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photoproduction at energies néar 140 MeV. The © meson produced inside
the nucleus was thought to be reabsorbed producing high excitation energy.
Since this paper was published the same éffect was observed in other
isotopes and was always attributed to the onset of =« meSoﬁ photopro--

5,8,9

duction, Attempts were not‘usually made to consider separately the
behavior of the fission.probability as distinét from the interactionvéross

section, nor to také into account the energy”depositibh associated with

. each interaction process,

In the preseht work these effects are téken into accouﬁt separately
and it is found that the variétion in the photofission cross section as
a function of energy for elements in the region of bismuth or lighter is
eséentially accounted for 5y fhe increase in fission probability with |
increasing excitation energy. On the other hand, éince the fisz&n prob=
ability in uranium'is practically constant as a function of enérgy,‘tpe
energy dépenaep§e of its photofission éroés sectioh is a reflection of the
ihtefaétion cross séétion.: It seems éléo that ‘the -interaction described
by the qﬁasi-deuteron modello is on the avefage muéhvmore efficient in
transferring energy to the nucleus than is the méchaniSm involving n meson
photoproduction. Consequently the former interaction process appears to

be the dominant one 'in the excitations of sufficient energy to cause

~fission of lighter nuclei where the fission barriers are of large magni-

tude. On ‘the other hand both processes are important in the fission of
hgav{er nucléi, such as uranium, which have small fission barriers,

In the present work we have measured the electron and Bremsstrahlung

238 . 209_. 208 17k
92U, 83Bl’ 82Pb, 7OYb,

15k, |
and 228m over-the energy, range 60 to 1000 MeV, By applying the theoreti-

induced fission cross sections of the nuclei

&
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cal express1ons for the energy dlstrlbutlon of the virtual photon spectrum

assoc1ated w1th electrons, we have calculated the photof1ss1on cross sec-

tions from the electron-induced fission cross section data.“Then the
photofission cross sections calculated above have been integfated over the

Bremsstrahlung spectrum and found to be in agreement with the measured

Bremsstrahlung induced fission cross sections, This procedure has been

followed assuming the virtual photon spectra corresponding to EIL, Ml; and
E2 transitions, and some information about multipclarity has been obtained,
The photofission cross sections haﬁe been subsequently anslyzed in terms cf
the contributions due to photon interaction and'to the fission:pronability.
The nature of the energy dependence of the photofission cross section hes

1

been established,

II. THEORETICAL RELATIONS

A, Bremsstrahlung-Induced Reaction' Cross Sections

The Bremsstrahlung-induced reaction cross sections are related to the
photon-induced reaction cross sections through ‘the following expression
E

oy =qu OY(E) KB(EO,E) dE ,' - | N (1)

. Ve
where“aB is the Bremsstrahlung induced reaction. cross sectlon, o) (E) is
the photo reactlon crOSS‘sectlon and KB(E E) is the energy dlstrlbutlon
Qf‘the Bremsstrahlung from a thin radiator. This last qdantity is given

by the following relationll
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where EO is the electron energy, k ;s»the photon energy?.m is the rest
energy‘of the electron, Z is the atomic‘number of the radiator3aﬁd X is
the thickness of the radiator expreséed in fadiation lengths., The above
relation assumes complete screening which applies when the eleétfon-energy

is high,

B, Electron-Induced Resction Cross Sections

Within the Weizsackér-Williams approximatiéﬁ,l the elégtromagnefic
interaction between nuclei and éiectrqns can be expressed in terms of a
virtual photon spéctrum associated With an élécﬁréh;bf,energy-Eo avail-
able for producing‘nuélear excitations ofuenergy E and multipolarity £,
This ailows one to relate the electroﬁ-induced reactibn cross.sectionvto:
the photo-reaction cross section as follows: |

. ' Eo . . : \ _

Gef['%(m K (BB, 8) & DR €
where o, is the elecﬁfon—induced reactionrcross section and Ke(EO,E,Z)
is ﬁhe'energy distribgtioh of the'Virtua1 photon spectrum éss§ciated with
the electron, The theoretical expressions for Ke(EO,E,ﬂ) on the assumption

of a point nucleus are12
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where E is the energy of the virtual photon, & is the fine structure

a
P

el o

e
K (EO,E,ﬂ) =

constant, m is the electron rest energy and

[ (E =E) .
2 —_er_—__ for E1 transitions
. (
c, = g 0 for Ml transitions
E -EV
-8/3 —ELET—_ for E2 transitions .

