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2—Isobaric Analog Resonance in the ssY(P, ns) "Zr Reaction and the
Excited States of "Zrf
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Department of Physics and Astronomy, University of Kentucky, Lexington, Eentttchy 40506

(Received 10 July 1968)

The (P,n) reaction on ssY has been studied around the 2 isobaric analog resonance at the proton energy
of 4.807 MeV. Differential cross sections have been measured for the neturon groups which leave 89Zr in the
ground state and the excited states at 0.592 and 1.096 MeV. Angular distributions of the neutron groups
which leave OZr in the excited states at 1.096, 1.465, and 1.645 MeV have been measured. The results are
compared with the predictions of Robson's theory and statistical model.

I. INTRODUCTION

'HE svY(p, rt) "Zr reaction has been studied pre-
viously' ' to investigate the d5~2 isobaric analog

resonances at 4.807 MeV (Jr=2 ) and 5.01 MeV
(Jr=3 ). Johnson et a/. ' measured the absolute total
cross section using a 4x neutron detector, with an un-
certainty of &4% and an energy resolution of 5 keV.
They measured a total cross section of 21 mb for the
resonant part at the 2 resonance. The only other pre-
viously reported absolute cross-section measurement
indicated 8 mb for the sum of the (p,nv) and (p, rtr)
cross sections, but this was measured with poorer energy
resolution ( 20 keV) and &20'%%uo uncertainty. ' Johnson
et al observed. a sharp threshold rise in the (p,tt) total
cross section just below the 2 resonance, even after
subtracting the smooth background, which suggested
an appreciable yield in the (p, n&) cross section for the 2
resonance. s No measurement of the svY(P, ns) cross sec-
tion around this resonance has been reported previously.

The present work was undertaken primarily to
measure the cross section around the 2 analog res-
onance in the ssY(P, ns) reaction which leaves "Zr in
the excited state at 1.096 MeV, since this will yield
some information on the spin and parity of this state.
A spin and parity of ~ or ~ was indicated for this
state in the study of the "Zr(p, d) "Zr reaction by
Goodman. ' Angular distributions of the ' Y(P,ns) re-
action have been measured by Kim and Robinson, ' who
assigned a spin and parity of & . Since the second-
excited-state threshold is only 50 keV below the energy
of the 2 resonance, a resonance yield for the e2 group
neutrons would indicate outgoing s-wave neutrons con-
firming the ~ assignment for the spin and parity of this
residual state.

II. EXPERIMENTAL METHODS

Targets of "Y ( 5 keV thick for 5-MeV protons),
evaporated on 0.005-in. -thick gold backings, were

$ Supported in part by the National Science Foundation.
H. J. Kim and R. L. Robinson, Phys. Rev. 151, 920 (1966).

~ D. B. Lightbody, A. Sayres, and G. E. Mitchell, Phys. Rev.
153, 1214 (1967).' G. S. Mani and G. C. Dutt, Phys. Letters 16, 50 (1965).

4 C. H. Johnson, R. L. Kernell, and S. Ramavataram, Nucl.
Phys. A107, 21 (1968).' C. D. Goodman, BulL Am. Phys. Soc. 9, 106 (1964).' H. J. Kim and R. L. Robinson, Phys. Rev. 162, 1036 (196/).
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bombarded by a pulsed beam of protons ( 7-nsec pulse
width) which had been accelerated in the University of
Kentucky Van de Graaff accelerator. In order to detect
the low-energy neutrons ((50 keV) of the rts neutron
group and at the same time discriminate against other
neutron groups, a thin 'I.i-loaded glass scintillator was
used. This, in conjunction with the Right-time measure-
ment using a Qight path of 20 cm, made it possible to
separate the e2 neutron group from higher-energy neu-
tron groups and the y peak. Since the scintillator was
thin, it was possible to bias out most of the pulses due
to p rays. An open geometry was used, since the detector
was very sensitive to low'-energy neutrons. The relative
neutron detection eKciency of this detector was as-
sumed to be proportional to the 'Li(n, cr) 'H total cross
section, and this was taken from the work of Gabbard
et al. ~ and Bame and Cubitt. ' The absolute cross sections
were obtained by normalizing the data measured with
this detector to the cross sections measured at the higher
energies, using a liquid-scintillator detector biased at
50-keV proton energy, whose absolute neutron detec-
tion efficiency was calibrated as described previously. '
Figures 1(a) and 1(b) show the time-oMight spectra
from the "Y(p,n) reaction measured with the liquid
scintillator at a proton energy of 5.18 MeV, and with
the 'Li-loaded glass scintillator at a proton energy of
4.96 MeV, respectively. The target thickness was meas-
ured by counting the number of protons elastically scat-
tered at an angle of 140' from the "Y target evaporated
on an aluminum backing, using incident protons of 2-
MeV energy. At this low proton energy the scattering
was assumed to be pure Coulomb scattering, and the
target thickness was calculated using the Rutherford
fOrmula. .

