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High Energy Photo-Nuclear Reactions*
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(Received October 30, 1950)

Transition curves in lead of the photons responsible for various nuclear reactions have been obtained
using 322-Mev bremsstrahlung from the Berkeley synchrotron. The area under these curves or "track length"
determines an eGective photon energy. The integrated cross sections of the reactions C~{y,n)C" and
Cul(p, n)Cu~ are found to be 0.090 and 0.76 Mev-barn, respectively. Relative yields of various reactions
from Zn have been measured, and relative cross sections have been calculated from these and the effective
photon energies. A lower limit of 1.4 Mev-barns is obtained for the total cross section for photon absorption
by the Zn nucleus, and 30 Mev is found for a lower limit to the average photon energy absorbed by the same
nucleus. These results are discussed with respect to the proposed theories for nuclear photon absorption.

I. INTRODUCTION

w ITH the development of high energy electron
accelerators, x-ray beams have become avail-

able which contain photons energetic enough to produce
multiple nuclear disintegrations. It is of interest to
know the energies of the photons responsible and the
cross sections for various reactions. These two quan-
tities are diKcult to obtain because of the continuous
energy spectrum of the available bremsstrahlung. Bald-
win and Klaiber' used the 100-Mev General Electric
betatron to obtain excitation curves for the reactions
C"(y n) C" Cu~(y, e)Cu" U(y, 6ssion), and Th(y, 6s-
sion) by measuring the yield as a function of the electron
beam energy and normalizing the beam intensity with
the help of the calculated energy response of a monitor.
Their results show a very narrow peak for the energy
distribution of the photons responsible for the reaction
under study, hereafter called "effective photons. "
McKlhinney et a/. ' have obtained partial excitation
functions for the reactions Ta'"(y,e)Ta'" and Cu"-
(p,n)Cu" by a similar method using the 21-Mev
Illinois betatron. They hnd a greater spread in energy
of the cross section peaks than do Baldwin and Klaiber;
however, the effective photons" are still well grouped
around an average value. Similar results have recently
been reported by Johns et ul. '

The conclusion that no very high energy quanta
participate in these reactions is veri6ed by the absolute
cross-section measurements on C by Lawson and
Perlman, ' who obtain the same values with 50-Mev and
100-Mev bremsstrahlung. In addition, the relative
yields of several reactions on many elements as obtained
by Perlman and Friedlander' are found to be the same
when measured with the 50-Mev and I.OO-Mev betatron
beam.

*This work was sponsored by the AEC.
t Now at Harvard University, Cambridge, Massachusetts.
' G. C. Baldwin and G. S. Klaiber, Phys. Rev. 70, 259 {1946);

71, 3 (1947); 73, 1156 (1948).' McElhinney, Hanson, Seeker, DufBeld, and Diven, Phys. Rev.
75, 542 (1949).

3 Johns, Katg, , Douglas, and gaslam, Phys. Rev. 80, 1062 (1950).
4 J. L. Lawson and M. L. Perlman, Phys. Rev. 74, 1190 (1948).' M. L Perlman and G. Friedlander, Phys. Rev. 74, 442 {1948);

75, 989 (1949).
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With the completion of the Berkeley 322-Mev syn-
chrotron, another approach to this problem became
possible. By studying the intensity variation in an
absorber, such as lead, of those photons responsible for
a given nuclear reaction„ it is possible to determine a
mean energy value for these photons and to gain some
information on their energy spread. This method will be
studied and applied to several photo-nuclear reactions
in Sec. II of this paper, and some relative and absolute
cross-section measurements wiB be described in Sec. III.
The required theoretical calculations from the cascade
shower theory are reported by L. Eyges in an accom-
panying paper. '

II. TRANSITION CURVES

(A) Method

As the synchrotron beam passes through an absorber,
its energy spectrum is changed by cascade processes:
lower energy photons multiply, higher energy photons
disappear. To study this transformation, detectors
sensitive to various photon energies are required; these
are available in the form of photo-nuclear reactions
from different target nuclei. As we have just seen, there
is good evidence that the energies of the photons re-
sponsible for such reactions are grouped in a narrow
interval. The reaction is determined by the known
target and product nuclei; the latter are identified by
their radioactivities.

