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Magnetic moment and lifetime of the 6rst excited state
of mirror nuclei 'Ne and 'Na
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The magnetic moment and lifetime of the first excited states of the mirror nuclei "Ne and "Na have been

measured by the plunger-time diAerential-recoil-into-vacuum technique. The states were populated by the
'He("O, n)"Ne and ' 8("O,an)"Na reactions at beam energies such that mainly three-electron recoil ions

were produced. Values ~g ~

= 0.28 + 0.03 and ~g ~

= 1.48 + 0.10 have been deduced for the "Ne and
"Na g factors. The mean lifetimes of these states have been determined as 7 = 10.1 ~ 0.3 ps and 7 = 9.9+ 0.4
ps, respectively. The analysis of the measurements also provides information on atomic state populations in

two, three, and four electron systems.

NUCLEAR REACTIONS 4He{ O, n), E=lg MeV; 8{60, an), E=42 MeV;
H{ Ne, n), E=14 MeV; measured y{8,t) Doppler shift. 'Ne, 350 keV level and

2'Na, 332 keV level, deduced T,t„~g(, ionic electron configurations.

I. INTRODUCTION

Hyperfine fields in one-electron systems are
used extensively to measure magnetic moments of
short lived states. However, few attempts have
been made to utilize the hyperfine interaction oc-
curring in stripped ions with more than two elec-
trons. ' ' In their first approach, Broude et al. '

used a statistical model, taking into account all
atomic configurations involving a 2s electron, to
calculate the hyperfine field acting on the "0 nu-
cleus. Later, in the case of "Na, a model includ-
ing the p electron contributions and atomic con-
figurations weighted according to their excitation
probability was suggested. ' A recent measurement
of the ground state hyperfine splitting for Li-like
fluorine' has shown the predominance of 'the Si/2
atomic state. In addition a high recoil velocity g-
factor measurement' also involving Li-like atoms
gave information on atomic state populations.

The present paper reports g-factor measure-
ments of the first J= ~", T =

& states in the mirror
nuclei "Ne and "Na. The recoil into vacuum mea-
surements were performed at recoil energies such
that mainly the three- and four-electron systems
were populated. The results of the experiments
show that a relatively small number of atomic con-
figurations contribute to the interaction. They also
demonstrate the feasibility of using the hyperfine
interaction in three-electron systems to measure
a large g factor, the 1s one-electron frequency be-
ing too fast with respect to the plunger-time reso-
lution. Concurrently the accurate lifetime deter-
minations of the J=—', mirror states obtained in the
present measurements considerably reduce the
previous discrepancies observed with theoretical

II. EXPERIMENTAL PROCEDURE

'The time-differential perturbed angular correla-
tion (TDPAC) method has been used in a recoil-
distance arrangement to perform these measure-
ments. The different electronic configurations that
can be formed in the various ionic states following
recoil from the target into a vacuum establish a
superposition of hyperfine static fields acting on
the nucleus during the nuclear lifetime. ' The af-
fected nuclei precess, giving rise to attenuation
coefficients G~(t) in the y-ray angular distribution'

W(8, t) = Q A, P, (cos8)G, (t),

~ (2F +1)(2F'+1)
I I

where &ur ~, = ( EF —Er, ) lb.
The detailed calculational procedure for G, (t) for

the stopped fraction is given in Ref. 2.
The experimental setup was simplified by the

fact that only the G, (t} va, riation had to be deter-
mined. Previous measurements had shown' ' that
any A, term cannot be more than 0.005 for these
—,- ~ transitions.

