and Neutron Emission in the Interaction
of Charged Particles with Heavy Elements '(Z 2_90).. There have been many radio-
chemical studies of the interaction of charged particles of moderate energy in
which fission cross sections and characteristics have been determined directly
by analysis of the fission product yields or in which fission probability has
been measured indirectly by analysis of the spallation products.-7’8’lo’;l’l3’

14,17,18,19,19a,32-40

(see especially 10,15,16,39,40). We shall have space to
consider only a few selected examples from these studies.

7 As a first example, let us consider the bombardment of U23? with heliumn
ions. Figures 1lz.7 and 12.8 show the excitation functions for the {a,xn)

products and for the (a,pxn) products. ~The yields of the (&,xn) products are

32. H. A. Tewes and R. A, James, 'Proton Induced R .actions of Thorium-Fission
Yield Curves", Phys. Rev, 88, 860 (1952); H. A. Tewes, Excitation Functions
for Some Proton-Induced Reactions of Thorium , Phys. Rev. gﬁ, 25 (1955).

'331 R. J. Carr, "Spallation-Fission Competition in the Nuclear Reactions of Plu-
tonium Induced by Alpha Particles”, University of California Radiation Lab-
oratory Report, UCRL-3395, April 1956.

34, T, T. Sugihara, P, J. Drevinsky, E. J. Troianello and J. M. Alexander,
"Fission Yields of Natural Uranium with Deuterons of 5,10 and 13.6 Mev:
Deuteron Capture and Competition with Stripping”, Phys. Rev. 108, 1264 (1957).

35. J. M. Alexander and C. D. Coryell, "Nuclear Charge Distribution in the Fis-
sion of Uranium and Thorium with 13.6 Mev Deuterons’, Phys. Rev. 108, 127k,

(1957).

1 : i 2 1 .
36. G. E. Gordon, "The Cross Section of the Reaction Uz3LL (ct,4n) Pu 3&., Uni -

versity of California Radiation Laboratory Report, UCRL-8215, April 1958.

37. R. M. Lessler, "Spallation-Fission Competition in Neptunium Compound Systens',
University of California Radiation Laboratory Report, UCRL-8439, October 1958.

' . , 2

38. D. L. Eads, 'Spallation Reactions of PuZhO with Helium Icns and Pu bz with
Deuterons”, University of California Radiation Laboratory Report, UCRL-856.,
January 1959, . : o

39. R. Vandenbosch and J. R. Huizenga, 'Competition Between Fission and Neutron

' Emission as a Function of Excitation Energy and Nuclear Type," Paper P/688,
Proceedings of the Second International Unitéd. Nations Conference on the
Peaceful Uses of Atomic Energy, Volume 15, Geneva 1958.

4L0. T. D. Thomas, B. G. Harvey and G. T Seaborg, 'Spallation Fission Competi-
tion in the Heaviest Elements", Paper P/1429, Volume 15, ibid.

0
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Fig. 12.7 Yield of (a,xn) products as a function of helium
ion energy for U2 3 targets. Points are experimental
and curves are a modified Jackson model calculation with
fission competition included in the model From ’
Vandenbosch et al.
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very markedly reduced because of fission competition in the evaporation chain.

The peak heights are a few millibarns instead of about lOOO'millibarns'aé they
would be without this competitiqn. The peak helghts decrease in magnitude ‘as
X increases for x gréatg;,than 1.

The.decrease in the peak heights for the successive (o, xn) reactions
- has been interprefed to meani that fisﬁ.on is competing successfully'at each
stage of the evaporation chain in a compound-nucleus reaction. See Fig. 12.1.
Thus the peak cross section of the (a,3n) reaction is lower than the peak cross.
éection‘of the .(a,2n) reaction because in the former case fission has had three
chances to compete with neutron emission compéred with two chances in the lat-
‘ter case. The long "tail" on the (a,xn) excitation functions and the relatively
high cross sections for the reactions involving the emiésion of changed parti- 8
cles suggest direct interactions of the projectile with the nucleons on the.
nuclear surface. The direct interaction processés are probably not subject to
as much fission competition because of the tfansfer of lesser éﬁounts of‘ekcita-
tion energy to the struck nucleus. '

‘ The fission cross section was measufed directly by radiochemical analy-
sis of ‘a sufficient number of individual fission products to define the mass
yield curve, as shown in Fig. 12.9. The fissibn product mass-yield cﬁrve in
the U235 case shows the(same shape changes with increasing energy'mentioned
above in connection with the discussion of Fig. 12.3 The total spallation
cross section is compared with the total fission cross section in Fig. 12.10
from which we note that fission takes up more than 90 percent of the reaction
cross section. The total fission cross section is so high, in fact, for tar-
gets of uranium and hegvier elements thatbit is not useful to look for changes -
in fissionability from nuclide to nuclide by examining the small percentage
changes in the totalvfission cross section. A much more sensitive gauge of
fissionability ié the yield of the'épallation products whose peak values are
a sensitive measure of fission competition.

For example, . let us éompare some spallation data for U233, U238 and
for Pu239 with the U235 data we have just seen. See Fig. 12.11 through Fig. 12.16.
The'yield of corresponding (a,xn) prodﬁcts decreases steadily as"the mass number
of the uranium target isotopes decreases. This mass number effect was also
“noted by GLASS, CARR, COBBLE AND'SEABORG16 in a study of plutonium isotope

targets. In fact, this mass number effect on fissionability is so strong that
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 Fig. 12.13 Yield of (a,xn) products as a function of helium
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'J £33 exhibits a greater fissionability ﬂlth helium ilons than does Pu 239 (see
Fig, 12.14) in splte of the fact that Z /A is greater for Pu 39.. There are two
factors at work to account for these changes  the relatlve fissionability of
ﬂorrespondlng compound nuclei and the ease with which neutrons are evaporated
from corresponding compound nuclei. Fissionability increases as Z /A increases;

239

the curium isotopes produced by the bombardment of Pu have higher values of
: ZZ/A than do the corresponding plutonium isotopes produced by the bombardment
of U233. The ease of neutron evaporation increases with decreasing neutron

. pinding energy; the neutron- blndlng energles of the curium isotopes produced by
“oombardments of Pu £39 -are lower than the neutron binding energles of the cor-

33 Hence the higher

responding plutonlum isotopes produced by bombardment of U
figsionability of the curium isotopes is apparently more than offset by the
greater ease_of‘neutron evaporation from these isotopes. A

The strong effect of the mass number, A, on the relative probability

of neutron emission and fission in a series of isotopes of one element can be
exXplained similarly. The most extensive data are avallable for a series of
'uranium and plutonium target isctopes. 2 /A decreases as A increases and the
ease of neutron evaporationvincreases. Furthermore, fission thresholds are
lower than neutron binding energies in the nuclides oonsidered, with the re-
sult that a nucleus that has survived fission long .enough to evaporate all

the neutrons allowed by the'original excitation energy may still have sufficient
residual excitation to.ondergo fission. Thus fission has an additional chance
to occur when neutron emission can no longer compete. The higher the neutron
»inding energy and the lower the fission‘threshold, the larger will be the
2xcitation energy range in»yhich such:fission can occur. Since neutron binding
energies decrease and fission thresholds inerease és A increases, such fission
will compete less effectively as A increases. Thus the three factors mentioned
all contribute to decreasing competition from fission as A increases,

‘ff the. picture of the fission mechanism being presented here is correct
then the yield of some product well along in the neutron evaporatlon chain
should serve as a Good gauge of the overall flSSlonablllty observed in these
zharged particle reactions. Figure 12.17 is an 1nterest1ng case of this since
it shows the steady decrease in the (o,4n) yield when uranium isotopes of lower

L1

mass number are bombarded.

43. R. Vandenbosch gives a good discussion of the relation of (a,hn) cross sec-
tions to fissionability in his thesis, University of California Radiation
Laboratory Report, UCRL-3858, July 1957. See also R. Vandenbosch and G.T.
Seaborg, Phys. Rev. 110, 507 (1958). S

hl
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Conclusions of a somewhat more guantitative nature can be obtained by
means of calculations based on a modified form of JACKSON'S28 statistical modei
for spallation reactions. We have presented this model in Section 1z.1.3 above,
but before this model can be applied:to elementsbas hea&y-as thorium, uranium
or plutonium it must be changed to include the effect of fiséion competition.
In this we follow closely the paper of VANDENBOSCH, THOMAS, VANDENBOSCH, GLASS *
AND SEABORG«™" |

The fission competition will be considered in the framework of compound
nucleus formation followed by'competition between neutron emiséion and fission
at each stage of the evaporation chain. There are two effects to corsider: '
firsﬁ,'fissioh occurs while neutron emission ié energetically possible, thus
destroying nuclei during the early stages of the evaporation chain, and, second,
some fission occurs after all of the possible neutrons have been evaporated,
thus destroying nuclei whose exéitation_energy ig less than the binding energy
of the last neutron, and which would otherwise have de-excited by gamma emission.. .

The probability that an excited nucleus will emit a neutron is given by
its branching ratio (level width ratio) for neutron emission Fn/z i Iy (hence»
forth designated as Gn). Similarly the branching ratio for fission is given
byl Y[Zi‘Fi_, or Gf, and the branching ratio for gamma ray de-excitation by
F?/Zi_Fi or Gy. The denominator,zil"i B conFains terms for all the possible
modes of decay of the compound nucleus. However, the assumptions will be made
that the widths for proton evaporation and for gamma-ray de—excitatibn are negii-
‘gible wherever neutron emission or fission is energetically possible. However,
the gamma—ray branching ratio is taken as unity wherever neither fission nor
neutron evaporation is energetically possible. When the excitation energy is
greater than the fission threshold and less than the binding energy of the

last neutron, G_, is taken to be unity. Hencevto take into account the fission

competition aloﬁg the evaporation chain, we multiply the probability, P (E,x),
(see Eq. 12.1) by terms, Gni’ to give a new probability that the original com-
pound nucleus will not only evaporate x neutrons but will also survive fission
during the evaporation process. _ |

After all of the neutrons have been evaporated, the residual nucleus
may either undergo fission or may de-excite_by gamma emission. As stated above,

we make the somewhat arbitrary assumption thét if the residual nucleus has an

excitation energy grester than the activaticn energy for fission it will undergo.
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fission and that if the nucleus has an excitation energy less than the activa-

tion energy for fission it will de-excite by garma emission. In JACKSON'S -
model, the first incomplete gamma . function of Eq. -(12.2) gives the probability
that the original compoundvnucleus will emit at least x neutrons; the«second
the probability that the residual nucleus will have an.excitationrgreater than
the binding energy of the last neutron. Therefere, to account for fission
competltlon at the final stage, we replace the last incomplete gamma function
of- JACKSON by one giving the probability that the residual nucleus will have
an excitation greater then the activation energy for fission. The result is
8 narrowing of the peak of the theoretical excitation functions, in better
agreement with experiment.

Using these considerations, one can express the cross section for a
reaction following compound nucleus- formation as

- f
G --= G [ I(A_, 2x-3) - T (&, 2x-1)] .
¢’ny Tmy T Tmy x X (12.5)

]
Q
()]

oo xn)

where Ai = (B - ijBi - E.) /T.
Eth ‘is the activation energy for fission for the residual nucleus.
The subscripts 1, 2--x on the Gn factor refer to the branching ratio for emis-
sion of the 1st, an,'g-, xth neutron from the compound nucleus. 'GC is the
cross section for the formation of the compound nucleus at the particular en-
ergy considered. The neutron binding energies can be taken from such tables-

as those .given in Chapter 8. (See Table 8.3). The fission activation energies

. can be taken from Table 11.4 in Chapter 11, Section 11.3.1.

It is necessary to evaluate the G quantitles and to choose a value of

the nuclear temperature. Not a great deal is known about the variation of

Fn/ Ff with excitation energy and nuclear type (Z, A, even-odd character, ete.)
The following assumptions about I' n/ Pf' will be made: '
ﬁl) r /Ff is independent of excitation energy for excitation energies
well above the neutron emission threshold. ‘
(2) IN / F for even-even nuclei is twice as great as T /Ff for even-
odd nuclel. (It w1ll not be necessary to consider odd-odd products
‘in the present calculations.)
(3) Aside from even—even and- even- -odd effects, there is a general trend

. for Fn/ _f,to ircrease'" th increasing mass number.
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The first assumption as a first_approximation obtains support from the
éhape of excitation functions for fast neutron~induced fission and also from
-aa'analysié-by BA.TZELle of high. energy spallation_excitation~functions.% The
same conclusion was reached by GLASS AND COWORKERS from analysis of spallation
excitation,functions.lé There is, however, some evidence that F,n/F 7 increases
with increasing exbitation.43 The seccnd assumption arises from the belief
that the odd-mass product of the evaporation of a neutron from an even-mass
nucleus has -a higher level density than the even-mass -product from an odd-mass
nucleus; the factor of two used was taken from an estimate by WEISSKOPF%M 4
The varlatlon of I A‘ with mass number has been evaluated from a plot of the
’ neutron to fission w1dth ratios obtained from an analysis of (a 4n) reactions
Ain various uranium isotopesaul The ‘quantity T /I‘ was found to increase by
a factor of 1.3 per unit 1ncrease of mass number A, A ’

Using the above cons1deratlons, one needs to choose only two parameters
to calculate excitation functions for all of the possilbe (o, xn) reactions.
These are the nuclear temperature T and a mean-value of I T;f Calculations
have been made for the (or,xn) reaction cross sections of U 33 and U235 A
‘mean (geometrlc) value for r /I‘ of 0.11 for U°33 and 0.21 for U 235 o
nuclear temperatures of -1.41 Mev and 1. 35 Mev respectlvely were found to give
the best fit to the experlmental data° The neutron branching ratlos derived

from the mean values of I‘ /F are 1llustrated in Table 12. 2" .

42. R. F. Batzel, University of Calif. Radlatlon Laboratory Report, UCRL- 4303,
February 1954 (unpublished).

43. C. T. Coffin and I. Halpern, Paper P/642, Volume 15, Proceedings of the
Second United Natiocrns Conference on the Peaceful Uses of Atomic Energy,
Geneva (1959) and unpublished results.

Ly, V. F. Weisskopf, Lecture series.in Nuclear Physics, MDDC- 1175 ,U.S. Gov't
‘Printing Office, Washlngton D. C., 1947,

:¥ Refer to the description of =3 51m11ar analy51s by Llndner and Turkevich in
Section 12.2.k. »

* Glass and co-worker'sl6’17 have shown how the G_ factor for a certain nucleus
at.a certain excitation may be derived_from,thg spallation cross sections
in a few favorable cases without 1ngroducing'any assumgtlons about level
density efﬁgc Consider the Pué3 (at,2n) and the Puc39 (a,3n) reactions

for which Cm is the product nuclide and for which intermediate nuclei pos-

sess similar excitation energies if the respectlve peak energles are considered.

The ratio of ‘cross sections is given by the expression

o (a,2n) G G o, 238

238 - n n t
R 2 1 ‘
N “'239 G G G_ o, 239 (12.14)
n3 nz nl t

The an and Gnl factors cancel out. The ratio of the total cross sections is
close to 1 and the (a xn) cross section ratio can be evaluated from the
(see next page)
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- Table 12.2
Neutron branching ratios used in calculating U
(a,xn) cross sections. The numerical subscripts refer to the 10
emission of the lst, 2nd ... ith neutron. From Vandenbosch et al.”

233 and @35

Ratio B 23

-(iﬁ - 0.12 - 0.23
1 R o
T, o ‘ } o | - |
- (T'__> ' ' 0.17 : ' ' 0.32
~l2 o . )
/) _ o | , |
i : ' S 0.07 - S 015

|

n> S - 0.0k . -~ 0.09
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The calculated curves are compared with the experlmental points in
figures 12. 7 and 12 ll Con51der1ng the s1mp11c1ty of the model the agreement
with those features-of. the excitation functlons belleved to result from com-
pound nucleus ermatlon is good. The agreemeut with the peak cross section
values for the (a 2n), (a 3n) and (G ) reacfions supports the assuﬁed varia-
tion of r / P ~ with mass number and ruclear type. _ ‘

In view of the success in reproducing certain features of the spallation
excitation functions using the branching ratios shown in Table 12;2,1t seems
Justifiable to use these bfanching ratios to calculate the fraction.of the
fission that occurs before the emission of various numbers of neutrons. Given

lan initial excitation energy of the compound nucleus, we can also calculate the
average excitation energy at which flSSlon occurs. It is assumed that the
average exc1tat10n energy of a residual nucleus after the emission of a neutron
is given by the 1nlt1al excitation energy mlnus the binding energy of_the
neutron and minus 2T, where the nuclear temperature T has been taken as 1.41
Mev for U233 and.l.jS Mev for UZ3°. '

In Table 12:3 the -percentage of total fissions occurring after-the
evaporation of various numbers of neutrons are listed for three helium-lon
bombardment energies. The second row gives the initial excitation energy
correspoﬁding to the helium ion energy. The.last row gives the average excita-
tion energy at which fission is occurring for each of the three initial excita-
tion energies in the case of each isotope. Calculations by COFFIN AND HALPERN
give resiilts which are in substantial agreement with those reported here‘.u3

According to the assumption that Fn/ Ff.does not vary much with energy
the increased probability for fission observed when the energy of the compound
nucleus is increased is to be attributed not to an increasing relative proba-

bility of fission with increasing excitation energy, but rather to the increased
number of chances for fission to occur as the length of the evaporation chain
increases with increasing excltatlon energy.

10,16, 39, 40, 45,46

Several authors have carried through analyses of the

e,

* (cont' d) expérimental data. Hence it is possible to evaluate Gp, , the
neutron emission branching ratio, of Cm 243 excited to about 30 Mev. The
opportunities to use this method are very limited.

45, R. Vandenbosch and G. T. Seaborg, Phys. Rev. 110, 50T (1958)
4L6. J. R. Huizenga, Phys. Rev. 109, L84 (1958)

7
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Table 12.3

The percentage of total fissions occurring after the evapor %
numbers of neutrons in the helium-ion induced fission of" U

Calculations for three different 1n161al excitation energles are llsted 1n

UCRL-9065

1on of varlous
and U

each case. From Vandenbosch et al,

| 233 4235
Helium-ion energy (Mev) L6 36 29 42 32 23
Excitation enefgy (Mev) 4o 30 23 37 27 18
Neutrons emitted
before fission v o
0 88% 86% 90% . ™ %% 83%
1 9.6  10% 10% 16% 16% 17%
2 1.8 2 ' 6% 6%
3 0.1% - 1%
Average exciﬁation,
energy of fission . -
(Mev) L 28.k4 22.2 34.2 24 .6 16.6

38.3
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type outlined here using all. theﬁaVailable experimental data.on spallation re-
actions with heavy element targets. We reproduce here 1n Table 12, 4 a summary
orepared by'VANDENBOSCH AND HUIZENGA39 : ThlS table llsts an . averade value of -
the quantlty T /F © for all nuclel in the evaporatlon chaln leadlng to a partlc-
ular spallatlon product,rather than T /Ft for 1nd1v1dual nuclei as glven in ,
"Pable 12.2. The entries in column 4 ars the’ irtermediate’ (or average) figsion-
ing nuclei half way along the evaporation chain, “These ‘authors also found it
of interest to examine r n/Ff values deduced from experimental datavon the
fission cross section of heavy nuclei for fission induced by 3 Mev neutrons and
by 12 Mev Bremsstrahlung beams; we reproduce these summaries here as Tables
12.5 and 12 6. In discussing the conclusions from these tables we quote from
the paper of VANDENBOSCH AND HUIZENGA. 39 ’

Several correlations of the data summarized in Tables 12.4 through 12.6
can be made. In Fig. 12.18 the neutron-emigsion-to fissionfwidth ratios are
plotted as a fuhction of mass number, The data fall into rather distinct groups
which define almost straight parallel lines for different values of the atomic
aumber .0f the . compound nucleus. There is no obvious systématic deviation be-
tween the rh/f} values derived either from the different types of experiments
or from compound nuclei with different excitation energy. There is a slight
change in the variation ofTl /F with atomic number at Z of approximately 93.
For hlgher atomic numbers T /F does not depend as strongly on the atomic number
or on 2 /A as for lower atomic numbers. This is an important practical point
in connection with the preparation of higher transuranium elements by spallation
reactions.

As stated above, the strong variation with mass number for a given atomic
number can be explained by the following two experimental observations: (l)
neutron binding energies increase es the mass number decreases, making it in-
creasingly difficult to evaporate a neutron, and (2) fission thr esholds de-
crease with decreasing mass number as the fissionability parameter Z /A increases 5
(neglecting the reversal in Ef for the very heavy isotopes of a particular ele- '
ment). It might be expected that on a plot of this type, even-even and even-cdd -
compound nuclei would define separate lines,-particularly for the cases where
only one competition step occurs., Examination of the data from photofission
and 3-Mev neutron induced fission of uranium isotopes, however, shows no system-

atic deviaticns from a single line even though both nuclear types are represented.
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'MU;19340

Fig. 12.18 Neutron emission to fission width ratios are plotted

as a function of mass number. Open and closed symbols refer
to fissioning nuclei with even and odd atomic number, res-
pectively. Triangles (Zl ) refeér to data obtained from photo-~
neutron and photofission experiments and correspond to an ex-
citation energy of 8-12 Mev. Squares ([] ) refer to data de-
rived from 3-Mev, neutron fission cross sections and correspond
to an excitation energy of 8-10 Mev. Cireles (O ), diamonds

(<> ), and inverted triangles (‘7 ), refer to mean values of .

r /I‘ obtained from spallation excitation functlons and

vcorrespond to average excitation energies of approx1mately

13, 18, and 23 Mev, respectlvely. Figure reproduced from

- VANDENBOSCH AND HUIZENGA. 39
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Table 12.4
Geometric Mean Valyes of Neutron Emission to Fission Width Ratios Deduced
' ‘from Charged Rarticle Induced Spallationsgeactions.
' From Vandenbosch and Huizenga™~.

Average

U

T aenien | CSisgeetion  lesioning
Ra 2% o,ln 1 m?%-5 Cohp
o, 232 b, 3n 0  pa 232 2.2
Tn %3 o, kn 1 ya3e:>- 0:50
1,232 o, hn 3 235 0.92
y?33 d,en’ 4 pZ3¥o 0:25
433 4 4 1p 23 0.28
y@3> a,2n 5 itp?30 5 0.43
4235 asm 5 np2® 0.37
238 . d,2n 5 3+ 0.89
333 o, 20 6 pu 23 0.16
4233 a,3n 6 Py 230 0.12
23t o, kn 7 Py 235 0.z
4235 ohn 6 pu?37+5 0.8
4235 a, 3n 6 Py’ 0.29
u?3 o, 2n 6 pu20-5 0.38
U236I' o Vl— P'u238.5 | 0.3k
4238 o, bn 8 py 205 0.61
w237 o, 20 ) an?*05 0.3k -
wp237 a,3n it an 20 10433
Pu238 | "f_d:zn 8 aAm239f5 _,o}zu
PP . a,3n: 8 An?39 .26
py239 a,2n o 2405 0.k
py?39 4,3 o 240 10135
Puzuo, S ., d,Zn | 8 i Amzhl'.s 0.46 v
‘Puzuo b vd‘,,-3n 8 _,Amz)-l-l 036
Pu238 B ' o, 2n 9. : Cm?4155 i 0433‘
1Pu238 d,hn 9 ‘szuo' 0.15
pu23? Q,2n 9 szu& ©. .2’8
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Table 12.4 (cont'd.)

- c E - ‘Average v . )
Target o . Cross s.ec"cion‘ : .Fissioning' : Tr_‘fﬂ'
nucleus Reaction . Reference -~ nucleus .n*f
pu3? o,3n 9 mZ*e "0.22
py 237 a,kn i | 9 . - szg;'S 0.22
PuZMO - o, kn 10 Cm2,+2'5 0.20
py e o, 2n 9 2+ 5 2.8
N a,kn 9 on 25 0.46
am?*3 a,2n 1 B 24045 0.81
Am2u3 o, kn 1 Bk2a5'5 0.57
om 2t a,2n 12 cp2HT-5 0.34
on2** a,3n 12 o 0.23
szmL a,hn 12 C_‘E‘ZL‘L6°5 0.18
p2H9 a,2n 13 52225 0.53
Bk2”9 a.ln ' 13 : g2ol+> 0.4
reo2 o, bn 1k F 295 0.2u(8)
(a) Lower limit. ‘
1. R. Vandenbosch and G. T. Seaborg, Phys. Rev. 110, 507 (1958).
2 H. A. Teves, Phys. Rev. 98, 25 (1955).
3. Foreman, Gibson, Glass and Seaborg, Phys. Rev. 116, 382 (1959)
4 W. M. Gibson, Uhiversi’ty of California Radiation Laboratory Report
'UCRL-3493, November, 1956; see also 3. _
5. J. Wing, W. J. Ramler, A. L. Harkness and J. R. Huizenga, Phys. Rev.
| 11k, 163 (1959).
. R. Vandenbosch et al., Phys. Rev. 111, 1358 (1958).
7 G. E. Gordon, unpublished data.
8. J. A. Coleman, T. D. Thomas and G T. Sesborg, Bull. Am. Phys. Soc.
Series II, 2, 386 (1957). '
9. R. A. Glass et al., Phys. Rev. 10k, 434 (1956).
~10. D. L. Eads, unpublished information.
11. R. J. Silva, unpublished information.
12. A. Chetham-Strode, Jr., G. R. Choppin and B. G. Harvey, Phys. Rev. 102,
Th7 (1956) . - o
13. B. G. Harvey et al., Phys. Rev. 104, 1315 (1956).
1%. T. Sikkeland, S. Amiel 'and S. G. Thompson, Phys. Rev. 112, 543 (1958).
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Table 12.5

3-Mev Neutron Fission Cross Sections and Derived Values of
Neutron Emission to Fission Width Rag%os.
'From Vandenbosch and Huizenga-”’

Target 0f_ - Fissioning
nucleus _ (parns) . nucleus . _rn/rf
Ra 2% 10.0003 Ra 227 T
Th232 0.3 233 2L, 3
pg 23t 1.16° pa 232 1.85
y?233 178 @3t 0.85
U23LL | 1.52 ye3d 1.17
y?23° 1.25 230 1.64
230 | 0.82 ye3t | 23.01
23 0.54 y23 5.13
w3l 1k RCECI 1.32
pu23? | 1.94 Puzuo 0.70
2Lo : 2h1

Pu” . 1.90. Pu | 0.7k
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Table 12.6

Neutron Emission to Fission Width Ratios Deduced
' from 12-Mev Bremsstrahlung Photofission
~and Photoneutroa Yield Experiments.

Table prepared by Vandenbosch and HuiZenga39
??ZiiZn?iéliﬁil;us Fn/Ff '
m 4.9
Th 232 o . 12
U233 - , 1.0
y?3t | 16
y?32 ~ » | 1.6
230 | 24
EES 5.0
wp23T | 1.0

py?3? | o
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An even-even compound nucleus has a larger neutron binding energy than an even-
odd nucleus,lbut the even-odd product nucleus (following neutron evaporation
from an even-even nucleus) has a larger level denSity than the even-even prod-
uct nucleus (follow1ng neutron evaporatLon from an even- odd nucleus) The influ-
ence of these two factors on,Pn/F cancel each other to a first approximation.

_ Previous correlations of photofission = and fast neutron fission cross
sectionsuz’u6 have been made with the fissionability parameter Zz/A. Figure
12.19 (a) is a plot presenting such correlations. The nuclides with lower at-
omic number are observed to fit the correlations satisfactorily, but for nuclides
with atomic number greater than 94 the correlation fails. For example, pluto-
nium isotopes formed by helium-ion induced reactions of U233 have lower neutron
emission to fission width ratios than fermium isotopes formed from helium<ion
induced reactions of{CfZ?Z, although the latter have much larger values of Z2/A
than the former. _ | _

HENKEL AND BARSCHALL47 found that fast neutron fission cross section

) /3 in Part I of this review, ,Rn-90?C.

can be correlated with the parameter Z /A gﬁegﬁFig. 11.29). / A related plot
containing all known values of’Fn/F is shown/in Fig. 12.19 (b). The correlation
of the data, particularly for higher atomic number nuclides is slightly improved
over the ZZ/A correlation. The parameter ZM/B/A has no known theoretical signi-
ficance although the improvement in the correlation can be attributed to the in-
creasé of the mass number dependence relative to the atomic number dependence
resulting from the fact that neutron binding energy trends, as well as fission
thresholds, are of importance.

Perhaps a more fundemental parameter for correlating Pn/Ff yglnes is
the difference between the fission threshold and the neutron binding energy.
FUJIMOTO AND YAMAGUCHIMB, by an extension of the BOHR-WHEELER theory, have
derived the following approx1mate equation:

vlﬂn/ Ff, iy (TA2/3/lO) exp (Ef-Bn)/T (12.6)

JACKSON49 has suggested that in making a correlation of this type, one should

use effective values for the difference between Tission thresholds and neutron

47. R. L. Henkel and H. H. Barschall, Los Alamos Report LA-2122, March 195T7.
48. Y. Fujimoto and Y. Yamaguchi, Prog. Theor. Phys. 5, 76 (1950).

49. J.D. Jackscn in Prccecdings of the 8ymposium on the Physics of Fission
held at Chalk River, Ontario, May 1956, report CRP-642 A, July 1956.
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12.19 Neutron emission to fission width rat7os are

.plotted as a function of (a) ZZ/A and (b) zk
The shapes of the symbols have the same mean1n§s as

in Fig. 12.18. From VANDENBOSCH and HUIZENGA.
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binding energies. These effective values differ from the true values because
of the dependence of level density on nuclear type, It 1s assumed that the ex-
ponential level density dependence on excitation energy is determined from a
yreference mass surfaceso which differs from actual ground state masses due to
kpairing energies, etc., In particular: odd-A grouiid state masses are taken as
the reference mass surface, with the masses of the even-even and odd-odd ground
states 0.72 Mev below and above the reference mass surface, respectively. The
average difference between the even-even and odd-odd surfaces was experimentally

51

ZTound to be 1.44 Mev in the heavy element fegion. Tﬁis point is discussed in
Chapter 1. From similar argumenté the saddle-point surfaces for fission of even-
even and odd-odd nuclei were chosen to lie 0.4 Mev'below and 0.3 Mev above,res-
pecﬁively, the corresponding odd-A surface. . .

The dependencg_off’n/fk on huclegr type is dramatically demonstrated in
Pigs. 12.20 (a) and 12.20 (b) where all of the'plottedf‘n[‘f‘valués are derived
from data in which only a single competition occurred between neutron emission
and fission. In Fig. 12.20 (a) the abscissa represents the actual Qifference

between the fission threshold and the neutron binding enefgy (E - Bn)" The

Tission thresholds for this particular comparison were derived grom the equation
of SWIATECK152 since this formula probably gives the best systematic values of
fission thresholds in the limited mass region under investigation. In Fig.
12.20 (b) the effective difference between the fission threshold and the neutron
f_ B'n) is plotted-qn the absciséa and the excellent agreement
between values of I‘n/I} for different type nuclei supports the assumptions made

binding energy (E'

above concerning ground state masses and fission saddle-point surfaces.
An examination of all the I‘n/I}xdata for these heavy elements by sev-

10,16,45 has led to the conclusion that there is no obvious depen-

eral authors
dence .of this ratio on the excitation energy. )
We can summarize our knowledge of theI’n/ I%'ratios for the elements

thorium and above in the following statements.

50. H. Hurwitz, Jr., and H.A. Bethe, Phys. Rev. 81, 898 (1951).

51. R. A. Glass, S. G. Thompson, and G. T. Seaborg, J. Inorg. and Nuc. Chem. 1,
3 (1955).

52. W. J. Swiatecki, Phys. Rev. 101, 97 (1956).
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Fig 12.20“ Neutron emission to fission width ratios derived
from data in which only a single competition occurred are
plotted as a function of the difference between (a) the
actual values of fission threshold and neutron binding
energy (Er-By), (b) the effective values of the fissfon
threshold and neutron binding energy (Ef-B') Open

- symbols refer to even -even compound nuclel, closed.
symbols to even-odd compound nuclei, crossed triangle

" (&) to an odd-even compound nucleus, and crossed
squares () to odd-odd compound nuclei. From
VANDENBOSCH and HUIZENGA.39 -'



UCRL-9065

-5k

(1) I“nﬁff is 7 dependent (see Fig. 12.18)
(2) I’nﬁ"f is A dependent (see Fig. 12.17 and 12.18)
(3) I“nﬁ"f is dndependent or only weakly dependent on excitation energy

(h),I"nAjf is correlated with the quantity B3'n - E'f By < 40 Mev.

12.1.5 Comgetition of Fission and Neutron Emission in the Interaction

~6f Char%ed Particles with Target Elements Below Thorium. When we examine the
dats for the fission of elements below thorium we find rather different system-

atic treﬁds, FATIRHALL and his co-workers‘53‘56 have been chiefly responsible
for the experimental data and interpretation in this mass region.

As mentioned above and discussed more fully below, the fission prodqct
distribution in the fission of épearated isotopes of lead and'of bismuth bomb-
arded with low"énergy deuterons or helium ions is hiéhly symmetric;,the fission
mode for these elemehts at moderate excitation energies is a symmetric rather
than an asymmetric mode. Theaprobability for fission is quite small but it
increases rapidly with excitation energy; IﬂfAﬂTotal is a rapidly increasing
function of the excitation energy of the nucleus, at least up to about 4O Mev
of excitation. There is no indication of an atomic number effect on the fis-
sionability of the separated isotopes of lead. Thereis a definite Z-effect
on fissionability. Some data illustratiﬂg these points are summarized in
¥ig, 12.21. The fissionability trends observed for these cases are markedly dif-
ferent from those observed in the heavy elements above thorium.

The ratio ,I‘fﬂ’n, does not continue to rise.indefinitély with excita-
tion energy but must flatten out quite sharply for excitation energies above 35
Mev; this conclusion fol&bws from the observed fission cross-sections in the
bombardment of targets in this mass region with charged particles in the energy

range 50-100 Mev,

53. A. V. Fairhall, Phys. Rev. 102, 1335 (1956).

54, R. C. Jensen and A. W. Fairhall, Phys. Rev. 109, 942 (1958).

55. E. F. Neuzil, A. W Fairhall (to be published).

56. A, W. Fairhall, R. C. Jensen and E. Fﬂ Neuzil, Paper P/6(7, Volume 15,
Proceedings of the Second United Nations Conference on the Peaceful Uses

of Atomic Energy, Geneva, 1958. ' cr

4 Griffioen and Cobble, Purdue University,-1959, have studied fission/targets
lighter than lead. They report a fission cross section of 2 microbarns for:
rhenium bombarded with 41 Mev helium ions. '
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Fig. 12.21 Ratio of fission width and neutron emission
width for target nuclei Z <90 plotted as a function of
-.excitation ener% - The values of I'y/T'y for the reac-
tions Po2O% | Ppel6  pn207, Pp208 ang Aul97 with helium
ions were calculated with the assumption that the fission

yield of Y93 is T%. Data from FAIRHALL.5® Figure drawn
by VANDENBOSCH and HUIZENGA.39 ,
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Moving'up the atomic number scale to radium, JENSEN AND FAIRHALLS)+
. found a three-humped mass yleld distrivtution when radium was causedaE%'gég%;%%rlc
with 11 Mev protons. - (see Fig.,12.26 below)i This indicated separate symmetric
fission modes of roughly equal probability. When the fission was induced in
the same target with 22 Mev deuterons the yield of the products of symmetric
fission was much greafer. (See Fig. 12.27 below) From a consideration of the
cross sections for fission in the two cases (about 2 mb for 11 Mev protons and
50 mb for phé deuterons) and the estimated total reaction cfosé sections of
170 mb and 1200 mb,‘respectivély, FATRHALL, JENSEN AND NEUZEIL56 conclude that
‘there is considerably more symmetric fission but only about the same amount of
asymmetric fission in fhe deuﬁéron bombardment compared with the proton bombard-
ment. The increasing yield of symmetric fission with increasing excitation en- |
-ergy is again apparent. Evidence for a similar‘type of behavior has also been
obtalned in fission 1nduced by fast-neutron bombardment of radium using neutroans

o7

rahging in energy from 3 to 21 Mev, ‘
With this as a background, FAIRHALL JENSEN AND NEUZIL56

the question of fissionability trends in the region of thorium and heavier

re-examined

elements and came to somewhat different conclusions on the systematic trends
than those summarized above. They conclude that it is iﬂportaﬁt to emphasize
that fission‘of these elemenfs with charged particles of mdderate energy is a
mixturevof symmetric and asymmetric fission modés and that one should first
decompose the fission yield curve into a symmetric and asymmetric contfibution
aﬁd then treat separately the behavior of fission cross sectionsband Ff/Fn
ratios as a function of energy for the two modes. A strong piece of evidence
that this point of view is correct comes from the 3-humped mass-yield curves
obtained by COLBY AND COBBLESKa for the helium-ion-induced fission of U233.
This is shown in figure 12.22. '

By making the assumption that the shape of the fission product dis~
tribution for ‘a pure symmetric fission mode in element above radium is similar

: Fairhall, Jensen and Neuzil
in width to that seen in the fission of radlum R make a prellmlnary attempt

57. R. A. Nobles and R. B. Leachman, Nuclear Phys. 5, 311 (1958)

57a. L. J. Colby, Jr., and J. W. Cobble, unpublished results; see thesis study
by L. J. Colby, Jr., Purdue University, 1960. '
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8_
to decompose the published mass y1eld curves of the type shown in Flg. 12. 3

into a symmetrlc and asymmetrlc component., They then show that the probablllty'_

for symmetrlc fission in the elements above tharlum also shows a very steep

| rise with excitation energy of the~compound‘nucleus, the rise leveling off

sharply above 25 Mev of excitatiom. Also as in the case of the lead isotopes

there is no A-dependence of the fission probability in the symmetric mode., At
the same tims these authofs conclﬁdé that the probability of asymmetric fission
is highest for low excitation‘enefgies (above the fission threshold)aﬁdAthen‘
drops off with increasing excitation energy, perhapsveven becoming zero for
exc1tat10n energies of 20 Mev. '

This two-fission-mode v1ew of f1ss1on has the virtue of applylng

VsQually well in all mass regions, It w1ll remain a speculative interpretatiorn

until~the'reSOlution Qf mass-yield data into a symmetric and an asymmetric
contribution can be done with more certainty and until more experimental data
become available to define more precisely the. characteristics of both types

of fission.
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12.1.6 Fission Product Yleld.Dlstrlbutlon as a Functlon of Energv
58 o ) ™ o

As\early as 1940 NISHINA and CO-WORKERS 1rrad1ated uranlum w1th fast neutrons

produced in the Li=D reactlon and. observed products of symmetrlcal flSSlOn whlch

29

had not been found in thermal flss1on SEGRE and SEABORG did a S1m11ar study

at.the same tlme. Somewhat later, ENGELKEMEIR and, CO-WORKERS6O observed that
09

the yleld of Pd from fission of Pu j9 ‘with neutrons of roughly'6OO kev was

. 50% higher. than the corresponding yield in. thermal fission. TURKEVICH and
NIDAY6 measured the mass-yield curve for Th 3? 1rrad1ated w1th flss10n spectrum
neutrons (average energy 2.6 Mev).v A two—humped dlstrlbutlon was observed but
the ratio of peak to trough yields was only 110 compared to the U 35 thermal
fission ratio of 600. TURKEVICH, NIDAY and TOMPKINS?_ 1rrad1ated thorium w1tn
neutrons from the Liv+_D_reaction.. In their experiment most of the fission was
caused by neutrons in the energy range 6 to ll Mev The trough to peak, yleld
ratio in this case was. 0.09 or ten times greater than in the study Just quoted
Thls,lncrease of trough to. peak yleld_ratlos as .a functlon of_neutronvenergy_
follows the general trend summarized above in Fig. 12.k.

