
DECAY SCHEME OF Mg~s 1499

this level is forbidden and is inconsistent with the
allowed logft measured in the present experiment.
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Inelastic scattering of electrons from eeNi was studied with an over-all energy resolution of 0.1% by
the use of 183- and 250-MeV electron beams from the Tohoku 300-MeV linear accelerator. Peaks were
found at 1.33 (2+), 2.16 (2+), 2.50 (4+), 3.13 (4+), 3.67 (4+), 4.04 (3 ), 4.85 (2+, 4+), 5.05 (4+, 6+), 6.20
(3 ), 6.85 (2+, 5 ), and 7.05 MeV (3 ) . The data were analyzed in Born approximation, using the Helm
model to determine multipolarities and reduced transition probabilities. Distorted-wave calculations were
also carried out for the 1.33-, 2.50-, and 4.04-MeV states. A striking feature of the present study is the
discovery of the collective (G=11) 6+ state at 5.05 MeV. The energies and transition probabilities of
low-lying states were compared with the predictions of a recently developed theory based on the shell
model.

I. INTRODUCTION

NUMBER of studies to investigate the nuclear
structure of "Ni have been performed by in-

elastic scattering, including ie, e')," (p, p'), ' ' and
(n, zx') r ' reactions. When the projectile is an elec-
tron, it is well known that the nuclear states are
excited by the electromagnetic interaction, which is
well understood, and which leads to precise determi-
nation of. parameters, ' " i.e., the spin, parity, and

' H; Crannell, R. Helm, H. Kendall, J. Oeser, and M. Yearian,
Phys. Rev. 123, 923 (1961).

~ M. A. Duguay, C. K. Bockelman, T. H. Curtis, and R. A.
Eisenstein, Phys. Rev. 163, 1259 (1967).

M. Koike, K. Matsuda, I. Nonaka, Y. Saji, K. Yagi, H. Ejiri,
Y. Ishizaki, Y. Nakajima, and E. Tanaka, J. Phys. Soc. Japan
21, 2103 (1966).' S. F. Eccles, H. F. Lutz, and V. A. Madsen, Phys. Rev. 141,
1067 (1966).'R. Ballini, A. G. Blair, N. Cindro, J. Delaunay, and $. P.
Fouan, Nucl. Phys. A111, 147 (1968).

'M. P. Fricke and G. R. Satchler, Phys. Rev. 139, 8567
(1965).

'O. N. Jarvis, B. G. Harvey, D. L. Hendrie, and J. Mahoney,
Nucl. Phys. A102, 625 (1967).

H. W. Broek, Phys. Rev. 130, 1914 (1963).
I. Kumabe, H. Ogata, S. Tomita, M. Inoue, and Y. Okuma,

Phys. Letters 17, 45 (1965).' W. C. Barber, Ann. Rev. Nucl. Sci. 12, 1 (1962)."R.H. Hofstadter, Rev. Mod. Phys. 28, 214 (1956)."T.deForest and J. D. Walecka, Advan. Phys. 15, 1 (1966).

reduced radiative transition probability. These param-
eters have been also extracted from inelastic scattering
experiments using strongly interacting particles. Thus,
it is interesting to compare the results of inelastic
electron scattering with the results using other par-
ticles.

Inelastic electron scattering from "Ni was 6rst
studied at Stanford using incident electrons of 183 MeV.
Recently, very precise measurements of the (e, e')
reaction of "Ni were made at Yale, ' where the energy
resolution of the spectrum of the scattered electrons
was 130keV. Unfortunately, Duguay et ul. 2 missed
many excitations because of additional background
due to instrumental scattering. The present paper
reports the results of inelastic scattering of 183- and
250-MeV electrons from "Ni. The present experiments
have better energy resolution than the previous (e, e')
reaction at 183-MeV at Stanford.

Very recently, detailed shell-model calculations" "
were performed for the Ni isotopes, so comparison of
the present experimental results with the theoretical
predictions can be made for the energies and the

"S.Cohen, R. D. Lawson, M. H. Macfarlane, S. P. Pandya,
and M. Soga, Phys. Rev. 160, 903 (1967).

"N. Auerbach, Phys. Rev. 163, 1203 (1967) .
"L. S. Hsu and J. B. French, Phys. Letters 19, 135 (1965),"L.S, Hsu, Nucl. Phys. A96, 624 (1967),
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FIG. 1. Outline of the beam transport system in the facility of the
Tohoku 300-MeV electron linear accelerator. f t I
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reduced transition probabilities of the low-lying states
in 'Ni.

