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The radiative-capture reaction 9Co(p, y)6 ¹ihas been studied for proton energies from
4.40 to 13.60 MeV. Cross-section and angular-distribution data were measured with a large
anticoincidence-shielded Nal(Tl) detector. The yieM curve for ground-state capture shows

two broad peaks, at 6 Ni excitations of 16.6 and 19.6 MeV; these are interpreted as the T&
and T components of the giant dipole resonance. The results of a detailed calculation ignor-
ing isospin effects do not adequately explain all of the observations; a simple 1p-1h calcula-
tion using eigenfunctions of T describes the results quite well. The first-excited-state-cap-
ture yield curve is similar to the ground-state curve, shifted in energy by -300 keV. The
data suggest that most of the observed strength in the giant dipole resonance based on the first
excited state of 60Ni is concentrated in 2 states.

I. INTRODUCTION

{1b)

The first factor of the right-hand side is the
square of an isospin Clebsch-Gordan coefficient,
while the expression inside the brackets corrects
for the fact that fewer configurations contribute to
the T& component than to the T& component. We
observe that I C& I' decreases rapidly as 4 and T,
increase, as is shown in Table I.

The energy separation of the tmo components is
given approximately by'

t Z=a,, -Z„=U(T, +1)/T, , (2a)

The topic of isospin effects observable in the
giant-dipole-resonance (GDR} region of nuclei has
been of interest for almost two decades, ' ' but on-
ly in the last few years have detailed calculations
been performed' ' and compared with experiments
designed to observe these effects. For a nucleus
with Nw Z and ground-state isospin T, =

I T, I, one

effect predicted is that the GDR mill exhibit tmo

isospin components. The component at lower en-
ergy will be characterized by T= T, =-T&, mhile
the component at higher energy will have T = T,
+1 =—T& . Writing the giant-dipole state as Po
=C&Q&+C&Q&, the relative intensities of the two

isospin components are given, according to Gou-
lard and Fallieros, ' as

/ "'- .(.+ )/ '
T + 1, 1 —4(T,/A)'

(1a)

where U is the symmetry energy U from the I.ane
potential reduced by a factor which takes into ac-
count that the coherent T& giant-dipole state is
pushed up more in ene.".. gy than is the coherent T&

giant-dipole state. This again is because a larger
number of configurations contributes to the T»
state. ' Taking the symmetry energy U= 100To/A
(MeV), an approximate expression for 0 is U

=60T,/A. (MeV), and hence

t Z =60(T, +1)/a {Mev) . (2b)

The factor of 60 appearing 1n the equation fo1 U

has been derived by Fallieros' and yields values
of AE in good agreement with other experimental
evidence for isospin splitting for the GDR. '
The last column of Table I gives some predicted
values of hE.

On the assumption of isospin conservation, neu-
tron decay of the T& = T, + 1 GDR to low-lying
states in the T, = T, ——,

' nucleus is generally pro-
hibited, since these states normally have T = T, .
Proton decay, however, is allowed to all levels
of the T, = To+ ~ residual nucleus and, in general,
should be the dominant decay channel of the T&

GDR. The (P, y) and (y, P) reactions are therefore
favorable reactions for investigation of the T&

GDR.
Radiative -proton-capture experiments mhich

have been interpreted in terms of isospin splitting
of the GDR have been performed at Argonne Na-
tional Laboratory ["Cl(p, y, )"Ar],"Stanford
["Rb(p, y,)"Sr and "Y(p, y,)"Zr],"and Stony
Brook ["Sr(p, y,)' Y, "Sr(p, y, )"Y],"and [ 'K-
(p, y, ) Ca]." The experiments in the mass-90 re-
gion coupled with calculations for "Sr,' "Y,"and
"Zr ' seem to give clear evidence for discrete T&
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TABLE I. Predictions of effects due to isospin split-
ting of the GDR. IC&It is the relative intensity of the 7&

component and EE the energy separation between T&
and T& components.

Nucleus Tp Ic, I'

4'Ca
80Ni

66zn
90zr

0.44
0.27
0.18
0.11

2.86
&.00
3.64
4.00

giant-dipole states -4-5 MeV above the broad T&

GDR.
Photonuclear reaction measurements in the GDR

region of T, t 0 nuclei have been mostly by the

(y, n) reaction. In several cases where proton de-
cay has also been observed, " "the peak in the
proton yield occurs at a higher y-ray energy than
the peak in the neutron yield, indicating the possi-
bility of isospin splitting of the GDR.' ' In gener-
al, however, the lack of data for the proton chan-
nel makes it difficult to interpret weak peaks
which are observed in the (y, n) reaction above the
main T& GDR in terms of T& dipole states. This
is because they may also be attributed to the giant
quadrupole resonance (GQR) (e.g., a recent case
in the tin isotopes") or may be the result of cou-
pling between the T& GDR and surface oscilla-
tions. "

The present work is an investigation of isospin
effects in the GDR in "Ni observed through radi-
ative proton capture. As can be seen from Table
I, the nucleus ' Ni, with four excess neutrons, is
a desirable case in which to investigate isospin
effects in the GDR. The "Ni(y, n) reaction has
been measured by several groups, ""albeit with
somewhat conflicting results. Although all (y, n)
data indicate that the main T& dipole strength is
distributed over several MeV, the expected 3-
MeV separation between T& and T& components
should be sufficient to resolve them. In addition,
on the basis of Eq. 1, the T& component is expect-
ed to contain -20% of the dipole strength and

should be observable as a strong peak in the "Co-
(p, y, ) reaction at an excitation energy where es-
sentially no enhancement of the "Ni(y, n) yield oc-
curs. Based on total absorption and (y, n) data,
Min" has interpreted the photodisintegration of
"Ni in the GDR region in terms of isospin split-
ting with the T& and T& components at 17 and 22.5

MeV, respectively. The data for the SaCo(P, y, )
reaction reported here, used in conj'unction with

the "Ni(y, n) data, "indicate that the T& and T&

components of the GDR occur at 16.6 and 19.6
MeV, respectively, and that the strength observed
above 21 MeV is perhaps related to the GQR.

