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some kind of correspondence between this state and
some state or states of Pb?7. The sum of the peak cross
sections of the Pb’7 states is 9.9 mb/sterad while the
peak cross section of the 1.58-Mev state is 7.75 mb/
sterad. The observed ratio of the two cross sections,
including the experimental error, is 1.34-0.4 and should
be unity for corresponding states. The experimental
data are therefore not in good agreement with this
assumption of corresponding states. However, the
discrepancies between the different experimental data
do not appear to be sufficiently large to rule out the
possible interpretation offered here.

(¢) Comparisons with Other Experiments

The electron decay of Bi®7 to the low-lying states of
Pb»" has been studied by Alburger and Sunyar.* Our
experimental angular distributions and relative cross
sections for the ground state and first two excited states
are in agreement with their configuration assignments.

An extensive survey of (d,p) and other reactions in
several lead isotopes has been carried out by Harvey.?
His Q-value and differential cross section measurements
were carried out at a fixed angle. Several of our Q-value
measurements appear to disagree with his results
although the combined uncertainties are large enough

20 J, A. Harvey, Can. J. Phys. 31, 278 (1953).
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to account for the discrepancies. On the basis of his
relative cross sections for the different states (at
one laboratory angle) and using the j-j coupling
scheme by Klinkenberg,® Harvey assigned single-
particle or single-hole configurations to all of his
observed states in Pb%*7 and Pb*®. In particular, his
assignments for the 2.71-Mev, 3.61-Mev, 4.37-Meyv,
and 4.62-Mev states of Pb®" were gy/s, %1172, dss2, and
gre. His assignments for the ground, 0.79-Mev, and
1.58-Mev states of Pb? were go/s, 211/2, and ds,s, and the
possible correspondence of these states with states in
Pb?7" was pointed out. Our experimental results indicate
that the 0.79-Mev state of Pb*® does not correspond
to the 3.61-Mev state of Pb¥’. Furthermore, our
experimental results do not seem to permit simple
unmixed configuration assignments for the 4.37-Mev
and 4.62-Mev states of Pb®". A possible interpretation
of this doublet and its relation to the Pb*® 1.58-Mev
state has been offered.
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Yields from the reactions Be®(e,e’'n) and Be®(v,n), as well as the relative yields from C2(e,e’%)C! and
C2(y,n)Cl, were measured under conditions which permitted a comparison of the relative effects of electrons
and bremsstrahlen from electrons in producing nuclear reactions. The primary electron energies were from
6 to 17 Mev in the case of Be, and 24 to 145 Mev in the case of C. Comparison of the experimental results
with the theory of electrodisintegration gives information about the multipole order of the electromagnetic
transitions involved. The Be® results agree with theory if the reaction mechanism is predominantly electric-
dipole. For C®2, a mixture of 929, electric-dipole with 8%, electric-quadrupole intensities gives agreement
with theory over the energy range 28-145 Mev, provided that the finite size of the C nucleus is taken into
account. The method of considering the finite nuclear size in the theory is presented, and the results previ-
ously obtained by Reagan for the reactions F¥(e,e’2p)N17 and F29(y,2p) N7 are shown to be in good agree-
ment with the modified theory for an electric-quadrupole transition.

I. INTRODUCTION

HE direct interaction of the electromagnetic field

of an electron with the nuclear charges and
currents is closely related to the interaction of photons
with the nucleus. One important difference arises from
the fact that when a nucleus absorbs the energy of a
T Supported by the joint program of the Office of Naval Re-

search, the U. S. Atomic Energy Commission, and the U. S. Air
Force Office of Scientific Research.

photon, the momentum transfer is fixed along the
direction of the incident photon; whereas in trans-
ferring energy to the nucleus the electron scatters,
giving rise to a distribution of momentum transfers.
To the approximation that the nuclear size can be
neglected, the relative effects of photons and electrons
in producing nuclear reactions can be evaluated with-
out knowledge of the nuclear wave functions other
than the specification of the multipole order of the
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nuclear transition involved. Specification of the multi-
pole order is required because this determines the
angular distribution of the scattered electrons and
hence the distribution of momentum transfers. It is
noteworthy that in case the electron energy is just
above the threshold for the reaction under study, the
scattered electron has almost no energy, and hence the
momentum transfer is very nearly in the initial electron
direction. If, in addition, the initial electron energy is
large compared with its rest energy, the energy and
momentum transfer relations are essentially the same
as for a photon; and a comparison of photo- and
electrodisintegration cross sections no longer gives
information about the multipole order of the nuclear
transition.

