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Using inelastic electron scattering, several isobaric analog 1+ states between 9 and 13 MeV excitation in "Ni
and Ni have been found. They are identified as components of the To+ 1 giant M1 state in ' ' Ni.

NUCLEAR REACTIONS SNi(e, e'}, E=40, 50, 60, and 75 MeV; measured 0(E,
163'); ' 6 Ni(e, e'), E=40, 50, and 60 MeV; measured o(E, 180'); measured

B(M1)); deduced J'; enriched targets.

I. INTRODUCTION

The particle-hole model, which has been so suc-
cessful in accounting for the features of the well
known giant E1 resonance, predicts" the existence
of "spin-flip" giant M1 states of the general form
[(li,) '(li, )] as a systematic feature of nuclei. The
M1 strength is predicted to be strongest in nuclei
where I is large and where the lower partner of a
spin-orbit pair is a closed shell. Thus far, strong
M1 transitions have been found in light nuclei'
(A(40) involving low-f orbits and near 4-140'
and "'Pb." In the nickel nuclei, strong M 1 trans-
itions to T, + 1, 1p-1h states of the form
[f,i, 'f, &,],+ are expected based on simple model
calculations' and inferences from results of
charge-exchange experiments, "' but no direct ex-
citation or measurement of the strength has been
made. In fact no identification of the Tp+ 1 giant
Ml state(s) in any neutron excess even-even nu-
cleus has been reported. The purpose of this work,
therefore, is to locate the T, +1 and T, giant M1
strength in "'PNi.

The M1 strengths are also of interest because the
matrix elements can be related to those in pro-
cesses such as radiative-pion production, ' p-de-
cay, "charge-exchange reactions, "' and inelastic
proton scattering. " Consequently, knowledge of
the Ml strength is important and useful in connect-
ing those processes whose matrix elements pri-
marily depend on the nucleon intrinsic spin.

II. EXPERIMENT

The experiment was performed using backward-
angle inelastic electron scattering at low momen-
tumtransfer, which is a known technique' to sys-
tematically excite M1 states. We have made mea-

surements at incident electron energies of 40.5,
50.5, and 61.3 MeV on enriched targets (&99%) or
""Ni using the 180 electron scattering system'
at the Naval Research Laboratory and have made
measurements at incident energies 40.2, 49.5,
60.0, and 75.1 MeV at 8= 163' on "Ni using the
National Bureau of Standards electron scattering
facility. " Electrons were detected in an array of
detectors mounted in the focal plane of a magnetic
spectrograph. Data were stored on magnetic tape
and replayed for analysis. Data were taken at the
two different back angles on "Ni to be sure the
measured cross sections were consistent with a
pure transverse multipole, most probably a mag-
netic multipole. Since the data taken at NBS at
0 =163 were obtained with higher energy resolu-
tion and less ambiguous background, they were
used to compare with model calculations to de-
duce the magnetic dipole transition strength in "Ni.
For "Ni the 180 data were used to deduce the
transition strength, since no "Ni data were taken
at 8=163 . Absolute cross sections were obtained
by making measurements relative to the "C ground
state and/or 15.1 MeV, M1 state.

III. EXPERIMENTAL RESULTS

A. 58Ni

A portion of a spectrum from ' Ni bombarded by
40 MeV electrons is shown in Fig. 1 taken at NBS
at g=163 and at NRL at 8=180. The comparison
shows that at both angles, states are observed at
9.85, 10.15, 10.55, 10.65, and 11.05 MeV excita-
tion. With the background chosen as in Fig. 1 the
cross sections of the aforementioned levels are
the same at 180 and 163 to within approximately
2(P/0. Based on the known angular dependence of
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FIG. l. Spectra observed at 8=163' and 8=180' from 40 MeV electrons incident on an enriched 58Ni, target. The
dashed lines represent curve fitted peaks and the dot-dash line is the elastic radiation tail plus background. The two
curves added together give the full lines through the data points.

the electron scattering cross section, "this near
equality implies that the states under consideration
are predominantly excited by a transverse process
and not a longitudinal one. This eonelusion is
stxongly dependent on how the background was
drawn, unfortunately not a unique ehoiee. Howevex',
in each of the spectra, it was not possible to make
this choice consistent with the cross sections
having a significant longitudinal component. We
may conclude that the excitation processes involve
only nuclear magnetization currents if no longitu-
dinal components are observed.

