
PH YS ICAL REVIEW C VOLUME 9, NUMBER 3 MARCH 1974

Lifetime measurements and E2 effective charges for nuclei in the 1f7,2 shell
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Lifetimes for a number of levels in nuclei with 40& A & 56 have been measured using the

recoil-distance technique. The experimental results for the mean lifetimes are 45 7 psec
for the 1491-keV 3+ and 57+10 psec for the 1511-keV 5'levels in 42Sc; 8.1+1.1 psec for the
2987-keV 2 level in 43Sc; 19.6+1.7 psec for the 3285-keV 6+ level in 44Ca; 12.8+1.2 psec
for the 3334-keV 6+ level in +Ti; 5.1+1.0 psec for the 1021-keV 2 level in 4'V; 12.6+ 2.1
psec for the 783-keV 2+ level in ~ Cr; 20.4+3.3 psec for the 238-keV 2 level in 'Mn;

13.7+23.&6 psec for the 2369-keV 4+&, 59.5+3.3 psec for the 3114-keV 6+, and 10.4+1.2 psec
for the 3469-keV (3~, 5 ) levels in Cr; 15.5+1.8 psec for the 2563-keV —and 3.9+ 0.6 psec

i5-
for the 2693-keV 2 levels in 5 Mn; and 5.7+1.2 psec for the 2538-keV 4+ level in Fe.
Lifetime limits were found for eight additional levels in these nuclei. In addition, an im-
proved value & = 68.3+3.1 psec was obtained for 937-keV 3+ level in F. The B(E2)
strengths for transitions in nuclei with 42 ~ A ~ 44 are collected and interpreted in terms of
isospin-dependent effective charges using wave functions for the (1f&y2)", and (fP)", and

(fP)" + (sd) ~ model spaces. The core-polarization charges obtained from an analysis using

(fp) + (fP) (sd) wave functions are e& ——1.16+0.16 and e„=0.45+ 0.03. Core-deformation
effects are found to enhance the isoscalar but not the isovector effective charges for states
with low spin. The B(E2) strengths for transitions in the isotones with 28 neutrons are also
collected and interpreted using (1f,y2)" wave functions. The effective proton charge is found

to be approximately constant for all transitions with e& =1.8 —2.0. Estimates of effective
proton charges for these nuclei resulting from the use of larger model spaces are discussed
allowing an approximate comparison for the whole 40 & A & 56 region.

NUCLEAR REACTIONS ~9K(o.,n) E=10.4 MeV, Ca( He,p) E=10.5 MeV, 0-
( He,p) E = 10.5 MeV, 40Ca(n p) E =14.0 MeV, 4~K(np) E = 14.0 MeV, 45Sc(np)

E=10.0 MeV, 6Ti(tx,p) E=11.0 MeV, Ca( 0 e2p) E=47 MeV, Ti(n, n)

E =14.5 MeV, 40Ca( ~0, 3p) E =47 MeV, 40Ca( 60, 2p) E =47 MeV; measured re-
coil distance. Deduced T&y2, B(E2). Deduced 40& A. & 56 effective charges.

Natural and enriched targets, Ge(Li) detector.

I. INTRODUCTION

Effective multipole operators have been suc-
cessfully used to account for core-polarization
contributions to E2 y-ray transitions in nuclei.
The polarization of the charged core, which re-
sults from particles outside the closed shells
(valence particles), involves virtual excitations
of core particles into orbitals at energies 25~
higher. The core-polarization contributions are
incorporated into the effective operators by

changing the charge of the valence particles into

effective charges.
The E2 effective charges are expected to be

independent of the number of similar valence
particles, namely additive, since the admixture
of core excitations due to one valence particle is
small. Any state dependence of the effective
charges resulting from different valence orbitals,
although not large, must be considered. In ad-
dition, because of the isovector interaction be-
tween the charged core and a valence nucleon,

the effective charges can be different for neu-

trons and protons, that is, isospin dependent.
This isospin dependence is particularly inter-
esting because of its relation to the isospin struc-
ture of the giant resonances. The properties of
effective charges have been carefully studied in

the region around ' 'Pb by Astner et al. '; this
region is particularly suitable because of the

purity of the wave functions.
The purpose of the present experiment is to

explore the E2 effective charges in the region of
40 (A & 56 where the 1f», shell is of dominant

importance. Since the wave functions in this re-
gion contain certain admixtures from the upper
part of the 1f-2p shell and the closed 1s-2d shell,
special consideration must be given in the effec-
tive charge analysis for different shell-model
truncations and effective interactions. This can
be circumvented partially by studying transitions
between high-spin states where the admixtures
into the (1f»s)" configurations are small. Recent
microscopic calculations of the E2 effective
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charges near "Ca by Kuo and Osis' adds special
interest to this experimental investigation.

ln the present experiment, lifetimes of high-spin
states in the 40 (A ( 56 region are measured from
which E2 transition strengths are extracted T. he
recoil-distance technique has been used to mea-
sure a number of transitions of interest which fall
into the mean-life range of a few psec to 100 psec.
These new lifetime results together with previous
Doppler-shift attenuation method (DSAM) mea-
surements for 7 less than a few psec and elec-

, tronic measurements for 7 & 100 psec form a
fairly complete set of B(E2) values for high-spin
states from which the evaluation of E2 effective
charges are made. These effective charge results
are then compared with several theoretical pre-
dictions. The details of the present experiment
are discussed in Sec. II and the lifetime results
are presented in Sec. III. Sec. IV contains a
description of the various approaches used in the
extraction of the effective charges and a presen-
tation of the effective-charge systematics. Con-
clusions regarding the effective charges including
comparisons between the observed effective
charges and the theoretical predictions are given
in Sec. V.

II. EXPERIMENTAL TECHNIQUE

The recoil-distance (plunger) technique' ' has
been used to measure lifetimes of various levels
of interest in 1f»;shell nuclei. The plunger ap-
paratus used for these measurements was de-
scribed previously. ' These levels were populated
via nuclear reactions induced by a-, 'He-, and
"0-particle beams from the Stony Brook tandem
Van de Graaff accelerator. The targets from 20
to 260 p, g/cm' thickness were evaporated onto
3-mg/cm' Au backing foils. They were oriented
with the Au foil facing the bearb and positioned
in the plunger apparatus by means of a V-groove,
O-ring arrangement designed to hold the target
flat. The recoiling excited nuclei from, for
example, the (o.,n) and (n, p) reactions which were
used for the majority of the present measure-
ments, were kinematically confined to a forward
cone with half angles ranging from 17 to 28 . In
most cases, the targets were made about a factor
of 2 thinner than the approximate target range for
the minimum recoil energy, so that all the re-
coiling ions leave the target with a significant
velocity.

The excited nuclei, which recoil with a velocity
component v in the direction of the beam and de-
cay of flight, will emit y rays at 0' to the beam
with a shifted energy E, =E,(l+ v/c). A flat Au

plunger positioned at a distance D- D, from the

target stops the recoiling nuclei so that those
which decay at a time greater than the flight time
t=(D- Do)/v will emit y rays with an unshifted
energy $0. The y-ray energy spectra were mea-
sured for various plunger distances with a 45-cm'
Ge(Li) detector at 0 . The detector energy reso-
lution was about 2.5 keV at 1332 keV, which was
generally sufficient to resolve the y-ray peaks at
energies E, and E, (typically E, —E,- 6 keV for
E,=1 MeV). The corresponding peak areas I,
and I, were determined for the appropriate decay
y rays by a simultaneous least-squares fit to
Gaussian and skew-Gaussian shapes respectively,
along with a polynomial fitted to the background.
The experimental ratios R of the unshifted peak
area to the total area, I,/(I, + I,), were then
formed from measurements at each distance.

To illustrate this analysis for a typical case,
the y-ray data for the ~2 level (~~ -~2, 1157-keV
transition) in "Sc obtained via the "Ca(a,p)"Sc
reaction (E = 14.0 MeV, 48- pg/cm' natural Ca
metal target on Au backing) are shown in the left
half of Fig. 1 for three plunger distances D Dp.
The maximum recoil half angle is 20 and the re-
sulting mean recoil velocity which was obtained
from the difference in centroid energies of Io and

I, at 0' is v/c =0.65/p (V=1.9 pm/psec). The solid
curve through the y-ray spectra represents the
computer fits for I,+I, and the background; the
fitted background is also shown under the peak
areas. The dashed lines give the individual
contributions for I, and I, . The ratios R —R„
obtained at the different plunger distances are
plotted with error bars as a function of distance
in the right half of Fig. 1. A small background
ratio R„which can be due, for instance, to nu-
clear stopping in the target material is usually
observed at large distances. In this "Sc illustra-
tion, there is a significant R„due to cascade
feeding from the long-lived ~2 level (7 = 650 nsec).

In order to express the ratio R in terms of the
nuclear lifetime, a knowledge of the recoil veloc-
ities is required. If all of the nuclei recoil with
the same velocity v, then IO=&p ' 0'", where
T is the mean lifetime, and the ratio R is given by
R =e ' 0' "' since Io+ I, =N. In practice there
is a spread in the recoil velocities resulting from
the kinematics and target thickness. Thus the
experimental ratios obtained as a function of D
were fitted with the following formula'.