The amount of target activity is proportional to the
number of photons responsible for the production of the
radioactive product nucleus; thus, by placing identical
targets at various depths in a lead absorber and com-
paring the induced activity, the density of "effective
photons" is measured as a function of absorber thick-
ness. 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

6 L. Eyges, Phys. Rev. 81, 981 (1951).
~ In an attempt to measure threshold energies, Baldwin and

Klaiber {reference 1) have reported two such curves taken with
the 100-Mev betatron beam.
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Fro. 1. Position of absorber stack with respect to the synchrotron
and various geometries used in the experiment.

energy S, responsible for various reactions; Eyges'
shows that this can best be obtained from the area under
the corresponding transition curve or its "track length. "
In the case of lead he obtains a simple analytic expres-
sion for 8', which is applied to the track length of the
curves observed in this work. Some information on the
accuracy of shower theory calculations in the energy
region under consideration is also gained. This feature
is examined in detail by Eyges. '

(3) Experimental Apparatus and Procedure

In the normal setup, hereafter designated as Geom-
etry 1, a stack of lead absorbers 9X9 in. in area was
placed at 5~~ ft from the synchrotron Pt target (Fig. 1).
The lead was of commercial grade and the measured
surface density was divided by 6.5 g/cm' to obtain the
thickness in radiation lengths. ' Foils of the target
material had an area of 34)&3~ in. and a thickness from
0.040 to 0.75 g/cm', determined by the activity required
for counting purposes. The foils were mounted on thin
cardboard holders and then placed behind various
thicknesses of lead. The whole stack was centered on
the beam by the use of a telescope.

When a transition curve was measured for photons
producing a short half-life such as Cuem(10. 1 min), a
monitor foil was placed in front of the absorber stack
and one or two foils placed inside during a run. At
larger depths the induced activity becomes small; to be
able to use longer bombardments, the monitor foil was
then placed inside the stack at a previously measured

B The value of 5.9 g/cm' given by B. Rossi and K. Greisen
t Revs. Modern Phys. 13, 240 (1941)j for the radiation length in
Pb was increased by 10 percent for the following reason. The pair
production cross-~tion measurements of J. L. Lawson D'hys.
Rev. 75, 433 (1949)j and R. L. Walker (Phys. Rev. 76, 527
(1949)j give results 10 percent lower than the theoretical calcula-
tions of %. Heitler )The Quantum Theory of Eddic@'ow (Oxford
University Press, Oxford, 1944)j. Since bremsstrahlung and pair
production are inverse processes to which the principle of detailed
balancing applies, it is reasonable to assume that the radiation
cross section is also 10 percent smaller than the theoretical values
given by Heitler.

position. If a longer half-life resulted from the reaction
under study, e.g., Zn" (9.5 hr), a complete set of 24
foils was placed inside the absorber stack during the
irradiation.

After bombardment the foils were rolled into cylinders
having a diameter of ~~ in. , placed over Eck and Krebs
thin-walled glass Geiger counters, and their activities
compared. The consecutive interchange of samples com-
pensated for the diferent counter e%ciencies. In some
cases, such as with Zn detectors, several half-lives are
produced. Decay curves were then taken for each sample
and the di8erent product activities separated. The
irradiation time depends, of course, on the half-life and
the yield of the product activity, but it was in general
of the same order as the half-life. A 2-mil Cu foil of
standard size gives about 8000 counts per minute when
placed in a 130 R/min beam as mes, sured behind g~-in.

lead at 1 meter from the target.
At the position of the lead stack the synchrotron

beam has a width of about 1 in. between half-intensity
points; at 2 in. from the axis, the beam is down to three
percent of its value at the axis. These results were ob-
tained by comparing the activity of irradiated ~-in.
diameter disks placed at various distances from the
beam axis. The dimensions of Geometry 1 were so
chosen as to include as much of the incident photon
Qux as was practicable. Possible sects of scattering on
the transition curves taken with this geometry will be
examined in the following section.

The relative foil activity was determined as a function
of lead thickness in radiation lengths by normalizing
the activity of the irst foil to unity in all cases.

(C) Tnfluence of Geometry

As the x-ray beam passes through the lead stack, it
spreads in a lateral direction owing primarily to mul-
tiple scattering of electrons. The quantitative inter-
pretation of the transition curves depends on the appli-
cability of one-dimensional shower theory; this means
that all the scattered photons must be detected.

The transition curve for the photons effective in the
reaction Cu"(y, m) Cul as obtained. with Geometry 1 is
shown by Curve 1 in Fig. 2. This transition curve was
used to study the possible inhuence of scattering, since
it arises from lower energy photons for which such
eGects are expected to be most pronounced. The fol-
lowing tests were carried out.

(1) The transition curve was also taken using lead
absorbers of area 22 X3~~ in. and detector disks of 1~ in.
diameter; this is Geometry 2 in Fig. 1. Standard end-
window Victoreen tubes were used to compare the
activities. The results as shown by Curve 2 in Fig. 2 lie
from 6ve to ten percent below the results obtained
with Geometry 1. If we consider the diGerence in di-
mensions between the two geometries, such a small dif-
ference in results indicates that scattering eGects are
not very important at these photon energies.

