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High-spin states in the odd-odd nucleus 212At
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The properties of high-spin states in "'At, including three isomers, have been studied with the
' 'Pb( Li,3n)'"At reaction. In-beam measurements with Ge(Li) and intrinsic Ge detectors of y-ray excitation
functions, y-y coincidences, y-ray angular distributions, pulsed-beam-y timing, and perturbed angular
distributions with an applied magnetic field were made to establish a decay scheme, level energies, y-ray
multipolarities. spin-parity assignments, isomeric lifetimes, and g factors. High-spin states up to 15' were

identified as predominantly three proton [(m'h9/2) or (wh9/2} (~il3/2)] states of the (N = 126) "'At nucleus

coupled to a neutron in either the g9/2 ill/2 or j»/, orbitals. The experimental energy levels, g factors, and

8(M2) value are compared with shell model calculations.

NUCLEAB BEACYIONS 0 Pb(VLi, 3n)" At I:=32—44 Me&; measured y excita-
tions, y-qi coin, p-R~(0}, puls d-beam-p timing, perturbed anmlar distributions;

deduced levels, p multipolarities, J', T&~2, B(E1), B(M2), g.

I. INTRODUCTION

The study of odd-odd nuclei is most important
for the determination of the effective proton-
neutron residual interactions in different nuclear
regions. Generally, these nuclei are difficult to
study because of the high level densities involved.
However, if the single particle levels available
to the valence nucleons have large values of or-
bital angular momentum, then considerable struc-
ture information can be obtained from the yrast
levels because these levels will generally involve
high-spin configurations of a nearly pure nature.
Moreover, some of these levels are frequently
isomeric, allowing the nuclear wave functions
to be probed by lifetime and g-factor measure-
ments. Since heavy-ion fusion evaporation reac-
tions preferentially populate yrast states, the ut-
ilization of these reactions combined with in-
beam y-ray methods offer an effective technique
for studying the nuclear structure of odd-odd
nuclei.

An interesting odd-odd nucleus in this respect
is ""At with three valence protons and one valence
neutron outside the closed Pb core (N= 126, Z
=82). The structure of the high-spin states is
expected to involve the three protons in the h9/p,

fq)2, and ii3/p orbits coupled to the neutron in
either the @9&2, i»&&, or j„&&orbit. In particular,
it is expected that levels in "At should be iden-
tified as three-proton yrast levels in "'At coupled
to the odd neutron. The ~'At states involving
seniority on '"At states should be similar to 210Bi

yrast levels. The purpose of the present study

is to determine experimentally the properties of
high spin states in '"At, and to compare these re-
sults with "At and" Bi.

At the beginning of the present study the only
available data on ' At were from the studies' of
the a decay of the ground state [T|~&——0.315(3)
sec] and the 225-keV metastable state [T|~2
=0.122(1) sec] to excited states in '08Bi. These
studies tentatively identified the spins and par-
ities of the ground state and 225-keV state as (1 )
and (9 ), respectively. In the present study,
high spin states in ' At were investigated with
in-beam y-ray measurements via the '08Pb('Li, 3n)
fusion evaporation reaction. The features of
fusion evaporation reactions that are useful to
y-ray spectroscopy will not be repeated here, but
have been described in detail elsewhere. To
extract the desired experimental information, the
following measurements were made: y excita-
tions, y-y coincidences, y angular distributions,
pulsed-beam-y timing, and g-factor measure-
ments. From these measurements the level
scheme and electromagnetic properties were
determined. Preliminary results of these mea-
surements have been reported previously.

The experimental procedure used in the present
study is described briefly in Sec. II. For a
more detailed description of the y-y coincidence,
y angular distribution, and pulsed-beam-y mea-
surements carried out at Stony Brook, see Ref.
4; for a detailed description of the g-factor mea-
surements carried out at Chalk River, see Ref.
5. The experimental results for "At are pres-
ented in Sec. III and a comparison with conven-
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tional shell model calculations is discussed in
Sec. IV.

