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Direct Spin Determination of On-Line-Separated Isotopes by Nuclear Orientation
and Nuclear Magnetic Resonance
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Nuclear magnetic resonance of on-line-oriented nuclei is reported for the first time, in the cases of
mass-separated '~In, 'In, and '~Ag. Combination of the extracted g factors with independent infor-
mation on the magnetic-moment values leads to unambiguous spin assignment for the high-spin ground
states of 'In and 'In. The high-precision magnetic moments derived for these nuclei as well as the re-
sult on '~Ag point to strong discrepancies from the additivity relation.

PACS numbers: 21.10.Hw, 21.10.Ky, 23.20.En, 27.60.+j

Unambiguous spin assignment to ground states of nu-
clei is a first requirement for reliable nuclear-structure
studies. Clearly for these ground-state spin determina-
tions, only "strong arguments" may be used. This means
that one should use direct measurements which are in-

dependent of decay-scheme considerations. Incomplete
and/or erroneous decay schemes have often led to a time
dependence of spin assignments based on weak argu-
ments, as, e.g. , in the intensively studied cases of ' In
and' In. ' s

Unfortunately, the choice of methods for ground-state
spin determinations which are in accordance with on-line
separation conditions is rather limited. The atomic-
beam method, which is the ideal method, suffers from
low transmission rates, severely restricting its application
far from stabihty. 9

Alternative methods rely on the resolution of the hy-
perfine structure. This approach may be used, for in-
stance, in laser spectroscopy or in nuclear quadrupole
resonance (NQR) spectroscopy. At high spin, though,
the hyperfine patterns become highly complicated and
overlapping. A clear spin assignment is obtainable when
combining laser spectroscopy with rf, but then intensity
problems may arise again. This particular technique is
being tested for on-line use by at least one group. ' The
principle of NQR has been applied in a quadrupole-
interaction nuclear magnetic resonance on oriented nu-
clei (NMR-ON) experiment on ' Ir," but the method
remains restricted to a few favorable cases.

A more generally applicable direct method has been
developed recently at the nuclear orientation on-line fa-
cility KOOL, where nuclear orientation of almost all iso-
topes produced by the combination of the CYCLONE
cyclotron and the LISOL on-line separator can be
achieved. ' The NMR-ON technique, however, was ap-
plied up to now only to long-lived isotopes —a revie~ is
given by Herzog. ' The need for high statistics and long
search times made this technique to be considered in-
compatible with on-line working conditions. We suc-
ceeded in obtaining NMR-ON curves for 'In, ' In,
'~Ag, and '8 Au . The last case concerned the study of

the high field fraction of implantation sites. '

An NMR coil was installed around the continuously
implanted sample, which was connected to the mixing
chamber of a 3He-4He dilution refrigerator. The equip-
ment and the acquisition method were developed and
tested for on-line use. Special care was taken to elim-
inate the effects of varying production rates by taking
the ratio W(0)/W(tr/2) as the anisotropy function,
where W(8) stands for the emission probability at angle
8. Moreover, the temperature was continuously moni-
tored for the presence of rf-power-induced pseudoreso-
nances. By alternating counting periods with unmodu-
lated and modulated rf we obtained an adequate normal-
ization for each point separately, and sufficient time was
left between subsequent counting periods to eliminate ef-
fects of relaxation rate. Each frequency region was
scanned in both directions several times.

The data for ' In were obtained by use of a modula-
tion sweep of 375 kHz and a frequency step of 500 kHz,
at temperatures as low as 12 mK in conditions of con-
tinuous cold implantation and rf irradiation. The reso-
nance curve obtained for the 633-keV transition in '~Cd
is displayed in Fig. 1. A Gaussian fit leads to a center
frequency vo 153.1(3) MHz while the FWHM is 2.4
MHz. Although the resonance curve cannot be strictly
Gaussian [modulation width, combination of W(0) and
8'(tr/2)], our theoretical simulations show relatively
small deviations for modulation sweeps less than -35%
of the line width. The integrated destruction is then cal-
culated as 24%. Depending on whether we accept a spin
value of 6 or 7, the corresponding (pH ( values are
120.5@~ T, or 140.6@~ T, respectively. Now we use
these numbers to fit the anisotropy measurement of the
998-keU 6+ 4+ F2 y transition in ' Cd, which is a
firmly established yrast transition. 3' For spin 6 the
closest fit assumes a fully substitutional implantation,
and shows a clear discrepancy with the data. On the
contrary, the excellent fit to the experimental points we
obtain for spin 7, sho~s this value to be the only one
compatible with the data (Fig. 2).