At 8= 163' the dot-dash line in Fig. 1 is the re-
sult of a radiation tail calculation" nox'malized to
fit the low excltatlon enex'gy pax't of the spectx'um

(E,&3.0 MeV). Because of the difficulty in calcu-
lating or measuring the background at 8= 280' in-
cluding radiation tails, the dot-dash line was es-

timated in the 180' spectrum in Fig. 1. The level
cross sections were then obtained by fitting the
peaks with a line shape that is the same as the el-
astic peak.

The increasing background and the higher density
of states excited below E,= 10 MeV in Fig. 1 make
it more difficult to identify states in the range
20.0~ E„~ 5.5 MeV. Howevex, by comparing the
spectlunl at 8= 263 at 40 MeV ln Flg. 1 with spec-
tra at 50, 60, and 75 MeV, some information on
the cross sections at 40 MeV can be obtained. This
is because at the higher bombarding enex'gies some
of the lower excited states a,xe more easily identi-
fied a,nd, thexefore, can be used to help locate the
state in the 40 MeV spectrum. Spectra of electrons
are shown in Pigs. 2 and 3 fox' bombarding enex'gies
SO=60 and 75.1 MeV, respectively. In Fig. 2 spec-
tra taken at 8=163 and 8=180 at similar incident
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FIG. 3. Spectrum observed at 0=163' from 75.1 MeV electrons incident on Ni. The lines through the data oints
are to guide the eye.

e ines rough the data points

Expanded portions of the observed spectra at
0 =163' for bombarding energies 49.5, 60.0, and
75.1 MeV a,re shown in Fig. 4. The dashed lines
are curve fitted to the data using a line shape with
the same shape as the elastic scattering peak. The
area under a peak defined by a. dashed line is the
measured cross section. Most all of the excited
states in the range 11.0~ E.„= 5.5 are observed at
all three incident energies shown in Fig. 4.

The dot-dash line drawn in Figs. 2, 3, and 4 is
an estimate of the background determined in the
following way. The results from the radiative tail
calculation" fitted the data at excitation energies
I;„~3.0 MeV, but failed at E„~ 5.0 MeV (see Figs.
2 and 3). We therefore, adjusted our estimate of
the background at the higher excitation energies
until it smoothly fit onto the radiative tail calcula-
tion below 3.0 MeV. In addition in order to fit the

background in the range E„&3.0 MeV, the radia-
tive tail calculated cross sections had to be uni-
formly increased by about 30%%up.

A tabulation of the cross sections and average
energies for states observed at 19=163' is shown in
Table I. The energy for each state is obtained by
averaging the values obtained from the various
spectra. The uncertainty on the cross sections is
generally + (20—30)% and is determined by (i) the
uncertainty in choosing the background plus radia-
tion tail, and (ii) the influence of neighboring par-
tially resolved levels. We realize that our method
for determining the background is somewhat sub-
jective, and a different choice may give rise to
absolute cross sections that differ from the present
values by more than the given uncertainty. How-
ever, we have used a consistent procedure as de-
scribed to choose the background for the different
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TABLE I. Averaged measured excitation energies and differential cross sections at & =163
at four incident electron bombarding energies for levels in ~ Ni.

49.5

do'/d~ (nb/sr)
Eo (MeV)

60.0

1.46
4.46
5.92, 6.05
6.41
6 ~ 83
7.09, 7.24
7 ~ 53
8.23
8.51
9.85

10.18
10.55, 10.66
11.03

10.2 +2.6
7.9 + 1.8
7.1 + 1.8

13.4 + 2.2

«4.8

(8.1)
14.9 + 1.5
15.7 +1.5
9.1 +1.0

58.5 ~14.6
9.4 +2.0
5.4 +0.6
4.5+0.6
6.1 +0.8
9.3 +0.8
3.7 +0,6
4.3 +0.6
6.5 + 1.7
5.6 +0.7
4.0 +0.9
8.3 +1.0
4.0 +0.7

41.8 +2.9
13.6 +1.3
4.8+0.5
4.5 +0.5
5.4 ~0.5
8.0 +0.7
2.7 +0.6
4.9 +0.5
4.7+0.4
6.0+0.5
2.4 +0.5
6.2+ 0.9
2.2 +0 ~ 6

21.1 +4.4
12,3 + 0.6
3.7 + 0.5
2, 5 + 0.5
4.7 + 0.5
6.7 + 0.7
2.0 + 0.4
3.5 +0.5
3.5 +0.5
4.3 + 0.5
1.4+ 0.5
2.9+ 1.2
0.9» do/dQ «1.9

Two background extremes were chosen and then averaged to get the peak cross section
(see Fig. 4).

b Estimated cross section (see Fig. 1).
The upper limit is the sum of the two possible peaks and the lower limit is just one of them

(see Fig. 4).