Calculations of the ratio of photo- to electrodisinte-
gration cross sections, approximating the nucleus as a
point and the incoming and outgoing electrons as plane
waves, have been made by a number of investigators.1™3
Similar calculations for an energy domain where the
finite nuclear size cannot be neglected have been made
by Dalitz and Yennie.

Various experiments comparing photo- and electro-
disintegration cross sections have been reported. The
most recent of those concerned with nuclear excitations
below meson threshold are those of Brown and Wilson?;
Scott, Hanson, and Kerst®; Reagan?; and Hines.?
Brown and Wilson studied reactions resulting in the
ejection of a single neutron from Cu®, Zn%, Ag!® and
Tal®l using primary electrons of energies from 24 to
35 Mev. In the cases of Cu, Zn, and Ag, their results
were in agreement with theory provided the transitions
involved were approximately 889, electric-dipole and
129, electric-quadrupole. In the case of Ta a consider-
ably larger fraction of quadrupole transitions was
required to give agreement between experiment and
theory. The authors favored an alternate explanation:
that the approximations of the theory were not suffici-
ently accurate for a high-Z nucleus such as Ta. Hines®
extended the measurements on Cu® to primary electron
energies of 81 Mev and also studied the ejection of
three neutrons from Mn® producing 21-min Mn?2.
Hines remarked that the finite nuclear size would be
expected to modify the theory at these high bombarding
energies but he did not attempt a quantitative evalu-
ation of these effects. Reagan’s work was also at higher
energies where nuclear size should not be neglected.

The present work on Be? and C!2 was undertaken to
compare theory and experiment in the low-Z region
where the plane-wave approximation should be most
nearly valid. The work on C'? was extended to energies

1 G. C. Wick, Ricerca sci. 11, 49 (1940).

27.'S. Blair, Phys. Rev. 75, 907 (1949).

3 Thie, Mullin, and Guth, Phys. Rev. 87, 962 (1952).

1R. H. Dalitz and D. R. Yennie, Phys. Rev. 105, 1598 (1957).
5 K. L. Brown and R. Wilson, Phys. Rev. 93, 443 (1954).

6 Scott, Hanson, and Kerst, Phys. Rev. 100, 209 (1955).

7 D. Reagan, Phys. Rev. 100, 113 (1955).

8 R. L. Hines, Phys. Rev. 105, 1534 (1957).
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high enough that finite nuclear size effects should
become important. A rough evaluation of these effects
has been made using the work of Dalitz and Yennie!
as a basis. The finite nuclear size has a particularly
strong influence on the excitation of electric-quadrupole
transitions by electrons. This is illustrated by a com-
parison of Reagan’s results on the production of N7
from F* with the size-corrected theory.

II. EXPERIMENTAL METHOD

The required experimental data are the measured
yields of neutrons or radioactivities produced when
electrons of known energy E, bombard thin targets,
and the corresponding yields when the bremsstrahlen
from electrons of energy £ bombard similar targets.

In practice it was convenient to obtain the ratio of
these yields by employing foil sandwiches as electron
targets in the method used by Brown and Wilson.?
For the carbon experiments the sandwich consisted of
a thin polystyrene sheet, then a tantalum radiator,
followed by a second polystyrene sheet. The entire
sandwich was ‘“‘thin” so that almost the entire electron
beam traversed the sandwich with little loss in energy.
Under these circumstances the activity N1(Eo) induced
in the first target foil was almost entirely due to
electrons, while that in the second target Ns(Eo) was
the sum of activities induced by electrons and the
bremsstrahlen produced in the radiator. Since the
target foils were of equal thickness, the quantity
(Ny—N1)/Ny gives approximately the ratio of photon-
to electron-induced activity. In practice the foil stack
could not be thin enough to use this equation directly,
and corrections to take account of foil thickness were
required.

In the appendix these corrections are listed, and it is
shown that to first order in the foil thickness, the
correct ratio of photon- to electron-induced activities
is given by

1y +t -1
R ] P

where
(N14DNs) (A+A,)
E, 2

R’=[N2(1—§(02>) + Nl]er. (2)

All symbols are defined in the appendix.

For the Be® experiment where the reaction was
detected by counting neutrons, the foil-stack experi-
ment was modified and performed in two stages. In one
case, the electron beam bombarded a target of 3-in.
beryllium, and in the second case, the target was a
sandwich consisting of a {%-in. aluminum radiator
followed by a $-in. beryllium target. The primary
electron beam was monitored by a hydrogen-filled
ionization chamber placed ahead of the target. Back-
grounds for the respective experiments were obtained
by employing as targets either an empty target holder
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or the aluminum radiator only. (Onset of copious
production of neutrons from the aluminum radiator
limited the primary beam energies to 18 Mev.) The
net yield from the beryllium target was predominantly
due to the direct electrodisintegration, while the net
yield from the (Al+Be) sandwich was due to the
photons produced in the aluminum radiators as well as
to direct electrodisintegration.