R(ll D ) Q g & &-(D Dp)v& r ~R-
5

where A+R„= 1 so that R(0) = 1. The background
ratio R„ is measured with good statistical accu-
racy at a distance D» v7.. The a, represents the
fraction of nuclei recoiling with velocity v, (nor-
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malized such that Q, a, = 1) and are determined
from the experimental shape of the shifted peak
after unfolding the detector resolution taken to
have a Gaussian shape. The shape of the shifted
peak, due to the presence of a spread in recoil
velocities, was found from spectra taken at large
plunger distances. The parameters 7, D~, and
R„were allowed to vary in fitting each ratio
curve. The solid curve in the right half of Fig. 1

corresponding to r= 8.1 + 1.1 psec represents this
best fit for the ~2 level in "Sc. The lifetime
values obtained using Eq. (1) usually differed only
a few percent from the lifetimes determined from
the first-order equation

R =A& ( -Do& ar+R (2)
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FIG. 1. Recoil-distance p-ray spectra and lifetime
decay curve for the 3Sc 2987-keV &5 1830-keV—

2
transition. The left portion of the figure displays the
p-ray spectra in the region of the 1157-keV transition
measured at three different plunger distances, D —Dp in

pm, with Ip and Iz indicating the stopped and shifted
peaks, respectively. The methods of extracting the Ip

and Iz areas are discussed in the text. The right por-
tion of the figure is a semilogarithmic plot of R-&
vs D -Dp where R = Ip/(Ip+ Ig) The curve through the
ratio data represents a least-squares fit of Eq. (1) to
the data as described in the text.

where v is the mean recoil velocity. This close
agreement is due to the fact that the spread in
recoil velocities was generally small for these
measurements. The first-order fit with Eq. (2)
for the "Sc example yielded v=8.4*1.1 psec,
which is only a 3/0 difference from the fit with

Eq. (1). In the event that either I, or I, are ob-
scured by contaminants in the y-ray spectra, a
decay curve can usually be obtained by normalizing
either I, or I, to another transition in the spectra
which has an intensity proportional to that of the
transition of interest.

Several small corrections" must be applied to
lifetime values extracted in the manner described
above. The corrections for the finite solid angle
of the detector and the efficiency variation for the

I, and I, peaks are generally small (&leuc for the
present measurements) and are applied to the
value of the lifetime since they are accurately
known. For the "Sc ~2 level, the sum of these
two corrections to the lifetime was only O. l%%uc.

The effect of a possible distribution of distances
(D —Do) in the plunger apparatus (due, for exam-
ple, to a nonparallel plunger and target) was only
a few percent in the worst cases and was folded
into the lifetime uncertainty. It has been shown'
that the presence of a distance distribution in the
absence of a velocity distribution does not effect
the extracted lifetime.

Corrections to the measured lifetimes for the
deorientation effect must also be considered. ' '
It is well known that the angular distributions of

y rays from the decay of excited nuclei which re-
coil into vacuum can be attenuated as a result of
the interaction between the nucleus and the atomic
hyperfine fields. That is, the angular distribu-
tion parameters A, ar. e reduced in time by the
multiplicative factors G~(t). Assuming that
G,(t) =e ~& ' for t & (D —D,)/V and G, (t= (D —D0}/v)
for t ~ (D —D,)/v where (D —D,)/V is the flight
time of the nucleus, the ratio R for detection of

y rays at 0'is given by

e-x(D Do)/i+a-g e-xy (D Do)/i-
1+g /i, [z/x,'+ (1 —z/x,'}e-~'"- o""] '

where a = 1/r and A.,' = A. + a, .
By the theory of Abragam and Pound, '

X~

=k(k+ 1)cu'r, /3 where r, is the mean fluctuation
time of the hyperfine interaction and e = I/» gH/h

assuming a magnetic dipole interaction. The
quantity v'7, has been measured by Hausser
et al. ' to be 4 &10"sec ' for Ti isotopes with a
recoil velocity of v/c = 0.046. Assuming that the
magnetic hyperfine field H is proportional to
Z(v/c)* and using similar values of r, and g,
the parameters A,, can be extracted for the present
measurements using the exponent measured by
Hausser et al. (x=0.95+0.30}. This estimation
of the A.~ is approximate; however, the de-
orientation lifetimes r, = 1/a, determined in the
above manner are at least a factor of 2 larger
than the present lifetime values. For this reason
the deorientation effect has been taken as an ad-
ditional uncertainty with the parameters A~ and

A.~ determined in a "worst" case, namely for A„
values corresponding to maximum alignment and
for A~ values determined with &=0.6. The ad-
ditional error was typically on the order of 1'%%uq

while in a few cases for the longer lifetimes it was
about 5%. In the case of the "Sc example, the
deorientation lifetimes 7~ are 139 and 41 psec,
respectively, for k =2 and 4 which are consider-



ably larger than the lifetime and thus yield a
negligible correction.

The measurements described herein were singles
measurements in which only the y ray. has been
detected. In order to obtain a sufficient counting
rate, it.was necessary, in most cases, to make
these measurements at bombarding energies ap-
preciably higher than the kinematic threshold for
production of the level of interest. Hence, the
question of feeding from higher levels must be
considered. The -first-order equation that de-
scribes the

rations

for a level that is fed both
directly from a reaction and indirectly from a
second level at higher energy is

g{fe-&D Do)/vr + [f /(i7 I&)]

W'e-'D DO) /.-r ~e-(D DO)" r]] +R-„.
(4)

The f and f' are, respectively, the direct and
cascade population fractions (f+f'=1), and 1/ and
g' are the mean recoil velocities corresponding
to the populahon of each level; Cascades from
highly excited levels are generally associated with
short lifetimes r' «1, in which case, Eq. (4) re-
duces, for times (L) -Do)/)/ of the order of 1 and
with V- V, to the equation for direct population,
Eq. (2). If the feeding level has a lifetime longer
than )., namely )'» 1, then Eq. (4) reduces to
R =A[fe ' o""'+f']+R„. This result is also
represented by Eq. (2) provided the term Af ' is
absorbed into A„and D0 includes an apparent
shift ~o=Vv' Inf. Thus for partial feeding from
levels with lifetimes 7' that are either much
greater or less than v, the correct lifetime 7 is
obtained by fitting the decay curve with Eq. (2).

In a cascade feeding situation where v' is of the
same order as 7, the decay curve contains the
influence of both lifetimes. To fit such data, the
complete Eq. (4) is required; an erroneous life-
time mould be obtained in this case wNl a fit to
Eq. (2). To insure that any feeding levels did not
influence the measured decay curves, the life-
times associated with all cascade y rays that feed
the levels of interest were examined in the plunger
data, in addition to checking for near linearity in
the logarithmic decay curve. In some cases life-
times of certain levels could not be extracted be-
cause of the possibility of unidentified cascade
trRnsltlons of Rppl'eclRi)le 1ntenslty. Ill 'the case of
'Se, where the transitions of interest mere very

weak and it was difficult to apply such tests,
several measurements including threshold studies
mere made under a variety of conditions to help
ensure the reliability of these results. For one
level in ICr, Eq (4) was req. uired to extract the

appropriate lifetime v after measuring the life-
time v' of a feeding level.

III. EXPERIMENTAL RESULTS

TABLE I. Lifetime results.

Nucleus

50Cr

52gr

15
2

g+

(6)+

4+
6+

(3,5 )
4+

2
5+

1?

1491
1511

2987

3334
3507

783
1881
2164
3825

2369
3114
3469
2766
3617

45+ io

57 +10

8.1+ 1.1

19.6+ 1,7

12.8+ 1.2
«3.5

5.1+ 1.0
&3.5

12.6+ 2.1
&4.1
«2,3
&2.0

20.4+ 3.3
13 7+3.6

59.5~ 3.3
10.4 + 1.2

&10
&5.5

15.5~ 1.8
3.9+ 0.6

18F

5.7+ 1.2
68.3+ 3.1

The experimental results for the current recoil-
distance measurements in 1fr/o-shell nuclei will
be presented in the order of increasing A: 4'Sc,
"Sc "Ca 'STi "V "Cr "Mn "Cx Mn andy y

~Fe. Preliminary reports of most of these ex-
perimental results have previously been made. '0 "
An extensive study" in "V will be published sep-
arately. Referencing for each nucleus will be
limited to recent general references for identifi-
cation of level structure, spin and parity assign-
ments, and y-deeay properties, and to other
references pertaining to previous lifetime mea-
surements. The y-ray spectra for each level
studied are shown for three representative plunger
distances. The computer fit to these spectra,
which mere discussed in Sec. II, are represented
by solid and dashed curves. All of the obtained
ratio data R —A„are plotted as a function of the
plunger distance for each case. Unless otherwise
stated the solid curves through the ratio data are
the best fits to Eq. (1). The resulting lifetimes in-
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eluding the corrections of Sec. II and the uncer-
4inties will be given for each measurement; all
final lifetime values are collected as a summary
in Table I.