'Ni-"Co, 9.218 MeV, and the total ground state
mass energy difference, 0.388 MeV, and subtract-
ing the neutron-proton mass difference, 0.782 MeV,
the predicted positions of the analog states in "Ni

occur at 9.87, 10.25, 10.55, 10.68, and 11.06 MeV.
These energies lie fairly close to the measured
ones, @which suggest they may indeed be the corre-
sponding analog states.
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TABLE II. Measured excitation energies, J" assign-
ments, and reduced Ml transition probabilities for le-
vels in 8.6o»
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FIG. 5. Porhon of spectrum observed at 8=180 from
40.5 and 50.5 MeV electrons incident on a so¹itarget.

Energy uncertainty is +0.04 MeV in Ni and +0.1 MeV
in Ni.

b To get predicted energy in Ni add 8.82 MeV to ex-
citation energies in Co and for Ni add 11.13 Me V.

ilail strength uncertainty is estimated to be about
+25% for individual levels.

1 (Ml) = 0.0115 E» B(Ml).
Tentative Ml identification (see text).
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model dependent as one goes towards lower q, the
reduced M1 transition probability in nuclear mag-
netons squared (p~') for each state is obtained by
normalizing the calculated cross section based on

the f,&, 'f. .. configuration to the measured one at
E, = 40 MeV. The "Ni results are shown in Table
II. The DWBA calculations together with the analog
systematics imply that the 10.18, 10.55, 10.66,
and 11.03 MeV states in "Ni have 7= 2, J"= 1 .
In Table II the M1 strength is tabulated in nuclear
square magnetons (p„') and in electron volts (eV).
The reduced B(M1)4 strengths range from about
0.2 to 0.6p.~' and sum to about 1.9p.„' for "Ni. The
M1 strength is spread over about five levels within
an energy interval of about 1 MeV. The centroid
of the.M1 strength is about 10.5 MeV excitation,
not far from 9.5 MeV excitation, the predicted'
position by a simple shell model particle-hole
calculation based on the f„&, and f,&, orbits.

Our identification of the M1 states is partly con-
sistent with that of Flynn and Garrett who inferred
from the charge-exchange (t, 'He) reaction' that
the parent analogs of the giant M1 in "Ni are the
1.05 and 1.86 MeV states in "Co, which would be
the 9.85 and 10.66 MeV states in Ni. .The be-
havior of the cross section of the 9.85 MeV state
is shown in Fig. 8. Because of the nature of the
spectrum between 8.5 and 9.8 MeV excitation, the
background under the 9.85 MeV peak is quite un-

certain. %'hen the cross section is assumed to be
that due to the area under the dashed curve shown

for this state in Fig. 1, then there is a decrease
in cross section from 40 to 50 MeV, indicating the
presence of an M1 transition. From 50 to 75 Me V
its behavior is more similar to an M2 transition.
Consequently, it appears that two levels may be
excited. Further support for the M1 transition
is the point that it might be surprising that the
first analog 1' state is not excited at all, since
the next four analog 1' states are systematically
excited at E„=40 MeV.

I IG. 7. Comparison of measured cross section with
DWBA predictions plotted as a function of Eo for states
E„»10 MeV.

to 50 MeV is similar whether a. f,&, 'f, &, or
p g/2 p y/2 conf iguration is assumed. An oscillator
constant of a=2.0 fm was used. Variations from
1.8 to 2.2 fm did not significantly alter the shapes
of the curves in Fig. 7. The best fit to the data in
Fig. 7 in the practically model-independent region
below 50 MeV is the M1 assignment. At E, = 60 to
75 MeV, where the momentum transfer q corre-
sponds roughly to the diffraction minimum of the
form factor, larger discrepancies are expected.

Since the extraction of the M1 strength is less

B. N I transitions in To + 1,J" = 1+ states in Ni

At 8 = 180' definite states were observed at E„
=11.9 and 12.3 MeV in 'oNi. The predicted posi-
tions of the analog levels in "Ni based on the first
five known' J' =1+ states in "Co are at E,=11.87,
12.34, 13.11, 13.35, and 13.84 MeV. These ener-
gies were obtained in an analogous way to "Ni.
The 11.9 and 12.3 MeV levels are in agreement
with the predicted positions of the 1' analog levels.
The decrease in cross section of both levels from
40.5 and 50.5 incident electron energy is about a
factor of 2 and 3, respectively, with about a 30%
uncertainty. By normalizing the calculated M1
cross section to the measured cross section at
E,=40.5 MeV and 8=180' using the same model as
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FIG. 8. Comparison of measured cross section with
DWBA predictions plotted as a function of Eo for states
in the range 9.8»E„» 5.50 Mev.

in "Ni, the reduced M1 transition strength was
obtained. The results are summarized in Table II
togethex' with "Ni. In "Ni the maximum M1
strength sums to 0.90@.~', about half the value in
"Ni. The centroid of the strength lies at about
12.1 MeV excitation, 1.6 MeV higher than in "Ni.

