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HIGH ENERGY PHOT0-NUCLEAR REACTIONS
- Karl Strauch

Rediation Leboretory and Depsrtment of Physics
University of California, Berkeley, California

@ctober 4, 1250

Abstrect

Trensition curves in lead of the photons responsible for various nuclesr
reactions have been obtained using 322 Mev bremsstrahlung from the Berkeley
synchrotron, The &rea under these curves or "track length" determines an effec-
tive photon energy, and the results are iven\in Teble II, The integrated cross
sections of the rsactions C12(y,n)Gll end Cub3(y¥,n)cub? are found to be 0,090
and 0,76 Mev=barn respectively, Relative yields of various reactions from Zn
have heen measured, and reletive cross sections have been calculated from these
and the effective photon energies, A lower 1limit of 1.4 Mev=barns is obtained
for the total sross section for photon abscrption by the Zn nuéleus, and 30 Mev
is found for a lowsr limit +to the average photon energy absorbed by the seme
nucleugs, These results ere discussed with respect %o the proposed theories for

nuclesar photon absorpiion,
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HIGH ENERGY PHOTO-NUCLEAR REACTIGONS
Karli Strauch

Radiation Laboratory end Department of Physics
University of California, Berkeley, California

Getober 4, 1950

I, Introduction

With the‘&évelopment ef high energy electron accelerastors, x-ray beems have
become eveilable which conbtelin photons energebic encugh to produce multiple
nuclear disintegrations, It is of interest to know the energies of the photons
responsible and the crosa sections for various reactions, These two quantities
are difficult to obtain due to the continuous ensrgy spectrﬁm of the awvailable

remsstrahlung, Baldwin and Klaiber! used the 100 Mev General Electric beta=-
tron to obtain excitation curves for the reactions C+2(Y,n)e L, cub¥(y,n)cub2,
U(Y,fission) and Th{Y,fission) by measuring the yield as a function of the
elestron beem energy and normalizing the beem intersity with the help of the
caloulated energy response of o monitor, Their results show a very narrow peak
forvthe energy distribution of the_photons‘r33pon$ible for the reaction under
study, hﬁreafterAealled Peffective photons," McElhimmey et 81.% have obtained
partial excitetion furctions for the reactions Talal(Y,n)Talso and CuGS(Y,n)CuS2
by a similar method using the 21 Mev Illinois bebatron, They find a greater
spread in energy of the cross section peaks than do Baldwin and Klaiber; howe
ever, the "effective photons™ are still well grouped around an avérage value,

Similer results hove recently been reported by Katz et al,3

1 ¢, ¢, Baldwin and G, §. Klaiber, Phys, Rev, 70, 259 (1946); 71, 3 (1947); 73,

1156 (1948)

J, McElhinney, A, 0., Hanson, R, A, Becker, R, F, Duffield and B, C, Diven,

Phys, Rev, 75, 542 (1949)

31, Ketz, H, B, Johns, R, A, Douglas eand R, 8, H, Haslam, Bull, am, Phys, Soc,
25,. No, 4, p. 16 {1950)

2
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The conclusioﬁ that nc very high energy quenta participate in these reactions
is vefified by the ebsolute cross section measurements on C by Lawson and Perlman4 .
who obtein the same values with 50 Mev and 100 Mev bremsstrehlung, In additiom,
the relative yields $f several reactions on meny elements as obtained by Perlmen
and Friedlander5 are foucd to be the same when measured with the 50 Mev eand 100
Mev betatron Eeam.

Tith the completion of the Berkeley 322 Mev synchrotrom, aaother epproash o
this problem became possible, By studying the intensity varistion in an absorber,
such as 1eaq, of those photons responsible for a given nuclear reactiom, it is
possibleito determine & mean energy velue for these photons and to gain soms
information on their energy spread, This method will be studied and applied to - -
several photonuclear reactions in Part IT of this paper, and scme relative and
gbsolutq Sross section measurements will be described in Part I¥I, The required
theoreticalvcalculations from the cascede shower theory are repof%ed by L. Eyges

. . 6
in an accompanying paper,

II, Trensition Curves

A, Method, As the synchrotron besm passes through an ebsorbsr, its energy spectrum
is chenged by cescade processes: lower energy photons mulitiply, higher energy

~ photons disappeer, To study this trensformation, detectors semsitive to various
photon energies are required; these are available in the furm of photonuclear v
reactione from different target nuclei, As we have just seen there is good evi-

»

dence that the energies of the photons responsible for such reactions are grouped

'3, L. Lawson end M, L, Periman, Phys. Rev. 74, 1190 (1948)
SM. L. Perlmen snd G, Friediander, Phys, Rev, 74, 442 (1948); 75, 989 (1949)

6 1., Eyges, Phys. Rev, (to be published)
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ip_a narrow interval, The reaction is determined by the known target and pro-
duct nuclei; the latter are identified by their radioactivities,