II. EXPERIMENTAL METHOD AND RESULTS
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The experiments were performed by using the elec-
tron beam of the Tohoku 300-MeV linear accelerator, '7

which is able to accelerate electrons to energies be-
tween 20 and 300 MeV. The primary beam of the
machine had a spread in energy of &1.0%. The
quality of the beam was improved by the use of the
beam analyzing system'7 shown in Fig. 1. After leaving
the end of the accelerator, the electron beam passes
through a water-cooled copper-slit system (SD I and

Frc. 3. "Ni spectrum observed in a 12-channel detector system.
The incident energy is 183 MeV and the scattering angle is 75'.
See caption to Fig. 2.

SD II) designed to fix the direction and the location
of the beam. The nondispersive achromatic magnetic
analyzing system consists of a quadrupole magnet
between two bending magnets, giving an orbital radius
of 130 cm. For the present experiment the slit SA II
was adjusted to give a 0.05% spread in energy. The
available average current of the analyzed beam was
about 1 pA. The beam was focused to a diameter of
3 mm at the target position by a pair of quadrupole
magnets (Q19 and Q20). After passing through the
target, the beam was monitored by a secondary emis-
sion monitor (SEM) which was calibrated for each
experiment against a Faraday cup. The position of the
beam spot was monitored by the use of two thin BeO
plates viewed by closed-circuit television. One of these
was placed at the target position and the other in
front of the window of the SEM. The target was a
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Fzo. 2. 'Ni spectrum observed by the use of a 12-channel
detector ladder. The incident energy is 183 MeV and the scattering
angle is 55'. Close-lying peaks are separated by a Gtting procedure
using the shape of the elastic peak. The radiative effects were
corrected by an unfolding procedure developed by Crannell (see
Ref. 21).

'7 Manufactured by Mitsubishi Electric Corp. , Tokyo.
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FIG. 4. "Ni spectrum observed by the use of a 33-channel
detector system. The incident energy is 250 MeV and the scatter-
ing angle is 66.3 . The length of the vertical line shows
the statistical error. The radiative eftects were corrected wjth thy
method of Crqnnell. ,
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TAaLE I. Inelastic form factors for 60¹iat the incident energy of 183 MeV.

Es
(MeV) 35' 45' 55'

10'I F I'
65' 85' 95'

1.33
2. 16
2.50
3.13
3.67
4.04
4.85
5.05
5.05
6.20
6.85
7.05

2+
2+
4+
4+
4+
3

(2+ 4+)
4+, 6+
6+
3

(2+, 5 )
3

15.8&0.9
0.83&0.50

0.18wO. 14
4.25w0. 17
1.18+0.23

1.29~0.15
0.83~0.12
1.04~0. 12

19.5&0.10
0.50&0.15
0.70&0.17
0.20&0.14
0.24&0.07
8.48~0.24
1.70&0.34
0.82+0.08

1.45+0.08
1.21+0.07
1.33&0.08

14.7&0.71
0.43&0.12
1.18&0.13
0.23~0.12
0.62~0. 12

10.3&0.05
1.16&0.23
1.4+0.13

1.78+0.17
1.20+0.15
1.49+0.14

4.16+0.17
0.023&0.06
1.35w0. 13
0.37&0.07
0.69&0.07
7.97&0.19
0.90a0.11
1.91&0.18
0.22~0. 18
1.35+0.14
1.25~0. 12
1.21~0.13

0.58+0.11
0.045&0.03
1.60~0.28
0.37&0.08
0.89+0.19
4.58+0.32
0.73&0.13
2.29~0.24
0.50&0.24
0.92&0.14
0.82&0.13
1.24+0. 16

0.55&0.22
0.038&0.01
1.14~0.24
0.40~0.08
1.03&0.24
2.35~0.21
0.64a0. 12
2.46+0.22
1.10~0.20
0.50~0.10
0.84a0. 13
0.70&0.13