Recently another approach has become possible.
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FIG. 1. Data points of the 633-keV y transition and associ-
ated Gaussian fit for the NMR-ON experiment on ' In. s&f

and sg stand for, respectively, the anisotropy recorded with and
without frequency modulation of the rf signal.

From laser spectroscopy measurements the hyperfine
splitting of the 6s S~gz state in ' In has been obtained,
yielding p(' In) 4.916(7)p~ (where p~ is the nuclear
magneton) for spin 7, and 4.862(7)p~ for spin 6,
neglecting any hyperfine anomaly. 's Under the same as-
sumption, and using a hyperfine field of —28.66(5) T, '7

we obtain p(' In) 4.921(13)p~ or 4.218(ll)p~ for
spin 7 and 6, respectively. The spin value 7 is confirmed
by the perfect agreement between the two corresponding
moments.

In the case of '0 In this approach is possible again:
The moment values are available from recent laser spec-
troscopy as 4.513(3)p~ or 4.561(3)p~ for spin 6 and 7,
respectively. ' ' However, these hyperfine structure da-
ta do not allow a spin determination. The corresponding
NMR-ON frequencies are 163.8(3) and 141.9(3) MHz.
The result of the measurement (modulation width 2
MHz, step 2 MHz) is shown in Fig. 3. The fitted curve,
with the fixed center frequency of 141.9 MHz and
FWHM of 2.4 MHz, indicates an integrated destruction
of 15%. Thus, once again, the spin value 7 is firmly es-
tablished.

The Brennan-Bernstein rules, as well as the Paar
parabola rule, ' predict that a br(gyz) 'v(diaz) 'I con-
figuration gives rise to a 2+, 7+ ground-state multiplet.
For a hole-particle coupling, on the other hand, the para-
bola rule gives a preferential ground-state spin 5. A
nearly degenerate 2+, 7+ multiplet has been confirmed
in the case of " In. For ' In the high spin value 7 is
now established, and an unambiguous low spin value of 2
is claimed by a "note added in proof" in Ref. 19. In

In, a similar configuration is clearly suggested by the
spin-7 result, and a low spin value of 2 becomes highly
probable, too.

In general the validity of the additivity relation for

0.60-

magnetic moments is remarkable, in spite of its empirical
character in real nuclei, where configuration mixing and
residual interactions are important. For the three nuclei
of interest a comparison is hsted in Table I. By use of
the neighboring moments (known with high accuracy2 ),
the empirical values are given for both spin J„2 and

J„z,since an important mixing between the v(2dy2)-
based and the v(lgpz)-based 7+ configurations is ex-
pected. The rather isolated x(lg9y2) orbital and the con-
stancy of the magnetic moments in the chain of the odd
In isotopes from mass 127 down to 105 suggest a unique
proton configuration. It is a surprise to note that, in