The smount of target activity is‘pfoportional tg the number of photons
responsible for the production of the radiocactive product nucleus; thus, by
placing identical targets at various depths in a lead absorber and comparing the
induced activity, the density of "effective photons™ is measured as a function
of absorber thickness, The resulting curves are similar to the transition curves
or Rossi curves obtained in cosmic ray work except that here the transformation
in lead of a selected energy band of x-rays is being studied.*

We are primarily interested in the effective photon energy‘we responsible
forwvarious feactions; Ey’ges6 shows that this can best be obtained from the area
under the corresponding trensition curve or its "track length," In the case of -
lead he obtains a simple analytic expression for W, which is applied to the track
length of the gurves observed in this work, Some informetion on the accuracy
of shower theory calsulations in the ensrgy region under consideration is also
gained, This feature is examined in de%ail by Eyges,s

B, Experimental Apparatus and Procedure, In the normal set-up, héreafter desig-

nated Geometry 1, a stask of lead absorbers 9 x 9 inches in a:ea was placed at
5 1/3 feet from the synchrotron Pt target (Fig. 1). The lead was of commercial
grade and the measured surface density was divided by 6,5 gr/cmz to obtain the

ok : ;
thickness in radiation lengths, TFoils of the target material had an area of

* 1

In an attempt to measure threshold energies, Baldwin and Klaiber® have reported

twe such curves taken with the 100 Mev betatron beam,

**The value of 5,9 gr/bmz given by Rossi and Greissen’ for the radiation length

7 B, Rossi and K, Greissen, Rev, Mod. Phys, 13, 240 (1941)
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'3 3/4 x 3 3/4 inches end & thickness from 0,040 to 0,75 g/en® determined by .
the activity required for sounting purposes, The foils were mounted on thin
cardboard holders end placed behind various thicknesses of lesad, The whole
~stack wag centered on the beam by the use of a telescope,

Then & transition curve was measured for photons pr&duéing & short halfe-
life such as Cuf%(10,1 minutes), & monitor foil was placed in front of the ab-
sorber-sback and one or twe foils placed inside during s run, At iarger depths
the induced activity becomss mmall; to be ablé to use longer bomhardment%s ths
moniter foil was then placed inside the stack at a previously memsured position,
If & longer half-1ife resulted from the reaction under study, €.g., znb% (9,5
hours)g & complete set of 24 foils was placed inside the absorber stack during
the irradiation,

After bombsrdment the foils were rolled into eylinders heving o dismsber
of 7/@ inch, placed over Eck snd Krebs tﬁinwwallad glass Geiger couvnters, and
their sctivities ccmpared, The consecutive interchenge of samples compensated
for the different counter efficiensies, In some vases, such as with Zn detec~
tors, several helf-lives are prodused, Decay curves were ther taken for each
sample end the different product activities seperated, . The irrsdiaticn time

depends, of course, on the haelf-life and the yield of the product sctivity, bub

in Pb was increased 10 psrcent for the following reasons The pair production -
omss section measurements by Lawson® and Talker® give results 10 percent lower
then the theoretical calsulations of Heitler,lU¥ Since bremssirahlung and peir’
production are inverse processes to which detailed balsncing applies, it is -
reasonable to assume that the radiation cross section is alsc 10 percent

smaller than the theoretical values given in Heitler,

8 R, L, Walker, Phys, Rev, 76, 527 (1949)
® J. L. Lawson, Phys, Rev, 75, 433 (1949)

lOWO Heitler, The Quantum Thezory of Radiation {Oxford University Press, 1944)
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it‘was in éeneral of the same order as the half-life, A 2 mil Cu foil of stendard
size gives about 8000 counts per minute when placed in a 130 R/ﬁin beam as meas=-
ured behind 1/8 in, lead.at 1 meter from the target,

At the position of the lead stack the synchrotron beam has & width of about
1 inch between half intensity points; at 2 inches from the axis, the beam is down
to 3 percent of its walue at the axis, 'These results were obtained by comparing
thé activity of irrediated 1/4 inch diameter disks piaced at various distances
from the beam axis, The dimensions of Geometry 1 weré cho&en so as to include
as'mugh of the incident photon flux as practicable, Possible effects of scat-
tering on the transition curves taken with this geometry will be examined in the
following section,

The relative foil activity is plotted as a function of lead thickness in
radiation lengths by normelizing the activity of the first foil to‘unity in all

casges,

C. Influence of Geometry, As the x-ray beam passes through the leal stack it

spreéds in a lateral direction due primarily to multiple scattering of electrons,
The quantitative 1nterpretation of the transition curves depends on the appli=
cability of one dimensionel shower theory; this meems that all the scattered
photons must be detected,

