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Attenuated Doppler shifts and particle-p-ray angular correlations have been measured and
interpreted to yield properties of electromagnetic transitions in V~ and Mn ~. Mean lives
have been obtained for states at 1.609, 1.813, 2.402, 2.670, and 2.699 MeV in V~, and for
states at 1.288, 1.440, 1.619, 2.277, 2.406, 2.575, 2.641, and 2.705 MeV in Mn . Possible
multipole mixing ratios have been deduced for the transitions (energies in MeV) 0.378—0,
1.288 —0.378, 1.619—0, 2.277 —0, and 2.406 —1.288 in Mn . A possible identification of a

state in Mn is presented. From these results and the results of other workers, transi-
tion probabilities in Vs and Mn 3 have been calculated and compared (i) with one another,
(ii) with a (1f7&&)" pure-configuration shell-model calculation, and (iii) with a mixed-configu-
ration calculation.

I. INTRODUCTION

In a simple shell-model picture, the nuclei 23+"
and»Mn" can be considered to contain a closed
shell of 28 neutrons and, respectively, three pro-
tons and three proton holes in the lf„,shell.
There are several predictions of the pure-con ig-
uration shell-model calculation' which make an
investigation of the electromagnetic transitions
among states of these nuclei of interest. First,
since all electromagnetic transitions among
(lf„,)" states would be between states of the same
j shell, the pure-configuration model predicts
that all dipole transitions are strictly forbidden.
Second, since the model treats particles and holes
equivalently, transition probabilities in the two
nuclei should be identical. Third, calculations
have recently been made' which indicate that many
E2 transition probabilities in the 1f», shell can
be predicted with a single assumption concerning
the effective charge of the neutrons and protons
in this shell. Finally, in addition to the pure-

configuration calculations, mean lives of states
in Mn'3 have recently been obtained from calcula-
tions which include contributions from single-
particle levels other than the 1f», shell.

In the work presented here, some electromag-
netic transition probabilities for the two nuclei
have been measured and compared with predictions
using both the simple and the more complicated
model. We have used the reactions Ti (a, py)V"
and Cr '(o. ,py)Mn" to study the level structure
and mean lives for states up to 2.7 MeV in V",
and the level structure, decay scheme, lifetimes,
multipole mixing ratios, and branching ratios,
where possible, for states up to 2.705 MeV in Mn".
Mean-life measurements in both cases were made
using a p-y coincidence version of the Doppler-
shift-attenuation method. Multipole mixing ratios
in Mn" were determined by observing the angular
correlations between protons from the reaction
Cr'0(a, py)Mn" and the emitted y rays. This tech-
nique is described by Litherland and Ferguson as
method II.'
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A considerable amount of prior information
about these nuclei is available. Horoshko, Cline,
and Lesser have measured branching ratios,
B(82)'s, and multipole mixing ratios in V".
Brandolini, Brusegan, Ricci, and Signorini mea-
sured mean lives of three states in Mn". McEl-
listrem, Jones, and Shephard, ' Vuister, ' and
Goredetzky, Beck, Bertini, Bozek, and Knipper"
have measured some multipole mixing ratios in
Mn". In addition, Szoghy, Cujec, and Dayras"
used the same reaction that we have, Cr'0(n, py)-
Mn", to measure branching ratios and proton-
y-ray correlations in Mn". Our branching-ratio
and multipole-mixing-ratio measurements in Mn"
complement those of Szoghy et al. , and our mea-
surements of mean lives allow a fairly compre-
hensive study of transition rates in V" and Mn"
to be made.

II. EXPERIMENTAL METHOD

obtain an experimental attenuation factor, I', given

by

where a(E ), is the calculated unattenuated energy
difference; i.e. , the difference in energy of y rays
from nuclei which are not slowed down. The cal-
culations of n(F. ), took into account the range of
velocities of the recoiling nuclei resulting from
the finite size of the proton detectors used to de-
termine the p-y coincidence condition, and the
appropriate averages over the finite size of the
y-ray detector, Experimental attenuation factor s
were then compared with attenuation factors cal-
culated for various values of 7, and mean lives
read from the plotted I „, versus T curves. Stop-
ping powers used in the calculation of E„„were
determined from the theory of Lindhard, Scharff,
and Schidtt, "with the modifications suggested by
Blaugrund" to account for large-angle nuclear

