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The level scheme of 'V was studied with the reaction ' Ca('Li, 2n)"'V using 'Li beams of 14-16-MeV
energies. Prompt and delayed n-y and y-y coincidences revealed a doublet at an excitation energy of about
57 keV with a separation energy of only 800 eV. The half-life. of the upper member, a 3/2 state, was

measured to be 430+ 80 nsec. This state decays strongly via internal conversion to the lower member of the

doublet, a 5/2 state. The half-life of the latter level was measured to be 5 4.2 nsec. Since 'V is a T = 1/2
nucleus and the mirror of the well-known "Ti nucleus, Coulomb displacement energies could be deduced. A
comparison of these Coulomb displacement .energies with those of neighboring nuclei, the measured
lifetimes, and the observed y-y and n-y prompt and delayed coincidence spectra established nearly all the

V levels expected below the proton separation energy of 1.62 MeV, namely, 7/2 (g.s.), 5/2 (56.4 keV),
3/2 (57.2 keV), 3/2+(386. 1 keV), 5/2+(796. 8 keV), and 7/2+(1273 keV). The expected four highest bound
levels, in particular the 9/2 and 11/2 states, are not seen in the present experiment. The latter two states
are supposed to decay either completely or predominantly to the ground state and hence are not observable

in these y-y coincidence studies. The third and fourth levels were not seen in "Ti y-ray spectra which
exhibit much higher counting rates than those of 'V. They are therefore not expected to be observable in

the present 'V spectra. 'V gamma rays were also seen in the Ca( Li,n) 'V reaction with a
10- and a 13.5-MeV Li beam. This reaction has a smaller production cross section and is therefore less

suited for detailed studies.

NUCLEAR REACTIONS Ca( I i, 2n ) V: singles spectra, prompt and delayed
g-y and p-p coincidences with Ev =&4, 15, 1.6 MeV. Ca{Li, n) V with 10,

6
Li13.5 MeV Li: n-y and y-y coincidences. Measurement of Tg(2=430+ 80

nsec for the 57.2-keV state and ~4.2 nsec for the 56.4-keV state. Deduced

&
(g-s. ); 2

{56.4); —(57.2); —(386.&); —(796.8); 2' (1273), and y decay of these
states.

I. INTRODUCTION

The study of nuclear properties in 'V is of
special importance since it is a T=—,

' nucleus and
the mirror of the well-studied' nucleus "Ti. The
knowledge of its level scheme and spin assign-
ments offers the possibility to extract Coulomb
displacement energies of negative as well as posi-
tive-parity states. These Coulomb shifts are not
constant, but vary, thus indicating charge-depen-
dent effects which change for the different states.
They provide the means to study nuclear struc-
ture and nucleon-nucleon interactions in more de-
tail.

It has been observed' that in T=—,
' mirror nuclei

of the f,&2 shell with mass A = 4n+ 3, the Coulomb
interaction of a d, &, proton hole and an f,&, valence
proton shows an & dependence; one might ask if
this dependence holds also for nuclei with A =4m+1,
a group to which the pair "Ti-"V belongs. So far
very little is known of 4"'V. The only data available
are those reported by Mueller et a$.' These auth-
ors have been able to determine the mass of the

ground state and to observe a state at an excita-
tion energy of 0.39 MeV by using the reaction
50cr(p 6He)45V

"V has a small production cross section for
various combinations of target and projectile nu-
clei-much smaller than those of competing reac-
tions. This fact makes angular correlation, and
even anmlar distribution, measurements in y-ray
studies hard or impossible. For this reason our
investigations consisted mainly of prompt and de-
layed coincidence studies using neutron, x-ray,
and & -r ay detectors.

Only a few bound levels are expected in "V be-
cause of its low parti"le separation energy of 1.62
MeV. Most of these levels should be observable.
It might also be possible, according to "Ti, to ob-
serve one or two states whose lifetimes one can
measure by delayed coincidence experiments. Such
results in combination with the known level scheme
of "Ti should permit us to make spin and parity
assignments and extract Coulomb shifts. The lat-
ter are expected to show regularities which not
only should confirm the adopted spin assignments
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but also will be compared with those of neighbor-
ing T = —,

' nuclear pairs.

