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(e,p) and (e,a) reactions in °°Zr and °*Zr
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The yields of protons and a particles from 2 mg/cm? targets of °°Zr and *2Zr have been measured
in the incident electron energy range 20—100 MeV; the *°Zr(e,p) and *°Zr(e,a) data were extended to
130 MeV. Photodisintegration plus electrodisintegration yields were also measured for electron en-
ergies above 50 MeV. The photodisintegration cross sections, derived from these data, rise continu-
ously from 25 MeV onward for all four reactions. One satisfactory explanation of this phenomenon
is that we are observing multiparticle emission following virtual photon absorption.

I. INTRODUCTION [ cprdaap

(Efficiency); = (1)

Some time ago Tamae et al.! reported on a measure- 4mSo ’
ment of the *°Zr(e,a) cross section and the photonuclear
cross section derived from it. The latter contained a peak
resulting from the E1 giant resonance as well as an in-

creasing cross section above 30 MeV. At the highest exci- TABLE I Separation energies and target properties.

tation energy measured by Tamae et al.,! 60 MeV, the Separation energy
cross section exceeded the giant dipole cross section. This NZr 2Zr
curious feature led us to embark on a measurement of the ~ Reaction (MeV) (MeV)
(e,p) and (e,a) cross sections of *°Zr and °?Zr in the hope o) 5.36 .40
of reaching some understanding of this interesting (;::E) 11:98 8‘ 64
phenomenon. (7,2p) 15.43 17.11
(y,np) 19.83 17.34
II. EXPERIMENT (7,2n) 21.29 15.84
The (e,p) and (e,a) cross sections for *°Zr and *?Zr have E;:’;rzlg; ;g;i ;zz(l)
been measured in the incident electron energy range ( 7’ n3p) . 35:96 3 5:79
20—100 MeV. The *°Zr measurements were extended to (y.3np) 37.82 35.67
130 MeV. The experimental apparatus and the National (?,:n4p) 48.16 44.99
Bureau of Standards (NBS) linear electron accelerator (7,4np) 50.50 45.05
have been described previously.>~* Target thicknesses, (7,n5p) 55.40 57.01
isotopic purities, and the separation energies for the decay (y,5np) ‘ 62.72 56.87

channels of interest are presented in Table I. For electron

energies between 50 and 100 MeV photodisintegration (y,a) 6.68 2.97
plus electrodisintegration yields were measured by inter- (7,2a) 13.02 10.87
posing a 136 mg/cm? Ta radiator 7.6 cm upstream of the (y,ap) 16.32 13.58
Zr targets. The effects of multiple scattering and electron (y,om) 18.16 14.09
energy loss in the 136 mg/cm? radiator used were checked (7,3a) 19.01 17.97
with a 217 mg/cm? radiator at 60 and 100 MeV in a pre- (7,2ap) 22.93 21.58
vious experiment.’> At these energies when the electro- (v,2an) 24.01 : 21.39
disintegration yields were subtracted from the photodisin- (v,4a) 25.04 2494
tegration plus electrodisintegration yields for both radia- (7,anp) 26.80 23.50
tors, the (counts/Coulomb) (mg/cm?) of radiator were the (7,3ap) 29.41 29.33
same within counting statistics. _ (v,3amn) 29.51 27.87
Five silicon surface barrier charged particle detectors (v,2apn) 33.09 31.16
were mounted in the spectrometer focal plane. Three of E”’ian; ;55 3‘; : ggg?

