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Electroexcitation of 8 states in ' Cr
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Inelastic electron scattering at incident energies between 170 and 260 MeV was used to identify
and study M8 transitions in "Cr. A strong transition to an 8 state at E„=15.47 MeV was ob-

served, as well as a number of weaker transitions. The results are compared with a single particle-
hole shell model calculation that uses a model space of the form [(f7/p)" Xg9/p], . The shell mod-

el calculation and systematics in neighboring nuclei were used to determine the isospin of the ob-
served states. The experimentally determined strengths exhaust 60.8% and 34.5% of the T=3 and
T =2 sum rules, respectively.

I. INTRODUCTION

The study of high-spin "stretched" states, i.e., states
reached by excitations of the highest multipolarity that
can be attained in a single-particle transition between ad-

jacent major shells, has been a focus of much recent work
in electron and hadron scattering. Specifically, in an
even-even nucleus a stretched state of angular momentumJ,„ is reached by a single-particle transition j& j„
where jb ——(lb+ —,') is the largest single-particle angular

momentum in the valence shell, j,= (l, + —,
'

) is the largest
angular momentum in the next higher shell, and

Jmax =ja+ jb'
The importance of studying transitions to stretched

states arises from the simplicity of the operator governing
their excitation. If one neglects E) 3%co configurations
in the wave functions, there is only one single-particle
operator which can induce the transition. Second, since
(l, +lb)=(J,„—1), the contribution of the orbital part
of the magnetic operator vanishes' and only the spin con-
tribution remains. As a result, electron, nucleon, and
pion scattering cross sections depend upon a common
spin transition density, even though the proton and neu-
tron parts of this transition density exhibit different

responses to the various probes. With a combination of
experiments, this selective response makes it possible to
separate isoscalar and isovector components, or alterna-
tively, proton and neutron contributions, so as to provide
stringent tests of nuclear wave functions and the struc-
ture of the underlying interaction involved in the excita-
tion of stretched transitions.

For p-, sd , and fp-shel-l, J=0+ nuclei, stretched tran-
sitions lead to 4, 6, and 8 states, respectively. In in-
elastic electron scattering these states are reached by
magnetic transitions which are conveniently studied at
backward angles ( & 140') and intermediate energies
(100—300 MeV). Several substantial reviews of the study
of stretched states excited by (e,e'), (p,p'}, and (m., m'}, in
nuclei from ' C to Pb, have appeared recently. The
observed total strength of transitions to these states is
typically from 10% to 60Vo of that predicted by the ex-
treme single-particle-hole model (ESPHM}, i.e., by calcu-
lation of the transition (j„)"~ [(jt, )" ' Xj, ]J . Many

max

mechanisms have been proposed to account for this
quenching, as well as for the quenching observed in iso-
vector spin-Aip excitations of lower multipolarity.

Recent measurements have been made of 8 excita-
tions in Fe by electron scattering" and pion scatter-
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ing. ' The data from the two experiments in conjunction
allowed a decomposition of the isovector and isoscalar
spin-flip strengths and provided insight into the systemat-
ics of the quenching in the two isospin channels.

A study of the neighboring nucleus Cr is of particular
interest because it allows a direct approach for investiga-
tion of the mechanism of quenching. In addition to the
inelastic scattering of various probes, 8 states can be
studied with particle transfer reactions such as
5'V( He, d) 2Cr or 'V(a, t ) Cr. Indeed, studies of the in-
verse'3 reaction, Cr(d, He} 'V, together with electron
elastic scattering studies of magnetization densities' in
odd nuclei, strongly suggest that the 'V ground state
consists of an almost pure f~zz proton hole in a Cr core.
This implies that the g9/2 proton component of the 8
states in Cr is directly related to proton transfer on 'V,
within this simple description of the excitation of the
stretched configuration. The different isospin contribu-
tions in inelastic scattering of several probes can be used
to deduce spectroscopic strengths for comparison with
the proton transfer spectroscopic factors for the transi-
tions. Thus, the combined study of all the different reac-
tions may shed light on hitherto obscure details of the
mechanism of quenching.

Consequently, an investigation of stretched 8 excita-
tions in Cr, including measurements with several
different probes, was initiated. %'e report here the mea-
surement of M8 strength in electron scattering from Cr

and compare it with the results of a shell model calcula-
tion. In Sec. II, a description of the experimental pro-
cedure is given. Section III describes the extraction of
spectroscopic strengths from the experimental data. Sec-
tion IV contains a summary of the experimental results,
followed by a description of the shell model calculation in
Sec. V, and its comparison with the data in Sec. VI. Our
conclusions are presented in Sec. VII.