II. EXPERIMENTAL PROCEDURE
AND DATA ANALYSIS

Cross sections and angular distributions of the
ground and 1,33-MeV first-excited-state-capture
y rays (referred to below as y, and y„respective-
ly) were measured for the reaction "Co(p, y)"Ni
over the bombarding energy range 4.40 to 13.60
MeV. The reaction has a Q value of 9.527 MeV,
hence the y rays of interest had energies ranging
from 12.6 to 23.1 MeV. The procedures used in
these measurements are described immediately
below; data analysis methods are given in the sec-
ond part of this section.

The proton beam was obtained from the State
University of New York at Stony Brook tandem Van
de Graaff accelerator. Data were taken at 100-
keV intervals from 6.40 to 11.40 MeV, and at 200-
keV intervals from 4.40 to 6.40MeV and from 11.40
to 13.60 MeV. Beam current at the target varied
from 200 nA at 4.40 MeV to 50 nA at 13.60 MeV
and was adjusted so that the counting rate in the
y-ray detection system remained below predeter-
mined limits, as described below. Running time
per data point at bombarding energies above 10
MeV was approximately 1 h.

Targets were prepared by evaporating metallic
cobalt (100% 'aCo) on to 50-gg/cm' carbon foils.
Target thickness was determined by measuring
the energy loss of 5.486-MeV n particles from an
"'Am source in passing through the target. After
correcting for the energy loss in the carbon foil,
the target thickness was found to be 1.2 mg/cm',
or 35-keV to 10-MeV protons.

The y-ray detector consisted of a 25-cm &&25-

cm NaI crystal surrounded by a plastic anticoin-
cidence shield and has been described in detail
elsewhere. " For the measurement of y-ray yield
as a function of proton energy, the detector was
positioned at 90' with respect to the beam with the
front face of the crystal 30 cm from the target.
The solid angle of 0.113 sr subtended by the de-
tector was defined by a lead collimator projecting
onto the full back face of the NaI crystal. For an-
gular distribution measurements the detector was
moved back 20 cm so that it could be moved azi-
muthally from 35 to 145 with respect to the beam
direction. The crystal, shield, and associated
electronics were designed to give good resolution
at high counting rates, e.g., for a 20-MeV y ray,
and a total NaI counting rate of 10' counts/sec,
4.5% resolution was obtained. In this experiment,
the counting rate in the NaI remained below 2 &&10'

counts/sec. In order to maintain a low rate of
random rejections of NaI signals by the shield, the
beam current was limited so that the counting rate
in the shield did not exceed 108 counts/sec. With
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additional uncertainties in the target thickness
and detector efficiency determinations. The re-
producibility of the data was checked at 25% of the
data points and agreement obtained within the 10%%up

standard deviation in yield. Since the target thick-
ness is less than the energy separation between
the data points, fine structure of a width less than
100 keV may have been missed. We note that the
fluctuating structure observed in Fig. 2 is typical
of (P, y) excitation functions in the giant-resonance
region of other medium-weight nuclei. "'""An-
other point of interest is that the maximum cross
section of 0.89 p, bjsr at E~= 10.0 MeV is quite
small, e.g., for the purpose of comparison it is
only -12%%up of the maximum value observed" in "K-
(P, y,)"Ca at 90".

Averaging the data of Fig. 2 over a 600-keV en-
ergy interval and using detailed balance to obtain
the cross section of the inverse reaction "Ni(y, Pp)
gives the excitation function shown by the data
points in Fig. 3. The data indicate the existence
of four peaks in the energy region 15 to 23 MeV.
A fitting procedure using resonance shapes"

00
1+ (Z' —Z,')'y(re)'

gives peak positions at 16.6, 19.6, 21.7, and 22.7
MeV with relative heights of 1.0, 1.5, 0.2, and 0.8,
respectively. It is evident from Fig. 3 that the

shapes of the ' Ni(y, n) and "Ni(y, Pp) yields differ
dramatically in the region of excitation between
15 and 21 MeV. Whereas a peak occurs at 16.6
MeV relatively weakly in the (y, Pp) reaction a peak
at 17.0 MeV dominates the (y, n) reaction. Con-

versely, a 19.6-MeV peak appears relatively
strongly in (y, Pp) but very weakly in (y, n). This
is in agreement with the behavior expected of the

T& and T& components of the GDR. Although the
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FIG. 2. Excitation function for the reaction 5 C(p pp)-
6 Ni. The solid line is intended merely to guide the eye.
The uncertainty associated with each data point is +10%
of the yield.
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FIG, 3. Excitation functions for the reactions 58Ni-

(p,pp)'~C at 90', obtained by detailed balance from the
data of Fig. 1 averaged over a 600-keV interval, and
6 Ni(y, n)~~Ni obtained from Ref. 23. Note the different
cross-section scales for the two reactions. Above the

Ni(y, 2n) threshold, the photoneutron data have been
corrected for multiple neutron emission to yield the
6 Ni(y, n) cross section. The indicated error bars were
obtained from the averaging procedure. The solid line
through the PNi(y, P p) data Points is drawn to guide the
eye.

data of Goryachev et ajt."and of Owen, Muirhead,
and Spicer" conflict with that of Min and White, "
both show the major dipole strength in the 17- to
18-MeV region with either decreasing cross sec-
tion or a local minimum at 19.6 MeV. Hence, nei-
ther is in conflict with the observation that a state
at 19.6 MeV appears strongly only in the proton
channel. In the following discussion we subjective-
ly select the results of Min and White" for pur-
poses of comparison.

