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Statistical and pre-equilibrium (y,a) cross sections of Zr and their multipolarities via the
90Zr(e, u) reaction
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The (e,a) cross section in Zr has been measured at incident electron energies from 13.5 MeV to 66.5
MeV for a particles between 6.9 and 16.8 MeV. The (y,a) cross section was deduced from it assuming both
E1 interaction and E2 interaction. The angular distribution of the (y,ao) cross section and an experiment
using the bremsstrahlung plus electron beam make it clear that the E1 interaction is dominant over all the
present energy range. The (y,a) cross section extracted by using E1 virtual photon spectra has a large
bump above the excitation energy of 30 MeV in addition to a bump in the giant dipole resonance region.
The (y,a()) cross section also has a bump at the giant dipole resonance which exhausts most of the (y,a)
cross section in that region. The compound nucleus model was used successfully to explain the bump at the
giant dipole resonance. The cross section above 30 MeV is discussed in terms of the pre-equilibrium a
emission process combined with the quasi-deuteron model.

NUCLEAR REACTIONS Zr(e, e), E~ = 13.5 66.5 MeV; measured d(T(e, &)/dQ,
deduced doh', &)/dQ and da(p, &p)/dg. Angular distributions; (p, &p) at g~= 17.5
MeV and (e, e) at E =40.0 MeV, 6 =45—135 . Experiment using electron plus
bremsstrahlung at E = 60.0 MeV. Calculations, compound nucleus model, and

pre-equilibrium exciton model combined with quasi-deuteron model.

I. INTRODUCTION

A number of studies have been made of alpha
spectra in (y, z) reactions on medium-weight
nuclei. ' ' Most cases have been explained quite
well by statistical model calculations. In heavy
nuclei such as In and Au, however, an excess of
energetic ~ particles has been observed in com-
parison with those expected from the evaporation
model. ' Isotropic angular distributions were
obtained for ~ particles with low energies in "Cu
and Zn as expected by the statistical model. ' "
On the other hand, ~ particles from heavier
nuclei showed a strong forward peaking, which
suggested a direct process. ' " Forward-peaked
angular distributions were measured for the high
energy component of ~ particles even in ' Ni and
"Cu (Refs. 11 and 12). The measurements of
Flowers et al. showed that the high energy o.

particles exhibit a cross section in '
¹ several

orders of magnitude above the statistical model
prediction, "and they suggested that the two-step
process involving (y, N) and (N, z) reactions
might explain these experimental results [the
symbol N means a nucleon (neutron or proton)].

In regard to the emission of an ~ particle from
heavy nuclei, studies of the (n, o) and (P, o) re-
actions also have been carried out successfully
in the framework of the pre-equilibrium exciton
model, in which a performed ~ particle is emit-
ted in the intranuclear cascade mechanism. ""

The photonuclear reaction in the high energy
region has been studied mainly on the basis of
the quasi-deuteron model discussed by Levin-
ger." In the region above 150 MeV, the model
has successfully predicted the production cross
sections for high energy nucleons, energy and
angular distributions of outgoing nucleons, as
well as the presence of neutron-proton coin-
cidences. "" Also in the region under 150 MeV,
several investigations have been made in the
framework of this model, "' and attempts have
been made to take account of the scattering and
reabsorption of the emerging nucleons by the
target nucleus. ' " The intranuclear cascade
model and the pre-equilibrium exciton model have
been combined with the quasi-deuteron model to
interpret photonuclear reactions above the giant
resonance. ""'"

The (y, e) reaction on heavy nuclei is suitable
for the study of the photonuclear reaction in the
high energy region because e emission through
the giant resonance is suppressed by the high
Coulomb barrier. However, only a few such cross
sections have been measured as a function of ex-
citation energy, and there is little information on
the reaction mechanism above the giant resonance
region. In the giant resonance region, the (y, o.,)
and (n, y, ) reactions have been studied on several
nuclei lighter than the Ni isotopes. "" The angu-
lar distributions of (y, o,,) cross sections in such
nuclei show that the E2 component is less than 10%
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of the E1 cross section. Recently Wolynec et al.
have measured the (e, n) cross sections in the Ni
isotopes up to 50 MeV and suggested a large E2
cross section should exist in the isosealar giant
quadrupole resonance (GQR) region. " They claimed
that electroproduced e particles decay preferenti-
ally to the 2+ first excited state. However, more
work needs to be done in order to understand the
reaction mechanism of the photoalpha reaction in
this region. Moreover, the E2 contribution is un-
certain in heavier nuclei and in the region above
the giant resonance. It is important to understand
correctly the contribution of the E2 interaction
in these cases.