II. EXPERIMENT PROCEDURE

Measurements were performed with the use o& the
high-resolution quadrupole-dipole-dipole (QDD} spec-
trometer at the Sektie Kernfysica, National Instituut
voor Kernfysica en Hoge-Energie fysica (NIKHEF-K)
electron linear accelerator, ' MBA, in Amsterdam. Two
targets were used in this study. The first was a natural Cr
foil (83.79% Cr) of thickness 20.3 mg/cm, which was
oriented in transmission geometry. The second was a
99.87%-enriched separated Cr target of thickness 17.0
mg/crn, which, because of its smaller size, was mounted
in reflection geometry.

At the maximum scattering angle at 154', where most
of the data were taken, the 77' (relative to the normal} in-
clination of the natural Cr target resulted in a counting
rate nearly a factor of 4 higher than that obtained from
the enriched Cr target. Comparable energy straggling
contributions were obtained from both targets. The en-
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FIG. 1. Spectra measured at 115' and 154 with a natural Cr target. The two spectra correspond to the same value of effective
momentum transfer. The vertical lines indicate the locations of the T =2 M8 excitations identified in this experiment; the dashed
lines indicate levels whose MS identification is uncertain. An expanded portion ( —11—12 MeV excitation) of the 154 data spectrum
together with output of the peak-fitting routine is also shown.
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riched Cr target was required in order to prevent
misidentification of weak peaks that were due to strong
transitions from less abundant Cr isotopes present in the
natural Cr target. However, no strong transverse excita-
tions due to the other isotopes were found.

A total of ten data runs were taken: six with the natu-
ral Cr target and four with the enriched Cr target.
Cross sections obtained from measurements on the two
targets agreed to better than 5%. At a scattering angle of
154', cross sections were measured at energies of 170,
200, 225, and 261 MeV corresponding to momentum
transfers 1.72, 2.02, 2.27, and 2.61 fm ', respectively. To
allow discrimination between longitudinal and transverse
transitions, at an incident energy of 261 MeV data were
also obtained at 96' and 115', angles corresponding to
momentum transfers of 2.02 fm ' and 2.27 fm ', respec-
tively. With the 10% momentum acceptance of the spec-
trometer, a single magnetic field setting was sufficient to
include excitation energies between 2 and 17 MeV at all
incident electron energies. Shown in Fig. 1 are spectra
obtained at 154' and 115' for a momentum transfer of
2.27 fm '. The strong selectivity of the backward-angle
measurements for magnetic transitions is apparent.

The incident electron energy and the excitation energy
calibration of the spectrometer were both determined
precisely by a fit to the peak positions of well-established
low-lying levels' in Cr, and to known levels in "Band
' N measured with a boron nitride target at the same en-
ergies and angles. In the final analysis of the Cr data,
excitation energies up to 16 MeV are determined to
better than 0.02 MeV.

Corrections for the efficiency of the focal plane detec-
tor system were small and made during the process of
sorting the data into equal-sized momentum bins. The
normalization was checked by comparing the cross sec-
tions of the elastic and low-lying inelastic peaks with
those obtained in a previous experiment. ' The agree-
ment was good to better than 5%.

The momentum-sorted spectra were fitted by a peak-
fitting program using a line-shape parametrization. ' The
line shape used was a Gaussian function with symmetric
and asymmetric distortions, and a radiative tail function
based on the Schwinger term plus empirical corrections.
The peak parameters were fitted to a few prominent
peaks in each region of the spectrum, and then applied to
all peaks in that region with only the height and position
varied. The fitted Gaussian widths were between 50 and
80 keV FWHM, consistent with the target thickness and
spectrometer resolution. An empirical continuous back-
ground function was also fitted to the data.

For the peaks that appeared in two or more spectra, a
list of common excitation energies was compiled, and the
spectra were refitted with all peaks included in order to
obtain a consistent set of peak areas or upper limits.
From the yields determined in the final fits, the experi-
mental form factors were calculated for some 90 levels
with excitation energies between 2 and 17 MeV.

III. DATA ANALYSIS

The differential cross section for the scattering of elec-
trons from a nucleus is given by

de/d Q=(~M /n)(q P2/q2)2F2(q)

=oM/g (q /q ) FL(q)+ F—T(q)

where the nuclear structure information is contained in
the squares of the longitudinal and transverse form fac-
tors, FL and FT, respectively. The Mott scattering cross
section OM, the nuclear recoil factor g, and the virtual
photon polarization e, are given by

eM ——Z a cos (8/2)/[4Eo sin (8/2)],

g= 1+2(EO/M ) sin (8/2),

1/e=q„/2q +tan (8/2),

(2)

(3)

(4)

where Z is the atomic number of the target nucleus, Eo is
the incident energy, 8 is the laboratory scattering angle,
M is the mass of the target nucleus, and q and q„are the
three- and four-momentum transfers, respectively.