these detectors were 10X 40 mm rectangular detectors and [y : :
two were 22 mm circular detectors. A‘ll‘detectors could 'be Enrichment (%) 97.62 95.13
totally depleted. The absolute efficiency of the ith Thickness (mg/cm?) 2.02 2.00

counter is defined to be
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where C(p); stands for the number of counts recorded by
a focal plane counter when a calibrated alpha source of
strength S is located in the target position of the spec-
trometer. Relative values of the efficiencies obtained
from alpha source measurements agreed within counting
statistics with a series of measurements made with each
counter measuring protons and alphas of the same energy
from a smooth portion of a (e,p) or (e,a) energy spectrum.
The centroid of the distribution C(p); provided the spec-
trometer momentum calibration for the ith counter.
241Am and ?*U calibrated alpha sources provided by the
NBS radioactivity section were used for these measure-
ments. The dependence of the counter efficiency on beam
spot size was determined by direct comparison of the
counting rate with a 2 mm beam spot and with a 22 mm
beam spot. The counting rates under these two extreme
conditions differed by only 4.5%. Since the beam size did
not exceed 10 mm even at the lowest electron energy, we
assumed our counting efficiency was independent of elec-
tron energy.

For each target complete electrodisintegration energy
spectra, d%0/dQdT, were taken at 90° for incident elec-
tron energies, Ej, of 20, 22, 24, 30, 40, 50, 60, 80, and 100
MeV. Complete photodisintegration plus electrodisin-
tegration energy spectra were taken at 50, 60, 80, and 100
MeV. At other incident electron energies, E,, between 20
and 100 MeV, the proton and a-particle cross sections
were sampled in 2 MeV steps at a single magnetic field
setting of the spectrometer roughly corresponding to the
peak of the a-particle cross section. These cross sections
were also measured in 5 MeV steps for °°Zr between 100
and 130 MeV. These “bite” cross section measurements
were converted into complete cross sections by using ra-
tios, R,(Eo) and R,(Ej), obtained from the complete
cross section measurements. The ratios R,(E;) and
R, (E,) were defined to be

T
[ (%0 /dQdT)dT
thres . (2)
[, (d*/dQdD)dr
bite

Ri(EO):
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The contribution to the (e,a) and (e,p) yields from the en-
ergy region, which lies above the maximum energy which
the spectrometer magnet can bend (~25 MeV), was es-
timated by using the a-particle data of Flowers ez al.% for
Mo and **Mo, and the proton data of Schumacher
et al.” for Cu, and Tonapetyan et al.® for >Nb. In the
energy region above 20 MeV both the proton and a-
particle energy distributions are approximately given by

d’%o do

dQdT; ~ | dQar,

e—LTi , 3)
0

with
Ae=1(0.1610.02)/MeV

and

Ap,=(0.021£0.003)/MeV .

These values of A are nearly constant for a wide range of
mass numbers A4 (A,=0.021/MeV for %Nb at a brems-
strahlung end-point energy of 340 MeV and 0.023/MeV
for Cu at end-point energies of 150 and 340 MeV). The
values R ,(Ey) and R,(E,) are given in Tables II and IIL.
Where a second set of values for R,(E,) is given, it in-
cludes an estimate of the proton yield above 25 MeV.
These larger values were used to evaluate the (e,p) cross
sections. The high-energy tail for the a particles made a
negligible contribution. The larger value of R, (E,) at
each E| contains the a yield below 5.6 MeV displayed in
Fig. 2. The cross sections were evaluated excluding the
yield below 5.6 MeV since we believe it is produced by a
contaminant. Since R,(Ep) and R (E;) were slowly
varying functions of E, except within a few MeV of the
threshold energies, these ratios between measured values
were obtained by a linear interpolation and only the error
estimate of the bite area and the ratios R,(E,) and
R,(E;) were included in the error estimate of the total
cross section.

The linac beam currents were measured with an NBS
beam dump during electrodisintegration measurements