II. EXPERIMENTAL PROCEDURE

The small production cross sections of 4'V,

which are predicted by evaporation theories,
make it necessary to use large acceptance angles
for the detector system. Since in particular most
4'V y rays were only observable in coincidence ex-
periments a flat target chamber was used which
permitted us to place two detectors at 90' to the
beam direction with a closest distance from the
target spot of s1 cm. The target was positioned
at an angle of 45' to the beam. It was a rolled
self-supported and enriched (&99.99%) "Ca foil
which contained less than 0.01% «'Ca. y rays with

energies larger than 120 keV were measured with
Li-drifted Ge detectors (volume =80 cm'), re-
ferred to as y-detector, and y rays with energies
less than 120 keV by an x-ray detector (x-detec-
tor} which consisted of an intrinsic Ge detector
with a sensitive volume of about 12.5 cm'. Neu-
trons and y rays were registered and separated by
pulse shape discrimination in a 5 cm diameter by
2.5 em thick stilbene crystal. They are referred
to bye and "y."

Singles y-ray spectra were measured with the

y detectors and the x-ray detector displaying en-
ergies from 20 to about 4000 keV. Prompt and de-
layed coincident events were studied in the follow-
ing detector combinations: y-y, y-x, n-x, and
"y"-x. As in earlier work, 4 in each case a
coincidence was measured as a three-parameter
event consisting either of two coinciding photon
pulses or a neutron and a coinciding photon pulse
and the time difference between them. Since in
the present studies 'V is formed by neutron emis-
sion from the compound nucleus, the start of the
coincident event for the n-x experiment is deter-
mined by the signal from the stilbene detector and
the stop pulse by the x-detector. Jn y-x coinci-
dences, however, the start pulse is obtainedfrom
the ydetector and the stop pulse from the x-detec-
tor since 'V y rays with energies smaller than
100 keV might be emitted by isomeric states. For
later detailed analysis, all data were recorded on
magnetic tape.

HI SEARCH FOR 4sV GAMMA RAYS

Recently Brown et p).' calculated Coulomb dis-
placement energies of analog states in f,&, nuclei
which have a (f7&,}"nucleon configuration. These
calculations indicate that instead of the measured
y transition 2 -&~ (ground state) of 39.8-keV en-
ergy in "Ti a transition energy of 63 keV is ex-
pected in the mirror nucleus 'V. Since in general
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FIG. 1. Calculated production cross sections for var-
ious final nuclei emerging from the bombardment of

Ca with ~Li beams of different energies. The calcula-
tions were performed using the computer code of Ref. 6.
The evaporated particles are indicated in parentheses.

l2

the values predicted by Brown et cg.' and those
measured agree quite well (most differences are
smaller than +15 keV), the study of «'V decay
started by searching for a y ray of about 63-keV
energy. In the first attempt ~'V was produced by
the «OCa('Li, n)«'V reaction and a y ray of 56.4-ke V en-
ergy (instead of 63 keV) was observed; this seem
ed to be a candidate for the —', -& transition in
'V. However, its intensity was too small in com-

parison to those of other y rays originating in
competing reactions and coincidence measure-
ments did not seem feasible for detailed studies.
Evaporation calculations were performed using
the code ALICE by Blann and Plasil' which showed
that the production cross section of 4'V is expect-
ed to be larger in the 'OCa(VLi, 2n)«'V reaction
than in 'Li bombardment of "Ca. The calculated
cross section for various residual nuclei are
presented in Fig. 1 for 'Li beams with energies
between 12 and 18 MeV. According to these cal-
culations the production cross section of 'V is
rather constant over this 'Li energy range and is
about two orders of magnitude smaller than those
of "Sc, Ca, and the mirror nucleus "Ti, the
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three nuclei most strongly populated. For a 'Li
beam of 16 MeV a singles y-ray spectrum over
the energy region of interest is presented in Fig.
2(a) using the intrinsic Ge detector (x-detector).
Besides the Pb x-rays, this spectrum contains the
low-energy y rays of 'Ti and ~Bc. The 39.8-keV
"Ti y ray is much stronger than the one at 36.4-
keV energy since the latter y ray corresponds to
an E2 transition with an internal conversion co-
efficient ~=16, while the first one is an M1 tran-
sition and, assuming no E2 admixture, has ~=0.2.
The prospective 56.4-keV ~'V y ray which has
been seen in the "Ca('Li, n)4'V reaction is again
present. Its intensity as expected from the cal-
culations (Fig. 1) is much weaker than the 39.8-
keV "Ti line. However, this y ray should be en-
hanced inn-x coincidence experiments since xnanany
of the strong competing y rays are produced with
the emission of only one neutron (as in the nuclei
4'Ti and ~Sc) or no neutron at all, while 4'V orig-
inates together with two neutrons (see Fig. 1).
This is indeed observed in Figs. 2(b) and 2(c).
They show the same y-ray spectrum as Fig. 2(a)
but now in coincidence with either a neutron [F g
2