The transition curve for the photons effective in the reaction Gu.ve.‘?’(‘Y‘,n)Cu62C
as obtained with Geometry 1 is shown by Curve 1 in Fig, 2, This transition curve
wes used to study the possible influence of scettering since it is due to lower
energy photons for which such effects are expected to be most pronounced, The
following fests were carried oub:

(1) The transition curve was also taken using lead absorbers of area

2 1/2 x 3 1/2 inches and detector disks of 1 5/8 inches diemeter; this is
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Geometry 2 in Fig, 1, Standard end window Victoreen tubes Qere used to compare
the_aéﬁivities. The results as shown by Curve 2 in Fig, 2 lie from 5 to 10
pércegt below the results obtained with Geometry 1, If we consider the differ-
ence in dimensions between the two geometries such a small difference in results
indicates that scattering effects are not very importent at these photon energies,

(2) The transition curves for photons effective in the reaction Clz(‘Y,n)Cl1
obtained with Geometries 1 and 2 are identical, This is not suprising siﬁce the
Aaverage energy of the photons responsible for this reaction is higher than for
the previous one, and scattering is less important,

(3) To estimate the influence of the portion of the beam not usually effec-
tive, Geometry 3 (Fig, 1) was used; here monitor and detector foils are placed
above their normal position so that only about 1 percent of the totel beam is
caught, The results are shown by Curve 3 of Fig, 2, If scattering outside Geo=
metry 1 is important, more "effective photons™ will scatter into Geometry 3 than
out of it, resulting in & higher maximum thsn obtained under nommal conditions,
This is not observed; on the eﬁntrary, the peak is smeller as one would expect
if it were primarily due to the outer edges of the synchrotron beem (there are
proportionally fewer high energy photons in the outside portion of the beam),

At larger depths Curve 3 appe;rs to decrease less than mormasl, This is mainly

due to neutron background which becomes appreciable at these low intensities,

The transition curve obtained with Geoﬁetrybl'can be corrected using Curve 3 -
for the effect of the portion of the beem missing the detectors, Such correctiohs
amount to 1 percent of the relative intensity which is smaller then other sources A
of error,

(4) To test for possible backscattering effects, Cu detector foils were

placed at various peitions in Gemmetry 1 with and without lead backing, No
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significant difference in relative activity was observed,

(8) To determine'whgther the size of the beam had any influence on the
shape of the transition curve, various collimators were used to cut the beam
size down to 1/4 inch diameter, No change in peak height was observed,

The results of these tests indicate that the transition curves taken with
Geometry 1 are not affected by the dimensions chosen, This means that the one
dimensiocnal shower theory cen be applied,

‘The activity of the samples could alsoc be produced by secondery electrons and
néutrons present in the stack, The small cross sections for electron disinteg-
rations measured by Laughlin et al,ll show such contamination to be negligible,
while %he neutron background can be estimated from the behavior of the transition
curves at larger-absorber depths, The absorption coefficient for neutrons in
-Pb (mbout 0,1 per radiation length) is smaller than for photons, At large depths
of lead, neutrons would be primarily responsible for the cbserved activities, 1In
the curves reported here* +the final absorption indicates small neutron back-
ground, It mey be noted that the track length is quite insensitive to the be-
havior of the transiticn curves at large depths,

D, Results .

Ag, Cu and C detectors, Short bombardments of silver, copper and polystyrene

detectors result in activities produced primarily by (Y,n) processes: AgtO7(v,n)
AE}OS? 24 minytes-(eounting wes started after the 2,3 minute activity of Aglos
had died out)s Cub8(Y,n)cu’?, 101 minutes; ¢*2(¥,n)c*?, 20 minutes. In the first

two cases these activities are also produced by (¥,3n) reactions; the results

11
Jdo S, Leaupghlin, L, S, Skaggs A, G, Hanson and J, J, Orlin, Phys, Rev, 73,

1223, (1948)

- The transition curve for the photons effective in the reaction A127(Y 2pn)
Na2d indicated a relatively large neutron background and is therefore not
reported, In ‘thie case, the rgactlon cross section for x-rays is emall,
while the cross section for Al (n a) is large,
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reported in Part III indicate such contributions to be 3 percent or less, The
transitiop curves for the photons éffectivevin these three (Y,n) reactions as
teken with Geometry 1 are shown in Figs, 3 and 4, In the case of Cu and C de-
tectors, curves were obtained with bremsstrahlung with a maximum photon energy
of about 200 Mev in a@dition to the 322 Mev maximum energy,