It éppears that the simultaneous measurement of the Bremsstrahlunz arnd
electron-induced reaction cross sections allows one to check the validity
and consistency of the quantities KB(EO,E) and Ke(EO,E,E)'and could even

give some indication as regards the multipolarity of the dinteraction.

11T, EXPERIMENTAL

;A. Electron Beanm

| The beam of electrons in the energy range between 66 and 1000 MaV
was provided by the Stén%ord Mark III Electron Linear Accelerétor.' The
beam was deflécted twice before entering the target afea which is separated
by heavy shielding from the rest of the accelerator; witﬁvthese precautions
the beam has been found to be éésentially free of Bremssﬁrahlung photons.ls'

A quadrupole focussing lens was used to focus the beam on the thin

targets within an area of diameter 5 mm, The reading of the beam was
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performed with a Faraday cup, The total'number>6{ electrons striking the
target was obtained by integrating the electron-beam current. A schematic

drawing of the experimental arrangement is given in Fig. 1.
o .

B, Target Assembly and Fission Fragment Detectors

The tgrgets were obtained Byrevaporating the metals of the nuclei

lSh lYon 208 209B and 38U as the fluorlde on aluninun f01ls of

§257 qos " gaFPs g3t 4 o
thickness 1,8 mg/cm . The. thlckness of the targets was chosen such that -
the effect of the. Bremsstrahlunc generated in them would be 1ns1vn1flcant

w1th respect to the overall fission rate induced by electrons, Welgnts of

the various targets were as follows: 238 0.0856 mg/cm2 and 0,0145 mg/cmz;

92
209 2 208 2 ‘ 2.
8331 = 1,060 mg/cm and 1 214 mg/em”; 82Pb l.9OlAmg/cm and 2,160 mg/cm ;
lgng = 0,300 mg/cm and 22 = 0,200 mg/cm . The targets were located in

the center of small fission chambers, facing the beam.et angles of 450, as
shown in Fig. 1. | | .

Strips of mica held against thevcylindrieal walls of the.chambers were
used to detect the fission fragments, The configuretien of the assembly
alloved the measurement of tﬁe fission fragment angular distribution over
angles ranging.from MSO‘tb 205O with -respect to the beam»direefion.

Fiseion ehambers of two sizes were used: the larger'veréign (63,5ﬂ@m
‘radius) was used when an accurate angular distribution was required.or
when the fission cross section was sﬁfficiently large, and the smaller
lversien (28:h mm radius)xwas used to obtain total fission cross sections
only. All the fission chambers‘couldvbe provided with al&minum raaiators of

different thickness in front of the targets.
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Several fission chambera were usually stacked on a ladder cbntained.‘
in é large vacuum chamber, The ladder. could be moved ver£ically by remote
céntrol in such a way as1tovmove the various targets éequentially into
the béam posifion without breaking the_vécuum. The fission' fragments were

prevented from entering the wrong chamber by aluminum shielding of 0,1 mm

‘thickness,

After the bombardments the exposed mica strips were etched for approxi~‘

~mately four hours 'in 48% hydrofluoric acid; and the fission tracks were

observedlu with an optical microscope under 100X magnification and counted, .

: ' . . . o 0 .
The scanning was performed continuously from 90~ to ~ 170" whenever the

~angular distribution was to be checked or the smallness of the cross section

“was such as to require improved statistics, Otherwise the scanning was per-

formed at ~ 900 over an area sufficient to give ~ 3% statistical accuracy.

C. Data Collection

In order to observe electron induced fission the data wére collected
in the énergy region from 60 to 1000 MeV for all the targets without using

any radigtor. Then an slwninum radiator of thickness 0,0173 radiation

" lengths was used in order to observe Breméstfahlung-induced fission, The

thickness of‘thg radiator was chosen such as to approximately double the
Tission rate induced by the pure electron beam,

With such data it is possible to determine the ratio between electron

and Bremsstrahlung-induced fission, However, to gather more accurate informa-

tioh,’the relative cross sections for three different radiator thicknesses-

were measured for all the targets at an energy of 650 MeV,
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IV. EXPERIMENTAL RESULTS