This paper presents measurements of the' Zr(y, o. ) cross section up to 60 MeV, and gives
the multipolarity for the cross section by means
of an experiment using bremsstrahlung plus elec-
trons. Angular distributions are given both for
the (y, o, ,) and (e, n) reactions.

Also, the results of two kinds of calculation, the
compound nucleus model and the pre-equilibrium
exciton model combined with the quasi-deuteron mo-
del, are compared with the experimental cross
sections.

II. EXPERIMENTAL PROCEDURES

The experiments were performed with electron
beams from the Tohoku University electron Linac.
An enriched "Zr target, of 97.80% purity and
5.0& mg/cm' thickness, was bombarded with elec-
trons, whose energy resolution was fixed at 2.0%.
Electron beam currents were monitored with a
ferrite core monitor calibrated with an accuracy
of 1%. Alpha particles were detected with a multi-
wire proportional counter (MWPC) placed in the
focal plane of a Browne-Buechener type broad
range spectrometer. " The window of the MWPC
is a 644 mm long and 30 mm wide aluminized
Mylar sheet 12 gm thick, which is reinforced
outside with 4 mm tungsten meshes of 200 p,m
diameter. A hundred sense wires made of 30 p, m
diameter gold-plated tungsten were stretched
6 mm apart providing energy and position resolu-
tions of 0.6% and 3 mm respectively measured
vertically to the direction of the particle orbits.
The distance between the sense wire plane and
cathode plane is 5 mm. High voltage of 1.2 kV
was supplied to the sense wires and signals were
taken out through capacitors. PR gas (90% Ar,
10% CH4) at atmospheric pressure was used as
the counter gas at a flow rate of 15-35 em' per
minute. Cards of charge-sensitive pre-amplifiers
were attached directly to the chamber frame.

A set of signals on several successive wires is
made by one incident particle as shown in Fig. 1

ocal Plane

FIG. 1. An incident particle passes obliquely through
the MWPC and makes signals on several successive
wires.
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FIG. 2. Schematic diagram of the data acquisition
system.

because its track is inclined to the MWPC at an
acute angle (21.50'-37.52'). An electronics sys-
tem identifies the signals as due to one particle.
The entrance window plane of the MWPC is located
in the focal plane, so that an incident particle in-
tersects the focal plane at the point of the first
wire of the successive wires which produce sig-
nals. The measurement of the sum of their pulse
heights, which is proportional to the energy loss
of the incident particle in the counter gas, allows
particle identification.

Figure 2 shows the schematic diagram of the
data acquisition system. It delivers the sum of
pulse heights on the successive wires and the
wire number of the first wire to the computer.

Figure 3 shows pulse height spectra from the
MWPC. A discrimination level was set at an inter-
mediate point of & particles and tritons. The
pulse height of a particles is 10 times as large as
that of protons, and can be discriminated from the
proton background. Yields of deuterons, tritons,
and 'He particles are very small in medium-
weight nuclei, and the background from them can
be ignored.

An example of an a-particle energy spectrum is
shown in Fig. 4. This was corrected for energy
loss on the assumption that each ry particle orig-
inated half-way through the target. The energy
loss is about 0.7 MeV at z energy of 10 MeV. The
experimental conditions are shown in Table I.
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III. EXPERIMENTS AND RESULTS