The five curves show the same characteristic features, As the’synchrotron
bemn penetrates the lead stack; photons are absorbed, In the energy region of
interest, the absorption is primarily due to péir production, The absorption
of the "effective photons" originelly present in the beam producés the initial
dip of the ﬁransition curées. Some of the electrons produced by photons of
energy much higher then W, are responsible for the production of "effective
photons™ in one or more steps, This multiplication results in a rise or at
least a levelling off of the éransition curves, For a given beam energy, the
rise is largest for the reaction with the lowest threshold (Ag). For a given
detector the rise is smallest when the lower energy beam is used, At large
depths multiplication of "effective photons"™ stops and an exponential absorp~-
tion is approacﬁed; Thesloﬁestabsorption is observed with the lowest threshold
detector, The final slopes of the curves for the same detectors but different
beam energies are the same within experimental error., Some of these features
will be examined in more detail in Section E,

The values of W; as obtained from the track length of these transitio#
curves are given in Table II', The agreement with the results of McElhinney
et al.,2 and Katz et al,% is good,.but the results appear  lower than would be
expected from the excitation curves of Baldwin and Klaiber.1 The ratio of the
track lengths of the transition curves for "effective photons".of & given energy
obtaineq with beams of different meximum photon energy is accurately pfedicted

by shower theory since most approximations cancel out (see expression (9) in



UCRL-7C8 Rev,

12

Eygese-papers); Tﬁé&réticai and experimental results are ﬁresenféd in Table I;
~ the agreement is satisfactory,

_Long bombardments of Cu detectors allow the observation of the 12,8 hour
product of the reaction GuSS(YJn)Cu64° A few points of the corresponding trans-
"ition curve were ob@ained“&n& W, estimated by comparison with the complete curves

for (¥,n) processes,

Zn detectors, Figo 5 éhoWs'trénsition curves for the photons causing
several resctions from Zn and the corresponding velues of We are given in Table II,
The curves for the quante responmsible far the (v,n), (Y,2n), and (Y,pn) processes
from Zn8% were obteained with Geometry 1, The observed activities have contribu-
tions of lsss than 10 percenﬁ from other Zn isotopes as seen in Part III, To
obtain the transition curves for the photons responsible for the reacticns
Zn64(7993n)3u61, ZHGG(Yspn)Gu64o end Zn88(v,p)cub?, a special technique had to
be‘used becmise of the low yield of the product activities, Thick detector foils
(0,096 in,) were useé, and the Cu products were separated with emall amounts of
carrier at the end of the bombardment; thus no sample self-absorption decreased
the coumting efficiency, This method did not prove practicable with the large
foils Qf Geametry 13 instead 7/8 inch diemeter disks were used in a stack placed
at 2 l/% feet from the synchrobron target, To correct for scattering of photons
cutside the debectors a transition curve with polystyrene detectors was taken
and compared with the one obtained with Geometry 1. No difference was apparent

‘up to 3 radietion lengths, Beyond that the required correction increased
rapidly to 56 percent at o radiation lengths, Because of this large scattering
only a few points were obtained for these curves; they serve to estimate Wqo

Ts detectors, Short bomberdment in the 322 Mev synchrotron besm of Ta

metal producés & new 70 minute half-iife besides the 8 hour activity due to
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Tel81(v,n)7a'®C, Chemical separations® heve shown the short half-life to be

associated with a rare earth; it is thus formed by the ejection of at least two
charges, A few points of the transition curve of the photons responsible for
this new activity are shown in Fig, é, The high effective photon energy (Table
IIT) obtained by assuming e straight line ebsorption curve, explains the absence
bfnérevious observation,

Long irradiation of Ta produces in addition several activities with a half-
;ife of the order of dayso These could not be separated from the 8 hour activity
under the conditions of this experiment, Thus the transition curve shown in
Fig, 6 is not produced by photOQS‘re3ponsib1e only for the (¥,n) reaction, but
also by quanta of higher energy, This is clearly shown by comparing its shape
with the curve for the (Y,n) reaction in Cu, For sbsorber thicknesses of less
than 5 radiation lengths, the Cu curve lies higher than the one for Ta, the
reverse is true beyond thaﬁ point, It is expected, therefore, that Wé = 19.Mev
as obtained from the track length is too high,

Bi detectors, Bi disks of 2 7/3 inch diameter were used as detectors in

Geometry 1 and meny activities with half-lives ranging from minutes to days

were observed after a three hour bombardment, It was not possible to resolve
the decay curv?s into the various known half-lives in this region of the periodic
table, The transition curve obtained at the end of the irrediation is shown

in Fig, 6 and corresponds to very high energy photons, Two hours after the end
of the bombardment, the treansition curve became less steép, indicating that lower
energy photons were producing the longer half-lives, The low activity of the
samples'when the effect became appreciable precluded qﬁantitative observation,