2270~2222~
2188
1889~
1874 Ioo

1846~g
1587~,(

1511

1491~
100

loo

IOO

74 P4~
&501 ISOI

IOO ts+)
1(+I

(o+)~(8+)
4D 40 +

5+~8+

In "Sc, the lifetimes of the 1491-keV 3' and
1511-keV 5' levels have been measured by study-
ing the 880-keV transition to the 611-keV 1' level
and the 894-keV transition to the 617-keV 7' level,
respectively. The "Sc decay scheme shown in
Fig. 2 for levels below 2.3 MeV is based on Refs.
14-17. Previous lifetime information has been
obtained for several levels in 4'Sc with the
OS')IJVl'~ " Results from a recent plunger mea-
surement axe also available. " Because of the
difficulty of isolating the 3' and 5' levels from
delayed cascade y transitions, the plunger mea-
surements were made with both the "K(n, II)42Sc

and 4'Ca('He, p)~Sc reactions at several bom-
barding energies to ensure reliability.

The final "K(a,n)"Sc plunger results were ob-
tained with a 140-)Ig/cm' natural Kl target at an
effective E =10.04 MeV which for threshold rea-
sons eliminated the possibility of cascade feeding
to the 3' and 5' levels. This energy, which re-
sulted from a bombarding energy of 10.40 MeV
and a 360-keV energy loss in the 2.2-)I.g/cm' Au
backing, populated levels in "Sc only up to an
excitation of 1770 keV. Unfortunately, at this low
enex gy, the y rays of interest are very weak

compared to background. Thus, to achieve greater
sensitivity to these y rays, a background spectrum
taken at a larger plunger distance and at E =9.7
MeV, which is below the threshold for both the
3' and 5+ levels, was subtracted from each
plunger spectra after normalization, An unsub-
tracted spectrum is shown in the top left of Fig.
3. The large peak in this spectrum is the shifted
peak of the 899-keV y ray in "Ca from the "K-
(a, )(I)"Ca reaction which is not observed to have
a stopped peak except at the clo'sest plunger dis-
tance. The resulting plunger spectra aie shown in
the lower left of Fig. 3. To be certain that the
875- and 889-keV y rays from ~Ca" did not inter-
fere with the 880- and 894-keV y rays from "Sc,
only the shifted and unshifted peaks, respectively,
of each transition, normalized to the shifted peak
of the 899-keV y ray, were used to obtain decay
ratios. These ratios shown in Fig. 4 were fitted
with the decay curve of Eq. (2); a correction for
the velocity distribution is small in this case com-
pared to the experimental error. Mean lifetimes
v=47+13 psec for the 3+ level and 7=52+14 psec
for the 5' level were obtained. In addition, the
611-keV 1' -ground-state 0' transition yielded an
apparent v =41+18 psec due to the feeding from
the 3' level (the mean life of this 1' level has
been measured" to be v. =0.04 psec).

4'
149I keV 3+ 6I I keV I+ (880 keV)
l5ll keV 5' 6I7 keV 7+(894keY)
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FIG. 2. The decay scheme for 42Sc levels below 2.3
MeV based on Refs. 14-17.

FIG. 3. Recoil-distance y-ray spectra for the 42Sc

1491-keV 3+ 611-keV 1' (880-keV) transition and the
1511-keV 5* 617-keV 7+ (894-keV) transition. The
left-hand portion displays the spectra obtained from the
39K(&,e)42Sc reaction. The top two spectra show the
region of interest obtained with A=10.4 MeV at D-Do
=6 pm before and after the subtraction of a background
spectrum obtained with a beam energy below the thresh-
old for the 1491-keV level in 42Sc (E~=9.7 MeV). Sub-
tracted spectra at two other plunger distances, D —Do
in pm, are shown at the bottom left-hand portion. A
constant background has also been added to these sub-
tracted spectra. The right-hand portion displays the
spectra from the Ca(38e,P) Sc reaction at three
plunger distances.
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Initial "K(n, s)42Sc plunger measurements were
made with a 14.5-MeV bombarding energy which
populated levels up to about 5 MeV excitation. The
plunger spectra at this energy contained two ad-
ditional y rays, 810 and 917 keV, which showed
observable lifetimes, but which could not be fitted
into the previously known level scheme. The con-
cern over cascade feeding of the 3' and 5' levels
from such transitions put the preliminary data'
at this energy in doubt.

The "Ca('He, p)~Sc reaction which populates
the 3' and 5' levels with fair strength was used
for additional plunger measurements on these
levels to achieve improved statistical accuracies
with different y-ray background conditions. The
810- and 917-keV y rays mentioned above were not
observed with this reaction. The kinematics for
this reaction at a bombarding energy of 10.5 MeV
allowed large recoil angles which resulted in a
correspondingly large spread in recoil velocities;
hence, in this case the finite target thickness
(50-gg/cm' natural Ca on a Au backing) produced
a measurable background R„due to a small frac-
tion of the ions stopping in the target.

The plunger results for the 3' and 5' levels ob-
tained with the ('He, p) reaction are shown in Figs.
3 and 5. Mean lifetimes ~=44",' psec for the 3'
level and 7.= 62*11psec for the 5' level were ob-
tained. The asymmetric error bar in the former
case is due to the fact that the shifted peak of the
871-keV y ray from the T=260 psec —,

"level in
"0obscures the 880-keV y ray in "Sc at large
plunger distances which introduces an uncertainty
in R„. The 976-keV y ray from the 1587-keV
2+ -611-keV 1' transition in "Sc was observed
to have a small component which yielded a mean

lifetime of 61 + 18 psec that could be due to feeding
from the 1846-keV (3') level (the mean lifetime
of the 1587-keV 2' level has been measured" to
be v=0. 1 psec).

Several contaminant y rays appeared in the
spectrum due to partial oxidation of the Ca target.
Among them the 937-keV 3' —ground-state 1'
transition in "F from the "0('He, p) "F reaction
yielded an improved mean lifetime v= 68.3 + 3.1
psec for the 3' level in "F, in good agreement
with a previous measurement" of 68+7 psec.

The adopted 4'Sc mean lifetimes from the present
measurements with both reactions are 7.= 45 ',"
psec for the 1491-keV 3' level and 7.=57+11 psec
for the 1511-keV 5' level. It is interesting to
compare these results with those of Bertin,
Kumbartzki, and Hirko" who measured 7 = 45 + 7
psec and 74+11 psec for the 3' and 5+ 4'Sc levels,
respectively, using a n-y coincidence recoil-
distance measurement with the "K(o., n)4'Sc reac-
tion at E =14 MeV. Although their 3' lifetime
agrees with the present measurements, their 5'
lifetime is in slight disagreement and is essen-
tially equal to the preliminary decay slope deduced
from the present ".K(o., s)42Sc singles measure-
ment at E =14.5 MeV that contained the feeding
difficulties. Hence, this n-y coincidence measure-
ment" has the same feeding concern, since the
proton-recoil spectrum of the neutron detector
does not easily isolate these levels from cascade
feeding.

Sc

In "Sc, the lifetime of the 2987-keV ~2 level
has been measured via the 1157-keV ~2 -~2
transition. This level, along with the 3123-keV
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FIG. 4. Lifetime decay plots for the 42Sc 1491-keV
3+-611-keV 1+ and 1511-keV 5+ 617-keV 7+ transi-
tions obtained from the 39K(o., n)42Sc reaction. The
curves through the data points, which have been nor-
malized to 1.0 at D-DO=0, represent a least-squares
fit of Eq. (2)' to the data.

FIG. 5. Lifetime decay plots for the Sc 1491-keV
3+ 611-keV 1+ and 1511-keV 5+ 617-keV 7+ transi-
tions obtained from the Ca( He, P) Sc reaction. The
curves through the data points represent a least-squares
fit of Eq. (1) to the data.
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level, has recently been identified using the
"Ca(o., p)"Sc reaction. " The low-lying level
scheme of 4'Sc has been well studied. " Extensive
lifetime measurements have been made previously
for many low-lying levels by the DSAM, ""the
recoil-distance, ""and electronic timing tech-
niques. " For the present measurement, the
"Ca(o., p)4'Sc reaction with E„=14.0 MeV was
used to excite the 2987-keV ~2 level. The target
consisted of 48 p.g/cm' of natural Ca metal evap-
orated onto the Au backing. The plunger results
for the 1157-keV transition from the ~ level to
the 1830-keV —", level are shown in Fig. 1. Since
the ~2 level is fed to a small extent by the i=650
nsec, ~2 level, a stopped peak I, was observed at
large plunger distances; this caused no difficulty
in the lifetime determination since the constant
contribution is contained in the background R„.
The resulting mean life for the ~2 level at 2987
keV in "Sc is 7 =8.1+1psec. Many other transi-
tions were observed between states of lower exci-
tation energy and lower spin; however, no life-
times for these levels were obtained in the present
experiment because of feeding effects from higher
transitions.

Because of the natural Ca target, a contamination
near the 1157-keV peak was possible due to the y
decay of the 2' level in 44Ca at 1155 keV that could
be produced by inelastic excitation of the naturally
abundant (2.1/o) "Ca. A y-ray measurement on a

Ca isotopically enriched (98.5%) target at the
same n-beam energy showed that the 1155-keV y
ray had a negligible effect (&5%) on the "Sc mea-
surement.

44C

The lifetime of the 6' level in 44Ca at 3285 keV
was measured observing the 1002-keV y-ray tran-
sition from the 3285-keV 6' level to the 2283-keV
4' level. Recent level- scheme information for

44Ca is given in Refs. 28 and 29. Previous life-
time measurements in this nucleus utilized the
DSAM."