'A; Angular Distribution

The fissiop fragmept angular distribqtions for Eoth Bremsstrahlung
and electron-induced fission are expected to 5e iéofropic in the énergy
range-coferéd_by the experiments, In-fact, the small angular momentum
ofientation brought in,by the photon is_more than offset by‘the effegt of .
the fasf_CaSCade éndiby the'ﬁarticle evaporation, Tﬁé expéctation'has
been chécked_by our expe%iment which shbﬁed ﬁo-anisotropy within the errorf

Iimits,

B, Cross Sections

The experimental cross sections for electron-induced fission are pre—v
sented in Table 1 and Fig, 2, In Teble 2 and Fig. 3 the‘effecfive cross

sections for fission induced by electrons plus Breméstrahluhg'produced»by*

0.0173 rad. lengths of aluminum are presented; in Fig, 4 the Bremsstrahlung-

induced fission cross sections per equivalent quantum are presented, Figure

. . . K . .
5 also presents the effective fission cross sections as a function of the -

radiator thicknesses at 650 MeV electron enzrgy.

v

s
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'C. Erxrors

Thevsfatistical'efrors associated with the measurements are usually
of the order of 3%. HoWéver, another sourcé of random errors was intro-
duced by‘the changes in solidvangle.assoéiated ﬁith small displacements
in the ioqation of electron beam from thé cehter of thé‘target. Although
no special eff6;t‘has ﬁeen‘made to estimate the magnitude of sﬁch an
effecf, the_dé%a are conéistent with an overall error not smaller than 5%

)

and niot much larger than 10%,

238U targets were used: oné of thickness 0,0856 mg/cm2 and the

Two .
other 9.0145 mg/cﬁz, the first‘Qetermihedvby alpha particle spectrometry
and the secondfsy gross alpha countiné.' In the latter case the uncertaiﬁty
in the meésureﬁent was of the order of 20%, . Comparison of the two setsAof}
cross section.data showed a systematic difference of ~ 20%. ‘Thereforeltheiz
cross sections obtainéd from bombardments of the thinner target were normal-
.ized .on the bagis of cross sections obtainedvf;o@ the thicker target. In
all theiother cases where two targets were used for fhe same 1isotope, the
térget fhicknesses were takenvat face valuéias determiﬁed by ﬁeighing and
' ..néfmalization was not performea_

- It can be seen from Figs, 3 and 4 that, aside from the uranium case,
the cross sections of all the othgr target nuclei decrease steeply with
decreasing energy. However, the cross.seétions for the Yb and Sm isotopes
show a flattening at the lqwestvelectron energies at a value'of approxi:
O—33 cm2 |

mately 1 ." This effect is most likely due to contamination of the

targets with gbout one part'per million of thorium:or uranium, These
. o " the
~Ampurities would account’for the effect and théreforeAlowest energy points

were corrected in' the analysis of the results and the interpretation.
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V. DiISCUSSION

.A. Consistency of the Electron and Bremsstrahlung Kernels-—

Photofission Cross Sections

The photofission cross sections were obtained by unfoldiﬁg the
electron induced fission‘cross sectionslusing the expreséioﬁs (%) to
represent‘the virtual photon spectra, This opefation vas performed by .
‘using an iterative method'develoﬁéd for‘the ﬁumericalvsélution of the firsﬁ
order Fredholm integral equa_tion.15 The procedure employéd éombines_the
information contained in the ﬁeasured_dafa with physica1 a priofi inforﬁa;.
tlon about thé solution sucﬁ:as nénnegativity and non-oscillatory behavidf;
Within these constraints a well defined solution is pbtained withou£5
making any presgription regarding its shape, ‘

The integral equation is approximated b& a métriX‘equation using
pilecevise linear representations fof both the‘kerﬁéi éﬁd'the solution
vectof;vthus fhe solution may assume any genéral form.-vA Quadrétic fﬁrm;
is defined which is coﬁposed of the weighted square‘deviétions between the
measured data points_aﬁd'thé calcﬁlated fesponses and the nofm of the ..
numerical logarithmic second difference'of the solufion, the latter term
-being used to prevent unwanted osciilationé. The quadratic form is |
minimized with respect to thé parameters defining the solution in non-
negative subspace, The method alloﬁs determination of many more pointé in
the.solution vector than there are in the measured'épectrum, This assures

adequate resolution and a good match to the experimental data. - The compu?