Pb detectors, When Pb is irradiated with the 322 Mev beam, meny activities

appeer besides the expected 71206 (4 minutes) and 71207 (5 minutes), As in

* The author is indebted to Dr, G. Wilkinson for carrying out this separation,
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the case of Bi, the decay curves could not be resolved into half-lives known
in this region, The curve shown in Fig, 6 for the "short halfélivéé" was taken
1 hour after the end of the bombardment end represents the relative sample acti-
vity for a pericd of 8 hours, After that time it began tobrise slowly and the
transition curve marked "long helf-lives™ was taken 36 hours after the end of
the bombardment, The enérgies of the reéponsible photons as given in Table II
represent lower limits only, due to the large neutron background in this case,
Further work, especially chemical separations, is being plenned in the case
of Bi and Pb to¢ establish the origin of the new sctivities, It does not appear
impossible that they are at least partially produced by photofission,*
E, Discussion, The transition curves ?reéented here are caused by photons
grouped in a certain energy range, What features of the curves are most energy
sensitive? In the region under consideration; high ensrgy photons are absorbed
nore rapidiy than low energy quenta, The initiel drop thus corresponds to the
absorption of thevphofons participating in the reaction, averaged over the inci=-
dent spectrum, It is difficult Yo measure this drop aceurately gince it is quite
smalli (cf, Fig. 3), As can be seen from Fig, 1 in Eygesu6 paper, the experi-
menbal points check the theoretical curve calculated fdrNWé in the case of Cu
and C showing no large contributions to these reactibns from high energy photons,
The slepe of the transition curves et large absorber depths should corre-
spoﬁd to the lowest energy photon participating in the reaction, This again is
hard to measure accurately due to the low sample activity in this region, Alsc,
contemination by neutron background is difficult to separate from the photon
induced activity, The final slopes, before these effects become apprecieble,
correspond to 15 Mew and 18 Mev in the case of Cu aﬁd C detectors, in reasonable

agreement with the knéwn thresholds? of 10,9 Mev and 18,7 Mev,

*  gEvidence for ph@tofission in Bi has recently been reported by N, Sugammean,

Phys, Rev, 79, 532 (1950)
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The effective reaction energy W, as obtdined from the track length is

defined as follows:

W
/ W o(wW) 2(W) N(W) av
W . _
i min o (1)

e - w
(o} .
- o (W) (W) N(W) an
Wnin '
where W.= photon energy
o(W) = reaction cross section for photons of energy W
Z(W) = track length of transition curve for photons of energy W
produced in Pb by 322 Mev bremsstrahlung
W = quantum limit of the x-ray beam
Wmin = threshold energy of the reaction
N(W) = number of photons of enérgy W present in the incident beam,

In the case where the energies of the photons responsible for a given reaction
are grouped around an average value as is believed to be the case for the re-
. action studied here, the value of We is close to the average energy as shown
in detail by Eyges,° |

The mein adventages of the track length method of determining the aversge
energy W, of the phbtoz;s responsible for certain nucléar reactions are as
follows:

(1) No beam monitor with an accura.fely known energy dependence is re-
quired, | |

(2) TFor long half-lives, only one bombardment is needed to obtain the
effective energy, This is impor‘ban'l'; since the irradiation times are of the
order of a half-life,

(3) TFor short half-lives, few bombardments are needed to obtain & fair

value for Wy, This is useful in the case of new activities,
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The main disadvantage of the method comes from the absence of detailed

informetion on the shape of the excitation functions,

IIT., Integrated Resction Cross Section and Relative Yields

A, Method, Vhen a target is placed in the synchrotron beem, the number of re-

actions n per unit time of bombardment is given bys

W, |
ne=N J o(W) aq (W) ' (2)
Wﬁin

where N = number of target nucleil per unit area

dg(W) = number of photons of energy between W and W + dW incident on the

i

target per unit time,
The other symbols havs the zame meaning as in Equation (1), This expression
will now Ee transformed in terms of quentities ﬁhat.can‘bé caiculated or
measured,
The energy spectrum of the synchrotron Eeam as calculated for 321 Mev
electrons incident normslly on a 0,020 inch platinum target is shown in Fig, 7.

The ordinate represents a function F(W) given by the equation

. aw
a(W) @ = k& £(W)— @

The numerical walue of the constant k is equal to U, the energy incident on
the target per unit time, as can be seen as follows, The numerical value of
the ordinate of Fig, 7 has been chosen so that the area under the curve is

unity, This means that
322 322

Usj W g(W) av = k‘f P(W) dW = X
X

o

The wariaticn of £(W) with énergy takes into eccount the deviation of the
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beam spectrum as calculated for the Berkeley synchrotron from the expression

an
w° ,
Equation (3) now becomes:
W .
. o -
(W) | ‘
n = Nuj o (w) ;—) aw (4)
Wm:n‘.n

If (W) has an appreciable value only near the effective emergy W, this can

be written

f(W)‘ Yo | £(Wg)
=W e J o) aw = NU We

e e
W}nin

()

int

To obtain thg integrated cross section (yint of a reaction, it is thus necesg=
sary to measure n, U and Wé, The transition curve method is well suited to
obtain thié last quantity,

