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photoproduction at energies near 140 MeV. The:n: meson produced inside 

the nucleus was thought to be reabsorbed producing high excitation energy. 

Since this paper was published the same effect was observed in other 

isotopes and was always attributed to the onset of :n: meSon photopro­

duction. 5,8,9 Attempts we~e not usually made to consider separately the 

behavior of the fiss:1.onprobability as distinct from the interaction cross 

section, nor to take into account the energy deposition associated with 

each interaction process. 

In the present work these effects are taken into account separately 

and it is found that the variation in the photofission cross section as 

a function of energy for elements in the region of bismuth or lighter is 

essentially accounted for by the increase in fission probability with 

increasing excitation energy. On the other hand, since the fission prob..; 

ability in uranium is practically constant as a function of energy, the 

energy dependence of its photofission cross section is a reflection of the 

interaction cross section.· It seems also that the interaction described 

by the quasi-deuteron model
lO 

is on the average much more efficient in 

transferring energy to the nucleus than is the mechanism 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 

heavier nuclei, such as uranium, which have small fission barriers. 

In the present :work we have measured the electron and Bremsstrahlung 

induced fission cross sections of the 1 . 238u 209B. 208pb 174Yb nuc e1 ' 92' 83 1, 82 ' 70 ' 
154 .( . 

and 62Sm over the energy,range 60 to 1000 MeV. By applying the theoreti-
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cal expressions for the eBergy distributicn of the virtua~ photon spectrum 

associated with electrons, we have calculated the photofission cross sec-

tions from the electron-induced fission cross section data. Then the 

photofission cross sections calculated above have been integrated 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 El, Ml, and 

E2 transitions, and some information about multipolarity has been obtained. 

The photofission cross sections have been subsequently analyzed in terms of 
, . 

the contributions due to photon interaction and to the fission.probability. 

The nature of the energy dependence of the photofission cross section has 

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 
. 0 

O'B = J 0' (E) KB(E ,E) dE o y 0 

whereO'B is the Bremsstrahlung induced reaction cross section, 0' (E) is 
y 

the photo reaction cross'section and KB(Eo:,E) is the energy distribution 

of the Bremsstrahlung from a thin radiator. This last q~antity is given 

by the following relation 11 

(1) 
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~(E ,E) 1 X {[1 + (1 E t - ~ (1 - ! m) 1 = 
In(183Z-1 !3) E + m E 0 E 

0 0 

x In(183Z-l / 3) + § (1 ! m)} E 
0 

where E is the electron energy, E is the photon energy, ,m is the rest 
o 

energy of the electron, Z is the atomi~ number of the radiator and X is 

the thickness of the radiator expressed in radiation lengths. The above 

(2) 

relation assumes complete screening which applies when the electron energy 

is high. 

B. Electron-Induced Reaction Cross Sections 

Within the Weizsacker-Williams approximation,l the electromagnetic 

interaction between nuclei and electrons can be expressed ip terms of a 

virtual photon spectrum associated with an electron of ,energy Eo avail­

able for producing nuclear excitations of , ,energy E and multipolarity .e. 

This allows one to relate the electron-induced reaction cross section to 

the photo-reaction cross section as follows: 

e 
K (E ,E,.e) dE o 

\ 

where O'e is the electron-induced reaction cross section and Ke(Eo,E,.e) 

is the" energy distribution of the virtual photon spectrum associated with 

the electron. The theoretical expressions for Ke(E ,E,.e) on the assumption 
o 

12 of a point nucleus are 

,., 
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, 

where E is the energy of the virtual photon, 0: is the fine structure 

constant, m is the electron rest energy and 

2 

o 

(E ..; E) 
o 

E 
o 

(
E . E)2 

-8/3 0 E 

for El transitions 

for 1>11 transitions 

for E2 transitions 

It appears that the simultaneous measurement of the Bre;nsstrahlung Emd 

(4 ) 

electron-induced reaction cross sections allNfs one to check the validity 

and consistency of the quantities KB(E }E) and Ke(E ,E,i) and could even 
o 0 

give some indication as regards the multipolarity of the interaction. 