e particles were produced by accelerating heli:-
um ions in the University of Arizona 5.5-MV Van
de Graaff, and extracting the doubly ionized heli-
um beam. a-particle energies ranged from 9 to
10 MeV. Targets were produced by vacuum-de-
position techniques, and areal densities were de-
termined by direct weight measurements. Target-
backing material was 0.010-in. tantalum. Three
different targets were used for the reaction Ti"-
(n. , py)V" Two of these were prepared from nat-
ural, pure, titanium metal (74% Ti") with areal
densities of 350+40 a.nd 450+ 50 p, g/cm'. The
third was prepared from TiO, enriched to 99.1Q
Ti", and had an areal density of 230 + 30 p.g/cm'.
Only one target was used for the reaction Cr"-
(o,Py)Mn". This was prepared from metallic
chromium enriched to 95.9@ Cr". The areal den-
sity of this target was 250+40 p, g/cm'.
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A. Doppler-Shift-Attenuation Method

We used the p-y coincidence version of the Dop-
p1.er-shift-attenuation method, with collinear ge-
ometry as described in detail by Hershberger,
Wozniak, and Donahue. ' Analysis of data and er-
ror analysis for these experiments follow the
methods described previously. " Differences in
energies of Doppler-shifted y rays, A(E ) „, are
determined by measuring simultaneously the en-
ergies of y rays emitted by the decaying nuclei
in two directions relative to the direction of recoil.
These energies are determined from the data by
calculating peak centroids. Errors in peak cen-
troids and the differences, are determined by
standard statistical techniques. These differences
in energies of Doppler-shifted y rays were used to

926.0+~.o

3I9.0+~.o 5
2

5l
pp~Z8

FIG. 1. Energy-level diagram for V5~. All known lev-
els below 2.7 MeV are indicated. The p-ray transitions
shown are those observed in this work.
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FIG. 2. Proton spectrum from the Ti 8(e, p)V reaction. The incident e-particle energy was 9.2 MeV and the target
was Ti enriched Tio& with an areal density of 230 pg/cm . Peaks are labeled with U level energies. Proton windows
used in the Doppler-shift-attenuation measurements are labeled.
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FIG. 3. Coincident y-ray spectrum for V~ . These data were taken using y rays in coincidence with protons from the
downstream target only. Proton window C (see Fig. 2) was used to obtain this spectrum.
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scattering. Uncertainties in stopping powers were
assumed to be 20%.

B. Angular-Correlation Measurements

We have used the method of angular correlations
described by Litherland and Ferguson' as method

II. The reaction Cr" (n, py)Mn" was used with a-
particle energies of 9.6 (for the 0.317-MeV state)
and 9.1 MeV. The reaction protons were detected
in a 300-mm' annular silicon surface-barrier
detector located 25.4 mm from the target. The
scattering angles subtended by the proton detector
were between 164 and 175' with respect to the in-
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FIG. 4. Coincident y-ray spectra for V for the transitions 1.813 MeV-O, 1609 MeV-O, and 2.670-0.930 MeV.
These spectra show Doppler-shifted y-ray peaks. The data were obtained using proton windows A (upper spectra) and
C gower spectra). The arrows indicate peak centroids.
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TABLE I. Doppler shifts and mean lives in V' .

Transitions
(MeV)

1.6O9 ('-,' )-O (~2)

1.813 (f ) 0 ($ )

Observed
b, (E )
(keV)

5.55 + 0.12

5.60 + 0.21

+(~)expt

0.256 + 0.006

0.231 + 0.009

(~)
(units of 10 ~~ sec)

6.3 + 1.2

7.0 + 1.4

2.402 (f) 0 (f )

2.402 ($ ) 0.320 (f )

31.8 + 1.5
26.2 + 1.4
Average

0.99 + 0.04

0.94 +0.05

0.975 + 0.03

2.670 (12+) 0.430 (f)
2.699 (~2 ) 1.609 (~2 )

5.2 +0.5
-0.6 + 1.2

0.22 + 0.02

—0.04 + 0.08

9+2

cident beam direction. In order to stop elastically
scattered beam particles, the proton detector was
covered with a 0.05-mm aluminum foil. y rays
from the decay of excited states were detected in
a 7.62-cm-long by 7.62-cm-diam cylindrical
Nal(T1) detector mounted on a turntable. The de-
tector was positioned 8.2 crn from the target and
was aligned so that the crystal axis passed through
the center of the target. Data were taken at six
angles between 0 and 90' relative to the beam di-
rection.