In practice, the yield Ve of 8 reaction 1 is often measured with respect

to the yield yz of a reaction 2, The relative cross section can then be

calculated using

1 2
oy W £(We) N (6)

w2 -
O'2 We £ (Wel ) y2

B, Integrated Cross Section, cjint has been measured for the reactions

- ¢2(v,n)c and cub3(Y,n)cu’? and the results as calculated with Equation (5)
are given in Table III, The values of W, as obtained from the transition |
curves were used, ‘

The energy U incident on the target per unit time was measured by a

method developed by Blocker, Kenney and Panofsky which is described in detail

elsewhere,l2 Only the procedure as applied to this particular problem will

W, Blocker, R, W, Kenney, and W; K, H. Panofsky, Phys, Rev, 79, 419 (1950)
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be outlingd, The set-up consists of & monitor ionization chamber, a two inch
collimator gnd a'iarge ionization chamber of known gebmetry'placed in the beam
respectively at 4 feet, 4 5/@ feet, and 515/4 feet from the platinum target, A
- thin polystyrene sample holder was situated on the front face of the large cham=
‘ber so that sample disks could be irradiated under repeatsble geometrical condi-
tions.

The monitor chamber was ca}ibrated* against the Beam energy passing through
the selected target arsa by the use of\Pb, Cu and Alvdisks of the same (7/@ in,)
dismeter end containing the same number of electrons, The taking of Pb-Al and
' Pb-Cu ionization current differences eliminates effects due to background end
Compton electrons, It is then'possible.tg'calculatelz the energy passing through
~ the target area per unit current in the monitor ionization chamber, Cu and C
disks of 7/8 in, diesmster were then irradiated in the stendard srea, U is obe
tained from the integrated beam as measured by the calibrated monitor chamber,
The number of reactions n per unit time of bombardment is caleulated by the
usual method from the number of counts obtained by placing the sample under an
end window Geiger counter, Beam intenéity variation, length of bombardment,
decay during and after irradiation, semple sélf absorption and counter efficiency**
are all taken into asccount,

- The acéuracy of the values of (5iht is estimated to be 25 percent, The
result for the CuGSCY,n)Cusz reaction is in fair agreement with the value re=
ported by Katz et al, (é,é-Mevsbarns with 25 Mev bétatrqn). The integrated
cross section for CIZ(st)Gll is lower than the value obtained by Lawson and

Perlman (0,15 Mev-barns with 100 Mev betatron) but the discrepancy does not

* The author is indebted to W, Blocker and R, Kenney for this calibration,

**Therabsolute B standard used consists of a thin Usbsldeposit covered with an
Al foil, The calibration by coincidence methods was done by L, Aamodt, The
Cu end C disks and the U0y deposit were of approximately equal size,
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lié outside the estimated errors,

C. Relative Yields, It is of interest to kmow the relative yield of several

photqnuclear reactions starting from one elément. Zn was chosen for such a
study because of the relatively convenient half-lives and known decay schemes
qf several product nuclei, The results are summarized in Table II and represent
the average of two or more méasurements. Where"We is knowﬁ, the relative cross
sections are calculated using Equation (6).‘ The yield of the reaction CuSS(Y,n)
cub? is taken as unity since the yield of the 10,1 minute activity of cub? was
usually used as a reference, |

To obtain the relative yield of reactions leading to different product
nuclei, the activities as extrapolated to the end of the bombardment were used
after‘the.following factors had been taken inteo account: couwnting efficiency
- from decay scheme, self-absorption, decay during irradiation, and beam intensity
variation, This last factor was obtained by nuﬁérical integration of the beam
intensity as recorded by the monitor ionization chamber, |

Low induced activity presented the main difficulty in these measurements,
Except for some (Y,n) snd (Y,pn) reactions, the use of thin semples with negli-
gible self-absorption proved impractical. Thick semples can be used in the x-ray
beam, the maximum allowable thickness being determined by the transition curves
corresponding to the reactions under study, However, the self-absorption of
the radiation from the product nuclei then becomes important. This was taken
into account in three ways:

(1) Cuwas separated with small amounts of carrier after bombardment of
- thick ZnS0, samples; the activity of the resulting thin Cu sample was followed
to obtain the relative yields of Cu®t, cu®® and cu®” with respect to Cub2,

(2) Isotopically enriched samples of ZnO* were used to obtein the yields

* C .
Supplied by the Carbide and Carbon Chemicals Corporation,
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of Cusl, cub® and zn8% from the varlous Zn 1sotopes by countlng sa.mples of
identical thlckness and aresa,
(3) Since Zn62 decays 90 percent by K capture and the counter efficiency

62 and cub?:

for x-reys is very low, nearly the same radiation is counted from Zn
The relative yield can therefore be obtained from a thick sample,
The uncertainty of the givén results varies with the different reactions s

but is estimated to be less than 30 pérceﬁt.