III. EXPERIMENTAL 

. A. Electron Bea1i 

The beam of electrons in the energy range between 60 and 1000 MeV 
; , 

was provided by the Stan'ford Mark III Electron Linear Accelerator. The 

beam was deflected twice before entering the target area which is s~parated 

by heavy shielding from the rest of the accelerator; "ld th these precautions 

. 13 
the beam has been found to be essentiallY free of Bremsstra..'1lung photons. . 

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 Ii. Faraday cUll. The total number 001' electrons striking the 

target was obtained b~ inter;rating the electron-,berun current. A schematic 

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

B. Target Assembly and Fission Fragment Detectors 

The t~r~ets were obtained by evaporating the metals of the nuclei 

l~~sm, li~Yb, 2g~Pb, 2~~Bi and2~~u as the fluoride on aluminum foils of 

thickness 1.8 mg/cm2 • The ,thickness of the targets was chosen such that 

the effect of the Bremsstrahlung generated in them Would be insignificant 

with respect to the overall fission rate induced by electrons. Heights of 

238 . 2 2 
as follows: 92U = 0.0856 mg/cm and 0.0145 mg/cm j 

2 208 . 2 2 
1.214 mg/cm j 82Fb = 1.901 mg/cm and 2.160 mg/cm j 

the various targets \oTere 

209B
, 

1.060 mg/cm 
2 

and 83 l == 

1542 62Sm = 0.200 mg/em. The targets were located in 170
Yb 0.300 mg/c':Il 

2 
and 

70 
o 

the center of small fission chambers, facing the beam at angles of 45 , as 

shown in Fig. 1. 

Strips of mica held against the cylindrical walls of the chambers \{ere 

used to detect the fission fragments. The configuration of the assembly 

allO\oTed the measurement of the fission fragment angular distribution over 

angles ranging' from 450 to 205
0 

"Tith -respect to the beam direction. 

Fission chambers of two sizes were used: the larger version (63.5 wn 

radius) "TaS used vThen an accurate angular distribution was required or 

when the fission' cross section \-las sufficiently large, and the smaller 

version (28.4 mm radius) 'was used to obtain total fission cross sections 

only. All the fission chambers could be provided with aluminum radiators of 

different thickness in front of the targets. 

101 
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Several fission chambers were usually stack~don a ladder contained 

in a large vacuum chamber. The ladder could be moved vertically by remote 

control in such a way as to move the various targets sequentially into 

the beam position without breaking the vacuum. 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 vrere 

observed14 with an optical microscope under 100X magnification and counted. 

The scanning vTaS performed continuously from 900 to '" 1700 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", 90
0 

oVer an area sufficient to give'" 3% statistical accuracy. 

C. Data Collection 

In order to observe electron induced fission the data were collected 

in the energy region fro:n 60 to 1000 MeV for all the targets without using 

any radiator. Then an alu~inum radiator of thickness 0.0173 radiation 

lengths was used in order to observe Bremsstrahlung-induced fission. The 

thickness of the radiator was chosen such as to approximately dQuble the 

fission 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-

tion, 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 
'oi 

The fission fra&~ent angular distributions for both Bremsstrahlung 

and electron-induced fission are expected to be isotropic in the energy 

range covered by the experiments. In fact, the small angular momentum 

orientation brought in by the photon is more than offs~t by the effect of 

the fast cascade a..'1d by the particle evaporatlon. The expectation has 

been checked by our experiment which showed no anisotropy within the error 

limits. 