We have used the analysis procedure described
by Poletti and Warburton" for use with method II.
In the reaction Cr"(o, , py)Mn", utilization of col-
linear geometry leads to a particularly simple
analysis. Since the only magnetic substates of
Mn" which can be populated in this geometry are
m=+-,', if the level spins are known, the only free
parameter in the theoretical angular-correlation
expression is the multipole mixing ratio. The the-
oretical distribution was fitted to the experimental
distribution for various values of the multipole
mixing ratio, 5, using a least-squares-fitting pro-
cedure. Curves of X2 (goodness of fit) versus
tan '5 were generated for each spin considered,
and the best value of 5 was taken to be the value
for which a minimum y' was obtained.

The theoretical expression used to fit the ex-
perimental distribution can be written as

W(B) = g (A,/A, )P,(cos8),
even

8 F(A2/A„)
d 8(A /A ) Q/Ao s (4)

where o, » is the standard deviation in A, /A,2 0
determined by the least-squares-fitting procedure.

Method II requires that the reaction protons be
detected at 0 or 180' with respect to the beam di-
rection. In practice, however, the proton detector
subtends a finite angle, and this allows the possi-
bility of populating magnetic substates higher than
m = + ~ . Following Litherland and Ferguson' we
have estimated that the population of the m=~ —,

'
substate is less than 10% of the population of the
m=+-,' substate. Plots of X' versus tan '5 were

where A„/A, =f (8, spins), and the P,(cosB) are the
Legendre polynomials. In this work, the spins
are assumed fixed and only the lowest two multi-
pole orders are considered, so we can write

A~/Ao =f(8), or 8 = F(A, /Ao) .

Standard deviations in 5 were then determined
from the expression

TABLE II. Comparison of V results with other work.

Level
(Mev)

Transition
(MeV)

Mean life
(units of 10 sec)

g2)erat
(e' fm')

B(E2)
(e2fm )

1.609

1.813

1.61 (P ) 0.0 (j )

1.81 ($ ) 0.32 ($ )

1.81 (&2 ) 0.0 ($ )

6.3 + 1.2

7.0+ 1.4
7.0 + 1.4

120+ 25

39+8

42 +18

83 +8

24+5

28+ 5

Present results. Branching ratios and multipole mixing ratio for the — TY transition are from Ref. 6.
2b See Ref. 6.
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E (key)

2705.0 ~ 3.0
2691.0 + 3.0~
2670.0 X 3.0
2575.0 + 3.0
2560.0 ~ 3.0~
2406.0 t 3.0
2277.0 2 3.0

J7T

i+
2
(9 II)2'2

~(15 )

5
2

I6I9.0 2 I.O

I440.0 k 1.0
I 288.0 k I.O

77.0 X I.O

lIlIl~ II II II lI

53
25 28

7
2

FIG. 5. EneEnergy-level diagram for Mn~3 All k
els bel

nown lev-

show
low 2.7 MeV are indicated. The y-ray transitions

s own are those observed in this work.

obtained in which a ],0% populatio f th
substate was allowed. These curves are ind' t d

p ion 0 em —k2

on the 1
in 1ca e

e y versus tan 5 curves for comparison.

III. RESULTS

y51

The -r
F1gure 1 shows an energy-level diagra f V".
e y-ray transitions shown are those seen in

rane 1ng ratiosis work. As mentioned above bra h' t
and angular correlations of many of the states in"formed in the reaction Ti '(o, p)V" have been

mean lives of states in V" A pr t tpro on spectrum
resulting from the reaction Ti ' n V"
9.2-Me

1 iQ, withi, rget-Me n particles on an enriched Ti"O ta
is shown in Fig. 2. The resolutio ' th'
trum is about 90 keV, a factor of 2 better than
that used in thehe Doppler-shift measurement. The
proton windows used in the Doppler-shift measure-
ments are indicated in the figure.

A s ectrump rum of y rays in coincidence with protons
in window C is shown in Fig. 3. These y rays
were emitted at an angle of 150' thw1 respect to
the recoiling V" nuclei. The proton window is
primarily over states at 2.546, 2.670, and 2.699
MeV, but as can be seen, it also includes some
protons to the 2.402-MeV state. Thes e. e y-ray peak
a . MeV in Fig. 3 could correspond to a
2.546-0.926-MeV transition, but it can be ex-
plained as part of the 2.699-1.609-0 cascade
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TABLE III. Mn branching ratios.