Two Ge(Li) detectors were placed at 0' and 125'
[P,(cosH) =0]. Let N~ be the measured stopped y-
ray intensity at the angle 8. We can define

R(t)= N"" (t} f(D),
125 stopped

(3)

B(M 1) values. The magnetic properties p, and
B(M 1) obtained for the two mirror nuclei are com-
pared with available theoretical results.
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where e(D) is the relative detection efficiency, in-
cluding geometric anisotropies of the two detec-
tors. This quantity can be measured very precise-
ly with a radioactive source positioned at the place
of the stopper in the same mechanical configura-
tion. Its variation with distance D is very small.
From expressions (1) and (3) we obtain
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The va, lue of A, Q„where Q, is the geometrical
attenuation coefficient of the detector positioned at
0', was determined by performing an angular dis-
tribution measurement in which the recoiling nu-
clei were stopped in the target backing (10 pm Au)
which was assumed to be free of hyperfine fields.

The first "Ne excited state at 350 keV was popu-
lated in the reverse reaction 'He("O, n)"Ne at an
"0bombarding energy just below the threshold
(E,„=19.2 MeV) of the long lived 2.79 MeV level
(J'= & ). To check the fact that only the 350 keV
level was excited, the yield of the stopped part of
the 350 keV y ray was observed at a distance D
=2000 pm. (This yield must be zero when there is
no feeding from the 2.79 MeV state. ) The targets
used in the plunger measurements consisted of 4He

implanted with a 50 keV energy generator into a
0.9 mg/cm' Ni layer for the first run and into a 3
mg/cm' Au layer for the second run. The angular
distribution measured with 'He implanted into a 10
p.m Au backing gave the result A, Q, =-0.37+0.01.

To excite the 332 keV mirror state in "Na we
chose the reaction "8("0,o.n)"Na at E~ = 42 MeV
bombarding energy. Isotropic "Btargets, 100
pg/cm' thick, evaporated onto 1.5 mg/cm' Au

backings were used for the plunger measurement.
The anisotropy obtained for the angular distribu-
tion, measured with similar targets evaporated on
10 p, m Au layers, was less than in the case of "Ne:
A, Q, = -0.22 ~0.01.
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FIG. 1. Gamma-ray spectra for Ne recorded at 8~
= 0 and 125' for various target stopper distances.

7 =10.1+0.3 ps is compared with previous mea-
surements in Table I. Some disagreements appear
with respect to these previous results but they may
be explained by target problems due to deuterium
absorption on the stopper (in Ref. 8), lack of sta-
tistics (in Ref. 9), and difficulties in the deduction
of the contribution from the long lived 2.79 MeV
state (in Ref. 11). The result reported in Ref. 12

III. RESULTS

A. Lifetime measurements

The lifetime measurements were determined
from the Doppler shifted intensity I, and the stop-
ped peak I, observed in the detector positioned at
125'. Measurements made at this angle are in-
sensitive to hyperfine field perturbations. The me-
thod of analysis has been described in detail else-
where. '0

Two runs were made for the first excited state of
"Ne. Data from the first, done with 'He implanted
into Ni and illustrated in Figs. 1 and 2, gave v =9.9
+0.4 ps. The second one, done with 4He implanted
into Au, yielded 7 = 10.4 + 0.5 ps. The mean value
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FIG. 2. Decay curve of the first excited state in 'Ne
measured at 8„=125 .
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TABLE I. Measured lifetimes of the first excited
states in ~~Ne and ~~Na.

Heference
350 keV (~Ne)

7 (ps)
332 keV (~~Na)

& (ps)

8
9

11
12
14

This result

22 +3
22.5 ~ 1.0
16 +4
3.6 +1.0
12.9 +1.6
10.1+0.3

14+ 3

9.9 + 0.4

1.00-
keV

31.8 5/2'

0 3/2+
21

Na

+
0

0
il

CL'

0.20-
RUN 2

0.10-

D = 91.9 + 3.7 pm

9.9+ 0.4 ps

50 100 150
I

200

1

gii

I

250

has been measured by the DSAM method and it has
been shown" that the slowing down material used
gives lifetimes that are too short. A much better
agreement is obtained with Ref. 14, although in the
heavy ion reaction used, ' the "Ne recoil ions have
a large velocity distribution. This introduces an
appreciable correction factor.