tations were performed using a CDC-6600 computer.
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The‘uhfolding was also performed with the three kernels corres- :

- ponding to Ei, Ml,'anaaEZ transitions, The unfolded curves were inte-
grated back into the same kernéls in ordér fo check how accurately the
ekpérimental‘data are fitted, The photofission cross sections, together
with the expsrimental electfgﬁdgfgglon cross sections and the fits to
them correqupding to the solutions of the unfblding procedure are shown
in Pigs, 6 to 10 for the %aée of the E1l kernel, The Bl and ML kernels
generate very similar ﬁﬁfolded cufves, which, when, folded back, fit the
~data with the séme good accuracy, On the othervhahd the E2 kernels
génerate anolded curveé that ‘when folded.back dd not fit the'déta
quite satlsfactorlly as shown for the one example ( U) in Fig. 11, 1In
this case it is impossible to obtain a closer it tp the data within the
physicél constraints inherent in the unfolding procedure as described

above, For the lighter nuclei the fits obtained using the E2 kernels

were also consnstently worse than the ones obtained with E1 or Ml kernels

but were not as unsat;sfactory as the example shown in Fig, 11 for SSU.
This seems to rule out any substantial contribﬁtioﬁ of E2 transitions

238

in the-excitation of 23 U and to suggest predominant excitation throuch

92
El or M1 tfansitions for the other isotopeé. The similarity between the
solutions obtéined with the E1l and Mi kernels is such that if seems
impossible to decide iﬁ favor of either one,
To check the consistency of the electron and Bremsstrahlung kernels,
each ofbthe solutions ffom the unfolding procedure was also folded back

into the Bremsstrahlung kernel (2) corresponding to an aluminum radiator

of thickness 0,0173 radiation lengths., To these calculated Bremsstrahlung-

v
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inducedvfission cross'sections? the éontributioné'frombthe experimentally
determined electrén induced fission cross sections were adaed; Now one'.
can compare these results with the same'quantities determinedédirectly from
the experiments as given in Fig, 3 and Table l,b The:cbmparisbn is shown
in Fig. 12, Here again the El kernel was used; fhe agreement is éatis;
factory, showing that it is possible to transform the electrdn-induced
fission_cfdss sectionslto the Bremsstféhlung-induced fiSSion cross sections
and -vice versa. Againiéqually safisfactory regﬁlté can_bevoﬁtained with
the M1 kernel:: As f%? as the E2 kernelliSICOncerhed, thé unfolding‘pro—
duces soluﬁions which&gre not quite‘éénsistent3with the experimental,data.
as seen above'andiwhich are aléo highly non-unigue, Therefore,-th; Qperation
of folding the soiutionsvébtéined wifh the E2 kerﬁel int§ thevaemsstrahluﬁ5
spectrum is unreliable aﬁd doeé not provide any information,

The agreement between electron and Breistrahlung éata can also bé
seen in Fig. 5, Here the‘exberimental effective fission crosé sections as
a function of réaiator'ﬁﬁickness are presented...The daﬁa-were taken at
650 MeV electron energy, Thelsolid.liﬁe was calcﬁlated again by unfolding
the electroh fi$sion Cross Section and folding iﬁvback‘into the Bremsstrah-

lung distribution, Thg‘agreement appears to be satisfactory..
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. B, vEnergy Dependénce of Photofission Cross Sections_

: : photo .
It will be shown here that the increase of the, fission cross section

..

as a function of energy for the lighter nuclei is due primarily to the

energy dependence of the fission probability.
: r

_ The ratio of the fission width over the neutron width E£ can be calcu-
g i : n .
lated from statistical considerationsl6 as
1 -1
r a [Za “ (B. - B, - 1] L 1
K 2/3x - exp lzafz (B, - B.)°
n T kA (E. - B)
» X n
: 5 o
»_— Zan (EX - Bn) ’_) . . - (5)

whe_revEx is the excitation energy, B_. is the fission barrier, Bn is the

f

neutron binding energy, a_, and an are the level density parameters at the

T

fission saddle point and for the residual nucleus after neutron evaporation -

respectively, Ko is & numerical constant and A is the mass number of the

nucleus, For E_ >> B, and E '>> B and a_ = a = a we cbtain the following
X £ X n T n

high energy limit:

i . 1
K a® (E. - B_)? 1
=Inf 22X £ )-2a2 (B.-B)E" . (6)
n 2A2/3'(Ex -B) £

LV

T
s

®

[

For high Z nuclei, as in our case, the charged particle evaporation is

4  small with fespect to neutron emission because of the influence of the
, ‘ . ‘ v r o
Coulomb barrier and thus T ~T,+TF . For —£-<< 1 we have also ‘
_ tot £ n r ‘
r r n
f £
Fiot ~Tn
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The Pission cross section for any reaction can be written as:

Op

nucleus formation and P

=0 Pf, where Go is the effective cross section for the compound
o |

. s the total fission probability. The total
§ - : o AT : Ff

fission probability Pf should. not be identified with the quantity P _

' | ' E ‘ tot

because the former includes not only the so-called "first chance"

E ' : th
fission, but also the fissions occurring after the emission of the n

neutron, However, it is éxpected that the fission probability varetainsi

I
the same energy dependence as r . We write then:
1 'é‘ : . , .
T . -2 - = _x® : (7Y
In o, = In cOv E,° & ng B)+C . | ()

Here 5} Bf, Bn are expeétgd to be some kind of averages of the respective

guantities a, Bs, Bn.for the nuclei alohg thie evaborafgon chain and C is

¥

a quantity varying very slowly with the energy.
Before making use of the above relation, we test it with uHe induced

fission cross section data where the quantity o, is well understood and
o .
o
o _ 0.
on a semilog scale for the reactions o

7Au(uHe,fission)l7 and 184W(&He,fission).l8 It

evaluated by an.bptiéél'MOdel'calculation. In Fig, 13 the guantity
is plotted as a function of EX 2

206155(L}He,fissi_on),l7 B
is seen that the pfédicted linear dependence is nicely repfoduced.

We can now plot.in”the_same way fhe photofission cfossﬁsEctioﬁs of
209Bi, ZOBPbi‘l7hYb and lshsm obtained by the unfolding of ﬁhe.respectiVe»
electron}induced'ffssion cross secfions. We-o?servé a rémarkable~

linearity of the plot from the lowest energies up to'approximatély 250

MeV as shown in Figs. 14, 15, 16 and 17. It is to be noticed that in this
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interval the cross sectioné span»three or four orders-of magﬁitude. This
behavior is‘very similar to that of the ll'He induced fission for the isotopes
mentioned above, It is reasonable then to conclude that the energy depen-
dence of the photofission Cross sectionvis simply due to the energy.depen:
dence of the fission probability. This proof can be carried one step fur—»
ther, TIf it is true that.the méin increase in the photofission Cross sec-
tion is due to the énergy.dependence of the»fiséiOn probaﬁility, it.must

: absorption
also be true that the total photon cross section must remain essentially

constant in the energy range whefe the plot of the photofission cross
) : .

section is linear with B 2,.

To estimate the total photon absorption cross section we uée the
' 10 . '
expression proposed by Levinger on the basis of the quasi deuteron model

which is -
Z N . " .
0,28y . o)

vhere GD is the deuteron photo—disintegratidn cross section19

Fig. 18 and N, Z and A are the neutron, protbn and mass number of the.

as given in

isotope in question, We see that the fast decrease of the cross ‘section
with increasing energy is interrupted by the iéobar resonance,vwhich'makes
the Cross section approximately constént over the énergy range where we
expected it to be constant from the analysis of the photofiséioﬁ Ccross
sections (80 - 250 MeV).

Using for o_ the expression (8) ﬁe can calculatevthe abéolute value

of the quantity cf/co = P, for all the isotopes (Figs. 14{ 15, 16 and 17).

- We observe that the elimination of the g, energy dependence both improves



-16- - UCRL-18535

 and exten&s'thevlinearity of the plot over:#he energy range up to %00 MeV
and . over four orders of Magnitude. The.slopes of the curves are observed
to becdme steepef‘the lighter the Z of tﬁe nucleus is, This is éOnéistent
" with the expectation that the fission barrié;s increase with decreasing

.ZZ/A.- Even the absolute value of P_ = cf/co seems very plausible as com-

f
- 206 1 184
pared with the P. in hHe induced fission of 20 Pb, 97Au and ~~ W. A fur-
. ' - L . 209,
ther confirmation of the goodness of the absolute value of cf/co in 9B1
- ' | o : 20
and 208Pb comes from the data reported by Goldanski et al, They have