In more recent years there have been a number of radiochemical studies
in which enough fission products were anadlyzed to delineate the shape of the

mass-yield curve as a function of the energy of the bombarding particles.

58. Nishina, Yasaki, Kimura and Ikawa, Phys. Rev. 58, 660 (1940).

59. E. Segrd and G. T. Seaborg, Phys. Rev. 59, 212 (1941).

60. Engelkemeir et al., Paper 204, 219 in "Radiochemical Studies; The Fission
Products", National Nuclear Energy Series, McGraw-Hill Book.Company,
Inc., New York, 1951. . x

61. A. Turkevich and J. B. Niday, Phys. Rew. 84, 52 (1951).

62. A. Turkevich, J. B. Niday and A. Tompkins, Phys. Rev. §2, 552 (1953).
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>Examples-of such studies are given in Fig. 12.3, 12.9 and 12.22 above. A

rather complete list of literature references to other radiochemical studies of
- this type is given in Table 12.7.

None of these studies cts as detailed as the careful studies of the mass

235

yield curve for fission of U. induced by slow neutrons reviewed in the previous

cheptégyn%égégggugp%he very great labor involved in a complete study most in-
vestigators have been obliged to limit themselves to the measurement of a few
'yields and from these data to sketch in only the broad features of the mass yieid
curves. The derivation of a mass-yield curve from the experimental date reqpires
the introduction of assumptions'or'deductions on the charge distribution in the
fission process and various 1nvest1gators have individual preferences on the
correct assumptlons. For example, GIBSON63 and later GUNNICK AND.COBBLE63a
decided on the basis of a consideration of their data that chargetdistribution
in fission induced by charged‘particles comes close to preservingAthe charge=
to-mass ratio of the fissioning'nucleusAwhile ATIEXANDER AND CORYELL6M conclude
that the equal charge displacement assumption (see Section 11. 5 in Chapter 11)
vglves a better fit. 63b also has interesting comments to make on this point.
These differences do not alter the main conclusions to be drawn from the fission
product yieldsvas a function of energy. In connection with a brief discussion
of Fig. 12.3 in the introducory section we mentioned the most obvious changes
such as the gradual change from the two-humped distribution to a broad symmetric

hump as the "valley" yields corresponding to a symmetric fission rapidly rise.

63. W. M. Gibson, University of California Radiation Laboratory Report,
UCRL-3493, November 1956; see also B. M Foreman, W. M. Gibson, R. Glass
and G. T. Seaborg, Phys. Rev. 116,382 (1959).
63a. R. Gunnick and J. W. Cobble, Phys. Rev. 115, 1247 (1959). _
63b. Y. Y. Chu, Thesis, University of California Radiation Laboratory Report,
UCRL-8926, November 1959. '
6k, J. M. Alexander and C. D. Coryell, Phys. Rev. 108 1274 (1957) .
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Table 12.7

Published Radiochemical Studies of Mass Yield Curves for Heavy Element Targets

Induced to Fission with Particles or Photons of Moderate¥ Energyﬁ

22 Mev v

Energy of
Particles or o N ‘
Target Photons Report or Journal Reference
Re L1 Mev o Griffieéﬁ and Cobble, Purdue University thesis.
Au 40 Mev Fairhall, ﬁnpublished. |
Pb 20-42 Mev Neuzil and Falrhall, ~unpublished.
Bi 15-22 Mev 4 Fairhall, Phys. Rev. 102, 1335 (1956)
Ra 23 Mev v Duffield et al., Geneva Conf. Proceedings, Q958)£§,202.
Ra 11 Mev p Jensen and Fairhall, Phys. Rev. 109, 942 (1958).
Ra '23, 43 Mev O Jensen and Fairhall, unpub.; Geneva Report B/67T (1958)
Ra 22 Mev 4 :Jensen and Falrhall ‘unpub., Geriéva Report. P/677 (1958)
Th23% 6.7-21 Mev p Tewes and James, Phys. Rev. 88 860 (1952).
Th&3% 38 Mev Q. Newton, Phys. Rev. 75, 17 1209 (1949).
Th232 15-&6 Mev o Foreman, UCRL-8223 (1958); Phys. Rev. 116, 382 (1959) .
Th232_ 14 Mev 4 Alexander, Phys. Rev. 108, 1274 (1957).
ye33 9-23 Mev 4 Gibson, UCRL-3493 (1956)3 Phys. Rev. XI6521382 (1959)
y?33 23-4h Mev a’ Thomas, Phys. Rev. 111, 1358 (1958).
ye33 20-40 Mev Q Colby, Purdue University thesis, (1960).
y232 14 Mev n Spenee and Ford, Ann. Rev. Nuc. Sci. 2, 399 (1953).
. _ ‘and AECD=2625 (1949); Wahl, Phys. Rev. 99, 730 (1955).
y?3> 12-20 Mev p Jones et al., Phys. Rev. 99, 184 (1955).
ye3 20-45 Mev o Vandenbosch et al., Phys. Rev. 111, 1358 (1958).
y?3° 20-40 Mev « Gunnick and Cobble, Phys. Rev. 115, 1247 (1959).
230 14 Mev n Cunninghsme, J. Inor. Nucl. Chem. 5; 1 (1957).
U238 16 Mev e Richter and Coryell, Phys. Rev. 95, 1550 (1954).
U238 © 22-45 Mev ‘ Vandenbosch et al., Phys. Rev. 111, 1358 (1958).
U23'8 12-20 Mev p Jones et al., Phys. Rev. 99, 184 (1955) .
230 5-1L Mev d Sugihara, Phys. Rev. 108, 1264 (1957).
U238 14 Mev & Alexander, Phys. Rev. 108, 1274 (1957).
U238 48 Mev 'e Schmitt and Sugarman, Phys. Rev. 95, 1260 (1954).
23 5.5-8.0 Mev ¥  Duffield et al., Geneva Conf. 1958, Vol.l5, p.202.
y23 L. Katz et al., Phys. Rev. 99, 98 (1955).



-63- ' UCRL-9065

Table 12.7 (cont'd.)

) .Evne'rvg'y of
- » Particles or S S
Target Photons Report or Journal ReferenCé ‘
U238 31 ,Mewf T L Dahl and Pa.ppas ) unpubllshed
y?3 - ki Meva "y, Chu, UCRL-8926 :(1959) -
U238 ' 20-40 Mev ‘Lasalle, Purdue University thesis (1960)
Np237 , 14-46 Mev a Glbson, UCRL-3493 (1956) . '
py?30 '30-42 Mev @~ Carr, UCRL-3395 (1956) Glass et al., ‘Phys. Rev.
, S 10k, 434 (1956). .
pu®3d 20-47 Mev @ Glass, UCRL-2560 (1954); Glass et al., Phys. Rev..
- 10k, L3k (1956).
py 232 9-23 Mev 4 Gibson, UCRL-3493 (1956). Phys. Rev. 116, 382 (1959)
py 20 10-23 Mev @& Luoma, UCRL-3495 (1956).

* The term "moderate is taken here to medn bombarding energies of <50 Mev.
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The 1nterest1ng mass yield curves seen in the flss1on of blsmuth and radium
were dlscussed ecarlier and are discussed in more detail a few pages later.

One piece of informstion that one can obtain from the radiochemically
_determined mass yield .curve is the average number of neutrons;.v, emittedvin
fission. This 1s found by doubling the‘mass number of the midpoint of the
fissionvproduct'yield distribution, and subtracting this number from the mass
- of the presumed fissioning nucleus. Some sample values of V obtained in this
fashion are listed in Teble 12.8. These values for Vv are much less precisely
.known than those‘reviewedlin £he previous chapter for the case of slow neutron
fission. Nonetheless i? is interesting to mote the rough trends in v as a
function of the type and the energy of the particles causing fission in a
variety of nuclei.

Since it has not been possible to‘obtain complete data on fission
product dlstrlbutlons for all fissioning systems it has proved useful to draw
conclu81ons‘from an examlnatlon of more restricted data. Frequently, for example,
the yields of a few products from symmetric fission (trough yields) are measured
and compared to the yielde of a few of the most probable products of asymmetric
fission (peak yields) The'trough to peak yield ratio can be taken as a crude
estimate of the relative contribution of symmetric and asymmetric fission.
TURKEVICH NIDAY AND TOMPKINS62 showed how such yield ratlos could be plotted
against excitation energy to show a rather smooth increase in symmetric fission

with increase of excitation energy. Other modifications of this plot have been

suggested.

Figlre 12.23 was prepared'by GIBSON63 according to a relationship
suggested by FOWLER, JONES AND PAEHLER.6ua The logarithm of the trough to
peak yield ratio is plotted as the ordlﬁate. The -abscissa is (E 5) 1/2 where

E, is the sum (in Mev) of the bombarding particle energy plus the ene;gy with
which it is found in the compound nucleus. The 5 Mev is subtracted to correct
for the energy expended in distorting the nucleus-to the point of fission. The ©*
square root of the quantlty'(E -5) is thus of the nature of nuclear temperature

T and (E 5) /2 is proportional to the reciprocal temperature of the distorted
nucleus . - . . . ., .. cea . : . : . .

64a. J. L. Fowler, W. H. Jones and J. H. Pachler, Phys. Rev. 88, 71 (1952).
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Average Number. of Neutrons, V, Emitted During Fission Induced by" Charged Partlcles

of Moderate Energy as Deduced from’ Mass-Yleld Curve

£

"

_ . Energy of
Target Particles _
Nucleus Particles (Mev) . V. Reference
1297 a2z ki Fairhall, Phys. Rev.' 102, 1335
U (1956) .
Ra226 : i3 11 - 3=5 Jensen and Fairhall, Phys. Rev.
B | 109, 942 (19%8).
Tn®3% o) 15-19° 3 Foreman et al., Phys. Rev.
‘ - 20 L | (1959) o
26 L .
35« hz 6
, bl 7
U233 Yo4 23 L Vandenbosch et al., Phys. Rev.
< 31 6 111, 1358 (1958).
S . b 7 \ |
U233 a 1 9-1h 3 Foreman et al., Phys. Rev.
| | 5-19 b (1959) « R
az. 5 S :
, y?32 . o . 22 b Vandenbosch et al., Phys. Rev.
- 33 > 111, 1358 (1958).
3k 6 ‘
45 N | | n |
‘ 23 4.,0%0.5 Gunnick and Cobble, Phys. Rev.
' 39.9 5.5¢1 115, 1247 (1959) . i '
238 e’ 23 Lo Vandenbosch -et al., Phys. Rev. -
- 27 5 111, 1358 (1938).
39 6
: Ll 7
238 . : N .
U a 10 L,0+1.5%* Sugihara et al., Phys. Rev. 108,
53.0£0.7%*% 1264 (1957).
5,010, T¥*%*
13.6° 3.3%0.7%
5.2t0.9%%
5;211 O*%¥%
b 720 . Bxwex
238 o ) ' '
Pu a 30.2 3 Carr, UCRL-3395
Pu23§' o} 42,2 by ‘Carr,-UCRL-3395
2h2 . o .
Pu : 04 Carr,: UCRL-3395 : , : e

In the work of Sugihara et al.
products.

V was estimated as a function of-mass ratio of the
"The asterisks de51gnate the fission modé characterized by the following

masses for the light fragment *77, **83, *¥¥%*B9, *¥¥XX]105,
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Flg 12. 23 Fission asymmetry (valley to peak) vs. (Ex - 5)

Phys. Rev. 99, 184 (1955) The heavy solid line

MU-12180

-1/2

'for the fission of various heavy element nuclides exc¢ited

by charged partlcles, neutrons and protons.

The references are (a) RITSEMA, UCRL-3266, (b)
GLASS, UCRL-2560, (c) HICKS and GILBERT Phys. Rev. 100,
1286 (1955) (d) JONES, TIMNICK, PAERLER and HANDLEY,
6 is from
reference d. This flgure was prepared by GIBSBON-- and
displays a relationship introduced by FOWLER JONES and
PAEHLER, Phys. Rev. 88, 71 (1952).
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The proportionality constant can be determined if the level density can be
assumed to be of the form given by ghe Weisskopf formula W(e) = C exp [Z(E/a)l/zj.
JONES, TIMNICK, PAEHLER AND HANDLEY g
relation Ytrough/Ypeak = 2.8 exp [_2f9/?]-Wh10h corresponds to the diagonal
straight line in Fig. 12.23. Since the relative probability of two states dif-

have used this approach to derive the

feripg in energy by an amount AE is exp [- AE/T] it is thus suggested that 2.9
Mev is the additional energy required to produce symmetrical in preference to
asymmetrical fission. The data show a definite trend with the q_uantity'(EX-S)-l/2
although it is evident that significant deviations occur from the above simple
relationship.* ‘This is not very surprising since, for one thing, the energy
level formula may not be accurate for these deformed heavy elements at the ex-
citation energies involved.

Another quite interesting stud& based on the measurement of peak to
trough yields was carriéd out by BOWLES, BROWN AND BU'I‘LER.66’67 These authors
- studied the rise in the ratio of symmetric to asymmetric fission in thorium,
uraniﬁm and plutonium targets bomBarded with protons of increasing energy. The

113 139

two nuclides Ag ~and Ba were selected as reliable indicators of these -two
modes of fission. Extreme care was taken in the measurement of the ratio of
,Agll3 to Ba139 (symmetric/asymmetric) and in’the determination of the peak energy
and energy spread of the protons striking the target.

The results of this study are sumarized in Fig. 12.24., There is a
general overall rise of the valley/peak ratio with increasing energy but super-
imposed on this rise are a number of dips rather pronounced in the lower energy
regions,-but becoming less pronounced at higher energies. These dips are most

prominent for the thorium case and the interpretation in that case is as follows.

65. W; H. Jones, A. Timnick, J. H. Paehler, and T. H. Handley, Phys. Rev. 99,
184 (1955) . ‘ -

66, B. J. Bowles, F. Brown and J. P. Butler, Phys. Rev. 107, 751 (1957).

67. J. P. Butler, B. J. Bowles and F. Brown, Paper P/6, Vol. 15, Proceedings
of the Second Uﬁited Nations International Conference on the Peaceful Uses
of Atémic Energy, Geneva, 1958.

* Sugihara, Drevinsky, Troianello and Alexander (Phys. Rev. 108, 1264, 1957)
find that their data on the deuteron fission of uranium do not fit this
straight line relationship at allwell. See also the comments of Katz et al.,

Phys. Rev. 99, 98 (1955).
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_ Fig. 12.24 BUTL%R BOWLES and BROWN's study of the ratio of
N __— 'A%ll3 to Ba 39-yielduversus.photon energy for Th232,
ST U 38 and Pu239, (1) The size of the circles shows the
exper imental precision of about 2 percent; (2) the
crosses represent duplicate or triplicate points which
were reproduced within 2 percent; (3) the spread in the
energy of the protons is indicated by the open triangles.
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233

"The excitation energy of the compound nucleus Pa is the kinetic energy of

~the proton plus 5.51 Mev, the proton binding energy. While the excitation
A

energy is in the range 6-14 Mev the principal reactions will be (p,f) and
233

(p,n); the energy of the fissioning nucleus Pa
113 Bal39

increases with increasing

" proton energy and the Ag ratio increases likewise (most of this energy

pre

range is not accessible experimentally because of the Coulomb barrier). At an
excitation energy of approximately 14 Mev the reaction (p,nf) becomes possible,
the energy réquired for this procéss being composed of the neutron binding
energy (6.74 Mev), the kinetic energy of the emitted neutron (about 2 Mev) and
the energy required to cause fission in the residual Pa232 nucleus (5-6 Mev).
The fissions in pa 232 [ the (p,nf) reaction] occur with an excitation energy

approximately 8.74 Mev lower than those in P33 [(p,f) reaction] and the Agll3-

Ba139 ratio is lower. The observed.AgllgaBa139

ratio corresponding to a mixture
of the two fission reactions, thus falls at around this energy. A further in-
crease in proton energy causes both the (p,f) and the (p,nf) reaction to occur

ll3—Bal39 ratio thus rises again until the (p,2nf)

with highef energies and‘the Ag
reaction sets in, whereupon another fall occurs, and so on." The spacings
between the dips is in good agreement with what is known about nucleon binding
energies and the kinetic energy of evaporated neutrons.

In the thorium case six discontinuities are observed at proton energies

“of 8.0, 14.0, 23.6, 29.5, 4O and 48 Mev. The dips in the U238
‘nearly as pronounced but five were noted at proton energies of 6.5, 13.0, 20.5,
27.0, and 35 Mev. The Pu>’ ’

are noted with certainty. These differences in the appearance of the three curves

curve are not
curve rises much more rapidly and no discontinuities

is readily understood in terms of the rélative fissionability of the three
target isotopes. Plutonium-239 1s so highly fissionable (high r%/rh) that
fewer excited nuclei undergo neutron emission before fission; i.e. (p,nf) and
(p,2nf) fission has a small probability compared to (p,f) fission. In the Th23?2
case the situation is quite different; BUTLER, BOWLES AND BROWN67

(p,nf) fission is 1.40 times as probable as (p,f) fission. There is an appreci-

estimate the’ -

£\

able probability that some of the protactinium compound nuclei will survive

long enough to emit four or more neutrons.
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This evidence and interpretation fit: in neatly with the compound-
nucleus model of fission developed previously in this chapter with fission and
neutron emission competing at each stage of the evaporation chain. It also fits
it with'the suggestion of FAIRHALL that symmetric fission rises with increasg
of excitation energy in a perticular fissioning nucleus.

Radiochemical investigations of the fission product distribution in the
case of elements lighter than thorium caused to fission with charged particles
the fission process. The first study of this type was carried out by FAIRHALL68
who studied the fission of bismuth with 15 and 22 Mev deuterons.  The fission
cross.sections are extremely small in these cases, being only 1 x lO‘i29 cm2
and b x 10757

the mass yield curve shown in Fig. 12.25, This curve is strikingly different

cm2 respectively. Nonetheless, FATIRHALL ~ was able to measure

from the two humped distribution seen in the low-energy fission of the heaviest

" elements. The distribution is single-humped, symmetric about mass 103.5 and

has no pronounced fine .structure. The width of the distribution is small; at

half the max1mum it is only 17 mass units.
NEUZIL AND FAIRHALL69 gave investigated the fission products of the

separated isotopes of lead caused to fission with helium ions of vanious :

energies up to L2 Mev.. In every case the mass distributions are narrow like

that of Fig. 12.25, the only significant differences being that the axis of

20
symmetry is displaced toward a lower mass value for the lighter isotope Pb 4

relative to Pb208

JENSEN AND FAIRHALL71

the striking three-humped distribution of fission product yields shown in

bombarded radium with 11 Mev protons and found

Fig. 12.26. The cross section for fission is only 2 millibarns at this proton

energy. This curve is interpreted to mean that fission of radium with 11 Mev

68. A. W. Fairhall, Phys. Rev. 102, 1335 (1956) .
69. 'E. F. Neuzil and.A W. Fairhall, unpublished results cited in ref. T70.

70. A. W. Fairhall, R. C. Jensen and E. F. Neuzil, Paper P/677, Vol 15,
© Proceedings of the Second United Nations International Conference on the
. “Peaceful Uses of Atomic Energy, Geneva, 1958.

71.. R. C. Jensen and A. W. Fairhall, Phys. Rev. 109, 942 (1958).
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Fig. 12.26 JENSEN and FAIRHALL's_fissign yield curves for 11
Mev proton-induced fission of Ra%2®, The compound nucleus
is Ac22T excited to 16 Mev. The three-humped curve
‘probably represents a mixture of symmetric and asymmetric
fission.
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protons occurs by two'distincily different fission modes: typically asymmetric
fission and symmetric fission characterized by a narrow range of fission product

masses.

The heavy "wing' of the asymmetric fission mode observed for radium

fission is very similar to those observed in the asymmetric fission-yield

¥ .5 4

curves of other elements. Within éxperimental error it is of the same width

at half the maximum yield as the curve for thermal-neutron-induced fission of
uranium. It is also interesting that the peak occurs in thefsame mass region
as it is observed to occur for the other elements which undérgo asymmetric
fission. Thus the observation (sée Section 11.4.2 of Chapter 11) that “the
location of the heavy-fragment "wing' stays fixed and the light-fragment "wing"
éhafts compensatingly as one goes to lighter fissioning elements also applies
to the asymmetrié fission of radium. o . .

L Fige 12.27 shows the resu;ts of radium fission induced with'zz Mev deuterons
which proceeds thrbugh the.compound nucleus Ac228 excitéd to about 30 Mev. " In
this case the curve represents primarily symmetric fission with a much broader
mass distribution associated with it. In addition, there is a suggestion of
two small peaks at the positions of the maximas of the_aéymmetric mass division
as in the case of fission induced by 11 Mev protons.‘ The.total fission Cross
section is’ about 50 millibarns. From & comparison of the fission cross sections
and the mass yield curves in thé twb studies it is clear that the symmetric
fission mode increases rapidly with enérgy.

Evidence for a similar type of behavior has also been obtained in fission
of Ra226 caused by irradiation with fast neutrons. NOBLES AND LEACHMAN72 did -
not measure yields rédiochemicélly but measured the kinetic énergies of - single
fragments in a scintillation counter of xenon gas. They observed that the
fission cross section rbse rapidly with neutron energy from 4 to 21 Mev. The
fragment energy distribution (and hence the mass distribution) was twin-peaked
corresponding to asymmetric fission at the lowest energies (3.3-4.6 Mev) and
rapialy changed over to a single peaked distribution with increasing neutronAz
energy. The excitation function for fission rises steadily and does not show

the stepwise plateaus characteristic of the elements above thorium (See'for

72. R. A. Nobles and R. B. Leachman, Nuclear Phys. 5, 211 (1958).
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example Section 11.3.5 in the previous chapter). This may indicate that Ff/rn

increases rapidly with excitation energy'for the symmetric mode.of fission in

radium.

DUFFIEID, SCHMITT AND SHARP -

by radiochemical analysis were able to measure a three-humped fisgion produet

irradiated radium with 23 Mev x-rays and

distribution similar to that shown in Fig. 12.26 cbrresponding to fission in-

duced by 11 Mev protons.

JENSEN AND FAIRHALL7A’7O

targets bombarded with 23.5 Mev and 43 Mev helium ions. The compound nuclei

230

studied the fission products of radium in
were Th excited to 18.5 Mev and 38 Mev, respectively. The shapes of the
distributions for these thorium compound nuclei were very similar to-those for
other heavy element nuclei; at the lower energy the mass division looked like
a typical heavy element asymmetric distribution while at‘the higher ehergy.it
had the appearance of a broad flat mass dlstrlbutlon. Zi
A 51gn1f1cant contribution was made by GRIFFIOEN AND COBBLET)1L who
studied the fission of rhodium with helium ions of 1nc1dent energles of 31, 36
eend Ll Mev. Because of the extremely low fission cross section it was necessary
to use thick targets so that the effective average energies of the helium ions
was somewhat less. The Ccross sectlon values deduced from the mass yleﬁxcurves
were ~200 millimicrobarns, OO0 millimicrobarns and 2.1 microbarns, respectively,
for the three energies. It was a difficult radiochemical problem to isolate
specific fission products so.only a few were taken out. These were enough,
however, to show that the fission of rhenium with 31 Mev helium ions results in
a 3-humped fission product distribution rather like that of radium (Fig. 12.26)
caused to fission with 11 Mev protons. At this energy the two peaks of the
asymmetric distribution are higher than the peak representing symmetric mass
division. When 36 Mev helium ions are ihcident on the target the symmetric
fission peak is somewhat higher. When L4 Mev helium ions are used the mass-

yield distribution looks almost symmetric although slight "bumps" on the sides

73. R. B. Duffield, R. A. Schmitt and R. A. Sharp, Paper P/678, Vol. 15, Pro-
‘ceedings of the Second United Nations Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1958.

74, R. C. Jensen and A. W. Fairhall, unpublished results.

T4a. R. D. Griffioen and J. W. Cébble, unpublished results; See thesis study by
R. D. Griffioen, Purdue University, 1960.

W



m .

‘barding energy are similar to those seen by‘JENSEN AND FAIRHALL

-76- : | ~ UCRL-9065

of the'Symmetric peak reveal a small contribution of asymmetric fission. In
short, the flSSlon product: dlstrlbutlon and its change: with increase of bom-

1

"in the fission

of radium.
‘GRIFFIOEN AND COBBLE p01nt ‘out that this result indicates that asymmetric

"fission must in some'way be associated with nuclei which have deformed nuclear

"shapeé in- the ground'state: As one considers the character of fission across

a large range of elements one discerns the following'trends}’ In_the"heaviest
elementS»be&oﬁd thorium low energy fission is predominantly asymmetric. The
nuclel of these elements are known from many lines of ev1dence to be highly

deformed., (See Chapter 9). Around the lead-bismuth region the atomic nuclei

are.Stabilizéd in a spherical shape under the influence of the 82 proton‘and

126 neutron shells. The low or moderate energy fission of these elements is

symmetric. As we drop down to lighter elements like rhenium nuclei again

become stabilized in a'defOrmed shape.and asymmetric fission reappears. This
hypothesis of a close connectlon between asymmetric fission and the deformatlon

of the nucleus 1n “the ground state can be tested further by additional studies

'of fission product yleld dlstrlbutlons in other elements. Further work is
'being'done in spite‘of'the difficulties imposed by the extremely small fission

_cross sections.
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12.1. 7 Angular Dlstrlbutlon of Flss1on Fragmentsa It has been observed
experlmentally that fission fragments are emltted preferentlally 1n certaln
directions when neutrons, charged partlcles, or photons of moderate energy are
- used to induce fission. The precise form of thls anlsotropy depends upon. the
flSSlonlng nucleus, the mass ratlo of the fragments and the nature and energy
of the particles or photons 1n1t1at1ng the f1ss1on° It is useful to divide the
dlscuss1on of these anlsotropy effects 1nto three parts, correspondlng to photo-
fission 1n the threshold region and to partlcle 1nduced or neutron- 1nduced fig-
sion in the .region of moderate energy and the reglon of hm;h energy

(a) Fragment Angular Correlstions in Photof1s51on Near Threshold

WINHOLD, DEMOS AND HALPERN75

troplc distribution of flss10n fragments 1n any fissioning system, They studied

were the first to call attention to“aniso~

the photof1s51on of thorium and uranium using x<rays from the l6 Mev electron
llnear accelerator at M, I T. Fragments were collected at several angles and
found to be emitted. preferentlally at 90 to the photon beam for Th 3 ‘d
23 targetsu The observed. dlstrlbutlons were compatible with an expre531on of

235

A the form, a +b s1n2 6, In the case of U no anisotropy was noted The ani-
sotropy, expressed as the ratio b/a, was greater for Th 32 than for U 38 but this
ratlo dropped rapldly as the energy of the gamma rays 1ncreased to a value a

few Mev above the f1s51on threshold. In the region of the glant resonance (cen-
tered at 14 Mev) the anisotropy was small if not zero. In some experlments

the fragment intensities in various directions were determined by radiochemical
analysis so that fragment angular distributions could be measured as a funotion
of mass asymmetry. A strong correlation was found; mass-symmetric fission was
essentially isotropic but anisotropy increased monotonically,perhaps linearly,

with the mass ratio. The most: asymmetric products had a b/a ratio of ‘about 0.6.

KATZ, BAERGRAND BROWN76 extended these studies. 'They found no evidence
o
for anisotropy in the emission of fragments from odd-A nuclei U233, U235, Np 37
2
Pu 39, and.Am241 even though they concentrated on the lower photon energies where

75. E. J. Wlnhold and I. Halpern, Phys. Rev, 103, 990 (1956) ; preliminary re=
. sults reported by Winhold,Démos, and Halpern, Phys. Rev. 85, 728 (A) (1952);
Phys. Rev. & , 1139 (1952) and Fairhall, Halpern and Winhold, Phys. Rev. 94
3 (1954). E. J. Winhold, -Bhki D. Thesis, Massachusetts Institute of Tech-

nology, Sept. 1953.

6. L. Katz, A. P. Baerg and F. Brown, Paper P/ZOO Volume 15, Proceedings of
<the Second UN Confereuce on the Peaceful Uses of Atomic Energy, Geneva, 1958;°
also reproduced as Canadian report AECL-610,

€

&
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any anlsotropy might be expected to be greatest “Strong anisotrbpies were

2
32 d U238 flss1on, the former hav1ng the higher

noted for the fragments of Th
anisotropy. Table 12.9° summarlzes the results. The last column in the table
gives the emplrlcal value of a‘peeded to fit the data to a formula of the type
1l+a sin2 ©. Figures 12.28 and712.29 show the sharp decrease 1n,anlsotrqpy

as a function of. the maximum bremsstrahlung energy. The most extreme anisotropy

- value was found for Th232 bombarded with a photon beam of maximum energy 6.5

Mev where 20 times as many fragments came off at 900 to the beam as were ejected

‘at OO. One might judge from the trends in the data that the true value of «

as a function of menoenergetic photons would indicate fragment distributions

‘peaked even more. strongly at the lower photon energles.

BAZ AND CO-WORKERS concluded from their studies of photof1ss1on that

. there is a sizable electric quadrupole component in the angular distribution

of U238 fission fragments for synchrotron energies of 9.4 Mev. KATZ, BAERG AND
BROWN76 A

found no clear reason to assume any quadrupole'contribution.

were able to get a good fit with formula of the form 1 + & sin2 e and

When these effects were flrst observed it seemed difficult to account

for them since it seemed llkely that any angular momentum brought into the

-nucleus by the photon would be distributed between the orbital motion of the

fragments around .each other and the internal motion of the nasceht fission
fragments. - If any distributiéh of thisatype'occurred there would be little or
no anisotropy in the emission of the final fragments. The strong peasking of the
experimental distribution is strong evidence that none of the angular momentum
is’passed on to the internal motion of the fission fragments.

A reasonable explanatlon for thls exclusion of angular momentum from
the 1nternal motlon of the fragments was provided by A BOHR 8 tn his 1955 Geneva
paper.‘ He suggested that a compound nucleus with an excitation energy not very
much above the fission threshold would have to bind up most of its energy con-=
tent in potential energy of deformation in order to reach a saddle point shape.
At the saddle point the nucleus is relatively unexcited and the quantum states

available to the nucleus are few in number and widely separated. If the reason-

77. A.I. Baz, N. M, Kulikova, L. E. Lazareva, N.V. Nikitina, V. A. Semenov,
Paper P/2037, Second U.N. International Conference on the Peaceful Uses of
Atomic Energy, Geneva, 1958

78. A. Bohr, Paper P/911, Vol. 2, Proceedings of the UN International Confer-
ence on the Peaceful Uses of Atomic Energy, Geneva, 1955.
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Table 12.9

Relative Fission-Fragment Yields? as a Function of Peak Bremsstrahlung Energy,

E., and Angle to X-ray Beam, O.

Katz, Baerg and Brown

- ‘Angle © Cen L
_ T E ~ Value of & in W(Q) =
B (Mev) 0° 25° 45° 60° 90° 1 +asin?g
| The3% 2
6.5 1.0 £0.3 | 20 %5 - 25
7.0 1.00%0.0k4 4.1#0.2 ©  6.7+0.3 8.440.3 13 %1
7.5 - 1.0 +0.1 5.1+0.4 ©6.020.4 8.8£0.5 -+ T7.2%0.7
8.0 1.00£0.09 2.440.2 3.6%0.3 5.1%0.3 6.7+0.7
9.0° 1.0 0.1 | | © 3.420.3  2.8:0.4
10.0  1.00+0.0% 1.16+0.05 1.67+0.08  1.97+0.08  2.40.1 1.63+0.06
14.0°° 1.00%0.05 R 1.43£0.08 - 0.46%0.09
20.0  1.00t0.05 1.13t0.06  0.14+0.06
4238
6.0 1.0 #0.3 6.0£1. 4 6.6 +2
6.3 1.0 #0.1 3.6x0.4 5.9+0.6 - 5;8 +]
- 6.5 1.0 %0.2 ‘ } © Lh.5:0.7° ksl
7.0 1.00£0.08 1.5%t0.1 2.0£0.2 2.420.2 2.90.2 1.84+0.2
8.0 1.00%0.06 | | S 2.130.1  1.3%0.1
9l 1.,00+0.0k4 1.22+0.06 ) 1.43£0.06  0.460.06
110.0  1.00%0.0k 1.38+0.04% 0.41%0.05
14.0 1.00%0.0k 1.08+0.0k 0.09%0 .0k
20.0  1.00£0.03 1.05£0.03 '0.05%0.03

& Al11 values guoted are counts
unit yield at © = 0°.

observed for unit X—fdy doée and normalized to
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Fig. 12.28 Anisotropy of fission product distribution in

Th232 versus maximum bremsstrahlung energg. The
ordinate is @ in the expression 1 + @ sin<@

The

values are corrected for resolution. From KATZ,

BAERG and BROWN. T
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able assumptlon is made that the nucleus is axially symmetrlc at the saddle
'pOlnt then the low-lying quantum states mlght well resemble those seen in the
ground state of the same nucleus which is also known to be somewhat deformed

(See discussion of unified model in Chapter 9) In even-even nuclei the nucleons
are coupled (K- quantum number = O) and about one Mev is required to uncouple a
nucleon pair and excite nucleonlc states w1th a hlgher K-number. The low-lylns
excitations are rotational in character and the prominent states form a O+,2+,
b+ ,.. sequence, In eddition, there‘is a,lowflying I =l?~state believed to re-
sult from collective quadrunole vibrations of the mnucleus. (See sections 9.3.%
and 9.5.3 of Chapter 9) '

In terms of thls model the photof1ss1on effects of even-even nuclel are
rather easy to explain in a_qualltatlve way. The chief photon absorption is
electric dipole in character so the compound nucleus is always produced in &
1s. state. The lowest 1- state at the saddle point corresponds to the K=20
conflguration w1th the nuclear angular momentum taken up by the rotational mo-
tionh. For photon energles close to the fission threshold the great. Lmagority
of the fissioning nuclei must pass through this particular saddle point quantum
state., Since the rotation of the elongatednnucleus.is perpendicular to the
angular momentum in this state and the engularbmomentum vector is lined up a-
long the difection of the photon beam (Mpquantum‘numberdi 1) the fragﬁbnbés
should fly off perpendicular to.the photon beam. This statement tacitly as-
sumes that no significant interchange of-anguler momentum between rotgtional
and intrineio motion occnrs during the final stages of fission as the nucleus
moves down from the saddle point into two separated fragments; any such inter-
change would tend to.wash out the fragment anisotropy.

For eXcitation energies even a few Mev above threshold many other 1-
states become aVailable at the saddle point distortion. In these states the
nuclear:symmetry'axis has various orientations with respect to the nuclear
engular momentum and the angular‘distribution tends to become isotropic. An-
isotropic photof1351on is expected to be observable only within a few Mev of
threshold. ' o

The experimental fact that the anisotropy is larger in Th232'than in

2 : 2 : : .
U 38 might indicate a larger gap in Th 32 between the first collectivel-.-state
and the lowest lylng intrinsic excitations with spin and parity 1- at the

saddle point. ThlS is in accord with Fig. 9.1k (Chapter 9) which shows that



-83- UCRL-9065

the lowest 1-:state increases in energy in going from thorium to uranium for
ground state deformations. - ' ’ o ‘ B

IT anl--state of collective motion is indeed involved 1n low energy
photofiss1on and if this 1- state is correctly described as a vibration of
the nucleus 1nto asymmetric (pear shap=d) configurations then one might expect 5
that a nucleus in this state could not undergo symmetric mass leiSion.7 As ‘ "
mentioned above, FATRHALL, HATLPERN AND WINHOLD75

fect The anisotropy disappears when spec1fic fission products of symmetric

have observed just this ef-

mass division are examined and 1ncreases strongly with the ratio of the frag-
ment masses. '

. In odd-A nuclei one expects to find a greater concentration of lou-
v’lying levels at the saddle point configuration in which the angular momentum
ig carried by the nucleonic motion instead of only by collective oscillations.

235

In addition, when a sample of an odd A nucleus like U , which has a large
spln 1n its ground state, undergoes dipole absorption a collection of excited
nuclear states is produced with angular momentum vectors almost 1sotrop1cally
oriented w1th respect to the beam. Hence one expects an isotroplc distribution
| of fragments in the photofiSSion of odd A nuclei and this is what is found

experimentally.

- (b) Fragment Angular Distrihutions in Fission Induced by Neutrons

or Charged Particles of Moderate Energy

Pronounced anisotropy is also noticed in certain cases When fission-
able nuclei are bombarded with neutrons. BROLLEY, DICKINSON AND EENKEL79 -81
‘bombarded thin.foils»of uranium, thorium and neptunium with monoenergetic
neutrons obtained from the T(p,n)He3,‘ D(d,n)He3 and T(d;n)Hehrreactions
using protons or deuterons from an electrostatic accelerator._ The neutron
energy was varied from,l;26 Mev to 20.3 Mev, The fissile materiai was mounted
in back-to-back ionization chambers and suitable collimation was provided to
define the angle of emission of the fragments which were'detected in the_
charmber. In some experiments, the energy peaks‘of the heary and light groups.

were separated by pulse height analysis of.the ionization chamber output.

.79. J. E. Brolley, W. C . Dickinson and R. L. Henkel, Phys. Rev. 99, 159 (1955).
80. J. E. Brolley and W. C. Dickifnson, Phys. Rev. 9k, 640 (1954).
81l. R. L. Hemkel and J. E. Brolley, Phys. Rev, 103, 1292 (1956).
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i} Some strikihg effects were observed, Table 12.10 summarlzes 0 /90
yleld ratios for fragment emission for J 238 and Th' 32. The observed ratlos are
not as extreme as those observed in the threshold region for photoflss1on but
values different from unity are very definite nonetheless. At most energies
the favored direction of emission is along the direction of the neutron beam
but there are strong fluctuations in the magnitude of this forward peaking.
Even more striking is the reversal of the anlsotropy tn the Th 23z case.v In:
Fig. 12.30 we notlce that the fragments are emitted preferentlally at 90O to
the beam when the neutron energy is 1.6 Mev, At a little higher enefgy the
angular distribution shifts drastically so that at 2.26 Mev neutron energy the
beam directioh is favored by 1.74 to 1. TFigure 12,30 also shows the fission
cross section as a function of neutron energy for Th232.A There appears to be
a strong correlationfbetween the resonance peak in the cross section curve at
1.6 Mev and the minimum in the0°/90° yield ratio of the fragments.

' The angular distribution was measured at several angles in addition to
0° and 90O for a few selected neutron energies. The resulting curves could
be fitted with an expression of the t&pe .