(2) The transition curves for photons e6'ective in the
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reaction C"(y,n)C'" obtained with Geometries 1 and 2
are identical. This is not surprising, since the average
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 effective, 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 total beam is caught. The results are shown by
Curve 3 of Fig. 2. If scattering outside Geometry 1 is
important, more "eGective photons" will scatter into
Geometry 3 than out of it, resulting in a higher maxi-
mum than obtained under normal conditions. This is
not observed; on the contrary, the peak is smaller as
one would expect if it were primarily due to the outer
edges of the synchrotron beam (there are proportionally
fewer high energy photons in the outside portion of the
beam). At larger depths Curve 3 appears to decrease
less than normal. This is mainly due to neutron back-
ground which becomes appreciable at these low inten-
sities. The transition curve obtained with Geometry 1
can be corrected using Curve 3 for the eGect of the
portion of the beam missing the detectors. Such cor-
rections amount to one percent of the relative intensity
which is smaller than other sources of error.

(4) To test for possible backscattering eifects, Cu
detector foils were placed at various positions in

Geometry 1 with and without lead backing. No sig-
nificant difference in relative activity was observed.

(5) To determine whether the size of the beam had
any inQuence on the shape of the transition curve,
various collimators were used to cut the beam size
down to 4-in. diameter. No change in peak height was
observed.

i I I I I I I I I I

I GEO ME TRY I

I

I

08
I

Ul
X 06
I
R

04

~ oa
CC

I i I i I ~ I I I
I 4 5

RAOIAT ION I.ENOTHS IN PII

Pro. 3. Beginning of transition curves of x-rays responsible
for several (y,n) reactions.

The results of these tests indicate that the transition
curves taken with Geometry 1 are not aGected by the
dimensions chosen. This means that the one-dimen-
sional shower theory can be applied.

The activity of the samples could also be produced by
secondary electrons and neutrons present in the stack.
The small cross sections for electron disintegrations
measured by Laughlin et ul. ' show such contamination
to be negligible, while the neutron background can be
estimated from the behavior of the transition curves at
larger absorber depths. The absorption coefBcient for
neutrons in Pb (about 0.1 per radiation length) is
smaller than for photons. At large depths of lead,
neutrons would be primarily responsible for the ob-
served activities. In the curves reported here" the final
absorption indicates small neutron background. It may
be noted that the track length is quite insensitive to
the behavior of the transition curves at large depths.

(D) Results

I
Ola
lalI-

I.OO

O.I 0

Ag, CN, and C Detect0rg

Short bombardments of silver, copper, and poly-
styrene detectors result in activities produced primarily
by (y,n) processes: Ag'"(y, n)Ag"', 24 min (counting
was started after the 2.3-min activity of Ag' ' had died
out); Cu"(y, n)Cu~ 10.1 min; C"(y,n)C", 20 min. In
the first two cases these activities are also produced by
(y,3n) reactions; the results reported in Sec. III
indicate such contributions to be three percent or less.
The transition curves for the photons effective in these
three (y,e) reactions as taken with Geometry 1 are
shown in Figs. 3 and 4. In the case of Cu and C detec-
tors, curves were obtained with bremsstrahlung with a
maximum photon energy of about 200 Mev in addition
to the 322-Mev maximum energy.

000I I I ~ I I I I I I

0 4 I 12 IS 20
RADIATION LENGTHS IN Pb

Fro. 2. Influence of geometry on transition curve in Pb of x-rays
causing the reaction Cu~(y, n) Cue.

'Laughlin, Skaggs, Hanson, and Orlin, Phys. Rev. 73, 1223
(1948).

'0 The transition curve for the photons effective in the reaction
AP"(p, 2pn)Na~ indicated a relatively large neutron background
and therefore is not reported. In this case the reaction cross
section for x-rays is small, vrhile the cross section for AP~(n, a) is
large.
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Fre. S. Semilogari~c plot of transition curves of x-rays
responsible for several reactions from Zn taken arith 322-Mev
bremsstrahlung.

The 6ve curves show the same characteristic features.
As the synchrotron beam penetrates the lead stack,
photons are absorbed. In the energy region of interest,
the absorption is primarily due to pair production. The
absorption of the "effective photons" originally present
in the beam produces the initial dip of the transition
curves. Some of the electrons produced by photons of
energy much higher than 8', are responsible for the
production of "dfective photons" in one or more steps.
This multiplication results in a rise or at least a levelling
oG of the transition 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 "efkctive photons" stops and an ex-
ponential absorption is approached. The slowest ab-
sorption is observed with the lowest threshold detector.
The 6nal slopes of the curves for the same detectors but
diBerent beam energies are the same within experi-
mental error. Some of these features will be examined in
greater detail in Sec. II(E).

The values of 5', as obtained from the track length
of these transition curves are given in Table II. The
agreement with the results of McElhinney et al.' and

TABLE l. Experimental and theoretical track length ratios for
322-Mev and 200-Mev bremsstrahlung.