To avoid the velocity distribution problem in the
measurement of the lifetime of the 332 keV "Na
state, we performed the measurement with the
'H('ONe, n)"Na reaction. The targets were 100 pg/
cm' Ti'H evaporated onto a 700 p. g/cm' Ni foil.
The "Ne beam (14 MeV energy after traversing the

Ni) was obtained at the Strasbourg 7 MV Van de
Graaff accelerator. Two runs were made. The
analysis, done sepa, rately or together as indicated
in Fig. 3, led to the same mean result, v =9.9
+0.4 ps.

8. Measurement of the g factor

The measurements on Ne and Na were performed
at recoil velocities v/c =3.49/o and 3.87/0, respec-
tively. This is close to the maximum yield of Li-
like ions. In the Ne case, the corresponding
charge state fractions Q deduced from measure-
ments by Ba.rrette, Knystautas, and Drouin" are
P(5') =0.06, (f&(6') = 0.27, (f)(7') = 0 42, $(8') =0.22,
and Q(9') =0.02.

For Na where no experimental charge state data
are available, the fractions have been deduced
from a Marion and Young" type calculation: Q(6')
= 0.05, P(7'}=0.36, $(8') = 0.45, and P(9') = 0.14.

Based on beam-foil measurements, it is expected
that a large number of atomic levels in Li- and Be-
like ions are populated. However, using the fol-
lowing arguments, the main contributions can be
restricted to the n =2 shell: In an ion-atom colli-
sion in the target, the favored states for an elec-
tron capture are those for which the ion velocity is
comparable to the electron velocity. Then an ion
of charge (t) will have its main population in states

n=(0+1)[24 8A, .,„/E,„(keV)]'t'. (5)

(6)

Moreover many authors" have shown that the
relative excited state production scales as n '. In
addition, between n = 2 and n = 3 states there is a
gap of about 100 eV in NeVII, NeVIII, and NaVIII
and 150 eV in NalX.

The possible n =1 and n =2 configurations and re-
lated terms for which the lifetimes are longer than
the nuclear lifetime are listed in Table II. The in-
dicated lifetime corresponds to the Ne case. These
long lifetimes are due to forbidden decay modes
like the 'S, ='8, M1 transition and 'P, -'S, M2
transition in the He isoelectronic sequence. In the
Li sequence the (ls, 2s, 2P)'P, , terms, which can
only deexcite via spin-interaction, spin-orbit, and
spin-spin interactions, are metastable against
autoionization.

The g-factor determination is deduced from the
temporal behavior of the attenuation coefficient
G, (t) in the angular distribution of the y rays. The
calculated G, (t) results from the weighted super-
position of the attenuation factors arising from
each atomic term (cf. Table II) are

Distance (pm )

FIG. 3. Decay curve of the 332 keV level in Na ob-
tained in the H(~ONe, n) 'Na reaction. The circles and
triangles correspond to two different runs.

P, is the weight allot. ted to each term, and G~ (t}
is the corresponding attenuation coefficient.

As mentioned in Eq. (2), the G~(t) are related to
the hyperfine energy splitting
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ReferenceConQguration Term

TABLE H. Long lived e =2 atoa omic states in Ne. F
n &2 see Ref. 30~ ~

e. {For the decay sche. F sc emes and lifetimes in

I

Single electron
Nex

Two electron
New

Three electron
Nevm

Four electron
Neva

1s'
2si

(1s)
(1s) (2s)

(1s)'(2P)'

(1s)2 (2s)i
(1s) (2P)

(1s)(2s) (2p)

(1s)2(2s) 2

(1s)2(2s) |2P)

(1s)'{2P)'

S(/
S(/

1S0
35 i

1S0
3P
3P

1

3P
2

2

2PPi /2, 3/2

4Pi /2

P3/2
PS /2

'50
P

3Pi
D2

3P2sis0

120 ns

110 )Lts

91 ps
115 ns
10 ns

140 ps
185 ps
10 ns

1.47 ns
1.80 ns

2 ns

1 ns
-9 ns

241 ps
290 ps

62 p,s
2.02 ns
300 ps

18

18
19,20
18, 21
31
22
19,23
18,19

24
25
Extrapolated

from 27
26
Extrapolated

from 27

28
29
19
29
23
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TABLE III. Values in atomic units of (r ), (r, ), (r„), and ~$0~' used in the evaluation
of the matrix element (J [ [ T,~

) ~
4).