Analysis of the data to give the corrected ratio of
photo- to electrodisintegration yields is similar to the
process described for the three-foil radioactivity experi-
ments, and is described in further detail in the appendix.

III. EXPERIMENTAL DETAILS

Because the electrodisintegration cross sections are
~1/137 times the photodisintegration cross sections,
the experiment requires knowledge of any photon
contamination of the primary electron beam. This
was achieved through use of the double magnetic
deflecting systems of the Mark III and Mark II
electron linear accelerators.”® In these systems the
electron beam is deflected and refocused after it has
been collimated and energy-analyzed, so that the
bremsstrahlung produced in collimators and energy-
defining slits is not traveling in the final direction of the
electrons. The purity of the final electron beam was
established by studying beam pictures on photographic
film or glass plates, and by the good reproducibility of
the ratio of photo- to electrodisintegration observed in
the present experiments. (Any photon contamination of
the beam would be expected to vary with accelerator
tune-up conditions which produce changes in the
electron spot size and energy spectrum.) The reaction
yields due to unknown photon contamination of the
incident beam were estimated to be less than 19, of
the electron-induced activity in the present experiments.

In the case of the C'? experiments using the Mark IT
accelerator, the foil stacks were placed inside the
accelerator vacuum system, so no correction for
radiation-producing material ahead of the targets was
required. In the other experiments, where some material
was unavoidably directly in front of the targets, a
small correction was required (see appendix).

The energy calibration of the Mark II accelerator
was established to 29, accuracy by measurements of
the thresholds of the reactions D (v,n), Cu®(y,x), and
O%(y,n). The energy calibration of the Mark III
accelerator was taken from floating-wire measurements
made on the deflecting magnets.

The detectors for the 20-min C" were anthracene
scintillation counters. A pair of counters was employed
so that the front and back detector foils could be
counted simultaneously. Successive counting periods
were made interchanging foils on the counters so that
possible differences in counting efficiencies could be

9W. K. H. Panofsky and J. A. McIntyre, Rev. Sci. Instr. 25,

287 (1954).
10 K. L. Brown, Rev. Sci. Instr. 27, 959 (1956).
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observed and taken into account. Successive bombard-
ments were made in which front and rear detector foils
were interchanged so that small variations in detector
foil thickness were averaged out.

The neutrons from the Be® reaction were detected
by BF; counters enriched in B which were embedded
in paraffin moderator surrounding the target. This
neutron counting assembly was constructed and cali-
brated by W. D. George for use in an experiment to
measure absolute neutron yields from various targets.
Construction and calibration details will be published
later. For the present experiment, where only the ratio
of yields (with and without radiator) was desired, the
efficiency calibration of the counters was not important.
A source of error lies in the possibility that the neutrons
from the electrodisintegration and from the photo-
disintegration have different angular distributions.
However, the moderator surrounded the targets except
for openings in the forward and backward directions,
and measurements with a RaBe source indicated that
789 of the total solid angle was sampled. An estimate
of the possible error due to angular distribution effects
can be obtained from the data of Hamermesh et @l
on the angular distribution of neutrons from the
Be?(y,n) reaction. They observed a distribution of the
form (a+b sin%0) where a/5>>1 near threshold and
a/b=1.2 at hv=2.76,Mev. If we take a/b=1.2 for the
photodisintegration process and a/b= » (isotropic) for
the electrodisintegration process, the computed effi-
ciency for photon-produced relative to electron-pro-
duced neutrons is 1.015. From the theoretical considera-
tions mentioned in the introduction, we expect the
electron-produced neutrons to have a distribution
somewhat more isotropic than but similar to that of
the photoproduced neutrons. Thus the ratio 1.015 com-
puted on the assumption of isotropy for the electron-
produced neutrons is an upper limit to the error from
this source.

The hydrogen-filled ionization chamber used to
monitor the incident electron beam in the Be® experi-
ments was used in a previous experiment on the specific
ionization of electrons in gases.'? Its reproducibility at
given energy was within 19}, and its sensitivity as a
function of electron energy was known to 19, accuracy
over the energy range employed.

IV. THEORY

The results of the theories can be expressed in terms
of a spectrum of virtual photons, associated with an
electron of initial energy F,, available for producing
nuclear excitations of energy k; and of specified multi-
pole order. (We use units throughoutsuch thati=c¢=1.)