In, a severe discrepancy of —10% between the experi-
mental and the empirical values for the J„2 occurs,
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FIG. 3. Data points of the 633-keV y transition from the
NMR-ON experiment on ' In. s&y and @ stand for the an-
isotropy recorded, respectively, with and without frequency
modulation of the rf signal. The full curve gives the calculated
curve as expected for spin 7 (center 141.9 MHz, intrinsic
width 2.4 MHz).
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FIG. 2. Comparison of the closest fits for parent spin 7 (full
line), and 6 (broken line) to the experimental anisotropies of
the 6+ 4+ E2 transition of 998 keV in the decay of 'In.
The curve for spin 6 is drawn for 100% substitutionality.
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TABLE I. Comparison of the experimental (p„~), empiri-
cal (p ~) and theoretical (pth) magnetic-moment values for
the high-spin ground states in ' In, ' In, and "In. The theo-
retical values are taken from Ref. 23.
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while the correspondence is totally satisfactory for "sin
and for '~ln. Such a deviation has to be explained by
the collective aspects of the wave function, which clearly
violate the additivity rule. It shows that in In nuclei the
empirical additivity rule cannot be expected to hold and

cannot be used as a basis for the characterization of the
ground-state configuration(s). Instead, the interpreta-
tion should rely on a detailed calculation of the ground-
state wave functions.

Therefore, we include recent theoretical results from

a calculation in the framework of a neutron quasiparticle
proton-hole coupling to the quadrupole vibrations of the
core. The merit of these results should be evaluated in

their possibility of reproducing trends rather than abso-
lute values since effective gz and g„ factors have been
used (e.g., half of the free-particle value for the spin part
of g).

In our case, theory does not describe the moment sys-

tematics adequately. The low experimental value for
In is not reproduced, and the very strong deviation in

this case (much larger than the reliability of the calcula-
tion, i.e., 5%-10%) gives a good indication that the im-

portance of the gyz orbital has been overestimated. A
determination of the spin and the moment value of the

In ground state might help to clarify the situation by
indicating whether a "staggering" of the even In mo-

ments really exists. These measurements are in progress.
The breakdown of the additivity rule in In prompted

us to look for similar effects in neighboring nuclei, espe-
cially Ag. In ' Ag (Z 47, W 57) the previously re-

ported moment value of p (4.0+a.f)p~ suggested
another possible deviation. The lowest states of the odd-
odd Ag isotopes are usually described as [x(g9g2)q 3-

v(dsyz) 'jr+, with J,-—,
' (anomalous coupling), 1-6

for the high-spin isomers in ' "Ag. Their g factors
are properly reproduced by the additivity relation. The
I 5+ ground state in ' Ag may be considered as a
mixing of both the seniority u I (J —,) and seniority

FIG. 4. Data points of the 768-keV y transition and associ-
ated Gaussian fit for the NMR-ON experiment on '~Ag. s~f
and so stand for, respectively, the anisotropy recorded with and
without frequency modulation of the rf signal.

U 3 (J, —', ) configurations. Empirical g factors of
0.672(9) and 0.906(11) are deduced for the two "pure"
couplings, built on a —', + and —', + cluster, respectively.
An accurate moment determination may certainly help
to characterize the ground state.

NMR-ON was searched for in the relevant frequency
region with a step and width identical to those used in

the case of '~ln. The resonance curve for the 768-keV
transition in ' Pd is shown in Fig. 4. A resonance fre-
quency of 266.3(5) MHz and FWHM of 1.3 MHz can
be deduced from a Gaussian fit. By use of the hyperfine
field of —44.72(2) T,2s a g,„~, 0.7828(16) is obtained.
This experimental value clearly deviates from both
empirical extrapolations, supporting the suggestion of an
important mixing of the configurations based on the two
proposed proton clusters.

%e have been able to demonstrate that the on-line ap-
plication of the nuclear orientation method in combina-
tion with nuclear magnetic resonance provides a power-
ful technique for directly determining ground or isomeric
state spins of short-lived isotopes. It is important to note
that the high resolving power of this method enables one
to distinguish between high spin values. Furthermore,
precise magnetic-moment values of nuclei far from sta-
bility provide basic test results for model descriptions,
and the systematics should be extended towards the neu-
tron shell closure. As a final remark we draw attention
to the fact that the combination of NMR-ON with in-
dependent information on the nuclear moments, especial-
ly from laser spectroscopy, yields a fast and efficient spin
determination. Mainly for high-spin nuclei, the two
methods complement each other perfectly.
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