1.22+0.13

0.47%0.12

0.41~0.12
0.49&0.12
0.33&0.09
2.19a0.21

0.44~0. 18
0.78&0.13
0.53~0.10

thin foil (43.9mg/cm') of 'Ni enriched to 97.8%
purity. "The scattered electrons were deflected by the
double-focusing magnet' " (rs ——100 cm, 0= 169.7')
and detected with a 12-channel detector system. Later
the number of channels was increased to 33, and
inelastic scattering of 250-MeV electrons was measured
with the new system. Each channel consists of three
lithium-drifted silicon detectors (2X1X10mm), two
of which operate as a counter telescope, and the other
is kept as a spare. Fast coincidence circuits were not
used because a solid-state detector is insensitive to
neutron background unlike a plastic scintillator. The
slow coincidences were handled by a computer system.
The energy bin defined by each channel was 0.05%.
The ranges of energy covered by the 12- and 33-
channel systems were 1.2 and 3.3% wide, respectively.
The location of the counter system can be moved
stepwise along the focal plane. Each step corresponds
to the 0.05 and 0.025% shifts in energy in 12- and
33-channel systems, respectively. The data collection
was performed by a TossAc-3400 computer system, "
enabling a spectrum of the scattered electrons to be
immediately displayed on an oscilloscope.

Inelastic scattering spectra for 'Ni are shown in
Figs. 2—4. The energies and angles, 55' and 183 MeU,
75' and 183 MeV, and 66.3' and 250 MeV are chosen
to obtain values of the momentum transfer favorable
for 2+, 4+, and 6+ states, respectively. The usual
radiative corrections were made using the method of
Crannell. " It can be seen in Figs. 2-4 that many
well-separated excited states were obtained in the
energy region below particle emission threshold. The
full width at half-maximum of each peak was about
0.1%, as was expected from the experimental condi-
tions. The uncertainty in determination of the excita-
tion energy was estimated to be &100 keV. Absolute

' Supplied from Oak Ridge National Laboratory.
' M. Sakai, Nucl. Instr. Methods 8, 61 (1960)."Manufactured by Toshiba Electric Corp.
"H. Crannell, Phys. Rev. 148, 1107 (1966).

cross sections of inelastic scattering were determined
by comparison with those of elastic scattering from "C.

The Coulomb form factor for inelastic scattering is
defined by the relation

do/dQ=o M.gg I F(EI., q) I',

where o M,~~= (Ze'/2Es) ' cos'(-', 0)/sin'(-', 8) is the Mott
cross section for elastic scattering through an angle 9, of
an electron of energy Eo, from a point, spinless nucleus
without recoil. This notation EL means an electric
multipole transition of order L. The data were analyzed
using the phenomenological model described by Helm"
in the Born approximation. In this case, the inelastic
form factor becomes

I F(EL, q) I'=P&jl.s(qR) exp( —g'g'). (2)

~ R. Helm, Phys. Rev. 104, 1466 (1956).

Here, E. and g are spatial parameters of the transition
charge density, q is momentum transfer, and Pr, meas-
ures the strength of the transition and is obtained by
normalization to the experimental data. The value of
qR is corrected for the change of wavelength of the
incident electron when it passes through the nucleus. "
This correction factor is y=(1+3Zn/2ksR), where
ko=Es/Se and a is the fine structure constant.

In order that all the experimental data may be
compared with a single theoretical curve, the data
of 250 MeV were normalized to those of 183 MeV by
the use of the correction factor y, i.e., I F I' was
plotted against q'=pe(250 MeV)/y(180 MeV) 7.

The points obtained for values of q between 0.5
and 1.6 F ' for each excitation are shown in Figs. 5-9.
A noticeable feature of the form factors is the ap-
pearance of the minimum which is clearly seen for
the 1.33- and 4.04-MeV transitions in the vicinity of
q=1.25 and 1.45 F ', respectively. The values of the
form factors which were obtained from the present
experiment are listed in Tables I and II. A com-
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FIG. 5. Experimental
I
F I' versus q for the 1.33- and 2.16-MeV

excitations in "Ni. Solid curves are reproduced using Kq. (2) in
the text. The experimental data of Stanford and Yale for 1.33-MeV
level are also plotted for comparisons.

Fro. 7. Experimental
I
F I' versus q for the 6.85- and 7.05-MeV

excitations. The
I
F I' of 6.85-MeV excitation were decomposed

tentatively to E2 and L'5 components using the theoretical curves
predicted by Eq. (2) in the text.

parison of the predictions of Eq. (2), using the selec-
ted I. value, with the present data is shown in Figs.
5—9. A better fit to the data is achieved by adjusting
E. and keeping a 6xed value for g=0.95 F. The 5.05-
MeV peak corresponds to the well-known 4+ state,
however the q dependence of

I
F I' shows anomalous

behavior which does not fit the prediction of Eq. (2).
As can be seen in Fig. 4, the most prominent peaks
are observed at 1.33 and 5.05 MeV, the former cor-
responds to that of the second maximum of I F I' for
the 2+ state, and the latter may be that of a higher
multipole state than I =4. After subtraction of the
4+ component, which is estimated by the use of Eq.