In order to relate the measured cross section to
theoretical calculations, we corrected for the distortion of
the incident electron wave function by the nuclear
Coulomb field by replacing q in Eq. (1) with the effective
momentum transfer q,z given by

3 Zakc
2 E R0

(5)

where

and

(r ) ~ =3.643 fm

F (q,ff, 8)=eq(do/dA)/oM (6)

and plotted it vs q,z for all measurements of a single tran-
sition. For transverse excitations, the values of F mea-
sured at equal q,z but different scattering angles must
agree, while for longitudinal excitations the values mea-
sured at 96' and 115 should exceed those measured at
154 by factors of 11.0 and 6.5, respectively. Figure 2
shows the results for a longitudinal excitation, while
several transverse excitations are displayed in Fig. 3. As
is seen in Fig. 3, agreement between the forward-angle
and 154 measurements of the weaker levels was not al-
ways perfect, in part because the radiative tail and densi-
ty of states observed at the forward angles make it more
difficult to extract the cross sections. Levels for which

the rms radius' of the ground-state charge distribution
of Cr.

In order to distinguish the transverse components from
the longitudinal, pairs of cross section measurements
were made at different scattering angles (96' and 154', or
115' and 154') at the same momentum transfer. From
these data, transverse excitations can be identified by a
zero vertical intercept on a Rosenbluth plot, which is
constructed by plotting F (q) vs 1/e. As an equivalent
procedure to identify transverse transitions, we calculat-
ed the quantity
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the values of F measured at 96' and 115' agreed with the
corresponding 154 measurement to within two standard
deviations were accepted as being transverse.

At excitation energies above 5 MeV, only a few levels
were clearly identified as purely longitudinal excitations.
The majority of those rejected as nontransverse were
weakly excited states whose angular distributions were
ambiguous, probably because of unresolved mixtures of
longitudinal and transverse excitations. No attempt was
made to separate the two contributions. It was assumed
that the transitions found to be transverse were magnetic
with no measurable transverse electric contribution.

For each transition that was identified as magnetic, the

q dependence of the extracted form factor was compared
to theoretical form factors for several possible magnetic
multipoles. These were calculated with harmonic oscilla-
tor wave functions assuming reasonable single-particle-
hole transition configurations. The form factors were cal-
culated in plane-wave Born approximation, using a com-
puter program based on the code MICRODENs, includ-
ing corrections for nucleon finite-size and center-of-mass
motion.

-5IO—
15.47MeV,e-

In the oscillator shell model, the form factor for a
stretched magnetic excitation depends on only three pa-
rameters: the oscillator parameter b and the neutron and
proton spectroscopic strengths Z„and Z . For a pure
isovector transition Z = —Z„, so that FT is proportional
to (JM„—p~ ) and depends on only two parameters: b and
Z, =(Z„—Z~)/&2. The oscillator length parameter b
depends on the mass number A, approximately as
b = A ' fm. An explicit expression for the form factor is
given in Ref. 3. It has the approximate form
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FIG. 2. Transverse form factor squared, extracted from the
data under the hypothesis that the transition is transverse,
versus effective momentum transfer. The circles indicate mea-
surements at 154', the squares 115', and the triangles 96. Open
symbols denote measurements with the natural Cr target, and
solid symbols measurements with the separated ' Cr target. The
curve through the 154' points for the longitudinal excitation at
5.10 MeV is intended only to guide the eye; note the deviations
for the 96 and 115 data.

FIG. 3. Transverse form factor squared, extracted from the
data under the hypothesis that the transition is transverse, vs
effective momentum transfer. The circles indicate measure-
ments at 154', the squares 115', and the triangles 96. Open
symbols denote measurements with the natural Cr target, and
solid symbols measurements with the separated Cr target. The
curves for the 8.10, 9.66, and 15.47 MeV levels are M8 form fac-
tors calculated with b = 1.86 fm. The curve for 13.39 MeV is an
M6 form factor.
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TABLE I. Results of fits of FT for the E„=15.47 MeV level to various single-particle-hole transi-
tions in the harmonic-oscillator shell model.

Multipole

M6
M6*
M6
M7
M8
M9
M10

Transition

f7/2 g9/2

of&/2
Of 7n ld s/z

Of7/2 ~Oh „/,
Of7/2 ~Oggn
Of7n O" ii/z
of7/2 Oi 13/2

Particles

p, n

p
p, n

p, n

p, n

p, n

p, n

~Eosc

1%co

1fico

1%co

2%co

1flco

2f1N

3flco

Fitted b

(fm)

1.419+0.009
1.602+0.011

a
1.556+0.009
1.860+0.010
1.976+0.010
2.087+0.010

X' per
degree of
freedom

6.5
14.6

1.0
1.2
47

14.6

'For reasonable values of b, the calculated form factor has a dip in the vicinity of the experimental max-
imum.

