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Eleven fragments of the 1g9gp isobaric analog state in 'Cu have been found. To locate these frag-

ments ' Ni(p, ply) and Ni(p, y) 'Cu reactions were used. The excitation functions were measured

in the E~" =3.67—3.83 MeV proton energy range. To determine the spins of the resonances, y an-

gular distributions were measured. Partial widths for each resonance fragment were deduced and

fine structure analyses were carried out in the diferent channels. The inelastic spectroscopic factor
was derived for the 1g,~, isobaric analog state. The results are compared with previous works.

I. INTRODUCTION

The lg9/2 states in the fpshell nu-clei have been sub-

jects of many studies. Because of their relative isolation
and more or less simple shell-model structure, their
identification is possible even in cases when the analog
states are fragmented. The most important source of in-
formation on the fragmentation of the analog states is the
R-matrix analysis of differential cross sections of (p,po)
and (p,p& ) reactions. ' Their sensitivity, however, is op-
timal mainly for the lower (J~

—,
' } spin resonances, due to

penetrability reasons. For higher-spin resonances
(J & —', ), proton capture seems to provide important de-

tails, where the principal y decays proceed to other
single-particle states, by isospin allowed E1 and M1-type
isovector transitions, i.e., transitions to the antianalog
—,'+, or other —,'states, and other higher-spin, i.e., —',
and —", states are usually populated.

The lg9/2 isobaric analog resonance (IAR) in 'Cu cor-
responding to the E =2.1216-MeV parent state of strong
single-particle character (S„=0.845) in 'Ni (Ref. 3) has
been studied by several authors. Szentpetery and
Sziics found this IAR fragmented and they identified
three fragments based on the strong M1-type isovector y
decay of the fragments to the antianalog (AA) state.
Adachi et al. localized four fragments, using a high-
resolution proton beam for elastic scattering differential
cross section measurements on Ni, together with their
R-matrix analysis and the Ni(p, y ) 'Cu reaction. Later
Arai et al. concluded that only three fragments were
proved to be 1g9&2 fragments, and they found some ener-

gy difference with earlier results. Bergdolt et al.
identified seven fragments based on the y-decaying prop-
erties of the IAR. Their spin determination was based
only on the y branchings measured at different stronger
peaks appearing in the integral excitation function, mea-
sured in the proton bombarding energy range of interest.

For an ambiguous case, differential-type excitation func-
tions were measured. No angular distribution measure-
ments were made.

The behavior of the strength of the Ml analog to antia-
nalog (A-AA} transition has been the subject of several
studies. " Different core-excited states, e.g., core-
polarized states (CPS} and spin-(lip states (SFS)' were
introduced as being responsible for the hindrance of this
transition. Shell-model calculations with four active
shells" gave an improved agreement between the theory
and the experimentally found relatively strong —', +-—', +A-

AA M1 transition. Considering the fragmentation of the
single particle and analog states this can have an effect on
the strengths of the A-AA transition too, since this tran-
sition can only be strong (i.e., close to the single-particle
estimate}, if neither analog nor antianalog states are frag-
mented. In the series of multi-channel studies' ' on
the fragmentation of 1g9/2 isobaric analog resonances the

Ni+p system was investigated, where in the daughter
nucleus 'Cu there are at least two —', + states at low ener-

gies, thus showing, that the antianalog state in this case is
fragmented.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out at the FN Tandem
Accelerator of the McMaster University. The typical
proton beam resolution of -600 eV was achieved, and
due to the computer controlled NMR stabilizer, it was
kept even for longer exposures. The beam-energy cali-
bration was obtained by reproducing the well-known

1g9/p IAR in Cu, at 3.547-MeV proton bombarding en-

ergy. Targets were prepared by electroplating (96.0)%
Ni onto thick (0.5-mm) high-purity gold backings. The

target thickness was 11 pg/cm, corresponding to -700-
eV energy loss for the 3.8-MeV protons.

The y rays were detected by an n-type QR.TEC Gamma
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X high-purity germanium detector of 29% efficiency for
the 1.333-MeV Co line, and with energy resolution of
-8 keV for the 9-MeV y rays. For excitation function
measurements this detector was placed close to the target
and oriented at 55' to the beam direction. For angular
distribution measurements the same detector was placed
at 10 cm from the target, carefully centered, and rotated
in a series of 90'-0'-45'-60'-30' cycles. At —90' a second
detector (26% ORTEC GammaX} was used as a monitor
for the angular distribution measurements. The cycles of
the moving detector were carried out by a stepper motor
controlled by the VAX 11/750 computer through a set of
an MBD-controlled CAMAC modules. Centering of the
beam spot with respect to the detector circle was checked
by measuring the angular distribution of the E~ =0.842-
MeV isotropic y ray from the Al(p, p'y) reaction and
was found to be better than 1%.