A. (y,o.) and (y,e ) cross sections

The (e, n) differential cross section at 90' was
measured at electron energies from 13.5 to 66.5
MeV at intervals of 0.5 MeV. Alpha particles be-
tween 6.9 and 16.8 MeV were -summed after the
correction for the solid angle of the detector.
The result is shown in Fig. 5. The (e, n) cross
section is related to the (y, n) cross section, as
follows:

o(s, n)(E ) Qo(e, n)(E )
Xr,

where &v~~(E„E&) is the virtual photon spectrum
of energy 8& and multipolarity A.I. for electron
energy E,. The extraction of the (y, n) cross sec-
tion from the (e, n) cross section was done first
of all on the assumption that all of the z particles
are attributed to the El interaction. The "Zr(y, n)
cross section was deduced by the variable-bin
Penfold-Leiss method. ' ' E1 virtual photon
spectra used in the analysis were calculated from
the analytical expression of Nascimento et aL,
which was obtained from a fit to the distorted-
wave Born approximation (DWBA) calculations of
Gargaro and Onley. ' The analysis also took into
account bremsstrahlung, "which came from the
target and from the Ti vacuum window separating
the scattering chamber from the accelerator at

TABLE I. Experimental conditions.

Experiment

(e, n) cross section

(y, no) cross section

Multipolarity

Angular distributions
0)

(e,n)

Electron energy
(MeV)

13.5-66.5
(interval 0.5)

14.0-23.5
(interval 0.5)

60.0

17.5

40.0

Spectrometer angle
(degree)

90

90

90

45-135
(interval 15)

45-135
(interval 15)

e-particle energy
(MeV)

6.9-16.8

6.9-10.1
10.1-11.5
11.5-13.5
13.5-16.8

9.3-10.3

10.1-11.5
11.5-13.5
13.5-16.8
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the entrance of the scattering chamber.
The closed points in Fig. 6 give the (y, n} cross

section on "Zr. There is a broad bump above
30 MeV in addition to a peak at 18 MeV. The solid
line in Fig. 6 is the (y, n) cross section4'; the
position of the peak corresponds to the T, GDR,
and the peak at 18 MeV in the (y, n) cross section
agrees with it.

The ooZr(y, no} cross section, which is shown by
the open circles in Fig. 6, was obtained from the
higher energy part of the spectra measured with
successive electron energies; the method is
similar to that described in Ref. 46. It shows
that the (y, n, ) cross section dominates the (y, n)
cross section in the GDR region. It appears that
the (y, n, }cross section surpasses the total (y, n)
cross section in the low energies because the

10
20 3Q

I I

40 5Q
Eg (MeV}

60

FIG. 7. Electric dipole and quadrupole virtual photon
spectra for electrons of kinetic energy 60' MeV, scatter-
ed by a 9 Zr nucleus.

missing part of e particles due to energy loss
through the target was corrected for the (y, a, )
cross section but not corrected for the (y, n} cross
section.

In the above analyses, only the E1 cross section
was assumed to exist over the full energy region
in which the experiments were made. However,
a small E2 contribution to the cross section might
have a considerable effect on the analyses because
the E2 component of virtual photons is much lar-
ger than the g1 component, as shown in Fig. 7.
Two additional analyses of the total (y, n) cross
section were made taking account of the E2 com-
ponent:

(a) both El and E2 cross sections in the giant
resonance region,

(b) El cross section in the giant resonance re-
gion and E2 cross section above 30 MeV.

The (e, n) cross section was fitted by El and E2
(y, n) cross sections calculated from Eqs. (1)
and (2) using Lorentz shapes for the cross sec-
tions. These were slightly corrected at low ener-
gies in order to make the (e, n) cross section
vanish below a cutoff energy (the cutoff energy
means the lowest electron energy that gives the
lowest n energy considered):
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TABLE H. Parameters of Lorentz shapes.

I'2

(Mev)
Ecut

(MeV}

18.50

24.0224.75 18.5 13.0 3.08

xOg ("'} (".)(pb/sr) (MeV) (MeV) (pb/sr)

(a) El an erosd E2 s sections in the giant resonance region

13.0 3.57.21 6.0 18 5 16.57 6.5 16.5

c ' '
. nance re ion and E2 cross section above 30 MeV(b) E1 cross section in the giant resonance region an

75 21.0 38.0

2 2
a) (y, n) @y IKL, for E )E'I"'(E)= '"

( -z„, )"z, r„,

kL (g2 @ 2)2~E2p 2

=0 for Ey~E,„, .

owing f

r 2~ 0 69 (E 3
+--' - exp -15' ~ —0.65 —6.71—

mZ 8 Z „E, lz,~E P m y

L,. was used for the El virtual photon spectrum, and theAn analytical formula by Nascimento et a . was use
foll ormula for the E2 photon spectrum:

where Ep E +~ E Ep Ey,

p g2 ~2)1/2 pl (g ~ )/

The first term of the right-hand side in q. ,E . (4) is
the virtual photon spectrum given by Barber, "
and the second term is a correction term. The
values of the constants in the second term were
determined so that the values calculated using the

calculations. The code presented by Qnley" was
used for the calculation.