II. EXPERIMENTAL PROCEDURE

The in-beam y-ray measurements following the
Pb( Li, 3n) ' At fusion evaporation reaction were

carried out at both the Stony Brook and Chalk
River tandem .Van de Graaff accelerators. The
y-ray experiments at Stony Brook included y-y
coincidence, y angular distribution, and pulsed-
beam-y timing measurements at a typical beam
energy of 33 MeV. The target was an isotopically
enriched (99/0) 208Pb foil of 200 mg/cm2 thickness.
For these measurements, several large coaxial
Ge(Li) detectors with energy resolutions of 2 keV
full width at half maximum (FWHM) at 1.33 MeV
were used. In addition, for y rays with energies
&150 keV, a 5 mm planar intrinsic Ge detector
with an energy resolution of 0.5 keV FWHM at
122 keV was employed. The angular distribution
measurements were made with a movable Ge(Li)
detector positioned 11 cm from the target while
another Ge(Li) detector placed at 90 to the beam
served as a monitor; y-ray singles spectra were
taken at five angles between 0' and 90 . The func-,
tion W(8) = E„(1+A,P, +A4P4) was fitted to the data
(normalized to include dead time and geometric
effects) to obtain the relative y-ray intensity I„
and the Legendre polynominal coefficients A2 and

A4. The y-y coincidence measurements were
made with a standard fast-slow coincidence sys-
tem and the data were stored on magnetic tape
event by event for later off-line analysis. For the
pulsed-beam-y timing measurements, the YLi

beam was pulsed with a repetition period of 1 @sec
and a pulse width of about 3 nsec FWHM. De-
layed y-ray spectra were collected for several
time windows from 30 to 400 nsec. To obtain more
accurate lifetime results for the observed iso-
mers, time differential measurements for the
delayed y rays were also made. The mean life-
time v was extracted by fitting the function 8
+Ae ' ' to the Compton subtracted data; A is the
amplitude at t =0 and 8 is a constant background.
For cases involving isomers that were fed both
directly and by a higher lying isomer of mean life-
time r„ the function A, [r,/(7', - r2)](e ' '~-e ' '2)

+ A2e ' '2+8 was fitted to the data to obtain the
mean lifetime v'2 and the amplitudes A, and A, at
t =0. Again 8 is a constant background.

The y-ray experiments carried out at Chalk
River included excitation functions and g -factor
measurements. For these experiments a natural
Pb target thick enough to stop the beam was used.
The decay y rays were detected by two large
coaxial Ge(Li) detectors with energy resolutions

of 2 keV FTHM at 1.33 MeV. The y-excitation
study was carried out for beam energies ranging
from 34 to 44 MeV in increments of 2 MeV. The

g factors were measured with the time differen-
tial perturbed angular distribution methode

(TDPAD). For this measurements, the target
was placed in a uniform magnetic field (2.29 T)
which was applied perpendicular to the beam axis.
The decay y rays were detected by two Ge(Li)
detectors positioned at +135' to the beam. Data
were accumulated at beam energies of 36 and 42
MeV using beam pulse repetition periods of 0.8
and 1.6 psec, respectively. The total time res-
olution for the beam pulsing and the y-ray detec-
tors was less than 4 nsec FWHM. Data involving
a single isomeric level were analyzed to form the
standard ratio

[N(+135', f) —N(-135', f)]
B(t) =

[N(+135', f) + N(-135', f)]

where N(8, f) is the normalized yield after back-
ground subtraction. For y rays with A4=0, the
ratio data were fitted with

R(t) = [322/(4+ A,)]sin[2((o~t —n Q) ],

where +1 is the Larmor precession frequency' and

the phase &Q accounts for any deviation from the
symmetric detector position. The analysis of
TDPAD data involving two isomeric levels is more
complicated and is discussed in Ref. 7.

III. EXPERIMENTAL RESULTS

The y-ray excitation measurements followi, ng the
bombardment of Pb with Li were used td help
identify y rays originating from excited states in
'2At. The 184-, 278-, 377-, 479-, and 663-keV

y rays shown in Fig. . 1 were observed to have a
similar excitation function which is consistent with
the cross section estimated for the ('Li, 3n) chan-
nel; this strongly suggests that these y rays orig-.
inate from the same nucleus, which is expected to
be ' At. Moreover, the excitation function of
these y rays differed considerably from the
excitation functions of y rays from ' ~'" Bi,
' Po, and "'At, indicating that these y rays

did not originate from the (~Li, 4n)2" At
fusion evaporation' reaction or from the breakup
reactions (~Li, a2n) Bi, ( Li, nn) ' Bi, and
('Li, f2n)"'Po. The only remaining channels ex-
pected to be populated with significant strength
were the ('Li, 3n) "At, ('Li, 2n) "~At, and
('Li, f)'"Po. However, a recent study' has iden-
tified the y rays originating from 2' Po and 2'3At.