lg.
(c)] or ay ray [Fig. 2(b)], both registered in the

stilbene crystal and indicated by z and "y," re-
spectively. A coincidence event was recognized
by a time-to-pulse-height converter which accept-
ed an event within the time range of 0.5 p, sec.
Since the 36.4-keV "Ti y ray has a long lifetime, '
T,&~=3.1 p, sec (very much greater than the 0.5
p, sec time range), the yield of this y ray is re-
duced in the coincidence measurements relative
to the singles spectrum. Comparison of the two

coincidence spectra exhibits two facts: (a) the
signal-to-noise ratio is greatly enhanced in the
m-x spectra, and (b) the intensity of the 56.4-keV

y ray increases in the z-x spectrum while that of
the other y rays decrease, as shown in Table I.
Table I presents the yields and ratios for the vari-
ous y rays in the "y"-x and n-x coincidence spec-
tra, and indicates that the abundance of neutrons
in the production of the 56.4-keV y ray must be
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FIG. 2. Spectra of low-energy p rays of T Sc
45

ls
and V observed in the bombardment of Ca with a 16-
MeV ~Li beam. The top spectra (a) is the singles x-
spectruxn, (b) the "p"-x coincidence spectrum, and (c)
n-x coincidence spectrum. x represents the y-ray spec-
trum measured by the intrinsic Ge detector, and "p"
the p spectrum registered with the stilbene crystal.
Coincidences were accepted within the time range of 0.5
@sec. The energies indicated are those obtained in the
present work.

TABIE I. Com arip rison of Low-energy p-ray yields measured ' "y"- ( ield Y a
(yield Y2) coincidence spectra.

in -x yie Y&) and z-x

E,(keV)
nucleus

36.4
4'Ti

39.8
4'Ti

56.4
45V

67.9
4'Sc

73.0
x ray

75.0
x ray

78.4
44Sc

CC pp-x
g-x
Ratio = Y2/Yg

7544
4094
0.55

145 393
84 170

0.58

3722
4551
1.22

11898
7 915

0.66

35479
3 849

0.11

66 089
7 841

0.12

679
450
0.66
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enhanced over that associated with the formation
of the 'Ti and ~Sc nuclei. This result strengthens
the assumption that the 56.4-keV y ray belongs to
the y decay of 'V.

Similar observations are expected for other 4'V

y rays, in particular for the y ray corresponding
to the 36.4-keV transition in 'Ti (—', —&, see
Fig. 10). Unfortunately no good estimates are
available for the energy of this transition and it
might be more promising to search for additional
4'V transitions by studying the y-ray spectrum
measured in coincidence with the 56.4-keV y ray.

IV. y-x COINCIDENCE MEASUREMENTS
LLI
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A few of the bound 'V levels are expected to
decay strongly to the ground state via the 56.4-
keV state. They mere searched for by investigat-
ing y-x coincidences. In Fig. 3, three y-ray spec-
tra observed in the Ge(Li) detector are shown
which are in coincidence with the following y rays
measured by the intrinsic Ge detector: (a} the
36.4-keV ~'Ti y ray [~ &2 (g.s.)], (b) the 39.8-
keV 45Ti y ray [—', —&2 (g.s.)], and (c) the 56.4-
keV y ray. In each case the coincident event is
recognized by a time-to-pulse-height converter
using a time range of 2 p. sec.

As expected' from the level scheme of 4'Ti (Fig.
10) a strong y cascade is observed in Fig. 3(a)
which originates from the transitions s -—,"-—",

mith y-ray energies of 482.7, 414.4,
292.7, and 36.4 keV, respectively. The crossover
V06.9 keV —,"-—,

' transition is also seen. However,
no such strong y cascade from the positive-parity
states in "Ti through the -', state is observed in
Fig. 3(b). In particular, within the experimental
error the -', -—', transition with an energy of
289.3 keV is missing; this is in spite of the fact
that the 39.8-keV transition has a small conver-
sion coefficient n (in case of pure M I, a=0.2),
while the 36.4-keV y ray corresponds to an E2
transition with ~=16. The absence of the 289.3-
keV y ray indicates anE1 transition which is
much more strongly inhibited (by about a factor of
1000) than the 292.7-keVy ray from the —', ——',
transition and those usually observed in "Ti.
This is shown in Table II where the reduced tran-
sition probabilities B(E1}are compared with the
single-particle strengths for a number of E1 tran-
sitions in 'Ti. The strong inhibitidn of the —,

'+ ——',
transition also explains the absence of the 482.7-
keV and 414.4-keV y rays in Fig. 3(b}. However,
the crossover —,"-—', , not yet reported, is observ-
ed with an energy of V03.6 keV; this branch is
strongly enhanced in comparison with the —,"-—,