The excitation functions were measured in the
3.670-3.830-MeV bombarding energy range in steps of
-640 eV. Typical target current was —1.5 pA. The
charge collected at each step was 1.2 mC. In cases when,
due to the high level density and the finite-energy resolu-
tion, the resonances were not well resolved, differential
excitation curves were also measured.

III. RESULTS

A. Excitation functions

The excitation functions measured in the
E =3.670—3.830-MeV bombarding proton energy region
in 640-eV steps are shown in Fig. 1. Forty-three reso-
nances were found and analyzed in this region. Figure
1(a) shows the differential excitation function of the

Ni(p, ply) reaction. Besides some stronger peaks at the
lower and higher end of the region, no intense peaks can
be found in the central region of this IAR (around 3.730
MeV), showing that the inelastic strength of this Igs&2
IAR, compared to other lower-spin resonances, cannot be
too large.

Figures 1(b)—1(c) show integral excitation functions of
the Ni(p, y) 'Cu reactions. The excitation function in

Figs. 1(b) and 1(c}show mainly resonances populating the
first and second fragment of the antianalog (AA1,
E„=2.721 MeU and AA2, E„=4.132-MeV) states, re-
spectively. All the fragments of the 1g9/2 IAR were ex-
pected to appear in these excitation curves. The excita-
tion curve in Fig. 1(d) shows mainly resonances decaying
to the ground state of 'Cu, thus having spins Jz —,'. Al-

though, the structure of these excitation curves is rather
complex, several intense peaks in the AA1 and AA2 win-
dows show the presence of the analog state in the main

y -decay channels, but may be accompanied by a
conflicting y ray to levels of low spin.

B. Angular distributions and resonance spins

In order to find the fragments of the 1g9&z IAR among
the resonances present in the excitation curves, the spins
of the resonances were determined by angular distribu-
tion measurements. For this purpose the decays to the
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FIG. 1. Excitation functions for the Ni(p, ply) Ni and
Ni(p, y ) 'Cu reaction channels in the proton bombarding ener-

gy range of E~ =3.67—3.83 MeV measured in 640-eV steps.

first excited 2+ state in Ni and to the two fragments of
the antianalog states (AA1 and AA2) were used.

For the analyses of the angular distributions in the
(p,p, y) channel the method of norinalized angular distri-
butions was used. The details of this procedure are given
in Ref. 12. Figure 2 shows an example of how the —,

' spin
was chosen for one of the fragments (resonance 16) of the
IAR studied.
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FIG. 2. Fits to the (p,p&y) angular distribution measured at
resonance 16. The data are best fitted assuming a resonance
spin of 2. The good spin selectivity for such isolated resonances

provides independent information on the quality of data.

Since the angular distributions alone do not give
unique and unambiguous spin and parity assignments for
the resonances, some model-dependent considerations
were also taken into account. Figure 3 shows the mea-
sured and fitted (p, y) angular distributions of the y tran-
sitions to the AA1 and AA2 states together with their y
analyses. The isovector M1 y transitions between the
analog and antianalog states are isospin-allowed transi-
tions, but the E2 transitions, which can mix with the M1
transitions, are isospin forbidden. ' Thus, the —', spin was

accepted only if this spin assumption gave the lowest g
minimum with the lowest 5(E2/M 1 ) mixing ratio. For
resonance 16 (Fig. 3), the —', -—,

' mixing ratio is indeed con-

sistent with zero. Only those candidates were accepted as
real 1g9/2 fragments where the results of the angular dis-
tribution analyses in the (p,p, y) and in both (p, y) chan-
nels agreed with the 1g9/2 resonance spin assumption
simultaneously.