Since the 184-, 278-, 377-, 479-, and 663-keV
y rays were the only strong, unidentified lines left
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FIG. 1. The y-ray spectrum observed with a Ge{Li) detector positioned 90" to the beam for the bombardment of a
thick Pb target with 32-MeV Li ions. The Doppler broadened p ray at 478 keV is from inelastic excitation of Li.208 ~ 7 ~ ~

in the "8Pb+ 'Li spectrum, they were assigned to
"At. This study" also showed, with a delayed

y-excitation measurement, that "At was being
populated with much greater strength than either" Po or "4t

The results of the y-y coincidence measurement
are summarized in Table I. From these results a
level scheme for "At was constructed as shown
in Fig. 6. The primary feature of this level
scheme is the strong y-ray cascade from the un-
observed isomeric state at (1543 + A) keV to the
isomeric state at 888 keV which subsequently
decays via two cascades to the 225-keP metastable

state. Coincidence spectra for four members of
the y-ray cascade are shown in Fig. 2. The ev-
idence for the (1543+ A)-keV isomeric state and

the assumption that the y-ray cascade ends at the
(9-) 225-keV metastable state will be discussed
later. Also observed in coincidence with the above
y-ray cascade are the 608- and 570-keV y rays.
Assuming these y rays are members of the
stretched yrast cascade, they would then directly
feed the (1543+ A)-keV unobserved isomeric level
(see Fig. 6).

The 398-, 436-, 652-, and 942-keV y rays were
also assigned to ' At on the basis of the y-y co-

TABLE I. Results of the p-p coincidence and angular distribution measurements for At.

E, (keV) '
p rays coincident with E

183.9
278.1
377.0
397.6
436.0
478.5
570.1
608.2
652.4
662.5
942.0

62
62
70
17'

98
18
23

7d

100
21

-0.13 + 0.02
-0.22 + 0.01
-0..06 + 0.01

-0.02 + 0.02

0.00 + 0.02
0.29 + 0.08
0.09 + 0.06

0.1 + 0.1
0.1 + 0.1

0.31+0.02 -0.02 +0.02

278.1,
183.9,
183.9,
183.9,
183.9,
183.9,
278.1,
278.1,
397.6
278 ~ 1,
183.9,

377.0, 397.6, 436.0, (608.2)
(478.5), (662.5)

377.0, 397.6, 436.0, 478.5, 942.0
377.0, 478.5, (608.2), 662.5
278.1, 478.5, 570.1, 608.2, 662.5
478.5, 652.4, 662 ~ 5
478.5, 662.5
278.1, 377.0, 436.0, (608.2)
(377.0)
377.0

All p-ray energies are accurate to 0.2 keV.
b p-ray intensities are normalized to the 662.5-keV p-ray yield and are accurate to 10%,

unless otherwise noted.
Parentheses around p-ray energy indicate a weak coincidence.
The p-ray intensity is estimated from the &-p coincidence results and is only accurate to

+40%,
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sitions, which cascade to the 888-keV isomer,
had prompt components in their time spectra.
This indicated the existence of a second isomeric
state lying above the 1543-keV level. However,
the 608-keV y ray, which was the only delayed
transition observed to lie above the 1543-keV lev-
el, had insufficient intensity in its delayed com-
ponent to account for the delayed intensity of the
278- and 377-keV y rays. This implied that the
isomeric state responsible for the delayed com-
ponents of the 278- and 377-keV y rays decays via
a highly converted unobserved transition. The
energy of this transition is expected to be less
than 95 keV and is denoted by A in the level scheme
(see Fig. 6). Regarding a, third isomeric state,
the prompt component observed for the 608-keV
y ray indicates that this isomer lies above the
(2151+6)-keV level.

&Vith time differential measurements, the mean
lifetimes of the (1543+6)- and 888-keV isomers
were observed to be 7 =-54(2) and 28(l) nsec, re-

400

in
CO l83.9 keV GATE

spectively (see Table II}. In addition the weakly
populated isomer above (2151+6) keV was found
to have a mean lifetime &=82(15) nsec. The life-
time of the (1543+6)-keV state was determined
by a least squares fit of a single lifetime to the
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FIG. 2. y-p coincidence spectra from the Pb( Li, 3g)-
At reaction observed with the two Ge(Li) detectors for

four selected p-ray gates.

incidence measurements. These y rays, which
were weaker in intensity, define levels at 1285,
1324, 1830, and 1938 keV. (see Fig. 6).