Reaction

Cn(+ +)Cn

Cu~(y, n) Cu"

Beam energy
{Mev3

322

205W5

322

201~5

Observed
track length

6,43

10.0

6.63

Ratio
Exp. Theor.

1.44 1.50

1.51 1.55

10 percent from other Zn isotopes as seen in Sec. III.
To obtain the transition curves for the photons respon-
sible for the reactions Zn" (T,p2n) Cu ', Zn '(T,pn) Cu",
and Zn"(T,p)Cu', a special technique had to be used
because of the low yield of the product activities. Thick
detector foils (0.096 in. ) were used, and the Cu products
were separated with small amounts of carrier at the end
of the bombardment; thus, no sample self-absorption
decreased the counting efBciency. This method did not
prove to be practicable with the large foils of Geometry
1; instead, 8-in. diameter disks were used in a stack
placed at 23 ft from the synchrotron target. To correct
for the scattering of photons outside the detectors a
transition curve with polystyrene detectors was taken
and compared with that obtained with Geometry i.
No diGerence was apparent up to 3 radiation lengths.
Beyond this point the required correction increased
rapidly to 56 percent at 9 radiation lengths. Because of
this large scattering only a few points were obtained
for these curves; they serve to estimate W..

Ta Detectors

Short bombardment in the 322-Mev synchrotron
beam of Ta metal produces a new 70-min half-life

Katz eI a/. ' is good, but the results appear to be lower
than would be expected from the excitation curves of
Baldwin and Klaiber. ' The ratio of the track lengths of
the transition curves for "e6'ective photons" of a given
energy obtained with beams of diGerent maximum
photon energy is predicted accurately by shower theory,
since most approximations cancel out LEq. (9) of
reference 6]. Theoretical and experimental results are
presented in Table I; the agreement is satisfactory.

Long bombardments of Cu detectors allow the ob-
servation of the 12.8-hr product of the reaction Cu"-
(T,n) Cu'4. A few points of the corresponding transition
curve were obtained and 5', estimated by comparison
with the complete curves for (T,n) processes.

Zn Detectors

Figure 5 shows transition curves for the photons
causing several reactions from Zn and the corresponding
values of W, are given in Table II. The curves for the
quanta responsible for the (T,tt), (&,2n), and (T,pe)
processes from Zn" were obtained with Geometry i.
The observed activities have contributions of less than
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TAsLE II. Kfkctive photon energy N'„relative yields, and integrated cross sections for some nuclear reactions induced by 322-Mev
bremsstrahlung.

Reaction

C12{~n) C11

CuB3(y, n) Cu"
Cus'(y, n) Cu"

Zn~(&, n}Zn~

Zns'{y, p}Cu"
Zn84(y, 2n) Znl

Zns4{y pn) Cus'
Znss(y pn) Cu~
Zn«(~, 3n}zn~
Zn(y, p2n}cu '

Zns~(y 4n) Zn"
Zn" (y,p3n) Cu"
Znss{y p4n) Cus'
Agl~(y, n) Ag"'
Ta' '(y, n) Ta'"
Ta's1(y, 2p. ~ .) rare earth
Pb(v, ~)
Pb(y, ?)
~'"(~,~)

Product
half-life

20 min.
10.1 min
12.8 hr

38 min

63 hr
9.5 hr

10.1 min
12.8 hr
38 min
3.4 hr

38 min
10 min
3.4 hr
24 min
8hr
70 min
hours
days
hours

Product P-particles
and energy (Mev)a

p+ 0.99
p+ 2.92b
p+ 0.64 (15%)
p- 0.57 (31p)
K (54%)
p+0.47 (1%)~ 140 (7%))

2.36 {85%)
K (7%)p- 0.56
p+ 0.66 (10%}
K (90%)
see above
see above
see above
p+ 1.20 (63%) s 0 55 (2 5%)

0.26 {0.03%)'
K (34%)
see above
see above
see above
p+ 2.0 Mev
K1e '

Track length
(radiation

length)

6.4
10.0

9.3

7.2
5.9

5.5

2.9d

10.9
9.3
2.5
2.2
2.9
2.2

Wg
(Mev)

27
18
19d

19

24
29

30
30d

57d

16
19
68
78
57
78

Relative
yield

0.074
1.0
1.2

0.83

0.070
0.039

0.21
0.11
0.029
0.045

&0.02
0.033
0.014

Relative
&int

0.12
1.0
1.3

0.89

0.097
0.067

0.37
0.19

0.17

a Unless otherwise stated, values taken from G. T. Seaborg and I. Perlman, Reva Modern Phys. 20, 585 (1948).
b R. W. Hayward, Phys. Rev. 79, 541 (1950).
e Owen, Cook, and Owen, Phys. Rev. 78, 686 (1950).
d Only a few points were obtained for the transition curve, and W estimated by comparison with complete curves.

besides the 8-hr activity due to Ta'"(y,e)Ta"'.
Chemical separations" have 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. 6. The high effective photon
energy (Table II) obtained by assuming a straight line

absorption curve, explains the absence of previous
observation.