The angular distributions and their analyses for the
other 1g9/2 IAR fragments in 'Cu are shown in Figs. 4
and 5. Due to the limited energy resolution and the
high-level density at this excitation energy in 'Cu, the
effects of neighboring low-spin resonances in the (p,p, y)
angular distributions on Figs. 4 and 5 are evident. The
results of the decomposition by the method of normalized
angular distribution' are given in percentages. The case
of resonance 14 at E =3721.0 keV (Fig. 4) is very spe-
cial, since the free, three-parameter fit (Ao, a2, a4) gave a
value of a4= A4/Ao= —0.738+0.015. This very large
negative a~ value cannot originate from any single spin
up to J = —", . A possible solution might be to assume that
two separate resonances with spins giving a relatively
high a~ value for this angular distribution, i.e., the J

= —,'(j'= —,') and J =—', (j'= —,') are experimentally mixed.
To test this assumption the excitation function of the an-
gular distribution of this (p,p & y ) reaction was measured.
The result is given on Fig. 6. The analysis showed that
the changes in the form of the angular distribution curves
correspond to an increasing amount of —', strength: 17%%uo

at 11640 kHz, 22% at 11641 kHz, and 27% at 11642
kHz. It is important to note that this —', decay is proceed-
ing with I'=4 orbital momentum, which normally is not
considered as a very possible way for such decays at this
excitation energy to occur, due to reasons of penetrabili-
ty. If it is present, however, it must have a fairly high re-
duced partial strength. It is evident that the inelastic
width of this resonance will not contribute to the inelastic
strength function of decay with "normal, " l'=2 orbital
momentum. Since the y-decay properties and analyzed
angular distribution measurements for the A-AA1 and
A-AA2 decays for this resonance strongly support the —', -

spin assumption, this resonance was accepted as one of
the 1g9/2 fragments which for some reason actually does
not decay by "normal" l'= 2 particle decay.

C. y-branching ratios of the 2+ IAR fragments

Figure 7 shows the branching ratios for the primary y
decays from the fragments of the 1g9/2 IAR. To derive
these deexcitation schemes the neighborhood of each res-
onance fragment was carefully examined, i.e., the mea-
sured differential excitation curves were analyzed. Only
those primary transitions were included which showed
clear resonance together with the most characteristic y
transition, i.e., A-AA1. Spins and parities of the levels
fed by the primary transitions are taken from Ref. 3. The
basic structure of these decay schemes is fairly simple.
The main feature is a dominant M1 decay to the AA1
state. The importance of decays to other states changes
from fragment to fragment. The population of levels
with no assigned spins was observed only in spectra mea-
sured at the 1g9/z resonance fragments. Their intensities,
however, were not suScient to allow us to determine
their spins and parities. From their appearance in the
resonant spectra one can assume their spins to be in the
range of —, , —, , —, , to —,

IV FRAGMENTS OF THE 1g9/~ IAR

A. The g9/2 resonances

Based on angular distribution measurements and y-
decay branching ratios, as described above, eleven 1g9/2
resonances were selected as fragments of the 1g9/2 IAR
in 'Cu. The relative errors of energies are considered to
be +0.5 keV. The absolute errors might be larger. Our
energies agree quite well with those found by Bergdolt
et al. , while there exists a shift of about 7 keV com-
pared to the Tokyo energies.

1. E~ =3710.0 keV, resonance 11

This resonance was identi6ed by Bergdolt et al. Their
spin assignment, however, was not supported by angular
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FIQ. 3. Measured and fitted (p, y) angular distributions for the A-AA1 and A-AA2 transitions together with their g analyses at
resonance 16.

distribution measurements. The present angular distribu-
tion measurements on this resonance (see Fig 4) stron.gly
support the —', -spin assignment. As can be seen from Fig.
7, this resonance decays only weakly to AA2; however, in
spite of the relatively large experimental errors, the angu-
lar distribution of this transition aIso agrees with the —,-

spin assignment. The presence of a —,'-spin resonance in

the angular distribution of the y ray from Ni(p, p&y) re-
action (47%%uo} is clearly visible, though no such resonance
was reported by Arai et aI.

2. E~ =3714.4 ke V, resonance 12

This resonance was also identified by Bergdolt et al. ,
together with an unresolved —,'-spin resonance. The

analysis of the angular distribution of the y ray from the
Ni(p, p, y } reaction (Fig. 4) shows the effect of a close-

lying —,'-spin resonance (34%). This agrees well with the
results of Bergdolt et al.