B. Cross Sections 

The experimental cross sections for electron-induced fission are pre.,. 

sented in Table 1 and Fig. 2. In Table 2 and Figo 3 the effective cross 

sections for fission induced by electrons plus Bremsstrahllmg 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 
',I 

5 also presents the effective fission cross sections as a function of the 0 

radiator thicknesses at 650 MeV electron energy. 
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c. Errors 

The statistical errors associated with the measurements are usually 

of the order of 3%. However) another source of rando~ errors was intro-

duced by the changes in solid angle associated with small displacements 

in the location of electron beam from the center of the target. Although 

no special effort has been made to estimate the magnitude of such an 

effect) the da.ta are consistent with an overall error not smaller than 5% 
' .. 

and not, much larger thanlCY{o. 

238 . "d 
Two U targets were use : 

2 
one of thickness 0.0856 mg/cm and the 

other 0.0145 mg/cm2) the first ~etermined by alpha particle .spectrometry 

and the second by gross alpha counting. In the latter case the uncertainty 

in the measurement was of the order of 20%. Comparison of the two sets of . 
.... ~ 

cross section data showed a systematic diffe~ence of '" 20%. Therefore the 

cross sections obtained from bombardments of the thinner target vTere normal-

ized "on the basis of cross sections obtained from the thicker target. In 

all the other cases where two targets were used for the same isotope) the 

target thicknesses were taken at face value as determined by weighing and 

normalization vTaS not performed. 

It can be seen from Figs. 3 and 4 that) aside from the uranium case) 

the cross sections of all the other target nuclei decrease steeply with 

decreasing energy. HovTever) the cross sections for the Yb and 8m isotopes 

show a flattening at the lowest electron energies at a value of approxi­

mately 10-33 cm
2

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

targets with about one part per million of thorium or uranium. These 
the 

impurities would account:'for the effect and therefore"lowest energy points 

were corrected in. the analysis of the results and the interpretation. 
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v. DISCUSSION 