Long irradiation of Ta produces in addition several
activities with a half-life of the order of days. These
could not be separated from the 8-hr activity under the
conditions of this experiment. Thus the transition
curve shown in Fig. 6 is not produced by photons
responsible only for the (y,n) reaction, but also by
quanta of higher energy. This is shown clearly by a
comparison of its shape with the curve for the (y,n)
reaction in Cu. For absorber thicknesses of less than
5 radiation lengths, the Cu curve lies higher than that
for Ta, the reverse being true beyond that point. It is
expected, therefore, that S'.= 19Mev, as obtained from
the track length, is too high.

j3i Detectors

Disks of Bi of 2~-inch diameter were used as detectors
in Geometry 1 and many activities with half-lives
ranging from minutes to days were observed after a
three-hr bombardment. It was not possible to resolve

"The authOr iS indebted tO Dr. G. %1&»rISOn fOr Carrying Out
this separation.

the decay curves into the various known half-lives in
this region of the periodic table. The transition curve
obtained at the end of the irradiation is shown in Fig. 6
and corresponds to very high energy photons. Two
hours after the end of the bombardment, the transition
curve became less steep, indicating that lower energy
photons were producing the longer half-lives. The low
activity of the samples when the eBect become appre-
ciable precluded quantitative observation.

Pb Detectors

%hen Pb is irradiated with the 322-Mev beam, many
activities appear besides the expected TPoe (4 min) and
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PIG. 6. Semilogarithmic plot of transition curves of x-rays
responsible for several reactions from Ta, Pb, and Si taken with
322-Mev bremsstrahlung.
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TP'" (5 min). As in 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 half-
lives" was taken 1 hour after the end of the bombard-
ment and represents the relative sample activity for a
period of 8 hr. After that time it began to rise slowly
and the transition curve marked "long half-lives" was
taken 36 hours after the end of the bombardment. The
energies of the responsible photons as given in Table II
represent lower limits only, owing to the large neutron
background in this case.

Further work, especially chemical separations, is
being planned in the case of Bi and Pb to establish the
origin of the new activities. It does not appear to be
impossible that they are at least partially produced by
photo-fission. "

(E) Discussion

The transition curves presented 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 energy photons are
absorbed more rapidly than low energy quanta. The
initial drop thus corresponds to the absorption of the
photons participating in the reaction, averaged over the
incident spectrum. It is dificult to measure this drop
accurately, since it is quite small (see Fig. 3).As can be
seen from Fig. 1 of reference 6, the experimental points
check the theoretical curves calculated for 8', in the
case of Cu and G, showing no large contributions to
these reactions from high energy photons.

The slope of the transition curves at large absorber
depths should correspond to the lowest energy photon
participating in the reaction. This again is dificult to
measure accurately owing to the low sample activity
in this region. Also, contamination by neutron back-
ground is dificult to separate from the photon induced
activity. The final slopes, before these eGects become
appreciable, correspond to 15 Mev and 18 Mev in the
case of Cu and C detectors, in reasonable agreement
with the known threshoMs' of 10.9 Mev and 18.7 Mev.

The eGective photon energy 8', as obtained from
the track length is de6ned as follows:

reaction; X(W)=number of photons of energy W
present in the incident beam.

If 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 reaction studied here,
the value of 8", is close to the average energy, as is
shown in detail by Eyges. '

The main advantages of the track length method of
determining the average energy, 8'., of the photons
responsible for certain nuclear reactions are as follows.
(1) No beam monitor with an accurately known energy
dependence is required. (2) For long half-lives, only one
bombardment is needed to obtain the effective energy.
This is important, since the irradiation times are of the
order of a half-life. (3) For short half-lives, few bom-
bardments are needed to obtain a fair value for W, .
This is useful in the case of new activities.

The principal disadvantage of the method comes from
the absence of detailed information on the shape of the
excitation functions.

p
8'p

e=X 0(W)q(W)dW,
~w. .. (2)

where %=number of target nuclei per unit area, and
q(W)=number of photons of energy W incident on
the target per unit time. The other symbols have the
same meaning as in Eq. (1). This integrand will now
be expressed in terms. of quantities that can be calcu-
lated or measured.