2985, and 2%%Bi bombarded with 120

measurea the fission cross section of
MeV neutrons. The quantities of/co obtained from such datg are shown for
comparison with our data in Figs. 16 and 17 and are seen to be in Very good
agreement with our results, |

The conclusion at this péint seéms.to he.thqt the enérgy dependence
of the photofission croéS'sectioh is well understéodvif we téke into
account the proper energy depéndence of the fission probability‘and we use
‘the interaction cross section predicted by the quasi deuteron modelgi How -

238

ever there is still an unexplained discrepéncy in- the case of U. For

} this isatope the fission probability is very close to one at,é}l'ekcitatibn
energies, It would fhen be expected thatlfﬁe 238U phétofission_éroés
section should reflect the ihteractioﬁvcross secfion predicted by fhe
‘quasi aeuteron model, ‘Examination of.Fig, 10 shows that this is true only
up to an energy of 200 MeV, Above this energy the cross section increases
as much as four tiﬁeé the expected value on the basis of the quasi deuteron
model, ' Therefore, somelother mechanism seems to play a significaﬁt réle |
abové&ZOO MeV, The work of Roos and Peter'sonz2 indicates that = meson

“photoproduction comes substantially into play at about this energy on the

basis of their measurements of the production of stars in nuclear emulsion,
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as'shéwn in Fig, 19, It is especially significant to observe that their
cross section curve_agreés.quantitatively‘with our photofission Cross

- section cufve for 238U shown in Fic. 10, Theﬁ if it is true that this
mechanis& has an influence in the case of 238U, the queétion arises as to‘
why ittis not aléq contributing to the photofission cross section of the
dther isotopes.

We suggést tha£ the explaﬁation may reside ih thé folléwing two’

vféctors: (1) The amount of exéitation'energy resulting from the two types
of interactions that may be éonsiderably different; (2) The large difference
in the magnitude of tﬁé fission barriers of uranium as compared with the
lighter elements. Largé differences in fission probability are known to
result from moderate chénges in the magnitudes of fission barriers,

The quasi deuteronvabsorption mechanism seems to be very efficient
in producing highly exéited nuclei; in this méchénism the absorbed phbton
transfers its.energy go a neutron-proton péir.‘ As far as the energy
deposition is concerned, a 200 MeV photon interacting by this mechanism
will have the same probability of transferring a given amount of energy
as a 100 MeV proton and 100 MeV neutron, |

On the other hand if the absorption of the photon occurs via 7 meson
photo—production, the % meson has to»be reabsorbed by inteiacting with>
a pair of nucleons in order to have the same chance of ﬁraﬁéferring the
same energy'as in the quasi deuteron intepaction.

Theamean.free path of a n meson in a heavy nucléﬁs varies with its
kinefic energy; it is very large at low ehergies, it is still 1,0 nuclear
radius at 100 MeV and it reaches a minimum 'of ~ 0.1 nuclear radius at

22 ' '
200 MeV, In the photon energy range studied, the x mesons, when pro-
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.duced;'have‘father small kinetic énergy_and ﬁhe;efore goéd'probability
of escéping from the nucleus, |

In the casés where the % meson escapeé directly from ﬁhe nucleus or
is elastically scattered one or more times‘before leaving the hucleus, the’
energy deposition is Eubstantially smaller.fhan that associated with the
guasi deutéron interaction., Here the fiséion barrier comes into'play._
For a nucleus with é low fissioﬁ barrier such aé 23$U (~ 6 MeV), all of
the above deséribed processes'wili make the nucleus ﬁndergo fission with
probability close to one whenever fhg energy dePoSited is larger than 6
MeV, For a nﬁcleus with a high fission barrier (20 - 40 MeV) such as
bismuth and lighter isotopes an energy much larger than the fission barrier
is required in order to give a substantial fission probapility, Therefore,
all the procesées in which the n meson escapes will be relativelylineffec-
tive in inducing fission thle thése’prdcesses ﬁould give rise to the
stars observed in puclear emulsiohs. ,Thié explains why fhé quasi deuteron
mechanism above séems tovbe required in érder to explain ﬁhe behavior of
photofissién cross sectiohs of bismuth and lighter élemehts.
o It is ipteresting to notice that thé.large photofission Cross sectibn
in 238U at low energy shown in Fig; 10 which is due mainly to the giant
resopance absbrbﬁion togethe; with the approximate %-depéndence of the
Bremsstrahlung of &irtual photon spectrum explains the predominance of low
energy excitations which are well known to givé asymmetric fission in thé

238

heaviest elements, Such asymmetric fission has been observed in. U

A

bombarded with electrons of energy 250 MeVl3 and with Bremsstrahlung of

1500 and 3000 Mev,23
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Table 1. Electron induced fission cross sections (cm?).