TABLE II. The ratio, R, defined in Eq. (2) as a function of the incident electron energy, E,. Where
a second set of ratios is given, it includes an estimate of the proton yield above 25 MeV (see the text for

details).
E, 9Zr(e,p) NZr(e + v,p) 92Zr(e,p) 2Zele + v,p)
20 60.8 +1.9 79.9+4.3
22 20.24+0.20 13.8+0.2
24 18.9 +0.2 10.6+0.2
30 17.4 +0.2 10.910.1
17.6 +0.2 11.0+0.1
40 17.0 +0.2 11.3+£0.1
17.9 £0.2 12.3+0.1
50 15.9 +0.1 16.0+0.1 10.740.1 10.9+0.1
17.0 £0.2 17.1+0.2 11.9+0.2 12.1+0.2
60 16.7 +0.1 16.4+0.1 11.740.1 11.8+0.1
17.7 +0.1 19.9+0.1 12.5+0.2 12.5+0.2
80 16.1 +0.1 16.5+0.1 11.9+0.1 11.94+0.1
17.3 +£0.2 17.940.1 13.3+0.3 13.5+0.1
100 15.8 +0.1 15.94+0.1 11.74+0.1 11.6+0.1
18.1 0.1 18.4+0.2 15.1+0.2 14.5+0.2
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TABLE III. The ratio, R, defined in Eq. (2) as a function of the incident electron energy, E,. The
second set of ratios given at each E, do not include the alpha yield below 5.6 MeV (see the text for de-

tails).
E, 0Zr(e,a) 0Zrle + y,a) 27r(e,a) 2Zele + y,a)
20 4.65+0.31 2.94+0.11
4.19+0.20 2.87+0.11
22 4.24+0.20 2.91+0.10
3.79+0.17 2.81+0.09
24 3.73+0.13 2.92+0.09
3.43+0.12 2.81+0.09
30 3.79+0.15 3.21+£0.07
3.50+0.14 3.11+0.07
40 4.12+0.12 3.30+0.08
3.76+0.11 3.15+0.08
50 4.23+0.10 4.04+0.06 3.63+0.08 3.61+0.05
3.86+0.10 3.73+0.06 3.61+0.08 3.46+0.05
60 4.50+0.05 4.42+0.05 4.01+0.07 4.01+0.05
4.06+0.04 4.02+0.04 3.80+0.06 3.76+0.04
80 4.84+0.07 4.81+0.06 4.43+0.07 4,43+0.05
4.35+0.05 4.43+0.05 4.06+0.06 4.16+0.05
100 4.81+0.06 4.87+0.04 4.62+0.06 4.62+0.05
4.48+0.07 4.54+0.04 4.39+0.04 4.37+0.04
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and with a ferrite beam current monitor calibrated relative
to the beam dump during radiator-in measurements. Al-
pha particles and protons were separated by varying the
‘bias of the silicon transmission detectors so that protons
were not stopped in the depletion layer while alphas were
always stopped except at the highest fields where the
range of the alphas exceeded the thickness of the detec-
tors.

III. RESULTS

The proton energy spectra, (d?c/dQ dT,), from 0z
and %?Zr bombarded with 20 MeV electrons are shown in
Fig. 1. All of the structure seen in the °°Zr energy spec-
trum has been reported previously.’~'* The strong state
which occurs at a center-of-mass proton energy of 7.94
MeV, corresponding to an excitation energy of 16.28
MeV, is a 17 analog state which has been widely studied.
The peak at 6.40 MeV results from the decay of the 16.28
MeV state to the 1.51 MeV, 3 second excited state in
89Y. The peak at 6.00 MeV is the ground state decay of a
1~ analog state with an excitation energy of 14.43 MeV.
The energy difference between the small peak at 4.9 MeV
and the 6.40 MeV peak suggests that the 4.9 MeV peak is
due to the decay of the 14.43 MeV 1~ state to the 1.51
MeV, &+ second excited state in *°Y.

The prominent peak near 4 MeV has been reported ex- ‘

tensively.’~!>1415 This peak is thought to be a pseudores-
onance produced by the opening of the neutron channel at
an effective threshold of 12.568 MeV.!? Since the ground
state of ®°Zr is %+, ground-state neutron transitions are
strongly inhibited by the angular momentum barrier, and
the neutron channel remains effectively closed until the
first excited -  state at 0.588 MeV is energetically feasi-
ble. Since the total photon-absorption cross section
should be smooth, the behavior of the (y,p) cross section
implies a very sharp rise in the (y,n) cross section near

threshold.