Angular distributions measured in the GDR re-
gion have been fitted with a sum of Legendre poly-
nomials, W(8) =1+A,P, (cos8)+A,P, (cos8). The
results are listed in Table II. In general, large
negative values of A., have been observed for many
nuclei in the GDR. This is because the major con-
tribution to the dipole strength generally comes
from transitions between orbits with l,. equal to
(l+ 1)„„and (I)„. For example, the dominant
one-particle —one-hole component in the wave func-
tion of the "Ni giant-dipole state is expected to be
the g„,(f„,) ' configuration. For the reaction '9Co-

(P, y, )"Ni, the E1 transition between g„, and f„,
orbits is characterized by A, =-0.33. However,
the values we observe for A, are positive. One
possible explanation for this is that the GDR is es-
sentially, a g„,f„, ' excitation. Alternatively, in-
terference between various ip-ih configurations
of the giant-dipole state can lead to positive values
of A, . Both explanations will be discussed below.
We note also that the positive value observed for
A, at E~=10.0 MeV is indicative of interference be-
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TABLE II. Coefficients obtained by fitting a sum of
Legendre polynomials W(0) =1++A,.P,. (cos0), i =1, 2,
to the 5~Co(p, yo) Ni angular distributions at various ex-
citation energies E„ in eoNi. The goodness of the fit is
indicated by the normalized y~ value listed in the last
column.

TABLE III. Coefficients obtained by fitting a sum of
Legendre polynomials W(0) =1+PA~P;(cos0), (=1, 2,
to the '9Co(p, y &)~ Ni angular distributions at various ex-
citation energies E„ in 60Ni. The goodness of the fit is
indicated by the normalized y~ values listed in the last
column.

E& (MeV) E„(MeV)

6,70
7.55
7.60

10.00

16.12
16.95
17.00
19.36

+0.02 +0.03
+0.08 +0.05
—0,01 +0.02
+0.22 + 0.03

+0.03 + 0.05
+0.16+0.07
+0,28 +0.03
+0.07 + 0.04

1.5
1.5
0.6
1.5

6.70
7.60

10.00

16,12
17.00
19,36

+0.07 +0.02 +0,02 +0,03 0,6
+0.13+0.07 -0.27+0.10 0.7
+0.02+0.03 -0.23 +0.05 1.0

tween E1 and M1 or E2 radiation.
Assuming a smoothly varying value of A, through-

out the energy region studied in this experiment,
the data imply an integrated cross section of 24.5
MeV mb for the (y, P,) reaction, or 2.5% of the
classical dipole sum rule. This is quite small in
comparison to the integrated cross section of the
"Ni(y, n) reaction which, up to 25 MeV, exhausts
60% of the classical dipole sum rule. "

8. First-Excited-State Transition

The excltatlon function fol' the transltlon to the
J"=2' first excited state of "Ni is shown in Fig.
4. It shows fine and gross structure similar to
that observed in the yo excitation function. The
gross structure is brought out more clearly in Fig.
5, where the data have been avexaged over a 600-
keV interval. This smoothed excitation function
exhibits five peaks, at 14.7, 17.2, 19.6, 20.6, and

22.5 MeV. In general, the excitation function for
the excited state is expected to show more com-
plexity than the y, curve since E1 transitions are
allowed from 1, 2, and 3 states. However, the
averaged curves for y, and y, exhibit a strong cor-

relation of the peak positions if the y, curve is
shifted down in energy by 300 keV with respect to
the yo cux've. This observation will be further dis-
cussed below.

Angular distribution coefficients are listed in
Table III. The small values obsexved for A, indi-
cate little interference. The negative values ob-
served for A., at excitation energies greater than
17 MeV are in contrast to the positive values of
A, found for the yo transition. Assuming a smooth-
ly varying value of A, throughout the energy re-
gion covered in this experiment, the integrated
cross section for the inverse reaction, (y, P,) on
the first excited state of "Ni, is 8.84 MeVmb.
This is approximately —,

' the value given above for
the (y, P,) reaction on the ground state of "¹.

IV. DISCUSSION OF THE GROUND-STATE
TRANSITION

The experimental results presented here relate
to two separate aspects of the GDR. First, and
the central point of this study, is the effect of iso-
spin on the GDB, i.e., the splitting into the T& and
the T& parts. Although the theoretical approach
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FIG. 4. Excitation curve for the reaction Co{P,y~)6 Ni.
The zero on the ordinate has been suppressed, The solid
line drawn through the data merely connects the points.