(2), from the measured I F I' of the 5.05-MeV peak,
the remainder is shown in Fig. 10. The data compare
favorably with the theoretical curve corresponding to
a 6+ state. The 4.85- and 6.85-MeV peaks are also
doublets which may consist of (2+, 4+) and (2+, 5 )
states, respectively, as shown in Figs. 9 and 7. The
spins and parities assigned by the present study for
each transition are given in Table III. Those states
which have uncertain assignments are given in pa-
rentheses.

The value of Pr, leads to a reduced transition prob-
ability from the ground state to the excited state
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Fro. 6. Experimental
I
F I' versus q for the 4.04- and 6.20-MeV

excitations. See caption to Fig. 5.
Fra. 8. Experimental

I
F I' versus q for the 2.50- and 3.13-MeV

excitations. See caption to Fig. 5.
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TABLE II. Inelastic form factors for ~Ni at the incident energy of 250 MeV.

(MeV) 66.3'
10'

j F i'
72. 1' 77.4' 82.2'

1.33
2. 16
2.50
3.13
3.67
4 04
4.85
5.05
5.05
6.20
6.85
7.05

2+
2+
4+
4+
4+
3

(2 ~, 4+)
4+ 6+
6+

' 3-
(2+, 5 )
3

2. 15%0.17
1.33a0.17

1.52~0. 10
1.12%0.10

1.27&0.10 0.99&0.13
1.11&0.10 0.95%0.13

0.54%0.15 0.41&0.15 0.41%0.18 0.28&0.14

1.33&0.12 1.44%0.12 1.55&0.15 1.11&0.13

0.62~0.06 0.21&0.04
0.25&0.04 0.12&0.02 0.52&0.16
0.60+0.06 0.27a0.05 0.30+0.05
0.58a0. 06 0.16%0.03 0.27%0.05 0.30&0.05

given by the expression

B(EL) =Pl. (Z'/4x) (R/y)' e'F' (3)

The electromagnetic transition strength 6, which esti-
mates the collective character of nuclear state, is given
in Keisskopf single-particle units by

G =B(EL)/B(EL),e,
where

B(EL). =$(2L+1)/4rr) L3/(L+3)]'R'~ e'F'~

with 80=1.20A'~' F.
The values of B(EL) extracted from the present

study are given in Table III with the corresponding
values of the G for each transition.

III. DISTORTED-WAVE ANALYSIS

A distorted-wave analysis of the form factor for
inelastic electron scattering has been developed by a

Duke University group, and the analysis of the present
experimental data was carried out with the help of
the Duke program. " In the present calculation, the
ground-state charge distribution is taken as a Fermi
distribution,

(r c-
p(r) =p, 1+exp'

t 4.4

where c is the half-density radius, and t is the skin
thickness measured between the 90 and 10%%u~ points.
In the Duke program one takes the transition charge
density as

pr, (r) =Xr~ '[dp(r)/drj, (5)

where S is normalization factor, and I is the multi-
pole order. The transition charge density given by
Eq. (5) is related to that of Tassie's liquid-drop
model. '4 The calculated q dependencies of the form

-2
IO .
, -' Ni

IFI $ Prese
Eo*l 8

-f Presen
Eo 25

f Stanfo
Eoels

IO-

-4
I 0 —.

IO—

I I I I

0.5 I.O
q(F ')

E
(MeV) B(EL) (e'F' )c G(&l& e) E(F)'

1.33
2. 16
2.50
3.13
3.67
4.04
4.85
4.85
5.05
5.05
6.20
6.85
6.85
7.05

2+ (7 66+0 77) X10'
2+ (1.5+0 4) X10'
4+ (1.50&0.30) X10'
4+ (3.09+0 62) X104
4+ (5.67&1.13)X104
3- (1.65~0.25) X104

(2+) (5.0a1.0) X10'
(4+) (4 38+0 88) X104
4+ (1 22&0.24) X10'
6+ (1.54&0.46) X10'
3 (2.20&0.33)X10'

(2+) (3.88&0.58) X10'
(5 ) (3.53&0.88) X10'
3 (2.17~0.33)X10'

11.0
0.2

1.0
1.8

11.1
0.7
1.4
3.9

11.6
1.5
0.6
5.5
1.5

4.73
4.50
4.96
4.73
4.62
4.73
4.73
4.73
4.73
4.73
4.50
4.73
4.96
4.50

TABLE III. Summary of spins, parities, and reduced transition
probabilities in ~Ni extracted from present (e, e') reaction.