Level
energy Transition
(MeV) (MeV)

Branching
ratio
(%) Other '

0.378 + 1 0.378 0

1.288 + 1 1.288 0
1.288 0.378

100

51 +1
49+1

100

49
51

1.440+ 1

1.619+ 1

2.277 +3

1.440 0

1.619 0
1.619 0.378

2.277 0
2.277 0.378

100

90b
10b

74+6
26 +3

100

83
17

74
26

2.406+ 3

2.575 +3

2.670 +3

2.691 + 3

2.406 0
2,406 0.378
2.406 1.288

2.575 0
2.575 0.378

2.670 0.378
2.670 1.288

2.691 0
2.691 1.440
2.691 1.619

2.705 + 3 2.705 1.288

29+2
12 +1
59+3
27+9b
73 + 14b

67+12b
33~5b
52+8 b

16+3 b

32+ 6b

100

47
21
32

'See Ref. 11.
b Based on relative peak areas at 90 only.

and we see no good evidence that the & state
at 2.546 MeV is populated. Figure 3 is a good
example of the y-ray spectra obtained in coinci-
dence with protons to higher (above about 2 MeV)
states in V" and Mn". Figure 4 shows portions
of spectra of y rays emitted in forward (20') and
backward (150') directions with respect to V'"

nuclei. It is from these and similar spectra that
the differences in energy in the numerator of Eq.
(1) are obtained.

Our results for the mean lives of states in V"
are summarized in Table I. The errors in the
mean lives shown in this table include an allow-
ance for a 20% uncertainty in slowing-down pow-
ers. In Table II our results are compared with
those of Horoshko, Cline, and Lesser. For the

transition we use the multipole mixing
ratio from Ref. 6.

B. Mn

Z. BxanchinI Ratios and DoPPler Shifts

Figure 5 shows an energy-level diagram of Mn".
Again, the y-ray transitions are those seen in this
work. A proton spectrum resulting from the re-
action Cr"(a, P)Mn" with 9.2-MeV o particles on
an enriched Cr" target 250 I1. g/cm' thick is shown
in Fig. 6. The protons were detected in an annular

180-
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1.120'
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700 80Q 900 IOO0

FIG. 7. Coincident y-ray spectrum for Mn5 . These data were taken using proton window E (see Fig. 6), and with the
Ge{Li) y-ray detector positioned at 90' relative to the beam direction.
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detector at an average angle of 155 with respect
to the a-particle beam. The proton windows used
in the Doppler-shift and angular-correlation mea-
surements in Mn" are shown. This spectrum is
typical of those used in all of the Mn" experiments;
the width at half mmimum of the proton peaks is
about 160 keV. The cross section for this reac-

tion was sensitive to O. -particle energy, and it
was possible to vary the relative proton yields to
the two states in the window marked 8 in Fig. 6
in order to enhance the yield of the state of inter-
est and suppress the other.

Figure 7 shows a spectrum of y rays in coinci-
dence with protons in window E of Fig. 6. y rays
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I.288 0.377

" l.288 0
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100 200
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300 400
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P) I80 200 220
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n, fl n ll m I
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I I

240 260
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, I.
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FIG. 8. Coincident y-ray spectra for Mn 3 for the transitions 1.288 MeV-O, 1.288 0,378 MeV, and 1.440 MeV 0.
These spectra show experimentally observed Doppler shifts. The data were obtained using proton window 8 (see Fig. 6).
The arrows indicate peak centroids.
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FIG. 9. Coincident y-ray spectra for Mn for the transitions 1.619 MeV 0, 2.277 MeV 0, and 2.406 MeV 0.
These spectra show Doppler-shifted y-ray peaks. The data were obtained using proton windows C (upper spectra) and
D gower spectra). The arrows indicate peak centroids.
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FIG. 10. Coincident y-ray spectra for Mn53 for the transitions 2.575 MeV 0, 2.691 MeV 0, and 2.705 1.288 MeV.
These spectra show Doppler-shifted y-ray peaks. The data were obtained using proton window E (see Fig. 6). The ar-
rows indicate peak centroids.

emitted in the decay of states at 2.705, 2.691,
2.670, and 2.575 MeV are in this spectrum. A

y-ray peak with an energy of 1.120 MeV also ap-
pears in the spectrum and will be discussed later.
In Table III we list the energies and branching
ratios of the lowest 10 states in Mn" observed in
this work. Those figures marked with a super-
script b are based on spectra similar to that
shown in Fig. 7, obtained with a Ge(Li) detector

positioned at 90' with respect to the incident beam.
The remainder of the branching ratios in the table
were deduced from angular-correlation measure-
ments made with a NaI y-ray detector.