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

Photofission Cross Sections 
~~~--~'-- ----- -------

The photofission cross sections were obtained by unfolding the 

electron induced fission cross sections using the expressions (4) to 

represent the virtual photon spectra. This operation vTaS performed by 

using &'1. iterative method' developed for the nwnerical solution of the first 

order Fredholll integral equation. 15 The procedure employed combines the 

information contained in the measured data with physical a priori informa-

tion about the solution such as nonnegativity and non-oscillatory behavior. 

Within these constraints a well defined solution is obtained without 

making any prescription regarding its shape. 

The integral equation is approximated by a matriX equation using 

piecewise linear representations for both the kernel and the solution 

vectorj thus the solution may assume any general form. A quadra~:i.c form 

is defined which is composed of the weighted square deviations between the 

measured data points and the calculated responses and the norm of the 

numerical logarithmic second difference of the solution} the latter term 

being used to prevent umranted oscillations. Tne guadratic form is 

minimized vlith respect to the parameters defining the solution in nori-

negative subspace. The method allows determ:i.nation of many m'ore points in 

the solution vector than there are in the measured spectrum. This assures 

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

tations were performed u'sing a CDc-660o computer. 

.. 

.( 
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The unfolding was ,also performed with the three kernels corres-

pondingto El, Ml, and'E2 transitions. The unfolded curves were inte-

grated back into the same kernels in order to check how accurately the 

experimental data are fitted. The photofission cross sections, together 
-induced 

with the experimental electron"fission cross, sections and the fits to 

them corresponding to the solutions of the unfolding procedure are shown 

in Figs. 6 to 10 for the sase of the El kernel. The El and Ml kernels 
J,( 

generate very similar unfolded curves, ;{hich, y[hen"folded back, fit the 

data with the same good accuracy. On the other hand the E2 kernels 

generate unfolded curves that, when folded back, do not fit the data 

(238
U) quite satisfactorily as shown for the one example 92 in Fig. 11. In 

this case it is impossible to obtain a closer fit to the data wi thtn the 

physical constraints inherent in the unfolding procedure as described 

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

,{ere also consistently worse than the ones obtained yTi th El 'or Ml kernels 

but yTere not as unsatisfactory as the eX8!nple shown in Fig. 11 for 2~~U. 

Th'is seems to, rule out any substantial contribution of E2 transitions 

in the excitation of 2§~U and to suggest predominant excitation through 

El or Ml transitions for the other isotopes. The similarity between the 

solutions obtained with the El and Ml kernels is such that it seems 

impossible to decide in favor of either one. 

To check the consistency of the electron and Bremsstrahlung kernels, 

each of the solutions from 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-
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induced fission cross sections, the contributions from the experim~ntally 

determined electron induced fission cross sections were added. Now one 

can compare these results with the same quantities determined directly fro:n 

the experiments as given in Fig. 3 and Table 1. The comparison is shown 

in Fig. 12. Here again the El kernel was used. The agreement is satis-

fact-ory, showing that it is possible to transform the electron-induced 

fission cross sections to the Bremsstrahl~~g-induced fission cross sections 

and vice versa. Again equally satisfactory results can be obtained Hit~ 