For a point nucleus the matrix elements for electron-
induced transitions can be expressed in terms of those
for photon-induced transitions, and the electrodisinte-

1t Hamermesh, Hamermesh, and Wattenberg, Phys. Rev. 76,

611 (1949).
12W. C. Barber, Phys. Rev. 97, 1071 (1955).
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gration cross section can be written

N,
oo(Eoks)l) =k—(kf;E0;l)U' v(kp), 3)
s

where N, is the virtual photon intensity spectrum
associated with a transition energy k; and multipole
order specified by I, and o, (k) is the cross section for
photons of energy %;. The theoretlcal calculations give
the result

dk/ Oldkf Eo—kf

vl (5]

kf 7l'kf

2Eo(Eo—Fky)
ln———*—C], (4)

mok 1

where m,ois the rest energy of the electron, C=2(Ey— k;)/
E, for electric-dipole transitions, C=0 for magnetic-
dipole transitions, and C=— (8/3)[(Eo—ks)/ksJ? for
electric-quadrupole transitions. Thie, Mullin, and Guth?
show how the calculations can be extended to higher
orders, give an explicit result for electric-octupole
transitions, and stress the uncertainty of the magnetic-
multipole calculations because of the unknown nature
of the mesonic contributions to the magnetic moments.

Dalitz and Yennie* have extended the calculations
to the region where the nuclear size is no longer small
in comparison with the length associated with the
momentum transferred to the nucleus. In their paper
N, is separated into contributions N,* and N, from
those parts of the matrix elements transverse and
longitudinal to the direction of the momentum transfer.
Their result [Eq. (1.5) of reference 4] is

Ne(?ykf)=Net(1’,kf)+Nel(P;kf): (5)

where

a p@H R2A(R)
oty [

7l o—pn? (k?—k%)?
% l[(?+?’)2—k2][k2—(P—P’)"‘]J K=k (Jf(k?))’
4p°r 2p* T E(RA)
and ©
a DT 24 ()
vk [ iy
[<p+p'>2 )
B luees)

The new symbols employed here are defined as follows:
pand p’ are the magnitudes of the electron’s momentum
before and after scattering; ko and % are the energy
and magnitude of the momentum transferred to the
nucleus; (7 2) and (J ;2) are the squares of those parts of
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TaBirE L. Values of the ratios of the matrix elements for tran-
sitions of various multipole order when the nucleus is treated as
a point.

(Je2(k2)) 2 (k%))

Type of transition (T2 (ks2)) (Je2(ks2))
E1l 1 1
M1 k2/ks? 0
E2 Bk (/)

the matrix element transverse and longitudinal to the
direction of the momentum transfer. For a point
nucleus the matrix element components have the values
shown in Table I. Integration of Egs. (5), (6), and (7),
with the values from Table I inserted and with the
extreme relativistic approximation that Eo= p, results
in Eq. (4).

An exact calculation of the matrix element ratios for
the case where the nuclear size is not negligible would
require knowledge of the initial and final state wave
functions. However, an estimate of the effect of the
finite nuclear size can be obtained by assuming that
contributions to the matrix elements occur uniformly
throughout the nuclear volume. At each point r the
contribution to the matrix element should contain the
phase factor e***, so that the corrected expression for
the matrix elements would have the form

Jtinite (k) = f ¥ *[operator Je i dr. (8)

In order to integrate (8) over the nuclear volume, the
phase factor is expanded as usual in spherical Bessel
functions and Legendre polynomials:

eik-r—z, Qi+1)i jz(kr)pz(cosﬂ)
=1—1p2 .. ©

The evaluation of (8) to lowest order in kr gives an
expression for the matrix elements of a finite-size
nucleus in terms of those for a point nucleus:

Jsinite () = Jo(B)[1—§(r*)].

The ratios for the squares of the matrix elements that
appear in Table I should be multiplied by the factor

[1-30)F 138
=340 134207

before substitutions into Egs. (6) and (7). Integration
of (6) and (7) then yields values of N, for producing
excitation of a nucleus of finite size. The calculation
could easily be carried to higher-order approximation,
but in view of the uncertainty in ¢; and ¢, this is not
warranted at this time.

Since the principal contributions to N.* occur for
values of & approximately equal to %y, it is not changed
much by the effect of finite nuclear size. However, the
principal contribution to N,' comes from larger values

(10)

(11)
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TasLE II. Experimental data for the Be® reactions. Target, 0.589 g/cm? Be; #,=8.67 X 1073. Radiator, 0.4362 g/cm? Al; £,=1.79X 102,
Material ahead of foil stack, #;=3.6X107% Foxp=[Z(Z+1)r?N,J*R="7.104R.