' 2ne

1+3 A, Cos (12.7)

provided that terms through A3 cos6@ were included. This suggests that neutrons
with ﬂ-values up to 3 may be participating in the reaction. Figure 12.31 is
. a polar plot of the angular distributions observed in several cases.

'SIMMONS -AND HENKEL82 extended these studies to Th23o 23h and U

236
using a multiangle gas-filled counter to measure the angular distributions.
Neutrons of energy between 0.6 Mev and 9 Mev were used to induce fission. At
6 Mev the anisotropy increased sharply as in the previous studies of ‘I‘h232
and U 238 showing that this effect is general for even-even targets. The hlghest
anisotropy values occurred for Th23og the ratio of yields attained a value of
approximately 2.3 (00/900) at 7 Mev. Near the fission thresholds the aniso-
tropies showed considerable variation. For the case of 3236 in particular
near 0.85 Mev the preferred emission was at 909.to_fhe beam,

The resonance character of the energy dependence of the angular dis-

tributions illustrated for Th232 in Figure 12.30 suggests that only one or a

82. J. E. Simmons and R. L. Henkel, Bull. Amer. Phys. Soc. (IT) k, 373 (1959).
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‘Table 12.10

 beam, to the yield at 90°.

The values have been corrected
for the finite angular resolution of the apparatus. '

‘Neutron energy

- 0°/90° Ratio of fragments

, _ . _U238 4
. 1.260+0.071 0.989+0.32
©1.348+0.081 1.090.16
1.474+0.103 . 1,7010;12
1.979+0.060 1.36+0.06
2.498%0.056 1.40%0.06
3.246+0.061. 1.18+0.05
L .870£0.215 1.25%0.09
6.008+0.140 1.47+0.08 .
7.265+0.105 1.69+0.08
. 14.5+0.500 - 1.40£0.1k
17.77+0.300 1.26+0.12
20.28+0.120 . 1.36¢d.1o
h 23° '
1.400£0.072 0.68+0.10
1.607£0.067 0.10+0.05
. 1.607£0.067 0.15%0.07
1.800+0 .06k - 0.98%0.20
$2.260£0.057 , 1.7&&0.17
2.400+£0.054 1.65%0.21
3.0010.046 , 1.39&0.1&
 4.00£0.038 1.150.08
6.00£0.028 1.12¢0.16
6.230+0.140 . 2.2110;22
C7.147+0.113 2.4120.23
T.777£0.100 - 2.20%0.22
9.562+0.054 ~1.79£0.16
14.5+0.30 © 1.96+0.38
14.5+0.30 © 1.85+0.80
16.36%0.252 1.34£0.16
17.86+£0.150 1.79+0.37
20.32£0.085 2.10+0.46

UCRL-9065 *
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Fig. 12.30 Variation in the anisotropy of fission fra%ment
distribution with the energy of neutrons for ThZ3 .
targets. Anisotropy is defined as the ratio of frag-
ments ejected in the direction of the beam to those
ejected at 90° to the beam. The fission cross section
is also shown. From HENKEL and BROLLEY, Phys. Rev. 103,
1292 (1956). -
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Fig. 12.31 Angular distributions of fission fragments. 1In
the upper right hand section of the figure E, = 7.&8
should read E = 7.2 Mev. From HENKEL and BROLLEY.!
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few quantum states are involved in the passage of the fissioning nucleus

through the saddle point deiormatlon region. The unified model of the nucleus
and the suggestlons of BOHR78
of the experimental dlstrlbutlons. WILETS "AND CHASE83 have contributed to the

discussion of the angular dlstrlbutlons at threshold w1th1n the framework of the

232 results of BROLLEY AND HENKEL8 in the

can again be used to account for a few features

BOHR model. They interpret the Th
following Way.' ‘ »
Regarded:classically the angular momentum vector of the incident neu-
tron points approximately normal to the incident direction (mIJ='O m, = % 1/2).
The compound nucleus formed of an even-even target and an incident neutron also
has its angular momentum vector orknted approx1mately normal to the beam dir-
ectiomn, Mest of the excitation energy of the compound nucleus is used in de-
forming the nucleus to the saddle point shape and only the lowest nuclear
state is occupied.‘ The lowest state is that for which the rotational angular
momentum (and energy) is lowest. Hence the angular momentum vector and nuclear
symmetry axis are nearly parallel and both nearly normal to the beam dlrectlon.
The fragments then emerge at 90 to the beam. For higher energies the nuclear
symmetry axis rotates nearly.normal to the angular momentum vector and forward
peaklng results. WILEDS AND CHASE develop‘some quantitative expressions and
apply them to the data on Th 232 at neutron energy 1.6 Mev. They conclude that
the important saddle point state has K = 3/2 and odd parity.

‘ Several measurements of these‘effects have been made for target nuclei
of 0dd mass. Part of the interest in such'measurements stems from the sugges-
tion by Bohr that target spin might have a strong effect on the observed dis-
tribution and in particular that an even-odd nucleus of low spin such as

:Pu239 might show an especially strong forward-peaking. HENKEL AND SIMMON885

investigated.U233, U235 and-Pu239 at a series of neutron energies from 0.5 Mev

to 5.0 Mev using a multiangle gas filled.counter to detect the fragments. The

cross section ratio, 0100 900 , differed only about 10 percent from unity

at the most and Pu 239 (spln 1/2) showed a lesser anisotropy then U £33 (spin 5/2)

or U235 (spin 7/2). '

83. L. Wilets and D. M. Chase, Phys. Rev. 103, 1296 (1956).

84, J. W. T. Dabbs, L. D. Roberts, and G, W Parker, Bull. Amer. Phys. Soc.,
Series II, 3, 6 (1958); ivid II, 5, 22 (1959)

85. 'J. E. Simmons and R. L. Henkel, Bull. Amer. Phys. Soc. (IT) 4, 233 (1959);
ibid (II) k4, 373 (1959).
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These results were confirmed aand extended by BLUMBERG AND LEACHMAN86

who used a catcher foil technique to dstermine the angular distribution of
fragment f activity from Pu239 and U233 Their results are summarized in
.Figure 12.32, The dependence of the aulsotropy on the initial spin Io is =
obtained from & comparlson of the anlsotropy from the high-spin U 233 and thé

pu239

low-spln in the region E < 6 Mév where only (n,f) fissions are energe11—
cally possible., The relative. anlsotronles of U 233 and Pu 239 is the reverse o7
‘that expected. This indicates the posisibilities that IO does not affect the
anisotropy of any fissions or that more detailled applications of theory are
required. T | L ' '

In Figure 12.32 large increases'ip anisotropy occur Jjust above 6 Mev
‘and just above 12 Mev. These result from the enhanced contributions of "last
chance" fissione‘at'energies for which the threshold for (n,nf) is lower than
for-(n,Zn ) and for (m,2n f) is lower than for (n,3n'). These fission events
are hlghly anisotropic as a result of the combination of large" angular momen—
' tum of the’ incident neutron and the low-exc1tatlon energy following neutron _
emiséien.' These authors discuss the appllcatlon of the theory of STRUTINSKII Ok
(see below) to theéir results.

' COHEN AND COWORKERSS"88 studled the angular dlstrlbutlon of specific
flSSlon products 1dent1f1ed radlochemlcally in 'the fission of thorium and ur-
anium 1sot0pes with 22 Mev protons. A prondunced peaking in the forward and
backward directions was noted. The anisotropy was more pronounced for fission
products resulting. from asymmetric fission then for products resulting from
'symmetrlc fission. The results are summazrized 1n Flgure 12,33, The anisotropy
for symmetrlc flSSlon is about the same for all nuclidesdstﬁdied' for asymmetric
f1ss1on it ‘seems to be apprec1ably larger for the thorium than for the uranium
‘isotopes, Among the uranium isotopes U £33 seems to show the least ~variation
of anlsotropy with mass ratio.. FULMER88a has measured angular_dlstrlbutlons
of the whole fission product spectrum by a counter technique in the case of

urahium'ieOtopes;bombarded with 22.8 Mev protons. -He reports the following

86, L. Blumberg and R. B, Leachman, Phys. Rev. 116, 102 (1959) .

8. B. L, Cohen, W. H. Jones, G. H. McCormlck and B, L Ferrell, Phys. Rev. Gk,
625 (1954).

88. B. L. Cohen, B. L. Ferrell Bryan, ‘D. J. Coombe and M, K. Hullings, Physo
Rev. 98, 685 (1955).

88a. C. B. Fulmer, Phys. Rev, 116 u18 (1959)
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12.32 _Fission fragment anisotropy in the fission of U233

and Pu?3? as a function of neutron energy. . Anisotropy

is defined as WOO/W 0°. Fragment activities were measured
on catcher foils by BLUMBERG and LEACHMAN.S6
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Fig. 12.33 Anisotropy (b/a) of fission fragment emission
in the fission of uranium and thorium induced by 22
Mev protons. Angular distribution described by the
expression I(8) = a+bcos28. Specific products
measured radiochemically by COHEN and co-workers.
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values of thevanisotropy ratio b/a where-ihe angularﬂdistributiom is- given by

the ekﬁfession, I (6)=2a+b cos’2 e.

" For y233 (v/a) = 0.23 * 0.0k
_For y?3° (b/a) = 0.21 £0.03
For 1238 (b/a) = 0.22 * 0.02

These values :are higher than those found by the radiochemical analysis of
specific fission products (Figure 12.33).
HALPERN - AND COFFIN89-9O used the radiochemical method to study fragments

ejected at various angles from targets of Pu239, Np237 5 U235, U 38, Th232,

R32?6Vand Biz'o9 bombarded with 43 Mev helium ions and 22 Mev deuterons. The
" general character of each of the Observed'anguiar-distributions was the same.
Most fragments'wereemitted at OQ and 180O to the begm, The differential cross
sectiongfell.smpothly from these angles to a minimum at 900. Tablg-lz.ll gives
the observed anisotropies for the different bombardments. The anisotropy for
the purpose of this table is defined as the ratio of the differential cross
section at OO compared to 900.

A THOMAS AND VIOLA.9l have studied fission fragment angular distribution
in gold targets, caused to fission by bombardment with héavy ions. They counted
lgross‘fission fragment activity recoiling in various directions . GORDON, .
LARSH AND SIKKELAND92 have done similar studies by ion-chamber fechniques.
They find a_stronger forward-backwardbpeaking of the distribution than was ob=
tained by HALPERN AND COFFIN with lighter bombarding projecfiles.' These partic-
ular results are discussed further in the next section. (Section 12.1.8)

Another type of experimental information that would be exceedingly valu-

able would be the angular distribution of fragments from aligned nuclei., Some

. 8
preliminary experiments of this kind are reported by DABBS, ROBERTS AND PARKE )A.

Most of the results from all. of these studies can be summarized as

93

follows :

39. TI. Halpern and C. T. Coffin, Paper P/642, Vol. 15, Proceedings of the Second
UN Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

90, C. T. Coffin and I. Halpern, Angular Distributions in Fission Induced by
Alpha Particles, Deuterons and Protons, Phys. Rev. 112, 536 (1958).

91. T. D. Thomas and V. Viola, unpublished results, University of California, 1959.

92. G. E. Gordon, A. E. Larsh and T. Sikkeland, unpublished results, University
of California Report, UCRE:9003, 1959; Submitted for publication in Phys.
Rev. Let, 1960, ' S :

93, I. Halpern, "Nuclear Fission", Ann. Rev. Nucl. Sci. 9, 25 (1959).



~93- . UCRL-9065

Table 12.11

Anisotropies (o°/9o°) for fission induced 85 al ha‘pafticles and
deuterons (Halpern and Coffin“7> Og : ) '

Target , ‘ o o

nucleus * 43 Mev alphas - 22 Mev deuterons 10 Mev protons

Pu?3? 1.37 +0.03 1.17:% 0.04 1.03 £ 0,03

Np23T 1.40 + 0.03 - 1.19% 0.0 . .1.05 % 0.03
23 1.44 £ 0.03 1.21 £+ 0.06 - 1.09 £ 0.03

23 1.54 £.0.03 1.25 £ 0.04 1,07+ 0.03
._Thz3-2 1.76 £ 0.03 1.4k2 £ 004 1.12 + 0.03 .

Ra 220 2.04% + 0.05 1.28 £ 0.0k - mee

1 207 - 2.02 % 0.07 | SO | Cemm
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(1) The fragments come off with greatest probablllty forward and back-
ward along the beam. o

(2) Thé anisotropies increase in the. order of the size of the particle
inducing fission.

(3) The anlsotroples are roughly as large in odd-A targets as in even-
even targets in contrast to the situation in low energy photof1551on.

(h) In fission’ induced by fast neutrons the anisotropy increases sharply
whenever a threshold is reached where it becomes energetically pgsslble for fis-
sion to occur in the residual nucleus which is left behind after the evapore-
tion of'some definite mumber of neutrons.' ‘

(5) As the bombarding energyvincreases the average anisotropy changes
onlyvslowly. '

(6) The anisotropy is largest for the most asymmetrlc mass ratios.

(7) The anisotropy decreases as the value of Z /A of the target in-
creases. B » ‘ o _— _ a

HALPERN AND'STRUTINSKI9A AND GRIFFIN95used the suggestions of BOHR‘i78
as a starfing point for a semiéquantitative explanation of these observations.
‘The angular distribution of the ffagments depends upon the angular momentum I
1ntroduced by the projectile and on the fraction of it converted into orbital
momentum between the fragments which is characterized by the quantum number XK.

K is the projection of I on the separation axis between fission fragments; if
we assume an axially symmetric saddle p01nt shape we can also identify it with
the K quantum number applied in the unified'model description of nuclear ground
states. TFor an axially symmetric nucleus and K = O the fragments will necess-
arily be emitted at right angles to I. '

The general,characterlstlcs of the angular distributions summarized
above suggest that the distribution in K is determined lafgely by the nucleus
itself and not very much by the way the energy and angular momentum are brbught
into‘the compound nucleus. One may infer that during the relatively long life
time of the cempound nucleus the excitation_energy is exchanged back and forth

among many degrees of freedom and thét‘the-nucleus distorts many'times with

9& I. Halpern and V.M. Strutlnskl, Paper P/1513, Vol 15, Proceedlngs of the
Second UN Conference on the Peaceful Uses of. Atomic Energy, Geneva, 1958;
See also I, Halpern, ref. 93; see also V.M. Strutinski, Atomic Energy (Eng-
lish translation) 2, 621, (1957).

95. J.J. Griffin, Phys. Rev. 116, 107 , 1959.
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many choicés of K without quite meking it over the saddle point. The values of
K for the nuclei whlch actually pass. through the saddle point will depend on |
the K spectrum of the states in the saddle p01nt region with the one restrlctlon
that K can never exceed I. ’ , »

It is necessary to have some way of specifying the K- spectrum and the
most general way of doing this 1s to start from elementary statlstlcal mechan-
ics or from classical arguments, STRUTINSKI9M, for example, suggests that the

distribution in K should be controlled by a Boltzmann factor, exp (—EROT/T),

_ ye 2 o
where Ep . = g E + é (I - K ) and where the & 's are the
parallel : perpend

moments of inertia of the deformed nucleus in its saddle p01nt shape for ro-
tation parallel and perpendlcular to the axis of symmetry. If T is constant
the distribution in K is Gaussian and the average value of K is

Ki =T parallel ”perpend. C1

perpend - iSpar‘allel ﬁz o (12.7)

In this expres51on K2 is imdependent of I2 except for the limitation that K may:
not exceed I. ' o .

Let us now con51der the angular distribution of fragments from a nucleus
with a given I and K. The form of the dlstrlbutlon can be obtained from the
51mple geometrlcal con51deratlons of Flg, 12, 34"The fragments emitted from the

nucleus with spin I come off w1th equal probablllty on the circle formed by the
| 1ntersectlon of the cone and the spheree The half angle of the cone is cos”
K/L; The Vector I can point in any'directlon in the plane perpendlcular to the
beam dlrectlon so we must rotate I and its ass001ated circle uniformly around

the beam axis. The dlstrlbutlon of fragments becomes

21 2 .2 1/2 R
LT T,z (T7 sin Q,TK (12.8)

where © is the angle between the dlrectlon of the fragment motion and the
1nc1dent beam. The dlstrlbutlon is normallzed to unlt value when integrated
over the sphere. o

The next step is to 1ntegrate WI K ove; the Caussian K-distribution.
The dlstrlbutlon for some flxed I and a given K is glven by HALPERN AND
_ STRUTINSKI

l y _-2 ‘:_Zpll ;-2\ -~ [ s -:,_-,'_ ~ 2
W(Q)I K V/—- 5 57— €Xp (—l. sin e/4no) 'u (11 sin &/4K )
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where Jo is the zero-order Bessel function and N is a normalization
constant (close to unity for I > K )o
- Finally the distribution WI K- must be integrated numerically over T
from zero up to the maximum value Im;o The resultant angular distribution

WI K is peaked_forward and backward along the beam. The functions WI K
25 ST : \ v s

all behave like (sin Q)él at 900 but depart from .this behavior at smaller

angles as can be seen in Fig. 12.34. Each of the functions WI K can be
characterized by a single parameter P = (1 /2K ) The larger tﬁe value of

P, the larger the anisotropy, and the longer the dlstrlbutlon resembles (sin @)

as one moves from 90 "to smaller angles.

It should be partlcularly interesting to study angular distributions of
fragments from targets bombarded with heavy ions because of the very large val-
ues of Imax in such cases. Some experimental data are discussed in the next
section. ’ _

Tn ordér to aphly the above equatidns it is necessary to have some
basis for estimating the I and K distributions and the nuclear temperature T.

A crude classical estimate of the I distribution would be a uniform distribu-
tion from zero‘up to a maximum set by the ratio of the radius of the nucleus
to l/2n tlmes the progectlle wave length just outside the nucleus. More real-
istic estlmates based on calculatlons of particle transmissions 1nto the nuc-
leus as a function of I give somewhat larger values of I nax and & non-linear

ol

distribution. The most uncertain quantity is the K distribution. One does
know that K should increase with excitation energy above the fission barrier
and from thls fact alone one can draw the important conclusion that the fragment
anlsotropy should decrease with increase in energy for a spec1flc fissioning

nucleus. HALPERN AND STRU‘IINSKI9LL made some prellmlnary deductions about the

‘forms of the K2 Versus excitation energy curve by an examination of the experi-
mental data on angular distributions particularly those cases where good data -
were available at small angles. Their paper should be consulted for detalls.
In the future the collection of more extensive data and the development of
better nuclear models for description of nuclear shapes and excitation spectra
at the saddle pointvshduld meke it possible to obtain a more reliable estimate
of the K-distribution.

¥ See refcrc;ce 8% for a discussion of this point.
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Flg 12.34 Angukar distributions of’ fission fragments., If
a beam of particles is incident upon a target from left-
to right (see insert) it introduces into nuclei angular
momenta 3? which are oriented at right angles to the beam.
If these nuclei undergo fission in such a way that the
projection of on the fission direction is K, the
fragments will come off in a cone whose half angle is

1 K/L. To obtain the angular distribution for a

glven species one must average over the K and distri_
butions in the problem. Typical angular distributions.
are shown These are characterlzed by the parameter P =

l/2 (IO/KO) where Io and Ko aﬁe average values of I and
K. HALPERN and STRUTINSKI.9 Figure reproduced from
Halpern, Rev. Modern Phys. 9 (1959).
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9% soint cut that the interpretation of the ob-

HALPERN AND STRUTINSKI
served fragment dlstrlbutlons is complicated by the fact that in most cases
a collectlon of different flss10n1nglnu<lel at different exc1tat10n énergies are
contrlbutlng to the observed products° W meke & complete and meanlngful analy-
sis one must make use of the trends in- 1he competition between neutron em1351on
and fission which we have reviewed earlier in this chapter to determine the rer-
centage contributions to the total fission products of two or more nuclei in the
neutron evaﬁoration chein and the:excifation energy of earh of these fissioning
nuclei, It can be shown that the T distribution is not disturbed greatly by
evaporation of a few neutrons but the excitation energy drop causes a. great

change in the Ko values as Wwe proceed down the neutron evaporation chain. Know-

-ing, as we do, the general characteristics of the variation in neutron emission

versus fissionjcompetition with nuclear type we can make some very general state-
ments about the angular. distrib’utionse For example, we have noted above that

fragment anisotropy decreases as Z- /A increases, Thls can be attributed to higher

.11531onab111ty for Higher Z /A The major part of the flSSlon then occurs in the

carly stageg of de-excitation of the compound nucleus, hence K is greater,

hence P = E% is lower, hence anisotropy is less. In neutron-induced fission

. () . ; : .
a snarp lnegease 1n anisotropy owcurs when the neutron cnergy increases past

& threshold for the evaporation of some definite number of neutrons, This can

be attributed to the fact that above this threshold some fission is occurring

at a much loWer‘energy in the nucleus resulting from the emission of this number
of neutrons. This lower excitation energy means a lower Ki‘ value and hence an
increased peaking of fragment emission along the beam of incoming neutrons. The
increase in anisotropy as a function of the complexity of the bombarding particle
is Just a’reflection'of the fact that the aversage value of I'is going up while
the value of K (to a first approx1matlon ) is left the same, The fact that the
observed anlsotropy is not the same for all fragment mass ratios is explained if
one assumes that low energy fission is much more asymmetrlcvthan fission at mod-
erate energies. . Hence those fission events which occur late in the evaporation
chain give a more asymmetrlc mass distribution of products and, because the ex-
citation energy is low, the anisotropy of the fragment emission is increased. It
remains an open question whether there are any differences in the angular dis=
tributions as a function of .mass ratio for a single fissioning species at a
definite excitation energy. Finally, the uniform general appearance of the angu-

lar distributions as a function of nuclear type reflects the fact that the
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IO and KO values in most of the cases studied.are large compared to the spin
of the odd-A target nuclei. Geometrical chsidérations show that random orienta-
.tions of the target spin cannot have much effect on the angular distributions

of the fragments.

c) Fragﬁent Angular Distributions when Bombardment Energy is High

When the energy of the bombarding particles is raised beyond the moder-
ate energy region (i.e. beyond tens of Mev for light partiéies) the direct infer-
action processes begin to replace the compound nucleus reaction mechanism and
the ‘degree of oriéntation of the total spin I should become steadily less. Ex-
'~perimehtal data, however, have revealed some curious unexpected results. )

A LOZHKIN, PERFILOV AND SHAMOV96 have investigated anisotropy effects in
the fission of uranium with 660 Mev protons using photd emilsion techniques,
‘They found a'preferencéAfor emigssion of fragments in a.direction perpendicular

%0 the preton beam as glven by the funetion L # 0.29 siﬁ4; The anisotropy in- -

creases as the energy of excitation of the fissioning nucleus increases., See

Table 12,12, This implies a well oriented spin at the time of fission but in

an unanticipated direction, ' »
OSTROMOV AND PERFILOV

fissioning nuclei produced by bombardment of uranium with'high energy neutrons.

o7

- studied angular distributions of fragments from

The anisotropy was studied as a function of the number of evaporated charged
particles accompanying fission. The results (Teble 12.13) indicate that the

anisotropy increases strongly as the excitation energy increases. The neutrons

were produced by charge exchange in a beryllium target bombarded with 680 Mev pic™

protons.
PORILE AND SUGARMAN

specific fission products ejected parallel to and perpendicular to the high

98

studied radiochemically the relative amounts of

energy proton beam. For bismuth targets bombarded with 450 Mev protons, the

favored direction is parallel to the beam. If the distribution is assumed to

96. 0. V. Lozhkin, N. A, Perfilov and V. P, Shamov, J.E.T.P. 29, 292 (1955);
Soviet Physics 2,116 (1956).

97. V. I. Ostromov and N. A, Perfilov, J.E.T.P. 31; 716 (1956); Soviet Physics
&, 603 (1957). | |
98. N.T. Porile and N. Sugarman, Phys. Rev. 107, 1410 (1957).

Y
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-Table 12.1%2

Anistropy of fission fragments of uranium with
respect to direction of proton beam (660 Mev).

Ref. 96
Excitation energy ~60  ~150. ~320
. N_,.0 , ' : '
Anisotropy = N>6O 1.13 1.31 1.35

<30°
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Table 12.13

'Anistropy'in the emission of fission fragments from
uranium bombarded with high energy neutrons

Anisotropy defined as

‘no. fragments at 4507900

no. fragments at OO-hSO . Number of préngs
0.90
1.15 |
1.13 2

1.50 ‘ 3-6
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be of the type o ’
BT a + b‘cos2 e - | A (12.10)
the ratio of the asymmetry parameters, b/a is about 0.1 for typlcal fission
products. On the other hand, when fission is induced in tantalum targets the
fragments favor the plane perpendicular to the beam. If the dlstrlbutlon is
assumed to'be ' o “_ A» _
| a+ D sin’ 6 o (ré.li)'
then b/a ranges from O.370.to 0,026, The nmst asymmetric fission fragments are
emltted most anisotropically. .

- WOLKE AND GUTMAN 99 studled flss10n fragments from bismuth bombarded with
450 Mev protons. Fragments escaplng from a small spherlcal bismuth target were
. caught on an aluminum cone which was subsequently cut into pieces: correspondlng

12-T3.

to various recoil angles and subgected to radlochemlcal analysis for Ga
Sr9l -9z and CdllB’ ll?., These fragments were ejected according to the law

a+ b cosz e o ‘ (12.10)
vland the values of b/a were found to be O. lO O llS and 0.09 respectlvely, for
the three groups of products.

MEADOWS studled the frsgments emitted in thorium and uranium fission
induced by bombardment with 45,80 and 155 Mev protons. At 45 Mev the fragments
' were preferentially emitted forwardvand backward in egreement with other pub-
llshed results in the moderate energy region. The anlsotroples were less at 80
Mev and at 155 Mev the favored dlstrlbutlon had shlfted over to favor the 90
direction to the beam. This result is in agreement with the high~energy Russian
work quoted above, | o | v ' 'p‘

The HALPERN-STRUTINSKI9A analysis quoted above does. not lead to this
result and it is clear that some orerlooked factorvbecomes important in the ' very
high energy region. HALPEﬁN93 quotes unpublished Work by himself and independ-
ent unpubllshed work by STRUTINSKI which may provide some explanation for the
reversal, In the hlgh energy reglon a promlnent reaction in the fast cascade
step of the reaction is the passage of the fast partlcle through the heavy nuc-

leus hitting one‘or,two nucleons and projecting them with rather low energies

99. R. L. Wolke and J. R. Gutman, Phys. Rev. 107, 850 (1957).
100. J. W. Meadows, Phys. Rev. 110, 1109 (1958).
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into a direction at rtight angles tovits path. These "soft" nucleons travel
through the nucleus playing the role of a beam of particles which is "incid-
ent” at right angles to the original beam., They therefore give "inverted"
anisotropies. ' ' B : A

Tt is clear that further experimental work is needed on angular dis-
tributions of fission fragments and that more detailed nuclear model predictions

of excited states in the saddle point region would be helpful.

12.1.8 Fission Induced bX Heavz Tons. FissiOn induced by bombardment .
of heavy element targets with energetic charged particles with atomic number
greater than 2 resembles in mahy respects that induced by protons, deuterons
and helium ions but in some ways heavy ion induced fission has some special
characteristics which give‘it unusual interest. By proper choice of the tar-
get nucleus and the heavy ion projectile it is possible to meke a wide variety
of compound nuclei many of which cannot be made in any other way. Another ad-
vantage ig that the ekcitation energy of the cempound nucleus may be made quite
high at the same time that the compound nucleus is well specified in atomic
number and mass. This fortunate situation is bo be aistinguished’from the
nuclear feactione induced'by lighter partitles, particularly protons. In the
'latter case as the energy of the incident particle rises above 40 Mev the
compound nucleus reaction meehanism begins to give way to the high-energy cas-
cade mechanism which canvleaﬁe'the intermediate nucleus at the.end of the
first stage of the reaction in a variety of forms with a spread in Z, A and
excitation energy. When the. cascade mechanism accounts for an appreciable
fraction of thevfbtal reaction cross section it becomes difficult to meke a
clean cut interprefation of experimental results, Heavy ion reactions go
primerily by the compound nucleus mechanism up to a much higher range of ex-
citation energies so that our term "charged particles of moderate energy’

' can mean energies of 100 to 200 Mev. for heavy ions rather than 50 Mev or less.
Another advantage of reactions‘induced by heavy ilon bombardments is the op-
portunity they afford for studying the influence of high angular -momentum on <
the course of the de-excitation oficompound nuclei. The average angular momens
tum of the compound nucleus formed by the bombardment of U238 With-C12 ions
of 100 Mev energy is 36 unite; it is not unusual to transmit angular momentum

~as high as 100 units to the compound nucleus in heavy ion reactions. It is

7
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an interegting-experimental'and.theoretical matter to determine how such large
amounts of angular momeﬁtum affect fission probability; the angular distribution
of fission fragments, the emission of gamma radlatlon durlng and after fission,
and other characterlstlcs of flSSlOn. _

A good part of what we have to say about the reactions induced by heavy
ions is chtalned in Section 2.4 of,Chapter 2, In addltlon, the productlon of
heavy ion beams aﬁd impOrtant gquantitative details such as Coulombic barrief enw
ergies, compound nucleus formation cross sections, etc. are discussed there.

In this chapter we wish»tQ'mention briefly how the observed trends in mechanism,
probability and charactéristics-of fission indﬁced in heavy ions fit in with
the plcture of fission 1nduced by charged particle as this picture has been
developed so far in this chapter° '

In the case of target elements 1y1ng in or abbve the rare earth region
of elements the compound nucleus de-excites primarily by neutron emission or fis-
sion. If we take C12 and Nlu as representative heavy ions then we can state
that the (Clz,xn) and (Nlh5xn) reactions show a variation of cross section with
energy of the bombarding particle very similar to that seen in (p,xn), (d,xn) and
(a,xn) reactions. Each individual reaction has & threshold, a rise to a peak
value and fhen'a drop as the energy of the compound nucleus passes the threshold
for the emission of an ad@itional neutron. When the target element is gold or
a heavier eleménﬁ the probability for-fiésion becomeS'abpreciable and the
(Clh,xn) and (N ,xn) type reactions refléct this by a marked reduction in the
peak heights in their excitation function. This fission-neutron emission compe-~
tition can be analyzed by ﬁse of ﬁhe modified Jackson model developed in Section I.i.
12.1.4 .above, The (Clu, %n) reactions with U238 targets have been analyzed in

this way by SIKKELAND, THOMPSON AND GHIORSOlOl,'and by FLEROV AND CO-WORKERsalO2

A s1m111ar analysis has been made of the Aul97 (C ,xn reaction cross sections
by BARABOSHKIN, KARAMTAN AND FLEROVlO3° All these analyses indicate that the

101, T SlkkeTand s G. Thompson and A GhLorso, Physwchv, 312 5&3}(1959)

S o ma ey -

R E O

102. As reported by Polikanov in seminar talk Nuclear Fission of Heaxy'Elements

Durlng Interaction with Carbon Nltrogen and Oxyg Nuc%el n%sgen,]95(g5”p
2180, S.M, Polikanov and V.A. Druin, Sov. Phys. JETP 522 ?
103. Baraboshkin, Karamian, Flerov, Soviet Physics, J.E.T. P_—S, 1055 (1957)
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fission-modified Jackson model is as appllcable 0 heavy ion reactlons as to
reactions with lighter particles. ' . ‘

As this is being written the absolute cross section for fission is
belng measured in many laboratorles for a'varigety of targets bombarded w1th
heavy ions, but only a few publlshed values are available for discussion. A
Russian group under the direction ova_LEROVloz 104 has published quantitative
work on the tbtal fission cross sections. Figufes 12,35 and 12.36. show the
observed cross section for fission'in uranium and bismuth targets bombarded
with carbon, nitrogen and oxygen ions. Fission fragments were counted in a
specially constfucted differential ionization chamber which could discriminate
fission pulses from 'pile-up"” pulses from the heavy ion beam. In all cases
the fission cross sections are described within ekperimental error by the
formula . '

2 s, R ><1-%>'

target nucleus f projectile nucleus

ro= L. to 1.55 x 1073 cm |
E = ‘ene:gy of bombardipg particles
: B = energy of the‘Coulomb bérrier
Since the BLATThANDvWEISSKOPF formula given above is a ﬁeasbﬁablevexpressiOn of
the total reaction cross section it can be'ébnéluded that almost the_gntire re-
action cross section’goes intdlfission. This is confirmeéd by the extremely

lz,xn) type reaction; see

low cross sections for the reaction perﬁcts of the (C
for example Fig. 2.4 of Chapter 2 which shows a peak cross section of a few
microbarns for pfbductsrof this type in uranium targets.

Figure 12.37 shows fission cross sections for bismuth, gold, rhenium
and ytterbium placed in a nitrogen beam. In these cases, except for bismuth,
thé total fission cross section is definitely less than the compound nucleus
cross section. The fission cross section drops rapidly as the atomic number
of the target nucleus decreases, This is shown mdrézclearly in Fig. 12.38

‘which shows the fraction of the total cross section taken up by fission as a

function of the compound nucleus and its excitation. Frdm this figure we can

10k, V. A Druln, S. M. Pollkanov, G N Flerov, Sov1et Phy51cs, JETP, 5, 1059
| (1957) |
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Fig. 12.38 Dependence of the ratio of fission to total cross
section on energy of excitation for compound nué¢lei result-
ing from the amalgamation of nitrogen with bismutﬂ,'gold,-
and rhenium. From Druin, Polikanov and Flerov.lO
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- conclude ‘that there is a strong dependence of I‘[ on Z(or-ZZ/A)‘and on the
Aexc1tatlon energy.. ' T o _' ‘ o
Other measurements of f1$Slon cross sections are summarlzed in Table 12 14

SITLLJZ GILMOREthEL has: studled the influernce of angular momentum

by measurlng the flSSlOD cross section of a selected compound nucleus prepared

. by two different heavy ion reactions. For example the compound nucleus Tl 97
can be prepared by the reactions '
1l 4 01— T:Ll97]

185
Re + C. >[ 71 1971

By gsultable choice of energy of the bombarding heavy ions the T1

197 can be pre-
pared at the same level of excitation but with widely different angular momenta
in the two cases owing to differences in Coulomb barrier and in the masses and

radii of the targetscand the incident particles. In the top portion of Fig.

12,39 the maximum angular momentum zxmax is shown as estimated from the classical

~ expression >
: \/2u~(r+R) (E-B) _ - (12.12)

where p = reduced mass ‘

= radius of target

= radius of»projectile

. Energy in center of mass

and = Coulomb barrier

W oH 8 =
I}

TN AT VUGILMORE exposed a series of nuclear emulsions at various posi-
tions around targets of tantalum and rhenium and measured the fission fragments
emerging from thé targets at various angles to the incoming beam. '‘Herw deter-
mined thetangular distribution of the fragments and integrated over all direc-
tions to determine a total fission cross section. The results are shown'in the
bottom portion of the figure, The result is-a strlklng demonstration that the
_same compound nucleus at the ‘same - level of excitation will flSSlon more readlly
. when 1ts angular momentum is 1ncreased Thls result is confirmatory evidence
for the theoretical ideas of PIK-PICHACK and of HISKESi: which are mentioned
in Section 11,2.1 on the theory of ruclear fission. Sce report UCRL-9036.

10ka, T moe and T i J o Gidmore, unpublished results, Berkeley, Calif.

t Pik-Pichack, Soviet Physics, J.E.T.P, 1, 238 (1958)
£ J. Hiskes, unpublished results, Lawrence Radiation Laboratory, Berkeley,

Calif,



. H. M, Blann, unpubllshed results, Berkeley 1959
Quinton, Britt, Knox and Anderson, Bull. Am. Phys. Soc. II

and paper 1n_publlcatlon in Nuclear Physics, 1960.

deviations.

L1k (1959),

-111- UCRL-9065
Table 12.14 . Fission Croserections.erm Heavy Ton Reaction Studies%
Target and Energy of O . Method of Ref.
PR . . Lo fission -
Projectile ‘Projectile : Measurement
_ (Mev) (barns :
e -+ c = | 120 0,90 % 0,20 Radiochemistry a
JAu + 0 16 160 2.2 = 0.3 Counter
6 ' I
Ta + 0. - 87.5 0.043 *+ 0,007
89.2 0.096 * 0.006
ok.1 0.167 * 0,014
- 98,0 0.333 * 0.025 emulsion c
1109.0 0.728 % 0.025 o ‘
122.5 1.12 * 0.06
136.5 1.37 * 0.05
L1500 - 1.59 % 0.08
_ _ 167.0 1.75 * 0,08 )
- pet® 4 (12 87.5 0.043 * 0,007
' 89.2 0.096 * 0.006
ok.1 0.167 .+ 0,01k
98.0 0.333 * 0.025 emulsion c
"109.0 0.728 # 0.025
122.5 1.12 * 0,06
136.5 1.37 * 0.05
150.0 1.59- + 0.08
167.0 1.75 = 0.08
_ iz - - :
Au + C v 69, 0.102 £ 0.009
' 86 0.514% * 0,039 counter a
107 0.988 * 0.072 '
124.5 1.28 £ 0.095
'%, Russian work is summarized in figures 12.35 through 12.37

. J. Gilmore, unpublished results, Berkeley 1959; uncertainties on standard

. Gordon, Larsh Slkkeland and Walton, unpubllshed results, Berkeley 1959.
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Flg. 12, 39 Experimental study by GILMOREloua showing the im-
portance of angular momentum on fission probability., The
- top portion of the figure shows the maxirmum angular momentum
‘computed classically of the compound nucleus, T1 97, as a
function of the excitation energy of the compound nucleus
prepared by two .different heavy ion reactions. " The bottom

portion shows the ratio o /o _ as a
flsslon compound nucleus

functlon,of excitation energy. A square well approxime—

tion was used in computing Oms
. compound nucleus. fission

was measured by a nuclear emuls1on technlque.
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The mass yield distribution of fission producte appears to have a symmet-
ric distribution in the few cases in which it has been studied radiochemically,
TARANTIN AND CO-WORKERSlO5

the distribution at about mass 100 and a width of about 20 mass units at the

studied the Aul97 + Nlh case and found the peak of.

points where the yield - curve was at half its maximum height. ,The narrow dis-
trlbutlon resembles that observed by FAIRHALLlO5a in the fission of bismuth
‘with 22 Mev deuterons. In a similer radiochemical study of the fission of gold
with 120 Mev Clz ions BLANNIO6 obtained a sdmilar. narrow: > mass distribution.
He obtained a full w1dmh at half max1mum of .25 7 mass units. The peak of the
- yield distribution fell at mass number 101 indicating a Value of 7 for w, the
average number of neutrons emitted in fission plus prefission neutron evapora-
tion. By integration under the mass yleld curve he estimated a fisd on cross
section of 0.90 * 0.20 barns. |

'I‘ARANTIN’LO5 showed that in the case of the bombardment of U238 1k

with N
ions the fission mass spectrum is quite broad (w1dth at half maximum 3. 50 units)
remaining roughly constant from mass 90 tonmass 145, The great width of the
"symmetric" distribution probably is the result of a mixture of symmetric and
asymmetric fission modes, BROWN, PRICE AND WILLIS 107
238 with 013. The l7 nuclldes chosen for study

radlochemlcally analyzed
the products of the fission of U
defined a symmetric distribution centered at mass 120 with a full width at han
maximum of about 55. The position of the max1mum indicates a V value of elcven.
This 7 value includes neutrons emitted dnring fission and before fission.