The energy spectrum of the synchrotron beam as cal-
culated for 322-Mev electrons incident normally on a
0.020-in. platinum target is shown in Fig. 7. The
ordinate represents a function f(W) given by the
equation

III. INTEGRATED REACTION CROSS SECTION
AND RELATIVE YIELDS

(A) Method

When a target is placed in the synchrotron beazn, the
number of reactions rs per unit time of bombardment
is given by:

W, =

Wp

Wa (W)Z(W) X(W)dW
~ ~min

)
Wp

f 0 (W)Z(W)$(W)dW
~ ~min

q(W)dW= kf(W)dW/W

The numerical value 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 so chosen that the area under the
curve is unity. This means that

where W= photon energy; 0 (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; Wo=quantum limit
of the x-ray beam; W'; =threshold energy of the

'2 Evidence for photo-6ssion in Bi has been reported recently by
N. Sugarman, Phys. Rev. ?9, 532 (1950).

|e322 322

U= Wq(W)dW= k, f(W)dW= k.
0

The variation of f(W) with energy takes into account
the deviation of the beam spectrum as calculated for the
Berkeley synchrotron from the expression dW/W.
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Equation (3) now becomes:

ts%'P

a=SU [a(W)f(W)/W]dW (4)

ag/am= W, 'f(W.')yg/W. 'f(W. ')y2

(B) Integrated Cross Section

(6)

&r; ~ has been measured for the reactions C"(y,e)C"
and Cu 6(y, )sCuI, and the results as calculated with
Eq. (5) are given in Table III. The values of W, as
obtained from the transition curves were used.

The energy incident on the target per unit time was
measured by a method developed by Blocker, Kenney,
and Panofsky which is described in detail elsewhere. "
Only the procedure as applied to this particular problem
will be outlined. The setup consists of a monitor
ionization chamber, a two-inch collimator, and a large
ionization chamber of known geometry placed in the
beam, respectively, at 4, 44, and 54 ft from the platinum
target. A thin polystyrene sample holder was situated
on the front face of the large chamber so that sample
disks could be irradiated under repeatable geometrical
conditions.

The monitor chamber was calibrated'4 against the
beam energy passing through the selected target area
by the use of Pb, Cu, and Al disks of the same (g-in. )
diameter and containing the same number of electrons.
The taking of Pb —Al and Pb —Cu ionization current
differences eliminates effects due to background and
Compton electrons. It is then possible to calculate" the
energy passing through the target area per unit current
in the monitor ionization chamber. Cu and C disks of
8-in. diameter were then irradiated in the standard area.
U is obtained from the integrated beam as measured by
the calibrated monitor chamber. The number of reac-
tions n per unit time of bombardment is calculated by
the usual method from the number of counts obtained
by placing the sample under an end-window Geiger
counter. Beam intensity variation, length of bombard-

's Blocker, Kenney, and Panofsky, Phys. Rev. 79, 419 (1950).
~4 The author is indebted to %. Blocker and R. Kenney for this

calibration.

If o (W) has an appreciable value only near the effective
energy 8', this can be written

~Wp

N=XU[f(W. )/W, ] ' 0(W)dW
~w.

=SU[f(W,)/W, ]n; t,. (5)

To obtain the integrated cross section n;„t, of a reaction,
it is thus necessary to measure e, U, and TV,. The
transition curve method is well suited to obtain this last
quantity.

In practice, the yield yj. of a reaction j. is often
measured with respect to the yield y& of a reaction 2.
The relative cross section can then be calculated using

lO
O

2

ment, decay during and after irradiation, sample self-
absorption, and counter efficiency" are all taken into
account.

The accuracy of the values of 0; ~ is estimated to be
25 percent. The result for the Cu~(y, n) Cu~'reaction is in
good agreement with the value reported by Johns et al.'
(0.70 Mev-barn with 25-Mev betatron). The integrated
cross section for C"(y,e)C" is lower than the value
obtained by I.awson and Perlman (0.15 Mev-barn with
100-Mev betatron), but the discrepancy does not lie
outside of the estimated errors.

(C) Relative Yields

It is of interest to know the relative yield of several
photo-nuclear reactions starting from one element. Zn
was chosen for such a study because of the relatively
convenient half-lives and known decay schemes of
several product nuclei. The results are summarized in
Table II and represent the average of two or more
measurements. %here 8', is known, the relative cross
sections are calculated using Eq. (6). The yield of the
reaction Cu"(y, n)Cu" is taken to be unity, since the
yield of the 10.1-min activity of Cu" was usually used
as a reference.

To obtain the relative yield of reactions leading to
djtfferent product nuclei, the activities as extrapolated
to the end of the bombardment were used after the
following factors had been taken into account: counting

TAmz III. Integrated reaction cross sections.