3. E~ =3717.4 keV, resonance 13

The angular distributions of y rays going to AA1 and
AA2 states strongly support the —', -spin assignment. The

y branchings are also very similar to those of the other
fragments, where the A-AA1 transition is the strongest
one and several final states with spins —,

' to —", are also
populated. This resonance fragment has not been report-
ed earlier. The strong —', contribution in the (p,p, y) an-
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show the theoretical angular distributions for —,- —, transitions.



854 J. SZIKLAI, T. VASS, J. A. CAMERON, AND I. M. SZOGHY

N (p, pg)
R-AA1 R-AA2

1.2-

1.0-

0.8-

0.6-

23

Ep 3748.5keV

7'/o

1/2 32%
3/2 41 'lo

1.2-

22

E p-3744. 4 keV

0.8-

9/2 59'/0

1/2 41'Io

1.4.
Ep~3741. 5 keV

1.2-

0.8-
OZ 06-

9/2 69'jo

1/2 31'Io

1.2-

1.0-

0.8-

0.6-

20
Ep=3738 8 kev

9/2
5/2 2Q'Io

1/2 59'I.

19

Ep 3736.7 keV
1.2-

1.0-

0.8-

0.6-
9/2 73'Io
5/2 2Z'I.

1

0.0 0.25 0.5 0.75 1.0 0.0 0.25 G5 0.75 1.0

GOS e

I

0.0 0.25 0.5 0.75 1.0

FIG. 5. Measured and Stted angular distributions of y rays from Ni(p, p, y) Ni and Ni(p, y) 'Cu reactions measured at reso-
nances 19-22, and 23. The solid lines in the (p, y) angular distributions are for the three-parameter free fits, while the dashed lines
show the theoretical angular distributions for —-

~
transitions.



41 FINE STRUCTURE OF THE 1g9~~ ISOBARIC ANALOG 855

Ni(P, P

gular distribution may originate from the —, resonance,
reported at E = 37O9 keV by Arai et al.
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nance 13. The angular distributions of the primary y
rays to AA1 and AA2 states, in spite of the relatively
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The case of the (p,p, y) angular distribution was dis-

cussed in detail in the previous section.
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FIG. 6. Excitation function of the (p,p, y) angular distribu-
tion in the vicinity of resonance 14.

5. E~ =3727.6 ke V, resonance 16

Considering its yield, this is one of the strongest frag-
ments, and was seen in all previous studies. ' Angular
distributions and their analyses clearly show the validity
of spin assignments of —,

' (Figs. 2 and 3). The y-decay
properties of this resonance are fairly simple, i.e., in 64%
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it decays to AA1, in 10% to AA2, and the remaining
strength goes to different J=—', -spin states.

6. E~ =3728.9 ke V, resonance 17

Bergdolt et al. reported a resonance at E =3730.1

keV with spin —,
' or —',. Measured angular distributions

(Fig. 4) strongly support the spin assignment —,
' for this

resonance. The 17% J =
—,'-spin inelastic contribution,

found in the (p,p, y) angular distribution agrees with the
suggestion of the Bergdolt et al. The strength of this
resonance is weaker than that of resonance 16, but the
y-decay properties are very similar.

7. E~ =3736.77 ke V, resonance 19

This resonance was also seen in all previous works on
this IAR. The present angular distribution measure-
ments and their analyses (Fig. 5) strongly support the —,'-
spin assignment. The y-decaying propeties are fairly
similar to that of resonance 16.

8. E~ =3738.8 keV, resonance 20

Bergdolt et al. reported a resonance at E =3739.3
keV with spin —,

' or —,'. Measured angular distributions

(Fig. 5) support the spin assignment —,
' for this resonance.

The y branchings also support the —', -spin assignment,
since the most important y decay is the isovector A-AA1
transition.

9. E~ =3741.6 ke V, resonance 21

This resonance is also one of the strongest fragments,
and was seen in all previous studies. It appears in all
excitation functions and the angular distributions and
their analyses agree with the spin assignment of —, (Fig.
5). The (p,p, y) angular distribution shows the presence
of a close-lying spin- —,

' resonance. The observed y
branching also supports the —', -spin assignment.

11. E~ =3748.5 ke V, resonance 23

There is a very strong g.s. (—, ) transition in the spectra
measured at this resonance. This transition, therefore,
cannot be considered as one originating from a —,-spin
resonance. The angular distributions of y rays to AA1
and AA2 states, and their analyses strongly support the
spin assignment of —', for this resonance. The angular dis-
tribution in the (p,p&y) channel shows the presence of
unresolved —,

' and —', spin resonance in our spectra, thus
explaining the very strong R-g.s. transition.