For the present measurements, the excited '4Ca

nuclei were produced by the ~'K(o. , p)4'Ca reaction
with E„=14.0 MeV using a 80- pg/cm' KI target
isotopically enriched to -99%%uz "K. The results
for the 1002-keV 6' -4' transition are shown in

Fig. 6. The mean lifetime obtained for the 6'
level at 3285 keV in 44Ca is 7 =19.6+1.7 psec. No

feeding difficulties were observed from the y-ray
transitions known to cascade to the 6' level. ~
The lowest 8' level of the (f,»)' configuration is
not expected to affect this lifetime measurement
even if populated because of its high excitation
energy and thus short lifetime.

The lifetime of the 6' level in "Ti at 3)34 keV
was measured by observing the 1038-keV transi-
tion from the 6' level to the 4' level at 2296 keV.
An upper limit has also been obtained for the life-
time of the 3507 keV (6)' level. References 31

- and 32 give a summary of the low-lying level
scheme. Lifetimes of a number of levels of "Ti
have been measured by the DSAM."

In the present measurement the 6' level was
populated with the "Sc(o.,p)"Ti reaction at E
= 10 MeV using a 70-pg/cm' natural Sc target.
The plunger results for the 6' -4' transition are
shown in Fig. 7. The mean lifetime deduced for
the 6' level at 3334 keV in "Ti is 7=12.8*1.2
psec. The branch from the 3507-keV (6)' level
that feeds the 3334-keV 6' level" was observed
with an intensity of about 25% that of 6' -4' tran-
sition. An upper limit (2o) of r& 3.5 psec was
placed on the mean lifetime of this 3507-keV level
from the observation that the branch to the 2296-
keV 4' level showed no appreciable stopped peak
at the smallest plunger distance.
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FIG. 6. Recoil-distance p-ray spectra and lifetime
decay curve for the 44Ca 3285-keV 6+ 2283-keV 4+

transition. The presentation is similar to that of Fig. 1.

FIG. 7. Recoil-distance p-ray spectra'and lifetime
decay curve for the Ti 3334-keV 6+ 2296-keV 4+

transition. The presentation is similar to that of Fig. 1.
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In "V, the lifetime of the 1021-keV ~ level has
been measured and an upper limit has been ob-
tained for the lifetime of the 2261-keV ~2 level.
Low-lying levels of "V are described in Refs. 34,
35, and 36. Lifetimes for the first two excited
levels are well known"' "and the DSAM has
recently been used to measure lifetimes of numer-
o'us levels up to 2.5 MeV excitation energy. "'"

The "Ti(u, p)"V r eaction with E = 11.0 M eV
has been used to excite the 1021-keV ~2 level.
The target consisted of 60 pg/cm' of "Ti iso-
topically enriched to 60%. The plunger results
for the 1021-keV ~ -+ ground-state transition
are shown in Fig. 8. The mean lifetime obtained
for the 1021-keV ~ level in V is v'=5. l +1.0
psec. This value is in agreement with a recent
DSAM lower limit of ~ & 3.4 psec." Two y rays
which have been previously reported to feed the

level with energies of 134 keV ~ and 1330 keV"
were not observed with this reaction.

The 1240-keV y ray from the 2261-keV ~2

, -1021-keV ~2 transition" is observed in the pres-
ent experiment with an intensity at 0' of approxi-
mately + the intensity of the 1021-keV y ray.
Using this transition, an upper limit (2o) of
v & 3.5 psec was obtained for the mean lifetime
of the 2261-keV ~2 level. The weak feeding from
this level does not affect the lifetime for the 1021-
keV ~2 level.

SO/

In soCr, the lifetime of the first excited 783-keV
2' level and lifetime limits for several higher
excited levels have been measured. The level
scheme ln Flg. 9 showing only the trallsltlons dis-
cussed here is taken from Refs. 40 and 41. Pre-
viously measured lifetimes in ' Cr have been ob-
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3811

5M5
5184
5181

2924

IOO

j4p' s+

(0+)
I, R

z $~=+

2
2+

IOO

IOO

0+

FIG. 9. The decay scheme for ~OCr based on Refs. 40
and 41. Only the transitions discussed in the text are
shove.

tained with the DSAM"' and the plunger method. "
In the present experiment the levels of interest

were populated by the "Ca("0,n2p)'6Cr reaction
with an "0beam of 47 MeV using a 260- pg/cm'
natural Ca metal target. The bombardment of
the "Ca target with "0 strongly populated many
high-spin states in "Fe, "Fe, s'Mn, "Mn, and
"Cr. Recoil-distance lifetimes were obtained for
~Fe, "Mn, and "Mn levels in addition to those in
sDC r

The plunger results for the 783-keV 2' levels in
'~Cr are shown in Fig. 10. A mean lifetime of
v =12.6~2.1 psec for this 2' level was obtained.
All strong transitions which are shown to feed this

0-Do= lo

~ V I02 I keV II/2 ~GROUND STATE 7/2
l t IQ

3500— I Pl
~ i

~ ~

Cr 783keV2'-GROUND STATE P+
~ ~

0"$*25

2000-
Z4J

4 4 ~ 4 ~ ~ .4

I500-" '
r

5500 0 Do+ 15

5000-
9

0- O.I
K

2500 -, ~
2500"-'

~ Oy

~ I

0-Pp50

2500-
~ Ov ~

8 7000- D-q, = 50
6000-

Q-Q,~IOO
~ ~

p4 ~

4000 =

720 7XI 7M 750
CHANNEL NUMBER

of)I i I I I ~ i I I I I I I i I

0 IO 20 30 40
D-D, (~.m)

2000 .—
I I I I I I I I I I ~~ 01

I320 I340 IMO l580 I@00 0
CHANNEL NUMBER

I ~ s a

IOO . I50 200
D-D, (~)

FIG. 8. Recoil-distance y-ray spectra and lifetime
decay curve for the V 1021-keV ~~ ground-state ~

. 2transition. The presentation is similar to that of Fig. l.

FIG. 10. Recoil-distance y-ray spectra and lifetime
decay curve for the Cr 783-keV 2+ ground-state 0+
transition. The presentation is similar to that of Fig. 1.
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level indicated considerably shorter lifetimes.
From the observation of the feeding transitions
shown in Fig. 9, mean-lifetime upper limits (2o)
of 4.1, 2.3, and 2.0 psec were obtained for the
1881-keV 4', 3164-keV 6', and 3825-keV (J ~ 4')
levels, respectively. The present lifetime ob-
tained for the 783-keV 2' level is in good agree-
ment with previous measurements of 7 =10+2
psec from the DSAN and v= 12.1+1.2 psec from
Coulomb excitation. Recently, other plunger life-
time measurements for "Cr have been reported
by Dehnhardt et u/. 4' Their lifetime results of
12.1+1.2, 3.2+0.4, and 1.8+0.4 psec for the 783-
keV 2', 1881-keV 4' and 2164-keV 6' levels, re-
spectively, are in agreement with the present re-
sults.

FIG. 13. Recoil-distance y-ray spectra and lifetime
decay curve for the ~2Cr 3114-keV 6+ 2369-keV 4+&

transition. The presentation is similar to that of Fig. 1.

In "Mn, the lifetimes of the first excited 238-
keV + level has been measured using the 4 Ca-
("0,aP)"Mn reaction with an "0beam of 4V MeV
using a 260- p. g/cm' natural Ca metal target.
Recently, the decay scheme from the (p, y) reac-
tion has been reported" and lifetimes have been
measured with the DSAM. 4'

The plunger results for the 238-keV + -+
ground-state transition are shown in Fig. 11. The
mean lifetime obtained for the 238-keV + level
in "Mn is 7=20.4+3.3 psec. Several transitions
which are known to feed the + level~ did not show
plunger lifetimes. The 238-keV y ray showed a
40/~ stopped peak even at large distances (D —D,
= 2500 pm). lf this is not due to a contaminant
y-ray, it perhaps originates from a level in "Mn
with a mean life v & 1 nsec or from the P decay of
"Fe. Neither situation would affect the lifetime
result.

Cr 3469keV (3~ 5 ) —2766 keV 42
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FIG. 12. The decay scheme for 52Cr levels below 4
MeV based on Ref. 45. Only the transitions discussed in
the text are shown.

FIG. 14. Recoil-distance y-ray spectra and lifetime
decay curve for the ~2Cr 3469-keV (3,5 ) 2766-keV
42 transition. The presentation is similar to that of
Fig. 1.
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S2C

In "Cr, the lifetimes for the 2369-keV 4~+, 3114-
keV 6', and 3469-keV (3', 5 ) levels and lifetime
limits for the 2677-keV 4,' and the 3617-keV 5'
levels were obtained. The level scheme for levels
below 4 MeV in Fig. 12 showing only the transi-
tions to be discussed is based on Ref. 45. Pre-
vious lifetime measurements have been made
with the DSAM. ~' 4'

In the present experiment, levels in "Cr were
populated with the «sTi(u, s)"Cr reaction with
E = 14.5 MeV using a 30-pg/cm' Ti metal target
isotopically enriched to -8(PO «'Ti. The decay
curves for the 744- and 703-keV transitions from
the 6' and (3', 5 } levels, respectively, are shown
in Figs. 13 and 14. Mean lifetimes of ~= 59.5~ 3.3
psec for the 3114-keV 6' level and 7 = 10.4 + 1.2
psec for the 3469-keV (3', 5 ) level were obtained.
Since the 2369-keV 4,' level is strongly fed by the
744-keV transition from the 6' level, the life-
time of the 4,' level was obtained by fitting the
experimental ratios for the 934-keV 4 y 2
transition to Eq (3) w.hich explicitly takes into
account the feeding from the 6' level whose life-
time was fixed at the above measured value. The
experimental ratios, R-A„, are shown in Fig. 15
with the solid curve representing the best fit to
Eq. (4). The experimental ratios and best fit are
also shown in the same figure after the feeding
component Af'r'e ' ~o' "'/(r' r), has be-en
subtracted [see Eq. (4)]. The mean lifetime ob-
tained for the 2369-keV 4,' level was 13.7',",
psec.