The results obtained from the angul. ar distribu-
tion measurements are also summarized in Table
I. The relative y-ray intensities are listed, as
well as angular distribution A2 and A4 coefficients
for those y-ray transitions that could be isolated
in the singles Ge(1 i) spectra. An interpretation
of these results in terms of y-ray multipolarities,
J' assignments, and the level scheme will be
given at the end of this section.

Evidence for three isomeric states in ' At was
found in the pulsed-beam-y timing data. The de-
layed y-ray spectra showed that the 608-, 278-,
377-, 663-, 184-, and 479-keV y rays all had
delayed components. With the time differential
measurements, the 184- and 663-keV j rays were
observed to have no prompt component, indicating
that the 888-keV state is isomeric. It was also
observed that the delayed 278- and 377-keV tran-

spectra of the 278- and 377-keV y rays. The data
for the 278-keV y ray are shown on the top of
Fig. 3; the solid line is the result of the least
squares fit to the data which yielded 7 =54(2)
nsec. Contributions to the 278- and 377-keV life-
time data from the higher lying isomer above
(2151+4) keV were very weak and could be neg-
lected in the analysis. The lifetime of the 888-
keV isomeric state was determined from the time
differential data of the 663-keV y ray (see the
bottom of Fig. 3). Because this state is also
strongly fed by the (1543+ b)-keV isomer (v= 54
nsec), the data were fitted to the two-lifetime
function discussed in Sec. II. The least squares
fit to the data yielded v= 28(1) nsec for the 888-
keV isomer. In addition, the fit also yielded
54(4} nsec for the (1543+A)-keV isomer which is
in excellent agreement with the 54(2) nsec ob-
tained from the 278- and 377-keV time differen-
tial data. The lifetime of the isomeric state above
the (2151+6)-keV level was determined by fitting
a single lifetime to the time differential data of
the 608-keV y ray. The fit yielded 7 =82(15)
nsec for this isomer. For the remaining levels
in ' At, the pulsed-beam-y timing data yielded
mean lifetime upper limits of v «5 nsec.

The results of the g-factor measurements are
summarized in Table II. The uncorrected g fac-
tors of the (1543+5,)- and 888-keV isomeric
states were measured to be 0.619(4) and 0.538(8),
respectively. The g factor of the (1543+6)-keV
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TABLE II. Lifetime and g-factor results for At.
I

Energy level
(ke V)

& (nsec)

g uncorr

g corr

& chic

888

28+1

0.538(8)

0.541(11)

0.61

1543+&

(15 )

54 +2

O. 619(4)

0.622(10)

0.55

E& (keV)

J; Jf
nb

662.5

(11')-(9-)
o.17s(s)

O.63(9)

183 ~ 9

(11+)-(1O )

o.1o5(5)

O. 37(5)

&(~L ) g(~2) = 11 1(7)~&2 fm2

Corrected for diamagnetism and Knight shift; see text.
These values are taken from Internal Conversion Coefficients, edited by K. %ay (Aca-

demic, New York, 1973).' Branching ratios.

isomer was obtained from the perturbed time
spectra of the 278-keV y ray. These data were
analyzed to form the ratio R(t) described in Sec.
II. The 36 MeV data are shown in Fig. 4 along

with the results of a least squares fit which yield-
ed g =0.616(9). The weighted average of the 36
and 42 MeV data, yielded g=-0.619(4) for the g
factor of the (1543+6)-keV isomer. The influ-
ence of the higher lying isomer at or above
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FIG. 3. Results of the time-differential lifetime mea-
surements of the (15 ) and (11") states in 2' At obtained
from the time spectra of the 278- and 663-keV p rays,
respectively. The solid lines are the least squares fits
to the data which yielded mean lifetimes of 7 = 54 + 2 and
28 + 1 nsec for the (15 ) and (11') states, respectively.