FT(q)=const Xq exp( bq —/2), (7)

where J is the multipole order. The validity of the use of
the harmonic oscillator model and q,& in the analysis of
electroexcited stretched states has been discussed previ-
ously. 4

Initially, all data were fitted to M8 form factors calcu-
lated for a Of7/2~0g9/2 single-particle transition, with
equal and opposite neutron and proton amplitudes, i.e.,
an isovector transition. Since the same value of b is used
for the neutron and proton contributions, the shape of
the resulting form factor is independent of the relative
neutron and proton contributions assumed. The oscilla-
tor length parameter b and the normalization for an as-
sumed pure isovector transition Z, were varied in each
fit. For the reasons discussed above, only the 154' data
were used in the fits. Z, corresponds to the effective
value of the isovector spectroscopic strength discussed
following Eq. (11). For the two strongest high-
multipolarity states observed, those at 15.47 and 8.10
MeV, the best M8 fit was obtained for oscillator parame-
ters of 1.860+0.010 fm and 1.840+0.024 fm, respective-
ly, close to the value of b =1.90+0.02 fm obtained for
M8 transitions in Fe." They also agree well with the
expected value of the oscillator parameter for the Of7/z
subshell based on the rms radius of the subshell as ob-
tained from magnetic elastic electron scattering. ' ' Us-
ing the harmonic-oscillator shell model relation

(r )„&——(2n+l+3/2)b

where n (=0, 1, . . . , ) and I are the radial and orbital
quantum numbers, the data' imply b(Of7/2)=1. &79
+0.025 and 1.889+0.023 fm for neutrons and protons,
respectively.

To confirm the M8 identification of these states, fits to
other multipoles were also performed, as indicated in
Table I. The next highest multipole attainable via a 1fico
excitation is M6, which, like M 8, can occur as a
Of7/2~0g9/2 transition. When the strong state at 15.47
MeV was fit to this configuration, the required value of b
was 1.419+0.009 fm, an unreasonably small value. Be-
cause of the four proton holes in the Of7/z shell in the

Cr ground state, an M6 excitation may also be pro-

duced by a Ods/2 ~Of 7/2 proton transition, (M6'),
which, however, can excite only T =2 states. With this
configuration used in the fit, b =1.602+0.011 fm, still
unreasonably small. Although the b value obtained for
the M9 fit in Table I is not a priori unreasonable, it would
require a 2fim excitation, whose strength should be dis-
tributed at higher excitation energies than those mea-
sured here (fico=A /M b = 12 MeV). In view of the ob-
served concentration of high-multipole excitations be-
tween 8 and 16 MeV with consistent form factor shapes,
it is reasonable to conclude that the 8.10 and 15.47 MeV
states are in fact the strongest of the 8 states sought by
this experiment.

In order to determine multipolarity of the weaker exci-
tations, the oscillator length parameter was fixed at 1.860
fm, and form factors calculated for the various
configurations of Table I were fitted to the data for each
level with only the normalization varied. Figure 4 shows
the shapes of the FT curves for several of these multipoles
together with the data for the 15.47 MeV level.

On the basis of the X values of the various fits, the
multipolarity of each level was assigned. If the 7 values
of two fits of different multipolarity differed by less than

-5IO—
l5.47 MeV

M6,'

I

M6

' M IO

M8

IO

q (fm ')
eff

FIG. 4. Transverse form factor squared for the 15.47 MeV
level, together with harmonic-oscillator shell model fits to vari-
ous multipoles with b =1~ 860 fm, as described in the text. The
data point symbols have the same meaning as in Fig. 2.
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1, the assignment was considered ambiguous. A few lev-
els with large 7 or with qualitatively unconvincing form
factors were identified as "uncertain" M8's. Of the 35
observed high-multipolarity transverse excitations, 18
were identified as unambiguous M8's, and nine as
dq/2~f7/2 M6's. The f7/2 g9/p M6 assignment was
preferred for only one level, 13.57 MeV, and no reason-
able candidates for M7 or M9 were found. Table II
presents the results of the fits. The uncertainty in the ex-
citation energy is 20 keV. The list of "M6" transitions in
the table is neither definitive nor exhaustive, and no fur-
ther analysis of these states was undertaken.