C. To ~ To, N1 and N2 transitions to states

in therange10, 0~~E ~~5.5MeVin~sNi

A number of excited states have been observed
below 10 MeV excitation in "Ni. It might be ex-
pected that some of these states would have 7",=1,
J"=1' assignments, which would correspond to
the lower isospin counterpart of the giant M1
strength observed in the states above 10 MeV.

A comparison of spectra between 8=163 and
8 = 180 near E, = 60 Me V shown in Fig. 2 reveals
that the dominant excitation mode for states in the
range 7.85» E„» 5.50 MeV is transverse. The
cross section summed over this range yields a
value that is 1.3y 0.2 times larger at 8= 163' than
at 9= 160'. Using a longitudinal (charge) transition
density derived from a two parameter Fermi dis-
tribution" with the transverse current contribution
given by Siegert's theorem, "the cross section for
excitation of a state at F-„=7 MeV is 4 times larger
at 49=163'than at 180. Since the ratio for a pure
tx'ansverse mode of excitation would be about 1.1,
we conclude that the states are predominantly ex-
cited by the transverse mode. Note that the mea-
sured cross section ratio from 163' to 180 fox' the
known longitudinal P2 and E3 transitions to states
at 1.46 and 4.46 MeV, respectively, is about 20 to
1 and 5 to 1, respectively. This is what is ex-
pected based on the known charge distributions.
Our measured cross sections from g, =40 to 75
MeV at (9=163' for the F„=1.46 and 4.46 MeV
states also agree within 2(P/' of the values mea-
sured by Duguay et al. '"

The cross section for discernible states in the
range 10.0» E„» 5.5 Me V is plotted in Fig. 8 as a
function of F, Within the limits of the error bars
these distributions are very similar, particularly
from 50 to 75 MeV. A comparison of the calcula-
ted transverse &1, g2, M1, and M2 transitions
are shown fit to the 6.41 MeV level, which is rep-
resentative Of the data in Fig. 8. The E1 and M2
transitions were calculated from a particle-hole
wave funct1on of the form 1/~[(f7y2 'g9(2)»
+(f7' A(2)1 Ti'e(f7): Ã7)2) (d3)2 Pi(2)
(d, ~, 'p, ~,) configurations were also tried, but
yielded cross sections that decxeased faster with
increasing E„ than the F1 fit shown in Fig. 8. For
8=163'and E, =60 Mev, the (f,&, 'g, &,) particle-
hole configuration yields a maximum M2 cross
section of 31 nb/sr which is an order of magnitude
larger than for the other configurations. This cor-
responds to a. &(M2)0 of 100', „'fm'. The configura-
tions chosen for the 6.41 MeV state appears to be
a combination of M1 and 352. Since our energy
resolution is much broader than the average energy
level spacing, it is possible that more than one
state is excited,
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The most outstanding similarity of all distribu-
tions in Fig. 8 is that as a group they all are best
fitted by an VI2 assignment from 50 to 75 MeV.
Below 50 MeV the cross section increases for some
of these states indicating a mixture of M1 and M2
transitions. Two broad unresolved groups are the
5.92-6.05 and the 7.09-7.24 MeV states. Each pair
has been curve fitted and the decomposition is
shown in Fig. 9 fitted by M1 and M2 transitions.
The vertical extent of the bars indicates the level
of uncertainty in decomposing each group into two
levels. 'The 6.05 and 7.09 MeV states are now best
fitted by an M1 transition. The 5.92 and 7.24 MeV
transitions can be fitted by an M2 transition.

If the 6.05, 6.41, and 7.09 MeV states have 8
= 1+ assignments, then the M1 transition strength
to these states would be 0.37, 0.12, and 0.44', „'.
This sums to 0.93'. ~' and its centroid is about E„

6.6 MeV, about 4 MeV lower than the 7', +1, M1
stxength and about half its stxength.

The dominant behavior of the 6.83 and 8.23 MeV
transitions from 40 to 75 MeV is M2. The 7.53
and 8.51 MeV transitions are also consistent with
an M2 assignment. Since we are unable to make a

E„(MeV)

~ —6.05
o —5.92

meaningful cross section determination at 40 MeV
for the 7.53 and 8.51, we cannot unambiguously
eliminate contributions from Q1 transitions, al-
though it does appear, however, that such contribu-
tions may be small. The 9.85 MeV state was pre-
viously discussed.