FIG. 4. The results of the perturbed angular distribu-
tion measurements of the (15 ) state in At obtained
with the 278.1-keV p ray for a VLi beam energy of 36

' MeV. The upper part of the figure is the modulated time
spectra obtained with an applied magnetic field of 2.29 T
and two Ge(Li) detectors at +135 to the beam. The lower
part of the figure is the ratio R. The uncorrected g fac-
tor was found to be 0.6192 0.004.
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FIG. 5. The results of the perturbed angular distribu-
tion measurement of the 888-keV (11') state in At for
a beam energy of 36 MeV. The uncorrected g factor was
found to be 0.538 + 0.008.

(2151+6)-keV on the ratio data for the 278-keV
y ray was found to be negligible. The g factor
of the 888-keV isomeric state was determined
from the perturbed time spectra of the 663-keV
y ray (see Fig. 5). To extract the g factor of
the 888-keV isomeric state, the g factor and life-
time obtained for the (1543+h)-keV isomer were
inserted as fixed parameters into the two level
expression of Ref. 7, which takes into considera-
tion the feeding of the 888-keV level by the (1543
+ b,)-keV level. Using this fitting procedure, the

g factor of the 888-keV isomeric state was deter-
mined from the weighted average of the 36 and
42 MeV data to be g= 0.538(8). Estimated correc-
tions to the g factors for diamagnetism and the
Knight shift increase the values to g=0.541(11)
and g = 0.622(10) for the 888- and (1543+ n, )-keV
levels, respectively.

The deduced y-ray multipolarities and J' as-
signments for ' At are included in the level
scheme in Fig. 6. These assignments were ob-
tained from the angular distributions with the
assumptions that the states are aligned in low-
rn substates and that the dominant y decay
proceeds via yrast levels by stretched transitionsJ-J-L where L refers to the y-ray multipolarity.
Lifetime information and conversion coefficients
extracted from delayed y-ray intensities aided in
these assignments. The J' assignments are also
based upon the assumption that the y-ray cascade
ends at the (9 ) 225-keV metastable state.

Although there is no direct experimental ev-
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FIG. 6. The energy level scheme of At determined
from this experiment. The excitation energy in keV is
shown at the left and spin-parity assignments at the
right. The observed intensities are shown on the transi-
tion arrows for the p rays belonging to the yrast cascade.

idence that the y cascade in '"At ends at the
225-keV (9 ) metastable state, the yrast nature
of the dominant decay cascade, shown on the right
in Fig. 6, and systematics of Li induced fusion-
evaporation reactions strongly support this as-
sumption. The y rays in this cascade decrease
in intensity as the energy of the initial state in-
creases. This feature, which is characteristic
of the population of yrast levels and the sub-
sequent J-J-L stretched y-ray transitions, is ex-
pected in (III, xn) fusion-evaporation reactions. '
Since previous studies with Li induced fusion-
evaporation reactions have shown that states as
high as 155 are populated strongly at Li beam
energies of about 33 MeV, then in At it is also
expected that states up to 15k are populated.
Consequently, the stretched y-ray decay in At
will proceed along the yrast line to the 225-keV
(9 ) metastable state, which then n-decays to ~08Bi.

The alternative, that the stretched y-ray cascade
ends at the (1 ) ground state, would indicate that
only states up to about 75 are populated strongly,
which is unlikely in view of the empirical infor-
mation available for Li beams.

With the assumption that the y cascade ends at
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the (9 ) 225-keV metastable state, the J" assign-
ments for ' At were deduced. First consider the
yrast cascade on the right side of Fig. 6. The
large positive A&

——0.30 and small negative A4
= -0.02 identified the 663-keV y ray as a stretched
J-J—2 quadrupole transition. The observed
mean lifetime 7 = 28 nsec suggests an M2 multi-
polarity for this y ray (an E2 transition would be
hindered by a factor 10 relative to the Weisskopf
estimate). Based on the (9 ) 225-keV metastable
state, this result implies a J' assignment of (11')
for the 888-keV isomeric state. The brackets de-
note the uncertainty in these assignments. For
the 184-, 278-, and 377-keV y rays, the negative
A, coefficients imply dipole components for these
transitions. A dipole-quadrupole admixture for the
479-keV y r ay is implied by its reduced&, coefficient.
With the additional lifetime limits and internal
conversion coefficients estimated from the delayed
y-ray intensities, the implied multipolarities of
the 184-, 278-, 377-, and 479-keV y rays are E1,
E1, M1/E2, and Ml/E2, respectively. Based on
the (9 ) 225-keV metastable state, these multi-
polarities imply J' assignments of (10 ), (11'),
(12'), and (13 ) for the 704-, 888-, 1265-, and
1543-keV levels, respectively. Notice that the
y-ray multipolarities for both branches from the
888-keV isomeric state imply a J' assignment of
(11') for this state. For the unobserved transition
6 (E (95 keV), the lifetime r = 54 nsec is con-
sistent with the Weisskopf estimate for an E2
transition between 20 and 95 keV. This suggests
a J' = (15 ) assignment for the (1543 + A) -keV iso-
meric state.