III. RESULTS AND DISCUSSION

A. 2 Analog Resonance

Figure 2 shows the excitation functions of the mo,

nr, and rts neutron groups from the svY(P, rt) reaction,
which leave "Zr in the ground state and the excited
states at 0.592 and 1.096 MeV. The relative and ab-

~ F. Gabbard, R. H. Davis, and T. W. Bonner, Phys. Rev. 114,
201 (1959).

s S.J. Bame, Jr. and R. L. Cubitt, Phys. Rev. 114, 1580 (1959).' G. C. Dutt and R. Schrils, Phys. Rev. (to be published).
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spectra subject to varying background conditions, and
hence the errors involved are expected to be greater
than in the 4s. detection method used by Johnson et al

An analysis of the 2 resonance has been carried out
using the theory of Robson et al. 's (see also Refs. 1 and
4) mainly to extract information about the spin and
parity of the second excited state in "Zr. Robson's
development of the theory for (p,n) reactions involving
analog resonances assumes that the analog state is domi-
nated by a single channel (e.g. , the entrance proton
channel) and that mixing of the analog state with the
background states occurs in the external region only.
Although neutron decay from the analog state is for-
bidden by isospin selection rules, mixing of the analog
state with the background states gives rise to neutron
emission. Good agreement with experiment has been
obtained using this theory, in the cases of the "Zr(p, rr)
and "Sr(p,e) reactions "' In the case of the "Y(p e)
reaction, disagreement with the theory has been re-
ported by Johnson et al. 4 for the 3 resonance at a
proton energy of 5.01 MeV.

In a general way, ' ' the cross section for a reaction
from channel a to channel b can be written as
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FIG. 1. Time-of-flight spectra from the "Y(p,n) reaction meas-
ured with (a) the liquid scintillator at a proton energy of 5.18
MeV and a Qight path of 1.5 m, and (b) the 'Li-loaded glass scintil-
lator at a proton energy of 4.96 MeV and a Qight path of 20 cm.
The arrows show the positions of the neutron groups. The interval
labeled p in (b) refers to the position of the p rays and higher-
energy neutron groups. The time resolution was about 10 nsec.

solute uncertainties in the cross section are estimated
to be +10% and &20%, respectively. These large un-
certainties arise mainly from uncertainties involved in
the subtraction of the background in the time-of-Qight
spectrum which varies with energy and angle and from
uncertainty in the target thickness. It is seen from I'ig.
2 that the 2 analog resonance is excited in all three
neutron groups. The experimental width of the reson-
ance is about 25 keV. Although the (p,n) total cross
sections have not been measured in the present work,
rough estimates of these could be made from the excita-
tion functions and a knowledge of the shape of the
angular distribution. ' ' A value of 30 mb is estimated
for the total nonresonant cross section (rss+rr&+ms) at
the 2 resonance, which compares with the 27' mb ob-
served by Johnson ef aL4 For the resonant part, a cross
section of 19 mb is estimated for the three neutron
groups. This includes an estimated resonant cross sec-
tion of 4.5 mb for the res group. In comparison, Johnson
et aL4 give a value of 21 mb for the total (rro+&r+&s).
It may be pointed out that the present results are ob-
tained from measurements of neutron time-of-Oight