Fro. 9. Experimental
I
F ~' versus q for the 3.67-, 4.85-, and

5.05-MeV excitations. The
I
F ~' of 5.05 MeV were decomposed

to E4 and E6 by the help of theoretical curves of Eq. (2) in the
text The I F I' of .4.85 MeV are tentatively decomposed to E2
and E4 as mentioned above.

~ g is assumed to be 0.95 F.

2' S. T. Tuar, L. E. Wright, and D. S. Onley, Nucl. Instr.
Methods 60, 70 (1968).

'4 L. J. Tassie, Australian J. Phys. 9, 407 (1956).
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F 1s of 6+ state at 5.05 MeV. The solid
curve is calculated
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figuration of (1f5/2 1f7/2 '), where oscillator length parameter
was taken as b=2.29 F. See the text.
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factors of the 1.33-MeV (2+) and the 4.04-MeV (3 )
states are shown in Figs. 11 and 12 along with ex-
perimental data. As can be seen in these figures, the
first maximum of the data is well reproduced by the
theoretical curve, but does not fit the second one.
The comparison of the B(EL) values extracted from
the distorted-wave calculation with those of the Born
approximation is shown in Table IV. Although the
B(EI.) values calcula, ted with the distorted-wave and
the Born approximation are in reasonable agreement
for the 2+ state, serious discrepancies are seen for
those of the 3 and 4+ states as shown in Table IV.
The B(EL) values of distorted-wave calculation of

FIG. 12. Theoretical and experimental
1
F 1' versus q for

the 4.04-MeV (3 ) state. The curves were calculated by the
Duke program.

3 and 4+ states are about 1.7 and 3.1 times greater
than those of Horn approximation, respectively.

The definite origins of these discrepancies are not
known at present; however, the values of B(EL)
extracted from the experimental form factors with
Born approximation will be used in the following
discussions and comparisons with the other experi-
mental results and the theoretical predictions.

IV. DISCUSSION AND COMPARISON
WITH THEORY

The form factors which were obtained by the pre-
vious electron scattering measurements at 183 MeV
taken at Stanford are plotted in Figs. 5, 6, 8, and 9.
For the form factors of the 1.33- and 4.04-MeV ex-
citations, the present results are consistent with the
data of Stanford within the experimental errors. In
the comparison with those of the 2.50- and 5.05-MeV
excitations, the agreement is not very good. In order
to compare the present data with those obtained at
Yale, ' at 45—65 MeV, the Yale form factors were ad-
justed to take account of the difference of bombarding
energy with the help of the distorted-wave calcula-
tion."The results are plotted in Figs. 5 and 6. Although

10 „- $ Present, Eo=183MeV

$ Present, Eo=250MeV

$ Stanford, Eo=183MeV

$ Yale

jV

(Mev) a(zl.) (e2P2L)

TAsz, x IV. Comparison of reduced transition probabilities in the
Born approximation with those of distorted-wave calculation.

0.5 1.0
q(F ')

1.5
Born

approximation
Distorted-wave

calculation

Fzo. 11. Theoretical and experimental
1
F 1s versus q for the

1.33-MeV (2+) state. The theoretical curves were calculated by
the Duke program of distorted-wave analysis (see Ref. 23) using
three sets of parameters.

1.33
2.50
4.04

7.66X10'
1.50X10'
1.65X 104

9.92X10'
4.63X10'
2.78X104
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TABLE V. Values of transition probabilities in single-particle units (G) for so¹extracted from present and previous measurements.