'
transition of 706.9-keV energy due to the large
difference in conversion coefficients of the 39.8-

C5

o 400-& OJ N
iZ

LA

t0 (p+ Cf) +'

200— (c) V, 56.4 keV

150—

]00—
0)

Co

50—

oiIt I Ird I i,kiIU Ii~ I JIILcr4~a, iiIIA)~aIII|Ul. skJlla44ualasi tntu

400 500 600 700 800 900 F000
CHANNEL NUMBER

FIG. 3. p-ray spectra measured in the Ge(Li) detector
in coincidence with (a) the 36.4-keV 4~Ti, (b) the 39.8-
keV ~Ti, and {c) the 56.4-keV ~V & rays. The low-
energy p rays were measured with the intrinsic Ge de-
tector. The spectra were produced in the bombardment
of Ca with a 15-MeV Li beam. Coincidences were ac-
cepted in the time range of 2 @sec. The energies indica-
ted are those obtained by careful calibration with known
y-ray sources.

keV and 36.4-keV transitions. The same enhance-
ment occurs for the 655.9-keV y ray which ap-
pears viathe decay &'-&'-—', -& . The + -—',
transition with its energy of 1186.6 keV is not
shown in Fig. 3(b) but is presented later in Fig.
6(c}.

The y rays which are in coincidence with the
56.4-keV y rays are shown in Fig. 3(e}. This
spectrum strongly resembles that of Fig. 3(a} sug-
gesting that the 56.4-keV y ray does not corre-
spond to the ~ --,' transition as assumed earlier
but to the ~ -—,

' decay. Fortunately one should be
able to distinguish uniquely between these two
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TABLE II. The inhibition of some El transitions in Ti.

Initial
spin Ex

Final Branch
spin

e&f/2
partial

Ey
keV

B(E1)b B(E1)
e'fm' - B(E1)„„'

1226.9 2.8 psec

2

743.5 10.5 psec

329.1 1.1 nsec

2

5.1

5.7

54.9 psec 1226.9

49.1 psec 1186.4

131.3 psec 706.9

4.3x10 6 5.2x10 6

5.3x10 6 6.5x10 6

9.4 x10 8 1,1 x10 5

60.1 ~l.l sec

100 1.1 nsec 292.7 1.6x10 5 2.0x10 5

289.3 61.1 x10 &1.1 x10

' Half-lives and branching ratios are taken from Ref. l.
In order to make the comparison with the single-particle strength B(E1)+U, the B(E1)

values are quoted for the J& J& transition, where J& and J& stands for the larger and smaller
spin and (2J&+l)B(El)z& z& =(2J&+1)B(El)~& q& B(El) =0.629ln2/&7&/2E with &7&/2, the par-
tial half-life, in fsec and E in MeV.

The single particle strength is given by B(E1)+U =(1/4r}(+4) (1.2A 3) = 0.82 e fm .
This weak transition is not shown in Fig. 10.
Present work.

transitions by measuring the lifetime of the ob-
served 56.4-keV transition.

V. LIFETIME MEASUREMENTS

The predicted lifetimes of the "V 56.4-keV y
ray for the two possible transitions —', -&2 and —',

are shown in Table III, Col. 4. They were
calculated by using the known lifetimes of the cor-
responding transition in ~'Ti and assuming only
pure g 2 and I1 radiation. For the M 1 transition
the reduced transition probability is taken to be
the same in 4'Ti and 4'V. Hence the predicted
mean lifetime 7 for the —', -+ transition in ~'V

equals 6.8 nsec (see Table III). However, since

the effective charge of a proton, 1+/~, is larger
than that of a neutron, g„, it is expected that for
corresponding decays B(E2)4,„&B(B2)4, , In the
mirror pair 4'Ti-4'Sc the ratio R=B(E2)„,/
B(B2)4, hadbeen measured'for the ~2 - 'ma de-
cay and equals 1.83. It is assumed that this ratio
holds also for the -', -& decay in the "V-"Ti
pair leading to a calculated mean lifetime in "V
of 1.04 p, sec (see Table III). Since the predicted
lifetimes are so different for Ml and E2 transi-
tions a lifetime measurement should allow us to
establish the dominant multipolarity of the 56.4-
keVy ray.

In the first experiment the number of ~-x coin-
cidences selecting the 56.4-keV y ray in the intrin-

TABLE III. Lifetimes in 4'V predicted from those observed in 45Ti (pure E2 and M1 transi-
tions are assumed).