The kinetic energy‘distribntion of the fragments has been measured by sev-
eral techniques. GORDON, LARSH AND SIKKELANDlO8 used an argon gas scintillation
cell and a solid state detector to measure the kinetic energy and the angular
disbribution of fragments from fission of gold with C12 ions. The small solid
state detector was particularly useful in measuring fragments at small angles

252

to the beam. The detectors were calibrated with a Cf spontaneous fission

lOS Tarantin, Gerlit, Guseva, Miasvedor, Filippova and Flerov, JETP (USSR) 34
316 (1958), Soviet Physics, JETP, 7, 220, (1958).

105a. A. W. Fairhall, Phys. Rev. 102, 1335 (1956)
106. H. M. Blann, unpublished results
107. F, Brown, M. R. Price and H. H. Willis, J. Inorg. Nucl. Chem. 3, 9 (1956)

108. G. E. Gordon, A. E, Larsh and T. Sikkeland, University of California Radia-
tion Laboratory Report, UCRL-9003, December 1959, Submitted for publlcatlon
in Phys. Rev. Letters, 1960.
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source. = The analysis of their resﬁlts led to a value of 73%f3 Mev for the most
probable energy of the fragments in the;center—of-mass‘system when the bombard-
ment energy was 123 Mev, . When 93 Mev.carbon ions wefe uéed the kinetic energy ua
was 71%3 Mev.! These data and other unpublished data by the same experimenters
indicate that there is very little depcndence of the fragment energy on the
energy of the bombardlng carbon ions. _ :

~ QUINTON, BRITT, KNOX AND A.NDERSON108a uséd a proportional counter detector
" to measure the fragment energy release in the f1551on of gold with 160 Mev
oxygen lons., In the tenter-of- mass system the kinetic energy dlstrlbutlon was
symmetric about 75+5 Mev with a full width of 30 Mev at half the maximum peak
height. The center- of-mass energy distribution was independent of the angle
of the detector with respect to the beam.

The two research groups just quoted measured the distribution of frag-
ments as a function of the laboratofy angle between the fragments and the
incoming beam, These distribﬁtions were corrected for the center-of-mass motion
of the compound nucleus and recalculated as a center-of-mass angular distribu-
tion which was then compared with thé theoretical curves given by HALPERN AND
STRU'I‘INSKI9)+ énd by GRIFFIN95 discussed in section 12.1,7 immediately above.

A similar study was carried out by VIOLA AND THOMAS9
targets caused to fission with 125 Mev C 2, 146 Mev N 14 and 167 Mev 016.
VIOLA AND THOMAS9l

of fission recoil products éolleéted on a series of catcher foils placed at

in the case of gold
carried out their measurements by counting the gross activity

various angles to the beam.

A typical result taken from the work of GORDON LARSH AND SIKKELAND 108 is
given in Figures 12,40 and 12.41. The first shows the angular distribution in
- the laboratory system. The second shows the distribution in the center-of-mass |
_system after correcting for a 7 value of 0,223%0,01 and of 0,19040.,01 for the
123 Mev and‘93:Mev bombardments respectively. The quantity 7) is defined as
v/V where v is the'velociﬁy of the compound nucleus in the direction of the
beam and V is the velocity of the fragment in ﬁhe moving system. Within experi-
meﬁtal error the m valﬁes represent full momentum.transfer by the bombarding

projectile to the fissioning nucleus; i.e. true compound nucleus formation.

'108a. A. R. Quinton, H. C. Britt, W, J. Knox and C. E. Ande“son, Bull Amer.
Phys. Soc. IT 4, klk, 1959. :
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The following details of the results may be noted:
(a) The center-of-mass angular distributions are symmetric about 90O
within experimental error. | ‘
(p) Between 150 and 1650 on the 123 Mev curve the points lie somewhat
g 95

above 1/sin @, ih_fair agreement withhGRIFFIN predictions;

(c¢) The shape of the angular distribution for the 93 Mev C:L2 ions near
0° and 180° is in better agreement with the predictions of HALPERN AND STRUT-
Il\TSKIgLL than with those of GRIFFIN95 o

A similar curve taken from the radiochemical study of VIOLA AND THOMAS
is shown in Figure 12.42

Heavy ions w1th kinetic energy below the Coulomb barrier might poss1bly
be able to induce fission via the Coulombic excitation process. The cross
section for the excitation of a heavy nucleus to an energy above the fission
threshold would probably be extremely low but under certain conditions it
might be measurable. JONES AND ZUCKER 109 made a search for the fission of U 238

nucleus by a Coulomb excitation process induced by 28 Mev nitrogen ions. No

stitive.effeCt was observed and an upper limit of‘lO_ZB.cm2 was set for the
cross section. . o v
FLEROV]'O8a reviewed Russian work on heavy ion reactions in-a 1958 Geneva

-Conference paper. He reported that_dne interesting consequence of the high
angular momentum of the fissioning nucleus is the enhanced yield of high spin
isomers among the fission products. For’example, it was found that the yield
of'Cadmium-llS (spin 11/2) relative to Cadmium-115 (spinAl/Z) was 20 times
larger in the case of gold induced to fission with oxygen ions than it is dur-

ing the fission of Uranium-235 by thermal neutrons.

108a. G, N. Flerov, Paper P/2299 Volume 15, Proceedings of the Second U.N.
Internatlonal Conference on the Peaceful Uses of Atomic Energy, Geneva,

1958,

109. W. H. Jones and A. Zucker, Oak Rldge National Laboratory Report, ORNL-
: CF-58-3-38, :
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'Fig. 12.42 Angular distribution of fission fragments (a) in
" the laboratory system and (b) in the center-of-mass
‘system as determined by counting the fission fragments
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125 Mev C12 + Aul97. Target 0.75 mg/émzq' The dotted’
line in part (b) shows_ail/sin@ distribution. The y

val ue used in the transformation to the center-of-

mass system was 0.228. -
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12.2 NUCLEAR REACTION PHENOMENA INCLUDING
. FISSION .AT HIGH BOMBARDMENT ENERGY

» 12.2.1 .TheJSerber-Model. It will simplify our discussion of the experi-
mental .data on ‘high energy fission and spallation of heavy element targets if
we first describe the prevalllng view on the mechanisn of high energy reactions.
It is well known that the BOHR compound nucleus theory ceases to be a
satisfactory model for nuclear reactions when the energy of the bombarding
particle becomes very high. For example with 50 Mev protons-as the incident
particles only.about-half of thevnuclear reactions go by the initial formation
of a compound nucleus for a heavy nucleus target. SERBERllZ«pointed'out'that«
at higher energies the collision time hetween the: incident particle and a parti-
cle in the nucleus is short compared.to the time between collisions of the
particles in the nucleus._ Thus, the first step in the reaction can be considered
to be the collision_of the incoming,particles withva single nucleon in the
nucleus. This collision will not be exactly analogous to the interaction of
nucleonsnin free space since the ‘Pauli principle will exclude those encounters
with small momentum transfers, hence the allowed collisions- will result in
| somewhat -higher momentum transfers. At high energles there is even a finite
probablllty that the bombarding partlcle will traverse the nucleus without
.any interaction i. e. the nucleus beglns to be transparent to the bombardlng
particles. When coll1s1ons 4o occur- the average momentum transferred to the
‘ struck nucleon is small perhaps of the order of a few tens of Mev. Since the
struck particles have much lower energy and shorter mean free paths it 1s:fyﬁ
rather likely that they in turn will undergo further collisions-and that_this
energy will be distributed over many nuclear particles thus contributing to the
excitdtion of the nucleus. The:incident particle in most cases will still
retain most of its energy after its initial encounter and is likely to emerge
from the nucleus without a_second‘collision. However, if the firsticollision
occurs near the center of the target nucleus there is -a chance that the bom-
barding partlcle w1ll make a second, a third, or even more collls1ons before

it is finally captured Or escapes w1th much-= reduced energy.

111, N Bohr, Nature 137, 34k (1936).
112. R. Serber, Phys..Rev. 72, 111k (1947).

—
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v This first part of the reaétion is reférred to as the nucleonic cascade,
the "knock-on" cascade, or simply as the cascade. It may consist of ‘a single
coliision or bf many collisions-including those made by the original'particle
and those made by the struck partiéles while escaping or being captured by the
nucleus. | N i
’ By the end of the cascade, which takes place in a'very short period of

time (~lO22 seconds), the interacting target nuclei will be converted to a dis-
tribﬁtion of product nucléi excited to a variety of excitation energies. There
are -a varie%y of possibilities ranging from the'bombarding particle emerging
with most of its:énergy intact ﬁo the loss of the entire incident energy to the
nucleus. B _ . '
n_The.éubserent disposition of the energy of excitation can be described in
terms of some evaporation model in‘which the nuclear excitation energy is dissi-
pated by suécéésive boiling of f of particles each With a few million volts of
_kinetic energy. For heavy element targets the evaporation of neutrons will be
much more'prdbablé than the evaporation of protons or of positively charged
cluéte}sxsuch as helium ions. 1In the cascade Step~the possibility of knocking
out a proﬁon'is of the same 6rder of mégnitude as that for neutrons. For heavy
eleﬁent targets it is quite possible that fission will oceur during the evapora-
tion phasé of the reaction. For targets such as thorium, uranium and heavier
elements fission competition might be expected to be severe at each stage of
the.evaporation prdcesé; Because of this and because the cascade process leaves
a mixture of nuclei at various levels of exCitation, a complex varity of
fiééioning nuclei will contribute to the observed mixture of fission products.
Radiochemicélvihvestigatiohs can provide only an average picture of the results.
Ionization chamber meaéurements.oflfission cross section also give only average
values and reveal nothing of the fission cross section of specific nuclei at
specific levels of .excitation. Some experimental. techniques do provide more
specific information. For example, Russian workers have studied fission_frag—
ments made visible in nuclear emulsions loaded with uranium salts and by
measurement of angular distributions, of cascade protons ejected from the target
nucleus,. and other chéracteristics they have been able to deduce considerable
information abouf the excitation energy at the time of fission. This 1is discussed

in Section 12.2.7.
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‘Some 51mplification occurs, when lighter targets such as bismuth and
tantalum are bombarded.. The fiSSionability of these elements is quite low and
only a small fraction of the nuclear species produced by the cascade and sub-
sequent evaporation processes will contribute to the observed fission products
In the absence of any clear cut information one can postulate the two extreme
mechanisms diagrammed in Fig. 12.L43. It may be that fiSSionability is strongly
determined by ZZ/A in this ‘case the evaporation process would proceed until,
after emission of many neutrons, an isotope of high Z /A is produced which
readily fissions although it has rather low excitation energy. For example,
GOECKERMANN and PERLMAN 13 explained their results for the fission of bismuth
with 190 Mev deuterons by postulating the evaporation of aboutAlO neutrons lead-
ing to the production of P0199, or a few nuclei around P0199, (with ZZ/A 435.5)
which then fission with a high'cross'section. An alternate extreme explanation
is that fissionability of nuclides in this region is a strong function of
excitation energy and that fission widths increase much faster than neutron
evaporation widths at high excitation energy. If this is the. case, flSSlOn w1ll
occur immediately upon completion of the "knock -on"- cascade ‘when the exc1tation
energy 1s the greatest. The fission fragments Wlll be much more highly excited
than in low energy fission and will then proceed to evaporate many neutrons.

It is possible to consider mechanism lying between these two extremes, i.er com-
petitioniof neutron evapOration and fission in a few.or in_all_stages of neutron
evaporation. ::In many experimental investigations the observable end results
will be the same whether neutron em1551on occurs before or after fiSSion S0
that two cases are difficult to distingu1sh. Various experimental observations

which seem to favor one mechanism or the other are discussed below.

-12.2.2 Monte Carlo Calculations of Nuclear Cascade. The SERBER formula-

tion of the initial cascade step of high energy nuclear. reactions lends itself
to quantitative calculation by the Monte .Carlo method of ULAM and.VON NEUMANN.ll'LL

115

GOLDBERGER outlined the application of the Monte Carlo calculation to this

113. R. Goeckermann and I. Perlman, Phys. Rev. 76, 628 (1949).
11%. S. Ulam and J. Von Neumann, Bull. Am. Math. Soc. 53, 1120 (1947).
115. M. L. Goldberger, Phys. Rev. 7k, 1269 (1948).
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Fission fragments
Evaporation of few neutrons

B decay to stability

Mechanism |

Fissioninzg nucleus _
High Z°/A - Target _ - Target .
Low excitation “C d . Highly excited °
®<Neutron ascade fissioning' nucleus
- evaporation ' - Cascade
_Fission ‘
Fission .

Fission "'frogments
Multiple - neutron emission
B decay to stability

Mechqnhni 2

MU-19413

Fig. 12.43 Two extreme mechanisms of high energy fission.
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problem. Many other authoxsll6 -L2k have used the method for a variety of
reaction conditions and each has added some refinements to the technique. Most
of the early published calculations involved laborious hand or desk top
computor calculation of a few hundred cascade events. The first serious attempt
to program the calculation for a high speed electronic computer was carried.out
by METROPOLIS, BIVENS STORM, MILLER, FRIEDLANDER, and TURKEVICHth with the
Maniac digital computor at Los Alamos. We shall outline their calculation as
an illustration of the method and quote some of their results:

The target nucleus was represented by the Fermi gas model. According to
this representation the ground state of the nucleus is considered to be com-
posed of ideal zero-temperature, non-interacting fermion gases of neutrons

and protons bound in a uniform potential wellf

- v | for r < nuclear radius

0 for r > nuclear radius. ' (12.13)

The Fermi-momentum dlstrlbutlon depends upon the effectlve density of nuclear
matter and on the temperature. 1In a simple potential well the solution for the

maximum Fermi momentum is

1 1 :
P = (ih /3 @ /3 - (12.14)
max Bn v ' .
where N = number of nucleons and V = the nuclear volume. The nuclear radius is
given by R = r, Al/3 where rovis evaluated as 1.3 x lO_l3 cm. For uranium the

116. G. Bernardini, E. T. Booth and 8. J. Lindenbaum, Phys. Rev. 85, 826 (1952);
ibid 88, 1017 (1952).

117. J. Combe, Nuovo Cimento 3, 182 (1956).
118. ©P. Cuer and J. Combe, J. Compt. rend. 238, 1799 (1954); 239, 351 (1954).
119. J. W. Meéadows, Phys. Rev. 98, Thh (1955).
120. H. McManus, W. T. Sharp and H. Gellman, Phys. Rev. 93, 924 (1954).
121. G. C. Morrison, H. Muirhead, and W. G. V. Rosser, Phil. Mag. Lk, 1326 (1953).
122. H. Muirhead and W. G. V. Rosser, Phil. Mag. 46, 652 (1955).
123. G. Rldstam, "Spallation of Medium Weight Elements" Thesis, Uppsala‘(l956).
124. N. Metropolis, R. Blvens, M. Storm, A. Turkevich, ¢ J. M. Miller, and
G.

Friedlander, Phys. Rev. 110, 185 (1958); 110, zou (1958).
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-Fermi energies of_the'protbns and neutrons .are 24.0 and 32.7 Mev respectively.
The idéal zero-temperature.Fermi gas distribution of nucleons is assumed during
the development of the‘internal nucleonic cascade. The Fermi gas model
supplies data on the momenta of struck pafticles and specifies which collisions
are forbidden. -Experimental data on total scattering cross sections for

reactions of the pn, pp or nn type were computed from formulae of the -type

o =% + 2 +C - (12.15)

pa- g g

; velocity .of particle
where B = o Cq of light

and-A, B, and C are empirical constants adjusted to give the best fit to experi-
mental data for the particle-particle cross se‘ctions.125
.The -angular variation of the nucleon-nucleon cross section was .expressed

Dby the relation,

do iy

= o + B cos30 + 1) (12.16)

= K(A cos

vhere A, B, €, are empirical constants chosen to give ‘the best fit over the
energy region studied. .The constants were put into the computor in the form
of a téble. | ‘

.Binding energy was tsken into account by using an average binding energy;
for bismuth and uranium targets average binding energies of 6.4 and 6.1 Mev,
respectively, were used for the loosest nucleons. This corresponds to the
binding energy of a particle within the nucleus with the maximum Fermi energy.
An incoming particle increases its kinetic energy while an outgoing particle
(neutron or proton) decreases its energy by this amount.

For incident protons or neutrons below 300 Mev in energy the only collision
processes .considered Were-elastic nucleon-nucleon collisions. Above 300 Mev
1nelast1c collisions leading to me son productlon become increasingly important
and serious errors would be made by ignoring thelr existence. -Data on meson
production cross sections, meson multiplicities, angular correlations, charge

exchange reaction probabilities, reabsorption probabilities, etc. are not.well

125. A good general summary of hlgh energy nucleon-nucleon cross section data
is given by W. N. Hess, Rev. Modern Phys. 30, 368 (1958).
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known so that it is hard to program an accurate computation of the cascade pro-
cess for this energy region. Nonetheless, the computations were extended to
cover the energy region 300 Mev to 3 Bev because of the 1nterest in radiochemical
‘analysis of targets bombarded with such high energy particles Meson effects
’werevallowed for in the following simplified way. Simplified cross section

" formulas as a function of energy were introduced for one pion and two pion
production — neutral and charged; no higher multiplicities were considered. In
pp or np collisions in which mesons are produced the momentum was assumed to be
shared equally among the 3 or 4 particles. The cross section for the elastic
collision: of mesons with nucleons in the nucleus, for reabsorption of the
mesons, and for charge exchange reactions were introduced in the form of simple
tables. | ' '

.The sequence of operations in the Monte Carlo machine calculation is dia-
grammed in Fig. 12.44 for the case of incident proton energy below f-meson
production threshold. The incident particle parameters are Input data choices.
The point of entry of the incident particle into the nucleus is chosen randomly.
The distance of travel is next chosen by random number selection with the
possible dlstances appropriately weighted by the mean free path expression
obtained from the free nucleon cross sections. The collision site must then
be examined to see whether it is still within the nucleus. If it is not,
the event is tabulated as contributing to the nuclear transparency cCross
section. If 1t is, the characteristics of the struck particle and the relati-
vistic kinematics of the collision must be computed The collision is then
' examined to see whether it is permitted by the Paulil principle; If it is not,
the particle is returned to the collision site and given another chance to
escape the nucleus or to undergo another collision. If the collision is
allowed the individual nucleons or pions emerging from the collision are.
allowed in turn to undergo additional colliéions until they escape from- the
‘nucleus or are so reduced in energy that-they are captured by the nucleus. It
is necessary to decide how far the energy degradation of any particle should.
be followed before the particle may no longer be regarded as a cascade
particle. This so-called "death energy" was taken arbitrarily in these calcula-
tions to be that klnetlc energy a proton would need to escape the potential

barrier. For uranium the coulomb barrier is 16.5 Mev for a nuclear radius
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Fig, 12.4h

1.

2.

.

D

6.

7.

Point of ‘entry into nucleus chosen.

Distance of travel chosen on basis
of total cross sections and nuclear
composition, i.e. position of colli-
sion ‘established. ’

Position of collision examined to
see if it is inside the nucleus
or rot. : o :

)

If inside, the partner is chosen:
(a) Nor P ' ‘
(v) its energy -

(&) its direction of_motioni(p,¢)‘

-Collision mechanics are carried out
relativistically choosing an appro-
priate angle, @, for the collision
and calculating out energies and ...
‘directions of motion of resulting

particles in the laboratory system.

"Forbiddenness” of ‘collision is ex-
-amined, i.e., whether either of the
resulting particles have energies
less than the corresponding Fermi
energy.

Ta.

If "allowed”, one particle is
stared for later treatment and
the other is followed. '

Yb, .

‘haff
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A new stored particle is
selected (see 7). If no
stored particles are left,
g new cascade is started -
with a fresh incident
particle (box 1.)

If outside the nucleus,
the nucleon has "escaped'.
Energy and direction of
motion of escaping nu-

* ecleon are noted.

If the collision is
"forbidden" a new dis-
tance of travel is calcu-
‘lated (from point of for-
bidden collision) for the
cascade particle (box 2)

Block diagram showing sequence of operations in the Monte Carlo calculation
of thelgﬁgh energy knock-on cascéde performed on the Maniac by Metropolis

This diagram is for incident neutron or proton energies below the
7 meson production threshold. : )

et al.



ﬁCRL-9o65

parameter of 1.3 x 10-13 cm. To this must be added the Fermi energy and the
binding energy, totaling in all 50.9;Mev in the case of uranium. The same
cut-off énergy was. used for neutrons.‘ When the energy of any particle is
reducea to the cut-off value it is-assumed to be captured and the kinetic
energy is‘coﬁsidered to contribute to the excitation energy of the residual
nucleus. The final excitation energy of the residual nucleus is a summation
of the kinetic energy of cascade particles at the time of capture and of the
"hole energles of ejected particles.

In the case of incident particle energles above the meson threshold the
» blockAdlagram for the calculation took on an additional complexity. -At each
nucleon-nucleon collision site it was necéssary to make a random seleétioﬁ :
from properly weighted choices of alternate collision processes; elastic
scatter, single meson production or double meson production. If a meson was
produced it was necessary to determine its fate by the possibié processes .of
élastic scatter from nucleons, charge exchéngé with a nucleon, reabsorption,
_or escape. -A two-dimensional representation of a typical nuclear  cascade in-
volving meson production is shown in Fig. 12 45,

Even from this abbreviated descrlptlon it is easy to reallze that a com-
plete cascade calculation is a very compllcated process. Each step in the
calculation is relatively simple but. the numérous steps-and the necessity for
recording and correlating information for thevmany cascade particles developed
in the cascade makeé the overall cbn@utatiénvquite involved. The average length
of time taken for each event by the MANIAClcomputorfwas about 5 seconds.

‘Let us now consider the information which is obtained from the computation;
it is the following: ‘

The nature and energy of the particle going intd the nucleus.

The number of collisions inside the nucleus.

The nature and number of the outgoing particles.

The energy and the angular distribution of the outgoing particles.’
The atoﬁic number and mass number of the residual nucleus.

The excitation energy ofvthe-residuai nucleus,

e ) WA ) T — i OV B L B o

The momentum of the residual nucleus both forward and transverse.
These Monte Carlo calculations were run for several representative target

elements and for many choices of bombardment energy. One thousand cascades
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{1} -041,0,069)
{2).(-0.11-078019)
{ 3} 014, 073049)

1

MU~-19380

Fig 12.45 Typlcal cascade for a high energy proton, v = 1.77,
' -striking a heavy nucleus. Collision {l]

‘is an allowed collision (indicated by black circle) with -

a neutron of the type P+ Nox~ + P + P. Both protons
escape although one collision is considered. but rejected

as forbidden (open circle labelled F). . The pion encounters
a proton {2} and charge exchange occurs. =~ + P - N + .
The neutron escapes while the pion is reabsorbed at site
{3} - at o+ (N+N) - N+ P. A collision is considered for
the outgoing proton and rejected as forbidden.
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were calculated for each combination s0 that good statistical sccuracy could
be obtained. The element,ruthenium_was chosen és a "stand-in" for AgBr so
that the numerous emulsion data could be compared.with the Monte Carlo
calculations. ‘ , : _

7 A complete fabulatibn of all the results would have been too lengthy for
journal publication so METROPOLIS.and_CO4WORKERSlzu published only average.
results of a number of important qpantities. We now considér a sampling of
these.

Nuclear transparency is defined as the‘difference‘from unity of the ratio
of the experimental inelastic cross section to the geometrical cross section.
Calculated transparencies for bismuth and uranium nuclei are listed in Table
12.15. While these ‘transparencies are appreciable, they lie within the error
of most éxperimentai measurements and hence are hard to verify. This
difficulty stems not only from the experimental errors involved in a measure
of total inelastic cross sections but also from the uncertainties in the choice
of nuclear radius in estimating the geometrical cross section.

The calculated characteristics of the cascade particles can be compared
with experimental measufement of ‘the same quantities made by emulsion or counter
techniques. The important characteristiés are: the number of emerging cascade
particles per cascade event, the neutron to proton ratio of these particles,
their energy and angular distribution.v For incident proton,or neutron energies
below the range of significant meson production the agreement of the calculated
and experimental_valﬁes is rather good and provides one with some confidence
that the basic assumptions .of the cascade caléulation are correct. For higher
energy cases the agreement with the very limited experimental data is only |
fair which suggests that the ihput data_and/or the approximations used for the
Monte Carlo calculations need improvement. '

The calculated_variation in the average number of escaping nucleons as a
function of target nucleus and energy of the bombarding protons is presented
in Figr. 12.h6(a), (b) and (c) for proton energies below 300 Mev. Figure 12.L7
‘shows the calculéted.average'number of cascade nucleons per inelastic event for
three target elements across the whole raﬁge of ‘proton energies.

The calculated neutron-to-proton ratios of the outgoing cascade particles

are presented in Table 12.15. We note that this ratio increases with the size
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Table ii..5 CalculétédANﬁcieardTraﬂsbaféhéies‘

4

Target . Energy of incident protons (Mev) - N
nucleus 8 . . 235 .. . 286 . . 460 940 1840 -
Bismuth 0.06 : - 0.05 - .08 .05 .03
‘Uranium 0.06 .08 : .07 1.03 .0k
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" .Table 12.15 Calculated‘Neutron/Protoanatio of Emerging Caécade Particles

Bombarding . o | L , .
energy(Mev) Al _Cu - Ru. ~Ce __Bi U
| - . Incident brotons\
82 0.84 1.0b  1.20 1.82 1.67  2.08
158 —~ 096 115 'g-, - 1.96
239 0.7k ©0.93 1.10 1.43 - | ‘i.6l.yw
. 290 -~ 100 122 - 1.6k -
365 - 1.00 o - 1;33’ - -
460 0.79 1;02_ | 116 143 1.59 1.89
690 — 1.2 - S
oko - 116 122 - 1.89 2.00
1840 0.92 0118 1.25  1.56 1.75 2.08
. Incident neutrons | o
g2 - 1.82 2.43 280 .= == k15
156 - 1.93 - - - --
236 - 1.72 2.11 '2;23 -- -- ' 3.28

286 - 2.04 — e --
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12.46 Calculated average number of

‘(a) Cascade nucleons
(b) Cascade protons

(c) Cascade neutrons

per nuclear interaction as a function of the target
nucleus in proton bombardments at various bombarding

us, : 12k
energies up to/about 300 Mev.

From METROPOLIS et al.
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AVERAGE NO, OF CASCADE NUCLEONS

008 O 02 03 04 06 08 10 2.0
‘ _Tp(BeV)

MU—=19335

Fig. 12.47 Ave;‘age number of cascade nucleons per inelastic .
event plotted as a function of incident proton ener%ﬁ
for three target elements. From METROPOLIS et al.l
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of the target nueleus lt is interesting to note that for uranium, where the

cascade has the best chance to develop, the average ratio of neutron emission

to proton emission is, over the whole energy range greater than the neutron to
proton ratio in the target nucleus.

The caleulated average numbertof cascade pions emitted ner.inelastic event
is shown-in Fig. 12.48. Pien production is strongly dependent—upon the bombard-
ment.energy but only weakly dependent on the mass number df the target nucleus
probably because the increase in pion production with 1ncreas1ng nuclear 31ze '
is compensated by the decrease in the probablllty for escape of the pions.

There are very few experimental data avallable 10 compare with the values given
in Fig. 12;h8, Probably the absolute values are somewhat inaccurate because of
the crudeness of the input data on pion produetion but the general trends should
not be signifiéantly changed by more refined input data. We shall not review
here the many details given by METROPOLIS and. CO-WORKERSth on the proportlon

of the various pion charge states, and on the angular and energy distributions
of the emerglng pions, protons and neutrons l

The .calculated dlstrlbutlon in numbers of cascade partlcles can be used to
prepare curves on the relatlve frequency-of different changesin mass number of
the target nucleus at the end of the cascade part of the high energy interaction.
Data on uranium targets are presented in Fig. 12.49. The curve for A = 239
gives the fraction of cascade leading to compound nucleus formation. This
fraction decreases sharply with energy. One-partiele cascades,vA2,= 238, are
the dominant mode of interaction from 90 to 200 Mev incident particle energy.
Above 200 Mev cascades with two or more partlcles out become quite 1mportant

" The energy of excitation of a res1dual nucleus at the end of the fast
cascade can be de51gnated as-E ‘and computed by summing the "hole" energies in
the‘degenerate nucleon gas and the kinetic energy of the excited nucleons. This.

'is equivalent to calculating itvvia’the formula
) m o . ) . ]
E =T - Z T, - (m-1)B ,(12.17)
i=0 -
where Tz is the energy of the incoming particle (lab system),Tz.iS the energy

of an outgoing cascade particle, m is the number of oOutgoing particles and B
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Fig. 12.48 Average number of pions .(6f all charge states)
emitted per inelastic proton interaction with various
target nuclei. ' . : :
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) ‘c Protons on y23s
S _ —
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MU-19334

Fig. 12.49 Csdlculated yields of a given mass, Ay, as a result
of proton-initiated nuclear cascades in uranium targets.
From METROPOLIS.1Z4 / '

Ordinate: fraction of total inelastic cross section. .
Abscissa: proton bombarding energy in Mev.
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is the average binding energy of the m outgoing nucleous. The average
excitation energy as calculated by this formuia is given in Fig. 12.50.

Four striking features are apparent-from this figure. |

(1) Incoming protons (or neutrons) with greater than 100 Mev kinetic
energy leave on the average only a.fraetion of their kinetic.energy as excita-
tion energy in the residual nucleus. This’is perhaps the single most striking
feature of the whole'eascade model of the initial step in high energy nuclear
reactions. . This effect is most noticeable in the light elenentS’but even for
uranium less than half the energy of the ‘incident particle is transferred te
the target nucleus : '

-(2) . The average ex01tation energy at any given bombarding energy increases
with the mass number of the target nucleus.

(3) The average excitation energy increases only slowly with the incident
particle energy for energies below 350 Mev. v

(4) The average ekcitation energy increases relatively rapidly with
incident energy for incident energies above about 400 Mev.

The last feature is a result of the onset of meson production The meson
1nteractions with the nucleus provide a more efficient energy transfer mechanism
than the purely elastic nucleonic cascade because in nuclear matter the scatter-
ing mean free path of a pion created in a nucleon-nucleon collision is generally
shorter than that of the nucleon that preduced the pion. Furthermore, the pion
has an appreciablevprobabimity of being reabsorbed. There’is some evidence that
the energy'deposition as given by Fig. 12.50 is overestimated at the highest
proton energies which again is a reflection of the uncertainties in the input
data There is no question however that meson processes play a significant role
in the energy. dep051tion process for the. higher energies.

Another characteristic feature of the cascade model is that there is a
broad distribution in excitation energies around the average value of Fig. 12.50.
.One can get some idea of the breadth of this distribution by an examination of
Fig. 12.51 which shows the calculated gross distribution of excitation energies

*
N(E") for various elements at different proton bombarding energiles.
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Fig. 12.50 Calculated average excitation energy E in
various target nucleiiss a function of proton

bombarding energy TP. : :
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------ 238Mev
-——- v368Mev
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MU-19385

- Fig. 12.51 Calculated gross distribution of excitation
' energies, N(E"), for cerium, bismuth and uranium at
different proton bombarding energies. (Compound 124
nucleus cases not included.) From METROPOLIS et al.”
Ordinate: N(E¥*) in units of (10 Mev) L
Abscissa: Excitation energies, E*, in Mev.
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12.2.3 yonte Carlo Calculgtigns of the Evggggation Caggige. At the end
of the nucleonic cascade the target nucleus has been converted to a highly -
excited nucleus with a different compositionfdfﬂneﬁt?ons and protons. We now
turn to the task of considering how this excitation. energy is disposed of in
thefelower ‘second stage of the reaction. We consider first the evaporation

‘of nucleons -or groups of nucleons.

126 127 original

Most treatments of evaporation are derlved from WEISSKOPF'S
treatment of the problem. An 1mportant.contributlon to the theoretical,anelysls
of the evaporation de-excitation of nery highly excited nuclei was made by LE '
COUTEURI?8 who was interested in explaining photo emulsion data taken on high
energy cosmic rays. He treated the de-excitation of nuclei excited to the
range 300-800 Mev. FUJINOTO and YAMAGUCHT -2 30

analysis. Since excitation energies of the same order of magnitude are now

also contributed to this

achieved in target nuclei bombarded in laboratory accelerators, the analysis of
theievaporation_de-excitation_of»highly excited nuclei has taken on a new
importance. T

Evaporation treatments usually start with the ‘WEISSKOPF expression

o)ty ® oelE)

2 (Ei‘)

dE (12.18)
LS fﬁ? Ps '

mj(E) dE =

- where v 4

mj(E) is the probability of emissionlof particle j with an energy between
E and E + dE.

Ei is the excitation energy of initial nucleus :

Ef is the excitation energy of final nucleus. after emission of particle j

gj is the-anguler-momentum degeneracy..

126. V. Weisskopf, Phys. Rev. 52, 295 (1937).

127. .Blatt and Weisskopf, Theoretical Nuclear Physics ,John Wiley and Sons, New York, 195

128. K. J. Le ‘Couteur, Proc. Phys. Soc.. (London) 63A, 259 (1950); ibid.
654, T18 (1952).

129. Y. Yamaguchi, Prog. Theor. Phys. 5, 142 (1950)

130. Y. Fujimoto and Y. Yamaguchi, Prog. Theor Phys h, 168 (l9h9);'
ibid. 5, 76, 787 (1950).
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*m. is the mass Of the particle o
(E ) is the level density of the- nucleus after evaporatlon when the
nucleus 1s left with exc1tat10n energy E '
pi(Ei) is the level density of the initial nucleus at-excitation.energy
k..
i : .
G(E) is the cross section for the reverse reaction. .For neutron evaporation
Oy i8S equated with the geometrical cross section o . . For -
(E) , geom
charged particle.emission.o(E) is set equal to zero for E_<'Vj,
where Vj is the potential barrier for particle J. For'E>‘Vj the
quantity o(g) maY be set equal to - (l-Vj/E). The selection -~
of ‘a proper value of V. is influenced by barrier penetration effects
and by possible lowering of the barrier at large excitation energies.
Crucial quantities in the above expression are the level densities pf(Ef)
and pi(Ei). To evaluate them it is necessary to assume some nuclear model.

If the Fermi gas model is chosen, a suitable expression for the level density

may be the familiar Weisskopf expression,

o (B) = C exp (2(a)™ %) - (12.19)

where C and a are constants to be evaluated emplrlcally Odd-even effects may
be included by using different values of C for dlfferent nucleon types or by
computing the excitation energy from a corrected ground_state which is dis-
placed upward by varying amounts from the true ground state. ‘

) If one selects explicit level density expreesions and .a set of constants
for the calculation of O(E), it is a simple matter.to_calculate.the probability
of emission of a neutron, a proton, an alpha particle or some other group of
nucleons for a given initial'ekcited nucleus. -Since we are discussing very
high excitation energies, the emission of a single particle will leave the
resultant nucleus with still sufficient energy to continue the evaporation
process. In practice fhen,'what one really wishes to know is the integrated
probability‘for the emission. of various partiCles or particle groups over a
whole sequence of successive evaporations until the excitation energy is reduced
‘below the point where anyvmorevparticles can be lost. For a particle, j, of a

given type,”the total.emissien probabilityiwill be
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P, =f (E) GE = f | ‘f(g) j n (B, p'ff(:f @ o (12.20)
vy 3 n A o pi(Ei) ,

Where the limits of integration are set by'
_ Vj the potential barrier, corrected for penetration of the particle j
Ei the excitation energy of thevinitial nucleus

Q the separation.energy of the particle j.

Thisiintegration over the entire de-excitation process can be done
analytlcally or by a Monte Carlo type method. ,LE‘COUTEURlZS and FUJIMOTO and
yamagucT 22 130
severe approx1mat10ns and to .assume stationary values for some of the variables
in order to réduce the calculation to tractability. RUDSTAM131, DOSTROVSKY ,
RABINOWITZ and BIVENS'3’, and FRIEDLANDER, FRAENKEL and DOSTROVSKY > decided

on the other hand that the Monte Carlo method was ideally suited to this

used the first approach but found it necessary to use some

problem since the various probabilities can be calculated afresh .after the
emissioncdf each individual particle, and the necessary nuclear constants can
be adjusted to the most,appropriate values for each step of the evaporation
_cascade' Let us examine briefly how the Monte Carlo method is applied and what
1nformatlon it prov1des.

At each stage of the evaporation sequence we have two questions to ask:
(1) What particle is evaporated?  (2) -With what energy is that particle

evaporated?

131. G._Rudstam,;"Spallation‘of'MediumﬂWeight,Elements”, Thesis, Uppsala, 1956.
132. 1I. Dostrovsky, P. Rabinowitz and R. Bivens, Phys. Rev. 111, 1659 (1958).

133. G. Friedlander, .Z. Fraenkel and I. Dostrovsky, Phys. Rev.116:,7383;, (1959)
. This paper is a continuation of the work described .in reference 132 .and
represents a more sophisticated treatment of the evaporation equations
and of the parameters used therein. The calculations were compared with
about 60 exiltation functions for nuclear reactions in the mass range
_Cr to Se and the energy range < 50 Mev. While both the mass and
energy range are much lower than we are discussing here, this paper. is
highly pertinent in that it establishes the general valldlty of the sta=
“tistical evaporation model.
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To answer the first question we may use expressions of the following type
for the relative probability of emission of two pafticles'i and j.' This
: : ol
equation is given by DOSTROVSKY, RABINOWITZ and BIVENS 3z

~work of LE COUTEUR.l28 The expression is based on the statistical model of a

who base it on the

degenerate Fermi gas and on the WEISSKOPF level density formula.

P g.m (R a,- . ' : : .,
E U U Y B ] , /2 2.1 -
TRTEACT so o ap)e -Gy G

In this expression the constants aj.are defined by the WEiSSKOPF exﬁression
given above as Eq. <12fl9) gnd Rj is the maximum value of the excitation which
a nucleus may possess after evaporating a particle j '
Ry =E, - Q - v _u(12°?2)
where Eo is the excitation energy of the nucleus before évéporation,‘
Qj is the binding energy of partiqle J to the residual nucleus,“and:
V. is the coulomb barrier for particle J suitably corrected for barrier
penetratioﬁ. ' , o
The Qj‘s can be evaluated for each case in various ways} The most.suitable
is_to’use‘experimental values when they are available and to use some -@ppro-.
priate semi-empirical mass formula when they are not.
The evaluation of the constant, a, is perhaps the most important and
most difficult step in the use of the -above .equation. It would take too much
space to discuss critically all the experimental data relating to an evalua- ‘
"tion of this level.density parameter; the reader should .consult DOSTROVS_KY132
and. the papers citéd,therein for more information. Let us just say that one
choice that seems as appropriate as any on‘the basis of present information ié
~ the following: . _
Let a.be equal to A/;o, that is to one-tenth the mass number. Then
correct:this for the néutron excesé of the nucleus. LE COUTEUR formulates

this dependence in this:way:
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222 a3 0/
ag/z = al/z (1 + 1.3 o/a)
aé/? - at? (1 - 1/2 a)
ai/? ,=.al/2'(1 - 1/A -1.3 e/n), (12.23)
'éHe3l/2=al/2 (1 - 1/8+ 1.3 o/A)
%a =_a;/2 (1 -3/24)

where © = .neutron .excess = —i—

To answver. the second .question concerning the'energyvof the evéporated'

particle, we turn again to WEISSKOPFL26’who has shown that the kinetic energy

of neutrons emitted from a given nucleus follow approx1mately a Maxwellian dis-
trlbutlon determined by an approprlate nuclear temperature. The evaporated
charged.partlcles will also have a Maxwelllan.energy_dlstrlbution but an
additional energy:equiValent to the Coulomb.barrier must be included.