Anupper limit(3o} of r&5.5psec for the 3617-
keV 5' level was obtained from the observation of

Mn

In "Mn, the lifetimes of the 2693-keV ~2 and
the 2563-keV ~2 levels have been measured and

5440
5426

17/2~ 15/2

the 1248-keV y ray which originates from this
level. Thus the y-ray branches for this level to
the 4,' and 6' levels, which were weak in the
spectra, did not present feeding g. oblems. An
upper limit (2o) of r & 10 psec was obtained for
the 2766-keV 4,' level by observing the 1332-keV
decay y ray. The 398-keV transition from this
4; level to the 4,' level was too weak to present
feeding problems. A preliminary result reported
for the 2766-keV 4,' level" is in doubt because of
partial feeding from the 3469-keV (3', 5 ) level.
A number of other transitions are known to feed
the levels for which plunger lifetimes were ob-
tained; however, they are weak in the spectra and

originate from levels whose lifetimes are less
than 2 psec. '"

Most of the plunger lifetimes agree with those
obtained from the measurements of Sprague et al."
Mean lifetime limits of 1.1 & 7 & 5.5 psec can be
obtained for the 3617-keV 5+ level by combining
the present result with the DSAl'N value of 7 & 1.1
psec. However, the DSAM measurement of

1 5+0'25 psec for the 2369-keV 4, level" is in
disagreement with the present recoil-distance
result of ~=13.7 ", ,' psec. This DSAM measure-
ment was done in singles so that the observed
centroid shift has to be corrected for feeding
from the 6' whose lifetime was not known. The
present result which explicitly takes into account
the 6' feeding should be more reliable.
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transition. The presentation is similar to that of Fig.
1 except that the ratio data were fit using Eq. (4) to
take into account the feeding from the 3114-keV 6+ level.
The lifetime decay plot and fitted curve are also shown
with the feeding component subtracted.
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FIG. 16. The decay scheme for high-spin states in
Mn taken from Ref-. 46.
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an upper bmit has been obtained for the lifetime
of the 3440-keV ~2 level. The level scheme in
Fig. 16 showing the high-spin levels in 'Mn is
based on the work of Sama et al. '6 The DSAM" "
and the electronic timing method~' have been used
previously to measure several ' Mn lifetimes.

In the present experiment, levels in "Mn were
populated using the "Ca("0,3p)"Mn reaction with

an "0beam of 4V MeV using a 260-II g/cm' natural
Ca metal target. Only the transitions among the
highest-spin states in 'Mn, 3440-keV ~2, 2693-
keV ~, 2564-keV ~2, 1441-keV ~, and ground-
state ~I, were observed (the 377-keV ~I level was
populated by the P' decay of ~Fe). The decay
curve for the 1252-keV transition from the 2693-
keV ~2 level shown in Fig. 17 yielded a mean life-
time of v=3.88+0.55 psec for the ~2 level. An

upper limit (2c) of r & 1.7 psec was obtained for

the lifetime of the 3440-keV ~2 level by observing
the 747-keV y ray, which feeds the 2693-keV ~2

level.
The y-ray spectra for the 1122-keV transition

from the 2563-keV ~2 level to the 1441-keV ~2

level are shown in Fig. 18 and the ratio data are
shown in Fig. 19. A mean lifetime of v = 15.5 + 1.8
psec was obtained for the 2563-keV ~2 level.
Using the Z2/M 1 mixing ratio of 6 = -0.02 + 0.02
obtained by Sama et cl; for the ~2 -~2 transition, "
a B(Ml') =[(26+3)x 10 ']II.„' and a B(E2) «0.052
e' fm' were obtained. Although the ~2 level is
not part of the (f,~) ' configuration, the hindrance
of the Ml strength is comparable to that ob-
tained for several transitions in "V for (f»)'
levels. The E2 hindrance for this transition sug-
gests that this ~2 level consists of a neutron core
excitation.

54F

The lifetime of the 2538-keV 4' level in ~Fe was
measured using the "Ca("0, 2P)~Fe reaction with

an "0beam of 47 MeV and a 260 IIg/cm' natural
Ca target. Previously, the lifetime of the 2950-
keV 6' state has been measured by electronic
timing. '""

The y-ray spectra for the 1130-keV txansition
from the 2583-keV 4' level to the 1408-keV 2'
level are shown in Fig. 18. The 4' level is pri-
marily fed indirectly from the 6' level which has
a mean lifetime of 1749 +23 psec ' ' "; this feeding
gives a stopped peak even at large plunger dis-
tances. Since the shifted peak was obscured by
the "Mn 1122-keV shifted peak, the ratios R were
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FIG. 18. Recoil-distance y-ray spectra for a region
of interest from the bombardment of 40Ca with a 47-
MeV 0 beam taken at three different plunger distances,
D-Do in pm. The unshifted and shifted peaks, I~ and I&,
are indicated for the 50Cr 4+ 2+ 53Mn ~~ ~~ and

2 2
Fe 4+ 2+ transitions.
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FIG. 19. Lifetime decay curves for the 54Fe 2538-keV
4+~1408-keV 2+ and 53Mn 2564-keV~~ 1441-keV—

54transitions. The ratio data for the ~4Fe transition were
obtained by normalizing the unshifted peak Io to the 547-
keV y ray produced by Coulomb excitation of the Au
target backing and plunger. The data points for the 53Mn

transition were obtained by normalizing the shifted peak
I& also to the 547-keV y ray. The curves through the
data points represent fits using Kq. (2) .
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obtained by normalizing the 1130-keV unshifted
peak to the 54V-keV y ray produced by Coulomb
excitation from the Au target backing and stopper.
These ratios, after background subtraction and
with a normalization to 1.0 at D- D0= 0, are shown
in Fig. 19 with a straight-line fit using Eq. (2}.
A mean lifetime of v = 5.7 + 1.2 psec was obtained
for the 2538-keV 4' level.

IV. DISCUSSION

The lifetimes obtained for nuclei with 40 &A & 56
from the present recoil-distance measurements
together with those obtained previously by other
methods provide a rather complete set of E2
transition probabilities among levels which can
be described to a large extent by the (1f»,)" con-
figuration. In this section, the success of the
effective operator approach towards an explana-
tion of these E2 strengths will be explored.

The E2 operator, O(E2), and its connection to
the reduced transition probability are defined by
the following expressions:

O(E2) = Q [-,'e„(1+r„)+ ,'e~(1 —7„-)]r,'r, "',

&(E»=(2&)+1) 'l(eyllO(E2) lie;&I'

When the wave functions are limited to a truncated
shell-model space in order to make theoretical
calculations feasible, the normal "bare*' nucleon
charges e~= e and e„=0 are modified into effective
charges yielding an effective E2 operator. ' Ap-
propriate wave functions for the nuclear states
within the truncated shell-model space are de-
termined from effective two-body matrix ele-
ments. The effective charges, e~ and e„, can be
extracted from a comparison of the experimental
B(E2) values with those calculated from Eq. (5)
for the given set of wave functions.

The difference between the effective charges and
the normal bare charges is directly related to
the core-polarization contributions provided the
truncated wave functions adequately describe the
nuclear states. When significant parts of the
nuclear states are not included in the truncated
space, then the extracted effective charges will
incorporate additional contributions. Thus if the
extracted effective charges are constant or vary
in a consistent manner for many transitions, this
effective-operator approach can successfully con-
tribute to an understanding of the nuclear structure
even though it may be difficult to isolate the core-
polar ization contributions. This approach, how-

ever, fails for a selected shell-model space, if
the extracted effective charges vary drastically
for different transitions.

When limiting the wave functions for the
40 & A & 56 nuclei to the 1f», shell-model space,
there are three important contributions that must
be accounted for by the effective E2 operator.
These contributions result from particle excita-
tions of ~=0 to other members of the lf -2p
shell, two-particle excitations each of ~= 1 from
the core, and single-particle core excitations of
AN= 2 (N= 2m+ /- 1 refers to the major oscillator
shells). The ~=0 contributions are the particle
exeitations from the lf, I, orbital to other lf-2p
orbitals of which the 2p, I is the most important.
Contributions from the LN= 1 two-particle excita-
tions originate from pairs of particles being
excited out of the 2s-Id shell of the core to the
lf-2p orbitals. These are core-deformed com-
ponents which can significantly enhance $2 tran-
sition strengths. "" Pairs of ld», holes are
known to be important near OCa in this regard.
The most theoretically interesting contributions
to the effective E2 operator are the ~=2 single-
particle excitations from the 2s-1d to the 3s-2d-1g
orbitals and from the lp to the lf-2p orbitals.