Ion Configuration
If][ol' (a u )

Ne Na
(~ ') (a.u.)

Ne Na

Two electron
Three electron

Four electron

gs)~ (2s)~

gs) (2s)
O.s)'(2P)'
(&s)'(2s)' (2P)'
gs) {2P)

325.5
29.8

27.6

607.0
41.0

38.4
25.03
23.00
22.31

35.20
32.65
31.82

of the same multiplet. ) This led to a considerable
reduction in the number of participating terms.
However, to reproduce the high frequency compo-
nent one has to consider rnetastable states in He-
and Li-like configurations with a hole in the K
shell.

In He-like ions the population among the strongly
perturbing states 'S, and 'P, , was first assumed to
be statistical. Under this assumption one fixes an
upper limit of 30% (at 3 standard deviations) of the
total number of He-like ions which are in these ex-
cited states. A better agreement was obtained for
the fit if only the '8, state was taken into account.
In such a case one finds (25+10)% of the two-elec-
tron systems in the 'S, state, the remaining (74
+ 14)% being in zero field configurations (1s)' or
(ls}'(2s)' ('S, term).

In Li-like ions one can set an upper limit of
(7',"'}%of three-electron ions distributed among the
'P, &, ,&, states [(ls)'(2p)]. The amount of three-
electron ions in a 'P state resulting from a
[(Is)(2s)(2p)] configuration was found to be jess
than 2%. This result is in agreement with a mea-
surement by Sellin et a/. "performed at the same
reduced ionic velocity as in the neon case: P, = 1

(in charge state reduced units). These authors ob-
tained for a 6 MeV (5') 0 beam an occupation prob-
ability for the [(ls)'(2s)'(2p)'] 'P state of a few
tenths of a percent per emergent Li-like ion.

In Be-like ions, the states that participate effec-
tively in the perturbation are the 'P, , terms of the
[(ls)'(2s)(2p)] configuration. However, these meta-
stable states induce a low frequency attenuation
factor (see Fig. 4) and the fit for the g-factor de-
termination is not very sensitive to the amount of
the 'P state relative to the 'S, ground state. The
population ratio between the rnetastable and the
ground states can be estimated as follows.

First of all, define the temperature of a plasma
equivalent to a fast ion moving through a target by
equating the plasma electron velocity to the projec-
tile velocity. En final form a correction factor of
4 has been introduced by Nagel. " The equivalent
temperature is then defined as

BDE (MBV
)

Knowing T, the Boltzmann equation can be used to
calculate the population ratio between the rneta-
stable state and the ground state. The validity of
the assumption of a Boltzmann distribution to cal-
culat'e the population of the metastable 'P level was
checked by Tondello and Mc%hirter" by measuring
the intensity of the intercombination line 2s'('So)
—2s2p('P) in NeVII.

Qn the basis of experimental excitation rate coef-
ficients" [the excitation rate coefficient of the
'P(ls'2s2P) term is 6.5 larger than that of the
'P(ls'2P') term] the ls'2P' configuration was not
introduced in the calculation of G, (f).

In the B-like ions, in addition to the 'P1/2 ground
state, the metastable or long lived 'P3/
([(js}'(2s)'(2p)] configuration), 'P, 'D, 'S, and 'P
terms f[(ls)'(2s)(2p)'] configuration) were also in-
troduced into the calculation. Due to the small
contribution of B-like ions to the charge state dis-
tribution and their weak hyperfine interaction, the
result of the fit is rather insensitive to the way the
terms are weighted. In the final calculation a
Boltzmann distribution was adopted for these
terms.