B. The absolute yields of the resonance fragments

From the analysis of the y-ray spectra the absolute
yields were calculated, using Gove's formulae'

2~ 2J+1
co = I"(oo, oo)= X

2 I

26' 2J+1I'( oo, oo ) = X
z ~

2 r (2)

where e is the stopping power of the target material in
keV cm /atom, A, is the wavelength of protons of energy
E in cm, I'( oo, oo ) is the thick target yield, J is the spin,
I is the proton partial width, I is the gamma partial
width, I is the proton inelastic width, and I is the total

10. E~ =3744.4 ke V, resonance 22

This resonance is one of the new fragments. The angu-
lar distributions and their analyses (Fig. 5) all support the
spin assignment of —,. The (p,p&y) angular distribution
shows the effect of an unresolved spin- —,

' resonance. This
might originate from a nearby, wide p»2 resonance
(I =1222 eV) reported by Arai et al. at E =3739-keV
bombarding energy. The y-decay properties of this reso-
nance are the simplest. Its 78% decay to AA1 supports
the assumption —', for this resonance too.

TABLE I. Yields calculated from our data and their comparison with results from Ref. 7.

N (keV) ~AA1

AA2
(eV) (keV)

AA1
(eV)

11
12
13
14
16
17
19
20
21
22
23

3710.0
3714.4
3717.4
3721.0
3727.6
3728.9
3736.7
3738.8
3741.6
3744.4
3748.5

0.19
0.35
0.19
0.20
1.41
0.90
1.12
0.50
1.33
0.25
0.59

0.01
0.09
0.06
0.02
0.22
0.12
0.20
0.08
0.09
0.01
0.08

2.79
9.13
3.32
2.86

29.12
24.33
0.79
0.61

11.31
7.03
2.24

3709.1

3714.3

3721.6
3727.7

3736.7

3741.7

3747.1

0.16
0.74

0.26
1.32

1.21

1.17

0.57

'Present work.
Reference 7.
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TABLE II. Deduced proton partial widths and their compar-
ison with results given in Refs. 5 and 6.

11
12
13
14
16
17
19
20
21
22
23

E
(keV)

3710.0
3714.4
3717.4
3721.0
3727.6
3728.9
3736.7
3738.8
3741.6
3744.4
3748.5

2.0
3.9
2.0
2. 1

14.9
9.5

11.9
5.2

14.0
2.5
6.1

I p (eV)
b

14.8

6.3

8.3

11.2

7.1

6.7

'Present work.
Reference 5.

'Reference 6.

S„=S =(2T +1)Q I /I, (3)

width of the resonance.
The absolute yields obtained in the present work are

summarized in Table I and compared with those of Berg-
dolt et al. To derive errors for the yields, the rules of
error propagation were used resulting in errors =10%
for the strongest, and =25% for the weaker fragments.
It can be seen from Table I that our results are in good
agreement with those of Bergdolt et al. for resonances
and channels seen in both works. The only disagreement
is resonance 12, where Bergdolt et al. found more than
twice the yield we obtained. The possible cause for the
difference might arise from the way the yields were de-
rived. Bergdolt et al. used I /I ratios given by Ada-

pt
chi et al. or the I =I assumption, while we used aPI
more detailed assumption, because, unfortunately no I
values were available for most of the fragments. The
spectroscopic factor of the parent state was used to derive
these elastic partial widths by taking

where S„ is the neutron spectroscopic factor of the
parent state, S is the proton spectroscopic factor of the
analog state, To is the isospin of the target nucleus, g I
stands for the sum of the elastic partial widths for the
IAR, and I, is the single-particle width calculated with
the program HANS. The sum of the partial widths was
calculated from Eq. (3). This total strength was then dis-
tributed among the fragments in proportion with the
yields of co«, . The idea behind this procedure is that the
parent 1g9/2 state, as well as the IAR, is of single-
particle character. Thus, it decays with high probability
to states with similar structure, e.g., to AA1. The yield
of this decay is supposed to be proportional to the
core+ 1p part of the wave function of the IAR, thus be-
ing proportional to the strength of the elastic proton de-
cay. The I values derived with this procedure are given
in Table II, together with experimental values from Refs.
5 and 6. It can be seen that our values are in good agree-
ment with the experimental ones. Our derived I for res-
onance 21, however, is much larger than the experimen-
tal one.