The total ~=2 single-particle contribution is
often associated with the core-polarization
charges, 6e,""for the neutron and 5e~" for the
proton. A number of theoretical calculations of
the core-polarization charge for one particle out-
side a "Ca core have been carried out. ' "" An
interesting aspect of these calculations is that
the quantities 5eP'=-,'(5e~'+ 5'') and 5eP'
= ~(5pP'- 5eP'} are primarily determined by the
J=2, T=O and 8=2, T=1 giant resonance states,
respectively, in ' Ca. Most of these calculations
yieM a 5e~' which implies that 5@~~'& 5e~'. Large
variations in the value of be0~' were obtained from
the different calculations.

In the following sections, the extracted effective
charges mill be presented and interpreted in terms
of the above contributions. These results for
nuclei near 4'Ca with 42 «A «44 vill be presented
in Sec. IVA and those for nuclei with 48 «A «54
in Sec. IV B. This separation is appropriate since
the nuclei near 40Ca contain considerable deformed
components while for the 48 «A «54 nuclei with a
larger number of particles in the 1f„,shell, these
excitations are blocked out to a large extent. In
addition, calculations for the nuclei near 'OCa are
made with wave functions for both the lf», shell
and the larger 1f-2p shell while only the 1f,p
shell wave functions are used for the nuclei with
48 «A «54.

In evaluating the effective charges, the experi-
mental B(E2) values are obtained from the lifetime
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measurements with the following expression:

816
B(E2)exp[8 fm ]=

( [ ])6 [ ] (6)

where 5 =A(E2) r is the branching ratio. All of the

y decays in the present measurements involve only
pure E2 transitions and thus contain no multipole
mixing. %here there are several lifetime mea-
surements in the literature, the best values are
determined by the usual weighted average, and
the quoted errors include both the experimental
spread and the individual uncertainties. For
DSAM lifetime measurements, a systematic error
of 15$ was assumed. To obtain the calculated
B(E2) values, the radial integrals were in all
cases determined from harmonic-oscillator wave
functions with an k~ =414 ' ' MeV that is con-
sistent with electron scattering measurements of
(r')." The comparison methods by which the ap-
propriate effective charge values are extracted
for a given set of experimental and calculated
B(E2) values will be discussed separately for the
different regions of nuclei.

A. 42%A 444

The extraction of E2 effective charges from the
present and previous lifetime results for nuclei
with 42 &A. &44 will be discussed in this section.
This will first be carried out for both the If,~,
and lf-2p shell-model spaces under the as-
sumption that e„=be and e~=1+ 6e. The experi-
mental and calculated B(E2) values and the cor-
responding effective charges for the various theo-
retical approaches are collected in Table II.

With the (If»,)" shell-model space the B(E2)
values are calculated in a straightforward manner
from Eq. (5) for 4'Ca, 4'Sc, "Ti, and ~'Ca. For
the more complex nuclei, "Sc and "Ti, the If»,
wave functions of McCullen, Bayman, and Zamick
(MBZ)59 are used. In "Ca the lowest 2' and 4'
states are assumed to have seniorities 2 and 4,
respectively. The resulting effective charges
(Table II) for the high- spin states in 4'Ca and "Ca
are consistent with 6e = 0.9 while the effective
charges for the low-spin states are larger (5e
= 2.0) which can be explained by the increased
importance of core deformed admixtures. The
results for "Sc, however, are not consistent with
this picture; in this nucleus the high spin 5' —7'
transition needs a large charge of 5e = 1.8. This
anomaly is also reflected to a lesser degree in
~Sc and "Ti. Thus the effective charge concept
with a truncation to the 1f7~ shell-model space
does not appear to be useful in the 42 «A «44
region except for the pure neutron (Ca) nuclei.

For the larger If-2p shell-model space, the
I

deduced effective charges are no longex dependent
on the AN=0 excitations since they are included
explicitly in the wave functions. The B(E2) values
for the (fp)" configurations (Table II) have been
calculated by McGrory and Bhatt, '0 who used wave
functions derived from a complete diagonalization
of the Kuo-Brown matrix elements" assuming that
the nucleons are distributed in the 1f„„2P»„
If,~, and 2p», shell-model orbitals. An improve-
ment is seen (Table II) in the consistency of the
corresponding effective charges for the high-spin
states in all of these nuclei. In particular, the
effective char ge 6e = 0.7 obtained for the 6' -4'
transition in 4'Ca is reduced only 20% from that
obtained with the (lf,~,)' wave functions while the
6e for the "Sc O'-7' transition is reduced from
approximately 1.8 to 0.3. The effective ehax ges
for low-spin states are still enhanced with the
exception of the 2' -0' transition in "Ti(5e = 0.5).
There is also a slight trend for 6e to be smaller
for the more proton-rich nuclei.

Sufficient data exists to distinguish between the
effective proton and neutron charges, if the as-
sumption that the effective charge is independent
of the specific orbital is made. The variation in
the effective charges between the 1f,p, and 2p»,
orbitals is not large. 3 The graphical procedure
described below will be used under this assump-
tion to show the dependence of the various tran-
sition strengths on 5e~ and 6e„, where e„=5e„
and e~= 1+5e~. Calculated values of [B(E2)]»',
which have the foxm Ae~+ Be„, ax'e set equal to
~[B(E2)],'„'~~ ~, which is denoted by C. When this
equation is rewritten as

B 8pA 1
+

C eC e„'
the points (A/C, B/C) plotted on an (x, y) graph
should lie on a line which intersects the y axis at
I/e„and the x at I/e~. The results for the (fp)"
calculations are plotted in this way in Fig. 20.
The "Ca transitions have not been included, since
the calculated B(E2) values are very sensitive to
the seniority mixing of the 2' and 4' levels (see
the discussion on "Cr in the next section).

The two lines in Fig. 20 represent the best fits
first to the ~Ca 6' -4' and 4'Sc 5' —7' transitions
and secondly to the low spin 2+ -0' transitions in
the A = 42 nuclei. The results of these fits in
terms of e~, e„, 6, = ,'(6e„+Ce~) a—nd 6, = ,'{ce„ca~)—-
are given in Table IG. Results for all other
transitions lie between these two lines as seen in
Fig. 20. Specifically, the transitions in the A =43
nuclei between high-spin states and those between
low-spin states show the same trend as the A =42
transitions although they are not as extreme The.
transitions in ~4Ti lie midway between the two
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lines. The isosealar effective charge 6e, obtained
using (fp)" wave functions is especially large for
the low-spin 2' -0' transitions. This isosealar
enhancement can be explained in terms of core-
deformed admixtures which are more important
for the low-spin states. The isovector effective
charge 4e, = 0.33, however, is about the same for
both high-spin and low-spin transitions.

For the high-spin states the effective proton
charge of 1+ 5e~ = 0.96 + 0.16 depends significantly
on the amount of f», p», admixtures in the 4' and
5' wave functions of 'Ca and "Sc, respectively.
When the wave functions of these states are writ-
ten as

15'& =(1— ')'" l(f. )'5'&+ l(f .0 .)5'&

I4'& = (1-P ')'" l(f, .)'4'&+0 l(f, .P, .)4'&,

then it is found that

I [~(g2)]lIR 8 4I

2.93(1—P')'"+4 60P

II~(~2)).e s-7
I

1.07(1 —~ ) is+3 46o.

These results are plotted in Fig. 21 as a function
of o. for P = 0.59 and as a function of P for o. =0.19.
The arrows indicate the amplitudes given by
several theoretical calculations. "'"'" The arrow
labeled FS indicates the value of a and P obtained
from the renormalized (fp)' part of the wave func-
tions given by calculation "B"of Flowers and
Skouras. " The neutron effective charge varies
only slightly as a function of the amplitudes, but
the proton effective charge changes by a factor of
4 in the range a =0, a pure (f,~)' wave function
for ~'Sc, to a =0.60 which is the approximate

f», p», amplitude in ~Sc given by the three theo-
retical calculations. The values of the effective
charges determined from the various theoretical
amplitudes, however, are in fair agreement.

The next level of sophistication for the 42 +A & 44
region would be to enlarge the model space even
further to include the 2s-1d shell. Since configura-
tions of the type (fp)"'"(sd) are responsible
for the core-deformed components which enhance
low-spin transitions, the effective charges deduced
using this model space depend only on the aN= 2

core-polarization excitations. Although no com-
plete calculation of this type has been carried out
for these nuclei, a simplified version for the
A =42 nuclei has been performed by Flowers and
Skouras" who considered the configurations (fp)'
and (fp)~(sd) 2. The B(E2) values obtained from
the FS paper are given in terms of e~ and e„ in
Table II. Adjustments for small differences in
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the radial matrix elements have been made. These
results are plotted graphically in Fig. 22 together
with the lines representing the best fits to the
high-spin and low-spin transitions. The results
of these fits in terms of e~, e„, 6e„and 5e, are
given in Table III. Comparing these FS results
wiih those for the (fp)' configurations, the iso-
scalar effective charge for the low-spin transi-
tions is reduced from Ceo 1.45 to 0.90. This
value is still larger, however, than those ob-
tained for the high-spin transitions (de, = 0.31).
The isovector effective charge for both high-spin
and low-spin transitions is decreased to 5e, = 0.14
with the FS wave functions.