Energy 232811 : zggm zgng l;’ng . lggSm
(M=V)
60 (h.3210..l6)>(10-27 (7.064;0.1;.7)><1o'32 (6.8610.81;)?@0'33 (s.39t1.12)x10'33 ----- a
100 (4.,7920,13)x20 %7 (6.6610:‘58)xi0'3l (2.4120.10)x20 % (4. 7351.67)x1073 e a (3.071.53)x10™33 ... b
150 (5.5940.20x10 7" (5.2420.16)x107°  (L.2520.08)x107°  (1.1020.08)x10"% (1.60:0.08)x20°35  (3.7020, k5 )x10733 (5.0 #4.5 ')x10'31‘b
200 (6.0810.19)x10'27 (1,0‘5:o.oh)x10'29 (3.04:0.09)x10"3° (z.sz:o.19)x10'32 (1'.79:(v)_19)x10'32{:l (3.79':0.70)><1o'33 (2.9 7.0 )x10'3)‘b
250 (5.9520.22)x10"27 (2.2640.10)%10729 (7.8220.21)x10"° (7.03%0.43)x10" %  (6.2420.b3)x00"32 (2.0420.16)x1073% (6.5 1.6 )><10'3317
300 (6.81»:0.19)x10'27 7'(.l.h/810.05)x10'29 (2.28:0,07)><1o'3l (2.2010.67))(10-318
350 (7.62:0.25)x10'?7 ) (5,36:«0.23)x10'29 (z.85¢o.oé)xlo'29 (6._:,l+io.25)><1o'3l (6.?.54:0.25)><1o'3la (4.6220,22)x10"32 (1+.181¥o.22)><.1o'32b
450 (8.37+0.24)x10" 27 (7.630.29)x10"%9 (3.9920.13)x10729 (1.4420,05)x10"° (1,h3¢o.os)x10'3°a (9.6220.69)x10™32 (9.12&0.69)><1o'3zb
500 (9.5120.33)x10727  (8,7410,28)x10727
550 (1,004_-0.03)x10:26 (1.18-:o.ols)><1o'28 (6.26«:0.19)><1o'29 (2.5zzo,oe)xlo'3° (2,51.30.0&‘3)>><1o'3°a (1_9316.68)x10'31 . (1,88to.08)x10'31b
583 (1.0720.03)x10°%  (1.13:0.04)x10°28 - — '
600 . ‘ (6.63:9,21)x10'29 (3.5710.12)><1o'30 (_3.5610.12)><1o'3°B ) )
650 '(9.9810‘.33)x10'27 (1.38&0,0&)210'28- - (7.2510.23)x10'29 (l¢.u1,)so.19)><1o'3("> (h,hozo.bh)xlo'”a (2.4020,13)x10731 (2,31u_»0.13)><1o‘3lb
750 (1.030.03pa0®  (Ligo,obpx0® T (8,990,300 (59080410 (5,890,410 %" " |
wo v “ o (5.1320,21)x10731 (5.07’:0.21)x10'3lb
%0 - (1.1u:o.ou)x;o'26 (1‘7210‘05)“0-2? ©(1.1720,08)x10728 (7.4320.23)x10" % (7.u2io.23)x10'3°a
1000 (1,9910.03,)><10'26 - (1.9020.08)x10"28 (1.3oto;ou)><1o'28 (9.53«:0.’31)><10'3‘Q (9.521‘0,31)><1(_>'3°a (8.9610.3o)x'16'31 (8,9010_30')><10‘31b
fcorrected for one part per million of 238 impurity, ‘
Peorrected For five parts per ten million of 238; impurity. !

-cc™ .

lgssgt—fmon



" Table 2, Electron plus DBremsgstrablung induced fission cross sections (cmz), The Brewsstrahlung radiution is-produced by
the electron beam striking 00,0173 radiation lengths of aluminue radiator, .

. 236 ) 209 o 208 1Th, : 154" -
Engrgy 92U 3 83Di 82”) . : . 70yp_, . 6251,,

(Mev) ' . : . .