Although the **Zr(y,n) reaction has been well studied, !¢
the ?Zr(y,p) reaction has not been reported in the litera-
ture. The strong peak seen at 7.38 MeV in Fig. 1(b) prob-
ably results from ground-state transitions from a 1~ ana-
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FIG. 1. The proton spectra produced at 90° when 20 MeV

electrons are incident on targets of °°Zr and *?Zr.
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log state at an excitation energy of 16.8 MeV. The small-
er peaks seen at 7.03 and 5.90 MeV are probably the de-
cays of the 16.8 MeV state to the &+ excited states at
0.556 and 1.474 MeV in °'Y. The pseudoresonance found
in the *°Zr spectrum is, of course, not seen here, because
the neutron separation energy is less than the proton
separation energy.

The a spectra for °°Zr and **Zr, (d*0/dQdT,), ob-
served at 90° using 60 MeV incident electrons are shown
in Figs. 2(a) and (b). They have a peak characteristic of
evaporation spectra for a-particle energies near the
Coulomb barrier height. The high-energy tails of the a
spectra are usually associated with preequilibrium process-
es.

Both of these spectra display a group of « particles near
3 MeV. It is hard to understand how «a particles of such
low energy could survive the Zr Coulomb barrier. We be-
lieve that they are produced in the '?Cf(e,3a) reaction be-
cause (1) there is a dark spot on the targets the size and
shape of the beam and (2) after a 30-minute exposure to
30 MeV electrons there was a component in the decay
curve of the annihilation radiation having a half-life con-
sistent with that of !!C. For this reason the low-energy
yield in the a spectra has been excluded in the evaluation
of the cross sections.
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FIG. 2. The a-particle spectra produced at 90° when 60 MeV
electrons are incident on targets of *°Zr and *Zr.

IV. DATA ANALYSIS

The data were treated in much the same way as
described in Ref. 4. The measured spectra, d’c/dQdT,
were integrated over particle energy to obtain do/d{}
(90°), and the latter was multiplied by 4 to yield the total
cross section, o, (Ey). The photodisintegration plus elec-
trodisintegration yields, Y, ,(E,), were obtained by multi-
plying by the same factors. These two measured quanti-
ties, 0. x(Eg) and Y, ,(E,), are plotted as a function of
total incident electron energy, Eg, in Figs. 3—6 for the
four reactions studied here.

The relationship between the photodisintegration cross
section, 0, .(E(), and the measured electrodisintegration
cross section is
Ey—

m d
Oex(Eg)= fo Eoi‘,,l‘x(w)N“(Eo,w,Z)—ﬁl, @)

AL

where N AL(Eo,co,Z) is the virtual photon intensity spec-
trum of multipolarity AL. The yield with the radiator in
is

Ye,x(EO):O'e,x(Eo—zAEO)
E,—m

+n, fo ’ Uﬁg(w)K(EO—AEo,w)'dw—w .
AL

(5)

Here n, is the number of nuclei/cm? in the tantalum radi-
ator and AE| is the electron energy loss in half the radia-
tor thickness. For the bremsstrahlung cross section,
K (E,,w), we have used the Davies-Bethe-Maximon cross
section as given in Ref. 17.

The cross sections, o, ,(Ep), and yields, Y, ,(Ej), of
Figs. 3—6 have been simultaneously fitted using the El
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FIG. 3. The measured o ,(E,) for *°Zr as a function of total
incident electron energy E, (lower points). The upper points
represent the yield Y, ,(E,) obtained when a 0.136 g/cm? tan-
talum foil was placed in the electron beam ahead of the target.
The smooth curves are the best fits to the data and were ob-
tained by combining the histograms representing the E1 and E2
(,p) cross sections (right-hand scale) in Egs. (1) and (2) with the
E1 and E2 DWBA virtual photon spectra and by making use of
the Davies, Bethe, and Maximom (DBM) bremsstrahlung cross
section. The size effect correction described in the text has been
applied to the virtual photon spectra.
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FIG. 4. The o, ,(E,) for *?Zr. See caption of Fig. 3.