Eo Ar Ay ON3(Ar— A 21!3(&4‘4!) Eo—3A:

(Mev) Ni N2 1—32 (Mev) (Mev) 9Eo 2 dEo 2 R"” R(Eo—1}At) (Mev)  Fexp(Eo—3A:)
5.5 102827  1888+23 0.96 0.76  0.94 —53 280428 0.984+0.05 1.32840.08 5.03  9.4444-0.57
7.9 1929436 3623433 0.98 0.81 0.98 —63 28528 0.95540.035 1.2754-0.06 741  9.06 045

10.3 2837468  5408+45 099 0.85 0.99 —53 360436 0.995£0.04  1.3484-0.07 9.80 9.58 £0.51
12.7 393527 7249435 0.993 090 1.02 —45 402440 0.9204-0.019 1.2144-0.040 12.19 8.63 +0.31
15.1 4715422 8630421 0.995 0.94 1.04 —31 326433 0.8844-0.011 1.15140.037 14.58 8.18 +0.26
17.5 5422432 1007341 0.996 0.99 1.07 —18 26727 0.896+0.013 1.1734+0.039 16.97 8.33 40.27

TasiE III. Experimental data for the C* reaction. Targets, 0.077 g/cm? polystyrene; £,=1.68X 1073, Radiator, 0.172 g/cm? Ta;
£-=2.71X1072. (Correction for Z dependence of bremsstrahlung from radiator, 1.0720.007.) Fex,= (4.097-20.027)R.

1- 9(N1+N2)
(Ac+A) N1 8B,
Eo 2 xw Eo—3A:

(Mev) N2/N1 174 1—-3062 (Mev) 2 R’ R(Eo—34:) (Mev) Fexp(Eo—3Ar)
23.5 2.6794-0.03 0 0.99 0.465 0.806-+0.08 2.45740.085 2.6474-0.095 23.4 10.854-0.40
27.1 2.98240.03 0 0.993 0.511 0.3054-0.03 2.26440.042 2.4244-0.066 27.0 9.934-0.27
30.5 2.9484-0.03 0 0.994 0.558 0.17640.02 2.10740.036 2.2454-0.040 30.4 9.2040.18
33.6 2.89440.03 0 0.995 0.597 0.0924-0.01 1.9724-0.031 2.09240.035 33.5 8.5740.16
36.0 2.885+0.03 0 0.996 0.643 0.028+-0.003 1.9014-0.03 2.013+0.035 35.9 8.2540.16
40.0 2.75540.03 8.2X10*  0.997 0.688 0.0104-0.001 1.735+0.03 1.928+0.039 39.9 7.904-0.16
75.7 2.26140.03 19.5X 10 1.00 1.273 0.006-+0.000 1.26840.03 1.446-:0.045 75.5 5.9240.19

140.0 2.087+0.03 19.5X10™ 1.00 2.197 0.0084-0.000 1.097-£0.03 1.2284-0.044 139.8 5.0340.18

of k, and the factor (11) produces a substantial reduc-
tion. For large values of % the factor 1—3£%r?) becomes
negative. This is a result of the approximation and
cannot represent a real physical situation; hence the
integrals of the modified Egs. (6) and (7) have been
taken only over the region where the integrand is
positive.

In all the calculations it was assumed that (r?), the
mean square nuclear radius, is given by [1.2X 108442,

V. RESULTS AND COMPARISON WITH THEORY

The principal experimental results, together with
data on the targets and radiators, are presented in
Tables IT and ITI. The final errors quoted are statistical
combinations of various errors from the sources listed
in the tables. The errors introduced by the correction
terms were estimated to be 109, of the applied correc-
tion. The correction and analysis of the results requires
knowledge of the activation curves N1(Eo) and Ny(Ey).
In the case of beryllium the determination of these
activation curves was a part of the experiment. Figure 1
shows activation curves for the electron- and photon-
induced reactions in Be. These curves are the quantities
N (Eo)—N,(Eo) after correction as indicated in the
appendix. The photodisintegration cross section as
determined from the photon-difference analysis of the
photon activation curve is shown as the histogram in
Fig. 2. For comparison, the cross-section curve deter-
mined by Nathans and Halpern®® is shown by the
dashed line. The curves were arbitrarily normalized to
contain approximately equal areas. Although the errors
in the present experiment preclude any detailed com-

13 R. Nathans and J. Halpern, Phys. Rev. 92, 940 (1953).

parison of the cross sections in the region beyond 6
Mev, the relatively high value of the cross section
obtained in the present experiments at ~3 Mev is in
good agreement with experiments performed with
monochromatic v rays in this energy region.