IV. DISCUSSION

The experimental results obtained for At from
the present 'o8Pb('Li, 3n) y-ray measurements are
summarized in Fig. 6 and Tables I and II. The
structures of these low-lying high-spin states are
expected to be comprised of three protons distrib-
uted in the h»&, f7/p and i]3/g orbitals and one
neutron in the g~&„i«&„orj„&,orbit outside the
closed ~o8Pb core (Z=82, %=126). In particular,
these high-spin states are expected to arise from
the coupling of the three-proton yrast levels in
' At to the odd neutron. For those ' At states

that have primarily a seniority one proton struc-
ture, an alternate, but structurally identical view
may be taken, namely, these states may be thought
of as similar to levels in ' Bi. A comparison of
the experimental "At level scheme with the known
~'oBi (Ref. 10) and "'At (Ref. 11) levels suggests
the following configurations as dominant compon-
ents for several of the observed states in "At:

0-keV (1 ) —(7/h, /, '), (vg, /, ),
225-keV(9 ) —(mk, /&')+ (vg~/, ),
704-keV(10 ) —(ph&/, ') ~~ (vf„,),
888-keV (11') —(wh&/, ')0'(7/i, », ) (vg, /, ),
1265-keV (12') —(wh, /, ')+ (vj„/, ),

1543-keV(13 ) —(7/h~/&')+ S (vg, /, ),

(1543+ 6)-keV (15 ) —(7/kq/, ')+ (vga/q).

No specific configurations are suggested for the
remaining levels in ' At on the basi:s of the com-
parison.

Complete shell model calculations for "'At, which
would require a very large model space, were not
available for comparison. However, since sev-
eral of the observed At states were identified
as members of the (mk, /, ) (vg, /, ) configuration,
a shell model calculation of the energies of this
structure was made. This calculation which em-
ployed empirical two body matrix elements ex-
tracted from ' Bi and "At yielded the following
theoretical energies of 0, 202, 1539, and 1607
keV for the 1, 9, 13, and 15 states, respec-
tively. The .good agreement between the calculated
and observed energies indicates a very pure struc-
ture for these states. Qn the basis of this cal-
culation, the yrast J=10, 11, and 12 states are
expected at 1247, 1298, and 1506 keV, respec-
tively. Since the observed yrast J=10, 11, and
12 states are located at lower energies, the con-
clusion can be drawn, that the observed yrast
states involve significant components of con-
figurations different from (7/h, /, 3) (vg, /, ). This
conclusion is consistent with the above predictions
made for these states. In addition, the energy
of the [(mh&/& )0'(mi$3/p)(v@9/g)]11' state has been
calculated" to be 940-keV which is within 52 keV
of the measured value.

The electromagnetic properties of At give a
further test of the nuclear wave functions. The
measured g factors for the 888-keV (11') and

(1543) + n.)-keV(15 ) states can be compared with
those expected for the [(rrh, /, )0'(wi»/, )(vg, /, )]11'
and [(wk9/p ) 9 (v@9/g)]15 configurations, respec-
tively. (See Table II. ) The additivity property
for the effective magnetic moment operator im-
plies that p["'At(11')]= //, (7/i»/, ) + p(vg~/, ) and
p['"At(IS )]= //[(ph„, ')~ ]+ p( g„,). Ils ng

g(mif3/, ) = 1.24 extracted from " Po, "g(mh, /& )
=0.917 extracted from "At, andg(vg»~) = —0.296
extracted from "Bi, ' the additivity relation pre-
dicts g(11') = 0.61 and g(15 ) = 0.55. Although
these predictions deviate from the measured val-
ues by +13% and -11%, respectively, they show
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that these configurations are indeed dominant.
Since the empirical g factors include core polar-
ization and mesonic effects to the first order, the
majority of these deviations are expected to arise
from admixtures in the wave functions. Possible
admixtures will be discussed below.