FIG. 5, Averaged excitations function for the reaction
~9Co(p, y&II~ONi in which the data of Fig. 4 have been aver-
aged over a 600-keV energy interval. The indicated er-
ror bars were obtained from the averaging procedure.
The solid line through the averaged data is merely to
guide the eye,
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for calculating this effect has been worked out by
Goulard, Hughes, and Fallieros, ' detailed calcula-
tions are not yet available for "Ni. However,
some rules based on an "averaged" description of
the GDR, which are given in the Introduction, pre-
dict the energy separation and relative dipole
strength of the two parts The second aspect con-
cerns the general properties of the GDR, exclu-
sive of isospin. [It is seen from the isospin-cou-
pling coefficients of Eg. (I) that the "conventional"
GDR of heavy nuclei, such as that observed in the

(y, n) reaction, is to be identified with the T( part. ]
In this realm, the properties to be explained in
the case of "Ni, apart from the energy spectrum
of the dipole strength, are the almost isotropic
angular distribution and the very small proton-
capture cross section. A detailed calculation with-
out incorporation of isospin has been done for "Ni
by Ligensa and Greiner" (henceforth referred to
as LG). In the following discussion comparison is
first made between their predictions and our re-
sults. As it turns out, the calculation, although in

good agreement with the data at the lower GDR

peak, fails to account for the properties of the up-
per large peak. We then introduce a simple calcu-
lation, using wave functions of good isospin, by
which the essential features of the data are ex-
plained in terms of two isospin components of the
GDR. Further evidence supporting this explana-
tion concludes the discussion.

A. Comparison with the Calculation
of Ligensa and Greiner

The model used by LG builds up the GDR from
1p-1h states coupled to quadrupole surface vibra-
tions, thus spreading the dipole strength over sev-
eral states. These states are then coupled to the

continuum through a residual interaction. This

procedure yields particle as well as y widths,
which makes comparison with the experimental
capture cross section straightforward. The total
width of each state is larger than the sum of all
partial widths calculated in this manner because
of the additional spreading width. (It has been
shown by Danos and Greiner' how, in principle,
the correct total width can be obtained. ) The
ground state of "Ni is taken as doubly closed. The
assumption is certainly not very good for the neu-
tron side, as evidenced by the —, spin of "¹iand
the spectroscopic factor of 0.40 obtained by Cohen,
I'ullmer, and McCarthy" in the 80Ni(d, P)"Ni re-
action. There is also some evidence" that the f»,
shell on the proton side is broken by about 20%.
Since experimental numbers for the various single-
particle energies are incomplete and, in particu-
lar, the g7/2 orbital has. not yet been located, LG
calculate the energies in an average Woods-Saxon
potential. Some of the known single-particle ener-
gies" "are, however, several MeV lower than
values obtained by this procedure.

Table IV summarizes the results of LG perti-
nent to our data. The total cross sections listed
in the last column were obtained by using the as-
sumption that "Co is a pure f„,hole in a 60¹
core. The total width I'„,was set equal to the
sum of all escape widths 1. Comparison of the
predictions with the averaged cross-section curve
of Fig. 3 shows that the main predicted peaks at
16.4, 18.2, and 19.7 MeV can all be associated
with peaks or shoulders in the experimental curve.
The unpredicted strength which we observe at
about 21-MeV excitation energy may be associat-
ed with a GQR (such as has been indicated, for in-
stance, by Urbas and Greiner" in the tin isotopes).
As has been demonstrated in one example, where
the GQR has actually been located experimental-

ly, "the GQR makes itself felt essentially only

TABLE p7. Parameters of GDR states in 6 Ni obtained from the calculation by LG (appropriate dimensions were as-
signed to all widths). Only proton partial widths for configurations with an f, /& hole are shown, since only these enter
into the calculation of the BCo(P, yo) cross sections, as described in the text. The results are given in the last column,

E(Mev)

16.35

18.18

19.17

19.68

21.02

Configuration

g s/s(f 7/~)

~ 7/2(f 7/2)

g g/g (fy/2)

g e/2(f ~/2)

g 7/2(f7/2)
'

ge/~(f7/2)
'

~7/2(f7ni '
ge/2(f~/2)

'

I p(l, j)
(MeV)

0,3
0.2

0.03
0.05

0.00
0.01

0.01
0.06

0.00
0.05

I (MeV)

0.43

0.06

0.55

0.78

0.13

I'& {eV)

428

~(P vo)
(pb)

7.91

2.23

0.03

0.49

0.05
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through interference with the GDR, i.e., via a P,
term in the angular distribution. The very small
cross section in the present work prohibited the
taking of angular distributions at excitation ener-
gies above 21 MeV, but the large P, term ob-
served at E~ = 10 MeV (A, = 0.22} is most likely an
effect from the low-energy tail of the GQR.

The peak cross section of 7.9 p, b calculated from
LG at the 16.35-MeV peak happens to agree with
the experimental value of 7.8 p. b but the uncer-
tainty in the total width makes it an order-of-mag-
nitude estimate. However, we note on a compara-
tive basis that at higher energies the LG calcula-
tion yields smaller peak cross sections than at

16.35 MeV, whereas experimentally, at 19.68
MeV the peak cross section is larger by a factor
of 1.4. In fact, the predicted cross section of 0.49
p, b at that energy is only about 15/0 of the observed
value. In contrast, a similar calculation of the
60Ni(y, n) cross section yields a decrease by a fac-
tor of 3 from 16.35 to 19.68 MeV, which is in
agreement with the observations of Min and White. "

Finally, we compare the predictions of LG with
the observed angular distributions. If "Co is
again taken as a 1f„,proton hole, the angular dis-
tributions can be expressed in general in terms of
three normalized partial widths F(d», ), F(g», ),
F(g», ) and three relative phases, i.e.,