(Mev) Present (e, e')' (e, e')b (p p')' (p, p')' (p, p')' (p, p')' (c.E.) ~ (~, ~)h

1.33
2. 16
2.50
3.13
3.67
4.04
4.85
4.85
5.05
5.05
6.20
6.85
6.85
7.05

2+
2+
4+
4+
4+
3

(2+)
(4+)
4+
6+
3

(2+)
(5 )
3

11.0
0.2
4.8
1.0
1.8

11.1
0.7

3.9
11.6
1.5
0.6
5.5
1.5

19

17.1

3.62

15.9

4 9

21

7
(Z =6.21 MeV)

7
(E,=7.12 MeV)

19.5-28. 1

12.8-15.5

5.2

2.0

15.1

9.3

5.7

13 12.5

a Reference 2.
Reference 1.

c Reference 5.
Reference 4.' Reference 3.

f Reference 6.
g Coulomb ex& itation, P. H. Stelson and F. K. McGowan, Nucl. Phys.

32, 652 (1962).
"F.R. Metzger, Phys. Rev. 103, 983 (1956).

the ranges of q do not overlap, the curves which re-
present the best fit to the present data are also con-
sistent with those of Yale. The levels with J of 2+
at 1.33 MeV, 2+ at 2.16 MeV, 4+ at 2.50MeV, 3 at
4.04 MeV, and 4+ at 5.05 MeV, are well known from
previous studies. The presence of a 3 state at 6.2 MeV
was first reported by Koike et al. ' using the (p, p')
reaction. Ballini et aL.' " also suggested the presence
of high-lying 3 states at 6.21 and 7.12 MeV, to which
the present 6.20- and 7.05-MeV excitations may cor-
respond. The 6.20- and 7.05-MeV excitations were
confirmed as J =3 in this experiment. Levine et at."
and Shafroth ef a/. ,

" from measurements of a (y-y)
correlation following the decay of ' Cu, and Sen Gupta
ef al." and Mohindra ef al. ,

' from Ni(p p'p) p-ray
angular distribution, have uniquely identified the 3.12-
MeV state as a 2+. This state presumably corresponds
to the 3.13-MeV peak. observed in the present (e, e')
reaction. However, it can be seen in Fig. 8 that the

q dependence of I
Ii I' for the 3.13-MeV peak is re-

produced well with the theoretical curve assuming a
spin of 4+. Very recently, Inoue" has reported that
the angular distribution of the "Ni(n, n') reaction
for the 3.11-MeV peak seems to have a contribution
due to a 4+ state. There may be a 2+ state at 3.12
MeV, but it would be weakly excited in the present

"R.Ballini, N. Cindro, J. Delaunay, J. Fouan, M. Loret and
J. P. Passerieux, Phys. Letters 21, 708 (1966).

"N. Levine, H. Frauenfelder, and A. Rossi, Z. Physik 151, 241
(1958).

'7 S. M. Shafroth and G. T. Wood, Phys. Rev. 149, 827 (1966).
"A. K. Sen Gupta and D. M. Van Patter, Phys. Letters 3, 355

(1963).
'9 R. K. Mohindra and D. M. Van Patter, Phys. Rev. 139,8274

(1965).
@M. Inoue, Nucl. Phys. A119, 449 (1968),

reaction. Jolly" has reported a slightly enhanced
(G=3) 3 state at 3.13 MeV from the analysis of the
angular distribution of the seNi(d, d ) reaction. How-
ever, the possibility of such a state may be ruled out
by the results of the present experiment. InoueN has
suggested there may be a 4+ state at 3.70 MeV, from
"Ni(n, n') reaction; this may correspond to the 4+
at 3.67 MeV found in the present experiment.

The 2+ state at 2.16 MeV and the 4+ state at 2.50
MeV have been supposed to be members of the "two-
phonon" triplet. The experimental angular distribu-
tions of (p, p')s and (n, n')s reactions for these states
have been rather poorly reproduced by the BWANA

calculation based on the one-phonon vibrational model.
In the case of the (e, e') reaction, however, fits to
the g dependence of the form factors for these "two-
phonon" states have been obtained using Eq. (2),
and are equally as satisfactory as fits obtained for
the other states. From these results it could be con-
cluded that the excitation of these states by electrons
must proceed by a simple mechanism, which is not
the case for true two-phonon states. The comparison
of (e, e') with the other charged-particle reactions
may lead to better understanding of the excitation
mechanism. The important 0+ state at 2.29 MeV
which was reported from (n, n')' and (p, p')s reac-
tions was not observed in the present (e, e') experi-
ment; the reason for this will be discussed later.