o(a,b) =g ag(u, b)+o g, '"(a,b),J

where the summation is over all compound-nucleus
spins which can be formed by the incident partial waves
except for states of the same spin and parity Jo as the
analog state. The second term in Eq. (1) corresponds
to the enhanced cross section, e.g. , as given by Rob-
son'" and includes compound nucleus states of the
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' D. Robson, J. D. Fox, P. Richard, and C. F. Moore, Phys.
Letters 18, 86 (1965).

FrG. 2. Excitation functions of the n0, n1, and n2 neutron groups
from the "V(p,n)' Zr reaction at the angles indicated. Curves
(a) and (b) are the results of the calculations, using Robson's
theory, and two different sets of complex-potential parameters.
See text for details of the parameters. Curve (c) is the result using
the same parameters as for curves (a), but assuming —,

' for the
spin and parity of the 1.096-MeV state in "Zr, instead of g
assumed for curves (a) and (b).
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Twm. z I. Parameters of the complex-potential model.

V (MeU)

Proton (a) 59.5—0.5E„~
(b) 60

Neutron (a) 47
(b) 47

r„(F)
1.25
1.25

1.25
1.30

a. (F)

0.65
0.65

0.65
0.62

W (MeU)

3

r (F)

1.25
1.35

1.25
1.30

o- (F)

0.47
0.40

0.47
0.71

V,o (MeV)

7.5
7.5'

7.0
7.0

a By is the c.m. energy of the protons in Mev.

same spin and parity as the analog state. The separation
of the cross section in the manner shown in Eq. (1) im-

plies that the randomness and completeness assump-
tions of the statistical model theory are valid. '

The first term in Eq. (1) can be calculated using the
statistical model theory' "which is expected to be valid
in the present study, since there is good averaging
among the compound-nucleus states as evidenced by the
fact that the excitation functions are smooth functions
of energy away from the analog resonances and the
angular distributions are symmetric about 90'. The
second term in Eq. (1) which is responsible for the res-
onance is proportional to T;"Ts/P, T„where T 'a is
the enhanced transmission coefFicient in the entrance
channel and Tq and T, are the transmission coefficients
in channels b and c and the summation includes all
channels into which the compound nucleus can decay,
including T,'" for the entrance channel. 4

T;"=T.(E—Es+3,)'jL(E—Es)'+4rI'j, (2)

where T, is the usual complex-potential transmission
coe@cient, E is the incident-channel energy, Eo is the
resonance energy, 6 is level shift, and I" is the resonance
width. It is seen that the enhanced cross section is
proportional to the transmission coefficient in the out-
going channel Tq. In the case of the e2 group, if one
assumes a spin and parity of -,'for the 1.096-MeV
excited state of "Zr, the transmission coeflicient will be
two orders of magnitude (d-wave neutrons) less than
the s-wave transmission coefficient involved if the spin
and parity of this state is assumed to be & . Hence, the
resonance is expected to be suppressed if the spin and
parity are ~~ . The calculated result as shown in Fig. 2

substantiates this point.
Vsing this formalism, the differential cross sections

for the three neutron groups have been calculated
around the 2 analog resonance. The transmission co-
efficients were calculated. using the complex-potential
model for several potential parameters. In Fig. 2, curves
(a) and (b) show the results using two different sets
of complex-potential parameters. The potentials used
in the fitting procedure are shown in Table I for curves
(a) and (b). The real potentials are of the derivative
Woods-Saxon form except that the imaginary potential
for the neutrons in curve (b) is of the Gaussian type;
and the spin-orbit potentials are of the Thomas type.

"W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952).