B. 48@A 4 54

In this section, the extraction of effective
charges for nuclei with 48 ~A « 54 will be dis-
cussed. Using the (1f,j,)" proton wave functions,
the isotones with 28 neutrons can be described
very simply since the eight neutrons from a closed
shell: n =+2 for "Ti and "Fe, n=~3 for "V and
"Mn and g =+4 for ' Cr. With the present lifetime
measurements in "Fe, '3Mn, and "Cr, essentially
all of the B(E2) values for transitions among these
(1f„,)" proton states have been measured; the
results are summarized in Table IV. The calcu-
lated B(E2) values and the effective proton charges
extracted for (lf,~)" wave functions are also given
in Table IV for each transition. These calcula-
tions are straightforward except for a few tran-
sitions in 52Cr.

The "Cr nucleus has two 2' and two 4+ states
within the (1f»,)~ configuration, "namely those
with seniorities v=2 and 4. Experimentally there
is considerable evidence'4 that the two 2' levels
are very pure with respect to seniority, the
lowest having v=2. On the other haad, the
branching ratios of the 6' level to the two 4'
levels indicates that their seniority is consider-

ably mixed. With the wave function for the lowest-
lying 4' level written as

A/C

0.0 0.2 04 0.6 0.8 I.O
~ II ~ I ~

I
~ II Ii ~ ~

I
I ~ ~

I
~ I ~

0.65-
42

0.70- (&p)
E FUNCTIONS0.75-

0.8
I2

en

0.9

l.p
I.I

I.2

I.5-

2.0
2.5-

7/2

2~ 7/2

I9/2 W I 5/2

c I5/P. W I I/2

Sc 5W7

l.p

8/C

0.8

p,6

4
—0.4

l4;& = ~ l(f, l,)'4', v=2&+(1 —~')'"l(f,i.)'4', v=4&

the branching ratios of the 6' level" can be re-
produced only if o' = 0.34. This substantial senior-
ity mixing can come about through small con-
figuration admixtures of the 2p, ~, and lf,~ orbitals
in the (f,l,)' 4' wave functions. Using the senior-
ity mixed 4' wave functions, the calculated B(E2)
values involving either of the 4' states depend on
the known quantity e', but not on the unknown
phase. For example, the B(E2) (6'-4;) =(1—n')
x B(E2) (6', v=2-4', v=4) since for half-filled
shells the E2 operator only connects states with
b, v=2 and the 6' state is a pure v=2 state. Thus
the calculated B(E2) values listed in Table IV for
these transitions in "Cr were obtained with the
seniority admixed wave functions (a' =0.34).

The transitions between the highest-spin states
for the five nuclei from ' Ti to 54Fe yield ef-
fective proton charges of 1.88 + 0.03, 1.94 + 0.07,
1.83 + 0.06, 1.94 ',","„and 1.98 ~ 0.01. These ef-
fective proton charges demonstrate additivity by

TABLE III. Effective $2 charges obtained for the
high-spin Ca 6+ 4+ and Sc 5+ 7+ transitions and
for the low-spin A =42 2+ 0' transitions with three
di ffe rent model spaces .

5p —0.2

—OA
I

I I &I I I I I& I

5.0 2P 2P IP l.2 U lg 0.9
Model space (fp)2 (fp)2+ (fp)4 (Sd)-2

High- spin
transitions

2+ 0+

transitions

e&

e„
Bep a

be) ~

e&

e„
bep

Be)

3.81+0.46
0.87+ 0.02
1.84 + 0.23

-0.97+ 0.23

2.58 + 0.26
2.07+ 0.04
1.83 *0.14
0.25 + 0.13

0.96 + 0.16
0.67+ 0.01
0.32+ 0.08
0.36 ~ 0.09

2.14+ 0.24
1~ 73+ 0.03
1.44 + 0.13
0.30+ 0.12

Bep =)Ie„+(e& —1)), Bel =$Ie„—(ep 1)j.

1.16+ 0.16
0.45 + 0.03
0.31+ 0.08
0.14+ 0.09

1.76 + 0.43
1.02+ 0.10
0.90 + 0.24
0.13+ 0.20

FIG. 20. Plots of the quantities A/C vs B/C with A
and B determined from the (fP)" wave functions of
McGrory and Bhatt (Ref. 60). The calculated value
l[B[E2]]~ l is given by Ae&+Be„, snd C = l[B(Es)] ~» l.
The values of A, B, and C are taken from Table II. The
top line is determined by the 2Ca 6+ 4+ and 4 Sc 5+-7+
transitions and the bottom line represents a fit to the
A =42 2+ 0+ transitions. The effective charges given
by the axes intercepts are indicated by dashed lines.
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being remarkably independent of the number of
lf, j, protons. This effect is similar to the fair
consistency of the effective neutron charge which
was found for the high-spin states in 4'Ca and
"Ca using (lf», )" neutron wave functions (see
Table II). The effective charges for the low-spin
states in the isotones with 28 neutrons are not
enhanced, which is in contrast to the nuclei near' Ca where the core-deformed contributions en-
hance the B(E2}values for the low-spin states.
The most serious deviations from constant ef-
fective charges for the nuclei with 28 neutrons
are for two transitions in "Mn between low-spin
states; however for these, the experimental un-
certainties are large and the experimental mea-
surements should be verified. The strongly hin-
dered ~2 -~2 B(E2} in "Mn is not included in the
effective charge analysis because, as mentioned
in Sec. III, the ~2 2563-keV level cannot be a
member of the (lf,~,)

' configuration and most
likely involves a neutron core excitation.

The large number of components in the wave
functions for the 28-neutron nuclei using the en-
tire lf -2p shell-model space make the calcula-
tions prohibitive to carry out. Several simplified
calculations have been reported which treat the
~'Ca core as closed and which allow only proton
excitations. " Using these calculated B(B2) values,
the effective proton charges are reduced 5-10%%ug,'

however, the wave functions in these calculations
do not have good isospin. The inclusion of excita-
tions from the neutron core to achieve good iso-
spin for the 1f-2p wave functions improves the
consistency between the core-polarization ef-
fective charges for the "Ca region with those for
the "Ca region. "

Experimental B(E2}values for transitions in
~'Ti, "V, and "Cr can also be extracted from the
present plunger lifetimes. However, the com-
plexity of these nuclei even in the (lf„,}"model
space makes the results difficult to interpret.
Using the MBZ wave functions" and de~= 5e„=0.6,

TABLE IV. Comparison of experimental and calculated B (E2) values for transitions in
Ti, 'V, 5 Cr, Mn, and 4Fe. The calculated B (E2) values and the resulting effective

charges were obtained with (1f7&2) wave functions. The radial integrals were determined
from harmonic oscillator wave functions with Sco =41A ' MeV.

Nucleus J) J~a B (E2)exp [e fm ] Refs. B (E2)th [e&'fm ] e& [e]

6+ 4+
4+ 2+

2 0+

34.2 + 1.2
60 10

66 ~8

b
c

d, e

9.7
21.2
21.3

1.88 + 0.03
1.69", ,'4'

1.76 + 0.11

51V

52Cr

53Mn

15 11
2 2

11 7-
2 2

8 7
2 2

8 5
2 2

5 7
2 2

7
2 2

6+ ~4+
1

6 4+
2

4+ 4+
2 1

4+ 2+
1 1

2+ 2+
2 1

2+-O+
2

2'-O+
1 1

15 11
2 2

ii 7
2 2

8 7
2 2

8 5
2 2

5 7

2 2

2 2

66 ~5
78 + 14

27.5 + 6.3

27.5 + 6.6

154.0 + 7.6

72 +13

59.5 + 3.4
30.4+ 4.5
92+37

83 +17
155+31

«0.2
119 + 7

68+ 12

145 + 33

96 +21

139 + 26

149+48

f, g

f, g

f, g

g, h

This exp. , i
This exp. , i

k
This exp.

k, l
k, l
m

This exp.

f, n

f, n, o, p

f, n, p

f, n, p

17.6

23.9

8.9

8.3

52.6

18.5

17.7 &

9.0&

14.0&

18.2 &

29.4 &

oj
29.1 j

18.0

24.6

9.1

8.6

54.0

18.9

1.94 ~0.07

1.80 + 0.16

1.76 ~ 0.21

1.81 + 0.22

1.72+ 0.04

1.97+ 0.18

1.83 + 0.06
1.83 + 0.06
2 56+ OO'34e8

2.14 + 0.23
2.30 + 0.19

2.02 + 0.06

94+ 0 ~ 17

2.43 + 0.28

3.3S",.4, ',

2 45+0.34
~ -0.25

1.61 + 0.15

2.S1"4'
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TABLE IV (Continued)

Nucleus B(E2)«& fe fm j Refs. B(E2),g tep2 fm4] ep fel

39.8 + 0.5
78 +16

102 + 4

b, r
This exp.

e

10.2
22.3
22.4

1.98~ 0.01
1.87 + 0.19
2.13 +0.04

~ Except where noted J& and J& refer to states of lowest energy with the respective spine."Reference 50.
B.A. Brown, D. B. Fossan, A. R. Poletti, and E. K. Warburton, in Proceedings of the

International Conference on ¹clecrPhysics, Munich, edited by J. deBoer and P. J. 1VImg
(North-Holland, Amsterdam, 1973), Vol. I, p. 286.

d Reference 9.
c V. D. Vasil'ev, K. I. Erokhina, and I. Kh. Lemberg, Izv. Akad. Nauk SSSR Ser. Fiz. 26,

1000(1962); [transl, : Bull. Acad. Sci. USSR Phys. Ser. 26, 1000 (1962)j; J. J. Simpson, J. A.
Cookson, D. Eccleshall, and M. J. L. Yates, Nucl. Phys. 62, 385 (1965).' Reference 47.