IV. RESULTS

The strength of each M8 excitation in Table II is ex-
pressed in terms of the effective isovector spectroscopic

amplitude Z& defined in Sec. III. The uncertainty in Z&
does not include the 5% systematic uncertainty in the
normalization of the cross section. The strength distribu-
tion is plotted in the upper part of Fig. 5. The experi-
ment indicates that the M8 strength in Cr consists of
one very strong state at 15.47 MeV, moderately strong
states at 8.10, 9.65, 11.27, and 11.96 MeV, and a large
number of weaker states. This is qualitatively similar to
the strength distribution" in Fe. A large complex of
closely spaced states is seen in the 11-12 MeV region.
While not every state is clearly resolved in every spec-
trum, there is no doubt that the predominant strength in
this region is M8, and that the sum of the strengths of the
states in Table II gives a good representation of the total
experimental M8 strength between 11 and 12 MeV.

Also included in Table II are the reduced transition
strengths B (M8$ ), where the upward arrow indicates a

TABLE II. Results of fitting the experimentally measured form factors with M8 and M6 transition
form factors calculated for single-particle transitions in the harmonic-oscillator shell model with
b =1.860 fm. Levels whose g values in column 2 are enclosed in parentheses have ambiguous or
doubtful M8 assignments. Z

&
is the effective isovector spectroscopic strength.

E„
(MeV)

8.10
8.45
8.94
9.08
9.45
9.66
9.91

10.11
10.33
10.51
10.80
11.00
11.17
11.27
11.39
11.55
11.66
11.77
11.88
11.96
12.03
12.13
12.24
12.73
13.22
13.39
13.57
13.71
14.03
14.34
14.43
15.27
15.47
16.40
16.69

per
degree of freedom

(M8)

2.8

(4.8)
(2.0)
2.4
6.1

1.0
(7.0)

(4.3)
(3.1)
1.4
0.5
3.8
1.0
0.8
0.6
1.0
0.9
1.7

(1.3)
(1.7)

2.7
2.1

0.8

1.2

(2.1)

Fits to M8

10 yZi

20.69

5.92
7.99
9.22

13.13
8.22
7.92

5.04
7.73
4.29
4.92

19.04
4.71
4.48
7.54
9.12

10.33
12.95
6.74
6.13

8.28
7.76

5.93

101.41

7.13

Statistical
% error~ 2

in Z~

2.4

6.9
5.6
4.8
3.8
5.8
6.2

9.7
6.2

11.4
10.3
3.2

11.1
11.7
7.2
6.2
6.1

5.3
9.6
9.5

7.0
7.2

10.8

1.0

11.7

10 ' XB(M8 f )

(p fm'")

27.53

7.86
10.62
12.26
17.44
10.92
10.52

6.70
10.24
5.70
6.52

25.25
6.25
5.95
9.99

12.08
13.70
17.17
8.66
8.12

10.96
10.27

7.84

133.74

9.39

M6
per

degree of freedom
(M6)

1.5
(6.2)

3.1

(3.7)
(3.0)

(0.9)
0.5

2.8
0.8
1.7
5.3
0.2

5.8

2.7
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transition from the ground state to the excited state. Un-

like the Z1 values, which are relatively insensitive to the
value of the oscillator parameter b used in the fits, the
B (M 81' ) are very model dependent since they are propor-
tional to b' and imply an extrapolation in momentum
transfer from the measured region down to the photon
point.

V. THEORETICAL CALCULATIONS

In order to interpret the fragmentation and isospin
splitting of the M8 strength, we have compared the ex-
perimental results to shell model calculations equivalent
to those described previously. " In the even f7/2-shell
nuclei the ground state is assumed to be described by the
configuration (f7/2) J 0 where n is the number of nu-

cleons and T is the isospin. The stretched 8 states arise
from promoting an f7/2 particle to the g9/2 orbit and are
described by the configurations

T[(f7/2 )J' X g9/2 ]J= 8 ~

where J' is half-integral and can take on all values con-
sistent with the exclusion principle between —', and —",
T'= T+—,', and, for a target nucleus with T, = T, Tf ——T
or T + 1. With these assumptions the stretched
configuration M8 form factors are

I
1

~ I I ~
1

~ ~ I ~

0.05—

C9

43
Q
I—

CL
O

LLJ)
O
V)

lU)
0.05—

LLJ

LL
UJ

EXPER I MENT

'
I Il !. ilI ..: I, I

'I (s
++

THEORY
(x i/z)

I l l I

IO l5
EXCITATION ENERGY (MeV)

FIG. 5. Effective isovector M8 strengths Z t, as defined in the
text. The upper portion shows the results of this experiment,
with the dashed lines representing levels whose M8 assignment
is doubtful. The lower portion shows the results of the

f7/2 ~g9/2 shell model calculation multiplied by 0.5. The ar-
rows denote states with T =3; all the other states have T =2.
The energies of all calculated states have been shifted so that
the yrast T =2 state is aligned with the lowest experimental lev-

el at 8.10 MeV.