Nucleus
+ transition (ke V)

Mean
lifetime

(@sec}
B(E2)3/2--~/2-

(e' fm4)
B(E2)~/2--3/2- '

B(E2)w.U.

4'Ti

~2
2 2

45Ti

45V

36.4

56.4

39.8

16

0.22

0.11

4.47

1.04

(nsec)

17.2'
6.8 '

168

307.4

B(ll),/2--&/2-
(I 02)

0.042

0.042

8.8

16.1

B(M1)w.U.

0.017

.0.017

B(E2)~U =0.0286(1.2A ) (e fm }=9.5(e fm ) and B(E2)3/2- 7/2- =2B(E2)z/2 3/2-.
Reference 7.

~ Predicted.' B(E2)„=1.83B(Z2)„,. (see Ref. 4).
e V ' TI

(Ml)~ U
= 1.79(po ) and (3gl) 5/2- )/2- =

3 B(~l))/2-~5/2-.
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sic Ge detector was measured as a function of
the time difference 6& between the start signal in
the stilbene crystal and the stop signal in the x-
detector. The full range of the time-to-pulse-
height converter was set to 500 nsec so that short
lifetimes of the order of a few nsec should be ob-
servable. A half-life 7y/2 4 2 nsec or 7=6.1 nsec
is observed for the 56.4-keV y ray as Fig. 4 in-
dicates.

The quality and limitation of the present experi-
ment might perhaps be best tested by measuring

ay decay of similar small energy and lifetime. A
suitable candidate is the 39.8-keV 4'Ti y ray with
the known lifetime of ~=17.2 nsec or Tz/2
+0.7 nsec. ' Its decay is also plotted in Fig. 4.
The measured value of T,&,

=12.3+0.9 nsec agrees
well with that given in the literature. Also the
measured decay curve for the 292.7-keV 4'Ti y
ray is shown for comparison. It has a know'n 1',p
value of 1.09+0.01 nsec, ' while the measured val-
ue in Fig. 4 indicates 7.', &,=1.2 nsec. Although the
iristrumental width of the time-measuring device
does not influence the half-life T,&,=11.9 nsec of
the 39.8-keV y decay within the experimental
error, it might tend to increase the measured
value for the 56.4-keV y decay, and we conclude
T,@F4.2 nsec or ~z6.1 nsec.

The short lifetime 7.Z6. 1 nsec very definitely

indicates that the 56.4-keV y ray cannot be the
E2 (—, -& ) transition since for such a transition
the B (E2) value should be close to 16.1 B(B2)„„
with a lifetime of 1.04 p, sec (see Table HI). A
lifetime of 6.1 nsec, about 163 times smaller,
would however result in an unreasonably large
transition strength of 2480 B(E2)w„. Consequent-
ly, one has to assume that the 56.4-keV y ray cor-
responds to a predominant M1 transition
(g.s.), and the y decay of the ss state is not yet
identified. One expects that it should appear in
delayed coincidences and, according to the "Ti
spectrum, in coincidence with the relatively
strong y rays of 329.7-keV and 410.7-keV energy
seen in Fig. 8(c).

The search for the long-lived —,
' state led to the

second lifetime experiment. Again the number of
y-x coincidences were measured as a function of
time. The y-detector selected only the 330-keV
and 411-keV y rays and the low-energy y rays
were displayed by the x-detector. The full range
of the time-to-pulse-height converter was set to
4 p, sec. It became obvious that the 56.4-keV y ray
appeared again in the spectrum of the x-detector
but now with delay times much larger than the
established short lifetime of v~6. 1 nsec. This is
shown in Fig. 5 where the number of y-x coinci-
dences is given as function of time channels.
Each time channel represents a time delay of 104
nsec. Although the number of coincidences is small
andstatistical errors are large, 'a decay time
v =620 nsec or T,&, =430+80 nsec could be deter-
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FIG. 4. Lifetime measurements of the — 5Ti state
2

at E =39.8 keV (oo&), — 5Ti state at E =329.1 keVx
5 4{xxx), and- V state at E =56.4 ('e ~ e). The decays

were studied by observing the yields of n-x coincidences
as function of time in the bombardment of OCa with a
16-MeV ~Li beam. The time dispersion equals 0.526
nsec per channel.
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FIG. 5. The decay of the long-lived component of the
56.4-keV y ray using the OCa(Li, 2s)4~V reaction with a
15-MeV Li beam. The yields of the 56.4-keV y ray in
coincidence with the 328.9-keV and 410.7-keV y rays
were added and plotted as function of time with a disper-
sion of 104 nsec per channel.
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mined for the 56.4-keV y ray. This decay time
could also be observed in the n-x coincidences.
However, the signal-to-background ratio in these
coincidence measurements was appreciably small-
er, making the errors even larger.