8'(0) = I+[-0.143F(d„,)+0.476F(g„,) —0.33F(g„,) —0.247[I (d„,)]"'[F(g„,)]'~' cos[P(d„,) —g(g „)]
—1.464[F(d„,)]'"[F(g„,)]"'cos[cj&(d,q, ) —cf)(g„,)] —0.282[F(g», )]'~'[F(g„,)]' 'cos[y(g„,)- y(Z„,)]]Z,(cose),

(4)

where I'(d„,)+F(g»,)+F(g», ) = 1. LG obtained

F(d«2) =0.0. With allowance made for a sign am-
biguity between [F(g„,)]"'and [I (g», )]'" and with
the Q taken as Coulomb phases, the predictions
for the 16.35-MeV state are A, =0.28 (relative
—sign) or A, =0.03 (relative + sign). That a posi-
tive value is obtained for A, regardless of the rel-
ative sign, results from the fact that in LG this
state is, to a large degree, an f», -g», excitation.
The predicted value obtained for a relative minus
sign lies within the range of the experimental val-
ue (see Table II). For the 19.68-MeV state, LG
predict A, = -0.07 (relative —sign) or A, = -0.32
(relative + sign). Again, the value obtained for a
relative minus sign is closest to the experimental-
ly observed value.

Thus we find that the GDR calculations of LG
are in agreement with the properties observed in
the (P, y} reaction at the lower peak and the neu-
tron data at the higher one, but fail to predict the
strong increase of the proton-capture cross sec-
tion above 17 MeV. On the other hand, this en-

TABLE V. Configurations which contribute to the
GDR in the simple 1p-lh model of the GDR described in
the text. The C„are the products of the 1p-1h expan-
sion coefficients obtained in the schematic model with
the appropriate isospin coefficients.

Proton Neutron
configuration configuration C»'(T&) C,z'(T))

hancement of the proton channel over the largely
isospin-forbidden neutron channel is character-
istic of the T) component of the GDR.

B. Calculation with Wave Functions
of Good Isospin

We now calculate some'properties of the T) and
T( components of the GDR by building up states of
good isospin in a simple 1p-1h model. "Ni is tak-
en as a closed f„,proton shell and a closed P„,
neutron subshell, with the same reservations as
mentioned previously. The holes are restricted
to the 1f„,and 2P„, shells and the particles are
allowed into one major shell above the ground
state, which leads to the 1p-1h configurations list-
ed in Table V. The target nucleus "Co is taken
as a 1f„,proton hole in a "Ni core. Radiative
capture into the GDR in "Ni therefore involves
proton capture into 2d5/2p 1&9/2 and 1g7/2 orbits.

The coupling of the GDR states to the continuum
is calculated using 8-matrix theory. Because of
the semiquantitative nature of our calculation the
well-known problems" associated with this ap-
proach have been ignored. The particle widths
are then given by

I „.=2P', y (5a)

where P, = p/(F, '+ G, '}is the usual penetration fac-
tor and y„.' is the reduced width, defined by

1g 9/2(1f7/2)

2d5/2(1 fVn)

1g7/2(1f 7/2)
'

2d5/2(2P3/2)
'

3s &/2 (2P 3/2)
2 d 3/2(2P 3/2)

1g 9/2(1f vn)
'

2 d 5/2 (1fy/p)

1g 7/2(1f~/2)
'

0.057
0.013
0.006
0.278
0.022
0.008

0.150
0,012
0.004

(5b)

C» is the coefficient, including isospin, of the
(l, j) component in the wave function of the GDR.
The u, (R) are the radial wave functions evaluated
at the nuclear radius A using harmonic-oscillator
wave functions with /xo =41/A"'= 10.5 MeV. Al-
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though the values of I'„. so obtained are quite sen-
sitive to the choice of A, ratios of particle widths
vary by less than a factor of 2 over the range 6
~A ~8 F. In the following, 8=1.5&A.'"=6 F is

I

used. The prescription given by Goulard, Hughes,
and Fallierosv is used to built-up dipole states of
good isospin. The state with T& = To+1 has the
wave function

(8)

where P, , n, represent protons and neutrons in orbitals above the neutron Fermi level, and. p, n represent
holes in orbitals below the proton Fermi level, here restricted to an f», hole. C and A are the closed-
shell "Ni core and its analog, respectively. The T& = T, state consists of three parts, namely, the "anti-
analog" configuration to the T& state, the symmetric neutron-proton configuration, and the T& excitations
from the neutron excess shell:

1 xg.
— 2' (lP'O'C&-I«'C&) l«P'A& ++5'~q(IPg'C&+l«n'C&)+pc)I~@'C&

0

with

g(g;~+5 )+pc~~ ——1.
j

The indices i, j refer again to orbitals above the
neutron Fermi level and n„represents a hole in
the neutron-excess region, i.e., a 2P,. » hole.

The coefficients n; and a„b;, c, are now com-
puted in the schematic model for the GDH as out-
lined by Brown, '7 with all 1p-1h energies taken as
equal. (This ls a rather crude approximation as
ean be seen from a comparison with the 1p-1h en-
ergies used by LQ or with experimentally known
values. " '

) In this model the coefficients are
directly proportional to the dipole absorption ma-
trix elements which have been computed in a
square-well potential and are all taken with the
same sign. Effective charges e~=e(I —Z/A), e„
=e(-Z/A) are used, which are essentially correct
for the center-of-mass effect. Since Z=A. /2, the
symmetric term in P& can be neglected. Also
dropped are all 2p-2h matrix elements (i.e., ma, —

trix elements involving ~«P;A&) but it should be
noted that these components make themselves
felt through the over-all normalization of the
wave function. The resulting coefficients are list-
ed in Table V. In this model the d,&, component
does not vanish and the inQuence of the g,&, com-
ponent is reduced in comparison with the results
of LG, because of the different choice of single-
partiele energies.