For the present C!? experiments only the relative
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values of Ni and N, were measured. Using these
ratios, activation curves Ni(E,) and N:(E,) were
determined from the results of Barber, George, and
Reagan'* where the activation and cross-section curves
for the reaction C2(y,n)C! were determined.

Finally available from experiment are the corrected
ratios [Eq. (1)] giving the relative yields of a reaction
from the bremsstrahlen and the direct effect of an
electron of energy Eo. The theory is able to predict
this ratio for a process with a fixed value of the tran-
sition energy k; and a given multipole order. Since
both the reactions under study have a cross section
which is significant over a wide range of ky, it is neces-
sary to average the theoretical predictions over k;
before a comparison with experiment can be made.
The theoretical ratio to be compared with experiment is

Eo dky Bo dky
N, f o (k) r (B2’ / f o (kN (Euk)—,
0 ks 0 ky

(12)

where N, is given by Eq. (4) or (5), ¢, is the brems-
strahlung intensity spectrum produced by an electron
of energy E, in the radiator of atomic number Z, and
N, is the effective number of atoms/cm? in the radiator.
In the present work, the Bethe-Heitler formula with
intermediate screening is used as the basis for ¢,.
Screening is neglected in computing N, because here
the principal contributions come from ““close” collisions,
the same fact that makes nuclear-size effects so im-
portant. Consideration must be given to the brems-
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Fi1c. 2. Cross-section curves for the reaction Be%(y,n). The
histogram is the cross section derived by photon difference
analysis of the photon activation curve shown in Fig. 1. The
dashed curve is the cross section as determined by Nathans and
Halpern.13

14 Barber, George, and Reagan, Phys. Rev. 98, 73 (1955).
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Fic. 3. Ratio of the yields of neutrons from Be® by photo-
disintegration to those by electrodisintegration, as a function of
primary electron energy. The experimental ratios are indicated
by points with standard errors shown. Theoretical ratios calcu-
lated under different assumptions are indicated by the arrows.

strahlung produced in the field of the atomic electrons
of the radiator and to the fact that for high atomic
numbers the Bethe-Heitler formula overestimates the
amount of radiation produced. A sufficiently accurate
correction for the former effect is obtained by applying
the factor (Z+1)/Z to the radiation formula. For the
latter effect an empirically determined correction factor
for the Z dependence of bremsstrahlung!® is used. As a
matter of convenience, these corrections have been
made to the experimental ratio (1) rather than to (12).
Since N, depends on the multipole order of the tran-
sition, Eq. (12) should be written separately for each
multipole transition using for ¢ (k) that part of ¢ which
is due to the multipole order under consideration. In
practice we have little direct knowledge of the multipole
order of the processes producing the reactions under
study, and we expect a comparison of experiment and
theory to tell us something about this. For a first-order
comparison we have computed values of Eq. (12) under
the assumption that the process is of a single multipole
order over the entire range of k. Figures 3 and 4 show
a comparison of the ratios computed from Eq. (12) by
numerical integration and the experimentally deter-
mined ratios Eq. (1) as functions of Ey. In order to
permit a comparison with the convention of Blair?
employed by Brown and Wilson® and others, both
ratios (12) and (1) were multiplied by the constant
quantity (Z%®N,)~* before they were plotted. Multi-
plication by this factor removes the experimental
quantity NV, from the theoretical ratio and gives

18 Barber, Berman, Brown, and George, Phys. Rev. 99, 59
(1955).
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F16. 4. Ratio of the yields of C! from the photodisintegration
of C2 to those from the electrodisintegration, as a function of
primary electron energy. Experimental ratios are shown as points
with standard errors. The theoretical ratios assuming a point
nucleus are shown as solid curves. The dashed curves are for a
nucleus of finite size.

directly the ratio F defined by Blair? and employed by
Brown and Wilson,® and Reagan.” The results for Be®
and C!? are shown in Figs. 3 and 4 with the experi-
mental ratios as plotted points and the theoretical
ratios as curves. Reagan’s experimental values of the
ratio F for F¥—2p+N'7 are shown in Fig. 5. Since
Reagan found that the activation curve for the reaction
was indistinguishable from an isochromat with k;=40
Mev, the theoretical ratios have been computed by
using a delta function at k;=40 Mev for o(ks) in
Eq. (12).