In conclusion it appears that the 56.4-keV y ray
is associated with two lifetimes. This can be ex-
plained by assuming a doublet at an energy of
about 56.4 keV. The upper member of the doublet
decays to the lower one, and the energy difference
between the two members might be observable in
a comparison between prompt and delayed coin-
cidencess.

VI. PROMPT AND DELAYED COINCIDENCES

(a) (c)
45 45

57keV V -- 59.8keV Ti

~t =0 50nsec

V)
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UJ
80—

C3 0)
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0— 57keV V -- 59.SkeV l i—45 45

Dt = l50 ~l720 nsec
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20—

FIG. 6. Prompt and delayed p-ray spectra measured
in coincidence with the 4~V p ray of 56.7+ 0.8 keV f(a)
and (b)] and with the 45Ti p ray of 39.8-keV energy [(c)
and (d)J. The accepted time range is 30 nsec for {a) and
(c), and 150—1720 nsec for (b) and (d). The &-x coinci-
dences were observed in the bombardment of Ca with
a 15-MeV ~Li beam.

A comparison of prompt and delayed y-x coin-
cidences is shown in Fig. 6. For the two top
spectra (a) and (c) the time differences &t between
start and stop pulses were chosen to be &t =0-30

nsec, representing the prompt coincidences,
while the two spectra (b} and (d} at the bottom rep-
resent delayed coincidences with 41=150-1720
nsec. In all cases the y-ray spectrum of the
Ge(Li) detector is presented in coincidence with
either the "V 67-keV y rays, Figs. 6(a) and 6(b},
or with the 4'Ti 89-keV y ray, Figs. 6(c} and 6(d).
The latter transition has a lifetime v = 17.2 nsec
and hence the strong coincident 1186.6-keV y ray
(see Fig. 10) is only observable in the prompt
coincidence spectrum, Fig. 6(c), while in "V the
330-keV and, to a lesser degree, the 410.7-keV
y rays are seen in the prompt as well as in the
delayed coincidence spectra. So, the two spectra
of Figs. 6(a) and 6(b) seem to be the same except
for perhaps a slight energy shift of less than 1
keV in the 329.7-keV peak. To investigate this
situation in greater detail the measurements
were repeated with a much increased energy dis-
persion in the y-detector. The result is presented
in Fig. 7. It reveals that the 56.4-keV& ray seen in
prompt coincidence is connected with a 329.7-keV
y ray, while in the delayed coincidence ay ray of
only 328.9-keV energy is observed. This shift of
800 eV indicates not only that "V has a doublet at
an excitation energy of about 56.4 keV but that the
upper member of this doublet has the long lif ctime
and the lower one the short lifetime. Hence the -',

state is located at 56.4 keV while the —', state has
an excitation energy of 57.2 keV, and one observes
in Fig. 7 the two transitions —', --', and —", -—', . The
comparison with "Ti [see Fig. 8(a}] suggests that
the 410.7-keV y ray corresponds to the —', --', tran-
sition, and consequently it should not be energy
shifted in prompt and delayed coincidences. In-
deed no such energy shift was observed. However,
for the weak 476-keV and 740-keV y rays the
signal-to-noise ratio is small and the statistical
errors large so that our measurements are not
good enough to make any statements about possi-
ble small energy shifts of these two transitions.

Finally, an attempt has been made to measure
the decay of the two members of the doublet. The
lower member should be easily observable in the
spectrum of the x-detector by measurements in
prompt coincidence with either the 329.7-keV or
the 410.7-keV y ray. This is indeed true as seen
in Fig. 8(a} where the two spectra are added chan-
nel-by-channel and the sum presented. For the
upper member of the doublet the spectrum was
measured in delayed coincidence with either the
328.9-keV or the 410.7-keV y ray. Again the two
spectra were added and the sum is shown in Fig.
8(b). If both levels of the doublet decay predom-
inantly to the ground state, the spectra of Figs.
8(a) and 8(b) would be expected to exhibit a dis-
tinct shift of about five channels similar to the one
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FIG. 7. &-ray spectra measured in coincidence with
the low-energy p rays of 56.7 + 0.8 keV. The coincidence
spectra were observed in the reaction OCa(~Li, 2n)45V

with a 16-MeV ~Li beam. Backgrounds have been sub-
tracted. For the top spectrum the coincidences were
accepted within the time range of 30 nsec, for the bot-
tom spectrum the range was 50—2150 nsec. The energy
dispersion equals 0.19 keV per channel.