C. The deduced partial widths of the 1g9/2 fragments

With the estimated I values now available for all of
the fragments, the partial widths for all populated chan-
nels were calculated. The total width was considered to
be the sum of all partial widths, i.e.,

(4)

where the sum in the last term stands for y transitions
other than the A-AA1 and A-AA2 transitions. The de-
rived partial widths are given in Table III, and compared
with the A-AA1 partial widths given by Bergdolt et al.
As it can be seen from Table III, there is a general agree-
ment between our results and those of Bergdolt et al.
Any differences may be due to the differences in the ways
the ratio of I

p
/I p& was derived in the two works.

TABLE III. Deduced partial widths and their comparison with results from Ref. 7. Asterisk: I'=4.

Ep

(keV)

~AA &

(meV)

Present work

~AA2

(meV)

~pp

{eV)

2
1 pi

(keV)

Ep

{keV)

Bergdolt et al.

~AALU

(meV)

11
12
13
14
16
17
19
20
21
22
23

3710.0
3714.4
3717.4
3721.0
3727.6
3728.9
3736.7
3738.8
3741.6
3744.4
3748.5

56
142
62
61

486
393
284
107
328
119
208

2
34
18

5

75
52
50
16
21

7
29

0.8
3.7
1.1
0.9

10.1
10.6
2.7
0.1

2.8
3.4
4.3

0.13
0.59
0.17
9.60
1.54
1.62
0.41
0.02
0.41
0.50
0.62

3709.1

3714.3

3721.6
3727.7

3736.7

3741.7

3747.1

46
151

72
494

228

311
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(MeV) (TAR) (ZDH) (MM)

TABLE IV. Spectroscopic factors for the 1g9/2 IAR in 'Cu.
For details on differences in the values of the spectroscopic fac-
tors derived by different methods see references given in text.

~parent
X

TABLE VI. Comparison of the Coulomb displacement ener-

gies for the 1g9/7 IAR in "Cu.

~E, (keV)
Present Budapest '72 Tokyo '74 Tokyo '76 Strasburg '76

work Ref. 4 Ref. 5 Ref. 6 Ref. 7

2.1216 0.845 0.219 0.176 0.175 9369(1) 9354(14) 9381(9) 9372(10} 9381

D. Inelastic spectroscopic factor

From the sum of the inelastic partial widths, the inelas-
tic spectroscopic factor was derived using the same for-
mula as given in Eq. (3), with the exception that the
single-particle width was calculated with energy and an-
gular moments the same as those of the inelastically scat-
tered protons. The resulting inelastic spectroscopic fac-
tors are given in Table IV. The derived values are large,
however, the value by the Thomson-Adams-Rob son
(TAR) method is larger than the ones calculated with the
Zaidi-Darmodjo-Harvey (ZDH) or the Mekjian-
MacDonald (MM) method. The difference is =24%.
Thus follows the systematics cited in papers listed under
Ref. 25 in Ref. 12. The large inelastic spectroscopic fac-
tor reflects the importance of the 2+ core excitation in
the wave functions of the analog and parent states.

V. FINE STRUCTURE ANALYSES

After deriving and calculating the partial widths in
different channels, fine structure analyses were performed
independently in all channels. To remove the effect of the
Coulomb barrier the y& reduced partial widths were used
for the fine structure analysis in the (p,p~ ) channel, but
for the y channels the I partial widths were
suitable. For the fine structure analyses the method
of MacDonald-Mekjian-Kerman-De Toledo Piza' '
(MMKP) was used. The Lorentz-weighted average of the
experimental partial widths, i.e., the experimental
strength function

where D& is the mean level spacing, and I is the width of
the Lorentz weight of averaging, was least-squares fitted
to the parametric form of the doorway strength func-
tion

2

S (E;I)=S +-
cos P

(I + I s/2)cos2$ —(E E~„,~,
—)sin2$

(E E„„,—) +(I+I /2)

where So stands for the background strength function,

y~„,&,g
is the total reduced width of the analog state, I &

is the spreading width, and E~„,j, is the analog-state en-

ergy. The parameter P describes the asymmetry of the
strengths around the position of the analog state. The re-
sults of the analyses are listed in Table V. The experi-
mental and fitted strength functions for the (p,p& ) inelas-
tic channel, and for eight (p, y ) channels are given in
Figs. 8 and 9.