A further test of the (11') wave function as well
as those for the (9 ) and (10 ) levels is provided
by the measured B(M2) [11'-9 ] and B(E1)[11'
-10 ] transition probabilities. The measured
B(M2) is compared with that expected for the
transition from the [(wh, /~ )0'(wi f3/ p)(vga/2)]11'
level to the [(wh, /, ')—,'(vg, /, )]9 level. Using the
empirical M2 transition matrix element extrac-
ted from the 1.608-MeV y ray in ~Bi', which
is expectedtobe aprimarily ai„&2-8,&, single pro-
ton transition, the B(M2) is calculated to be 12
+ 8p,„'fm'. The agreement between this value and
the value of 11.1(7)pz fm obtained from the
measured lifetime indicates that the 11' -9 663-
keV y ray ' At is predominantly a single proton
transition from the i&3&, orbit to the

h~ & &
orbit as

obtained from the above configurations.
It is interesting to make this comparison with

the free nucleon single particle transition B(M2).
With a mean radius of (r) = 6.22 fm obtained from
harmonic oscillator wave functions with 5e
=41A ' ', the B(M2) is calculatedtobe93. 5i/, „'fm'.
The difference between this value and the value
of 12'.z fm obtained with the empirical M2 ma-
trix element arises predominantly from core
polarization effects which are included in the em-
pirical B(M2). Thus the difference between the
free nucleon and the experimental B(M2) values
does not necessarily imply significant admix-
ture s.

The measured B(E1)= 1.21x 10 ' e'fm', which is
hindered by a factor of 10' relative to the Weiss-
kopf estimates, indicates that the 11'-10 184-
keV transition is very weak, involving perhaps
several small admixtures. This conclusion is
supported by the expected [(wh» &')0'(wf, »,) (vg» 2) ]11+
and [(whq/2') 2 (vi&&/2)]10 configurations between
which no E1 transition is allowed.

The deviations between the measured and calcu-
lated electromagnetic matrix elements in the above
discussions imply the existence of admixtures in
the (11') and (15 ) wave functions. For the 11'
state, these admixtures are expected to include
the (wk9/p ) 2 (vjg5/p) (wI/g/2 )0+(wf7/2)(vg~5/2) and

(wh9/, )0'(wiI3/, )(vi) f/2) configurations. For the
two particle nucleus ' Bi, the calculations by
Kuo and Herling" show that these configurations
have significant amplitudes in the yrast 11' wave
function. For the (15 ) state, the most likely
admixture is the. (wh», )(wf7/2)(vg9/2) configura-
tion, which is expected near 1700 keV.

Finally, it is interesting to extend the compar-
ison between '"At (Ref. 11) and "At level schemes
to levels higher than the (1543+6)-keV (15 ) state
in ' At. Based on this comparison, it is expected
that the [(wk9/, )(wf, /, )(vg, /, )]16 and

[( hw», ')( iw, », )( gv, /, )]J, J=17' and 19', levels
should be yrast, with the 19' being an isomer with
a mean lifetime of about 100 nsec. The present
' At level scheme does not exclude this possi-

bility. According to Blomqvist' the 16 level
should be within 100 keV of the 15 level, thus it
would most li.kely be unobserved. With this as-
sumption it is 'possible that 608-keP y ray (see
Fig. 6) is the 17'-16 transition, and the 19'-16
E3 transition is not observed because the isomeric
state is populated weakly and the branch for this
y ray could be small. However, according to
Blomqvist' the 17' should be nonyrast, making the
19' level an isomer with a mean lifetime of about
14 p.sec. No evidence of such a long lifetime was
observed in this study.

In conclusion, the structure of high-spin states
in "At h3s been investigated via in-beam y-ray
spectroscopy with the 08Pb(YLi, 3n) reaction. As
a result, a level scheme involving high-spin states
has been deduced for ' At, and several electro-
magnetic moments have been measured. Com-
parison of these results with the '"At and "Bi
level schemes and the energies of the (wh», ) (vg, /, )
configuration has provided a means of identification
of the yrast states. However, the experimental
matrix elements, namely, the lifetimes and g
factors, have shown the complexity of these high
spin states. It is clear that to understand these
results in a more complete way, larger model-
space calculations are essential.
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