, 

the Ml kernel. As far as the E2 kernel is concerned, the unfolding pro-

duces solutions which 'are not quite consistent i-Tith the experimental data 

as seen above andvrhich are also highly non-unique. Therefore,the operation 

of folding the solutions obtained with the E2 kernel into the Bremsstrahlung 
.' 

spectrum is unreliable and does not provide any information. 

The agreement betvreen electron and Bremsstrahlung data can also be 

seen in Fig. 5. Here the experimental effective fission cross sections as 

a function of radiator thickness are presented. The data were taken at 

650 MeV electron energy. The solid line was calculated again by unfolding 

the electron:fission cross section and folding it back into the Bremsstrah-

lung distribution. The agreement appears to be satisfactory. 
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B. Energy Dependence of Photofission Cross Sections 

photo 
It will be shOl-m"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

f 
The ratio of the fission width over the neutron width r- can be calcu­

lated from statistical considerations
16 

as 

1 
_ 2a "2 (E 

n x 

n 

where Ex is the excitation energy, B
f 

is the fission barrier, Bn is the 

neutron binding energy,a
f 

and an are the level density parameters at the 

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

respectively, K 
o 

is a numerical constant and A is the mass number of the 
I 

nucleus. For Ex » Bf and Ex » Bn and af = an = a we obtain the following 

high energy limit: 

( 

1 

r
f 

K a"2 (E -
In-=ln 0 . x 
. r n 2A2 / 3 (E

x 

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

small with resp2ct to neutron emission because of the influence of the 
r

f Coulomb barrier and thus r tot ~ r f + r n. For r« 1 we have also 
r

f 
r

f 
n 

r--~r· 
tot n 

(6) 
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The fission cross section for any re~ction can be written as: 

Of = 00 P f' where °
0 

.is the effective cross section for the compound 

nucleus formation and P
f 

is the total fission probability. The total 
r

f 
fission probability P

f 
should not be identified with the quantity r---­

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

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

neutron. However, it is expected that the fission probability Pf retains 
r . 

f the same energy dependence as 
f tot • 

We write then: 

. !J:: 
Here a, Bf , Bn are expected to be sorne kind of averages of the '.,refiipective 

'" " 

quantities a, Bf , Bn for the nuclei along the evaporat~on chain and C is 
~, . 

a quantity varying ve-iy slowly with the energy. 

Before making use of the above relation, we test i t/With 4He induce'd 
,J 

fission cross section data where the quantity ° o 

.,{ 

is well Understood and .. 

evaluated by an optical model calculation. 
Of 

In Fig. 13 the quantity cr 
1 0 

is plotted as a function of E -2 on a semilog scale for the reactions x 

206pb (4He ,fission),17 197Au(4He ,!iSSion)17 and 184w(4He ,fission).18 

is seen that the predicted linear dependence is nicely reproduced. 

It 

We can now.plotin the same way the photofission cross" sections of· 

209. 208: 171} 154. . 
Bl, Pb" Yb and 8m obtalned by the. unfC!lding of the respective 

electron-induced fi'ssion cross sections. We observe a remarkable· 

linearity of the plot from the lowest energies up to approximately 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 sections span three or four orders-of magnitude. This 

behavior is very similar to that of the 4He induced fission for the isotopes 

mentioned above. It is reasonable then to conclude that the energy depen-

dence of the photofission cross section is simply due to the energy depen-

dence of the fission probability. This proof can be carried one step fur-

ther. If it is true that the main increase in the photofission cross sec-