1/2 1/2
+2 n +2T+2 7l —2T

2(2js+ 1)(2T+1)T ' ' 2(2js+ 1)(2T+ 1)(T+ 1)

1/2

[(T+1)Mll —T,Mi ], (8)

FT T+, —~ 2(2jb+1)(T+1) M1 (9)

where, for Cr, T, =T=2 and n =12. Mo and M1 are
the isoscalar and isovector matrix elements, which in-
clude nucleon size and center-of-mass corrections. Their
ratio is

Mo (p„+p ) = —0. 187 .
M, (P„—lM )

The numerical value on the right-hand side of this equa-
tion assumes that the nucleon magnetic moments p„and
p& have their free-particle values, —1.91 JM& and
2.79 lulv, respectively. In Eq. (8), a is the probability of
the configuration

[(f7/2 )J'=7/2, v=1 Xg9/2]J =8
n —1 T'= T —1/2 T

in the observed state, where the subscript v=1 implies
the state must have seniority one. Similarly, P and y
are the probabilities of the configurations

[(f7/2 )J'=7/2, v= 1 Xg9/2]J =8
n —1 T'= T+1/2 T

and

[(f7/2 )J'=7/2, v= 1 Xg9/2)J =8
n —1 T'= T+1/2 T+1

respectively. These coefficients are obtained by diagonal-
izing the shell model Hamiltonian. When the

T
[(f7/2)Xg9/2]8 model space is used to describe 8
states in "Cr, 38 Tf =2 and four Tf =3 states are possi-
ble. The predicted spectrum and distribution of strengths
depend upon the residual two-body interaction used in
the shell model calculation. In the results presented here,
the interaction is that used previously: The (f7/2 ) matrix
elements were obtained from the spectrum of Co, and
the (f7/2g9/2) residual force was calculated using the
Schi8'er-True potential, with the oscillator parameter
b =1.86 fm. The theoretical MS results obtained from
this calculation imply that nearly all (95%) of the
T~T+1 strength is concentrated in a single state, while
73% of the T~T strength is shared by four states of
comparable strength. The remaining strength is divided
among a large number of weaker transitions, as is shown
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g Far, ———,'M),2 ] 2

+For o ———,', M(+ —,'M]Mo+ ,'Mo, —2

F„,=—', M, + —,'M, Mo+ —,'Moz2 3 2

(12a)

(12b)

(12c)

Corresponding to each of the three cases of Eq. (12),
we may define effective isovector spectroscopic sums with
the use of Eq. (10),

Z =+Z)(eff)r r+) ——+Far, /Mf = —,',
Z =Q Z, (eff)r r =+Far=o/M, =0.5161,

Z ~~„=g Z
&
(eff) =g F„,/M f =0.6827,

(13a)

(13b)

(13c)

which are, respectively, proportional to the summed
b, T=1, b, T=O, and total M81' strength in the ESPHM.
The reason for this normalization is that the Z, (eff) pa-
rameters can be compared directly with the data. Note
that if we neglect Mo relative to M&, Eqs. (13a)—(13c) be-
come

2 —3Z tot 4 (14)

which differ only slightly. %'e shall now compare experi-
ment and theory quantitatively.

VI. COMPARISON OF EXPERIMENT WITH THEORY

in the lower part of Fig. 5, where the energies have been
adjusted so that the predicted yrast 8, T=2 state lines

up with the lowest-lying experimental 8 state at 8.10
MeV. The calculated quantity plotted in Fig. 5 is

Z, (eff)=2(Z„p„+Z~p, ) /(p„p~—)

which is the spectroscopic strength of a hypothetical pure
isovector transition yielding the same cross section as the
calculated transition, and is directly comparable with the
experimentally extracted Z

&
plotted in the upper portion

of the figure.
The model discussed in the preceding paragraphs has

been called, improperly, the extreme single-particle-hole
model. On the basis of the model, sum rules for the
(J=0, T)~(J=8, T) and (J =O, T)~(J =8, T+1) tran-
sitions, i.e., ET=0 and ET=1 transitions, respectively,
can be obtained, independent of the residual two-body in-
teraction used in the calculation. For the former, the
sum rule is obtained from Eq. (8) by squaring and adding
the two terms with (a=i,P=O) and (a=O, P=l), and
for the latter by squaring Eq. (9) and setting y= l. The
results for Cr are

state has the requisite particle-hole configuration, it is
reasonable to expect the yrast T =3, 8 state at an exci-
tation energy of approximately 15.58 MeV in Cr. It
therefore appears that one can, with some certainty, as-
sign T =3 to the state at 15.47 MeV excitation.