. The sequénce of steps in the Monte Carlo calculation is the following:
An.initiei nucleus with & definite excitation energy is chosen. The appro—
priété:parametefs for the probability equations (12.19) given above are chosen
‘for this particular nucleus and the relative probability for thelemission of
neutrons, protons; deuterons, tritons,.etc.'are computed. The sum of these
probabilities.is normelized to the value 1'and by a random number selection
_between 0 and 1 it is decided which particle is emitted. " The energy of the
emitted partlcle 1s then selected by a random number selection from p0551b111-
‘ties which are properly weighted to conform with the expected Maxwellian
dlstrlbutlon.of the energy. Then new values'of Z, A and excitation energy are
compubed, an adjustmentxis3made if necessary, in the choice of the evaporation
parameters and a new dec131on is’made by random number selection on the type of
vparticle to be emitted and on its energy. This process is repeated until the
initial excitation energy is almost all removed. At the very end of the cas-
cade it mlght happen that some particles'are eliminated as evaporatlon
p0351b111t1es ‘because their RJ valies (Eq. 12.22) are no longer positive. It

also mlght.happen,that the ‘random number choice of particle energy might be
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greater than that available from the residual excitation. This choice is then
rejected and new random number choices are tried’ until a combinatlon is found
which permits the last evaporation to take place .. This entire. sequence con-
stitupes one evaporation‘cascade event. To achieve any statistical significance,
it is necessary to carry through such operations for hundreds of cascade events.
RUbSTAﬂ%Bl used simple roulette wheels for his random number selections and
by a combination of graphical techniques and hand calculations, carried through
evaporation calculations for a series of medium weight nuclei excited to a
series of initial energies ranging from 25 fo’l65 Mev. DOSTROVSKY, RABINOWITZ
and BIVENS132
called the WEIZAC and were able ‘to compute.l000 cases each for a wide variety

coded.thevwhole problem for the high speed electronic computor

of initial nuclei. They were also able. to 1nvest1gate the effect of different
choices of the evaporation parameters. It is beyond the scope of this chapter
to give a summary of these results andee{w1sn,only to state what type of
information is obtained. ' o o

The most complete tabulation would show for each cascade event and for
each iteration step the nature of the outgoing, particle, its kinetic energy
and the residual excitation energy. of the new nucleus For most purposes this
1is more detailed than is needed and a -more manageable and useful tabulation‘
simply summarizes for each series of cascades

1. ‘the average number of each type of eavporated particle, -

2. . the average energy spectra for each type of'particle, and

3. the A, Z distribution. of the residual nuclei

r.An example of a.typical summary is given in Table 12. 16

In pr1nc1ple, all three of these items can be compared With experimental
data. - However, the calculation refer tO'wmnidealized case of a given nucleus
with a definite unique excitation. In almost every real high-energy experiment,
we must deal with'a”range of nuclei, each.with a distribution of excitafion
energies. The most detailed comparison of theory and experiment>can be made
if the Monte Carlo calculations of the high energy cascade and the evaporation
stage are combined. This can be done by applying the evaporation calculation
to the main group of excited nuclei prev1ously calculated for the high energy
cascade and combining the results with proper weighting factors. One can thus

predict the number, angular distribution, energy distribution, and nature



UCRL.-9065

-146-

Table 12.16 Typical Summary of Evaporation Calcula-
tion for a Heavy Element (from Ref. 132) '

Case::Pa231 with initial excitation 450 Mev

AVerage Number of Specified Particle per 100 Cases

n 23.1

P 3.6

a 1.0

t . 0.5
He3 0.05
o 1.8

Average Quantities per lOO Cases

Aver. number particles evap. - 30.k4

 Aver. mass number change | _ 37.9

Aver. number charged particles | - 6.9

Aver. change in Z ' - 8.8
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(neutrons, protons," deuterons, ete. ') of the knock- on partlcles and of the
avaporated particles. The evaporated. partlcles will have isotropic distribu-
tions in the center of mass system of the struck nucleus and much lower average
energies so that they can often be dlstlngulshed from the cascade particles in
emulsion studies. One can also predict the yields of the end products of the .
two stage process. These in general will be radioactive nucléi whose yields |
" can be determined radiometrically. We have mentionea above the fact that
emulsion studies of;thethigh energy protons agree remarkably well with the
vpredictions of the knbck-on cascade. Many studies have also been made of the
low energy protons in cdsmic ray stars or in accelerator experiments. LE
COUTEUR128 found rather good agreement between his calculations and the energy
distribution of protons from high energy cosmic ray stars. ~BARKAS and his ’
co-workers 13- 38 ‘have made a.careful study of charged partlcles ejected from
various targets bombarded with high energy protons; deuterons and helium ions

in the Berkeley 18L-inch cyclotron. In these experiments the particles emerg-
ing from an internal cyeélotron target traveled in different spiral paths in the
"magnetic fieldbof the cyclotron before entering nuclear emulsions. The particle
trajectories as defined by a slit system, the position of the track on the
plates,-and.the characteristics of the tracks themselves were used to distin-
guish protons from deuterons, tritons, helium-three_nuclei, a;pha particles,

and heavier aggregates and to measure the energies of each. Neutron abundances
and energies were alsc recorded by proton recoil tracks in emulsions. These
studies provide a wealth of detailed information on the identity, populations,
momentum distributiohs and angular distributions of light particles which can

be compared with the predictions of the model Jjust reviewed.

13L4. W. Barkas and H. Tyren, Phys. Rev. 89, l.(1953).
'135. R. W. Deutsch, Phys. Rev. 97, 1110 (1955).

136. E. Bailey, Thesis, University of California Rad1at10n Laboratory Report,
UCRL-333L (1956), unpublished.

137. E. Gross, University of California Radiation Laboratory. Reports,
UCRL-3330 and UCRL-3337 (1956) unpublished. Y

138. Gilbert, University of California Radiation Laboratory Report,
UCRL-2771, unpublished.

o
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“DOSTROVSKY , FRAENKEL and’WINSBERG 139 made just such a comparlson with the
experimental data of BAILEY 136 and GROSS137 for targets of nickel, silver and

>gold bombarded with 190 Mev protons. For‘computational purpbses, the spectra

of excited nuclei produced .in the knock-on cascades were estimated from the

calculations of METROPOLIS and co-workers.l.zlL ‘These distributions in Z in A

and .in excitation energy were then used as a starting point for an evaporation

calculation of the charged particle~emissioh using the detailed approach

developed by DOSTROVSKY,,FRAENKEL’and FRIEDLANDER.133' Table 12.17 compares the

experimental cross sections for neutrons, protons, deuterons, tritons, helium-3
nuclei and helium-4 nuclei and the theoretical values based on several choices
of the nuclear radius .and level density parameters. The experimental values

for the forward hemisphere iuclude.cascade as well as evaporated particles so
that the particles observed in the backward hemisphere should be compared with
the calculations. The agreement is not spectacular but it is impressive that
the order of magnitude ofithe-predicted cross sections is about right. However,
the predicted energy spectra of the evaporated particles is not in good agree4
ment with thefexperiment. The shapes of the spectra are similar, but the whole
theoretical spectrum is displaced many Mev in the direction of higher energies
Figure 12 52 1s .a sample comparlson taken from the many published in the cited
reference. This predominance of low-energy charged particles has been- observed
in other elements by FULMERand.COHEN139 and by others. This disagreement

cannot be patched up by any reasonable change in the radius and level density

\

parameters. It may be that the replacement of the sqmuE'well nuclear potential
by one with a gradual drop off will improve matters somewhat. Another needed

ma jor correctien to the theeretical calculation is based on the.recognition that
the inverse reaction cross section, which is an important factor in the basic
evaporation equation (see Eq. 12. 16), should be calculated for the 1gteractlon
139,139%a

of a charged particle and an excited nucleus Several authors have

discussed this point. In the work cited here, DOSTROVSKY "FRAENKEL and WINSBERG

recalculated their results with an energy dependent Coulomb barrier of the form

139. I. Dostrovsky, Z. Fraenkel and L. Winsberg, submitted for publication
Phys.. Rev. (1960). See also Report UCRL-8963, Nov. 1959.

139a. C. B. Fulmer and B. L. Cohen, Phys. Rv. 112, 1672 (1958)..
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Table 12.17 (cont'd.)

KKK
"The value given here is that.df Metropolis et al.

*, . 4 ..136 137 i
Results of L. .E. Bailey .and E. Gross the experimental neutron cross
sections do not include prompt-céscade neutrons, accotding to Gross.

*% o n . 139
Calculations of Dostrovsky, Fraenkel and Winsberg. »

L2k divided by 2x, since it

is assumed that the prompt neutrons go into the forwardvhemisphere. F refers

to the Fermi unit, 10-13 cm. The letter, a, is a level density parameter.
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Fig. 12.52 Data of Bailey on the alpha particles emitted in
the backward hemisphere (©1gp = 100 to 180°) from silver
targets bombarded with 196 Mev protons. Theoretical
curves based on the evaporation calculations of
Dostrovsky, Fraenkel and Winsberg. Figure from ref. 139.
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= KV / (L + ) . o (12.24)

where VO is the classical .Coulomb barrier and Er’ the residual excitationrenergy.

The recalculated spectrum of alpha particles, shown as a dotted line in Fig.

12.52~ gives a much better fit with experimeht. .The parameters which give this

better fit to the energy data, however, result in.arpoorer £it to the experi-
mental cross section values as shown by the entries in Table 12.16 labeled

r =1.7F a= A/20 (corr.) The calculated emission of deuterons, tritons,

'He3 and He is too high while with this correction that of the neutrons is too

low. _ _ _

‘Such difficulties show that closer attention to .many of the explicit and
implicit assumptions of the evaporation treatment is required if satisfactory
agreement is to be obtained with experimentally determined quantities. On the
other hand the general agreement is good enough to indicate the basic correct-

ness of the statistical evaporation'theory approach.

12.2.4 ,§Rallation-Fission Comgetition in the Evanration Cascade. In high
energy reactions fission contributes significantly to the observed cross section

not only for the heaviest elements but also for many elements much lower down in

_the periodic'chart,,such as gold, tantalum, or silver. Some of the pertinent

cross section data for these moderate weight elements: is mentioned in Section

12.2.6 below. In view .of these facts the evaporation calculations will be in-

complete_and misleading for heavy and moderately-heavy elements unless the
possibility for fission competition is included. -It is very difficult to do -
this properly becausevthere is no clear theoretical guidance on the fission widths
of excited nuclei or for the I' /F ‘ratio particularly for excitation energies
ranglng up to hundreds of Mev. In the earlier sectlon 12.1.4 the competition of
f1s51on with neutron emlss1on for excitation. energles ranging up to several tens
of Mev is discussed and it is shown there that certdain conclusions on the
qualltatlve and qpantltatlve features of this competltlon can be deduced from
experlmental data. For ex01tat10n energles of hundreds of Mev the 81tuatlon is
much less clear. ‘ '
Two rather dlfferent approaches 1o this problem were taken in the two

studies to be dlscussed next.
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DOSTROVSKY, FRAENKEL and RABINOWITZ'S”" used & semi-theoretical approach.
They went back to thevBOHR-WHEELERlMQ paper to find an expression of the follow-

ing form for the fission width:

. E-E ) _
f . . i . . .
r -4 w (E-E.-¢) de - (12.25)
£~ 2x o(E) SRpTES SR S e

wherelﬁ(E) level density of excited nucleus before fission

o (E) = level density of nucleus at saddle point
' Ef = fission barrier, given‘by ESAZ/3 f(x) where Eslis surface energy,
A is mass number and f(x) is a function of (ZZ/A)/(ZZ/A)‘crit.
The width for neutron emission was taken by these authors from WEISSKOPF.126
£ -E . -
A n I - : :
_ ! gm\‘ . o o V) )
r,="% f c(,EA,e) T3 € exp ((SB(EA E €) SA(EA)> de. (12.26)
. T A . , g . o
o} . ‘ .
where E, = excitation energy of initial nucleus A
E = neutron binding energy .

n
-G(EA,e) = cross section for the reverse process

g = statistical weight for spin states
= neutron mass

.= entropy of initial nucleus = log QA(E)-

S
A _

SB = entropy of residual nucleus
€ = kinetic énergy of neutron

DOSTROVSKY , FRAENKEL and RABINOWITZl39bintegrated'these'two equations and
after some simplificatibn obtained an expression for the ratio Ff/Fn, _They then
included this expression in a Monte Carlo calculation of the nuclear de-excita-
tion so that fission as well as the-emission of neutrons, protons;'tritons, ete.
-would be properly accounted for.‘ The goal of the calculation was to get an
overall fission cross section which could be:compated with experimental values.
-For a proper comparison it was.necessary to use as input data in the evaporation
calculation some data on thé disﬁribution ofAexcifed nuclei resulting from the
nucleonic cascade step,'.The authors were able'to find a set of parameters.Which
gave excellent agreement of the total fission cross section (or more exactly of
the ratio of the total fission'cross,section_to the total inelastic cross section)

with experimental data for uranium bombarded with protons in the range 100-460

139b. I. Dostrovsky, Z. Fraenkel and P. Rabinowitz,"A Monte Carlo Calculation .of
Fission-Spallation Competition", Paper P/1515, Vol. 15, Proceedings of ‘
the Second U.N. Conference on the Peaceful Uses of Atomic Energy, Geneva,1958.
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Mev. Other details such as the ratio of alpha particles.to protons or the
number of charged particles associated with fission events‘also appeared to be
satlsfactorlly predicted. R :

The original paper gives considerable data on the variation of [’ /F w1th
excitation energy and on the variation of of/ inelastic with initial exc1tatLon
for many heavy element nuclei. However, the theoretical underpinnings of these
calculations are not firm'and the .detailed predictions of this model will have
to be used with reservations until more detaile@/experimental.confirmation is
obtained. ’

- Another attempt to learn sdmething about the variation of the»rétio
1L40a

»P /F as a function of excitation energy was made by LINDNER and TURKEVICH.

These authors examined the data published by LINDNER'and OSBORN‘E.‘]Al on the

yields of neptunium, uranium, protactinium and thorium isotopes produced in

the bombardment of uranium with 340 Mev protons and on the yields of protacti-

niﬁm, thorium, actinium and radium isotopes in.the bombardment .of thorium with
340 Mev protons. (See Figs. 12.67 and 12.69 in Section 12.2.9). In these two
bombardment cases the yields of the spallation products are greatly lowered by
fission competition. LINDNER and 'I.‘URKEVICH]'MOa assumed the validity of the
two-step high-energy reaction mechanism outlined in this chapter and carried
through a calculation of the theoreticél yields of the same nuclides for which
experimental values were published, using various assumptions on the nature of
the fission competition during the évaporation steps. The theoretical calcula-
tion involved the following steps:

(l) Determination of the yield distribution of the nuc lides progduced by
the high energy cascade forg3h0 Mev protons incident on uranlum.and
thorium targets. This distribution was obtained by interpolation of
the results for 236 Mev and h60 Mev protons in ‘the published Monte

Carlo calculations of METROPOLIS et al. 124

140.. N. Bohr and .J. A. Wheeler, Phys. Rev. 56, 426 (1939).

140a. M. Lindner and A.;Turkevich,,“CompetitionlBetweenvFission,andieutron
Emission in Heavy Nuclei", to be published, 1960.

141. M. Lindner and R. N. OSborne, Phys.,Rev,'igi,.378 (1956).
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(2) Determination of the excitation energy distributicm for each of the
nuclides produced in the highnenergy cascade. This distribution was
also obtained by a suitable interpolation of the published Monte Carlo
calculation of METROPOLIS et al.lzu

‘(3) Calculation of neutron evaporation from each product of the cascade
step, averaged over ‘the excitation energy distribution. This was done
with the evaporation model of JACKSON28 mentioned earlier (Seqtion
12.1.3), with a very similar model given by HECKROTTE,lhB.and by the
very simple assumption that one neutron was evaporated for each 10 Mev
of excitation. ~All three evaporation models gave similar results as
far as the main conclu51ons of the analysis were concerned.

(%) Inclu51on at each evaporation step of a fission competition expressed
as the ratio I /F . Four different assumptions .on the variation of
I /F with excitation energy were tested. These were:

(a) That T /T is a function only of nuclear. type and does-not_vary‘with

.energy for the exc1tatlon < 100 Mev. o “but .
(v) That Ef/r = O for high exc:Ltat:Lon for say E > 20 Mev kT, /1" 40
“for B <.20 Mev,. Accordlng to this assumption fission competes only
in the last stages Qf neutron ewa poration.

(é) That fission occurs to the exclusion of neutron emission above some

specific energy taken arbitrarily to be 40 Mev, i.e. Ff/Fn = o
at E > 40 Mev but '/ is finite below E < L0 Mev.

(4) That the ratio Ff/F is some smoothly varying flunction of excitation
energy. The treatment of DOSTROVSKY, FRAENKEL_and.RABINOWITZl39b
mentioned just above was used to test this assumption.

The application of £his h-step procedure including the L4 sets of assumptions
in step L led to sets of predicted cross sections for the spallation products
which could be compared with the experimental data. It was found that a satis-
factory agreement could be obtained with assumption ka. I.-INDNER_andVTURKEVICHlAOa
used Ff/Fhvvalues based on the summary of VANDENBOSCH and HUIZENGA39"’LL6 reviewed

in.Section 12.1.k4 (See egpecially Fig. 12.18). Much poorer agreement was obtained

- lhkz2. W. Heckrotte, University of Callfornla Radlatlon Laboratory Report,
UCRL-218k (revised). L
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with aséumptiqns L (b), (c) and (d). See Table 12.17. .Therefore, for nuclides
of elements in the region of uranium it is strongly indicated that Ff/Fn;does
not change signifiéantly with excitation energy.lh3

Some idea of the agreement of theory and.expériment can be gotten from
Fig. 12.53 and Table 12.18. The worst disagreement occurs in the case of
U237 vhich is the end-product of the (p,pn) reaction. For this nuclide the

experimental yield is twice what it is predicted to be and this discrepancy

'~ cannot be patched up by invoking a reduced fission competition. It is a

basic fault of the cascade modelbused,by METROPOLIS et al.lzbr

that (p,pn)
reaction cross sections are underestimated, probably because_of nuclear edge

effects.

12.2.5 Summarz CommentsNQn,Serber Model of Hig& Energz,Reactions. The

calculation of the characteristics of the fagt nucleonic, cascade and of the

slower evaporation phase of high energy reactions has now been carried through
with the aid of high speed electronic computors for a large number of represen-
tative cases. .It has been possible to make many tests df this reaction model
by comparison of cdl culated experimental quantities. It is beyond the scope of
our treatment to go into these comparisons in any detail and we shall make only
a few general comments about them.luu A

The model is remarkably successful in describing the light cascade particles,
the evaporated particles and the. spectrum of residual heavy_nuclei for those

cases in which the energy of the bombarding partiéle is less than about 400 Mew.

‘lh3. A similar conclusion waslgatained by BATZEL (report UCRL-4303) and by

- VANDENBOSCH and HUIZENGA in earlier and somewhat cruder analysés of
the same problem. On the other hand, V. P. Shamov [Doklady Acad. Nauk
SSSR 103, 543 (1955)] also analyzed the data of LINDNER and OSBORNE and
came to the conclusion that assumption 4(b) best fit the data. SHAMOV'S
analysis was published before the Monte-Carlo cascade calculations of
METROPOLIS et al.l2 His conclusions are based on the assumption that
excited U237 and Pa237 nuclei were the sole precursors of the observed
uranium and protactinium isotopes, respectively, and that the excitation
distributions for U237 and Pa?3T decreased linearly with excitation
‘energy.

14L. A review of high‘énergy nuclear reactions is presented by J. M. Miller
and J. Hudis in Vol. 9, pp. 159-202, Ann. Rev. Nuclear Sci. (1959).
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The agreement of theory and experiment is far from perfect, but with due allow-
ance for the many approximations which had to be introduced to make the calcula-
tions possible there do not appear to be many serious discrepancies betyeen
Pprediction and measurement which cast dowt on the fuﬁdamental correctness of
the reaction model. Some of the .discrepancies do show tHe direction in which the
simplifying assumptions and approx1mations need to be altered to make the
calculations more realistic. For example, several author lhO lhs lh6 ve
noticed that experimental cross sections ‘for such 51mplerreact10ns as the (p,pn)
angd- (p,Zp) reaction types are two or three times higher than predlcted by the
Monte Carlo calculations of METROPOLIS 12k This can be interpreted to mean that
the square well nuclear potential assumed for the calculations should be
replaced by some nuclear potential which drops off gradually at the nuclear .
edge. A - -

As far as fission is concerned, it is probably correctly treated as a com-
petition with particle emission in the evaporation stage. Present uncertainties
on the wvariation of this competition with nuclear’competition and particularly
with nuclear excitation mgke it ‘difficult to make a meaningful calculation for
comparison with experimental results ' ' .

When the energy of the bonmbarding particle is raised above the'threshold
values of meson processes it is also difficult to make a meaningful calculation
for comparison with experiment. In the METROPOLISl 2k calculations:the input
data for mesoh_production cross-sections, angular distribution, multiplicity,
etc. were very rough and dncomplete. -Future calculations‘with more refined
input data will be very helpful. : ‘ |

‘Radiochemical yield studies on .the residual nucleil foond in targets of

147 18 . 1ko 150,151 pl525153

copper , tantalum , lead 7, bismuth , and uranium , bombarded

145. A. A. Caretto and G. Friedlander, Phys. Rev. 110, 1169 (1958).

146. .S. 8. Markowitz, F. S. Rowland and G. Friedlander, Phys. Rev;.llg, 1295
(1958). | :

147. D. W. Barr, Univ. of'Calif' Rediation Laboratory Report UCRL-3793, unpub.

148. J. R. Grover, Univ. of Calif. Rad Lab. Report UCRL- 3932 (1957) unpub.

149. R. Wolfgang, et al., Phys. Rev. 103, 394 (1956).

150. P. Kruger and‘N..Sugarman, Phys. Rev. 99, 1459 (1955).

151. N. T. Porile and N. Sugarman, Phys. Rev. 107, 1k22 (1957).

152. R. W. Shudde, Univ. of Calif. Rad. Lab. Report, UCRL-3419 (1956) unpub.

153. C. L. Carnahan, Univ. of.Calif. Rad. Lab. Report, UCRL-8020 (1957) unpub.
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with protons of greater than one Bev energy indicate that the reaction model as

outlined above is not adequate to describe the results. This fact has given

rise to speculation concerning "fragmentation" process to be .considered as an

alternative to fission or evaporation processes of nuclear derexcifation.
"Fragmentation" refers to some process which leads to the breakup of the
~nucleus into two or more complex aggregations of nucleons. It occurs only when

nuclear excitation is of the order of hundreds of Mev. An explicit but tenta-

tive formulation of the fragmentation process for lead targets has been given

149

by WOLFGANG and co-workers who interpret it as being intimately associated

with the'production and reabsorption of mesons in complex nuclei. Their

hypothesis is outllned as follows,
154

~The n mesons created in nucleon-nucleon collls1ons have been shown to

“have energy spectra which are quite sharply peaked at low energies (at ~100 Mev

in the center-of-mass system) and which shift only slightly’with.incident
nucleon energy in the range of 1 to 3 Bev. .Thus most of the pions produced
inside a nucleus by incident protons in the Bev range have energies in the |
region of the large resonance peak’155 in‘the pion-nucleon cross section and
therefore have short mean free paths in nuclear matter. For example, for a: n+
meson of 200 Mev kinetic energy (near the peak of the resonance) the mean free
path in a lead»nucleus:is about one-tenth the nuclear radius. The: probability
that a pion produced inside a heavy nucleus escapes without additional scatter-
ing collisions is thus negligibly small and in most céses there will be several
pion-nueleon scatterings. .Because of the rather low'kinetie energies of the
piohs the energy transfer in any such scattering collisions will be small
(generally < 50 Mev) so that the struck nucleons will usually not escape but
contribute to nuclear excitation.

In addition to the large scattering cross section, pions in nuclear matter
will also have appreciable cross sections for absorption by>pairs of nucleons
and for this process too there eppears to be a resonénce'at a pion energy of
~lhO-Mev. There is then a reasonable probability that the total energy of a

pion created inside a complex nucleus (including its rest energy) is converted

15k. L. C. L. Yuan and S. J. Lindenbaum, Phys. Rev. 93, 131 (1954).
155, S. J. Lindenbaum and L. C. L. Yuan, Phys. Rev. 100, 306 (1955).
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into nuclear excitation. These energy deposition mechanisms, particularly
meson reabsorption,'presumably lead to concentration of large amounts of energy
in relatively small zoﬁes of the nucleus. Under such conditions it seems’
plausible that fragments -of nuclear matter could be emitted before anything
like equipartition of energy can be established. "Fragmentation" of this. sort
would take place in .a large variety of modes according to the spatial and
.momentum'distribuﬁion of the nucleons participating in the energy-deposition
cascade. The rather broad spectrum of fragmeﬁt sizes (with some favoring of
small fragments) which would be‘expected from such a fast fragmentation
mechanism is consistent with the observed yield pattern at Bev bombarding
energies, particularly for heavy element targets.

One might think of fragmentation as proceeding by knock-on cascades which
break numbers of neighboring nucleon-nucleon bonds.and thus'produée,considerable
local disturbanées in the nucleus. Surface tension and Coulomb repulsion
forces, .as well as momentum imparted by the knock-on cascade would tend to
separate clumps of still-cchering nucleons from each other. These are the
vprogenitors of the final products.

The essential characteristic distinguishing the suggested fragmentation
mechanism from the more familiar fission process is that it is fast compared
to the life of a compdund nucleus. The neutron-proton ratios in the initial
fragments must then be essentially the same in the excited nucleus before
breakup. These fragments are in general highly excited and may therefore
evaporate a sizable ﬁumber of nucleons after fragmentation.

This formulation of a fragmentation hypothesis is a tentative one and it
may have to be seriously modified or rejected .as more experimental data and
better nuclear models become available. In this chapter ﬁe are concerned
mostly with high.energy fission phenomena, but it is necessary to make at
least this brief mention of fragmentation because in high energy reactions it
is difficult to distinguish the radicactive products of fission from the
products of_fragmentation.events. PORILE and SUGARMAN156_for example, conclude
from their radiochemical studies of ﬁhe high energy interaction of protons with
bismuth that many of the products which would seem on first analysis to.be

fission products are in reality products of a fragmentation process.

156. N. T. Porile and N. Sugarman, Phys. Rev. 107, 122 (1957).
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We conclude our remarks on the Serber high energy reaction model by point-
ing out that detailed calculaticns of the model have 80 fer‘beenﬂlimibed to
simple particies like protons.. It would be quite interesiing fo extend the
calculations to cover reactions induéediby helium ions and other pafticles{
Aiso a.number ofcpcssible interactions of the'incoming particle‘with the
nucleus which can be groupeditcgether under the general terms pickup and
stripping prdcesses_are not considered. It has been foundl57_159,that high
energy geuterons,.tritons and helium ions are ejected in,appreciable yields
when conplex nuclei are bombarded with 300 to LOO Mev protons in addition to
the low energy isotropically-emitted evaporated particles. The observed
angular distributions of these high energy particles suggest that they are
produced during the cascade step of the reaction but no adequate theory of such
events has been developed. LINDNER and TURKEVICHluo .also call attention to the
- fact that the yields of products of ‘the reactions written formally as (p,3pxn)
are .considerably higher than predicted by the cascade- -evaporation model. It
may be that such products are actually produced by reactions of the (p,apxn)
type in which the alpha-particle is knocked out of the nucleus during the cascade
step. N

WILLOUGHBY16 examined the characteristics of stars and prongs in nuclear
track emulsions bombarded with 380 Mev helium ions and found that stripping or

splittingmcf the incident alpha particle changes'the cascade particle distribu-
tions greatly from those obtained in bombardments with protons.

12.2.6 Fission Cross Sections at High.Energz.* STEINER and JUNGERMAN161
have measured the proton-induced fission cross sections for U238 235, Th232

1209 T in the energy range 100 to 340. - A cancellation-type ionization

chanber was used to detect the fission fragments .above a background of ioniza-

and. Au

tion caused by the proton beam. A sampling of the results is given in Table 12.19.

157. J. Hadley and H. F. York, Phys. Rev. 80, 345 (1950).

158. R. W.. Deutsch Phys. Rev. 97, 1110 (1955).

l59.. E. Bailey, Univ. of Calif. Rad. Lab. Report UCRL 3334 (1956)
160. D. S. Willoughby, Phys. Rev. 101, 324 (1956).

161. H. M. Steiner and J. A. Jungerman, Phys. Rev. 101, 810 (1956); see also
H. M. Steiner, Thesis, Univ. of Calif. Report, UCRL 3258 (1956)

o s .
‘Fission cross sections at moderate excitation energy are covered in Section 12.1.2.
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Table 12.19 Measurements of STEINER and bf STEINER and,JUNGERMANl6l.on fission
cross sections of heavy elements. -Energy range 100-400 Mev.-
Method - Cancellation type ionization chamber.

Fission cross section in barns

Bombarding . Energy

particle (Mev) U238" N 51797 Aul?7
Protons 11k 1.37  1.68 0.89 - --
158 1.47 1.36 0.90  0.1L46 0.016
216 1.31 1.28 1 0.82 0.173 0.038
261 1.34 1.36 - 0.81 0.191 0.038
336 1.35 1.30 0.82 0.198  0.051
Deuterons . 88 1.84 1.90 1.23 0.096 0.010
| 100 2.05 " 2.00 1.32 0.143 --
159 1.98 1.90 1.22 0.198  0.037
190 1.98 .  1.9%  1.28 0.2k5 0.055
Helium ions 212 2. 10 2.2 1.9 0.69 0.2k
' 252 2.4 2.5 1.7 0.76 0.2k
300 2.2 2.1 1.5 © 0.60 0.20
380 2.2 2.2 1.6 0.62 0.19
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These results supércede earlier results by JUNGERMANl which were somewhat

lower. Figures 12.54 and 12.55 show the ratio of the fission cross section

to the total inelastic cross section. A glance at these data shows that the
fission cross section for uranium isotopes is large and remains large over the
entire range of energies studied. It can be expected.that elements of higher
atomic number will haVe an even,higher percentage of the total feactionvcross
section going into fission. In the case of thbrium, about half the inelast&c
cross section goes into fission and this perééntage does not change over the

range 100 to 400 Mev. Bismuth shows a marked change in fissionability as a

function of energy. For excitation energies of a few tens of Mev the fission

cross section is only of the order of microbarns.l63 (SeebTable 12.1 in

Section 12,1.2). 1In the energy range 100 to 400 Mev fiésionability rises
steeply until the fission reaction takes about 13 percent of the total reaction
cross section. ThiS‘figure probably represents the maximum :peércent fission-
ability which bismuth ever achieves. PORILE and-SUGARMANl6h,estimate that -the
bismuth fission probability reaches a peak of 0.17 for a deposition energy of
230 Mev. This sharp rise in fissionability at high energies makes it possible
to use bismuth fission chambers as a convenient monitor for fluxes of high

165,166

enegy neutrons or protouns.

KELLEY and-WIEGANDl66 used an ionization chamber technique to measure the

fissionability of several elements relative to thorium for neutrons ranging in

_energy up to 84 Mev. At 84 Mev the fission yields relative to the standard

element were: Bismuth(0.019),lead (0.0055), thallium (0.0032), mercury (0.0023),
gold,(o;oozo) and platinum (0.0009). GOLDANSKII, PENKINA and TARUMOV167 measured
the fission cross section of several elements bombarded.wiﬁh high energy neutrons.
Fission fragments emerging from thin'foilé of the fissionable material were

counted in .an ionization chamber. Results are summarized in Table 12.20.

162, J. Jungerman, Phys. Rev. 79, 632 (1950).

163. A. W. Fairhall, Phys. Rev. 102, 1335 (1956).
164. N. T. Porile and N. Sugarman, Phys. Rev. 107, 1L22 (1957).

165. W. N. Hess, H. W. Patterson, R. Wallace, Proc. Health Phys. Soc. 1, 133-140
(1956). - | |
166. E. L.CKelley and C. Wigand, Phys. Rev. 73, 1135 (1948).

167. V. I. Goldanskii, V. S. Penkina and E. Z. Tarumov, J.E.T.P. USSR 29, 778
(1955); Soviet Physics J.E.T.P. 2, 677 (1956).
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‘Table 12.20 Cross sections for fission with high energy neutrons

.Neﬁtron Gf(barns)
.energy : '
(Mey) ‘U235 ‘U238_ Th .Bi Po T1 Au Pt  Re W
120 1.5~ 1.1k 1 .036 .020 0.01 o1 ' --  .0017 .00l1
380 1.2k 1.03 0.9 .07k . .033 -Q.019 o020 012 .-- .0038
167

Data from Goldanskii, Penkina and Tarumov.

i3
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loadéd with. uranium to protons with energles of from 140 Mev to 660 Mev with

' UCRL-9065
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168, 169

measured fission cross sectlons by exp051ng nuclear emulsions

the results shown in Table 12.21. PERFILOV 7-

bismuth. and tungsten us1ng the. loaded . emuls1on technique. These are listed in

reports measurements on uranium,

_Table 12.2k4 below.

Fission cross sections have been measured.radiochemically by summatisn,of
the mass yield curve for targets bombarded at high energles _Some .of these
values are collected -in Table 12.22. This table makes it apparent that there
is a.strong atomic number'effect-on fissionability even at high energies.

Figurevlé.56 shows the total fission cross section of uranium as a function of

‘proton .energy.

168. N. S. Ivanova, J,E.T. P USSR 31, 413-415 (1956), Soviet Physics J.E.T.P.
14, 365 (1957). See also Proc. Acad. Sciences USSR 103, 573, 593 (1955).

169. -N. S. Ivanova in Physics of Fission, an English translation of a
Conference of this title published as Supplement I to the Soviet
Journal of Atomic Energy, Mbscow, 1957. English translation by
.Consultants Bureau, Inc., N. Y.

170. N. A. Perfilov in.Physics of Fission (see Ref. 169).

~
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ents of uranium fission cross section by the
emulsion technique.

Probability of fission’

Endrgy of protons Opicsion
140 1.56 - 0.77
350 1.4 0.86
460 1.2 0.7k
660 1.1
0.97 0.65
1.01
.0 .
Ratio of ¢ total®

fission

to a cdlculated o



-171-

UCRL-~-9065

‘Table 12.22 Cross sections for fission_deterbined by summation of mass yield curve

Refer-

97

8z

Target Pro- Energy Fission . - tMassvnumber:-Aséumed - Target %
o  jeet- (Mev) cross ~-at peak of - "fissioning" - reaction ence
ile - section symmetrical nucleus
I (barns) mass yield
curve

Natural '
uranium p 340 ~2.0 11k 1

" e’ 380 ~2.0 |

" P 170 1.9 . 1k

" P 480 ~geometrical : 3

" b 1480 1.65 A 1l
U238 piA 170 1.6 115 L

" D 70 P17 ) |

n 100 1.149

" D 150 1.k

" D 200 1.47 12

" p 250 1.58

" p 1300 1.46

" P 340 1.59

M d 50 1.61

" d 75 2.13

" d 100 2.42

M d 125 2.45 2

" d 150 2.39

" a 170 2.48

" d 190 2.4%9 |
mZ3% 5 450 0.67 103.5 -- 87Fr207 p,¥p 22n 5
232 5 480 1.6 | | 11
™32 180 1. 3
Bi 4 190 0. 84Pol99 d,1l2n 6
Bi 1) 340 0.24 p,2p 18n 7
Bi 4] 480 0.070 96 80Hgl92 p,4p 16n 3
Bi P 480 0.1 82Pbl93 _p,2p 15n 11
Bi P 184 0.11 Pbl9LL P,2p lin 8
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( Table 12.22 (cont'd.)

Target  Pro- Energy Fission’ _Méss number Assumed: | ‘_ Térget % ‘Réfer-
“ject-  (Mev) cross at peak of "fissioning" reaction ence
ile section symmetrical nucleus® ‘

‘ (barns) @ mass yield
curve .

Bi 2l | - ppt?3 | '

P 2 0.15 96.5 gzFP p,2p 150 8

Bi D 303 0.16 - 95.5 81Tll9l‘ p,3p 1én 8

Bi P L2t 0.19 93 80Hgl86v p,bp 20n 8

Bi p 150 0.21 93 80Hg186‘ Cphp2n 5

Au D 450 0.061 87.5 760s175 p,bp 19n 5

Re p k50 } 0.019 83 72Hfl66' p,4p 17n 5

W d 280 ~0.001 ' ' | 15

Ta b 340 0.004 83 71 161 2Hf 2p 1ln 9

- Ta b} k50 -~0.005 80.5 o p hp a5

Ho - B 15@ ' «bib@é ST 7QGaluh plp 188 5

La P 660 . 0.0006 13

Ag P 340 1074107 10

*Based on assumption of prefission emission of neutrons. -The fissioning nucleus
is to be regarded as the most probable of. a group of fissioning nuclei clustering
around the one named. The target reaction is also .be regarded as only a rough
approximation since undoubtedlythe radiochemical results are an average of many
reactions. '

11, ‘Folger,,Stevensoﬁ and Seaborg, Phys. Rev. 98, 107 (1955).
2. TQ'Connor and. Seaborg, Phys. Rev. Tk, 1189 (1948).

53, V1nogradov and co-workers, ”Radlochemlcal Study of the Fission. Products of
' Bismuth, Thorium and Uranium Upon Bombardment with 480 Mev Protons", Chemical
.Session of Conference of the Academy of Sciences of the USSR on the Peaceful
Uses of Atomic Energy, July 1-5, 1955. English translation available from
Superintendent of Documents, U.S. Government Printing Offlce

Hicks and Gilbert, Phys. Rev. 100, 1286 (1955).
Kruger and Sugarman, Phys. Rev. 99, 1459 (1955).
_Goeckermann and Perlman, Phys. Rev. 76, 628 (1949).

Biller, University of California Radiation Laboratory Report, UCRL-2067,
~ January, 1953.

Jodra and Sugarman, Phys. Rev. 99, 1470 (1955).
Nervik and Seaborg, Phys. Rev. 97, 1092 (1955).
10. Kofstad, University of California Radiation Laboratory Report, UCRL-2265¢(1953).
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;Tgple-lz;zzu(cont'd.)

11.
12,
13.
14,
15.

A. X. Lavrukhina and L D. Krasavina, Jd. Nuclear Energy 5, 236: (1957).
Stevenson, Hicks, . Nervik -and Nethaway, Phys. ‘Rev. 111, 886 (1958)

Lavrukhina, Krasavina, Pozdnyalkov, ‘Doklady Akad. Nauk. SSSR 119, 56 (19)8).
- A. Kjelberg and A. C. Pappas, Nuclear Phys. 1, 322 (1956).