VI. DISCUSSIONS

Table V lists the fine structure parameters in all decay
channels. In spite of the fact that the analyses were car-
ried out independently in different channels, there is a
generally good agreement among the results obtained ex-

TABLE V. Fine structure parameters for the 1g9/p IAR's in 'Cu for the Ni(p, ply) and all

different Ni(p, y) 'Cu reaction channels. Asterisk: deduced.

Reaction

(p,po)'
(p»pl y }

(P,y„„l)
(P yAA2)

(p~yi3&o. s)
(P~ y l732. 6)

(p~ y l942. s )

(p~ yz29s l }

(p y233e s }

(P~ y2399 O)

"y' (keV).

y (keV).

Analog

(keV)

3732.3(2)
3730.7(1)
3732.8(1)
3730.9(1)
3732.1(3)
3731.7(3)
3733.2(4}
3730.4(3)
3730.5(1)
3725.3(1)

So
(eV)

—1.6(2)
—0.7(1)
—0.2(1)
—0.04(1)
—0.03(1)
—0.03(1)
—0.03(1)
—0.01(1)
—0.02(1)
—0.03(1)

r Analog

{eV)

18.17(2 )
a

6.14(1)
2.23(1)
0.32(1)
0.17(1)
0.13(1)
0.10(1)
0.07(1)
0.18(1)
0.14(1)

r,
(keV)

7(1)
7(1)
7(1)
7(1)

12(2)
13(2)
14(2)
10(2)
4(1)

10(2)

tan&

0.002(1)
0.000(1)
0.001(1)
0.000(1)
0.004(2)
0.003(2)
0.004(3)
0.001(3)
0.000(1)
0.001(2)

I
(keV)

14
14
14
14
20
20
20
20
14
20
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120-

90-
40 ;, I=14keV
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30 10

-3'

Ni(p, p, y)

1200 R-1332 5keV

{2)
~a 800

60 60N (p ~)

R 2336 5keV
(9/2 )

—— 0
5

60Ni(p, ~)
4'

,
R 2720SkeV
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R-4132 lkeV
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3660 3720 3780

20

0'

x 100
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3660 3720 3780 3660 3720 3780

E (RBV)

20

I

3660 3720 3780

FIG. 8. Distribution of the partial widths and the fitted strength functions for the 1g9&2 IAR in 'Cu for decay channels belonging
to the first group (see text). The full curves are the five-parameter theoretical strength functions of the MMKP type. The broken
lines are the Lorentz-averaged (half-width I) experimental strength function.

cept for the values for the spreading widths. The position
of the analog state is closely the same in all channels, ex-
cept for the y channel to the E„=2399.0 keV ( —,') state
which was not populated from the high-lying fragments
(Fig. 7). Thus, the analog-state energy is about 5 keV
lower in this y-channel than in all other channels. The
background strength functions are all small negative
numbers rejecting the fact that there would be only very
weak T &

—', strengths for the hallway states if the analog
state were absent. The asymmetry parameter P is practi-
cally zero for all the channels showing that there is no
asymmetry found for this IAR. The only discrepancy
that appeared among the fine-structure parameters found
in different channels, is the difference in the spreading
widths. The errors for the fine-structure parameters
given in Table V are relatively small considering the un-
certainty of the partial widths as input parameters for the
fine-structure analyses. In a previous study on the error

propagation in fine-structure analysis detailed in the ap-
pendix of Ref. 12, however, it was shown that the various
parameters have quite different sensitivity for errors of
the input data. Since the spreading width showed only a
moderate sensitivity for the uncertainties in the input
data, it seems reasonable to draw certain conclusions.
Based on the spreading widths given in Table V, one can
divide the decay channels into two categories: (l) Chan-
nels where the spreading width is -7 keV, and I=14
keV was the averaging interval where the parameters be-
came independent of I. (2) Channels where the spreading
width is ~ 10 keV, and an I=20 keV averaging interval
was needed to make the parameters independent of I.

The first category includes the elastic, the inelastic, and
the two AA channels, while all the other y channels be-
long to the second category. It seems that there is a non-
negligible difference in the spreading widths in different
channels, as it was also found in some earlier stud-

2.0 '

1 5.
1.5.

10

. 1=20keV» (d)
I

„1=20keV ao (p)
15'

1=20kev

1.0.

05.

05
P

.1 0.