Partial y widths are easily obtained from the
wave functions and lead to a ratio which is written
in terms of isospin-reduced and energy-reduced
matrix elements

I v(&)/Ey'(&)
(I/T, )r,(&)/Z, '( )

Although this ratio is not directly comparable
with the experimental data it ean be checked
against the more general calculation of Fallieros
and Goulard. " Their equivalent formula applied
to "Ni yields a ratio of 0.74, which instills some
confidence in our crude model. The larger value
obtained for the ratio in our simple calculation
can be partially attributed to the weakness of the
E1 matrix elements associated with the neutron-
excess shell in "Ni; hence, the relative strengths
of the T~ and T& components is determined to a
larger degree by the isospin factor in Eq. (8).
Proton partial widths are obtained from Eqs. (5)
and the C„.listed in Table V, with penetrability
factors taken for bombarding energies of 7.2 and
10.2 MeV, corresponding to the peak excitation
energies of 16.6 and 19.6 MeV, respectively. This
procedure yields I'»/I"~& = 2.32. Finally, using
the experimentally determined total widths I'&
= 3.4 MeV and I'& ——2.7 MeV, the calculated ratio
of peak cross sections turns out to be o&(P, y, )/
o &(p, yo) = 1.78. The exlfnrimentally determined
ratio taken directly from Fig. 3 is 1.37 while anal-
ysis of the data in terms of two Lorentzian curves
[Eq. (3)] gives a peak ratio of 1.50. This rather
good agreement is simply due to the fact that the
cross-section ratio is determined, in essence, by
the isospin, energy, and penetration factors.

The wave functions have been generated in too
crude an approximation to compute meaningful
angular distribution coefficients. However, taking
the wave functions at face value, and choosing the
sign of Vr„as the sign of u „at ~ = 6 F, one ob
tains A2 =+0.24 at both peaks. This is in poor
agreement at the higher peak„a.lthough the cor-
rect sign is obtained at both. Clearly the g»,
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amplitude has been underestimated. %e note that
the positive sign obta, ined for A2 in this case is
due to the relative minus sign between the 2d,&,
and 1g,f, wave functions, making the contribution
from the d,~, -g@, interference term in Eq. (4)
posl'tlve-.

Apart from the energies and total widths of the
dipole states which may be taken from the data,
the model calculation provides all quantities nec-
essary for a rough estimate of the total capture
cross section. The absolute normalization of F&
is straightforward. For I"~ it must be noted that
the penetration factors for a square well have been
used above. It has been shown" that the penetra-
tion factor for a more realistic rounded-off poten-
tial can be derived from that for a square well by
multiplication with an I-independent factor f which
in the present case has the value f = 2.5. On this
basis one obtains a proton width I'~ = 130 keV and
a peak value for the total cross section in the T&
GDR of o&(P, y, ) =7 p,b, which is to be compared
with the experimental value of 11 p,b.

One thus finds that in the simple 1p-1h model of
the GDH using states of good isospin both the
small cross sections and the positive values of A,
observed in the GDB can be obtained without a
maJor spin-flip contribution. The assumption of
isospin splitting of the GDB also produces the
enhanced (P, y, ) cross section observed in the re-
gion of 19.6-MeV excitation energy. %e, therefore,
associate the strength observed at 16.6 and 19.6
MeV with the T& and T& components of the GDB,
respectively.

The possibility that penetrability factors alone
might cause the different ratios of proton to neu-
tron yield observed for the two peaks has also
been considered. It was assumed that the ratio
of proton to neutron reduced widths of the 19.6-
MeV state is the same as that of the 16.6-MeV
state. By multiplying the observed ratio of proton
to neutron yield at 16.6 MeV by the appropriate
penetrability factors (evaluated at 8 = 6f), a pre-

19.6

l66 ''.
-.

--- T=5/2 "
t/6

T= 5/2
59Co+ p

~/2 I I.4
59N) + ~

dieted ratio at 19.6 MeV is obtained. The factor
by which the observed ratio R(obs) exceeds the
predicted ratio R, (pred) for each I value which
enters into the simple 1p-1h model is shown in
Table VI. It is apparent that the observed ratio of
proton yield to neutron yield at 19.6 MeV is from
1.4 to 7 times greater than can be accounted for
by penetx'ablllty factox's alone.

An unanswered question concerns the total widths
of the two isospin components of the GDR. If the
assignment made above is correct, the width of
the T& state (2.7 MeV) is only slightly smaller than
the width of the T& state (3.4 MeV). This is in
contrast to the situation observed in the A =90 re-
gion, where the T& component of the GDB gener-
ally appears to be fragmented into states with
widths of several hundred keV, "'"although the
T& component observed in the reaction "Sr(P, y, )-
'9Y apparently consists of one dominant resonance
-2 MeV wide." The possibility that a large neu-
tron width might cause the relatively large total
width observed for the T& component may be con-
sidered. The T& states in "Ni have in fact, iso-
spin-allowed neutron channels to T = —,

' states ln
' ¹i,as indicated in Fi,g. 6. An estimate of the
relative peak (y, n) cross sections for the T& and
T& components, made using the simple 1p-1h mod-
el, gives o& (y, n) a.s at most a few per cent of
o& (y, n). The (y, n) data of Min and White" are

Neutron
E value

Proton
/ value

8 (obs)
B,(pred)

6.4
2.3
3.7
1.4
7.1
2.7

TABLE VI. 8 {obs}jA, {pred) gives the factor by which
the observed ratio of proton yield to neutron yieM at
the 19.6-MeV state exceeds the value extrapolated from
the 16.6-MeV state by use of appropriate penetrability
factors.