The results using a least squareses method are
shown in Table 0, and the (y, o. ) cross sections
obtained are given in Fig. 8. %hat we must do

next is to assess the three cases. This problem
will be discussed in the following sections.
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p section was divided into four par sthe je, n p cross sec ' ur ar s
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16.8 MeV (Fig. 9), and the (y, n) cross sections
were deduced from them on the assumption that
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where Nv~f (E„ZT) is the number of virtual photons
with multipolarity XI. and photon energy E& due to
an electron with energy E,.
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The value obtained from the experiment is denoted
P,„,(t):

FIG. 9. 90Zr(e, +) cross sections divided into four
parts with particular 0'-particle energies. y TGTAL(E I)
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The first term of the right-hand side in Eq. (6}
shows the yield associated with bremsstrahlung,
and

&e
Y„T,(z„t)=const o(~z, ' (E&)N (E„I, E&)dz&,

0

(b) El and Z2 cross sections in the giant reso-
nance region,

(c) E1 cross section in the giant resonance re-
gion and E2 cross section above 30 MeV.

The method of fitting has been described in Sec.
IIIA. The results are shown in Fig. 10 and in
Table III. It was difficult to get a small X' in case
(b) although the parameters were changed over
wide ranges. In this case, the sum of the four
cross sections does not equal that shown in Fig.
8(a}.

An experiment was performed to assess the
three cases. Copper foils were placed in front
of the "Zr target, so that the "Zr target was ir-
radiated with bremsstrahlung fram the copper
foils plus electrons. The yield of n particles is
given by

r",,"(E„I) = r'„', (E., I) + r"„(z,),

As shown in Fig. 7,

(11)

and NM(z„ t, ET} is the same for E1 and E2. There-
fore the value of P(t) for the El cross section will
be greater than that for the E2 at the same t. The
inclinations of P(f) for higher multipolarities are
gentler than the slope for the E2 because their
virtual photons exceed E2 virtual photons. The
slope for the M1 interaction will. be close to that
for the E2 because the ~1 virtual photon spec-
trum is like the E2 (Refs. 43 and 47). In the
ease of the EO interaction, the EO transition with
a real photon is forbidden, and the slope of P(f)
will be horizontal. One can decide whether the
cross section is associated with the E1 interaction,
the E2, or other interaction by comparing the
measured and calculated P(t) values.

The experiment was done with copper foils of
four thicknesses: 139.3, 268.8, 399.2, and 536.6
mg/cm'. The electron energy was 60 Mev, and
emitted e particles were measured at 90' to the
electron beam. Measurements were made for
twa values of magnetic field in.the spectrometer,
corresponding to a particles with E =6.0-10.5
and E = 9.4-16.3 MeV. The experimental results
for P,„p(t) are shown in Fig. 11 for four ranges of
e-particle energy. These have been corrected for
energy loss in the target, and correspond to the
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TABLZ III. Parameters of Lorentz shapes.

(Mev)
0'g I'g E CT2 I'2 E2 Ep„g C

(pb/sr) (MeV) (MeV) (pb/sr) (MeV} (MeV) (MeV) (MeV)
X2

(b) E1 and E2 cross sections in the giant resonance region

6.9-10.1
10.1-11.5
11.5-13.5
13.5-16.8

13.99
5.94
0.00
0.00

7.0 18.0
6.0 17.5
6.0 17.0
6.0 17.0

3.93
10.88
20.24
18.62

7.0
7.0
7.0
7.0

16.5
15.5
14.5
14.5

13.0
16.5
18.5
20.0

3.5
2.0
3.0
3.5

4.45
4.00

16.13
64.22

(c) E1 cross section in the giant resonance region and E2 cross section above 30 MeV