1670 1690

observed for the 329.7-keV and 328.9-keV y rays
in Figs. 7(a) and 7(b). Such a shift is not seen,
thus suggesting a strong decay branch of the —',
state to the —,

' state by an 800-eV transition. How-
ever, although a distinct energy shift is not ob-
served, the delayed spectrum might consist of a
predominant 56.4-keV y ray and a somewhat weak-
er y ray of 5V.2-keV energy which is the direct
ground-state transition —', —& . This question was
investigated in more detail with results as shown
in Fig. 9. The measured prompt spectrum of Fig.
8(a) is again indicated in Fig. 9(a) by solid points.
A smooth curve was fitted through this spectrum
which served as a reference peak in the analysis
of the measured delayed coincidences. The mea-
sured delayed spectrum [Fig. 8(b)] is presented in
Figs. 9(b) and 9(c) by solid points. It is fitted with
the assumption that it consists of only one y ray [Fig.
9(b)], while in Fig. 9(c) two y rays, 800 eV apart,
participate. The fitted spectrum is again indicat-
ed by the solid curve. It seems that the composite
spectrum of Fig. 9(c) fits the measured one quite
well, indicating the direct ground-state transition

in addition to the 56.4-keV y ray. The two
decomposed spectra are pr'esented in Fig. 9(d).
Although (because of poor statistics) the existence
of the direct ground-state transition is somewhat

20—

IO-

0
520

I

550
I I
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I
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FIG. 8. Low-energy p-ray spectra obtained in coinci-
dence (a) with the 4~V p rays of 329.7 keV and 410.7
keV, and (b) with the 45V p rays of 328.9-keV and 410.7-
keV energy. The top spectrum represents coincidences
within the time range of 30 nsec, the bottom spectrum
coincidences within a time range of 46 1740 nsec. The
energy dispersion is 0.17 keV per channel. Background
has been subtracted. The Ca( Li, 2g) V reaction with
a 16-MeV Li beam was used.

uncertain, a lower limit of -5:1 can be placed on
the intensity ratio of the two y rays. Since they
have, according to Table III, z values of 0.11
(—', -+ ) and 8.4 (—', -& ), the —', state decays with
a probability of at least 55% to the —', state, a
transition of 800-eV energy. This transition must
be almost completely internally converted; for an
MI transition an ~ value of 2876 has been calcu-
lated using the code CA'TAR.'

For an estimate of the partial lifetime of this
800-eV -', --', transition a reasonable assumption
might be to use the same reduced transition prob-
ability B@1)as that observed —, - —, transition in

Tl, B(MI) = 0.042 p, ,' (see Table III). With this
value and ~=28V6 the partial lifetime v; =918 nsec
is obtained. Considering the other possible decay
of the 2 state, namely —', -+™,for which the com-
parison with 'Ti gives an estimated partial life-
time ~2= 1.04 p, sec (Table III), the total decay of
the —', state should occur with a mean lifetime of

w„« =488 nsec or T,@=333nsec. This value
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FIG 9. Analysis of the 56.4-keV V y ray obtained in

prompt and delayed coincidences as shown in Figs. 8(a)
and 8(b). Solid points represent the measurements; in
Fig. 9(a) the prompt spectrum of Fig. 8(a) and in Figs.
9(b) and 9(c) the delayed spectrum of Fig. 8(b) are
shown. Solid lines in Fig. 9(a) indicate a smooth curve
through the measured values which is taken as a refer-
ence peak for the analysis of the delayed spectrum. For
the latter spectrum the assumptions have been made
that it represents first, only one y ray [Fig. 9(b)], and

second, two y rays 800 eV apart IFig. 9(c)]. With these
assumptions and the reference peak, a spectrum is cal-
culated (solid lines). The two components of the com-
posite spectrum [Fig. 9(c)) are shown in Fig. 9(d). The
indicated energies are those obtained for the calculated
peaks.
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FIG. 10. Level schemes of 45V from the results of the
present work, and of 45Ti (Refs. 1 and 7). All y-ray
energies are obtained from careful energy calibrations
in the present work. The excitation energies quoted for
the different states are derived from those &-ray tran-
sitions which show the smallest energy uncertainty.
However, the energies of the states at E„=1353.6,
1468.6, 1521, 1580, and 1800 keV are taken from Ref. 1.

328.9

39.8; 11.9ns
36A; 3.1~
0

emitted from the —", state at 386.1 keV helped to
determine the level scheme of "V.