Reaction

CI2(~ „)Cu
Cu~(~, ~)Cu~

Ws(Mev) sr'(Mev-barn)

0.090
0.76

~ The absolute P-standard used consists of a thin UPS deposit
covered with an Al foil. The calibration by coincidence methods
was made by L. Aamodt. The Cu and C disks and the UIOp deposit
were of approximately equal sizes.

l t I i I s I & I a I

40 80 I 20 l60 200 240 280 320
W tMEV )

FIG. 7. Theoretical bremsstrahlung spectrum from the Berkeley
synchrotron. The function f(W') is denned by Eq. (3).The ordinate
scale is chosen to normalize the area under the curve to unity.
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eSciency from decay scheme, self-absorption, decay
during irradiation, and beam intensity variation. This
last factor was obtained by numerical integration of the
beam intensity as recorded by the monitor ionization
chamber.

Low induced activity presented the main difhculty in
these measurements. Except for some (y,n) and (y,pn)
reactions, the use of thin samples with negligible self-
absorption proved impractical. Thick samples can be
used in the x-ray beam, the maximum allowable thick-
ness being determined by the transition curves corre-
sponding 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) Cu was separated with small amounts of carrier
after bombardment of thick ZnSO» samples; the activity
of the resulting thin Cu sample was followed to obtain
the relative yields of Cu", Cu'4, and Cu" with respect
to Cua.

(2) Isotopically enriched samplesn of Zno were used
to obtain the yields of Cu ' Cu" and Zn ' from the
various Zn isotopes by counting samples of identical
thickness and area.

(3) Since Zne' decays 90 percent by E-capture and
the counter eSciency for x-rays is very low, nearly the
same radiation is counted from Zne and Cu". The
relative yield can therefore be obtained from a thick
sample.

The uncertainty of the given results varies with the
di6erent reactions, but is estimated to be less than 30
percent.

(D) Summary

A lower limit to the total integrated cross section
0~ ~~' for photon absorption by the Zn nucleus can be
estimated from the results summarized in Table II
since 0;n~~'= go~~&. This sum should be extended over
all possible reactions to give the correct value. Adding
the integrated cross sections, for the (y,e), (y, 2n),
(y,P), (y,pn), and (y,P2N) reactions, a value of 1.2 Mev-
barns is obtained. The relative yields, but not S'„are
known for the (y,3e), (p,p3e), and (y,p4n) processes. By
estimating the corresponding dfective photon energies
from the number of ejected nucleons, an additional con-
tribution of about 0.2 Mev-barn is obtained. The fact
that not all of the observed reactions started from the
same Zn isotope should not greatly aBect this result
since the excited nuclei were all of the even-even type.
Thus we obtain

0" P'~&i.4 Mev-barn.

In a similar manner a lower limit for the mean energy
for photon absorption can be estimated using

$P'=P a; &W,/P cr;,&. The result is

$P'~&30 Mev.

'fi Supplied by the Carbide and Carbon Chemicals Corporation.

It should be noted that the relative yields of the (y,e)
reactions observed with 322-Mev bremsstrahlung agree
well within experimental errors with the G. E. results
obtained with j.00-Mev and 50-Mev betatron beams.

IV. CONCLUSIONS

From the results reported in this paper it is apparent
that the (p,n) process is the dominant mode of decay
of the x-ray excited Zn nucleus. However, other reac-
tions contribute at least an equal amount to the total
absorption cross section. It thus seems that the photon
absorption curve has a broad maximum around 20 Mev,
tailing oG slowly at higher energies.

In a recent paper Levinger and Bethe" show from
quite general sum rule considerations that photon ab-
sorption by dipole transitions leads to a reasonable
total absorption cross section if exchange forces are
included. The results reported here agree well with their
calculations, since the value of x (the fraction of the e—p
interaction due to exchange force) obtained from
0; ~~'=1.4 Mev-barn and %=30 Mev is of the correct
order of magnitude.

Goldhaber and Teller" have proposed a more speci6c
model for nuclear dipole absorption in which all protons
move together against all neutrons. This leads to sharp
resonance absorption and scattering. The importance
of processes resulting in the ejection of more than one
nucleon seems to indicate that at least some other
process for higher energy photon absorption must exist.

The decay of the compound nucleus Zn" when
excited by diBerent methods is of interest. Ghoshal" has
obtained this compound nucleus by n-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 nucleus
depends, of course, on the method of excitation; but the
decay might be independent of this factor if the nucleus
has lost all "memory" of its origin. Ghoshal finds the
peak of the (n, n) reaction at 20 Mev, the peaks of the
(a,2N) and (n, pn) processes at 31 Mev The va. lues of
W, for the reaction (y,m), (y, 2e), and (y,pw) are 19
Mev, 29 Mev, and 30 Mev, respectively. This close agree-
ment is not surprising, since the n-particle binding energy
is small. In addition Ghoshal finds that the yield of the
(a or p,pn) reaction is four times larger than the yield
of the (a or p, 2m) process. The relative yield of 5.5 of
the corresponding x-ray induced reactions is quite
similar considering that peak and integrated cross
sections are being compared. It thus appears that the
decay of a 30-Mev excited Zn nucleus does not depend
on its method of excitation.