6.9-10.1
10.1-11.5
11.5-13.5
13.5-16.8

17.61
11.65
4.85
0.00

7.5
7.5
7.5
7.5

18.5
18.5
18.5
18.5

6.07
6.60
7.79
6.41

20.0
20.0
20.0
20.0

38.0
38.0
39.0
40.0

13.0
16.5
18.5
20.0

3.0
2.0
2.0
2.0

1.93
2.14
1.38
1.94

ranges in Fig. 10. The calculated values are also
shown in Fig. 11 for the E1 and E2 interactions.

In the calculation, bremsstrahlung spectra were
calculated using a formula given by Schiff, 44 and
virtual photon spectra by using a formula of
Nascimento et al. and Eq. (4). In case (a), the

(y, u) cross sections in Fig. 10(a) were used for
vol&'" (E&) in Eq. (9) after smoothing by eye. The
experimental results are very close to the values
calculated on the assumption that all a particles
are associated with the E1 interaction.

0
C ~(a)

+A

C. Angular distributions

—2 68(v,(r.,)'"cose„(P, —P,)], (12}

where o, and g, are the E1 and E2 cross sections,
and 8» is the difference in phase between n-
particle waves with I =I and I =2. The result g, /o,
= 0.009~ 0400, at (E&) = 17.07 + 0.24 MeV was obtained
through the method of least squares (Fig. 12). The
result shows that the E2 component for the ground
state transition is very small and is consistent

The angular distribution of the (y, o, o} reaction
was measured at an electron energy of 17.5 MeV.
The E1 and E2 cross sections were determined
using the expression"

W(e) =—[v,(1 —P, ) +cr2(I +0.71P, —1.71P~)
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(b) E1(GR)+E2{GR)
(c) E'1 (GR)+ E2{above 30MeV)
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FIG. 11. Increase of 0,'yields for thickness of brems-

strahlung target (Cu). Three sets of straight lines (a),
(b), (c) correspond to (a), (b), (c) in Fig. 10.

FIG. 12. Angular distribution of 9 Zr(p, o'0) cross sec-
tion at E„=17.07+ 0.24 MeV. A solid curve shows the
calculation result for a pure E1 cross section.
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A nguiar Distribution
counts E gOM
600-

400 - Eg
13 5 ™168 MeV

200-

to a contribution from n particles emitted through
the giant resonance [Fig. 10(a)]. As shown in Fig.
6, the (y, n, ) cross section forms a large fraction
of the (y, n) cross section in the GDR region. The
angular distribution tends to be nearly symmetric
to 90' for lower e-particle energies because the
angular distribution for the (y, no) reaction is very
similar to that of a pure El process (Fig. 12).

0 I I

1500 - 60 90 120

1000 - Eg
11 5 ~13 5MeV

500-

IV. DISCUSSION

In Secs. IIIB and IIIC, most n particles emitted
through the (y, n) reaction in 'OZr are associated
with the E1 interaction, and a broad bump exists
above 30 MeV in addition to one in the GDR region.
The reaction mechanism is discussed in this
section.

0

2000. o

1500 .
10.1 11 5MeV

1000-

500-

60 9O 120 e

FIG. 13. Alpha-particle angular distributions at E~
=40 MeV.

with the experiment of Sec. IIIB.
Angular distributions of z particles from "Zr

were also measured for three ranges of cy-particle
energy with a 40 MeV electron beam. The result
is shown in Fig. 13. The angular distribution is
forward-peaked for the highest e-particle energy,
and more symmetric about 90' for lower e-par-
ticle energies. As shown in Sec. III 8, e particles
above 13.5 MeV come from the E1 cross section
above 30 MeV, and the forward-peaked angular
distribution reflects the nature of the cross sec-
tion above 30 MeV. These n particles cannot be
explained by a compound nucleus process because
the calculation based on a statistical theory gives
a symmetric angular distribution at 90'. The
forward peaking obtained experimentally suggests
that these n particles are emitted relatively di-
rectly from earlier stages of the reaction. Inter-
ference with a small E2 component also may be
necess'ary to explain the forward-peaked angular
distr ibution. The. more symmetric angular distri-
bution for n particles with lower energies is due