tion is due to the energy dependence of the fission probability, it must 

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

" 
constant in the energy range where the plot of the photofission cross 

1 

section is linear ,Ii th E -2". 

To estimate the total photon absorption cross section we use the 

expression proposed by Levinger
lO 

on the basis of the quasi deuteron model 

which is -

( 8) 

",here 0D is the deuteron photo-disintegration cross section19 as given in 

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

isotope in question. He see that the fast decrease of the cross section 

with increasing energy is interrupted by the isobar resonance, which makes 

the cross section approximately constant over the energy range ",here we 

expected it to be constant from the analysis of the photofission cross 

sections (80 - 250 MeV). 

psing for 00 the expression (8) we can calculate the absolute value 

of the quantity of/Oo = Pf for all the isotopes (Figs. 14, 15, 16 and 17). 

We observe that the eliml.nation of the ° energy dependence both improves o 
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and extends the linearity of the plot over the energy range up to 400 MeV 

andover four orders of magnitude. The slopes of the curves are observed 

to become steeper the lighter the Z of the nucleus is. This is consistent 

with the expectation that the fission barriers increase with decreasing 

., Z2/A• Even the absolute value of Pf = af/a
O 

seems 

pared with the P
f 

in 4He induced fission of 206pb , 

very plausible as com-

197Au and 184w• A fur-

ther confirmation of the goodness of the absolute value of af/ao in 209Bi 

208 . 20 
and Pb comes from the data reported by Goldanski et ale They have 

measured the fission cross section of 208Pb and 209Bi bombarded with 120 

MeV neutrons. The quantities of/a 0 obtained from such data are shmTD 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 point seemS to Qe that the energy dependence 

of the photofission cross section is well understood if yle take into 

account the proper energy dependence of the fission probability and yle use 

the interaction cross section predicted by the quasi deuteron model. How-

. ' 238 ever there is still an unexplained discrepancy in the case of U. For 
. 

this isotope the fission probability is very close to one at all excitation 

energies. 
, 238 

It ylould then be expected that the U photofission cross 

section should reflect the interaction cross section predicted by the 

quasi deuteron model. Exa."IIination 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 times the expected value on the basis of the quasi deuteron; 

model. Therefore, some other mechanism seems to playa significant role 

above 200 MeV. The work of Roos and peterson
22 

indicates that n 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 shown in Fig. 19. It is especially significant to observe that their 

cross section curve agrees quantitatively with our photofission cross 

section curve for 238
U shown in Fig. 10. Then if it is true that this 

mechanism has an influence in the case of 238U, the question arises as to 

why it is not also contributihg to the photofission cross section of the 

other isotopes. 

We suggest that the explanation may reside in the follovring tuo 

factors: (1) The amount of excitation energy resulting from the tHO types 

of interactions that may be considerably different; (2) The large difference 

in the magnitude of the fission barriers of uranlurn as compared ".vi th the 

lighter elements. Large differences in fission probability are knmm to 

result from moderate changes in the magnitudes of fission barrIers. 

The quasi deuteron absorption mecha.Ylism seems to be very efficient 

in producing h:ighly excited nuclei; in this mechanism the absorbed photon 
. , 

transfers its energy to a neutron-:-proton pair. 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 1L meson 