Table IV summarizes the population of the dif-
ferent atomic states deduced from the Ne experi-
ment along with the ionic recoil velocity (in charge
reduced units) corresponding to each charge state
of Ne and Na. The ionic velocity in reduced charge
state units was introduced" to compare hyperfine
interactions for stripped ions with velocities such
that a given charge state fraction is the same.
This parametrization is based on the fact that the
charge state distributions plotted on a logarithmic
scale have similar widths. " For each charge state
i one can therefore define the reduced velocity P,
on a logarithmic velocity scale so that P,. = 1 at the
top of the charge distribution i. P,. = 1.5 corre-
sponds to the high velocity point at half maximum
of the distribution and P, =0.5 corresponds to the
low velocity half maximum point.
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TABLE IV. Population of electronic states in percent per charge state, measured in the
iNe experiment. In the Nevi@ case the population corresponds to a Boltzm~Tln distribution with

a temperature T =51 eV. The numbers in the last col~&~~ are the charge reduced velocity for
the neon measurement and, in parentheses, the sodium experiment.

Ion Configuration Term Population (10) 8educed ionic velocity

New

Nevm

Nevn

Zero field conQgurations
(1s2 1si2si)
1s'2s'
1si2Pi

1s'2s'

1S22Pi
1si2si2P'

Zero field configurations
(1s22s2 1s22si2pi)
(1s22si2P i

i
So, 3Po

3$

3P2)i

2Pi/2, 3/2
4

i /2, 3/2. 5/2

o 3Po

3

iP

75+ 10

25 +10

93+'-i6
7+i 6

—2

63
10

0.43

1.0

1.38

(0.3)

(0.95)

(1.32)

1.0

0.8

0.6

10

t(ps)
20 30

FIG. 5. Measured attenuation coefficient Q2(t) for
2iNe. The circles and triangles correspond to two dif-
ferent runs. The curve represents the best fit to the
two sets of experimental data.

Figure 5 represents the experimental data for
'Ne along with the fitted G, (t) corresponding to the

population parameter of the atomic states dis-
cussed previously (see Table 1V}. The result of
separate fits for each of the two runs gave the same

g factor as did the fit of the combined data. The
sensitivity to the charge state fraction used in the
calculation was checked. A 10% change in the
charge state distribution did not significantly affect
the g factor. The final result for the &' "Ne state
is ~g ~=0.28+0.03. This value takes into account a
5% possible error on the hyperfine field estimates.

In the Na case the g factor was extracted in two

different ways. First the reduced ionic velocities
P2 P3, and P, being nearly the same as in the Ne
case (see Table IV), the atomic population values
of the Ne experimentwereused in the G,(t}calculation
(Fig. 6). Theg factor deducedfrom thefitis (g(

=1.50+0.11. Secondly, a frequency analysis of the
data was performed. As shown in Ref. 4 the dom-
inating frequency corresponds to the hyperfine
splitting of the 'S, &, state in the I.i-like atom. This
procedure has the advantage of being independent
of the exact charge state and atomic population val-
ues. The experimental 'Sg/2 hyperfine splitting re-
duced from the G, (f) data is

~~F, = (9.21+0.42) x 10"

and corresponds to ~g~=l. 48+0.07. In addition, a
5% error in the hyperfine field value has been in-
cluded. The final value for the ~ "Na state is

~ g ~

= 1.48 + 0.10.