A. Compound nucleus model

The (y, n) cross section of ~OZr has two bumps
as shown in Fig. 6, one at 18 MeV corresponding
to the QDR and the other above 30 MeV. In the
giant resonance region, the (y, n, ) cross section
forms a major part of the (y, n) cross section.
This result is explained by the compound nucleus
model. On the basis of the Hauser-Feshbach
formula, 4' the (y, no) cross section is expressed
as

(13)

do(y "0)(Ey) 3 cN )
T(n, )

C

Similarly, it is assumed that all neutrons are
emitted through the compound nuclear process

ZT, .()
&(y,n)(E ) +CN(E )

C'

+To
C

From Eqs. (14) and (15}it follows that

(14)

(15)

do(y' 0)(Ey) 3 T(n, ) (y „)( )dQ 8w g To.(n}
c'

The transmission coefficients were calculated
using Woods-Saxon type optical potentials shown
in Table IV, which had been obtained through the

(16)

&(y ~)(E ) &CN(E )
oTn)

y

C

where o "is the compound nucleus formation
cross section and T(n, ) is the transmission coef-
ficient of the emitted z particle leading to the
ground state of the residual nucleus. The denom-
inator is the sum of the transmission coefficients
for all possible decay channels.

Considering the angular distribution of the E1
interaction [see Eq. (12)], the differential cross
section at 90' for the even-even nucleus is given

by
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TABLE IV. Optical potential parameters used for calculations of transmission coeffi-
cients.

fp
(fm)

ap
{fm)

Vp

(MeV)
a;

(fm) (fm)
S'I

(MeV)
Vso

(Mev)
&c

(fm)

(g) 1,25 0.65 52.5 —0.625E 1.25 0.98 5.4 + 0.4E 10.185—0.171E
(&) 1.553 0.631 34.63 1.553 0.631 17.35 1.4

experiments of a scattering ' and neutron scatter-
ing. " On the assumption of an isotropic angular
distribution for all n particles except those lead-
ing to the ground state, the (y, o. ) cross section is
written in the form

d~(y ~)(Ey) p'(Y «)(E ) 3 I

dII g & .(n) Bwc'
(17}

The solid lines in Fig. 14 are the cross sections
calculated by Eqs. (16) and (1V). Both (y, oI)
and (y, o.o) cross sections calculated by this model
agree well with the experimental results in the
giant resonance region. However, the (y, o.) cross
section above 20 MeV is not explained by this
model at all.

B. Pre-equilibrium exciton model combined with the
quasi-deuteron model

The angular distribution of n particles emitted
from the region above 30 MeV shows a forward
peaking as discussed in Sec. IIIC. This implies
that a particles from the excited state above 30
MeV are not always emitted through a compound
nuclear process.

A calculation was made in the framework of the
pre-equilibrium exciton model combined with the
quasi-deuteron model. The photonuclear reaction
above the giant resonance region has been suc-
cessfully studied on the basis of the quasi-deuteron
model, which was introduced by Levinger. " Ac-
cording to this model, a photon is absorbed through
the photodisintegration of a correlated neutron-
proton pair in the nucleus. Levinger showed that
the absorption cross section could be written as

(18)

where o is the photodisintegration cross section
for a free deuteron, and L, is a constant which indi-
cates the probability of this process compared
with the disintegration of a free deuteron, whose
value was obtained theoretically to be 6,4. There-
after, different values of L have been obtained ex-

100-

e =90'

I

It II ~ IP"
J I

II

~&Oy „.-
30 40 50

20-

I

EI (MeV)
FIG. 14. Comparison of the compound nucleus model

(solid lines) and the pre-equilibrium exciton model com-
bined with the quasi-deuteron model (dashed lines) with
the experimental SpZr(y, 0') cross section (closed points)
and Zr(p, o'p) cross section (open circles).