The values of the reduced transition probabilities
in Weisskopf units extracted from the previous (e, e')
and the other reactions are summarized for compar-
ison with the present results in Table V. The present

8' R. K. Jolly, Phys. Rev. 139, 3318 (1965).
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FIG. 13. Experimental and calculated energies of low-lying
positive parity states in "Ni. (a) Ref. 27 and 29, (b) Ref. 14,
(c) Ref. 13, and (d) Ref. 16.

values are in excellent agreement with those of (p, p')
reactions of Refs. 3 and 6. The value of G=4.8 at
the 2.50-MeV state agrees with the estimate of Mo-
rinaga and Takahashi, " which was derived from the
measurement of the branching ratio of the direct
ground-state transition from the 2.50-MeV state, to
the cascade transition.

The low-lying even-parity states observed in the
present study are shown in column 2 of Fig. 13;
column 1 shows states which have been found in
previous experiments. '7" The 3+ state should be ex-
cited by electron spin-Qip process, and may not be
observed in the present experiment, which was carried
out at relatively forward angles.

Recently, detailed shell-model calculations were per-
formed for Ni isotopes by Cohen, Lawson, Macfarlane,
Pandya, and Soga," and by Auerbach. " In both cal-
culations, only neutrons in the 2pg&, 1fsp, and 2pt~s
orbits were considered to contribute to the low-lying
states of the Ni isotopes. The effective interactions
were deduced from a least-squares fit to the observed
en.ergy spectra of the Ni isotopes. The calculated
energies of ' Ni taken from Refs. 13 and 14 are shown
in columns 3 and 4 of Fig. 13. Hsu" also performed
a calculation of the spectra and transition probabilities
for the Ni isotopes, and compared the results of a
standard shell-model calculation with other approxi-
mation methods. The calculated energies which are
based on a number-projected Tamm-Dancoff approxi-

TABLE VI. Calculated and experimental reduced transition
probabilities (in units of e'F4) for the 6rst and second 2+ states
in ~Ni.

Auerbacha Hsub Present

0+ 2+ (1.33 MeV)
0+ 2+ (2.16 MeV)

1001.31
30.43

922. 5
10.65

766&77
15~4

~ Reference 14.
Reference 16.

mation (PTD4) are shown in column 5 of Fig. 13.
The energies of 4+ states predicted by the theories
of Auerbach, of Cohen et ul. , and of Hsu are very
close to the results of the present experiment as can
be seen in Fig. 13.

The phenomenological vibrational model predicts an
inhibition for the cross-over transitions 22+~01+ and
41+~0~+. The selection rule follows from the fact that
these transitions, according to the vibrational model,
are due to a "two-phonon" transfer. Recent calcula-
tions of Cohen et al. '3 and of Auerbach' do not sup-
port this argument. These authors found the 2~+ state
and also the 41+ state of Ni isotopes to be predomi-
nantly seniority-2 configurations, while "two-phonon"
states have large seniority-4 components. The present
experimental results seem to support this interpreta-
tion, since the 01+~41+ excitation has collective
strength. Recent theoretical work of Yamamura, To-
kunaga, and Marumori" has also shown that the
concept of the "two-phonon" state based on the RPA
breaks down for 'Ni.

The E2 transition probabilities of "Ni are calculated
using an eGective charge for the neutron. "' " The
calculated and experimental values of B(E2; Or+~2&+)
and B(E2; Oq+-+2s+) are given in the Table VI. The
agreement between theory and experiment is satis-
factory. Cohen et a/. " have suggested that the 23+

state in Ni isotopes is characteristic of the strong
mixing in seniority. The third 2+ state in 'Ni may
correspond to the 2+ state at 3.12 MeV, hardly ob-
served in the present (e, e') reaction, as discussed
earlier in this section.

Hsu and French" and Hsu' have suggested that
the quasiparticle picture is not suitable to describe
the triplet member of the "two-phonon" state in the
TD4 approximation; on the other hand, in the particle
picture, the 0+ and 2+ members can be identified with
the 02+ and 2~+ shell-model states, whiIe the strength
of the 4+ member is distributed between the 4r+ and
42+ shell-model states. If the actual states of 'Ni
could be described by those of shell model, this inter-
pretation would be supported by the present experi-
mental results as follows: (a) B(E4; Or+~4r+) and

"H. Morinaga and K. Takahashi, J. Phys. Soc. Japan 14, 1460
(1959).