VH. DISCUSSION AND CONCLUSIONS

The results of our y-ray studies indicate a 4'7
level scheme which is shown together with that of
4'Ti in Fig. 10. For some of the states the spin
assignment can be determined independently, as
indicated in the discussion below.

agrees quite well with the measured result of
T,+(meas)=480+80 nsec (see Fig. 5) since one
has to keep in mind that the B(M1}and B(Z2) val-
ues chosen for the calculation are expected to be
only approximately right. Furthermore, one can
conclude from the predicted 7, and 7., values that
the -', state is expected to decay in the ratio
I(—', ——', )/I( —', —+ ) of about 1:1. This value agrees
well with 1.2, the estimate obtained above from
the decomposition of the measured delayed spec-
trum [see Figs. 9(b)-9(d)]. Certainly this result
indicates that the decay of the —', state in 4'V ex-
hibits not only the &'-

& transition as seen in
"Ti, but also reveals a comparably strong &'--,'
transition. The unusually strong inhibition of the
latter transition in 4'Ti (see Table II) may arise
accidentally by contributions from small wave
function components.

The measured decay mode of the -', state, its
lifetime and its population by the 328.9-keV y ray

A. Quasirotational band

It is known that positive-parity states of f-shell
nuclei with a one-hole-many-particle configura-
tion exhibit a quasirotational behavior; their ex-
citation energy shows a smooth dependence on
J(X+ I) where g is the spin. Examples are given
inFig. 11 for the states —,", —,", —,", and —,

"in ' 'Ti
and Sc. The positive-parity states of 4'V as de-
termined by the present y-ray studies follow a
similar behavior, thereby confirming for these
states the spin assignments given in Fig. 10.

B. Coulomb displacement energies

For a homogeneously charged spherical nucleus
the Coulomb displacement energy hE, of T,&, mir-
ror nuclei is expected to be proportional to the
charge g. Since

Zc.„( =~aZ(Z- I}e'/Jl
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it follows that

~E,(keV }=I„-M„+&8&.4=&e'Z, /R,

where M equals the mass (in keV), g& and Z& in-
dicate the larger and smaller charge of the two
mirror nuclei, g is the radius of the nucleus, and
782.4 is the ~p mass difference in keV. Since
only a small range of the atomic weighted is con-
sidered andA. =2Z&+1 for T=—', mirror nuclei, the
value b,E, should be nearly proportional to A. . In-
deed this dependence is rather well established
for the f-shell nuclei as shown in Fig. 12. The
open circles indicate the values for the first &

state. The deviations from a straight line are
small. The largest one of about 40 keV, observed
for A =43, might be due to the pairing effect which
is seen in lower-shell nuclei(see, for example,
Ref. 3). Consequently one can regard the observed
4E, value as an independent indicator to determine
the spin of the first -,'state in case of low-level den-
sity. The 4'Ti-4'V pair is also included in Fig.
12 using the mass values of Ref. 11 for both nuclei
and assuming that the & state is the ground state
in 4'V. One recognizes that the regularity in the
d E, dependence might perhaps permit the & state

I

4l 43 45 47 49 5l 53
ATOM I C NE I GHT, A

FIG. 12. Coulomb displacement energy bX~ as func-
tion of the atomic weight A. for T = ~f&~2-shell nuclei.
The first —states are indicated by open circles, the

2
first —states by solid points. The references are

2
for: A =41, Ref. 11, 12; A =43, Ref. 11, 10; A =45,
Ref. 11, 1, present work; A =47, Ref. 11, 13, 14; A.

=49, Ref. 11, 13; A =51, Ref. 11, 13.

to be located at an excitation energy of 56 keV;
the AE, value would be 7962 keV. However, the
state at 386 keV (see Fig. 10) with its bE, value
of 8294 keV is excluded. A similar' dependence
is observed in Fig. 12 for the —', states although
some fluctuations in AE, values are revealed.
The AE, value forA=45 using the excitation en-
ergy of 386 keV for the —", state in "V is indicated
in Fig. 12. The value fits with those of the neigh-
boring mirror pairs. In fact, a shift of the —",

state to the nearest neighboring states with ex-
citation energies of either 796 keV or 56 keV (see
Fig. 10) results in an hE, value of either 83V4
keV or 7634 keV; both values are far removed
from the trend observed in neighboring nuclei.
We take this as another confirmation that the —,

"
state is located at E„=386.1 keV. Consequently
the A dependence of the Coulomb displacement en-
ergy restricts the & spin assignment to either
the ground state or to one member of the 57-keV
doublet and the —,

' spin to the level at E„=386.1
keV. However, the spin sequence of the first
four states (Fig. 10) is uniquely determined by the
observed y decay and the lifetime measurements.

A more detailed discussion of the Coulomb dis-
placementenergies in T= —,

' nuclei will be presented. '
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