05

'

60N1(p p)

30 R~13105keV
(7/2 )

& 20-
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3660 3720 3780
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R-1732 6keV

30 (7/2 )

20
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3650 3720 3780

10

Ni(p, y)
R-1942 5 keV

(7/2 )

3660 3720 3780

E,(keV)

0

Nt(p, y)12.
R 2295NeV

9. (9/2 )
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3

3660 3720 3780
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FH999.9reV
20
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0
3660 3720 3780

FIG. 9. Distribution of the partial widths and the fitted strength functions for the 1g9~, IAR in 'Cu for decay channels belonging
to the second group (see text). The full curves are the five-parameter theoretical strength functions of the MMKP type. The broken
lines are the Lorentz-averaged (half-width I) experimental strength function.
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TABLE VII. Absolute analog-antianalog isovector M1 transition strengths of the 1g9/2 IAR frag-
ments in 'Cu nucleus, in %eisskopf units (in W.u. X 10 ').

8(M1)

N (keV)
Present work

IAS-AA1 IAS-AA2
Ref. 6

IAS-AA1
Ref. 7

IAS-AA1

11
12
13
14
16
17
19
20
21
22
23

3710.0
3714.4
3717.4
3721.0
3727.6
3728.9
3736.7
3738.8
3741.6
3744.4
3748.5

14.3
36.3
15.8
11.1

123.9
100.0
72.0
27. 1

82.9
30.1

52.3

1.0
20.5
10.9
4.6

44.7
31.0
29.6
9.5

12.5
3.9

17.2

160.0

100.0

80.0

20.0

6.8
18.2

8.8
83.3

50.5

45.4

31.6

g B(M1) (W.u. )

Present total +B(M1)=0.76 W.u.

0.57 0.19 0.36 0.24

ies. "' ' ' If this difference is larger than the expected
fluctuation of I', for a relatively small sample size (as it is
true for the present case since only 11 fragments were
found), it can not be understood within the framework of
the available theories' where the spreading width of
the analog state is the property of the analog state itself,
and not the channels where the analog state decays to.
Unfortunately the limits of the Auctuations of I, for the
present case are not available; thus, it is hard to draw
too serious conclusions regarding the occurred channel
dependence of the spreading width. However, the
spreading widths for the channels of the second category
were found almost twice as large as in the first category.

Considering the members of the first category, the cen-
troid of the fragmented Ig9/2 analog state was calculated
to be E~„,~, =3731.1+0.8 keV. This corresponds to
E~„,~, =3670.4+0.8 keV. The Coulomb displacement
energy AEc was calculated using the neutron separation
energy of B„=7820.0 keV for the parent 'Ni nucleus
and the E&=2121.6-keV excitation energy of the parent
state. Table VI gives the Coulomb displacement energy
for the 1g9/p analog state and its comparison with previ-
ous results. The present value is higher than the one
given in Ref. 4, but smaller than the values of Refs. 5 and
7. The difference may originate from the fact, that, to
calculate the centroid of the analog state, different num-
bers of fragments and different methods for centroid cal-
culations were used in various laboratories.

From our data, absolute A-AA transition strengths
were calculated. The results for the two fragments of the
AA state are compared with previous results in Table
VII. It can be seen that summing up the B (M 1 )

strengths going to AA2 gives -25% of the total Ml
strength, showing that the structure of this AA2 state

must be of simple character. Otherwise this transition
would not be so important. The total M1 strength for the
analog state is 0.76 W.u. , which amounts to about 41% of
the single-particle estimate. Thus, a considerable part of
the total M1 single-particle strength was found in the
present experiment. To understand this decrease of the
strength which is not very severe, we can consider the
fragmentation of the initial and final states with simple
structure in the following ways: (1) If the AA state is not
fragmented, but the parent state is, i.e., only a portion of
the single-particle strength is found in the parent state,
hindrance of the A-AA transition can be expected even in
cases where the analog state is not fragmented. (2) If the
analog state is fragmented due to the doorway-hallway
coupling, but there is only one AA state, the M1 strength
is also hindered. (3) Where both the analog and antiana-
log states are fragmented, the relative weakness of this
Ml transition is almost "natural, " since the basic condi-
tion for the strong A-AA transition, i.e., the simple and
similar structure of the initial and final states, is obvious-
ly not satisfied, due to the fragmentation. The latter case
may apply to the present analog state. However, in spite
of the fragmentation a considerable amount (41%%uo) of the
single-particle A-AA Ml strength was found.
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