Kurchatov et al., Division of Chemlcal Sciences in Procéedlngs of a
symposium of the Academy of ‘Sciences of the USSR on the Peaceful Uses
of Atomic Energy, -July 1-5, 1955, Moscow.
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12.2.7 Photo Emulsion Studies of High»Ener%x Fissigg, Photo emulsion
techniques have many advantages for.the study of many features of high energy
fission. Russian scientists have contributed .a great deal to the exploitation

of this method and in.particular the group associated with Professor N. A.

‘Perfilov at the Radium Institute in Leningrad has pioneered many novel experi-

mental techniques in this type of fission research.

A series. of studies were carried out in which special emulsions impregnated

with uranium, bismuth, and tungsten salts were exposed to protons having epergies

ranging up to 660 Mev. In some cases "relativistic" emulsions were used which
were sensitive not only to fission fragments and low energy protons but algo to
high energy protons. Hence these emulsions give rather complete pictures Of
the individual fission.evénts in contrast to the radiochemical method which can
provide only average results. In other ‘experiments P-9 type, thin-emulsion -
films were. used which were not sensitive to protons of energy greater than 25

Mev. These emulsions can be exposed to greater beam currents than the

M"relativistic" emulsions.

" In addition to cross section measurements the emulsion studies yiéld many
results which confirm the basic correctness ofAthe‘nuclear cascade model.
described above. ' The type of information which is obtained is the following:

1. The length of the fission fragment tracks; the ratio (asymmetry) of

' the ranges of the two fragments. o . _
2. The deviation from 180° of the angle of the two,fissidn_fragments with
. respect to each other, from which the momentum of the fissioning nucleus
~ can be deduced.
3. The anisotropy of the fission ffagﬁents with:respect to. the direction
of the proton beam. | ' .
4. The number, energy, and angular distribution of high—eneréﬁﬁéﬁ?ﬁécles
(i.e. the knock-on particles) accompanying the fissioﬁ event.
5. The nﬁmber, energy and angular distribution of the low~energy charged
particles, designated as evaporated protons and alpha particles.

. The cascade particléé were distinguished by their high eﬁergy'and their
pronounced forward peaking. The number of .charged:cascade partiéles (the great
majority of them protons) which accompanied the fission eVents.averaged one oOr

two, but in some cases as many as seven or eight were observed. The average
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number of such particlestincreased‘slowly_with_the energy'of‘the bombarding
particles. .See Table 12.23. These observations are in good agreement with the
Monte Carlo calculations of the nuclear cascade.

vaNovat69,1 7L

the number of charged cascade particles emitted by the fissioning uranium

compared the distribution of fission cases as a function of

" nucleus. He also examined the angular distribution of the cascade particles.
Both distributions were in good agreement with some theoretical calculations
by . PYANOV.

In the emulsion method there are two ways of estimating the excitation
T2

energy deposited in the nucleus before fission. —OSTRUOMOVl made the important

observation that the fission fragments were often not directed in .precisely
opposite direction, but at anh angle somewhat less thén 1800, the vertex of
which is generally directed toward theé incident beam of protons. This is the
result: of the transfer of momentum to the target nucleus from,the.incoming proton.
It can belconcluded'from this that the life of the excited nucleus before fission
is less than the time it takes for the nucleus to be slowed down, i.e. < lO_13
seconds. It is also possible to calculate the momentum and energy of the fission-
ing nucleus in the direction Of the beéam. To do this, one needs to know the
angle between the fragments, the ranges of the fragments and the relationship
between fragment velocity and range. -Then with some plausible assumptions aboﬁt
the cascade process and straight-forward application of the laws of conservation
of energy and momentum, the excitation energy of the fissioning nucleus can be
‘found. It was later found that a relationship existed between the number of
evaporated charged particles accompanying fission and the averagé value;ofvthe
angle between the fragments. From this relationship it is possible to estimate
the mean excitation energy of the fissioning nucleus also simply by counting the
number of light‘charged particles accompanying fission. .

PERFILOV and co—workersl7o’173 used these techniques to gather the data

presented in Tables 12.24 and‘12.25.- It is seen that the. cross section for fission

171. N. S. Ivanova and I. I. Pyanov, J. Exp. Theor. Phys. 31, 416 (1956);
english translation in Soviet Physics JETP L; 367 (1957).

172. V. I. Ostroumov, Proc. Acad. Sci. USSR 103, 409 (1955).

173. Perfilov, Ivanova, Lozhkin, Ostroumov.and Shamov, Proceedings of the
Conference of the Academy of .Sciences of the USSR on the Peaceful Uses of

Atomic Energy, Moscow, July 1-5, 1955,.english translation available from
.Superintendent of Documents, U. S. Government Printing Office, Washington.
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Table 12.23 Average number of charged particles observed per” flss10n event
(Studles of uranlum-loaded emu151ons)

Energy of B 3 " P-9 emuls1on

%ﬁi’ggg Eilatm_[;?;g;/;?z;z;‘;n-_' | o N W(0°)/n(180°) o
- (Mev) Av E<25-30 Mev E<25-30 Mev - p-evap.
o ok b oz - 2.6 | o._ll‘g”
350 | o  o.56 | 16 | _o._hé
40 i 1.65 . 3.3 . 0.86 . 1.3 0.66
660 3.06 3.1 ~1.05 < 1.3 o 0.81

*Data quoted by N. S. Ivanova, Symposium on Physics of F1s51on, Supplementho.l
1. to the Sovet .Journal of Atomic Energy, Moscow, 1957. '
iv average number of charged particles. of all energies accompanying fission

(chlefly cascade protons)

N(OO)/N(18O ratio of partlcles emltted in forward and backward hemlspheres

‘sz average number of charged particles of. energles less than 25-30 Mev
accompanying f15$1on

eva number of charged partlcles showing isotropic distribution and presumed
p-evar i, be evaporated protons.
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Table 12. 2& Characterlstlcs of high energy fission of uranlum, ‘bismuth,. and
tungsten deduced from emulsion studies by Perfilov and co-workersl7o 173 _

-
E

; £ : ‘n'-cascade :  iN -evap.' | « v Os

Element E =160 E _660 E 460 —660 E'=h605 E =660 460 - 660
'ﬁranium";l30 ,156 : 1;2-1.3 2. 2 -2. 3 0. 6 0. 7 0.8-0.9 0.9%0.2 ° 1.1&0.2
Bismuth 190 230 - ' 0.8 1.2-1. 3 0.09+0.3 0.12%0.03
Tungsten 340 140 o o 1.6 2.9-3.0 0.004%0,002 0.11%.003
—¥% ’ ‘

P = mean excitation energy of the nuclei undergoing fission
”Epv=venérgy of bombarding-prbtqns ) |
np_= caséadé averagé number‘ofnéhargedbparticlés.ejeétedlin bascéde
nP - evap. average number of charged particles evaporated

.0, = fission cross section



UCRL-9065
-178-

Table 12.25 -Excitation energy of nucleus undergoing fissidn_as_a.function,of
number of low-energy charged particles

Uranium " Biswuth ____ ___ Tungsten

E =460 E =660 E,,Mev E =h60 E =660 E_,Mev E ~460 E =660 By Mev
L L A
0 57.5 4.5 .75 32  25.6 135 15 10k 270
1 22.5 22.8 10  35.6 28,6 185 25 | lill 295
2 11 1lz2.7 24  20.h 18,5 250 f‘i'zs 104 345
3 63 9.6 325 :‘. 8.4 12,9 315 15 118 390
n 2.1 5.25 o 3.4 7.65 385 ‘ ' 15 fié,6 430
5 1.9 600 o 455 s 118 185 “
6 1 560 - 2,46 520 - | -11;8 520
7T 0.3 | o6 s 0.4 565  (¢
8 o1 oz 5.9

E - enérgy of the bombarding‘particlesA(Meﬁ)
n__ - number of charged particles associated with one fission (Ep-$.30f35 Mev)
E2 - initial excitation energy of nucleus undergoing fission

% - the percentage of the cases of f15$1on in which there is the given number"
of charged particles (nap)

This table reproduced from refefence 173.
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drops. rapidly as the atomlc number of the flSSlOnlng nucleus decreases .Corres-
pondingly, the exc1tat10n energy of the flss1on1ng nucle1 1ncreases sharply even
though therenergy of the 1ncom1ng”prctons;;sikept constantjl In the‘case of
uranium, there.is probably not much difference,inhthegdistribution.of excitation
.energy for‘all interacting nuclei whetherlthese ultimately fissicn or not; in
the case of bismuth and rhenlum, the ex01tat10n energies of those nuclei whlch
fission is considerably higher than that of those which de-excite 1n other ways.
An anisotropy of the flSSlOn fragment d1str1but10n,w1th respect to ‘the
proton beam was first detected with the emulsion method by OSTROUMOV. 173 “Some
resiilts of this type are qnoted in Section 12.1. 6 (see Tables 12.12 and 12. 13)

A distinct preference was found for emission of fragments in a dlrectlon

perpendicular to the proton “beam. Thls”was the reverse of the-anlsotropy“observed
.at lower proton energies. and‘was a'qnite unexpected results. -
~ Some 1n+erest1ng results have been obtained by measuring the ranges of the

two fission fragments. The most probahle range of the fragments decreases with
increasing bombardment energy. . This is a reflection of the fact that more
particles are lOst.byvthe knock -on cascade or in particle -evaporation at the
higher energles This.corroborates other evidence that excitation energy does
not get converted 1nto fragment. energy ‘but. that the latter is derived chlefly
from the Coulombic repulslon of the fragments themselves When the mass-
splitting is symmetrlcal the ranges are equal, conversely, a difference in the
two ranges can be used ds a measure of asymmetry in the mass divisicn. It is
possihle to measnre the.distribution in the ratios as a function of the excita-
tion energy of the fissioning'nucleus; “he lattercanibe determined by counting
© the number of evaporatéd,prbtons'or measuring the angle between the fragments.
As the excitationgenergy of the'fissioning nranium nucleuS'increases from O to
75 Mev, there is, as expected, an increase.in the number of fission events having
equal fragment ranges. At hlgher exc1tat10n energies, however, the number of
asymmetric fragment ranges increases again.. This effect is 1llustrated in
Fig. 12.57. | | o '

The region of uraniUm excitation energy in which fission islmost symmetric
is estimated to be. 60-100 Mev. |

In the case of bismuth symmetric fission is favored at the lowest energies

studied but the percentage of asymmetric fissions increases with excitation
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Fig. 12.57 Distribution of ranges (in emmision) of uranium
fission fragments at various excitation emergles. N is
the percentage of nuclei having a given range:

+ Fission of U232 ywith thermal neutrons '
O Fission of uranium at Eexcit = 75 Mev
AFission of uranium at Egyqjt ¥ 240 Mev
@®Fission of uranium at E = 540 Mev
From Perfilov. '

excit
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energy. -SHAMOV- AND LOZHKIN conclﬁde that the excitation energy at the end
.of_the prompt nucleonic cascade rather than the energy remaining after the
evaporation of many neutrons, is crucial for determining the character of the
fission process. They conclude that neutron evaporation occurs after fission
not only for uranium,'but also for bismuth ahd tungsten. ar
DENISENKO and co-workersl75 have investigated some intereéting triple-
pronged events observed in the fission of uranium by 560-660 Mev protons. In
this study they used extremely fine;grained emulsions which permitted excellent
discrimination of tracks caused by particles of different charge. For every 300
cases of binary fission one disintegratien is observed in which three multi-
charged particles are emitted, ofteﬁ_accompanied by protons and alpha particles.
There are two general types of these triple-pronged fiseion.events. In the
more prominent type, one of the fregmentsihas much greater range than the other °
two and hence much smaller mass. The second type is about one-fifth as numerous
and consists of events in which the ranges and charges of all three particles
are comparable..  No eiplanation is offered for the second type of star. In the
first type the authors suggest tha£ the events do not represent tripartite fission
but the superposition of two processes (1) emission of a small fragment with
= 4 to 11 and (2) fission of the still excited residual nucleus. This con-
clusion is supported by the observation of fragments with similar Z-distribution,
angular distrﬁbution, and- frequency: dependeﬁce on bombarding energy, when
silver is bombardedlwith high energy protons. In the silver case,176 these
lighter fragments are not accompanled by flSSlon fragments.
12.2.8 Radlochemlﬂal Studz of Bismuth, NE£§E£Sn Induced by High Energy
Particles. PERLMAN, GOECKERMANN TEMPLETON and HOWLAND " were the first to
use fhevradloehemlcal.method to call attention to the possibility of inducing

fission in elements as light as tantalum, lead and bismuth by bombarding these

174, V. P. Shamov and O. V. Lozhkin, Soviet Physics, JETP 2, 111 (1956). .

175. Denisenko, - Ivanova, Novikova, Perfilov, Prokoffieva, and Shamov, Fhys. Rev.
109, 1779 (1958), N. A. Perfllov and G. F. Devisenko, JETP 35, 631 (1958).

176. 0. V. Lozhkin and N. A. Perfilov, J.E.T.P. USSR 31, 913 (1956). English
translation; Sov. Phys. J.E.T.P. h 790 (1957)

177. I. Perlman, R. H. Goeckermann, D. H. Templeton, and J. J. Howland,
. Phys. Rev. 1_, 352 (1947). . -

<
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elements with charged particles of very high energy. vThese experiments were
done soon after the Berkeley 18L-inch cyclotron was put into service. The
>possibility of inducing fission in these elements with neutrons of 30-84 Mev
energy was shown at the same time by KELLEY and.WIEGANDl66 using an ion
chamber technique. 'The mneutrons were-obtaiﬁed by deuteron stripping in the
184-inch cyclotron. The first detailed radiochemical study of bismuth fission
was published by GOECKERMANN‘and PERLMA'N178 in 1949. - A number of additional
studies have been published since.l79_l88

When_GOECKERMANN%andfPERLMANl78 measured the radiochemical yields of the
radioactive products of bismuth bombarded with 190 Mev deuterons, they observed

the -distribution shown in Fig. 12.58 for products in the mass range 50 to 150.

178. R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628 (1949).

179. W. F. Biller, Ph.D. Thesis, University of California Radiation Laboratory
Report, UCRL-2067. ’ o '

180. P. Kruger and N. Sugarman, Phys. Rev. 99, 1459 (1955).
181. L. G. Jodra and N. Sugarman, Phys. Rev. 99, 1470 (1955).

182. A. P. Vinogradov, et al., Radiochemical study of the fission products of
bismuth, tungsten, and uranium upon bombardment with 480 Mev protons.
Session on Chemical Science, Canference of the Academy of.Sciences of the
USSR on the Peaceful Uses of Atomic Energy, July 1-5, 1955. English trans-
lation available from Superintendent of Documents, U.S. Government Printing
Office.

182a. A. V. Kaliamin, A. N. Murin, B. K. Preobrazhenskii and N. E. Titov,
‘Atomic Energy USSR (English translation) 4, 196 (1958).

183. N. T. Porile and N. Sugarman, Phys. Rev. 107, 1410 (1957); ibid. 107,
1k22 (1957).

18Y4. - N. Sugarmen, M. Campos and K. Wielgoz, Phys. Rev. 101, 388 (1956).

185. R. Wolfgang, E. W. Baker,-A. A. Caretto, J. B. Cumming, G. Friedlander,
and J. Hudis, Phys. Rev. 103, 394 (19563 '

186. .A. N. Murin, B. K. Precbrahensky, I. A. Yutlendov, and M. A. Yakimov. .
Chemical Sessioncof Conference of the Academy of Sciences of the USSR,
on the Peaceful Uses of Atomic Energy, July 1-5, 1955. English transla-
tion available from ‘Superintendent of Décuments, U.S. Government
Printing Office.

187. F. I. Pavlotskaya and A. K. Lavrukhina, Soviet Journal of Atomic Energy,
~ (English translation)}5, 791 (1956).

188. W. E. Bennett, Phys. Rev. 94, 997 (195L).
188a. E. T. Hunter and J. M. Miller, Phys. Rev{ 115, 1053 (1959).
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12.58 Yields of products for the bombardment of bismuth

with 190 Mev deuterons. Curve shows total yield at each

mass number. Solid points are experimental yields

-expected to represent nearly the total chain yield.

Open circles are experimental points expected to repre-
sent only a portion of the chain yield. The peak yield -
is about 10 millibarns. From-Goeckermann and Perlman.lT78



UCRL-9O6_5

-183-

179

A very similar distribution was observed by BILLER when bismuth was bombarded
with 340 Mev protons. The smooth line shows the total yield at each mass number
when suitable allowance is made for the unmeasufed yields in each isobaric chain.
.The peak yields are about 10 millibarns decreasing to a value less than one-
thousandth of this ‘at mass number 150. At«higher mass numbers the yields in-
creased rapidly again and largest reaction yields were found in the immediate
neighborhood of the-target.* It is .clear that at least two separate groups of
products have been formed. The:High energy cascade-evaporation mechanism has
given rlse to a group of products within a few mass numbers of the bismuth
target w1th yields dropping off very sharply with decreas1ng mass number. .Some
of these products, however, are fissionable and during the course of their de-
excitation, undergo fission, thus leading to the distribution of products in the
mass range 50 to 150. These products cannot.possibly be produced by evaporation
of neutron, protons or other small particles since the energy of excitation
required is too high. Furthermore, fission fragmenﬁs corresponding to binary
fission have been observed in photographic eﬁulsions loéded with bismuth salts,
the ionization caused by the fragmenﬁs has been,measured in ionization chambers
and the high recoil energy of the fragments has been measured radiochemically
using thin foil absorbers. | _

In many ways these fission products @iffer from those observed in the low
energy fission of uranium. A s1ngle symmetric peak is -observed. -However, this
peak is very broad compared to the peak observed by FAIRHALL 189 in the fission
sf bismuth with 16 Mev deuterons, indicating that .an appreciable fraction of
asymmetric divisions occur in the high energy fission of bismuth. This is in

agreement with the emulsion studies of PERFILOV173

cited above whith showed
that the ratio of the fragment ranges showed a broader distribution at the
higher energiés, '

The light fission_fragmentvarerbeta emitters and the high yield products in
each mass chain definitely lie on the neutron-excess side of stability. However,

many of the heavy fragments lie near stability or even on the neutron-deficient

189. A. Fairhall, Phys. Rev. 102, 1335 (1957); see Section 12.1.5.

*E T. Hunter and J. M. Miller, Phys..Rev. llS, 1053 (1959) made a careful study
of the spallation products (mass number range 186- 207) n the bombardment of
bismuth with 380 Mev protons. - ' '
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side of stability.: .In the .case of barium, for example, - the neutron-excess
isotope Balho, which is a prominent fission product in the slow neutron fission,
of uranium, 1s produced here.in very low fission‘yield while_Ba133 is quite
prominent. .The neutron-to-proton ratio of the light and heavy fragments are
nearly the same; the charge distribution does not follow the GLENDENIN hypothesis
of equal.hharge displacement used to déscribe the fission product distribution
in the slow neutron fission of uranium. v

The peak in the mass'yield distribution occurs at mass number 99 to 100
and at atomic number L2. GOECKERMANN:and»PERLMAN178 formulated a mechanism to
account for their results. See mechanism 1 of Fig. 12.43. They postulated that
“the excltatlon energy deposited in the nucleus durlng the knock-on cascade was
dissipated chiefly in the emlss1on -0f neutrons.  In the‘most probable events
leading to f;ss1on, about lO neutrouns are boiled out. The resulting nucleus,
209

99, has a much higher 7 /A than does the Bi in the target, and some fraction

of the Po 199

without charge redistribution so that each fragment retains the neutron/proton

nuclei. undergo fission. This cleavage is further assumed to occur

ratio of thevparentxnucleusf .Because of the statistical nature of the cascade-
evaporation'process it is certain that'a number of nuclei in the region of Pol_99
will be produced each w1th a dlstrlbutlon of excitation energy so that one

probably should con51der the observed products as restlting from the fissioning

190 has con51dered this

of a group of nuclei - centered near Po 99. YAMAGUCHI
flss1on mechanism from a seémi-theoretical point of view and finds it to be
-plausible. _ v . '

The GOECKERMANN-PERLMAN’hypothesis-accounts neatly for the experimental
observations, but our knowledge of ‘the factors affecting fissionability for
highly excited nuclei is too sketchy to decide whether it is in fact correct.
Most of the results could just as easily be'explained by a mechanism involving
fission of a highly excited nucleus followed by evaporation of neutrons from the
highly excited fragments; The GOBECKERMANN-PERLMAN mechanism corresponds to
mechanism 1" of Fig. 12.43 while the latter refers to mechanism 2 of the figure.

The total cross section for bismuth fissiOn;for'incident particles of

hundreds of Mev energy is about 200 millibarns or approximately one-tenth the

190. Y. Yamaguchi, Progr. Theoret. Phys. (Japan) 5, 143 (1950).
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geometrical cross section. Experimental values are summarized in Tables 12.19,
12.20 and 12.22.

The recoil studies carried out by PORILE and.SUGARMANl83, and .SUGARMAN,
CAmms}and.WIELGozlSl+ '

bisiuth. Individual fission products were isolated from thin targets of

have provided additional information on the fission of.

bismuth and from recoil collector foils placed in front and in back of the
target foil. From the amounts of activity found in the three foils the true

range in the bismuth target and the relative velocity of the fragmenf and the

struck nucleus were computed. . The energy of the fragment was calculated from
the range and by application of the principle of conservation of momentum the
energy of the fission fragment partner was also derived. The kinetic energy
releasé'for many complementary fission fragments was computed and properly

| averaged according to the mass yield curve to obtain a value of the average
total kinetic energy release. PORILE and.SUGARMAN183
Mev for the case of bismuth bombarded with 435 Mev protons and 96’Mev for

report an average of 111

tantalum bombarded with the same particles. This.can be compared with the 166
Mev released in the slow neutron fission of U235, The largest error in these
estimates is traceable to uncertainties in the range-energy relationships for

fission fragments.

183,184

‘The momentum of the struck nucleus was derived by SUGARMAN from the

differencé in the amount of recoil activity ejected in the forward direction
over that ejected backward. This is the same quantity which PERFILOV and
co--workersl73 obtain from the observed angle (lab system) of the fission frag-
ment tracks with respect to each other. One can_calculate the depbsition_energy
of the struck nucleus from this provided one knows the momentum of the incoming
proton and the number,  energy and angle of ejection of the cascade particles.
However, the depoéition energy values one obtains are markedly dependent on
the assumptions made about cascade nucleons. PORILE and.SU'éARMAN183 found it
possible to minimize these uncertainties by examining the Monte Carlo cascade
calculations of'METROPOLISlzu which are referred to in Section 12.2.2. Several
hundred cascade calculations wére examined in detail to find the forward com-
ponent of momentum of the struck nucieus as a function of the energy of excita-

*
tion E . This examination led 4o the calibration curve shown in Fig. 12.59.
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Fig. 12.59 Momentum of sﬁruck nucleus as a function of depo-
sition energy for bismuth target bomgarded with 458 Mev
protons. From Porile_ and Sugarman.:L 3
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 With this curve one needs;bnly to know the momentum of the struck nucleus.
from emulsion or recoil data in order to know the éxcitatiOn‘energy of this
nucleus. | |

Some typical values of recoil ranges and deposition energies are listed
in Table 12.26. One notes that the range values are substantial and of the
magnitude expected for a fission product. It can also be noted that there is
considerable variation in the deposition energy leading to different.fragménts;b
i.e. there is a wide spread in excitation energy for which fission occurs ‘when
a nucleus is bombarded with high energy particles. We also note that the
fission of tantalum leading to a specific fragment requires on the average
about 30 Mev more deposition energy than does the fission of bismuth. The
recoil ranges of such typical spallation products as bismuth, lead and thallium
isotopes were also studied and found to be much less; the effective range: in
the forward direction was of the order of 0.1 mg/’ém2 bismuth.

The average deposition energy in inelastic‘events leading to fission can
be .calculated from the deposition energies found for individual fragments pro-
vided that proper averaging is done using the mass yield curve as a weighting
curve. This calculation leads to the results given in Table 12.27. .The
éverage deposition energy for all inelastic events is lower than the average
depositiohvenergy leading to fission reflecting the low branching ratio for
fission for deposition energies below 75 Mev. The difference between the
average deposition energy for all processes.and for fission is greater for
tantalum targets than for bismuth targets as might be expécted from the higher
effective'fission threshold of tantalum. The values in this table are'some-
what lower than the average values of deposition energy one would obtain from
Perfilov's values quoted in Table 12.25, which were estimated by use of data
obtained by the emulsioh technique. (See PORILE and,_SUGARMANlS3 for a dis-
cussion of this discrepancy). |

SUGARMAN,_CAMPOS_and WIELGOZl

leading to fiSSioﬁ;provide evidence against the fission mechanism involving

84

state that the values of deposition energy

pre-fission boil-off of neutrons, i.e. Mechanism 1 of Fig. 12.43. The valwe s
of deposition energy seem lower than would be required to produce the
"fissioning" nucleus deduced from the radiochemical mass yield curve. For

example, KRUGER and SUGARMAN18O 1ist 8'Hg186

0 as the "most probable fissioning
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Table 12:26 Recoil data- on fission products of bismuth and tantalum bombarded
. with 450 Mev protons. Porile and Sugarman

% . Anlsotropy ‘ Kinetic )
Ran ge Kinetic ' . parameter ratio energy of
in target energy of RF b/a, for ' struck
7 material fragment®* T 2 + b cosZe nucleus =%
Nuclide (mg[cm2 Bi) - (Mev) ce. . cdistribution N (Mev) A -
Bismuth + 450 Mev protons '
b ”© 11.75 61.4 1.248 - 0.15 0.056  0.71 18l
el 10.85 62.6 1.256 0.05 0.057  0.63 171
o9 9.2 59.8 1.248 0.09 0.055  0.h2 136
se?t o 9.2 61.0 l.223 0.09, 0.050  0:35 122
sr2? 9.2 621 1,188 0.15 -~ 0.04k  0.27 109
P09 7.6 " 48.9 1.270  0.10 0.060  0.33 120"
Ba133™ 5.8 31,1 1.536 0.11, 0.108  0.56 162
Tantalum + MSO Mev protons

Anisotropy _

parameter ratio

b/a, for

a i b ©ine

: 5 distribution
47,48 - »

Se i 10.50 L7.6 1.383 0.30 0.078  1.10 223
w2C 10.58 56.5.° 1.379 10.08 ~0.079 . l.12 . 224
o7 9.k - 5k 1.346 0.03 0.07%  0.79 179
srot o7k 1456 1.412  0.03 0.086  0.66 162
.Pdlo9 6.1 35.7 1.499 0.07 0.100 0.59 152
Ba128’129 3.0 9.2 2.787 1 0.37 0.24  0.75 174

Range is calculated for target material rather than absorber materlal

*¥%
Kinetic energy is obtained from the equation E = KAR where R is range, A is

mass number of fragment and K is .a constant obtained from other recoil data.

1. B
ReF is activity recoiling forward from target foil,,ReB is activity recoiling
backward from target foil.

n= component of veloc1ty of struck nucleus in direction of proton beam
velocity of recoiling fragment in system of moving target nucleus

—%
E, is the most probable average deposition” energy leading to this partlcular
fragment. v

*. ' :
.5 the anisotropy parameter ratio is obtained by measurement of act1v1ty

recoiling perpendicular to the beam.
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‘Table 12.27. . Some characteristics of the high energy fissidn of bismuth and

tantalum "
Most probable ' .Average
deposition energy " deposition energy
leading to fission all events
Bi + 450 Mev protons _ 155 1h7
‘Ta + 450 Mev protons- ‘ 180 - 136

. . . S
Data from.Porile and Sugarman
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nuclieus” for bismuth bombarded with 450 Mev protons. The minimum of 320 Mev
required to make this nﬁcleué is considerably more than the 155 to 180 Mev
listed in Table 12.27. This suggests that post=fission boil-off is -the more
probable mechanism since this yields a somewhat lower energy value for the
energy deposited. ' |

Up to this point we have dlscussed the fission reaction in bismuth for
bombardment energies of hundreds of Mev where the fission products form the
dominant feature of the mass yield curve. It will be interesting now to con-
sider the remarkable changes which occur when the energy of the incident
particles is raised to the Bev range.

No group has made a general radiochemical yield study of bismuth targets,
but the work of WOLFGANG,and,co-workersl85 on the interaction of 3 Bev protons
with the neighboring element, lead, indicates rather well the pattern of
reaction products for target elements around bismuth. .That the pattern of
yields observed at 3 Bev is completely different from that observed when bom-
bardment energies fall in the region 100 Mev to 700 Mev,'cén be seen at once
by.an inspection of Fig. 12.60. The valley between the fission and spallation
region is completely absent. The yields of products which at lower energies
represented the peak yields of the fission spectrum have actually decreased.
-Also the yields of spallation products near the target have decreased. All
other mass numbers are represented by isotopes produced in much higher yields
than before. 1In fact, one is faced with the remarkable result that to a first
approximation when a heavy element target is bombarded with 3 Bev protons, the
total isobaric yields are invariant to mass number change.

To explain these results as well as others not discussed in detail here,
it was necessary that there be some mechanism for the deposition of large amounts
of excitation energy which is qualitatively different from the simple nucleon-
cascade-followed-by-nuclear-evaporation model as developed to account for energy
transfers from incident particles of a few hundred Mev. The new mechanism is
called fragmentation. A possible description of fragmentation in terms of

185

meson prcduction.and reabsorptlon as developed by WOLFGANG et al. s outlined
in Section 12.2.5.
It is interesting to consider the excitation functions for selected

products. The cross sections .for medium-mass nuclides such as Mo99 which
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Fig. 12.60 Cross sections as a function of product mass number
for the interaction of lead or bismuth with protons of
various energies. Total cross sections for each mass
number are given but in the case of the 3 Bev results
the curve is based on incomplete experimental data and
is presented as a schematic representation of the results.
The 3 Bev curve is for a lead target. The other three
curves are for bismuth targets. From Miller and Hudis,
Ann. Rev. Nuclear Science 9, (1959).
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fall at the peak of the fission product distribution at lower energies are
observed to decrease with increasing proton energy in the energy range 0.6:Bev
to 3.0 Bev (Fig. 12.61). For heavy, neutron-deficient isotopes such as BalZBFlBl
there is, on the other hand, a éteep rise in yield as the'energy increases from
0.5 Bev to 3 Bev. (Fig. 12.62). This increase in yields is due partly to
evaporation of more particles at the higher energieé,'and to the onset of the
frégmentation process. Some of the most interesting behavior is shown by the
low-mass species P32, Mg28, NazlL and Fl8, (Fig. 12.63). The steep rise of
thése products at the higher energies shows that their production must be
associated with some process which becomes prominent in the Bev range of
energies. ‘ o
SUGARMAN and corworkersl83—l8u‘applied a recoil range method to specific

radioactive products to see whether recoil data would reveél changes in the pro-
duction processes in changing from 400 Mév protonsbto 2.2 Bev protons. Consider,

o1

for example, the results given in Table 12.28. The data for Sr undergb no
great change indicating that the fission process is probably responsible for the
major part of its production cross section throughout the energy range studied.

129’133mihowever, large changes are noted as though a change in

In the case of Ba
the nature of the process producing this nuclide were occurring. At 450 Mev
bombarding énérgy, thé barium Lsotopes are typical fission products. At 2.2
Bev bombarding enefgy a sizable frattion of the barium lsotopes are pfoduced
by fragmentation. ' '

PORILE and SUGARMANl83 have made an interesting speculative anélysis of
the relative contributién of fission and fragmentation to the production of
representative radiocactive products in the bombardment of bismufh:over'the
whole rangé of energies. The analysis 1s based on the excitation functions for
selected products and on the deposition eunergy of the struck nucleus as pre-
dicted by the Mdnte'Carlo calculations of the knock-on cascade. - They conclude
ﬁhat a true fission product is produced over a wide range of deposition
energies, but the maximum probability for fission occurs at a deposition energy‘
of 100 to 200 Mev., At higher deposition energies the cross section for fission
drops markedly. PORILE and SUGARMAN:LS3

fission achieves a peak value of 0.17 at a deposition energy of 190 Mev and then

estimate that the branching ratio for

decreases. The maximum value for the branching ratio for’the fission of tantalum
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Fig. '12.61 Excitation functions for the production of some

typical fission produgts in proton bombardments of lead.
From Wolfgang et a1.195
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Fig. 12.62 Excitation functions for the production of neutron-
deficient barium isotoges in proton bombardments of lead.
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Table 12.28 Changes in recoil characteristics of Sr9l and B3129’133m from
bismuth targets when proton energy is changed from 450 Mev to 2.2 Bev

Energy of ~ Deposition
Proton ’ ,-ReF . Range in . recoiling energy of
energy Recoiling ﬁ_ﬁ bismuth product struck nucleus
(Mev) product e (mg/cm?) (Mev) (Mev)
“450 Sr9l 1.22 9.2 6L 122
450  Bate?A33m g gy 5.8 31 162
91 .
2200 . Sr 1.24 _ 10 70 14k
2200 Ba 7,330 3.8 3.0 7 265
ReF _ recoil activity forward
R_B ~ recoil activity backward

.

Data from Sugarman and co;workers,

R
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is only 0.007 at a deposition energy of 230 Mev. At no‘deposiﬁion energy is
fission the prédominating process for either bismuth or tantalum. The bombard-
ment energies for which the average deposition energy equals the values most
favorable for fiséion_are 750 Mev for bismuth and 1.5 Bev for tantalum.

The fragmentation process begins to make.appregiablé contributions for
bombardment energies of 500 Mev and contributions of fission and fragmentation
are about equivaient for many products in the "fission product region"” when the
bombardment energy is about 1.5 Bev. ..Fragmentation according to this anélysis
makes substantial contributions to thé observed yield of products over a mass

region covering selected products as low as mass 24 and as high as 131.

12.2.9 _Egg%ochemicakwgzggz of.Uranium,and Thdrigg&gission IndUCEQ;RZ~E1%E
Energy Particles. We consider first a range of energy for the bombarding
particles of 100 to 700 Mev. . The first radiochemical study of this type was
carried out by O'CONNER and SEABORG191 '

isotopes produced in the bombardment of wranium with 380 Mev helium ions. The

who measured yields of radioactive

dominant feature of the yield distribution was a broad symmetric peak of fission
products centered at a mass number about half the mass of the heavy target
nucleus. Others who have made a rather complete determination of the mass-yield
curve of the fission products are FOLGER, STEVENSON and SEABORG192.(uranium plus
340 Mev protons), VINOGRADOV and co-worker.sl93 (uranium and thorium plus 4380
Mev protons), and STEVENSON, HICKS, NERVIK and NETHAWAY -9+ 190

340 Mev protons; uranium plus 20-190 Mev deuteronS),

(uranium plus 10~

Figure 12.64 taken from the paper of the last-named authors reveals most of

the significant features of the fission product distribution. The.éhanges in

191. P. R. O'Conner and G. T. Seaborg, Phys. Rev. Th, 1189 (1948).
192. R. L. Folger, P. C. Stevenson, and G. T. Seaborg, Phys. Rev. 98, 107 (1955).

193. A. P. Vinogradov, et al., reported in Chemical Session of Conference on
Peaceful Uses of Atomic Energy, Academy of Sciences, USSR, July 1-5, 1955.
English translation available from Superintendent of Documents, U.S.
Government printing office.

194. P. C. Stevenson, H. G. Hicks, W. E. Nervik, and D. R. Nethaway, Phys. Rev.
111, 886 (1958).

195. H. G. Hicks, P. C. Stevenson, R. S. Gilbert and W. H. Hutchin, Phys. Rev.
111, 886 (1958).

196. H. G. Hicks and R. S. Gilbert, Phys. Rev. 100, 1286 (195§).
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Flg 12.64 Flssz.on-product distributlons of U 238 bombarded
‘ with protons of various energles The symbol @ denotes
work by Stevenson et %l @ denotes previous work
_ by Hicks et al.195-196; A denotes work by Lindner and
‘ Osbornel97; and X denotes reflection points. A similar .
figure for deuteron bombardments is given in reference

194,
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the fission product distribution for the most part Jjust continue the trends
observed at lower bombarding energies and discussed in Secfion 12.1.5. .The
distribution is qearly symmetrlc, but it is quite broad indicating that a major
fraction of the mass spllts,are unequal. This fraction increases as the bombard-
ment energy goeé,up. The mass number of the peak of the yield distribution is
substantially less than one-half the mass number of the target nucleus. This
proves that a large number of nucleons, chiefly neutrons, are emitted during

the sequence of events leading to the fission products which are chemically
~isolated. This number may be as large as 20, as can be seen in the next-to-the-
last coluﬁn of Table 12.22 above.

STEVENSON and co-@'orkersl92 noted at the highef'bombarding energies that
the mass yield curves are not completely symmetrical. Reflection of the heavy
rare earth cross-sections through the apparent center of the fission yiéld
curve" as estimated from the higher-yield products giveé points that fall well
below the observed values on the low-mass-number wing of the éurve, This effect
can be seén in Fig. 12.6L4 as the deviation Of the solid curve from the dotted
(reflection) curve. = ’ v _ ' A

The fission products of low atomlc number .are of thse neutron -excess type.

On the high atomic number éide of the fission prqduct dlstrlbutlophmany of the
products are in thée region of beta stability or even on the neutron-deficient
side. The charge distribution in the high energy flSSlon of uranium approaches
more closely the. GOECKERMANN and PERLMAN178

mass ratio than the equal charge displacement hypothe51s which descrlbes the

hypothesis of unchanged charge~to-

mass distribution for thermal f15510n of uranlum
FOLGER, - STEVENSON and :SEABORG 19z

chemical yields did not lead to a choice of a single "most probable fissioning

found that their analysis of the radio-

nucleus" but to a group of fissioning species. DOUTHETIT and TEMPLE‘I'ONl97 reached
a similar conclusion from a study of the recoil ranges of specific fission
products.

The recoil studies of these last authors revealed the intereéting fact that
the recoil ranges of fission fragments in high energy fission are less than the
corresponding ranges (reviewed in Section 11.6.4, Chapter 11) for thermal

fission. The energy brought into the nucleus by the high-energy incoming particle.