To 2
60'.

FIG. 6. Energy levels pertinent to the discussion of
the effect of isospin conservation on particle-decay
modes of the 60Ni GDR. For the residual nuclei, only the
lowest level with the indicated value of isospin is shown.
Each solid line indicating an allowed particle-decay
mode is labeled with the square of the appropriate iso-
spin-coupling coefficient, The energy-forbidden neutron
decay of the T& 16,6-MeV state to T =2 levels in 5~Ni is
indicated by a dashed line, as is the isospin-forbidden
neutron decay of the T& 19.6-MeV state to T =z levels in

Ni. All energies are in MeV and are relative to the
-ground state of "Ni,
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consistent with o&(y, n) approximately zero to 10%
of o& (y, n). Hence, the large total width of the T&

GDR cannot be attributed to a large neutron width.
A small neutron width also practically eliminates
the possibility of a T& contaminant in the T» state,
since this would raise the (y, n) cross section
drastically. Indeed, the T» Rnd T~components
fox' the GDB in 'ONi may be quite pure eigenstates
of isospin, since their large intrinsic widths
might result in lifetimes too short for the Coulomb
force to mix the states appreciably. Interference
effects between T» and T& states, such as have
been clearly observed between analog states and
the T& GDB in 89Y 39 Rnd "'Bi, 0 have been ignored
in the Rbove discussion 81nce such effects Rre
not apparent in the y, excitation curve.

As outlined in the Introduction, the description
of the GDB in terms of states of good isospin
yields a definite prediction for the energy splitting
between the two components. The averaged ef-
fective symmetry energy given by Eq. (2), which

gives good results around mass 90, produces a
splitting of 3 MeV in "Ni. Prior to the availabili-
ty of the proton-captuxe data, Min" associated
the T& and T» states with strength at 17 and 21.5
MeV~ respectlvelyp wh1eh x'esults ln R 4.5-MeV
separation. The value obtained from the present
analysis is 3 MeV, in excellent agreement with
the prediction.

V. DISCUSSION OF FIRST-EXCITED-STATE
TRANSITION

The first excited state in "Ni at 1.33 MeV, J"
=2, has, with rather high-purity vibrational
character. " The GDB based on this state should
exhibit structure similar to that observed for the
GDR based on the ground state, with the compli-
cation that the dipole strength is now distributed
among states with the spin values J"=1, 2, 3 .
The total dipole absorption strength based on the

2'state, i.e., the weighted sum for the 1, 2,
and 3 states, should be the same as that from the
ground state, and, if the quadrupole surface vi-
bration and the dipole excitation are weakly cou-
pled, the mean strength should be shifted up by
about the excitation energy of the 2+ state, which
in the present case is 1.33 MeV. In the opposite
CRse of strong coupling, corresponding peRks
should occur in both the y, and yo transitions at
the same excitation energy, leading to a more
complex structure for the ground-state GDB. The
procedure of calculating the energies of the eigen-
states depends on the relative periods of the quad-
rupole surface vibrations and the dipole excitation.
A measure of the Rdiabaticity of the quadrupole
and the dipole modes is given by the ratio of char-
acteristic times ~(l )/~(2') =E„(2')/E„(GDR)—= 1/13

for "Ni. In the case of '2C, where this ratio is
1/5, an extensive calculation by Kamimura, Ikeda,
and Arima, ~2 for the ground- and first-exeited-
state GDB, including strong coupling but not as-
suming adiabatieity, achieved only moderate suc-
cess in explaining the data (the question of isospin,
of course, does not arise there). The calculation
of LG contains strong coupling between the dipole
excitation Rnd quRdrupole sux'fRce modes Rnd Rs-
sumes adiabaticity, but does not include predic-
tions for the GOB based on the first excited state
of 'ONi.

Despite the present lack of a comprehensive
theoretical description, we list a few interesting
facts indicated by the data. While within the ex-
perimental uncertainties corresponding peaks are
not present at identical excitation energies in the

y, and the y, excitation curves, there is a strong
correspondence if the 600-keV averaged y, curve
is shifted down in excitation energy by about 300
keV, as noted earlier, except that there are two

peaks in the ya curve corresponding to the single
19.6-MeV peak of the yo curve. Angular distribu-
tions measured for the y, transition (see Table III)
contain large negative A, eoeffieients, in contrast
to the angular distributions observed for the y,
transition. If angular-distribution coefficients for
the y, transition are calculated using the same
proton partial widths and relative signs for the
v'I'„as those which fit the y angular distributions
[with the simplifying assumptions that I'(g», ) = 0,
and that Q, ~ are Coulomb phases], a negative A,
is obtained only for the dipole state with 4'=2 .
In this case A~=-0.165, which is almost within
the experimental limits. For the photonuclear re-
action, the entire dipole strength due to the 2