~R. N. Horoshko, D. Cline, and P. M. S. Lesser, Nucl. Phys. A149, 562 (1970); O. F.
Afonin, A. P. Grinberg, I. Kh. Lemberg, and I. N. Chugunov, Yad. Fiz. 6, 219 (1967) [transl. :
Sov. J. Nucl. Phys. 6, 160 (1968)]; A. W. Barrows, R. C. Lamb, D. Velklev, and M, T.
McEllistrem, Nucl. Phys. 47, 506 (1963); H. W. Kendall and I. Talmi, Phys. Rev. 128, 792
(1962); R.N. Horoshko, C. Towsley, and D. Cline, in»oceedings of the Topical Conference
on the Stricture of 1f7/2 Nuclei (See Ref. 67), p. 419.

"R. C, Ritter, Phys. Rev. 128, 2320 (1962); I. V. Krause, ibid. , 129, 1330 (1963); B. M,
Adams, D. Eccleshall, and M. J. L. Yates; I. K. Lemberg; H. E. Gove, and C. Broude, in
Proceedings of the Second Conference on Reactions bet&veen Complex Nuclei, Gatlinberg,
Tennessee (Wiley, New York, 1960),

Reference 65.
5 See Sec„ IV B regarding seniority admixtures in the 52Cr states.
"Reference 45.
~ References 42 and 64.
mC. W. Towsley, D. Cline, and R. N. Horoshko, J. Phys. Soc. Jap. Suppl. , 34, 439 (1973)."Reference 48.
0 Reference 46.
I'M. T. McEllistrem, K. W. Jones, and D. M. Sheppard, Phys. Rev. C 1, 1409 (1970); P. H.

Vuister, Nucl. Phys. A91, 521 (1967};S. Gorodetsky, F. A. Beck, R. Bertini, E. Bozek, and
A. Knipper, Nucl. Phys. 85, 576 (1966); I. M. Szoghy, B. Cujec, and R. Dayrus, Nucl. Phys.
A153, 529 (1970).

& Reference 49.
r Reference 51

the calculated 8($2) for the «'Ti 5' -4' transition
of 53 e' fm4 agrees with the experimental value of
52 a 5 e' fm'. The experimental B(E2) values of
144+,', e' fm' for the "V ~2 -+ transition and
227 + 20 e' fm~ for the ' Cr 2+ -0' transition are
enhanced by factors of 2.2 and 2.'7, resyectively,
from the calculated values. The 6'-4' transition
in «'Ti seems to be described well by the (vf, l, ) '
(nf»)2 configuration. In «9V and 'oCr the en-
hanced B(h2) values indicate that effects, such as
seniority mixing snd excitations to the other 1f-2p
orbitals, are important.

V. CDNCLUSIDNS

For nuclei near 'Ca, the extracted effective
charges exhibit a dependence on the size of the
truncated shell-model space from which the wave
functions are consb ucted. Using (Il,i, )" wave

functions, the transitions between high-spin levels
in "Ca and "Ca yield a consistent E2 effective
charge of 5e„=0.9; however, similar high-spin
transitions in ~Sc and ~'Sc yield considerably
larger effective charges. An improvement is
achieved for the same high-spin transitions by
using (fp)" wave functions; the resulting effec-
tive charges then show a consistency for all of the
above mentioned nuclei with Oe = 0.6 assuming Oe
for the neutron and proton to be equal. However,
the transitions between low-spin states in all of
these nuclei show enhanced effective charges
using either the {lf, )"d'or (fp)" wave functions,
which reflects admixtures of 2s- j.d core-deformed
components.

Neglecting the small orbital dependence, of the
effective charges, the isoscalar and isovector ef-
fective charges in these nuclei near ' Ca can be
deduced for the (fp)" wave functions. For the
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high-spin transitions, as exemplified by the 4'Ca
6' -4' and ~Sc 5' -7' transitions, an isoscalar
effective charge of 6e, =0.32 ~0.08 is obtained
while a 6e, = 1.44~0.13 is extracted for the 2'-0'
transitions in the A = 42 nuclei. The extracted
isovector effective charge 6e, = 0.33 is similar for
all of these transitions.

In order to obtain the best values for the core-
polarization effective charges resulting only from
the ~= 2 particle excitations, the shell-model
space has been further enlarged to include the
core-deformed components explicitly. Using the
wave functions of Flowers and Skouras" for the
A =42 nuclei which include (fp)' (sd) ' com-
ponents, the isoscalar effective charge for the
high-spin transitions remains the same at 6e,
=0.31+0.08 while for the low-spin transitions it
is reduced to Geo=0.90+0.24 in comparison to
the (fp)" values. This remaining low-spin en-
hancement represents an interesting theoretical
challenge. The isovector effective charge is
reduced to 5e, = 0.14 for all transitions in these
nuclei near ' Ca.

For the nuclei with 28 neutrons, a consistent
effective charge of Oe~= 0.9 was obtained for all
transitions using (1f,~,)" proton wave functions.
This set of results for the five nuclei with n =2-6 0.45 g

A/C
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I
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I
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2e2

gives a substantial verification of additivity. It
has recently been shown for these nuclei that
calculations using good isospin with the lf-2p
wave functions yield an isoscalar effective charge
which is consistent with the best core-polarization
value (5e, = 0.32) discussed above for the "Ca
region. " The most important correction resulting
from the use of wave functions with good isospin
comes from the excitation of lf», neutrons out
of the closed core into the 2p, ~ orbital. These6¹0corrections are expected to be nearly ad-
ditive like the b,N= 2 core-polarization contribu-
tions.

There has been considerable interest in the core-
polarization charges for the ' Ca core and the
related giant quadrupole states. The best experi-
mental values are obtained from the high-spin
states in "Ca and 'Sc which are analyzed in terms
of the (fp) '"(sd) "model space. The results
(from Table III) are 5e~~" =e~-1=0.16+0.16 and
5e„"'=e„=0.45+0.03 (5e, =0.31+0.06 and 5e,
=0.14' 0.09). These were obtained assuming that
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FIG. 21. The quantities e~ and e& —1 determined

from the 42Ca 6+ 4+ and 42Sc 5' 7 transitions plotted
as a function of ~, the amplitude of the f7y2 p3y2 com-
ponent of the 5+ wave function, for P =0.59 and as a func-
tion of p, the f 7g2 p3~2 component of the 4+ wave function,
for &=0.19. The arrows indicate the amplitudes given by
several theoretical calculations: Flowers and Skouras
(FS), Ref. 53; Kuo and Brown (KB), Ref. 61; and Kane-
str$m and Koren (KK), Clement (C), and Puhlhofer {P),
Ref. 62.
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B determined from the (fp)2+ (fp)4(sd) 2 wave functions
of Flowers and Skouras {Ref. 53). The presentation is
similar to that in Fig. 20.
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the effective charges are additive as observed
experimentally and independent of the orbitals
involved. Theoretical calculations indicate that
the orbital dependence of be~' is small in this
region. ' This dependence would not greatly ef-
fect these results if it could be explicitly taken

. into account. These core-polarization effective
charges will thus be compared only with theo-
retical calculations for the (f„ 1)2(O(E2) ()f,l, )
matrix element assuming a single particle out-
side the ' Ca core.

Macroscopic"'" as well as microscopic" cal-
culations of the core-polarization charges for 4'Ca

have been made. The macroscopic estimate of
Bohr and Mottelson" is 6e, + 5e,r, = Z/8+0. 29m,

(7, =-1 for a proton and +1 for a neutron); this
expression yields 6e„=0.79 and Oe~ = 0.21. Both
the isoscalar and isovector effective charges in
this estimate are larger than the experimental
values. The macroscopic estimate of Hamamoto"
is similar to that of Bohr and Mottelson.

Recently, Kuo and Osnes have used several
methods to carry out microscopic calculations of
the core-polarization charges. ' A first-order
calculation gives 5e, =0.28 and Oey 0 15 in good
agreement with the experimental values. In this
order, both the isoscalar and isovector giant
quadrupole states in "Ca lie at -24 MeV. When
these quantities are calculated to second order

[random phase approximation (RPA) and Tamm-
Dancoff approximation (TDA)], the isoscalar ef-
fective charge becomes very large (5eo = 1.14 for
the RPA); however, the application of self-
screening corrections suppr esses the collectivity
of this isoscalar mode yielding corrected results
(5e, =0.40 and 5e, =0.13 for the RPA) which again
are in good agreement with the experimental val-
ues. In this second-order calculation, the iso-
scalar and isovector giant quadrupole states in' Ca lie at -19 and -29 MeV, respectively.

Finally, it is interesting to' compare our results
with a similar analysis of the h», polarization
charges in the '"Pb region by Astner ef al.
They obtain 5e, =0.63 +0.03 and Oe, =0.10+0.03.
The isovector polarization charge agrees with
our value, while the isoscalar value is larger
than our result of 6e, =0.31+0.08. These values
for 5e, do not follow the Z/A estimate of Bohr
and Mottelson. "
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