Figures 8 through 10 show portions of spectra
of y rays emitted forward (25') and backward
(150') with respect to the direction of recoil of
Mn" ions. Differences in the energies of Doppler-
shifted y rays were deduced from these and simi-

TABLE EV. Doppler shifts and mean lives in Mn

Transitions
(MeV)

1.288 (2 ) 0 (2 )

1.288 (~2 ) 0.877 ($ )

1.440 (—) 0 (&2 )

1.619 (2 ) ~0 (2

2.277 (f ) 0 (~2 )

2.406 (f ) 0 ($ )

2.575 0 ($ )

2.691—0 (pv )

2.705 1.288 (~2 )

Observed

a(z, )
(keV)

2.9+ 0.5
1.3 + 0.5
Average

3.0 ~0.5

4.14 + 0.41

7.4 + 0.6
16.0 + 1.0
24.4+ 1.3
28.7+ 0.3
2.08 + 0.4

0.17 + 0.03

0.11+0.05

0.16+0.03

0.15+0.03

0.186 + 0.019

0.25 + 0.02

0.51 + 0.03

0.741+0.043

0.79+0.08 "

0.12+0.2

7

(units of 10 '3 sec)

1+3.5-2.5

1+3

6.6+"
4 7+1.6

1.7 + 0.4
0.7 ~ 0.3

0.60 + 0.4
11'4,

(units of 10 sec) '

8.7 + 2.2

11.5 + 3.8
5.6 + 1.5

'See Ref. 7.
Errors include a possible error due to the choice of limits in calculating the peak centroid.



E LECTROMAGNETIC TRANSITIONS IN V'' AND MQ' 885

TABLE V. Experimental angular-correlation results
for Mn5~.

Transition
(MeV)

0.378 0.0
1.288 0.0
1,288 0.377
1.440 0.0
1.619 0.0
2.277 0.0
2.406 0.0
2.406 1.288
2.705 1.288

—0.76*0.02
0.01 + 0.03

—0.25+ 0.03
0.9 +0.1
0.24 + 0.04

—0.32 + 0.07
0.26 + 0.11
0.58 + 0.07
0.06 + 0.06

0.03+0.02
00.0
00.0

0.18 + 0.12
0.30+ 0.04
0.1 + 0.1

00.0
00.0
00.0

lar spectra, and are tabulated, together with mean

lives derived from them, in Table IV. The errors
in the mean lives shown in this table include an
allowance for a 20' uncertainty in the slowing-
down properties of the material through which the
Mn" nuclei recoil. Also shown in the table are
some recently published results of Brandolini et al. '

2. Angular Correlati ons

The experimental results of the proton-y-ray
angular-correlation measurements are listed in
Table V. The multipole mixing ratios obtained
from these results are listed in the second column
of Table VI. To obtain these mixing ratios from
the results in Table V, we have assumed that the
spins and parities of states in Mn" up to 2 MeV
are known, and are those shown in Fig. 5. The

adopted values of multipole mixing ratios listed
in the last column of Table VI are the averages of
all of the individual measurements. Simple aver-
ages were taken since the significance of the er-
rors quoted with individual measurements is not
clear. For example, our errors are standard
deviations; whereas, those of Sz5ghy, Cujec, and
Dayrus" were deduced from the spread of 5 at a
y' value corresponding to a 0.1% confidence limit
in a plot of y' versus tan5. The uncertainties in
the adopted values are those from this work, and
are standard deviations. Arguments used to se-
lect a particular value of 6 rather than other pos-
sible solutions are presented below.

(i) 0.378-Me V (z )- O. O-Me V (z ) transition.
Our results are consistent with two different val-
ues of 5. However, Vuister' has eliminated one
possibility with a measurement of the polariza-
tion of 0.378-MeV y rays.

(6') 1.288-Me V (z ) - 0.378-Me V (z ) transition.
If the larger value of 6(+12) is used for this tran-
sition, the strength of the E2 part of the transi-
tion is

~
M(E2)

~

' = I', , (E2)/I'w (E2) = 67",', , where
I",, is calculated from the equation given by Wilkin-
son. " The larger value of 5 also gives ~M(MI) ('
=2",x10 '. The smaller value of 6(-0.15) gives
( M(E2) )

' = 1.5, ', and
( M(M1) (

' = 2.5 s 0.9 x 10 '.
On the basis of the E2 strengths, we would pre-
fer the smaller value of 5. Horoshko, Cline, and
Lesser' in V" chose the larger of their two possi-
ble values of 5. From data presently available,
it is not possible to make a definite choice, and
both values of 5 are listed in Table VI.

TABLE VI. Multipole mixing ratios in Mn5 .