197. E. M. Douthett and D. H. Templeton, Phys. Rev. 9L, 128 (1954 ).
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does not appear in the kinetic energy of the fission fragments; the‘fragments
apparently get their kinetic energy only from their mutual Couiombic repulsion.
The lowered energy of Coulombic repulsidnﬁderives'from the fact that the mass
and charge of the fissioning nucleus is lessened by prefission_loss of neutrons
or protons. Or, if fission occurs before excess energy is dissipated by neutron
,evaporation;,the separating fragments instantly lose many neutrons by evapora-
tion and the fragments are observed to have correspondingly lower kinetic
energies. | | ‘

The radiochemical method has been applied to‘the detennination of yields
of specific fission products as -a function of the energy of the bombarding
partlcles 196,198,199 LINDNER and OSBORNE 198 found that neutron—rlch products
139 5,97
low energy increase in yield only slightly as the energy of the protons in-
creases and eventually decréase in yield. See Fig. 12.65. The neutron-deficient

66 131

nuclides Ni~~, Ba and.B8128 were taken as representative of the products of

such as Ba and Agl 1 which are prominent among the fission products at

high energy fission. The yields of these products rise.eteeply for energies
above 50 Mev. See Fig. 12.66. |

There is a pronounced minimum in the mass yield curve between the
heaviest of the fission products and the spallation producte which lie within a
few mass numbers of the target isotope. The entire range of products in this
mass region has not been measured as carefully as it should, but tnere'is a
considerable amount of cross section data for the isotopes of sucn.elements as
uranium, protactinium, thorium, actinium, etc. The‘yieldsvof these products
would be much larger'if nuclear fission,did_not occur. The differences between
the actual yields and those predicted by the Monte Carlo calculations with
fission competition ignored (or included according to varying assumptions oOn the
fission probability) are important in the evaluation of the true nature of
flSSlon competition. This point is discussed in Section 12.2. L. These yields
are also important in a practical way because many isotopes of these elements
can only be made, or can be made most convenlently, by high-energy bombardment

of heavy element targets. - We summarlze some of the important measurements of

198. M. Lindner and R. N. Osborne, Phys. Rev. 9L, 1323 (1954).
199. M. Lindner and R. N. Osborne, Phys. Rev. 103, 378 (1956).
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Fig. 12.65 Energy dependence of cross sections for for-
m%’éon of certaln neutron-rich fission products of

and Th232, The abscissa gives the energy of .the
bombarding particle. From Lindner and Osborne. 8
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12.66 Dependence of the formation of certain neutron-

-deficient figsion products of U238 and Th232 on the

energy of-ghevbombarding particles. From Lindner and
Osborne.l9 ‘



UCRL-9065
_203_

LINDNER and OSBORNE199

in Table 12.29 and Figs. 12.67-12.69. PATE and
POSKANZERZOO have also studied the yields of principal spallation products at
very high bombardment energies.
Iet us now consider the reaction of uranium with protons accelerated .to
"billions of electron volts energy. Experimental studies in this energy region
are very incomplete since very few laboratoriesbhave accelerators capable bf

delivering protons of such great energy and since the beam intensities of these

accelerators are rather low for radiochemical research. We cannot report here

anything approaching a complete mass-yield curve. Many other important features

of the reaction are imperfectly mapped out. Nonetheless, it is clear from the
preliminéry studies which have been made that the reaction is qualitatively
different from that which was just discussed. '

SHUDDEZOl-and CARNAHANZO2 measured the yields of about sixty radioactive
nuclides in uranium targets bombarded with 5.7 Bev protons in the Berkeley

Bevatron. See Table 12.30. DOSTROWSKYZ"3,and PATE and FRIEDLANDERZCY measured

such products as astatlne, protactlnlum and radLum in uranium targets bombarded\

with 1-3 Bev protons: in the Brookhaven Cosmotron. FRIEDMAN and GORDON 05 over-

came many experlmental dlfflcultles and succeeded in applying the mass spectro-
metric techniques to the measurement of the yields of cesium isotopes at proton

energies of 1-3 Bev., ALEXANDER and GALLAGHER206 made a detailed study.of the

yields and recoil rangés of iodine isotopes in uranium targets exposed to protons

in the range 0.5 to 6.4 Bev..

200. B. Pate and A. Poskanzer, unpublished results.

201. R. H. Shudde, Ph.D. Thesis, University of California Radiation Laboratory
Report, UCRL-3419, 1956. '

202. C. L. Carnahan,. Th651s, University of Callfornla Radiation Laboratory
'Report, UCRL-8020, 1957

203. I. Dostrowsky, unpublished results.

204. B. D. Pate and G. Friedlander, Bull. Am. Phys. Soc. II 2z, 198 (1957)
and unpublished results. : '

205. L. Friedman and B. M. Gofdon, unpublished results.
'206. J. Alexander and M. F. Gallagher, unpublished results.
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Table 12.29 Yields (in millibarns) of the chief spallation products

. from the bombardment of uranium and thorium with 340 Mev protons
‘ Lindner and Osbornel '

)

( Yield from v Yield from-

Nuclide uranium target " thorium target
Np23d 0.46 % 0.05
§p236 1.7+ 0.1
ye37 ' - 85
g3t <y
y23° 0.35 + 0.12

2e9 0.060 £ 0.005
y2ed . 0.038 % 0.002
PaZ3? o212 4
pat3? 8.7%1 2.6 £ 1.2
pa 230 5.1 0.5 b2 £ 0.3
pa’?d 1.7.% 0.2 . 1.7+ 0.2
pa’el 0.71 * 0.06 | 1.0t 0.2
23k 1.8 + 0.7 | |
me3t 2.4 £ 0.1 68+ 3
228 2.9 + 0.9 30 + 3
vl 3.3 £°0.1 22 + 5
h?20 2,7+ 0.2 17 + 0.3
ac??8 : 0.62 £ 0.08 28 £ 0.1
A0227 : ' ' ' ik £ 0.8
A0226 0.54 % 0.09 o 10 + 1.6
AcPE2 0.62 £ 0.13 _ 1h % 3
Ac?eH 1.05 *+ 0.05 12.5 % 0.9
Ra228 0.043
R8227 > 0.7
Ra“27 0.26 * 0.02 2.1 +.0.5
Ra22H 0.58 +°0.18 8.0+ 1.5
Ra 223 0.48 + 0.11 - 6.7+ 1.k
A0 1.2 | 2.4
pp10 1.7 13
Bi 210 1.6 26
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_.Table 12.30 Cross,Sectibns.for production,of nuclides from uranium
. bombarded by 5.7-Bev protons '

‘ ' Cross sécﬁioh* e X%
Nuclide - - (millibarns) Type of yield
Bel N 1. | c
Na?d | 2.h | ¢
NaZt o 12. c
Mg28 ' 3.8 C
513t 2.} c
'P32' 1.8 I
p33 0.87 e

s 3.7 c
838 . o,77v' C
o3 1.1 c

o3 L.5 1
139 2.5 c
K”Z '_7.3 E T
K*3 4.5 c
i, 15 2.9 ' o
0345. 5.6 [
ca™T 1.6 c
Mno% 1.3(ground state only) ~I
_Mn56 ; 7.1 o c
Fe”? 0.045 c

559 R c

3 Co6l 6.5 o
Wi - 2.8 c .
10 1.6 c
e L e s T
o 1.0 c
729" 2.0 c
Zn (2 0.68 c
Ga68 7.1 I
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Table 12.30 (cont'd.)

. - R
Cross section

CNuclide  (millivarns) - Type of yield "
el s AR R
Ga73 ' ‘ 6.1 | C
Nb99 _ L2, C
Ry O3 28. c
Rulo5 . 28. C
£ 106 5. o
pat®? 23. c
e 2.7 c
pattt 7.2 C
patt? 1.1 c
aghlom 5.0 e
AgTtt L. c
AgTte 9.5 ~T
AgTt3 15, c
agt? 7.3 c

ggttom 9.5 c
catt> 28. C
cgttrm 13. C
NREEE s o
Inllum .8 I
Bal?8 | 20. c
Baluo’ 32. C
Lalk0 0.9 I
1a132,133,1k1 2. i
Tal78 ' ) 5.9

.Tal83 8.6

pp 20H, 15. ~T
5,209 29

Po21Le 0.47

B1 210" | 3.0

%

- Cross sections are baseﬁ on a value of 10.5 mb for the monitor
reaction A127(p,3pn)Na%*. - *

C and I are used to designate cumulative yields and independent
yields, respectively.



UCRL-9065

-210-

The yield of isotopes across the entire range of mass nﬁmbers is of the
order of a few millibarns or higher. There still remainsj%aximum centered
roughly at mass 110 indicating the importance of binary fission, but the
fissioh»ppqduct region is not at all:définitely separated from lighter and
héavier_mass pfoducfs by valleys of low yieldé. Yields in the mass region
lOO—ihO are lower at 5.7 Bev than-.at 340 Mev while the yields below mass 100
an@_above mass 14O have risen markedly. The yield of NaELL at 5.7 .Bev is 200
times as high as it is at 340 Mev; the P32 yield. is 250 times as high as at
480 Mev; the Fe59-yield is 20 times higher than at 340 Mev; the yield of
' Bazlo is about 10 times as high as at 340 Mev; etc.

CARETTO, HUDIS and FRIEDLANDER o7 measured thé cross sections for the
productlon of Nazh and Fl8 in uranium targets bombarded at a~ser1es of proton
energies ranging.up to 6 Bev. They compared these numbers with 51mllar deter-
minations in other target elements. These excitation functions rise steeply
,above_a,threshold value of roughly 0.5 Bev proton energy and lewel off at
values Qf the magnitude of millibarns for incident protons above a few Bev.
The'threohold value of ~0.5 Bev suggests that meson production may pléy a
51gn¢£1cant role in the mechanlsm leadlng to these products. Figures 12.70
and 12.71 show the productlon cross sections for NaZA and F 18 as a function
of'target'number; The striking featurecofthese curves is the rise in the
cross section with target mass number above a minimum at mass 170. It may be
that this effe@t is meson-related; i.e. in a heavy target the mesons produced
in the high energy cascade have a greater probability.of being reabsorbed and
making their kinetic and rest energy available for fragmentation of the nucleus.
The high yields from the lightest targets are most likely end products of the
normal cascade-evaporation mechanism.

In the mass region where the typical fission products are found a charac-
teristic feature is a very flat variation in cross section over the isotopes

of a given element. SHUDDEZOl found that the yield of the neutron-deficient

' ! 206
Ba 128 was almost the same as that of neutron-rich Balao. ALEXANDER and GALLAGHER ©
135

'measured the yield of 10 iodine isotopes stretching from I and found
them all to lie in the narrow range of 2.3 to 6.0 millibarns. It may be that
some of the yield of the products with great neutron deficiency may be contributed

by a fragmentation rather than a fission procesg, but clear evidence on the nature

of this contribution is lacking.
207. A. A. Caretto, J. Hudis and G. Friedlander, Phys. Rev. 110, 1130 (1958).
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12.3 FISSION INDUCED BY MESONS

Slow negative n-mesons are absorbed by heavy nuclei with high probsbility
and this absorption is followed by fission in & high percentage of cases. In
this respect pions have a superficial resemblance to slow neutroﬁs, but the:
mechanism of pion reactions is distinctly different. The negatiﬁe;meéoniit
first captured into one of the Bohr orbits around the nucleus. It then inter-

acts with a pair of nucleons as follows:

2 + N+ P—>0N+ N+ 140 Mev
or i +P+P—>N+ P+ 140 Mev.

The rest energy of the pion is nearly all converted into the kinetic energy
of the two nucleons; which may escape from the nucleus or may undergo colli-
sions with other nucleons_(nuclear cascade) resulting in the depoéition,of
considerable amounts of excitation energy in the nucleus.209 It has been
suggested thatlthe nucleon pair absorption of the pion oécurs close to the
nuclear sufface‘and that one of the resulting two 70 Mev particles has a high
probability of escape without further interaction. Aside from this, the dis-
tribution of excitation energies might be expected to resemble that left in ™
targets bombarded with 140 Mev protons. According to Fig. 12.50 above, the
average excitation energy deposited in uranium targets is about 80 Mev for
this case. Even if this should turn out to be somewhat overestimated for the
pion case, it 1s clear that the excitation energy is high enough to cause
 fission t0o be a prominent process in_the de-excitation stage of the reaction.
With targét elements lower in atomic number, this will, of course, not be so
true. This model for the fission of heavy elements bombarded with % mesons
is in accord with the'experimental data which have been collected.

It might be expected that fission induced by muon capture in heavy

nuclei would be soméwhat different since in muon capture most of the rest

209. A Monte Carlo calculationwf the interaction of zero energy mesons with
uranium, including the development of the nucleonic cascade, is reported
by Metropolis and co-workers, Phys. Rev. 110, 205, 1958. The basic
assumptions of a simplified model of the interaction are given,. but
many of the detailed results are unpublished. o
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mass is expected to be carried off in the form of neutrino energy leaving
only a small amount of energy for nuclear excitation.
‘Most work. on meson-induced fission has been done with nuclear emulsions

impregnated with heaVy element compounds. Radiochemical studies have been

difficult because of the low beam intensities available. Fission induced by

slow -t mesons was first noted in the Soviet Union in l95l by_two groups,
working independently; one led by PERFILOVZlO-215 and another by BELOVITSKII

and.FRANK.216 Simultaneously, in the United States, studies of this kind were

initiated by AL- SALAMZ:L7 and by JOHN and FRY. 218 In later years the Russian
publications have been more numerous and detalled
Independent evaluations of the probablllty of fission of uranium upon

capture of s % meson have centered around a value of 0.5. This value is not

~ precise because of uncertainties in measuring the flux of mesons, the concen-

- tration of the uranium in the emulsion, the distribution of the uranium within

the emulsion and.the relative absorption of mesons in uranium compared to the
light elements in the emulsion. A radiochemical determination which will be

mentioned below;%ag gave a value of 0.48 + 0.09. Emulsion studies of the

probability of fission of bismuth and tungsten resulted in the lower valwes

of ~0.02‘and.~0.002, respectively.ZlO—zlz_

210. N. A, Perfllov, N. S. Ivanova, 0. V. Loghkin, V. I. Ostroumov, and V. P.

: Shamov, pp. 79- -96. Meetings of the Division of Chemical Sciences,
Session of the Academy of Sciences -of the USSR on the ‘Peaceful Uses of
Atomic Energy, July 1-5, 1955, Moscow. English translation available
from Superlntendent of Documents, U.S. Government Printing office.

211. N. A. Perfilov, O. V. Lozhkin and V. P. Shamov, J.E.T.P., USSR 28, 655
(1955); Soviet Physics, JETP 1, 439 (1955); Dokl. Akad. Nk . SS8R 103,
417 (1955).

2l2. N. A. Perfilov and A. 8. Ivanova, J.E.T.P., USSR 29, 551 (1955); Soviet
Physics JETP 2, 433 (1956). : o

213. 0. V. Lozhkin and V. P. Shamov, J.E.T.P., USSR 28, 739 (1955); Soviet
Physics JETP 1, 587 (1955) letter. : o

21k, N. S. Ivanova, Soviet Physics JETP 7, 955 (1958).

' 215. N. S. Ivanova, Soviet Physics JETP k, 597 (1957).

216. Belov1tsk11, Romanova, Soukhov and Frank, J.E,T.P. USSR, v28 729 (1955)
and 29; 537 (1955). Soviet Physics JETP g 249 (1956) and |2, 493 (1956).

217. Sue Gray Al-Salam, Phys. Rev. .8k, 254 (1951).
218. W. John and W. Fry, Phys. Rev. 91, 1234 (1953).
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Fission tracks in uranium-loaded emulsions have fanges of the same mag-
nitude as those from slow neutron .induced fission. Thus, as in other high
energy fission processes, the energy of excitation 1s not converted into
kinetic energy of the'fragments. The ranges of the two fragments in the majority
of cases is equal indicating a preference for fission into two fragments of
equal size. The distribution of the ranges around a mean value of 12 microns
is-nearly the same as that found when high energy protons are used as the bom-
barding particles in agreement with the fission mechanism just outlined.

This distribution does not undergo much change with energy'providing the -energy
is high. DENISENKO and co-worker8219 220,

ranges whether slow pions, 300 Mev pions, 14O Mev protons, 350 Mev protons or

get the identical distribution of

L60 Mev protons are used. : :

| DENISENKO and his co?wofkers219 sfudied fission of uranium induced by 300
- Mev nf mesons. The results are consistent with a fission mechanism consisting
of interaction of the meson with a pair of nucleons (N,P) in the nucleus which
must scatter with high kinetic energy at an angle close to 1800. These
particles may éSCape or may initiate a nuclecn-nucleon cascade. Excitvation
energy left in the initial interaction or in the cascade excites'the nucleus
above the fission threshold. The a&erage number of charged particles per
fission event is 1.03 compared to 0.56 observed when fission is induced with

350 Mev . proﬁons The -angular distributions of the ejected protons with respec£

to each other when .2 or 3 eJected protons are observed tends to peak at 180

and at O whereas in proton. 1nduced fission this distribution is isotropic.
Both observations are in accord with the proposed mechanism. Fragment ranges
show that symmetric fission is favored. IVAN’OVAZMr étudled the fission of
‘uranium by 280 Mev K+ mésons using "relativistic" emulsions sensitivé to very
“high energy prdtdns. He found ah average of 2.1 charged particles per fissionl
event, a-high percentage of these being protdns of > 50 Mev energy. He saw n+
mesons of considerable energy accompénying fission in many cases and concludes

that about 10% of the fission events are preceded by n+ meson ‘scattering with

219.- Denisenko;-IVanova, Novikova, Perfilov, Prokoffieva and Shamov, Phys.
Rev. 109, 1779 (1958).

220. N. 8. Ivanova in Physics of- FiSsion, an English translation by
Consultants Bureau Inc., of Supplement No, 1 to the Soviet Journal of
Atomic Energy, 1957.
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large energy transfer while the rest fcllow meson absorptlon by nucleon palrs,
mostly n,p pairs. The estimated fissicn cross section 1s(l O 0.2)% 10 -2k
cmz. Further details of this study are given in a Geneva paper by IVANOVA,
OSTROUMOV and FILOV, 2202

RUSSELL agd'TURKEVICH221 have performed a radiochemical study of the
23

fission of U caused by capture of slowed n  mesons. The fission yields of
about - 40 spec1es were determlned " The results are plotted in Fig. 12.72. For
vcomparlson purposes, the same authors also determined the mass-yield curve for

238

fission of U induced by 134 Mev protons. The results are shown in Fig.
12.73. These curves are.remarkably similar. % - fission of uranium is
| typical high-energy fiesion_with the broad symmetric distribution of fission
products. -The average ﬁeutron multiplicity in this form of fission is 10-1k;
the value differs slightly whether one refers to symmetric mass gplits (v ~1L)
or to moderately asymmetric mass,eplits (V ~10-11). The excitation energy was
estimated to be about 77 Mev which can be compared with the ~90 Mev estimated
by emulsion.techniqﬁeSZlO ahd ~80 Mev calculated by Monte Carlo methbds.209
vRUSSELL.and TURKEVICszl measured the fission probability per pion stopped in
uranium and obtained a value of 0.48 + 0.09. |

The Monte Carlo calculationszo9 indicate that the primary result.of. the
meson capture in_uranium,and the-Subsequent‘cascade initiated by two high
energy nucleons is the production of an assemblage of protactinium nuclei
with a broad distribution in excitation energy from O to 140 Mev. Thorium
nuclei are-also‘producedfwith a .broad disfribution in excitation energy, but
nOt‘in such large numbers.  The excitation energy of this assemblage of excited
nuclel is dissipated by neutron evapofation‘with some high-energy fission
occurrlng at each stage of evaporatlon |

The fission product distribution observed in radlochemlcal experiments
can gi¥e only a composite picture of end-results of a variety of fissioning
systems. Thus pion-induced fission is closely analogous to fission induced

by charged particles of high energy.

220a. N. S: Ivanova V. I. Ostroumov and R. A. Fllov, Paper P/2039, Volume 15,
Proceedings of the SecondUlN. Conference on the Peaceful Uses of Atomic
Energy, Geneva, 1958.

221. ‘Russell and A. Turkevich; unpublished results, I. J. Russell, Ph.D;
Thesis, University of Chicago, December, 1956, unpublished. o
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The possibility of.the induction of'nuclearifission by muons has been
mentioned by WHEELERZZ2 but has received scant experimental attention.. There
are two ways in which muons could induce fissioﬁ. '

(a) By capture of a (i particle in an outer Bohr orbit followed by tran-
sitions down through the 2s - 2p - ls states. During these transitions an -

“energy of about 7 Mev is released in a heavy element which is greater than the
photofission thresholdi In an appreciable fraction of cases, which in
principle can be caléulated, this.7 Mev will be transferred to the nugleus by
a non-radiative transition.

(v) By nuclear capture according to the reaction

B O+ D >n 4+ V.

In.thisﬁproceSS about 15:Mev is released. ZARETSKYZZ3 has attempted to
calculateithe nuclear excitation from non-radiative capture into mesonic orbits
in order to evaluate the possibility of fission catalysis by mesons; the results
were only qualitative. ' '

- An experimental attempt to detect uranium fission by u mesons in cosmic
rays was ne’gat;ve.zglL JOHN and FRY 5 using uranium-loaded nuclear emulsions -
observed .7 sets of fission tracks at the end of p tracks and calculated &
fission-to-capture ratio of about 0.15. MIHUL and PETRASHCU226 repeated the
experiment with considerably bétter statistics. 26,975 p- meson endings were
considered in uranium-loaded nuciear plates and 59vfission_eventsAwere foupd.
A fission-to-capture ratio of 0.08 was estimated. These twoAstudies”dq not
distinguish between fission mechanisms (a) and (b). They are furthefmore,
subject to considerable error because of assumptions on the microscopic dis-
tribution of uranium in the pla tes and particularly on the relative_absbrption

of mesons by uranium and by the other elements present.

222, J. A. Wheeler, Rev. Modern Fhys. 21, 133 (1949).

223. D..F. Zaretsky, Proceedings of the Second International U.N. Conference
. on the Peaceful Uses of Atomic Energy, Geneva, 1958, (United Nations,
New York, 1958), Volume 15, p. 175.

224, W. Galbraith, W. J. Whitehouse, Phil. Mag. 4k, 77 (1953)
225. W. John and W. F. Fry, Phys. Revs 91, 123&_(1953).

226. A. K. Mihul and M. G. Petrashcu, Dubna Report, Joint Institute for Nuclear
Research, 1958, unpublished.
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DIAZ, KAPLAN, MacDONALD,arid-PYLE.z27 used multiple sc¢intillation counters
inﬂa.deiayed,coincidence experiment to obtain the relative probabilities of. the .
two ‘fission mechanisms. The fission induced by BOHR orbit atomic ‘transitions
" of the g meson should occur promptly (z << 10 2. sec), whereas those due to
nuclear capture of the u meson should occur with the characteristic mean llfe—
time of a L~ meson stopped in uranium (8.8 * 0.4 x 10 -8 sec). This experiment
gave a strong 1ndlcat10n that the nuclear capture mechanlsm (b) was dominant

. The percentage of f;ss1ons duevto non-radistive atomlc,capture was. set. at

5.6 + 2.7 percent.’

227. .J. Diaz, S. N. Kaplan, B. MacDonald, andwR.vV. Pyle, Phys. Rev. Letters
3, 23k (1959)
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12.4 ‘PHOTOFISSION

12. 4 l Photof1s51on Erobab1l-x The nuclear flSSlOn of heavy elements
follow1ng the nuclear absorption of electromagnetlc energy was predlcted by
-BOHR and WHEELER228 in their famous l939 paper. The first ev1dence for a photof
fission process was oObtained in 1941 by HAXBY SHOUPP STEPHENS and WELLS229
who bombarded uranlum and thorium with 6.1 Mev gamma rays orlglnatlng in the
reaction; F 9(p,ay)0 They estimated . cross sectlons of 3. 5 and 1. 7 mllll—'“
barns, respectively, for the fission of the two elements. Their resulis were
confirmed by ARAKATSU and co-workers.230

All research in photonuclear reactions is hampered by the very limited

numbers of monochromatic gamma rays which are .available in sufficient intensity

for significant experimental work. This shortage of monochromatic gamma sources
has forced experimentalisﬁs to use the high intensity bremsstrahlung beanms
obtained from betatrons, synchrotrons and electron linear accelerators. . The
continuous distribntions of photon,energy up to the maximum energy of the
electrons is an unavoidable disadvantage in the use of bremsstrahlung beams.

The pioneer study of this type was carried out by BALDWIN_.and,KLAIBER231
using the General Electrlc Company 100 Mev betatron. Fission was detected in
uranium and thorium samples by observ1ng the ionization pulses produced by
fission fragments in an ionizatim chamber. It was necessary to blank out the
pulses of ionization caused by the huge x-ray beam by using a double 1on chamber.
The fissionable material was placed on the inner.walls of only one of the two
chambers., Only when the ionization in this chamber was much greater than in
the second was a fission event registered. . This double chamber technique has
been standard practice in subsequent photofission measurements in many other

laboratories. BALDWIN and KLAIBER231 found an appreciable f1551on cross section

in both uranium and thorium, the fissionability of the former being about twice

¢

that of the latter.

228. Nl Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939).

229. R. 0. Haxby, W. E..Shoupp, W. E. Stephens and W. A. Wells, Phys. Rev. 22;
57 (19Ml) - ’

230. Arakatsu et al. Prdc} Phys['Math..Soc., Japan,gi, 440 (1941).

231. G. C. Baldwin and G..S. Kdaiber, Phys. Rev. 7L, 3 (1947).
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The raw experimental data in such an experiment show the cross section as

a function of the maximum energy of the bremsstrahlung beam,'which in . itself is
not a very revealing correlation. The cross section so observedvméy bq,expressed:
E ”

max
Pintegrated ~ \jr ¢d(E) N (E
: o - M max’

(12.26)

where Emak is the maximum energy of the bremsstrahlung beam

;G( ),fth@ desired-quantity,is the cross section for monoenergetic
y-rays of energy E

‘ N(E' ) is the number of photons with energy E in the bremsstrahlung
max, spectrum of max1mum energy E
: max’
It N(Emax E) integrated are known exactly as a functhn Of’Emax’ Qne_gan
"in pr1nc1ple, calculate o over a range of E up to E % - The function
(E E) has been calculated by BETHE and HEITLER 2 The exact expressions
max,
for the photon distributions are complex but to a first approx1matlon N(E E)
ax,

can be evaluated from the:expre551on

2 N(Emax g) % _ constant. | B (12.27)
iax,

Using thisfapproximate expression or the more exact‘expressions for the
bremsstrahlung spectrum and using many experimental values of the integrated
cross sectlon taken at a series of values of E éx one can proceed to calculate

(E) by the "photon difference" method descrlbed by KATZ and- CAMERON 233 The
appllcatlon of the photon difference method has been simplified by the work of
PENFOLD and LEISSZS "

BALDWIN and KLAIBER23 published thelr work before these mathematical

techniques of KATZ and CAMERON-SS or PENFOLD and LEISS 23k

they were .able to deduce a'c(E) curve for the photofission of uranium andthorium

who .developed an invertéd matrix method for such computations.

were developed, but

232. 'H. A. Bethe and W. Heitler, Proc. Roy. Soc. London, A1k6, 83, 193k;
W. Heitlér, Quantum Theory of Radiation, Oxford University Press, New
York, 1944, 2nd Ed; for an extensive review of the radiativeé processes
occurring during the slowing of electrorms in matter, see Bethe and ‘
Ashkin, Part II, Vol. I. "Experimental Nuclear Phys1cs , E. Segre,
editor, Wlley, 1953

233, L. Katz and A. G. W. Cameron, Can. J. Phys. 29, 518 (1951).
234, A. S. Penfold and J. E. Leiss, Phys. Rev. 11k, 1332 (1959).
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by an apprOXimatevcalculatibngmethod,similar'in principle. ‘Their most signifi-
cant finding‘was that the cross section rose rapidly from a threshold value
'near'S.Mev to a maximum at 18 or 20 Mev and then dropped steeply. Above 30

Mev the fission cross section was quite low. More recent work has located the
peak of the cross sectionzét somevwhat lowerivalues, but otherwise has amply '
confirmed this result. »Fufthermore,-meésurements on photoneutron emission. in
thorium and uranium has shown a.similar maximum.yield at a broad resdnance
centered near 15 Mev. These results show that the photonuclear processes in the
heaviest elements are cheracterizedeby the "giant" dipole resonance which is the
dominant feature of photonuclear feactions in all target elements throughout the
Periodic System of the Elements. . A clear eXplanation.of the fundamental nature
of this hlgh frequency gamma ‘resonance has not been developed. In the light <
elements there has been considerable success in applylng the 1ndependent partlcle
model to explain the photonuclear resonance. As theorlsts learn more .about the
nature of the residual interactions between particle outside of closed shelis
énd are>better able to handle independent particle model calculations when many
particles beyond closed shells are present in the nucleus there is hope that the
calculation of photonuclear absorption'may be extended satisfactorily to more
complex nuclei. WILKINSON'>’’ 236
GOLDHABER and TELLER 231 became interested in the glant resonance phenomenon in
the heavy elements when BALDWIN and KLAIBER231

‘results. They advanced a tentatlve explanatlon based on the notion that the

has made many contrlbutlons in this direction.

publlshed their photofission

nucleus as a whole received a dlpole vibration, con51st1ng of the motlon of the
bulk of the protons in a dlrectlon opp051te to the motion of the neutrons at a

fixed resonance.frequency.

235.. D. H. Wilkinson, "Nuclear Photodisintegration”, Ann. Rev. Nuclear Sci.
9,1 (1959). |

- 236. D. H. Wilkinson, Proceedlngs of the Amsterdam Conference, Phy51ca (1956).

237. M. Goldhaber and E. Teller, Phys. Rev. 7u 1046 (1948).
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It is beyond the scope of our review to discuss the 1nterest1ng theoretical

dewelopments 1n photonuclear processes We refer the reader t0 several

235-241

excellent reviews.

’ The exc1tatlon energy brought 1nto a heavy nucleus like U 238 by photo-
absorptlon is dlsposed of by neutron emission or fission with the pOSSlblllty
of a fission- evaporatlon competltlon at each step of an evaporatlon chain. If
thls view is correct the following definitions supply some useful termlnology

| (o 4o+ ... ’ |
| totel: v T (‘r,n °,2n | ) + | | (12.28)

(o + 0. F O )

v,f v,nf Y,2nf

where o( refers to fission which occurs after the emission. of

nf’)

one neutron, and the meaning of the other terms is plain.

6 =0 _+0 __+0 + ... ; : “(12.2
Y, F . 7,t f,nf Y,2nf ] ( 9)

o + 2 + 30 o+ ...=r+' + 12.30
r,N ( Ysn o GT?ZH 3 Y,3n ~),1AV GY,f _ . _( ‘3 )
(1 +'y)oY oe T (2 +VY)o

2.

g

; +
T,ant
where V is the average number of neutrons emittedjn;fission, a
number about 2.5. This’?'value should noi¢ be confused with the
average number of neutrons obtained for every one fission that

takes place in a bulk of irradiated material.

' o 2k2
This terminology was introduced by GINDLER, HUIZENGA and SCHMITT.

Most experimental work provides a measure of GY F or GY'N while the other
: ‘ ) p Y, ,

cross- sections must be deduced by an indirect analysis. Let us discuss some

vecent data,’ starting first with measurements of GY P Three general methods
)

have been used. The first is the differential ion chamber method of

238. G. R. Bishop and R.- Wilson, "The Nuclear Photoeffebt” Vol. 42, Handbuch
der PhYulk Sprlnger—Verlag, 1957, S. Flugge, Editor.

239. K. Strauch, "Recent Studies of Photonuclear Reactions”, Ann. Rev. Nucl.
Sci. 2, 105 (1953). ' ' ~

240. J. S. Levinger, "Theories of Photonuclear Reactions" , Ann. Rev. Nucl.
- Sci. b, 13 (1955). -

2kl. Titterton, Photodisintegration Experiments with Nuclear Emulsions,
Progr. Nucl. Phys. L, 1 (1958).

2k2. J. Gindler, J. Huizenga and R. Schmitt, Phys. Rev. 10, hZS (1956).
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- BALﬁWIN,and_KLAIBER. ‘This has been used also by OGLE and McELHINNEY,2h3 by
LAZAREVA . and co-wbrkersgu& ahd by_KATZ,‘BAERG and BROWN}ZFS‘ A éecdﬁd‘geheral :
method is the collection of fission fragments recoiiing.oﬁt Ofva heavy_element
foil and the énalysis of the rsdioactive fission products, & methdd which has
. been exp;oifed by McELHINNEXland.OéLE,2h6 by AﬂDERSON and DUFEIELD,ZH7 and WINHOLD
ang HALPERN,Zhg The third general method is thexrédioché@icai ahalyéis of fission
' prdducts present in a heav& eiement.target after irradiationrwith & known flux '
of protons. This approach has been used byaDUFFiELD and HUIZENGA,2u9 by KATZ
and co-vorkers,25° by GINDLER, HUIZENGA snd SCHMITT,Z"? by SCHMITT and DUFFIELD
and others. ‘The agreementﬁbetveéh'these‘various authors has been satiéfactory..
- Typical results'éré‘shbwn in Fig_’lZ;YM taken from the ion chamber measure-
ments of KATZ, BAERG'andlBROWN,Zhs<CFigure.12.75'shows the results of the

f»transformation of these déta into é‘photofission cross section versus proton

251

energy curve, by the‘photdn‘differencebcalculation cdited above. It is customary
to compare érqsé sectiégi§gr the giént resonance by specifying the ;ocation ofv
the cross section maximum, the width at half maximum and the integrated cross
gection ﬁ?'c dE. These values as derived from the analysis of KATZ, BAERG and
BROWN2h5 g}e listed in'Table 12.31 toééther with:similar data taken from the work

of other authors.

243. W. E. Ogle and J. McElhinney, Phys. Rev. 81, 344 (1951).

24}y, Lazareva, Gavrilov, Valuev, Zatsepina, and Stravinsky, Conference of the
Academy of Sciences of the USSR on the Peaceful Uses of Atomic Energy,
July 1-5, 1955, Session of the Division of Physical and Mathematical
'Sciences (Consultants Bureau, New York, 1955), p. 217.

245. L. Katz, A. P. Baerg, and F. Brown, Paper P/200.in Volume 15, Proceedings
of the Second U.N. International Conference on the Peaceful Uses of Atomic
Energy, Geneva, 1958. .

246. J. McElhinney and W. E. Ogle, Phys. Rev.-8L,"3k2 (1951).
247. R. E. Anderson ard R. B. Duffield, Phys. Rev. 85, 728 (1952); R. E.

Anderson, B.S. Thesis, University of Illinois, 1951 (unpublishgd;)
248, E. J. Winhold and I. Halpern, Phys. Rev. 103, 990 (1956). -
249. R. B Duffield and J. R. Huizenga, Phys. Rev. 89, 10z (1953).
250. Katz, Kavanagh, Cameron, Bailey and Spintz, Phys. Rev. 99, 98 (1955).
251. R. A. Schmitt and R. B. Dufficld, Phys. Rev. 105, 1277 (1957).
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Table 12.31 Characteristics of the giant resonance in photofission-and photo-
neutron ‘emission for heavy element nuclides

| O oy "E(cmax) Half width - [ ¢ dE Refer-
- Reaction (varns) (Mev) (Mev) Mev-barns® ence
Th232(y,F) | 0.051 1h.1 7.0 0.64+0.06 (0-28) a
Th®32(y,F) 0.045  13.5 7.7 0.35 (0-20) b
232(Y,F) 0.048 1h.5 6.0 0.32 (0-19) c
Th?3%(y,n)Th®3t  0.490 12.2 4.2 2.2 (0-20) b
™?3%(y,x) . 0.80 1h.5 5.6 6.61 (0-28) 8
“232(Y,N) 0.99 1h.2 6.0 g 7.15 (0-22) d
238( B 16 5 .
23y, F) 15 8 *
‘238(Y,F) | 14.6 6.8 _ g
ue3 (v,F) 0.18 1k 7.6 1.2 (0-20) h
U238(Y,F) 0.125 1k 8.8 1.1 (0-2k4) i
U238(r,F) 0.20 14,0 6.7 1.7 (0-28) a
U238(Y,F) 0.160 13.7 5.8 1.0 (0-20) b
U238(Y,F) 0.110 - 14.0 6.4 0.76 (0-19) ¢
a3’ 053w 3.6 2.6 (0-20) n
238(r,n)U237 0. 400 12.0 5.0 2.1 (0-20) b
238(Y,N) " ' 15.8 7.1 g
5@ : .
38( ¥, ) 1.8 13 (5) 11.4 (0-27;5) ;
y?3 (y,N) 0.96 1k 6.4 7.1 (0-25) k
3Z(Y,N) 1.18+0.15 1L.9 6.8 - 12.9%1.0(0-28) a
u?3 (y,N) 1.29 15.2 - 6.4 9. Th ' 4
u?33(y,F) 0.27 13.0 5.6 1.62 (0-19) c
u?33(y, M) 1.67 14.0 6.0 11.2(0-22) d
Np237(Y,F) ' 0.205 13.0 5.7 1.26 (0-19) c
Pu?32(y,F) - 0.350 13.0 - T.h 2.65 (0-19)
239(r,N)‘ 1.58 13.6 6.3 11.6 (0-22) a
al(rF) 0.160 13.5 6.0 1.01 (0-19) c
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Table 12.31 (cont'd.)

(v,F) indiceates all processes initiated by a photon in which fission occurs
i.e. ofF = o(y,f) + o(ynf) + o(y2nf) + ...
(v,N) indicates the total number of neutrons produced by the nuclear absorp-

tion of a photon. Because of the.low probability of charged?particle

_ émissibn, the cross section for the'(r,N) process may be represented by

a(y,N) = o(y,n) + 20(y,2n) + 30(y,3n) + ... VY o(v,F), where V represents
the average number of neutrons produced by a gamma excited nucleus .which
eventually fissions. These neutrons may be'emitfed before fission occurs,
may be a result of the fissionvprocess)or may be a combination of the two.
Half width is defined as the full width at half maximum.

Integration limiﬁs in Mev are given ih parentheses following the integrated

value.

References:

o o

o 0.

5 om0

e

Lazareva et al., Moscow Conference, 1955.

. .Gindler, Huizenga and.Schmitt,- Phys. Rev. 104, 425 (1956).

Katz, Baerg and Brown, Geneva Conférence, 1958.

Katz, et al.,:Can. J: ,Phys. 33, 470 (1957).

. Baldwin and Klaiber, Phys. Rev: 71, 3 (1947). :

Ogle and McElhinney, Phys. Rev. gl,'34hv(l951).
Anderson and Duffield, Phys. Rev. 85, 728 (1952).
Duffield and Huizenga, Phys. Rev. 89, 1042 (1953).
Katz et al., Phys. Rev. 99, 98 (1955). .

Jones and Terwilliger, Phys. Rev. 91, 699 (1953).
Nathans and Halpern, Phys. Rev. 93, 437 (1954).
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' We shall_éxamine some details -of the“phdtofission_curves.after we discuss
- photoneutron measurements. Photoneutron yields can be measufedvby neutfon
counting or by radiochemical analysis for the heavy element product resulting
from neutron emission. The first method determines :the cross section_onN
whereas the second measures g _-.Or o_ . dependlng on the nuclide chosen
. . m - r,an 21,252

for' analysis. To~countaneutrons.some=research-groups use BF3 counters
with massive amounts of paraffin surrounding the target and detector system to
reduce the energy of the neutrons to thermal energy. Calibration of the .
counting efficiency and elimination of background neutrons are :severe experi-
mental problems. WINHOLD and HALPERN h8 used neutron activation analysis to
measure the neutron yields. The experimental neutron yield curves have the
- .same. shapes as those for photofission and the derived cross section curves show
-the same giant resonance. The cross sections for neutron production are,
however, greater than for fiésiona A

.The UY,N‘curves have a different appearance in the threshold region than -
is the case for a bismuth or lighter target. 'In the latter case no neutrons
are emitted for an incident gamma ray lower in energy than the neutron binding
energy. A heavy element target can fission at a photon energy below the
neutron binding energy and contribute neutrons to .the observed o ;N via the
V GY,f term. 237

Radiochemical measurements of the U (T,n)U cross section have been
made by DUFFIELD and.HUIZENGA 240 and measurements of this cross section plus
that of the Th232( ,y)Tthl reaction have been made by GINDLER,. HULZENGA and
SCHMITT. zhz Characteristics of the giant resonance for the photoproduction:
of these products are included in Table 12.31.