A. Be?

Figure 3 indicates that the experimental results are
in very good agreement with the theory if the reaction
is almost entirely electric-dipole. There are two theo-
retical electric-dipole curves shown in Fig. 3 corre-
sponding to the two cross-section curves of Fig. 2. The
difference in the two curves for F comes chiefly from
the difference in the cross-section curves at low energies,
and is relatively insensitive to the other differences.
The lower theoretical curve for # which was derived
from the present measurements is better for comparison

2
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with the experimental F values for two reasons: (1)
any error in the determination of the cross-section
curve due to variation of counter efficiency with neutron
energy would cancel in the determination of F'; (2) the
high cross section at a photon energy of about 3 Mev
observed in the present experiments is checked inde-
pendently by experiments using monoenergeticy-rays.
The agreement between experiment and electric-dipole
theory is in accord with the model of Guth and Mullin?é
for the photodisintegration of Be’. It should be noted,
however, that the experiment is not very sensitive in
discriminating between electric- and magnetic-dipole
transitions, and a fractional intensity of 10 or 209 of
magnetic-dipole transition cannot be ruled out.

B. C2

The experimental points fall fairly close to the
theoretical curves for electric-dipole absorption. The
point at 24 Mev apparently disagrees with theory. Part
of this disagreement might be related to the finite end
point of the bremsstrahlung spectrum, which has been
neglected in the present analysis. However, it should
be pointed out that 24 Mev is very near the peak of the
cross-section curve and the corrections for thick-target
effects are large and uncertain. It is believed that the
present experiment is not an adequate test of the theory
in this region. As the energy is increased the experi-
mental points fall below the electric-dipole curve. The
experimental uncertainties decrease as the energy is in-
creased, and the data give evidence for participation of
magnetic-dipole or more likely electric-quadrupole tran-
sitions. Independent evidence for a mixture of transitions

I ! I
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Fic. 5. Ratio of the yields of N7 from the photodisintegration
of F to those from the electrodisintegration, as a function of
primary electron energy. The experimental ratios are shown as
points with standard errors. The theoretical ratios assuming a
point nucleus are shown as solid curves. The dashed curves are
for a nucleus of finite size.

16 E. Guth and C. J. Mullin, Phys. Rev. 76, 234 (1949).
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is supplied by the experiments of Dodge and Barber!
which show a cosf term in the angular distribution of
photoprotons from C!2. A quadrupole intensity of
about 87 would give agreement with both experiments.
The points at 75 and 145 Mev lie on and above the
theoretical electric-dipole. curve for a point nucleus.
This would be in disagreement with the evidence for a
mixture of other types of transitions. However, if the
finite-nuclear-size effects are included, the theoretical
F values are shifted up as shown by the dashed curves
in Fig. 4, and the comparison of experiment and theory
remains compatible with an electric-quadrupole in-
tensity of a few percent.

C. F*—2p+ NV

The F values and their standard deviations as
determined by Reagan do not fit with any mixture of
transitions if only the theories for a point nucleus are
considered. The point at 90 Mev suggests a large
amount of electric-quadrupole intensity whereas the
higher-energy points do not support this. The photon
activation curve is like an isochromat at k;=40 Mev,
and therefore it is not possible to make a reconciliation
by assuming new electric-dipole processes which come
in at higher values of k;. However, when the theory is
corrected for the finite size of the nucleus the experi-
mental points fall along the theoretical electric-quadru-
pole curve. This result suggests that the F¥—2p-+N7
reaction is a direct process with the two protons
emitted in opposite directions or at least with some
symmetry relation such that the dipole matrix elements
are nearly zero. )

D. Conclusion

The comparison of the present experiments on Be®
and C'? with the electrodisintegration theories gives
results in very good accord with present ideas about
the photodisintegration of these nuclei. The theory of
‘the electrodisintegration of low-Z nuclei is thus checked
within experimental error. The results for F¥*—2p-4-N*7
indicate how experiments of this type are a very
sensitive test for the occurrence of electric-quadrupole
transitions, and if the experiments were performed
with high precision they could provide data on the
nuclear form factors for these transitions.
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APPENDIX. CORRECTIONS FOR THE FINITE
THICKNESS OF THE TARGET AND
RADIATOR FOILS

The following processes must be taken into account
in analyzing the stacked-foil experiments: (a) reduction
of the electron energy as the foil stack is traversed;
(b) effective loss of electrons through radiation and
collision in the foil stack; (c) change in the effective
thickness of the foils due to multiple scattering of the
electrons; (d) radiator thickness effects in the produc-
tion of bremsstrahlung; (e) activity induced in the
target foils by the bremsstrahlung produced in the
target foils themselves; (f) any activity due to brems-
strahlung produced in the region “upstream” from the
foil stack.