and E2 virtual photon spectra calculated from the
distorted-wave Born approximation (DWBA) code of Soto
Vargas et al.'® This code assumes a point nucleus and
hence neglects the momentum dependence of the nuclear
form factors and the interference between the nuclear
form factors and the Coulomb distortion effects. We
have introduced a simple expression to correct for the
momentum dependence of the form factors (i.e., reduced
matrix elements) which reproduces the measured rms nu-
clear charge radius R. This correction consists in multi-
plying N*(E,w,Z) inside the integrals of Eq. (4) and (5)
by

2

FXgR)= (6)

o |"jLlgR)
q | jr(wR)

9 =9ms

The rms values of ¢ were obtained in plane-wave Born ap-
proximation (PWBA) as described in Ref. 2. Because of
the strong forward peaking of the E1 (e,e'x) cross section
from which the (e,x) cross section and virtual photon
spectra are derived, the model dependence of the nuclear
form factor correction is very small for E1 transitions as
long as the form factors reproduce the measured ground-
state charge and transition radii.

The fits to the electrodisintegration and photodisin-
tegration plus electrodisintegration cross sections are
shown in Figs. 3—6, the photodisintegration cross sections
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FIG. 5. The 0. 4(E,) for *°Zr. See caption of Fig. 3.

T T T T T

%27 (e,p) OW_M

i

T T 111
=+

T

12

I
—4
LE2 7]
| | | 1 o)

20 40 60 80 100
Eoorw (MeV)

FIG. 6. The 0. 4(E,) for ®Zr. See caption of Fig. 3.
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being represented by very coarse histograms. The E2
strength is represented by a single bin at the energy of the
isovector E2 resonance. Durgapal and Onley'® have writ-
ten a second order Born approximation (SOBA) computer
code which is valid for Zr. This code takes into account a
certain class of nuclear form factors as well as the in-
terference between the form factors and the Coulomb dis-
tortion. The results of using the SOBA virtual photon
spectra to analyze our data are the second entries in Table
IV. The X? test for goodness of fit are worse using the
SOBA spectra without E2 isovector strength, but with E2
isovector strength both SOBA and DWBA with a multi-
plicative form-factor correction give roughly equally good
fits.

The most remarkable feature of the derived *°Zr(y,p)
and (y,a) cross sections is that they are still rising at the
highest excitation energies we sampled, 130 MeV. The
same remarks apply to the *°Zr(y,p) and (y,a) cross sec-
tions up to 100 MeV. Thus we confirm the principle re-
sult of Tamae et al.! for the °Zr(y,a) cross section and,
in addition, show that the “apparent cross section rise” is
also seen in the *°Zr(y,p), **Zr(y,p), and *?Zr(y,a) decay
channels. We shall argue below that we believe that the
apparent cross section rise is not real but due to our ina-
bility to measure more than one particle in the final state.
Our PZr(e,a) excitation function rises about 209 faster
than that of Tamae et al.! in the excitation energy inter-
val of 20 to 60 MeV and the average value of ours in this
energy range is about 27% smaller than theirs.

V. DISCUSSION ;

This rather strange behavior raises the question whether
(1) it is an artifact of the virtual photon spectrum used in
the analysis® or (2) it results from multiparticle emission
following virtual photon absorption. We have already
shown® that the electric dipole virtual photon spectrum,
including Coulomb distortions and nuclear size correc-
tions, quite adequately describes the electroexcitation of a
discrete level. We cannot be quite so confident concerning
electrodisintegration in the quasideuteron region.