Transition
(Me V)

Present
results Ref. 8 Ref. 9 Ref. 10 Ref. 11

Adopted
values

0.378 (~) ) 0 ($ ) —0.53 + 0.03

—2.36 + 0.02 —2.4+,' -7 6+'

—0.6 + 0.3 —0.61 + 0.08 —0.46 + 0.11 —0.27 + 0.08

—0.49 + 0.03

1.288 ($ ) 0.378 ($ ) —0.14 +0.03

+14~6 30+27 —1.7 +0.2 1.73-0.7

-0.18 + 0.03 —0.21 + 0.08 —0.09+()'Og

or

—0.15+ 0.03

12+6

1.619 (&) ) 0 (~ )

2.277 ($ ) 0 ($ )

-0.31 + 0.03

-8+1

—0.12 + 0.05

3o2+1 -3 5'-s. s

-0.26 + 0.08

—6.7+3 or

—4 ~ 9+1

—0.17+0.05

c 5

2.406 ($ ) 1.288 ($ ) -0.16 +0.05

—2.4 +0.3
-0.1 + 0.1

54+ 3

—0.13~ 0.05

2.691 0 ($ ) Not determined

2.705 ($+)—1.288 (~& ) Not determined
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(iii) 1.619-Me V (~ )-O.O-Me V (~ ) transition.
Figure 11 shows a plot of y' versus 5 for this
transition. It can be seen that the large negative
value of 5 is more probable than the low one. The
data of McEllistrem, Jones, and Sheppard' favor
the large negative value of 5 to such an extent that
they do not quote the smaller one.

(iv) 2.277-Me U- O. O-Me V (z ) transition. Our
angular-correlation results for this state are
shown in Fig. 12. The most likely spins for this
state are -,', -,', or -,', although the assignment of
—,
' is less probable than the other two. The data
of Szdghy, Cujec, and Dayrus" are consistent
with spins of -,'or -,'. McEllistrem" has informa-
tion which indicates that this state has a spin of
—,
' or -,'. Therefore the most likely spin for this
state is -,'. If the parity of the state were positive,
our multipole mixture (from Table VI) and mean
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FIG. 11. Angular-correlation results for the Mn~~

transition 1.619 MeV (T )—0 (&7 ). The best fit to the
data, and the X versus tan 6 curve are shown. The
dashed curve is forP(2) =0.1P(2).
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FIG. 12. Angular-correlation results for the Mns

transition 2.277 MeV —0 (2 ). Best fits to the data for
J(2.277) =T, T~, and 7, and the g versus tan 5 curves
for these spin possibilities are shown.
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FIG. 13. Angular-correlation results for the Mn5

transition 2.691 MeV-0(&~ ). Best fits to the data for
J(2.691)=2, 2, and T, and the g versus tan 4 curves
for these spin possibQities are shown. Results for
J(2.691) =

2
are no better than those for J(2.691) = &, and

they are not shown.
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TABLE VII. Experimental M1 transition strengths.

Transition Nucleus
Energy
(Mev)

I', (M 1)
(MtM&)('=

2 2
V51

Mn53

V51

V51

Mn5~

0.320 0.0
0.378 0.0
0.930 0.320

1.288 0.378

1.813—0.0
1.619—0.0

3.3+0.3x 10 ~ '
2.8 + 6.3x 10 3 b

1.5+0.2x 10 "
1.9+', ,'x 10-'

2.5~0.9x 10-' '
2+15x 10 4

3.7+1.5x 10 4

3.7~1.7x 10 4

' See Refs. 6 and 20.
"Mean life of 0.378-MeV state is from Ref. 1.

c See Ref. 6.
~ Using smallest of two possible multipole mixing ratios.

life (from Table IV) would give a 2.2I'I-O.O-MeV
transition which was either a pure M2 or an E1
transition with a strength of

~
M(E1) ~' =10 '. If

the state has negative parity, the multipole mix-
ture 5=-0.1t would give

~
M(E2) ~'=0.06, a value

too small to be acceptable. For negative parity
and 5~ -5, we obtain

~
M(E2)~'=1.8+0.4 andM(M1)

» 1.5x10 ~. This latter possibility, negative par-
ity and 5» -5, seems to be the most likely one,
but it is not possible to rule out positive parity
and 6 = -0.17.

(v) 2.406-1.288-Me V (& ) transition. This state
has been shown to be an 1=1 state, "and the fact
that the proton-y-ray correlation is nonisotropic
fixes its quantum numbers as -,

' . For this transi-
tion, the smaller value of ~5~ gives reasonable

values for the transition strengths, namely,

) M(M 1) (

' = 7.5 +2 x10 ', and
(
M (E2) )

' = 2.2 +0.5.
(vi) 2.691-Me V state. Our angular-correlation

results for the transition from this state to ground
are shown in Fig. 13. They are consistent with
spins of 2, 2, and perhaps, -. If the spin of the
state were —", the E2 transition to the ground
would have an enhancement of 7. Chung, Olsen,
and Sheppard" have assigned a tentative spin of
—,
' to this level.