IV. DISCUSSION

The measured value and the theoretical estimates
for the different magnetic properties of the J ' =-,"
state in the mirror nuclei "Ne and "Na are sum-
marized in Table V. In both cases the measured
lifetime differs significantly from published values
(see Table I). The value obtained in this measure-
ment considerably reduces the discrepancy with
theoretical estimates especially for B(M I) values.
In the case of Ne with the B(E2) value (63 +13
e'fm') as measured in Coulomb excitation by
Schwalm and Povh, "one can extract the value of
the mixing ratio 6(—', - —,') =0.064+0.007 from the
lifetime. This value is in agreement, within the

error, with the value published by Pronko, Olsen,
and Sample. " Using our lifetime and this mixing
ratio, the value of the reduced transition probabili-
ty deduced for the 350 keV transition in "Ne is
B(M1)=(0.130+0.004)p„'. The value 5=0.05+0.02

quoted in Ref. 7 has been utilized for "Na to give
B(M 1}= (0.156 a 0.006)p„'.

Several theoretical B(M 1) estimates obtained
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TABLE V. Magnetic properties of the g and 2 states in the mirror nuclei 2 Ne and 2'Na.

Level
(J ) Quantity

8 (Ml) (pg~)

P (pg)

(Pp)

2i Ne
Experimental

values

0.130(4)

o vo(v)'

-0.661762 (5) '

Calculated
values

0.17
0.14
O.15'
0.17
O.16 '

-0.61 g

-0.52 "

1.1O '
-0.55
-0.72
-o.vv ~

-0.66 "

0.156(6) 0.17

3.70(25)

2.38614(10) j

3.38 ~

340h

2.83 d

2.144
2.44 '
2.5O I:

2.41 ~

Na
Experimental Calculated

values values

1

Deduced from this measurement. The magnetic moments are in absolute values.
Reference 42.' Reference 44.

d Reference 43.
e Beference 45.

Reference 46.
& Reference 47 (calculations with bare nucleon values).
"Reference 47 (calculations with fitted parameters) .
' Reference 41.
' Reference 48.

with different models exist in the literature. The
shell model calculation of Arima, Sakakura, and
Sebe" using a truncated space and a "0 core is in
good agreement for B(M 1) but is unable to account
for the magnetic moment of the ground and first
excited states in "Ne and '"Na. The B(M1) values
nearest the experimental one are those obtained by
Pronko, I indgren, and Bromley" vrith a rotational
model calculation including Coriolis bandmixing.
However, the values they calculated for the ground
state magnetic moment p, , of Ne and Na are, re-

spectively, 20% and l(P%%d too small. The projected
Hartree-Fock calculations performed by Gunye"
give a similar agreement for the B(M1) but better
values for p, ,

Recently %ildenthal and Chung4' have performed
a shell model calculation in a full sd space using
modified Kuo matrix elements and a new method

TABLE VI. go factor isoscalar part of the mirror
nuclei 2~Ne and 2'Na.

3

2

5 +

2

Experimental
values

0.57479 g)

o.6o(v) '

Calculated
values

o.5v6 b

0.583

0 576
o.554 '
0.576

' Deduced from Refs. 41 and 48.
~ Calculations from Ref. 47 with bare nucleon values.

Calculations from Ref. 47 with fitted parameters.
Deduced from the present measurements.' Calculated with a pure (d&~2)5 configuration.

FIG. 6. The temporal behavior of C2{t) in the case of
'Na. The curve represents the best fit obtained using

the atomic state populations deduced from the Ne mea-
surements.
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for fitting the energies in the A = 18-24 region.
This calculation gives good results for the "Ne and
"Na ground state magnetic moments. For the first
excited state their values are a. bit too small (1.3
standard deviations) for both nuclei. For a pair of
mirror states, assuming charge independence of
nuclear forces, one can extract the isoscalar part
of the magnetic moment" from the measurement.

As was pointed out by van Hienen and Glaude-
mans, "for nuclei A &40 the isoscalar part can be

reproduced rather accurately with a simple J" con-figurationn

1 0.38
g =—+

' for J=l+ 2 .
2 21+1

Moreover, multishell mixed configurations do not
produce considerably different results. Table VI
shows the consistency of g, values extracted from
the ground and first excited states of the "Ne and
"Na pair, as well as values calculated for a (d, ',)'
configuration and those derived from %ildenthal
and Chung's calculation. "
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