o A, total
D. Summary. A lower limit to the total integrated cross section O/int for

photon absorption by the Zn nucleus. cari be estimated from the results summarized
in Table II since otel . = 2 o inte This sum should be extended over all
1nt : L .
possible reactxons to give the correc‘b value, Adding the integrated cross

sections, for the (Y,n), (‘Y 2n), (Y,p), (‘Y,pn) a.nd (Y,pZn) reactions,
o valde of 1.2 Mev-barns is-obtained, - The'relative yields, - but not W,
are known for the (Y,3%n), (Y,pSn) and (‘Y,’p4n) processes, By estimating the cor-

respond:.ng effective photon energies from the number of egected nucleons, an
adda.tlonal contribution of about 0,2 Mev—barns is obtained, The fact that not
all of the observed react:.ons started from the same Zn 1sotope should not greatly
~affect thls result since the excrhed nucle:. were all of the even-even type, Thus

we obtaa. n
total

ot } 1.4 Mev-barns
in .

In a similar manner a lower limit for :l';_he mean energy W for photon ab-
sorption can be estimated using W = > O;.nt We /2 Q’in‘b‘ The result is
w >/ 30 Mev

It should be noted that the relative y:Lelds of the (Y,n) reactions ob=-
served with 322 Mev bremsstrahlu.ng agree well within experlmental errors with

the G, E, results obtained with 100 Mev and 50 Mev betatron beams.,
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IV, Conclusions .
Ffom.thé fosults fepoffe&vio thi; papor it is apparent that the (Y n)
process is the dominant mode of decay of the x-ray excited Zn nucleus° However
ther reaotlons oontrlbute at least an equal amount to the total absorptlon
cross section, It thus appears that the photon absorption curve has a broad
maximum aroond 20 Mev, talllng off slowly at higher energies,

In a recent paper Lev1nger ‘and Bethel3

show from quite general sum rule
considerations that photon absorptlon by dipole transitions leads to a reasonsable
total aBsorption.oross section if exohange forces are included, The results

\reporfédAhefe agfeevwell with their calculations, since the valué of x (the
fractlon of the n=p 1nteractlon due to exchange force) obtalned from (jzz:al =
1,4 Movnbarns and W* 30 Mev is of the correct order of magnitude,

Goldhaber and"Teller14 have proposed & more specific model for nuclear
Qipolo absorption in which oniy one excited level is of importence, This leads
to sharp resonance obsorption and scottering, The importance of processes re-
sulting in the.ejoction of more then one nucleon seems to indicate that at least
some other process for higher energy photon abSQrptlon must exist,

64 when exclted by dlfferent methods is

. The decay of the compound nucleus Zn
of interesto_ Ghoshall® hes obteined this compound nucleus by a=particle bombard-
ment of Ni and proton bombardment of Cu, while in this paper the excitation with
x-rays has been described, - The cross section for formation of the compound nuc-
leus depends of coorse(on the method.of excitation, but the decay might be inde-

pendent of this factor if the nucleus has lost all Vmemory” of its origin,

Ghoshal finds the peak of the (‘Y;n) reaction at 20 Mev, the peaks of the (¥,2n)

J. S, Levinger and H, A Bethe Phys Rev,, 78, 115 (1950)

14 'y Goldhaber a.ndE Teller P’hys Rev, 74, 1046 (1948)

15 S Ghoshal Phys° Rev° (1n press)



UCRL=708 Rev,

-2 Do

~and (¥,pn) processes at 31 Mev. The values of W, for the reaction (Y,n),

(T,Zﬁ) and (Y,pn) are 19 Mev, 29 Hev and 30 Mev respectively, This close
agreement is not suprising since the a-~particle binding energy is sﬁ:all° In
addition Ghoshé.1 finds that the yield of the (aor p,pn) reaction is four times
largsr then the yisld of the {a or p,2n) process, The relaﬁive yield of 5,5

of the corresponding x-ray inauced reactions is quiﬁe similar considering that
peak and integrated cross sections are being comparsed., It thus appears that the
decaey of a 30 liev excited Zn nucleuz does mot depend on its method of excitation,

Levinthal and Silvermanls.have cbtained energy end angular distributions of
protons emitted by several elements irradieted in the synchrctron beam, They
find a relstively large number cf high energy protons that would no%t be expected
according te ths statistical theory, and these protons show an asymmetrical
anguler distribution, This indicates that the (Y,p) reaction is not necessarily
produced by photons grouped in a narrow interval around Wéo This should be
noticeable from the shape of the transition curve correspondiﬁg to the (¥,p)
reaction, It is unforﬁunaée thet the accuracy obtained in this case dées not
warrant any conclusiors aleng this line,