(vii) 2.705-Me V state. Cujec and Szoghy" have
observed an l =0 state at 2.720+0.010 MeV. Our
angular -correlation results for the 2.705-MeV
state are isotropic. Further, we observe the de-
cay of this state only to the -,', 1.288-MeV state.
It seems probable that this state is the -,", 3=0

TABLE VIII. Comparison of transition probabilities in V and Mn

Transition

E2

3.3+0.3xlp ~

11.4+ 0.8

[g' Mn"

2.8 + 0.3x 10 3

10.6 + 1.5

Ratio(Mn" /V51)

0.85 + 0.15

0.93 + 0.16

~2-V

E2 6,6 + 0.4

1.5 + 0.2 x 10
or 2.0+0'g x 10

11.8 +4

2.5 ~ P.9x 1P-'

2+5x lp-4

1.9 +0.6

17+9 8

10+11 b

11- 7-

E2 1 p+0.8
0 ' 4

or 9.4 + 0.8

9.8 +0.2

1 5'-0'.8

67+2&00

13.4+ 4.0

1 5+1.6 a

7+4 b-2.5

1.4 +0 3c

3.7 + 1.5x 10 4

3.6 + 1,0
3.7+ 1.7x 10 4

7.0 + 1.7
10 ~0 Gc

1.9 +0.3 c

2 2
E2 3.4 + 0.7 5.5 + 1.4 1.6 + p.3 c

' Using small value for multipole mixing ratio.
b Using large value for multipole mixing ratio.

c These errors do not include stopping-power uncer-
tainties.
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state seen by Cujec and Szdghy. " The transition
is then most likely an E1 transition with a strength

~
M(E1) ~'=2.2+0.5x10 '.
In addition to the values of multipole mixing

ratios listed in the table, we have measured mul-
tipole mixtures of all AJ =2, no, transitions among
the states below 2.5 MeV and found them to be con-
sistent with pure E2 radiation.

As mentioned above, the y-ray spectrum illus-
trated in Fig. 7 contains a 1.120-MeV y-ray peak
whose origin is not obvious. In addition, this spec-
trurn contains a y-ray peak at 1.440 MeV, pro-
duced by y rays emitted in the transition from the
—", , 1.440-MeV state to the ground state. We have
tried to explain the intensity of this 1.440-MeV
peak by considering all possible ways of populat-
ing that state. The data in Fig. 7 seem to be con-
sistent only with the assumption that a state at
2.560 MeV is produced in the reaction Cr"(n, P)-
Mn", and decays to the 1.440-MeV state, emitting
a 1.120-MeV y ray. We could find no other rea-
sonable explanation for the existence and size of
these two peaks. Such a state could be the —",

member of the (f„,) ' multiplet. The —", state
in V" is populated by the reaction Ti"'(o, p)V"
with 10-MeV a particles, as is evidenced by the
2.699-1.609-MeV transition shown in Fig. 3.
Therefore, it would not be surprising if the —",

state in Mn" were populated in our experiment.

IV. DISCUSSION

In all of the results quoted in this section, multi-
pole mixing ratios and branching ratios in V" and
the E2 transition strength of the 0.93-MeV state
in V" are taken from Horoshko, Cline, and Lesser. '
The mean life of the 320-keV state in V" is from

TABLE IX. &(E2)); calculated and measured (e fm4).

Shipley, Holland, and Lynch, "and of the 378-keV
state in Mn" is from Goredetsky et al." For all
other numbers, the results quoted in Tables I, IV,
and VI are used.

The predictions of the shell model which provide
a sensitive test of the model's applicability to V"
and Mn" are those which concern the electromag-
netic transition properties of these nuclei. In par-
ticular, two predictions which result from the
shell-model treatment of V" and Mn" are: (1) If
configuration mixing is not allowed (that is, if
pure (1f», )" wave functions are used] then all Ml
transitions between states are forbidden; and (2)
since particles and "holes" are treated identically,
the electromagnetic transition properties of V"
and Mn" should be identical.