60 (5.3% + 0.10) x 10727 (6.21 * 0.98) x 1073 (7.99 £ 0.31) x 2033 (9,56 + 1.60) x 10733

100 (.62 £ 0,21} x 10727 (1.13 £ 0,03) x 1070 (3.58 + 0.16). x 1073% (6.4 £ 131) 20733

150 (8.96 + 0.27) x 107%7 (7,68 £ 0.33) x 10730 (1.48 * 0,06) x 1073 (1.38 £ 0.29) x 10732

200 (1.12 * 0.03) x 10°20 (1,70 % 0,06). x 10727 (6.9% % 0.23) x 107° (7.79 £ 0.45) x 10732 (9.15 * 0.92) x 10733
250 (9.37 £ 0.28) x 07T (3.62 % 0.12) x 1027 o (.97 £0.14) x 10735 (1.84 + 0.22) x 10"
300 (1.25 + 0.04) x 10726 (7.4 £ 0.24) x 10729 (3.54 + 0,12) x 10722 (6.68 + 0,24) x 1073

350 (1.52 + 0,05) x 10726 (8.91 £ 0,29) x 10727 (2,79 £ 0.17) x le-v-29 (L50 £ 000y x 107° (8,69 ¢ 0.35) x 107
400 (1.41 £ 0.04) x 10720 (147 = 0,05) x 10728 (7.55 * 0,19) x 10729 " (2.10 £ 0,07) x 107

450 (1,49 ¢ 0,05) x 10720 ~ (172 £ 0.06) x 107 (9.37 = 0.32) x 10727 (3.2 £ 0.11) x 107° (1:9% £ 0.10) x 10731
500 (1.53 * 0.04) x 10726 (2.96 + 0.07) x 20728 ' '

550 (1,64 * 0,06) x 10726 (1.95 * 0.06) x 10728 (1,11 % 0,03) x 1078 (4,70 £ 0.14). x 1070 (4.63 + 0.17) x 20°*
583 (.82 = 0,06) x 10726 (2.26 * 0,06) x 10728 ' ' - ’
600 o ' - (1.29 % 0.05) x 10728 (6.07 * 0.19) x 107
650 (1,60 + 0.05) x 10726 (2.55 + 0.06) x 10722 (147 £ 0,05) x 10728 (8.53 £0.33) x 1073° " (5.52 £ 0,26) x 1073%
750 (1,77 * 0.06) x 10720 (3.22 ¢ 0.12) x 1072 (1.92 + 0.06) x 1078 (9.10 £ 0,03) x 10™°

800 . e o ' (1.1% + 0.04) x 10730
900 {1.91 & 0,0b) x 107 (2.91 + 0,10) x 10728 (1.88 + 0,06) x 10728 (1.37 * 0;03) x 10722 (9.13 + 0,b45) x 1073t

-2h -28 -28 - . -30

1000 (1,73 + 0,05) x 10 : (3.1% £ 0,10) x 10 (1.85 + 0,06) x 10 (1,36 £ 0,0h) x 10 29 (1.66 + 0,06) X 10

\/

_Ea_

SESQT-THON



| Fig,

Fig.

Fig.

Fig,

Fig,

Fig,

o6 | UCRL-18535

1k, Photofission cross section (triangles, left scale) and fission
1
probability qf/co (solid eircles, right scale) as a function of Ex,'2

for ZggBi. The point indicated by a square is the fission probability

. ' : 2
calculated from the data of Goldanski et al. °

v

15. Photofission cross section (triangles, left scale) and fission

. : _ L
_probability Uf/oo (solid ecircles, right scale) as a function of E_ 2
fof zgSPb.' The pbint indicated.byia square is the fission probability

calculated from the data of Goldanski et EL;ZO'

16. Photofission cross section (triangles, left scale) and fission
B ' A
probability of/co (solid circles, right scale) as a function of E_ 2

17k
7OYb-.

17. Photofission cross section (triangles, left scale) and fission

for

. : 1
probability of/co (solid circles, right scale) as a function of E_°

154
for 628111 -

18, The total cross section for the deuteron photo effect plotted

19

against photon energy W on & log-log scale from Levinger,
19. Summation of the cross sections for high energy photo-processes

as ‘a function of photon energy from Roos and Peterson.22
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