photo-production, the 1L meson has to be reabsorbed by interacting vrith 

a pair of nucleons in order to have the same cha.Ylce of trans{erring the 

same energy'as in the quasi deuteron interaction. 

The mean free path of a 1L meson in a heavy nucleus varies with its 

kinetic energy; it is verj large at low energies, it is still 1.0 nuclear 

radius at 100 MeV 8Jld it reaches a minimum '·of '" 0.1 nuclear radius at 

200 MeV.22 I th h t ddt n e p 0 on energy range stu ie, he 1L mesons, when pro-



-lB- UCRL-IB535 

duced,"have rather small kinetic energy and therefore good probability 

of escaping from the nucleus. 

In the cases where the 11: meson escapes directly from the nucleus or 

is elastically sC,attered one or more times before leaving the nucleus, the 

energy deposition is substantially smaller than that associated with the 

quasi deuteron interaction. Here the fission barrier co~es into play. 

For a nucleus with a 1m. fission barrier such as 23B
U ('" 6 MeV), all of 

the above described processesvrill make the nucleus undergo fission vith 

probability close to one whenever the energy deposited is larger than 6 

MeV. For a nucleus 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 processes in which the 11: meson escapes will be relat:ively ineffec-

tive in inducing fission while these processes i'Tould give rise to the 

stars observed in nuclear emulsions. This explains I-Thy the quasi deuteron 

mechanism above seems to be required in order to explain the behavior of 

photofission cross sections of bismuth and lighter elements. 

It is interesting to notice that the large photofission cross section 

in 23B
U at low energy shown in Fig. 10 which is due mainly to the giant 

1 resonance absorbtion together with the approximate E dependence of the 

Bremsstrahlung or virtual photon spectrum explains the predom~nance of low 

energy excitations which are well known to give asymmetric fission in the 

heaviest elements. Such asymmetric fission has been observed in 23B
U 

bombarded with electrons ,of energy 250 MeV13 and with Bremsstrahlung of 

1500 and 3000 Mev. 23 

f;.\ 
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Table l. Electron induced fission cross sections (cm~). 

r;.nr:rgy 238
U 92 

209B, 
83 1 

208
Pb 82 

(MoV) 

60 ( 4. 32±0 .16 )X10 -27 (7 .06±0.~7)X10 -32 (6.86±0.84)X10 -33 

100 ( 4 .}9±0 .13')XlO -27 (6 .66±0:58)xio -31 (2 .4l±0.1O)X10 -31 

150 (5. 59±o. 20 )xlO -27. ( 5. 24±o .16 )xlO -30 (1. 25±o.04 )X10 -30 

200 (6. 08±o .19 )XlO -27 (l.05±0.04)X10 -29 (3.04±0.09)XIO-3O 

250 (5. 95±o. 22 )xlO -27 (2.26±o.1O)XlO}9 (7.82±0.21)X10-3O 

300 (6. 84±o .19 )xlO -27 (l.48±o.05)X10-29 

350 (7 .62±0. 25 )X10 -27 (5. 36±0.23)X10 -29 (2. 85±o. 06 )xlO -29 

450 (8.37±o.24)X10 -27 (7 .63±0.29)X10 -29 (3. 99±0.13 )X10 -29 

500 (9 .51±o.33)X10 -27 (8.74±o.28)XlO-29 

550 (l.00±0.03)X10 
~26 

(l.18±0.04)XlO-
28 

(6.26±o.19)X10-29 

583 (l.07±0 .03)xlO -26 (l.13±0.04)X10 -28 ,-
600 (6.63±O.21)X10-29 

650 - (9.98±o'.33)X10-27 ' -28 
(l.38±o.04)XlO ' (7.25±o.23)X10-29 

750 (l.03±0.03)X10-26 (l.49±0.04)X10-
28 

( 8.99±O.30)XlO-29 

800 

900 (l.14±0.04)X10-26 (l.72±0.05)X10-
28 (l:17±0.04)X10 -28 

1000 ( 1.09±o.03)X10-26 (1.90±0.08)X10 -28 (1.30±0.04)xlO -28 

aCorrected for one part per million of 23~ impurity. 

bCorrected for five parts per ten million of 238
u impurity. 

~ 

174Yb 
70 ' 

(5. 39±l.12 )xlO -33 a 

(4. 73±l.67)XlO - 33 a 

(l.lO±O .08)XlO -32 ( 4.60±0.08)XlO-
33a 

(2. 52±0.19)XIO -32 (1. 79±0 .19 )X10 -32
a 

(7 .03±O. 43)xlO -32 (6 .24±0.43)xio _32
a

' 

(2.28±o.07)X10-31 (2.20±0.07)X10 
_31a 

(6. 34±o .25 )xlO -31 (6.25±0.25)X10 -31 a 

(1. 44±o.05)X10-30 (l.43±0.05)X10 -30
a 

(2 .52±0.08)xlO -30 (2 .51±0.08)xlO _30
a 

(3. 57±o.12)X10-30 (3. 56±0 .12 )xlO 
_30a 

( 4.4l±0.19)X10-36 
- a 

( 4. 4o±0. 04 )X10 -30 

(5.9O±0.47)X10-3O (5 .89±0. 47)X10 _30
a 

(7. 43±0.23)X10 "30 (7.42±0.23)X10-