Experimental M1 transition strengths for V" and
Mn" are shown in Table VII. This table includes
only those levels which may reasonably be ex-
pected to be (1f»,)" levels. While the existence
of even very small M1 transition strengths for
these levels requires some configuration mixing,
the experimental N1 strengths are generally small
and in good agreement with the simple pure-con-
figuration model. A possible exception to this
agreement is the —,

' —-' transition in Mn". For
one of the possible multipole mixing ratios, this
transition is less than a factor of 10 slower than
most allowed M1 transitions, and implies some
configuration mixing in the initial and final states.
Because of the proximity of the 2p», a.nd 1f»,
levels to the 1f„,level, the -,

' and -' states
with predominantly (1f„,)" configurations are
more likely to contain configuration mixing than
other (1f„,)" states. Thus transitions between
these two states might be expected to have a larg-
er M1 component than transitions between other
(lf„,)" states.

Table VIII includes a comparison of the electro-
magnetic transition properties of V" and Mn"
with respect to their respective M1 and E2 transi-
tion strengths. This table also includes only those

Transition

3: 't

2 2

154+ 7 6~

76+5~

107+9
or

122 ' 18 h

143 + 50

814+360

or

Calc.

196

69

TABLE X. Comparison of mean lives with mixed-
configuration calculation.

~ calc expt
Level (MeV) (units of 10 3 sec) (units of 10 3 sec)

l—1 7-
2 2

7
2

11+,"
101~20 ~

35+ 6'
32+6c

+18

160+ 50

85 +22

64+ 16

' See Ref. 6.
"Mean life from Ref. 21.

Average from this work and Ref. 6.

90

31

ig-
2

2

(.)

1.288

1.440

1.619

2.277

2.406

2.575

48.2

20.5

0.2
2.4

3.4

8.1 +3.0
8.1 +2.5
6,6 + 2.0

4.7 + 1.3
1.7 +0.5
0.72+ 0.28
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levels which are expected to have predominantly

(1f„,)" configurations. One value of the compari-
son presented in Table VIII is that most of the mea-
surements on the two nuclei were made in the same
laboratory, using the same techniques. An appre-
ciable fraction of the errors in individual transition
probabilities stems from uncertainties in stopping
powers used to calculate mean lives from Doppler-
shift attenuations, and errors from this source
tend to cancel in the ratios presented in the last
column of the table. As can be seen from the table,
the agreement between most of the corresponding
transition rates in the two nuclei is remarkable.
The only transitions in which there is a significant
difference in the rates for the two nuclei are those
between the -', and -', states. From an inspection
of this table, we would prefer to choose the small-
er of the possible multipole mixing ratios for the

transition. This choice would yield E2
rates in the two nuclei which were equal. The lack
of agreement of the M1 rates could then be attrib-
uted to a slight difference in the admixture of 2p3/Q

a.nd 1f„,components in the -', and -' states in the
two nuclei. It should be noted, however, that
Horoshko, Cline, and Lesser' chose the larger
of the possible multipole mixing ratios for V".

A third comparison with the (1f»,)" shell-model
calculation is presented in Table IX. In this table,
calculated and measured B(E2) values are com-
pared. For the calculated B(E2}'s an effective
charge for the proton of e'=1.7e and for the neu-
tron of e' = 1.0e were used, together with a, value
for r'=19.2 fm. ' These values were not chosen
just to fit the V" and Mn" data, but are those

which give reasonable fits to experimental results
throughout the f», shell. ' The agreement between
calculation and experiment presented in Table IX
is not perfect, but considering the simplicity of
the model used in the calculations, it is quite good.

Finally, mean lives of negative-parity states in
Mn" have been calculated with a mixed-configura-
tion model' which allows small 2p3/Q and 1f,I, ad-
mixtures to the 1f„,-shell states. We compare
the results of our experiment with those calcula-
tions in Table X.

In summary, we have studied in detail the
strengths of electromagnetic transitions among
the low-energy states of Mn" and V". For levels
below 2 MeV which can reasonably be identified
with (1f„,)" configurations our results show: (a)
M1 transitions are inhibited by factors of from
50 to 50000. These inhibitions generally are much
greater than are found in ordinary M1 transitions;
(b} corresponding transitions in V" and Mn" agree
very well; and (c) B(E2) values from shell-model
calculations using (1f„,)" configurations agree
quite well with experimental results. For ener-
gies greater than 2 MeV many levels occur and
cannot be accounted for with the simple (1f„,)"
configurations. Comparison of our measured
mean lives with some calculated using mixed con-
figurations shows reasonable agreement in most
cases.

The authors are happy to acknowledge many con-
versations with J. D. McCullen concerning the ma-
terial in this paper. Professor McCullen also cal-
culated the B(E2)'s listed in Table IX.
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