The photofission branching ratio, defined as

GT’f

g +ag 7
Y,f Y,n

is of some interest. The most straightforward data come from radiochemical

measurements of the o yields compared to o measured by im chamber
T,n :f 232

measurements or radiochemistry. . Some values for U 3 and Th are listed in

252. L. Katz, K. G. McNeil, 1M. LeBlanc and F. Brown, Can. J. Phys. 35,
470 (1957). g
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‘Table 12.32, for photon energies of 7-11 Mev. The table also includes branch-
2kl

ing ratlo data deduced from neutron counting determlnatlons , PflGY,N' In
this case the photofission branching ratio 1is known“wlth less certainty because
of uucertaih corrections for the v neutrons contributed pef fisslon. At photon
energies of T-12 Mev which lie between the r,n.and-x,Zn_thresholds, the photo-
fission branching ratio can be taken as a measure of %ﬁ whose importance is
stressed in Section 12.1.4. In that section neutron-emgssion-to-fission—width
ratios derived from photonuclear datarare listed in Table 12.6. A comparison
of these data with ;Q, ratios deduced from charged-particle induced reactions
(Table 12.4) and 3 Mev neutron cross sections (Table 12.5) shows that the
values derived from photofission are in line with those deduced from other
data (see Fig. 12.18). ' | _

(y,n) and (y,f) cross sections and photofission branching ratios undergo
some strong changes betWeen 5 and 7 Mev which can be correlated satisfactorily
with photof1551on .and photoneutron threshold values. A éOOd discussion -of
these changes and correlations for U238 and Th232 targets is given by GINDLER
HUIZENGA and SCHMITT. 33

Photofission branching ratios and r /F ratios can be calculated for
other elements besides thorium and uranium from published measurements of

238 BALDWIN and KLATBERZST set

fission cross section relatlve to those of U
an upper limit of lO-2 millibarns for the photofission cross sections of gold,
bismuth, lead, samarium, thallium and tungsten targets. McELHINNEY and
OGLE2u6 measured the relative photofission yields of several fissionable
materials with respect to U238 by a fission product catcher method. For
photons in the energy reglon 12-22 Mev the follow1ng results were obtained:

238 (1.00, standard), U y?3° (1.49), 3?33 (2.49), py®3? (2.51), n?3% (0.26)
and Th23o (0.85). HUIZENGA, GINDLER and DUFFIELD 233 measured relative photo-
fission yields at. betatron energies of 12, 17 ‘and 20 Mev. Fission rates were
determined by counting scintillatlon flashes in a zinc sulfide screen'deposited
on the front surface of a photomultlpller tube. The relative fission rates at
’ 17-20 Mev are the following: 238 (1), 232 (0.31), U236 (1.43), y?3° (2.%0),
UZSM‘(1.82)’ y?33 (2;5&), Np237 (2.40) and-Pu239 (3.17). These results check

253. J. R. Huizenga, J. E. Gindler and R. B, ﬁuffield, Phys. Rev. 95, 1009
(1954). |
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Table 12.32 Photofission branching ratio for tﬁbrium and.ufaniumb
238 | 232,
E(Mev) Ref. a Ref. b Ref. ¢ Ref. Ref. a Ref. c Ref. ¢
| Y -2.5 V= Yy =25 V=

7 0.24 0.28 | 0.18  0.20

8 0.21 0.25 0.22 o.2h 0.10 0.14 0.15

9 0.17 0.21 0.19 0.21 0.08 0.10 0.11
10 - 0.18 1 0.16 0.23 0.26 0.08 0.08 0.08
11 10.20. 0.18 0.23 0.26 0.08 - 0.08 0.08
References:

a. Gindler,.
.b. .Duffield

c. -Lazareva

Huizenga and Schmitt, Phys. Rev. 104, 425 (1956).

and Huizenga, Phys. Rev. 89, 1042 (1953).

et al,?h§
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those of McELHINNEY and OGLE 2h6 except that corresponding to the point for Pu239

po;nt. The results for 12 Mev energy were converted to I /F to glve the

‘results shown in Table 12.6 of Section 12.1.4. All these data point to a

strong influence of Z or ZZ/A on the photofission probability.. There does not

seem to be anything special about relative probabilities of neutron emission

and fissiOn in compound nuclei excited by photoabsorption eompared to deexcita-

tion .of Lsimila? compound nuclei producéd.in.other ways. Hence the detailed

discussion of nuclear.structure effects on fissionability which 1s given in
,Section,lzkl.h is believedito be valid for photofission. :

DUFFIELD, SCHMITT and SHARP?”* report a [p/T, .., Value of 0.003 for
Ra226 by comparing its fissionability with U238, both targets.irradiated with
23-Mev bremsstrahlung. This gives a value of [’ /F of 330. SUGARMAN255
reported a photofission cross section for bismuth of about 1/1000 of the U 238
cross section for an 85 Mev bremsstrahlung beam. ‘

Let us now examine some of the details of the photofission and photoneutron

247,231,248,251

curves. Several investigators have noted .a small bump in the
photofissidn cross section of thorium and uranium centered at about 6 .Mev. At
first it was not certain that this bump was not a fiction resulting from

errors and uncertainties in deriving cross sections by the photon difference
method. The bulk of evidence now indicates that this "resonance" is a real
effect although small compared'fo the giant resonance at 14 Mev. A particularly
strong piece of evidence comes from:an experimental study by CLARKE and
HUIZENGA256 and an extension of it by HUiZENGA, GINDLER and VANDENBOSCH.

In,thié work, heavy element targets were irradiated with gamma rays produced by

257

16 : »
the*Flg(p,ar)O reaction. A mixture of three monochromatic gamma rays of 6.1k,
6.91 and 7.1l Mev energy is produced in this reaction, but the intensity'ratio

I6.lh/(l6.9l + 17.11) can be varied over a large factor‘by changing the energy

" 254. R. B. Duffield, R. A, Schmidt, and R. A. Sharp, Paper P/678 p. 202,

Vol. 15, Proceedlngs of the Second U.N. Intermational Conference on the
Peaceful Uses of Atomic Energy, Geneva, 1958.

.255. N. Sugarman Phys. Rev. 79, 532 (1950)

256. K. M. Clarke, Thesis, Argonne National - Laboratory Report ANL-5853,
July, 1958; K. M. Clarke and J. R. Huizenga, Bull. Am. Phys. Soc. II
(2), 377 (1957). A similar measurement was also made by J. Hartley,
Ph.D. The31s, University of Pennsylvanla, 1955, Unpublished.
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.of the protoné striking a thin CaF2 target., Some results of this-study'are
given in Table 12. 33 The important.result is the higher cross. section at
6.14 Mev than at 7.0-Mev for .U 36'and the near- eqplvalence of the cross |
sections at these energies for Th232 and U238. The difference in all these
cases is outside the probéble error. Hence there can be little doubt that a
local maximum occurs.in the photofission.curve below 7 Mev, at least for some
nuclei. The size of the bump is not large, as can be seen. in Fig. 12.75.
(See also Fig. 12.78 below). o

" Several possible explanations for a local maximum at about 6 Mev have
been proposed but none of them 1s completely satisfactory. The neutron bind-
ing energy falls at about this point and the onset of neutron emission as a
competltor to fission could account for the dip in flSSlon cross section. In
a nuclide like Th 232 the (r,n) reaction competes strongly and for a constant
photon abscorption cross sect;on the fission cross section must drop when,the
- neutron emissionvcommences. .In heavier, more fissibnable nﬁclides»the effect
would be less.. From the atomic mass tables the neutron binding energies can be
estimated_rather‘accuratély1 However, there does not seem to be a clear corres-
pondence betWeenvthe neﬁtron'bihding energy and the occurrence or non-
occurrence- of " a. drop 1n Cross. sectlon for the nuclides in Table 12.33. The

binding energy of the last neutron in U 234 and U236

for example lie at 6.8k
-Mev ‘and 6.&6-Mev'respectlvely;Lyet the fission cross_section of the.first
rises while that of the second drops between 6.1L and 7.0 Mev.
vA'seCOnd-possible explanation is a change in the mechanismof photon-
absorptidn, ;It'is possible that quadrupole absorption is larger than dipole
absorption near 6 Mev._ Since the hucléi considered here are spheroidal nucleil
with large quadrupole moments such & mechanism is plau51ble This possibility

is discussed in the text by BLATT and WELISSKOPF. 258 Some Russian’

257. J. R: Hulzenga J. E! Gindler and R. Vandenbosch, Bull. Am. Phys. . Soc.
IT (), 23h (1959) and unpubllshed work.

258, J. M. Blatt and V. F. Weisskopf, "Theoretical Nuclear Physicsf Jphn
Wiley and Sons, Inc., New York, 1952.

G
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‘Table 12.33‘ Photofission cross sectibnsiat 6.14 Mev and 7.0 Mev

9.1 F>F) Op o(rt) og(r,£)/0,(v,P)
Nuclide (millibarns) (millibarns) .
" 9 9 0.9
R 13 " 0.31
B3 5 52 ;o.,iog
v 16 33 0.49
236, 35 28 1.26
0?3 13 15 0.89
w237 = 15 0.69
Uﬁpubliéhed

results of Clarke, Gindler, Vandenbosch and -Huizenga.
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2hk, 259,260,261

- experiments on the angular distribution of fission fragments

for photofission of UZ3S at 9.h Mev indicated & distribution of the form
I (9) = a‘+-b sin29 +c sin&@ ‘ (12.31)

where the constant c was 51gn1flcant compared to b. This would indicate quad-

rupole absorptlon. However, KATZ, BAERG and BROWN 25 later made a careful

238.and Th2~32

study of the angular distribution of the fission fragments of U
and found no necessity to invoke quadrupole effects to explain their results.
They state, however, thatvquadrupolé contriﬁutions are not conclusiVely ruled
out.

A Further fesearch is reqpired before the true nature of the photofission

process in the region of 5-7AMeV will be resolved.

We have‘mentionedjthe angular distribution  of. fragments from nuclei

239

iﬁducéd~ﬁd‘fiséibn With'photohs One of the most interesting discoveries

38 and Th232 show

about photof1551on was the fact that the even-even nuclei U
pronounced_peaklng of fragment emission at 90 to the incident photon beam.
This anisotropy is at a maximum at the photofission "threshold" and washes out
rapidly at higher photon energies; ’These angular effects are fully discussed
in Section 12.1.7 of this chapter. ) -
The determiﬁation of photofission thresholds has been a matter of some
interest since this threshold might'provide a direct measure of the activation
energy for.fission. The flrst maJor investigation was carried out by KOCH,
.McELHINNEY and GASTEIGER262 who detected fission events in a differential -ion
chamber and reporced the threshold values listed in Table 12.3L4. These results
did not agree well with the prédictions of the classical liquid drop model
FRANKEL and METROPOLIS263 made_calculatlons on the ENIAC computer based on the
liquid drop model of BOHR and WHEELER265 of classical fission thresholds,’ -

259. Lazareva and Nikitina, Phy51cs -of Fission, Suppl. No. 1 Sovi.d. Aubmlc
‘Energy, Atomic Press Moscow, 1957( trans. Consultants Bureau, New York, 1957)p.125.

260. A. I. Baz, et al., Paper P/2037, Vol. 15, Proceedings of the Second U.N.
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958.

261. Bamnik, Kulikova, Lazargva‘and Yakovlev, Physics 22, 1186A (1956).

262. H. W. Koch, J. McElhinney and E. L. Gasteiger, Phys. Rev. 77, 329 (1950).
263. S. Frankel and N. Metropolis, Phys. Rev. 72, 91k (1947).

264, N. Bohr;aﬁd-J{ A. Wheeler, Phys. Rev. 56, 426 (1939).



T3

. f237‘

UCRL-9065

s ‘ C "'*
Table 12.34 Photofission thresholds

Threshold value (Mev)

>Threshold,value (Mev

U

Nucleus ~ Koch, McElhinney and Gasteiger Katz, Baerg and. BrownZ4d
m?3¢ 5.40 - 516
ue33 : - 5.8 4.82
u35 5331 --
238 5.08 - k.60
w37 . b T
pu239 5.31 473
ag?t - -

5.31

* '
"Threshold" means here the lowest photon energy for which fission could be

detected.
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defined as the energy difference between the initial spherical equilibrium
shape of the drop and the saddle p01nt shape In all cases except Pu 39
calculated threshqlds were higher and furthermore these showed a much sfronger
uariation with ZE/A than the experimental results. Experiﬁenﬁal values of
fission threshold deduced from the behavior of the cross sectionsufor ueuiron-
induced fission show a similar disagreement with the calculated valuee.

Two thlngs can be said gbout this comparison.” In the first place as is

{Report UCKL-9035)
strongly emphasized in Section 11.2 of the review of low energy fission,,our
knowledge of the claesical liquid drop model is incomplete so that we feally
are uncertain about the true locations in deforﬁation space of all the low-lying
saddle points and about the potential energy of these saddle points. Further-
mcre, the ligquid drop model by its vefy nature is a gross oversimplification:
which 1gnores the details of the individual partlcles and of possible shell
structure in the nucleus. We know that shell structure effects are quite
important. The strong equilibrium‘deformations in the nuclear ground states of
uranium and other heavy element nuclei is quite stfong proof of thie.- Hence
it is certain that a more realistic model for the nucleus would lead to
different saddle point potential energles than those calculated by FRANKEL and
METROPOLIS 63 or any other authors who base their computations on the idealized
liquid drop. -

The second comment is that, in the quantum—mechanical description of
fission there can be no such thingras a true threshold since a nucleus excited
to some point below the classical threshold has a definite (if small) probability
of penetrating a potential barrier and dividing. This is shown schematically
in Fig. 11.16 of :the last chapter. . Below-the-barrier fission would be expected
to have an exponential dependence upon energy. The experimental "threshold"
would then be merely a measure of the limits of fission detectability. Recent

~experiments have amply confirmed this. KATZ, BAERG and BROWNzusvincreased the
sensitivity of the ion-chamber method and showed that fission was occurring at
measurable rates at gamma ray energies as low as those listed in column 3 of
Table 12.34. These values are much lower than the earlier ones of KOCH,

McELHINNEY and GASTEIGER.262 More important then these numbers is the shape

265. R. A. Schmitt and R. B. Duffield, Phys. Rev. 105, 1277 (1957).

€
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of the yield curves and of the cross sectioh curves derived from them which
indicate strongly that photofission is occurring by barrier penetration at these
low energies. There seems little doubt that fission could be detected at eveﬁ
lower energies 1if greater sensitivity were\achieved — by use of higher current
electron accelerator for eXample. There appears to be a decrease in fission
cross section of about a factor of 1000 for each 1.0 Mev decrease in energy.

232 and U238 are less than one microbafn,at

245

The fission cross sections for Th
the threshold values quoted by KATZ, BAERG and BROWN.

curves in the barrier penetration energy region are given for Th

Complete cross section
232} U233, U238,

2 : 2
Np 37, Pu3? and Am Hl in Fig. 12.7h. ,
SCHMITT and DUFFI_ELD265 have investigated the yields of specific fission
the . '
products of U238 and Th232’inAﬁhreshold energy region by radiochemical tech-

niques. Their results corroborate those of KATZ, BAERG and BROWN .in showing
that fission can be detected below 5.0 Mev. Consider, for example, Fig. 12.76
which shows the yields of some typical products of asymmetric fissiOn as a
function of maximum x-ray energy. .The sensitivity of the radiochémical method
makes it possible to cover an enormous range of_fission jield; for éxample the

38

asymmetric photofission of U2 was found to increase by a factor of,lOu’as the
bétatron:énergy was increased from 4.8 to 6,0 Mev. The authors also studied
the yield of Cd]_'17 which was selected as a monitor for symmetric fission
probability; Cdl17 1iés.near the bottom_of the trough in the thermal neutron
fiséion of U235. The results are shown in Fig. 12.77. It is noteworthy that
some symmetric fission occurs at quite low gamma ray energies. SCHMITT and
VDUFFIELD265 also examined the percentage of fission events leading toCdl:L7 as
a function of betatron électron_energy. This percentage was well below one
percent in the énergy range O0-24 Mev but from its variation in energy it could

32

be seen that (1) the probability of symmetric fission in Th2 is .vanishingly
small at betatron energies below'Y.Mev; for exampie at a betatron energy of 6.5

Mev the yield of Cd.l17 is less than 0.0003%. This is considerably lower than
the yield (0.01%) from thermal-neutron induced fission of U235;‘(2)'the pro-

38 s higher than .in Th?32
38

bability of symmetric fission in U2 at energies below

10 Mev; and (3) the probability of symmetric fission in U2 hag a local maximum
. of about 0.05 percent at 6 Mev. There is nd theoretical interpretation for this
result glthough it might bear some relation to a possible qpadrupole photo-

absorption mechanism near 6 Mev.
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Fig. 12.76 Relative yield of some typical products of -
asymmetric fission of natural uranium amd thorium as
- a function of increasinﬁ betatron energy. Ordinates
. for Bal39, sr9l anag 113 -are unrelated. From
Schmitt and Duffield. 263
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betatron energy. From Schmitt and Duffield.Z205



UCRL-9065

=242

SCHMITT and DUFFIELD applied the photon difference method to their Ba139

238

and Cd115 yields from U figsion in order to calculate the cross section
versus photon energy curves shownJin‘Fig.\lZ.78. The intereéting feature is
the confirmation of the small resonance at about 6 Mev which had been obse:ved

previously in ion chamber measurements. (See above).

12 4,2 Fission Product. Yleld Dlstrlbutlon Photof1551on. From the
domlnance of the glant resonance in the ex01tatlon funCulon for photofission it
is clear that the majority of the fissioning nuclei are excited to about: 14 Mev
even when thé mafximum energy of the bremsstrahlung beam is considerably greater.
We may expect then that the mass yield curve will resemble those dbserved in
charged particle bembardment when the compound nucleus is ex01ued to about 1h
Mev. This expeccatlon is borneiout by the facts.

SCHMIDT and SUGARMAN266 studied the yield of 26 fission chains for uranium
targets irradiated with bremsstrahlung beams with maximum energy 48, 100 énd 300
Mev. In addition they measured the yilelds of selected peak and trough products
for products for photon beams of 7, 10, 16 and 21 Mev. RICHTER and CORYELL267
used a uranium salt sample as the target of the 16 Mev electrons in the M.I.T.
linear accelerator so that the ufanium target served simulténeously as the. x-ray
source and absorber. Radiochemical determinations were made bf the yields of
19 chainé. Some products were also isolated from targets bombarded with 10 Mev
electrons. KATZ and co—Worker5268<measured‘the yield of 12 fission products of
uranium at betatron energies of 12, 18, ard 22 Mev.. i addition, the yield of
Ba 139 (used as a monitdr of asymmetric fission) and of Cd 5 (uspd as a monitor
of symmetric fission) were determlned»at 1 Mev ;ntervals from 8 Mev to 24 Mev.
DUFFIELD and co-worker5269 isolated many products from uranium targets struck
with electron beams at several energies between 5.5 and 8.0 Mev. DAHL and

PAPPASZ7O studied uranium fission product yields at 31 Mev,

266. R. A. Schmidt and N. Sugarman, Phys. Rev. 95, 1260 (195k4).
267. H. G. Richter and C. D. Coryell, Phys. Rev. 95, 1550 (1954).

268. L. Katz, T. M. Kavanagh, A. G. W. Cameron, E. C. Balley and J. W. T.
Spinks, Phys. Rev. 99, 98 (1955).

269. R. B. Duffleld L. E. Glendenln, R. A. Schmitt and E P. Steinberg
unpublished data,‘l955, cited in reference 272.

270. J. B. Dahl and A. C. Pappas, University of Oslo, Norway, 1955,
unpublished data cited in reference 272.

Lo
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SPENCEZYl measured some yields .of 20 Mev phofofission of U235.

A complete tabnlation of the results of these studies and an .interpreta-
tion of the reSults is given in an excellent summary report by DUFFIELD, SCHMITT
and -SHARP. 272

Figure 12.79 shoﬁs the generel shane of the mass-yield distribution over

‘We shall present only a sampling of the results.

a wide range of_maximumrbremsstrahlung energies. The distribution has the
typical two humps. The principalicomments which need to be made are the
following: o

(l) The yields of nuclides with mass numbers T7 thfongh 84 which represent
very asymmetric mass divisions are snbstantiaily higher than the corresponding
yields in the fission of U 232 1nduced by slow neutrons. Masses 83 and 84
increase by factors: of 2 or 3 as the X-ray energy is 1ncreased from 5.5 Mev to
300 Mev.

(2) The ylelds in the neighborhoocd of the llghg and heavy peaks are appro-

23

ximately equal to the correspondlng ylelds when U

235

is fissioned with fission~

spectrum neutrons or when U is f1551oned with 14 Mev neutrons.’
(3) Fine structure which has been shown to be present in the thermal-
neutron fission of U 235 at masses 100 and 134 (see Section 11.4 in Chapter 11)
267

appears also to be present in photofission. RICHTER . and CORYELL also report

a spike in their fission yields near mass number 133.

(L) Construction of smooth mass yield curves suggests the following average
number of neutrons, v. At 8.0 Mev Vv is 2.0 ferﬁasymmetric modes and 1.0 for
symmetric modes.'.At 10 and 16 Mev V = 3”whiie at 48 Mev it is L,

« (5) The yields of preducts of s&mmeﬁfic fission (mass number 112 through
126) -are considerably greater than those of thermal neutron fission of U235.
The change in the peak-to-trough ratio as a funetion of the maximum photon energy
is given in Table 12.35. There is some scatter in the experimental ratios but
. the general trend is clearly in the direction of filling in the valley as
117 »

excitation energy is increased. 1In a careful study of Cd yields as a

function of x-ray energy between 5.3-and ‘8.0 Mev with points spaced at 0.2 Mev

27l. R. W. Spence and co-workers, unpublished results cited in reference 258.

272. R. B. Duffield, R. A. Schmitt and R. A. Sharp, Paper P/678, p. 202,
Vol. 15, Proceedings of the Second U.N. Conference on the Peaceful
Uses of Atomic Energy, Geneva, 1958.
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a function of maximum x-ray energy. The circles and
the solid line represent yields at 48 Mev. Dashed
curves have been drawn through the 10, 16, 22, 31, 100
and 300 Mev symmetric photo yields, all normalized to
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increments SCHMITT and DUFFIELD2 found evidence for a local maximum at ~6.0
Mev x-ray energy. Such a local maximum was not seen in a comparable study of
Th232 fission ?roduct yields. ‘ '

KATZ and co—worker5268 énalyzed their radiochemical yield data in an
interesting and illuminating way. The yields of a given mass werevplotfed as
a function of the maximum energy Eo of the bremsstrahlung distribution. The
curve so obtained was similar to the usual yield curve in photonuclear reactions,
and was analyzed by the photon difference méthod233 to yield the corresponding
cross section curve as a function of photon energy; this derived curve can be
represented as [cyf'(hv)]A’ It has the”resonanée" shape characteristic of
photonuclear reactions and is interpreted as the cross section leading to the
mass chain A in the photofission induced by monocenergetic photons of energy hv.
(hv)], curves to con-

vf A

struct a three-dimensional surface, S(o,A,hv). This surface is shown in

It was then possible with the aid of sewveral such [o

Fig. 12.80. A cut through this surface at constant A is simplyvone of the
[OYf (hv)]A curves. A cut through this surface at constant hv results in a o-A
(yield-mass curve which is readily seen to be the mass yield_ourvenwhich woul.d
be obtained.with monochromatic photons. Yield-mass curves of this type are of
the most fundamental inferest;‘jThé'area-under such a 0-A curve is the total
photofission érOss,sectiOn for. monochromatic thotons of that energy. A com-
parison of the yield of a representative peak product to a representative '
trough product giveé the peak-to-trough ratio as a function of photon energy.
This comparison is more meaningful than the ratios quoted in Table 12.35 which
are averagés over the bremsstrahlung speéctrum. For fission induced by mono-
chromatic 2L Mev gamma rays the true_peak-to-trough.raﬁio is about 3.

The cross sectionsfor aéymmetric fissiQn_and for éymﬁetfic fission: both go
through a maximum in the region of the giant dipole resonance. Beyénd this
energy region the cross section for symmetric fission goes through a gradual
riée with increasing gamma energy. - At a photon energy of 300 Mev the cross
section for symmetric fission has increased to about the same value it had at
the dipole resonance peak. It i1s an interesting qpestion whether the cross
.section for asymmetric fiséion'goes to zero for photon energies above the reso-
nance. Thé aﬁaiysis of SCHMITT and SUGARMAN266_and of KATZ?68 indicates rather

clearly that it does not. There is a high energy tail on the excitation function

i
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Fig. 12.80 The S(0,A,hv) surface published by KATZ et a1.268‘

» The target element is uranium. The surface is symmetric
about mass number 117.5 but only the higher mass side
is shown. Note that the energy scale starts at 10 Mev
on the low energy side so that the A = 139 curve cuts
the 0-A plane at a finite value. The shape of this sur-
face up to 24 Mev is quite well established but above
this energy only the A = 117.5 curve is known with any
accuracy.
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Table 12.35 Pesk pos1t10ns and peak- to-valley yleld ratlos in the
photof1551on of uranium and thorium A

Average mass
number at

Maximum energy = half height Ratio of 5
Fissioning x-ray or electron Light Heavy peak- to~valley :
nucleus beam (Mev) . peak peak yields Reference
ce2o? Spon. fission 108 139 >600 '
U235 Slow neutron 95 139 650
U238 '~ Fast neutron 98 139 200
: ,Lfissign spectrum) . | :
mn?32 69 o1 138 10 a
UZ38 5.5 98 138 200 b
U238 8.0 _ - - 98 138 310 b
U238_ 110.0 - 97 137 200 c
1238 12.0 | | o 6
238 16 97 137 r25,%43°
U238 22 95 T 13y _16,d 20° _
238 48 ' 97 138, 13 c
238 : _ ' . ,
u=-" 100 - 97 - 138 9 c
U238. e i
300 , 97 137 6 c

(a) Hiller and Martin, Phys. Rev. 90, 581 (1953)

(b) Duffield, et al., unpublished data cited in Geneva Paper P/678 P. 202
Volume 15, Geneva Proceedings; 1958.

(c¢) Schmitt and Sugarman, Phys. Rev. 95, 1260 (1954).
(a) Katz, et al., Phys. Rev. 99, 98 (1955).
(e) Richter and Coryell, Phys. Rev. 95, 1550 (195k).

EY



UCRL-9065

-249-

- amounting to a few millibarns out to 300 Mev and farther. Asymmetric and

symmetric fission are equally probable at about 50 Mev of excitation; above
this energy symmetric fission is more probable. However,‘the.ioﬁAChambér
measurements cited below do not agfee with this but indicate that asymmetric
fission is still dominant between 200-500 Me&. The total photéfission cross
section at 300 Mev is about 7 millibarns. It must be emphasized that these
energy figures refer to the photon enérgy and to the initial nuclear excita-

tion energy and not necessarily to the energy of excitation when fission

occurred; multiple neutron emission may occur first followed by f15$10n from.a

relatively unexcited nucleus. BELOVITSKII and co- -workers 273

obtained evidence

in,emulsidn experiments that the cross section for photoflssioﬁ.is not negligi-

ble for photons well above the giant dipole reasonable energy.
HILLER and MARTINC '

fission products from the photof1831on of thorium induced by a 69 Mev synchro-

studied the distribution of 13 chain yields in the

tronAbremsstrahlung beam. The results were quite similar to the uranium fission

results just reviewed. The peak-to-valley ratio was 10. Symmetry of the curve

about nucleon nﬁmbers of 114.5 indicated the average emission of approXimately

3 neutrons. ' -
'SU'GARI\/]AI\TZY-5 measured the yields of 14 products of the photofission of

bismuth induced by the photon beam from a 69 Mev betatron. The principal result

is.that the photofission of this element is predominantly symmetrié. This is

in agreement with the latter results of FAIRHALL276

wiﬁh 22 Mev protons reviewed in Section 12.1.5. The yield-mass curve outlined

by SUGARMAN'S results has a half-width of ~20 mass units which is considerably

on the fission of bismuth

narrower than that found in the fission of bismuth with 190 Mev'deuterons by

' GOECKERMANN and PERLMAN,277 and more in agfeement with FAIRHAILL'S low energy

study.

273. G. E. Belovitskii; T. A. Ramanova, L. V. Sukhov and I.. M. Frank, Soviet
i Physics JETP 1, 586 (1955).

274, D, M. Hiller and D. S. Martin, Jr., Phys. Rev. 90, 581 (1953).

275. N. Sugarman, Phys. Rev. 79, 532 (1950).
276. A. Fairhall, Phys. Rev. 102, 1335 (1956).
277. R. N. Goeckermann and I. Perlman, Phys. Rev. 6, 628_(19&9).
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DUFFIELD, SCHMITT and SHA_]RPZ'-72 reported some preliminary radiochemical

_studiesvof’the fission products of radium induced to. fission with a 23 Mev

)

X=ray beam. ' As expected, the total fission cross section was quite low, namely

238

about one percent of-the U fission cross section at the same x-ray energy.
The interesting feature of the mass-yield distribution was that the yields

seemed to conform to the three-peaked distribution (equal contributions from
asymmetric and symmetric fission) whichﬂJENSEN and FAIRH’ALL278 had observed in

the fission of Ra226 with 11 Mev protons

1z. M 3 PhotoflsS1on PTObabllltX Verz Hl%E hoton Energles -

Photomesonlc F1581on. When the -energy of the photons is greater than the photo-
meson threshold of 140 MEV, 1t is necessary to consider the photoproduction .of
n-mesons and the reabsorptlon gf the mesons in the nucleus as a poss1ble mecha-
nism for transfer of energy into the nucleus. Much data exists on the photo-
productlon cross sectlon for mesons in. hydrogen targets, in deuterlum and in
complex nucle1 Many observatlons have been made of star formation and fast
neutron and proton producnon in complex nucle1 when bombarded with hlgh energy
photons, these observations glve 1nd1rect ev1dence for the reabsorptlon of
'mesons before escape from the nucleus It is out of place in this book to review
the detalls of those photomesonlc processes -We wish only to caill attention to
thls general phenomena which undoubtedly contrlbutes to the photof1s51on process
in all heavy elements for high photon energles

JONES and TERWILLEGER 279 measured the photoneutron yield for eleven repre-
sentatlve elements as a functlon of photon energy from 13.5 Mev to 320 Mev. The
photoneutron excltatlon functlon for each element showed a strong peak in-the
reglon of . lO -30 Mev correspondlng to dipole absorptlon of the photon Just
above thls energy range the cross section was quite low. At the higher energy
range, however? the cross section'increased again. The major part of this
increase in the,region beyond,iho Mev can probably be attributed'to.photomeSOn

effects.

B

®,

'278. R. C. Jensen and A. W. Fairhall, Phys. Rev. 109, 942 (1958).
'279. L. W. Jones and K. M. Terwilliger, Phys. Rev. 91, 699 (1953).
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The photofission cross section for uranium shois an analogous -behavior, as
was p01nted out by SCHMITT and SUGARMAN266 .and by KATZ 268 The excitation. curves
can be seen in Flg.-12.80. Photofission at these high .energies should have many
resemblances to fission induced by high energy protons or by = “-meson capture.
The first stép may consist of a reaction of one o@,the'following types with one

of the bound nucleons.
hv + p — n + n+ _
Q ' hv + 0 —>p + 1 ' . (12.32)
hv + p ——>-p +;no .

- The nucleon product of these reactions will have energy transferred to it and

can be considered a cascade particle having a certaln probability of escaplng
fromAthe nucleon and a certain probability of transferring its energy to the
nucleus by nucleon-nucleon collisions. The pion may escape or it may be

captured as-in the following process.

7 + [P+ P] — P + N + 140 Mev.

Cq" 4 [P+ N] —> N + N+ 140 Mev. (12.33)

‘The outgoing nucleons in this step have 70 Mev of kinetic energy. One or both

may escape without further 1nteract10n, or one or both may transfer part or
all of thelr kinetic energy to the nucleus by an elastic collision cascade.

ThlS picture of high energy photofission makes it quite understandable

. why the fission product dlstrlbutlon and other features of high energy photo-

fission re5emble those seen in f18310n 1nduced by charged particles or = mesons.

One would also predlct that elements at or below the bismuth- lead reglon would
show appreciable cross sections for photofission at high photon energies.  This
is borne.out by experiment. GINDLER and DUFFIELD280 used scintillation ’
detectors to detect fission recoilsvand measured relative fissionability in
bremsstrahlung beams of maximum energy 125 to 300 Mev. For a maximum energy Of

181 5. 31), W(0.60),

275 Mev the following relative resulic weie obtained: Ta

Au(L.2), T1(1.7), Pb(2.9), Bi(6:3), Th(zhd)”and U(570). The absolute cross

sectlon for bismuth 1s about 8 mllllbarns sO these relatlve numbers are roughly

280. J. Gindler and R. B. . Duffield, Phys. Rev. 9k, 759 (195&), J. Glndler
Ph.D. Thesis, University of Illln01s, l95h unpublished.
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equal to the observed cross section in millibarns For bismuth and elements of
lower Z the cross .section drops off sharply as the photon energy decreases.
BERNARDINE, REITZ and SEGRﬁ281 studied the photomesonic fission of bismuth
by counting fission events in a nuclear emuls1on loaded with bismuth. The
maximum energy of the betatron beam ranged from 100 to 319 Mev. The data were %
analyzed by the photon difference method. The'principal result of interest was
that the number of fission events was very low below 150 Mev and increased
rapidly. with energy above 150 Mev. The authors attrlbuted the observed fission
events torphotomesonic fission. '
This work was extended by JUNGERMAN and STEINER282 who measured with con-
siderable care the photofission‘yield'of uranium, thorium, bismuth and gold over
the range 150 to SOO'Me‘v..283 The energy range from 150 to-335 Mev was covered
 with the synchrotron,of'the Lawrence Radiation Laboratory at Berkeley while the
higher energy data were obtained with the synchrotron at the California Insti-
tute of Technology. A cancellation-type, double-ionization chamber was used to
measure fission rates while a calibrated ionization chamber was used 1o measure
the beamtintensity;l;The-results are given in Table 12.36 and in Figs. 12.81
and 12.82. - |
JUNGERMAN and STEINER 8 made an apprQXimate analysisaof their yield
curves by the photon dlfference method In'the'casefof'the uraniUm-and thorium
] targets they conclude that most of the yleld observed in these hlgh energy
bremsstrahlung beams is actually contributed by photons in the giant resonance
region around ‘14 Mev and that contrlbutlons from meson effects are masked. ‘The
derived cross section curves 1nd1cate a constant f1551on Ccross sectlon .of about
(25 to 50) mllllbarns in the energy region 200 to 500 Mev for U238 235
23 Thls partlcular result does not agree well w1th the published results
of’ MINAREK and NOVIKOVZ 3 who. got higher cross sectlons and ‘a much more sensitive

281. . G. Bernardine, R. Reitz and E. Segre, Phys.AReV. 29; 573(1953). v »
282. J. A. Jungerman and Hv M. Stedwer,Phys. Rev. 106, 585 (1957). '

283. 'E. V. Minarek and V. A. Novrkov, Soviet Physics JETP 5, 253 (1957)
carried out a similar study with the 250 Mev synchrotron of the
Institute of Physics, Academy of Sciences, USSR. Their results for
the Th and U are rather different than Jungerman and Steiner's but
their results for bismuth agree within the experimental errors.
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Table 12.36 Fission cross section per equivalent quantum for 100 to 500 Mev
bremsstrahlung beams (in units of 10-27 cmz).-From.Jungermanﬂand.Steiner,

Maximum energy 'E
of bremsstrahlung

; 209

spectrum in Mev U238 UZ35 'TH232 Bi , vAu197

500° - 247410 65.8+2.0 6.82+0.1h 1.57+0.09
1802 . 159%5 - 6L.71.5 6.17£0.29 -
4762 -- 25715 63.9¢1.5 6.16+0.20 --

- u® - - 63.4%1.3 — --
14662 - - -- 6.25%0.20 --
451° e -- --  6.10£0.18  1.k2*0.1l
431% 15243 252%7 57.8+1.2 5.48+0.17 --
4082 -- -- - 5.09t0.17 --
hoo® | - -- - 1.23+0,11
3892 - -- 60.5%2 -- -
3852 . 151%2 -- 51.0+1 k. 71%0.1k --
362° - - -- %.00£0.09 --
3502 -- -- - - 0.86%0.10
335 1811 - 27L4#1 ' 58.5%0.5 .06+0.06 Lo
33528 1462 235%6° 50.5£1.1 .12+0.13 --
300 1632 246 53.0¢1.1 - 0.72%0.08
291 . 168+5 2765 61.2+1.8 -- --
285 1735 - - 55.7+1.3 1.85%0.13 0.78+0.06
2852 -- - -- :26£0.18 --
250 : 1513 2396 50.2+1. 4 -- » --
2502 | - .- L 1.78:0.22  0.33%0.07
2LL | 1705 27057 51.3%1.3 — --
232 -- . 239tk -- -- --
208 154kl 2448 42.8%1.2 1.18t0.28 -
200% - SRR -- 1.30£0.24 0.31+0.09
180 1543 2385+ Lh.240.8 0.68+0.09 --
150% : - -- -- 0.61+0.12 --

143 LUl 226%6 43.31. 4 -- --

®Data obtained at the California Institute of Technology.
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dependenca.on:..the. . proton enengy.c. The radiochémical- studies of KATZ et al.,268
and of SCHMITT and SUGARMANZC®
symmetric fission modes at 300 Mev. If this figure as well as JUNGERMAN's and

indicated a cross section of 7-8 millibarns for

STEINER's figure for total fission are accepted then the ratio of asymmetric to
symmetrié fission is about 3-6 at 300 Mev. KATZ et al.268 has eaflier ten-
tatively concludéd that symmetric fission events would outnumber the asymmetric
at 300 Mev. | ,// ' a . ”

Figure 12.83 shows cross section curves for bismuth and gold derived from
the yield data of Fig. 12.82. In these cases there is a very definite increase
dbove 100 Mev continuing up at least as far as 40O Mev. .The curves indicate a
resonance centered at ~L00 Mev with a decreasing cross section above, but
uncertalnties in the data aﬁd in the analysis are such that this decrease may
be fictional. Further experiments are needed to ¢larify this point.> The form
of the photofission curves for bismuth and gold strongly suggests & meson pro-
duction and reabsorption sequence as the basic mechanism of the reaction, but
the exact nature of this mechanism remains to be learned. Interesting comments
on photomesonic fission are made by MINAREK and NOVIKOV283 and by LAZAREVA and
NIKITINA.Z”? | |
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a function of photon energy. These curves were obtained
from a smoothed plot of the data in Fig. 12.76. The
dotted curve was calculated by assuming a Schiff brem-
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solid curves were calculated in a rectangular spectrum
approximation. From Jungerman and Steiner, Phys. Rev.

106, 585 (1957). ‘
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