A. Definition of Symbols

E,=energy of incident electrons.

N1(Eo)=activity (or yield) per electron induced in the
first target foil.

Ny (Eo)=activity (or yield per electron induced in the
second target foil, the target foil that is
behind the radiator.

t,=target thickness in radiation lengths.
t,=radiator thickness in radiation lengths.
t;=total material upstream from the foil stack in
radiation lengths.
A;=total electron energy loss in the target by
radiation and collision.
A,=total electron energy loss in the radiator by
radiation and collision.

(*)=mean square scattering angle of the electrons
in the radiator (scattering in the targets
can be neglected).

N ,=that part of N, due to photons produced in the
first target and the radiator.

N.=that part of N; due to the direct effect of
electrons.

R'=N,/N; in the three-foil stack experiments.

R"=N,/N in the two-stage experiments.

R=N,/N..

B. Calculation of the Corrections

First consider experiments of the C'2 type where a
three-foil stack (target 1/radiator/target 2) is em-
ployed. The quantity

Ny (Eo—A—3A,)=Ny(1—5(6%)
N,
+——(A+A)— N,
E

0

(A-1)

gives the photon-induced activity in the second target
due to the bremsstrahlen coming from the first target
and the radiator. N1 and N, contain equal activities
from photons produced ahead of the foil stack and from
photons produced by the target foils acting as their
own radiator; hence these effects cancel in Eq. (A-1).



1650

The term in (% corrects for the fact that both the
radiator and the second target are effectively thicker
due to multiple scattering in the radiator. The term
containing dNi/dE, corrects for the fact that the
electron-induced effect in foil 2 is less than in foil 1
because of effects (a) and (b). [Corrections for these
effects could be made separately by dividing the
electron energy loss into two categories: small energy
losses that reduce the electron’s effectiveness, and large
energy losses which substantially remove the electron
from the beam. Of these the former is more important ;
and it is sufficiently accurate to take the latter type
into account by writing the total energy loss in the
correction term for effect (a). ] Effect (d) involves many
processes which can be taken into account in detail.!®
For the present work it was sufficiently accurate to
approximate the thick-target bremsstrahlung spectrum
produced by electrons of energy Eq by the thin-target
spectrum produced by electrons at the mean energy in
the radiator Eo—A,—3A,. Equation (A-1) is then
interpreted as the photo-effect due to bremsstrahlung
by electrons of this reduced energy. Since V; is produced
by electrons of mean energy Eo—3A,, it is necessary
to increase Eq. (A-1) by

d(N2—Ny) (AH‘Ar)
dE, 2

in order to have a photoeffect corresponding to an
energy Eo— (A,/2) for comparison with V. This yields

Ny(Eo—3A) =N2(1—3(6%)

I(N1+Ns) fA+A,
7L ( ) _le (A'2>
dE, 2

which when divided by N; is the R’ given in Eq. (2).
It remains to correct for effects (e) and (f). Since these
effects subtracted away in Eq. (A-1), it is necessary
only to correct Ny in the denominator of Eq. (2).

18 R. Wilson, Proc. Phys. Soc. (London) A66, 683 (1953).
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Effect (e) produces the same activity as a radiator of
thickness 3¢, Effect (f) is due to a thickness ¢;.
N,[Eo—%A.] represents the activity due to an actual
radiator of thickness (¢,¢;). Therefore, N; must be
reduced to obtain

AQ(E[)“%A;) =N1'_N.Y(E0—'éAt)[

Sttty
]’ (A's)

rtt

the yield due to the direct effect by electrons only.
Division of Eq. (A-2) by (A-3) results in Eq. (1).

When the experiment is performed in two stages, as
was the case for Be?, the analysis is basically the same,
but because of the fact that target 1 is absent while
the yield from target 2 is being measured, the results
are different. In this case,

oN,
N7<Eo—%m>=N2<1—%<e2>>+(———><m)—zv1. (A-4)
oE,

To obtain N,[Eo— (A;/2)] corresponding with N, we
must add to (A-4) the quantity

6(N2—N1) (AT—At)
dE, 2/

This gives
Ny (Eo—3A0)=N2(1—3(%) — N1

ONy /A — A, ON1 sA A,
+ ( )+ ( ) (A-5)
dE, 2 0E, 2

Corrections for effects (e) and (f) are exactly the same
as in the three-foil experiment. The corrected ratio of
photon- to electron-induced activity is

1

R(Ey—31A)=R" / [ 1—R”[§l’+tf] } (A-6)

T

where
N Y (EO* %At)

Ny

R'= (A-T).