Levinthal and Silverman" have obtained energy and
angular distributions of protons emitted by several
elements irradiated in the synchrotron beam. They find
a relatively large number of high energy protons which

'~ J. S. Levinger and H. A. Bethe, Phys. Rev. 78, 115 (1950).
' M. Goldhaber and K. Teller, Phys. Rev. 74, 1046 (1948).
'9 S. Ghoshal, Phys. Rev. 80, 939 (1950)."C.Levinthal and A. Silverman (to be published}.



HIGH ENERGY PHOTO —NUCLEAR REACTIONS

would not be expected according to the statistical
theory, and these protons show an asymmetrical angular
distribution. This indicates that the (y,p) reaction is
not necessarily produced by photons grouped in a
narrow interval around, S',. This should be noticeable
from the shape of the transition curve corresponding to
the (y,p) reaction. It is unfortunate that the accuracy
obtained in this case does not warrant any conclusions
along this line.

It is a pleasure to thank Professor A. C. Helmholz,
under whose guidance this work was carried out, for

many helpful suggestions and assistance, and Professor
E. McMillan for his constructive interest and support.
Several conversations with Professor R. Serber on the
interpretation of the transition curves proved very
fruitful. The author is very much indebted to Dr. L.
Eyges for taking an interest in this problem and per-
forming the required calculations. Mr. J. Rose assisted
in some of the measurements and his help is much
appreciated. Finally, this work would not have been
possible without the Gne cooperation of Mr. W. Gibbins,
Mr. G. McFarland, and the synchrotron crew.
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Effective Photon Energies of High Energy Photo-Nuclear Reactions*
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An attempt has been made to use shower theory to evaluate the effective energies of the photo-nuclear
reactions measured by Strauch. It seems that these energies can be determined most accurately from the
area under the transition curve, the so-caHed "track length. "A theoretical formula for the track length is
discussed. The shape of the transition curve at small thicknesses. can also be calculated quite accurately
and serves as a rough check on the effective energies as derived from the track length. A comparison with
experiment of the theoretical shape of the whole transition curve is given; and, as one would expect, the
agreement is not very good.

I. INTRODUCTION

'N this paper we try to use shower theory to evaluate
- - some of Strauch's' results on high energy photo-
nuclear reactions. As Strauch has described, the cross
sections for these reactions have more or less sharp
maxima for some photon energy. For most of our cal-
culations it will be adequate to assume that the width
at this maximum is very small; i.e., that the reactions
take place for only one photon energy, which we shall
call 8'„ the "eGective energy. " The e6'ect of this
approximation is discussed later. If it were easy to make
accurate calculations with present shower theory, there
would be no problem; one would simply calculate
shower curves for various energies 8'„and for some
value of 5', would obtain a 6t with the experimental
curve. For the energies in which we are interested,
however, around 20 Mev, it is well known that shower
theory cannot be relied upon to predict an accurate
cascade curve, mainly because the cross sections for
pair production and bremsstrahlung vary considerably
over the range of energies of interest, which is from
about 20 to 300 Mev. %e must look, therefore, to some
quantity that can be calculated more accurately than
can the shape of the entire transition curve and yet one
that gives us the information we desire.

*This work was performed under the auspices of the AEC.
' K. Strauch, Phys. Rev. Sl, 973 (1950),

It is clear that one does not really need to know the
whole transition curve in order to 6nd the energy to
which it corresponds. If we consider transition curves
corresponding to di8erent energies, but to the same
initial conditions, then at any thickness there is a
unique correlation between the energy and the height
of the curve. Thus, any one point on the transition
curve determines the energy, in principle. Of course, this
is no real help, for if we could calculate an arbitrary
point accurately, we could calculate the detailed shape.
There is a particular point on the transition curve
however, which can be calculated rather more ac-
curately than can any other point; namely, the height
of the maximum. The reason is, as Rossi and Greisen'
have pointed out, that at the maximum of the shower
one can take into account approximately the variation
of the pair production cross section with energy. This
enhances the accuracy considerably. Thus, if the shower
curve corresponding to an energy 8', shows a maximum,
one might hope to determine 8', by the position and
height of the maximum. Therein lies the difhculty.
Although some of Strauch's curves have a maximum,
those corresponding to higher energies do not. %'e must
6nd a dj'L8'erent method if we wish it to be universally
applicable.

For very large thicknesses multiplication becomes

~ B. Rossi and K. Greisen, Revs. Modern Phys. 13, 274 {1941).