"M. Yamamura, A. Tokunaga, and T. Marumori, Progr.
Theoret. Phys. (Kyoto) 37, 336 (1967).
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B(E4;Ot+~4s+) are estimated to be G=5 and 1,
respectively, (b) B(E2; 0&+-+2,+) is very weak, and

(c) B(EO; 0&+~02+) is hardly observed.
Cohen et al." and Auerbach" have suggested that

0~+ and 0~+ states in even-A Ni isotopes have pre-
dominantly seniority 0, and the experimental inhibi-
tion of the 0~+~02+ excitation discussed above, may
be expected from the seniority number, since the tran-
sition from a state of seniority 0 to another state of
seniority 0 seems to be forbidden by the simple mech-
anism in electroexcitation. The inhibition of 2.„+—+0~+

transition can also be understood from the arguments
of Cohen et al." and of Auerbach, " because the 2~+

state is well reproduced by the action of the quad-
rupole operator Q' on the ground-state wave function,
and little of the available E2 strength is left for the
cross-over transition 2~+—+0~+. Their interpretation for
the 4~+~0~+ transition was already mentioned above.

The existence of more than one octupole state in
the ' Ni is very interesting, and they cannot be inter-
preted in the simple vibrational model. Theoretical
work based on the quasiparticle model has been per-
formed for the octupole states by Veje." He has
suggested that the octupole vibrations are less col-
lective than the quadrupole ones, and the oscillator
strength might spread over the several states. For the
Xi isotopes, Veje further mentioned that the lowest
octupole states are essentially governed by the strong
neutron transition ps/s~gs/s and the weak fs/s~gs/s
transition, the most important proton excitation being
f7f~~ggf~, which is of medium strength; the proton
transitions from the sd shell are rather weak and not
very low in energy. The results calculated by Veje
show the presence of some octupole states other than
the one prominent state for the Ni isotopes. Com-
parison of theoretical and experimental energies of 3
states are shown in Table VII. The values of B(EL)
for E3 transitions of 'Ni have been calculated by
Veje'4 and by Yoshida35; the theoretical and the
present experimental values of B(EL) are also listed
in Table VII. The agreement between the experi-
mental and theoretical results is satisfactory.

A striking feature of the 5.05-MeV (6+) state is its
collective nature which has the value of 6=11.6. The
collective states in 'ONi are composed of off-shell
neutron configurations as mentioned above w, N, 34 or
made up of a linear combination of many particle-
hole states. The 5.05-MeU (6+) state which is char-

'4 C. Veje, Kgl. Danske Videnskab. Selskab, Mat. -Fys. Medd.
35, No. 1 (1966}."S,Yoshida, Nucl. Phys. 38, 380 (1962).

TABLE VII. Calculated and experimental reduced transition
probabilities (in units of 10'e'F') for the excited octupole states
in ™Ni.

Veje~
E

(MeV)

Yoshidab
E~

(MeV) 8
Present

E
(MeV)

4.07 3.9
6.25 0.6
7 30 3X10 '

4.08 2.3 4.04 1.65W0. 25
6.20 0.22%0.04
7.05 0.21a0.03

Reference 34.
b S. Yoshida, Nucl. Phys. 38, 380 (1962).
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acteristic of the high-spin value, is assumed to be
built on a simple proton particle-hole configuration
(1fs/s 1fT/s '). However, the calculation of particle-
hole states in "Xi cannot be carried out in a straight-
forward fashion, because of the complication of oG-shell
neutrons in the 2ps/s orbit. The present experimental
form factor of the 5.05-MeV (6+) state may be com-
pared with theoretical calculations of the 6+ state in
"Ni, which is the core of "Xi, assuming a pure
(1fs/s 1f7/9 ') configuration. The calculated result is
shown in Fig. 10 as a solid line. It can be seen that
the absolute value of the theoretical curve for '6Ni

fits completely the experimental data of "Ni, where
the length parameter of the harmonic oscillator wave
function is determined to be b=2.29 F.

The q dependence of I Il I' of a 5 state in "Ni was
also calculated assuming a (1gs/2, 1f7/s ') configuration
to compare that with the experimental I P I' of the
6.85-MeV (5 ) state in ssNi. The calculated result is
in absolute agreement with the experimental data if
the value of b=2.30 F is used.

Further investigations of 5 and 6+ states in Ni
isotopes may extract oscillator length parameters for
the 1f-shell wave functions, and their dependence on
oG-shell neutron number.