Chang et al.?® and Tiator and Wright?""?? have pointed
out that the virtual photon spectra for light systems are
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TABLE IV. Integrated cross sections. There are two entries for each reaction. The first is evaluated
using the DWBA virtual photon spectrum with the form factor correction and the second using the

SOBA spectrum.
E1 fit 100 150
Reduced Y oEld e fm ofldw fao ofldw
Reaction x? (MeV mb) (MeV mb) (MeV mb)
0Zr(y,c) 1.63 3.5+0.3 53.6+2.0 95.5+5.3
2.94 3.7+0.3 55.6+2.0 93.5+5.4
0Zr(y,p) 0.74 281425 813+77 17304170
1.26 305+26 785+79 1570+173
2Zr(y,a) 1.10 3.5+0.4 47.242.2
2.24 2.3+0.3 50.2+2.3
27r(y,p) 1.35 14948 664+45
2.33 156+8 661+64
E1 + isovector E2 fit
100 130
Reduced ofldw o ofldw fao ofldw oFw
Reaction X2 (MeV mb) (MeV mb) (MeV mb) (MeV mb)
0Zr(y,a) 0.81 2.440.3 48.9+2.0 84.3+5.2 0.53+0.12
2.11 2.94+0.2 52.1+2.0 91.3+5.4 6.9+0.4
0Zr(y,p) 0.65 271420 7442147 13894168 11.944.6
0.91 280+15 695+156 1470+171 76+15
27y, @) 0.85 3.3+0.4 42.6+2.3 0.69+0.14
1.27 3.7+0.3 47.8+2.3 1.90+0.24
2Zr(y,p) 0.60 1419 54546 18.7+2.8
138+15 569+88 50.5+5.5

1.27

substantially modified by recoil effects. To test these
ideas we have assumed that for excitation energies greater
than ~40 MeV the dominant absorption takes place via
the quasideuteron mechanism in which the (4 —2) system
is simply a spectator and that the observed protons and a
particles are generated in the final state interactions of the
neutron-proton pair produced by the initial photon ab-
sorption. We have generated a virtual photon spectrum
that includes exact three-body kinematics, two nucleons,
and a scattered electron. Since our range of excitation en-

|

ergies extends beyond the region where the neglect of the
Coulomb, transverse-Coulomb interference, and
transverse-transverse terms of the coincidence (e,e’x) cross
section is justified, we include all of the terms in a numer-
ical calculation of the virtual photon spectrum for 4=2.
Including these terms forced us to abandon the forward
peaking approximation of Tiator and Wright?' and to
work either in the long-wavelength limit (LWL) or to in-
clude model-dependent form factors in our calculation.??
We assumed the virtual photon spectrum to be

NEb(Eo,0,4,A)={[1—(e ~L/*)INE} A (Eo,0)Rpr(Eq,0,Z 4, A7)

+(e "E/*)N &b (Eo,0,Ap ) Rp(Eg,0,Zp, Ap)}Re(Eg,0,Z)

where L ~80 MeV is the Levinger quenching factor,?*
and the functions Rgp(Ey,w0,Z,4) and Rc(Ey,w,Z) are
corrections for form factor and Coulomb distortion ef-
fects and are described more fully in Ref. 23. In the
analysis of our experiment we integrate over all energies
and angles of the emitted protons or a particles at each
E,. Because of the recoil of the correlated nucleon pair,
decay protons of the same kinetic energy, T, can be pro-
duced by the absorption of a range of virtual photon ener-

@)

I
gies and an even wider range of virtual photon momen-
tum transfer. The N S,l;.(Eo,w) we require is given by

N&b(Eo,0)= [ dQdT,dQ, .
d3ae,p[E0a Tp(ee,e’7 ¢e,ve')]
dQdT,dQ, . ’

where the integration over the (e,e’p) coincidence cross
section?® is carried out subject to the constraint that only

(8)
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NEb(100,w) defined in Eq. (8) and the infinite mass, no recoil,
spectrum NE1(100,w).