It ig & pleasure to thank Professor A, C, Helmholz under whose guidance
this work was carried oul for many helpful suggestions and assistance, and
Professor E, McMillan for his constructive interest and support., Several con-
versations with Professor R, Serber on the interpretation of the transition
curves proved very fruitiul, The author is vefy much indebted to Dr, L, Eyges

for taking an interest in this problem and performing the required calculations,

Mr, J. Rose assisted in some of the measurements and his help is much appreci=-

ated, Finally thisg work would nct have been possible without the fine cooperation

16 C. Levinthal and A, Silvermen, Phys, Rev, (in press)
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of Mr, W, Gibbins, Mr, G, McFarland and the synchrotron crew,

This work was sponsored by the U, §. Atomio Ene:féy Commission,

Information Division
§0b/10-11-50
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Exgerimental and theoretical track length ratios

for 322 Mev and 200 Mev bremsstrahliung

Reaction Beam Energy Observed Ratio
(Mev) Track Length Exp, Theor,
: 322 8,43
¢ 2(y,n)ctt 1.44 1,50
20845 4,48 '
‘ ., 322 10,0
cub3(y,n)cub? 1,51 1,55
20145 6,63
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Table II
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Effective photon energy W,, relative yields and integratéd cross sections for
’ some nuclear reactions induced by 322 Mev bremsstrahlung

Track Length

w

Product |Product B'Partl‘fl?S (radlat:.on "e |Relative| Relative
Reaction Halt'-life|and Energy(Mev .length) (Mev)| Yield o
; & & int
ct3(y,n)ctt 20 min, |B* 0,99 6.4 27 |0,074 |0,12
cu®3(y,a)0u% | 01nin, |p* 2,92(P) 10,0 18 |[1.0 1.0
cuS5(v,n)cub% | 12.8 hrs|p* 0.64 (15%) 169 (1,2 1.3
B~ 0,57 (31%)
K (54%)
20%4(¥,n)2083 | 38 min, |p* 0,47(1%)51.40(7%); 9.3 19 |0.83 0,89
2, 36(850) ‘ :
R (77)
m®®(v,p)cud” | 63 hrs. |p=-0:56 7.2 24 |0.070 |o0.097
2284 (v,20) 7082 | 9,5 hrs, [g* 0,66 (10%)(P) 5,9 29 |0.039 |0,067
X (90%)
Znse(Y,pn)Cusz 10,1 min, | see above 5,5 30 [0.21 0,37
2088 (y,pn)cub? | 12,8 hrs, | see above 3dd) | 0,11 0.19
2066(v,3n)2n%3 | 38 min,. | see above | “|o,029
Zn64(y,p2n)cufl| 3,4 hrs, |p*1. 20(637) 0, ?5S2 .5%) 2,9(‘1) 579 0. 045 0,17
0,26_(0,03% -
K (34%) |
2087 (¥,4n)2n83 | 38 min, | see above £,02
2n88(¥,p3n)Cub?| 10 min, | see above 0,033
7n86(¥,pan)cubl| 3.4 hrs, | see above 0,014
Agt07(¥,n)aglO6 | 24 min, |p* 2.0 Mev 10,9 16
(Talsl(st)Talso 8 hrs, ' 9,3 19
1%y 2p,.. ook | 70 min, ? 2,5 68
Pb(Y, ?) hours ? 2,2 78
Pb(Y, ?) deys ? 2,9 57
Bi209(y, ?) hours ? 2.2 78

(a)

Mod, Phys, 20, 585 (1948)

(b)
()
(a)

R, W, Hayward, Physo Rev, _'_73,, 541 (1950)

comparison with complete curves

G, E, bwen C, S, Cook end P, H, Owen, Phys, Rev, 78, 686 (1950) '

Unless otherwise stated values taken from G, T, Seaborg and I, Perlmen, Rev,

Only & few points were obtained for the transition curve, and W, estimated by
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Table III

Integrated Reaction Cross Sections

Reaction | We (Mev) O,:mt (Mev-barn)

c?z(v,n)cli_ 27 0,090

cub3(y,n)cub? 18 0.76
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Figure Captions

Position of absorber stack with respect to the synchrotron and
various geometries used in the experiment

Influence of geometry on transition curve in Pb of x-rays causing
the reaction Cuf®(y,n)cub?

Beginning of transition curves of x-rays responsible for several
(Yan) reactions

Semi-logarithmic plot of tremsition curves of x-rays respopsible

for several (¥,n) reactions

Semimlégarifhmie plot of transition curves of x-rays responsible

for several reactions from Zn taken with 322 Mev bremsstraplung
Semi=logari§hmic plot of transition curves of x-rays responsible for
severé; reactions from Ta, Pb and Bi taken with 322 Mev bremsstrahlung
Theoretical bremsstrahlﬁng spectrum from the Berkeley synchrotron,
The function £(W) is defined by Equation (3), The ordinate scale

is chosen to normalize the area under the curve to unity,
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