30a 

(9. 53±0.31)xlO -30 (9. 52±O. 31)X10 
_30a 

154
8 62 m 

(3 .07±1. 53)xlO -33 b 

(3. 70±0. 45 )X10 -33 
b 

(5.0 ±4.5 )XlO-34 

(3. 79±0. 70)X10-33 
b 

(2.9 ±7.0 )X10-34 

(l.04±0.16)XIO-32 (6.5 ±l.6 )X10-33 
b 

(4.62±0.22 )X10 -32 ( 4 .18±0. 22 )X10 
_32b 

(9.62±o.69)XIO-32 (9.12±0.69)X10 
_32b 

(l.93±O.08)xIO -31 (l.88±0.08)X10 
_31b 

(2 .40±0.13)XlO -31 
b 

(2.34±0.13)X10-31 

(5 .13±0.,21)X10 -31 (5.07±0.21)X10 
_31b 

( 8.96±0.30)xiO-31 b 
(8.90±0.30)XIO -31 

I 
I\) 
I\) 
I 

c:: 
o 
f:1 
I 
I-' 
CD 
VI 
LA) 
VI 
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Energy 

(MeV) 

60 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

583 

600 

650 

750 

800 

900 

1000 

-If <i 

Table 2. Electron pluG Drcmsstrahlunb induced flesion croso oect1ons (c:n2 ). The Drctl:sstruhlung r~ldiution 1s prouuced by 
the clectron bCIlI:I striking 0.0173 radiatJon 1en;:tt'3 of a1u'llinUl'. radiator. 

238 209
01 92U - 83 

(5.34 ± 0.19) X 10-27 (6.21 ± 0.9(1) X 10-32 

(8.62 ± 0.21.) X 10-27 (1.13 ± O.OJ) X 10-30 

(8.96 ± 0.27) X 10-27 (7.68 ± 0.33) X 10-30 

(1.12 ± 0.03) X 10-26 (1.70 ± 0.06) X 10-29 

(9.37 ± 0.28) X 10-27 (3.62 ± 0.12) X 10-29 

(1.25 ± 0.01,) X 10-26 (7.46 ± 0.21,) X 10-29 

(1.52 ± 0.05) X 10-26 (8.91 ± 0.29) X 10-29 

(1.41 ± 0.04) X 10-26 (1.47 ± 0.05) X 10-28 

(1.1'9 ± 0.05) X 10-26 (1.72 ± 0.06) X 10-28 

(1.53 ± 0.01.) X 10-26 (1.96 ± 0.07) X 10-28 

(1.61, ± 0.06) X 10-26 (1.95 ± 0.06) X 10-28 

(1.82 ± 0.06) X 10-26 (2.16 ± 0.06) X 10-28 

(l.Go ± 0.05). X 10-26 (2.45 ± 0.06) X 10-28 

(1.77 ± 0.06) X 10-26 (3.22 ± 0.12) X 10-28 

(1.91 ± O.OI,)-x 10-26 (2.91 ± 0.10) X 10-28 

(1.73 ± 0.05) X 10-26 (3.14 ± 0.10) X 10-28 

208 
82!'\) -

(7.99 ± 0.31)-X 10-33 

(3.58 ± 0.16) X 10-31 

(1.48 ± 0.06) X 10-30 

(6.94 ± 0.23) X 10-30 

(3.54 ± 0.12)-X 10-29 

(4.79 ± 0.17) X 10-29 

(7.51, ± 0.19) X 10-29 -

(9.37 ± 0.32) X 10-29 

(1.11 ± 0.03) X 10-28-

(1.29 ± 0.05) X 10-28 

(1.47 ± 0.0:;) X 10-28 

(1.92 ±·0.06) X 10-28 

(i.88 ± 0.06) X 10-28 

(1.86 ± O.oG) X 10-28 

171, 
70Th 

(9.56 ± 1.(0) X 10-33 

(6.41 ± 1.31) X_l0-33 

(1.38 ± 0.29) X 10c32 

(7.79 ± 0,1'5) X 10-32 

(1;97 ±-0.14) X 10-31 

(6.68 ±' 0.24) X 10-31 

(1.50 ±0.04) X 10-30 

(2.10.± 0.07) X 10-30 

(3,1,2 ± 0.11) X 10-30 

(4.70 ± 0.14) X 10-30 

(6.07 ± 0.19) X 10-30 

(8.53 ± 0.33) X 10-30 

(9.10 ± 0.03) X 10-30 

_?O 
(1.37 ± 0;03) X 10 -, 

(1.36 ± 0.01,) X 10.-<:9 

151 •. 
62S

I!J 

(9.15 ± 0.92) X 10"33 

(1.84 ± 0.22)X.l0-32 

(8.69 ± 0.35) X 10-32 

(1~91, ± 0.10) X 10,31 

(4.63 ± 0.17) X-10-31 

(5.52 ± 0.2-6) X 10-31 

(1.14 ± 0.04) X 10-30 

(9.13 ±' 0.45) X 10-31 

(1.66 ± 0.06) X 10-30 

, 
I\) 
W 
I 

c:: 
o 
!::d 
t-< 
I 

.1-' 
OJ 
Vl 
LV 
VI 
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Fig. 14. Photofission cross section (triangles, left scale) and fission 

probability 

f 209B" 
or 83 J.. 

1 

Of/Oo (solid circles~ right scale) as a function of Ex-2 

The point indicated by a square is the fission probability 
. 20 

calculated from the data of Goldanski et ale -_. 
Fig. 15. Photofission cross section (t~iangles, left scale) and fission 

1 

probability Of/Oo (solid circles, right scale) as a function of Ex -2 

. 208 
for 82Pb. The point indicated by; a square is the fission probability 

calculated from the ".data of Goldanski et al. 2(,) 

Fig. 16. Photofission cross section (triangles, left scale) and fission 
1 

probability Of/cro (solid circles, right scale) as a function of Ex-2 

for 174Yb. 
70 • 

Fig. 17. Photofission cross section (triangles, left scale) and fission 
1 

probability Of/Oo (solid circles, right scale) as a function of Ex -"2 

154 
for 62Sm. 

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

against photon energy W on a log-log scale from Levinger. 19 

Fig. 19. Summation of the cross sections for high energy photo-processes 

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