In the reviews, ' the strength of the strongest T+1
stretched state is expressed by the ratio to the ET=1
ESPHM sum rule,

S (ESPHM) =Z& (exp)/Z (ESPHM),

which varies from 0.18 (for the 13.26 MeV 8 state in
Ni) to 0.56 (for the 12 and 14 states in Pb). For

the 15.47 MeV 8 state in Cr, Z, =0.1014+0.0052 (in-

cluding the 5% normalization uncertainty), and
S (ESPHM)=0. 608+0.031. This is the largest fraction
of the b, T= 1 sum rule yet observed in an electron
scattering experiment, but is consistent with the sys-
tematics for 8 transitions in the f7/z shell, where the
addition of protons leads to increased quenching of the
AT=1 M8 strength.

The shell model prediction of Z& ——0. 1581 for the
strong T =3 level is approximately 1.5 times the value
found experimentally. For some nuclei, calculations per-
formed in larger model spaces typically result in the pre-
dicted Z, being reduced by 30-40% from the model pre-
dictions. In particular, in Si when the 6 model space
is extended from [(d5/q)" Xf7/z] to [(d~/zs, /z)" x f7/z],
the predicted yrast strength is decreased by almost a fac-
tor of 2. However, for the 6 states in Mg as mea-
sured in (p,p'), inclusion of the s&/z level still results in
a factor of 2 discrepancy between theory and experiment
for Z

&
of the yrast T =2 level. For Cr, expansion of the

model space to include the p3/Q single-particle level, but
still allowing only a single nucleon in the g9/2 orbit, in-
creases the number of T =3, 8 states from 4 to 7357.
No such extended calculations are available for Cr.

In the model under discussion, three other T =3 states
are possible. If one normalizes the energy of the yrast
T =3 level to the 15.47 MeV state, the remaining three
are predicted to lie at 17.58, 17.88, and 20.97 MeV, re-
spectively. Data were not obtained for excitation ener-
gies above 18 MeV and, as can be seen from Table II, the
only possible 8 state seen above is 15.47 MeV level is
the 16.69 MeV state. It is conceivable that this is the
second T =3, 8 level, but the experimental spin assign-
ment is uncertain and, moreover, there are other T =2,
8 levels predicted in this energy range. Therefore, noth-
ing definitive can be said about the position of the second
T =3 level.

A. The 1S.47 MeV state B. The T=2states

In previously measured T&0 nuclei, the AT=1 part of
the stretched high-spin strength is concentrated in a sin-
gle level, which exhausts a substantial fraction of the iso-
vector sum rule. The T=3 analog of the V ground
state has been assigned at an excitation energy' of 11.26
MeV in Cr and an 8 state was identified at an excita-
tion energy of 4.32 MeV in the Ti(a, d) V reaction.
Moreover, in the ~V(t, d) V reaction, 1=4 was ob-
served in the transition to this state. Since the analog

To test the T~T, M8 sum rule, we add the Z
&

values
of all of the states identified as 8 in Table II, except for
the T =3 state at 15.47 MeV. The largest uncertainty in
the sum arises from the treatment of the ambiguous and
doubtful M8 states whose 7 values are enclosed in
parentheses in the table. As our best estimate, we include
50% of the strength of these states, and increase the un-
certainty to encompass the extremes. This leads to the
results
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Z
&
(exp)

=0.205+0.011+(all states)

=0.151+0.008+(without doubtful states)

=0.178+0.029 (best estimate) . (15)
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Using the best estimate, we obtain

S (ESPHM)=Z, (exp)/Z (ESPHM)=0. 345&0.056 .

This agrees well with the factor 0.33 observed for the
ET=0, M8 strength in Fe, and is also consistent with
the observation in pion scattering' that the hT =0 iso-
vector strength is quenched more than the LT= 1

strength relative to single-particle-hole calculations, and,
moreover, for ET=0 states, the isoscalar strength is
quenched much more than the isovector strength. Of
course, some portion of the effect may be due to the
greater fragmentation of the AT=0 strength and the
consequent difficulty in extracting peaks with small tran-
sition strength from the experimental background. A
comparison of the detection threshold of the present ex-
periment (approximately 4% of the strength of the 15.47
MeV level) with the distribution of strengths calculated
in the f7/2 model (Fig. 5), might suggest that about 10%
of the total strength to T =2 states is being missed, but
such estimates are extremely model dependent. Without
a detailed calculation of the strength distribution in a
larger model space, it is difficult even to estimate the size
of the "quenching" predicted to result from additional
fragmentation.