component of the y, GQR is expected, from a sta-
tistical argument, to be —,

' of the ground-state
strength. As noted above, this is just the integrat-
ed cross-section ratio obtained from the data. On

the other hand, applying the suggestion made by
Segel et al.~3 in the case of the ~ONe to the present
results, the reduced strength observed in the y,
GDB might be caused by reduced ovex'lap between
1p-1h GDR states based on the 2' excited state in
"Ni Rnd the system "Co+p, as compared with the
overlap between 1p-1h GDR states based on the
ground state of "Ni and the 'Qco+P system. It is
of interest to note, though, that the extensive in-
vestigation by Singh et al. of the ' Al{P, y, )"Si
reaction in the enexgy region of the y, GDB also
led to the conclusion that only the spin assignment
2 for the y, GDR is compatible with the observed
angular distributions. If, however, all the ob-
served dipole strength for the ~Ni y, GDR is at-
tributed to the 2 component, the problem remains
of explaining why the 1 and 3 strength should be
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missing from the region of excitation energies
from 14 to 23 MeV. In the example of "C, Kami-
mura et al.~' have used theoretical forces which

put a substantial part of the 1 and 3 strength
several MeV above the 2 excitation. However,
this calculation yields an average separation be-
tween the y, GDR and the y, GDR which exceeds
the excitation energy of the first excited state,
which in turn is greater than the experimentally
observed separation. In ' Ni a shift of only a
fraction of the first-excited-state energy is ob-
served.

Finally, the question concerning the location of
the T& GDR states based on the first excited state
remains unanswered. If the structure observed
at approximately 20 MeV in the averaged y, ex-
citation function is identified as the y, T& GDH,
then the latter would appear to be split, and
weaker in comparison to the T& strength than is
the case for the y, GDR. However, it is not ap-
parent why either of these situations should occur.

VI. SUMMARY

The excitation function for the proton-capture
reaction leading to the ground state of ~Ni dis-
plays two -3-MeV-wide peaks at 16.6 and 19.6
MeV. These two peaks are interpreted as the T&
=2 and T& =3 giant dipole resonances, respective-
ly. This is based on a comparison of the inverse
(y, P, ) reaction with the (y, n) reaction. The latter
shows only the lower one of the two peaks whereas
the former is enhanced at the higher-energy peak.

Neither a detailed model calculation for the ~Ni
1 states without consideration of isospin nor
penetration-factor considerations alone explain
the observations. However, the relative neutron
and proton yields at the lower and upper peaks
follow the trend expected from isospin-selection
rules, and a simple 1p-1h model calculation using
wave functions of good isospin yields the correct
cross-section ratio for the (P, y, ) reaction at the
16.6- and 19.6-MeV peaks. - In the case of ~Ni,
the relative strength in the T& and T& GDR com-
ponents is essentially determined by isospin-cou-
pling coefficients. The deduced energy separa-
tion E~ —E~ =—3 MeV agrees very well with a
general rule which has been successfully applied
to the isospin splitting of the GDR around mass
90. The small cross sections and largely isotropic
angular distributions can also be explained in the
simple model. Structure observed around 22MeV
may be part of the giant quadrupole resonance.

The excitation function for the transition to the
2' vibrational first excited state shows a remark-
able correspondence to the y, curve if the y,
curve is shifted down in excitation energy by -300
keV relative to the y, curve. No quantitive under-
standing of this cross-section curve exists at this
time. Angular distributions and photoproton yield
are consistent with the assignment J' = 2 for
most of the 2+-based GDR strength up to 21 MeV.
The T assignment for the various peaks in the y,
curve is not obvious even if taken in analogy to
the y, transition.
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The level structure of ~~Ar has been investigated via the reaction Ar(d, p)~~Ar at an inci-
dent deuteron energy of 9.162 MeV and with an over-all energy resolution of approximately
30 keV. A total of 53 states of Ar with excitation energies up to 9.012 MeV have been ob-
served. The orbital-angular-momentum-transfer values and the spectroscopic factors for
29 of the observed states have been extracted using finite-range distorted-wave Born-approx-
imation calculations corrected for nonlocality of the optical potential. One l =0, two l =2,
three l = 3, and twenty-three l =1 transfer values have been assigned. Spin assignments have
been made on the basis of the conventional shell-model ordering of states, by comparison of
the states of 37Ar with those of the mirror nucleus 3~K, and on the basis of the Lee-Schiffer
effect. The spin, parity, excitation energies, and the spectroscopic factors obtained for the
lowest few states in 37Ar are in fair agreement with those predicted through recent shell-
model calculations.

I. INTRODUCTION

The deuteron stripping reaction has proved to be
an extremely useful tool for obtaining nuclear
spectroscopic information, because of the unique
dependence of the shape of the (d, p) angular dis-
tribution on the orbital-angular-momentum trans-
fer. ' The energy levels of the "Ar nucleus via the
reaction ~Ar(d, p)"Ar have not been extensively
investigated. ' ' Rosner and Schneid' studied this
reaction with an Ar gas target enriched to &99@,

using a cyclotron and solid-state detectors. The
limited energy resolution (of the order of 80 keV)
allowed spin assignments to be made for only sev-
en relatively strongly excited states. Holbrow
et al. ' studied the same reaction using a tandem
accelerator in conjunction with a magnetic spec-
trograph and obtained an energy resolution of ap-
proximately 20 keV. They observed a total of 76
excited states of "Ar, but since angular-distribu-
tion measurements were not carried out, spin and

parity assignments were not made. The present