those values of 0, ¢, and 0, which produce the same
@ are included in the, integration. Experimental
values?>?® for the deuteron photodisintegration angular
distribution coefficients, ag(w) and a,(w), were used in
the evaluation of Eq. (8). After the integration of Eq. (8)
over d )., the result was divided by

apl@y)Py(cosbey) +as (e, )Py(cosb,,)

and other electron kinematic variables to obtain the
quasideuteron virtual photon spectrum. Without the
(Oee',@er) dependence introduced by recoil effects, the
transverse-Coulomb and transverse-transverse terms of
the coincidence cross section would not contribute to
NEb(Ey,0). N&L(Ep,w) is shown in Fig. 7 along with
the plane wave virtual photon spectrum. This alteration
in the virtual photon spectrum is not adequate to elim-
inate the high energy rise in o(y,p) and o(y,a) if only E1
virtual photon absorption is important. The high energy
rise in the (e,p) cross section can be eliminated by multi-
plying the Levinger quenching factor, e ~£/?, in Eq. (7)
by an arbitrary function of w; however, the same modifi-
cation of the virtual photon spectrum of Eq. (7) will not
eliminate the high energy rise in the (e,a) cross section
but only reduce its magnitude slightly. Moreover, such
modifications to the virtual photon spectra will not allow
satisfactory simultaneous fits to be obtained to both our
electroexcitation data and our bremsstrahlung data, mea-
sured between 50 and 100 MeV.

Thus we are left with the alternative that the cross sec-'
tion rise is produced by multiparticle emission following
virtual photon absorption by the quasideuteron. The
quantities we have called (e,p) and (e,a) cross sections?~*
are really photoproton and photoalpha yield cross sections
and should be written as

op= X, ioly,ip)
and (9)

oa= D ioly,ia).
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FIG. 8. A comparison of the measured *Zr proton yield
cross section, ,; io(y,ip), a histogram fit similar to that of Fig.
3, with the neutron yield cross section, >, io(y,in), reconstruct-

ed from the data of Ref. 27.

20 40 3

In Fig. 8 we compare our *°Zr photoproton yield cross
section, the histogram of Fig. 3, with the photoneutron
yield cross section,

on= Y, ico(y,in), (10)

1]

reconstructed from the results of Ref. 27. The two curves
come together for energies above 90 MeV suggesting that
the multiplicities in the two channels are the same. In the
range of 40—90 MeV some protons have low enough ener-
gies so that they cannot escape the Coulomb barrier and
there neutron emission is more important. As Table I
shows, the separation energies for multiple proton and al-
pha emission are not so high as to preclude the possibility
of this explanation, especially if nucleon emission occurs
predominantly in the preequilibrium stage.

The (¥,p) cross section for °°Zr integrated to 30 MeV of
271420 MeV mb is consistent with the value of 235+20
MeVmb obtained by Brajnik et al.,'* especially since
their cross section does not contain all transitions and
ours includes some (y,2p) reactions. The *?Zr(y,p) cross
section integrated to 30 MeV is depressed with respect to
that of *°Zr because more dipole strength goes into neu-
tron emission as it does for any target with excess neu-
trons.

In our previous experiments®* the problem of multiple
particle emission was certainly not so conspicuous, and
except for the nucleus, %Zn, we obtained (y,p) and (y,a)
cross sections which were flat at energies above the giant
resonance. Here the yields seem to be dominated by mul-
tiparticle emission. It would be interesting to see if a
precompound model calculation, analogous to the one re-
ported by Blann et al.,?® would reproduce these results.

On the experimental side it is possible and useful to
study induced radioactivities, because characteristic gam-
ma rays and half-lives serve to identify specific channels.
For example, after a 130 MeV irradiation the gamma-ray
spectrum from the *°Zr target was examined, and the rela-
tive intensities of the gamma rays from %Y (1836 keV)
and %8Zr (393 keV) were determined. This comparison led
to the conclusion that the °°Zr (y,2n) and (y,pn) cross
sections are comparable, lending support to our ideas
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about the multiplicities. In the future it would be interest-
ing to study the °°Zr(e,3p) reaction through the induced
radioactivity. ‘
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