Since small changes in the residual two-body interac-
tion and an increase in the size of the model space can
change the individual values of Zp and Z, for almost de-
generate states, the best way to compare theory and ex-
periment may be to "bin" the value of Z

&
in 1-MeV inter-

vals. In Fig. 6 the predicted values of Z&, based on the
shell model calculation and the use of Eq. (10), are com-
pared with experimental values taken from Table II. In

this binning we have normalized the predicted energy of
the yrast 8, T =2 state to line up with the 8.1 MeV lev-
el. Clearly, too much strength is predicted below 11
MeV, while in the 11—12 MeV bin, experiment is twice as
large as theory. Above 12 MeV, both theory and experi-
ment are small. Thus, the challenge to future theoretical
calculations is to account for the fractionation of the M8
strength into many small unobservable parts and a shift
of strength into the 11—12 MeV region. Whether this
can be accomplished by expariding the shell model
configuration space, and perhaps changing the residual
two-body interaction, is an open question.

Finally, the effects of meson exchange currents may be
estimated for the present experiment, with the method
of Ref. 5 which considers the contributions of the pionic
and pair currents, but not those of the isobar current.
Near the peak of the form factor, the exchange currents
tend to increase the predicted cross sections by approxi-
mately 15%, so that correcting for mesonic effects will in-
crease the disagreement with the ESPHM.

C. Isospin splitting

In nuclei in which the stretched magnetic strength is
split into identifiable AT =0 and AT = 1 contributions, it
has been observed that the difference in mean excitation
energies, hE frequently is consistent with a simple formu-
la based on the Lane model

hE=E(T+1)—E(T)=(T+1)V)/A, (16)

where A is the mass number, V& is an average potential
energy, and the mean excitation energies are weighted by
the transition strengths. For M4 and M8 transitions in
six nuclei, a value near 100 MeV is obtained for V, .

For Cr, the experimental averages are
E(T)=11.01+0.05 MeV, where the error reflects the
effect of the uncertain states in Table II, and
E( T+1)=15.47+0.02 MeV. The diff'erence, 4.46+0.05
MeV, is in excellent agreement with the value of 4.50
MeV predicted by the shell model calculation. With
EE=4.46 MeV, the Lane formula gives V&

——77.3 MeV,
which is consistent with V, =73 MeV deduced from
M6 transitions in Mg, but inconsistent with the values
(between 104 and 111 MeV) derived from stretched M8
excitations in Fe ssNi s6Fe, and 6oNi.

The large number of weak 4T =0 transitions identified
in the present experiment contrasts with the previous
studies in which only approximately four T states were
observed. If only the four strongest observed T=2 states
are used, the splitting is 5.38 MeV experimentally, and
5.08 MeV from the shell model calculations. Since these
splittings are much closer to the values previously found,
the significant difference between Cr and its neighbors
may arise from many weaker fragments that were not ob-
served in prior experiments.

, kXXXXXXXX

8 9 IO I I I2 I3 14 I5 I6
EXC I TATION ENERGY (MeV)

VII. CONCLUSIONS

FIG. 6. T =2 transition strength in Cr, sUmmed in 1 MeV
wide bins. The energies are aligned as in Fig. 5.

Undoubtedly the most significant outcome of this ex-
periment has been the excitation of the T =3, 8 state at
15.47 MeV in which the entire observed T~T+1 M8
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strength is concentrated. This single transition exhausts
nearly 61% of the b, T= 1 sum rule based on the extreme
single-particle-hole model, the largest fraction of this sum
rule yet observed in an electron scattering experiment.

The fact that this fractional strength is larger than that
observed in nearby nuclei may be due to the additional
number of f7/z protons in Fe and Ni. This suggests a
behavior similar to that of the M1 transitions in Ca,

Ti, Cr, and Fe, where successive addition of protons
to the f7/z shell results in increased quenching and frag-
mentation. '

All of the other observed 8 states are deduced to have
T =2, and thus to have both isovector and isoscalar tran-
sition strength. The observed strength of these transi-
tions is highly fragmented, and is distributed broadly
over the region of excitation energy between 8 and 13
MeV. The summed T~T strength exhausts about 35%
of the ESPHM sum rule. This behavior, a single strong
T~T+ 1 transition and many fragmented T~ T transi-
tions, is consistent with that generally observed for
stretched excitations in other T&0 nuclei, as is the result
that the hT =0 isovector strength is more strongly
quenched than the hT = 1 strength. A shell model calcu-
lation in the model space [(f7/2 } Xg9/2] predicts exten-
sive fragmentation of the T~T strength, but less than

that observed in the experiment. Expansion of the model
space would most likely bring theory into closer agree-
ment with experiment, but such a calculation is not feasi-
ble with present techniques.

The isospin splitting of M8 strength, as determined by
the difference in the strength-weighted averages of excita-
tion energy for the T~T and T~T+ 1 contributions, is
4.46 MeV. This value is in good agreement with the shell
model calculation, but differs from an expectation based
upon the Lane formula applied to other stretched excita-
tions in this general mass region.
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