Shell model calculations by Ngo-Trong and Rome"
predict a 2 state at 7.77 Mev with B('1f2}f
= 87', „'fm', several other weaker states between
E„=6 and 10 MeV excitation, and four strong states
clustered near 11.0 MeV excitation. If we assume
the 5.92, 6.41, 6.83, 7.09, 7.53, 8.23, and 8.51
MeV states are excited by M2, the measured M2
strength summed over these states is about B('!f2)t
= 100', ~' fm', which is about 30% of the calculated
M2 strength" over about the same region of exci-
tation energy.

V. MAGNETIC DIPOLE CLOSURE SUM RULE

It is instructive to compare the measured T„+1
strength with the closure sum rule. "'" This com-
parison is simpler and less ambiguous than com-
paring with the Kurath energy-weighted M1 sum
rule" for nuclei in the f,&, shell, where the tensor
corrections to the sum rule may not be negligible.
%e have obtained the T„+1 closure sum-rule limit
by evaluating the M1 operator at: the photon point
between the model excited state I!W[(f,&, 'f, &,)~
—(f,&, 'f, &,)„),+ r „and the closed "Ni ground

M1 transition strength" "from the isobaric an-
alog state to the ground state is

I
CO

C'

IO—I

Ex(Mev)
~ —7.09
o —7.24
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FIG. 9. Decoxnposition of the differential cross sec-
tion at 8=160' for the partially resolved E„=5.92 and
6.05 MeV and E„=7.09 and 7.24 MeV states as a func-
tion of Eo, the incident electron boxnbarding energy. The
data are shown compared to Ml and M2 DNA calcula-
tions.

The total T, +1, Ml strength for "Ni in Table II
is 1.89@,~', 39'/0 of the limit of 4.81'.„' obtained
from Eq. (1) with T=1 and I=3. If we do not in-
clude the 9.81 MeV state, the sum reduces slightly
to 33% of the Ml sum-rule limit. However, some
realistic shell model calculations" predict that in

the "Ni ground state the f. .. orbit is only 50%%u~-70%

full. Since we have computed the ~f1 sum-rule
limit assuming the f, &, orbit is 100% full, we have

in all likelihood overestimated the available 'M1

strength. The sum-rule limit is directly propor-
tional to the percentage that the f,&, orbit is full.
Since these shell model calculations predict the
orbit to be 50% full in one case, this reduces the
,V1 sum-rule limit by a factor of 2. Therefore,
the fraction of observed M1 strength increases
from 33%-39% to 66'//0-78% of the available M1
strength. Furthermore, if in the "Ni ground state
the f,&, orbit were partially occupied, producing
a blocking effect, the sum-rule limit would de-
crease even more.
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For the T~, M1 states the p, &, neutrons in the
ground state contribute to the closure sum rule as
well as the f,&, shell nucleons increasing the limit
to 5.59@,~'. If the 6.05, 6.41, and 7.09 MeV states
have J' =1' assignments, then their summed M1
transition strength is about B(MI}= 0.9p, „', which
is about 16% of the calculated limit.

Limited measurements, made at 40 and 50 MeV
at 180 on 'ONi, are shown in Fig. 5. The 11.89
and 12.31 peaks are identified as isobaric analog
M1 states by comparing to the known" 1' states in' Co tabulated in Table II. Possible 1' states at
higher excitation energies are too meak to be un-
ambiguously identified. For "Ni the sum of 7.', +1,
Ml strength in Table II is 0.90' „', about 28% of
the closure sum-rule limit of 3.21', „' given in Eq.
(1}. For just the 11.9 and 12.3 MeV levels the sum
is 22'f& of the limit. No multipole assignments
could be made to states in "Ni below the analog
states because of poor energy resolution and back-
ground. However, further measurements in the
nickel and iron isotopes are planned using a higher
energy resolution system to systematically study
the M1 transitions in this mass region.

VI. CONCLUSIONS

It is clear from the energy dependence of the
cross section and the comparison mith the known
1' states in the parent nuclei "'OCo that me have
identified a sizable fraction of the isobaric analog
M1 strength in "'Ni. It is concentrated in the
lowest fem T, + 1, 1' levels, which lie mithin a 1
MeV energy interval. The presence or absence of
T„M1 strength mas not conclusive. Clearly,
higher energy resolution measurements and realis-
tic model calculations mould be very desirable in
helping to understand the magnitude, fragmentation,
and isospin nature of the giant M1 and M2 strength
in this mass region.
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