I

60

perimentally by many investigators, for example
L= 2.8 by Costa et aL" and L = 10.3 by Garvey
e] gL"

In the case of the emission of n particles on
medium-weight and heavy nuclei, the (n, o.) and

(P, o. ) reactions have been successfully studied in
the pre-equilibrium exciton model, "" An in-
coming particle, having entered the nucleus, hits
a particle (proton, neutron, or preformed e par-
ticle) in the nucleus, and makes a particle-hole
pair. A two-particle one-hole state (so-called
three exciton state) formed in this way decays
either by particle emission or by a transition to
a five-exciton state through an exciton-particle
scattering in the nucleus.

In the case of the pre-equilibrium exciton model
combined with the quasi-deuteron model, the first
stage of the reaction is characterized by a four
exciton state (one-particle one-hole pairs which
are made for both proton and neutron through the
quasi-deuteron process}. An alpha particle-hole
pair can be formed for the first time in the six-
exciton state.

The calculation of the (y, o. ) reaction can be done
with the same formalism as for the (n, a) or (P, n)
reaction involving the pre-equilibrium exciton mo-
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del, with a slight modification: do' ' (Ey) 1 (y ~)( ) (24)

(y )( ) ( )
1B~E(T 'I„( e)ge

4m k'IMi'g 'E'

(19)

An isotropic angular distribution was assumed
here. The calculated result is shown in Fig.
14 by a dashed line. It rises gradually with in-
creasing excitation energy like the experimental
result, although there is a slight difference in the
absolute value. The value of L, cannot be evaluated
because the parameter y in Eq. (19) is uncertain.

~M ~' = 8A ' (MeV'), (21)

g = —, (MeV-'),
g 7.5

(22)

Symbols in Eq. (19) are as follows:
o„(E) is the photon absorption cross section.
m and q are the reduced mass of the n particle

and its kinetic energy in the exit channel.
o „(e) is the cross section for the inverse pro-

cess: the absorption cross section for an a par-
ticle with the kinetic energy e.

g~ and g~ are the single particle level density in
the residual and target nucleus.

V and E are the excitation energy of the residual
nucleus and that of the nucleus before decay.

n is the exciton number in each stage of the cas-
cade, which varies only by two units.

n is the exciton number of the state at equilibri-
um.

M is the matrix element describing the transi-
tion from a state with n excitons to the subsequent
state with n+2.

K„and K„' are factors for an n particle and a
nucleon introducing the corrections due to charge
conservation and assuming the o. particle to have
a level density equal to g/4.

y is the probability for the nucleon in the intra-
nuclear cascade to strike a preformed n particle.

The inverse cross section &x;„„(e)is represented
by the formula

o „(e)= vx'Q(2l+1)Z', (e)

Q (2l+1)T,(e), (20)
2m

where T, (e) is the transmission coefficient for an
z particle with kinetic energy e and angular mo-
mentum l.

The following relations were also used"":

V. SUMMARY AND CONCLUSIONS

The total (e, n) cross section for "Zr and the
four cross sections for particular alpha energy
intervals can be described assuming a broad bump
of E1 or E2 cross sanction above 30 MeV in addi-
tion to an El cross section in the GDR region. It
is difficult to explain the (e, n) cross sections
using E1 and E2 cross sections in the giant reso-
nance region. The angular distribution of the

(y, oto) cross section shows that the E2 component
is not more than 1% of the El cross section at
E =17 MeV. The experiment using bremsstrah-
lung plus electrons indicates that almost all n
particles are emitted through E1 excitation.

The angular distribution of n particles with
high energies, which are associated with the
cross section above 30 MeV, shows a forward
peaking. This suggests that they should be emit-
ted through earlier stages of the reaction than a
compound nuclear process.

The calculation using the pre-equilibrium exci-
ton model combined with the quasi-deuteron mo-
del gives a bump above 30 MeV like the experi-
mental result. Some problems in the formula by
Milazzo-Colli et al. used in this paper have been
pointed out. " They have no serious influence on
the calculation made in this paper. Very recently
Flowers et al."and members of our group" have
successfully compared high energy parts of &-
particle spectra from the (e, n) reaction in several
heavy nuclei with ones calculated by the method of
Wu and Chang. " Their results are consistent
with the existence of the (y, a) cross section
above 30 MeV.

The cross sections in the giant resonance region,
both (y, o.,) and (y, o.), can be explained by the com-
pound nucleus model.
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