The proton potential parameters for curve (a) were
taken from Johnson et al."The proton parameters of
curve (b) were obtained by Johnson et al." by fitting
the resonant part of the 3 analog resonance and the
neutron parameters (b) were taken from Moldauer. "

For curve (c) of the res group, the potential param-
eters used for curves (a) were used, but the spin and
parity of the 1.096-MeV state in "Zr was assumed to
be rs instead of ss which was assumed for curves (a)
and (b). The assumption of sr for this state did not
noticeably change the results for mo and nj groups.
Among the open proton channels, the decays to the
ground state (J~= rs ) and the excited states at 0.915
MeV (J = a+), 1.53 MeV (J = —', ), and 1.74 MeV
(J = ss) were taken into account and all three open
neutron channels were considered, viz. , the ground state
(J =-',+) and the excited states at 0.592 MeV (J~=-s )
and at 1.096 MeV. The enhancement-factor parameters
used were Es (c.m. )= 4.756 MeV, 6= —0.060 MeV, and
F=0.023 MeV.

It is seen from Fig. 2 that theory does not give good
agreement with the experimental data. Several different
sets of complex-potential parameters were tried, but
none of them gave good simultaneous agreement to the
data for all three neutron groups. In particular, the
theory predicts much greater enhancement in the cross
section for the eo group. It is unlik. ely that any realistic
parameters for the complex potential and the enhance-
ment factor will give good agreement to the data. This
disagreement probably implies that the single-channel
assumption made in Robson's theory is not valid in the
case of 89Y.

However, it is important to note that a spin of —,
'

for the 1.096-MeV state of "Zr does not enhance the
cross section, since the spin of this state must be ~,
which is consistent with the earlier reports. "In these
calculations, no corrections for level width Quctuations
were made. These corrections may be important near
thresholds, but it is thought that they do not affect
greatly the conclusions drawn here.

3. Excited. States of "Zr

Figure 3 shows the angular distributions of the m~,

ris, and n4 neutron groups from the "Y(p,r4) reactions,

"Seep. 26 of Ref. 4.
"See p. 31 of Ref. 4.
'4 P. A. Moldauer, Phys. Rev. Letters 9, 17 (1962) (see curve

3, Fig. 2).
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leaving "Zr at the 1.096-, 1.465-, and 1.645-MeV states,
respectively, at the laboratory proton energies indicated.
The angular distributions are symmetric about 90',
within the experimental error, which is consistent with

FIG. 3. Angular distributions of the n2, e3, and ss4 neutron groups
from the "Y(p,n) reaction, leaving 8'Zr at the 1.096-, 1.465-, and
1.645-MeV states, respectively, at the laboratory proton energies
indicated. The solid curves are the results of the statistical model
calculations assuming spins and parities of $, $, and ~ for the
j..096-, 1.465-, and 1.645-MeV states, respectively. See text for
complex-potential parameters used. For the 5.476-MeV angular
distributions, the dashed curves (———) are the results assuming
-', , y, and -', for the above respective states and the dot-dashed
curves (——) are the results assuming s, —', , and s for these
states.

the statistical model. " The angular distributions for
these neutron groups were calculated using the statis-
tical model. The proton potentials were taken from
Johnson et al."and the neutron potentials of Moldauer"
were used (see previous section). The solid curves in Fig.
3 show the results of these calculations assuming spins
and parities of 2, ~, and ~ for the 1.096-, 1.465-, and
1.645-MeV states in "Zr. Assuming 2 for the 1.096-
MeV state gave incorrect shapes for the m2 angular
distributions, as observed by Kim and Robinson. The
spin and parity for this state is ~ as discussed in the
previous section. The calculations were made for several
combinations of spins and parities for the 1.465- and
1.645-MeV states. The results for two different combina-
tions of these are shown in I'ig. 3 for the 5.476-MeV
angular distributions as indicated in the figure caption.
However, no definite conclusions could be drawn about
the spins and parities of these two states, since assuming
spins of 2, —'„or —,

' for these states gave results which
agreed with the data, within the experimental error.
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