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Hyperfine anomaly of Be isotopes and anomalous large anomaly ittBe
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A new result of investigations of the hyperfine struct(inés) anomaly in Be isotopes is presented. The hfs
constant for'Be is obtained by using the core plus neutron type wave functi@s,,)+|1ds,x27;3%). A
large hfs anomaly ot'Be is found, which is mainly due to the large radius of the halo single-particle state.
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I. INTRODUCTION in electronic atoms. Section Il treats the core plus neutron
type wave function. We evaluate the matrix elements of the
Recently, much interest has been paid to the magnetibfs operator using this wave function. In Sec. IV, numerical
hyperfine structuréhfs) for various nuclear isotopgdd—6]. results of the isotope shifts of the hfs anomaly for Be iso-
On the experimental side, there has been some progress #pes are presented. A summary is given in Sec. V.
observing the transition of the hyperfine levels for atomic
ground states. In fact, the accuracy of the measurement of the Il. MAGNETIC HYPERFINE STRUCTURE
hfs splitting has improved a great deal, and even for lighter
nuclei, there is a good chance of observing the hfs anomal)gh
This becomes possible due to the ion trap method, which ¢
isolate the atoms. This ion trap methidd8] can measure the
hfs anomaly with an accuracy of the order of £0
The hyperfine structure has a sensitivity to the magnetiza-
tion distribution in a nucleus. It can, therefore, present a H’Z—ij(f)-A(f)dar, (2.9
unique way to measure the neutron distribution in nucleus. In
particular, there is a strong evidence th4ti has a Neutron \yhere the nuclear currejyy(r) can be written as
halo[9] which may extend quite far over the typical nuclear

An atomic electron which is bound by a nucleus feels the
agnetic interaction in addition to the static Coulomb force.

he magnetic interaction between the electron and the
nucleus can be described as

radius of neighboring light nuclei. Moreovet'Be has an eh
anomalous spin-parity state for the ground stdt®], and N =——2, o'V xs8(r—R))
there may be some chance that it also has a large neutron 2Mc 7
radius. e’
In this paper, we present a model calculation of the hfs |
+ — [P8(r—R)+6(r—R)P;]. (2.2
2 [Po(r—R P]

anomaly for Be isotopes. FéBe and®Be nuclei, we can use
the Cohen-Kurath wave functiojd1]. On the other hand,
''Be has an anomalous spin-parity state, whichisinstead  A(r) denotes the vector potential which is created by the
of 3. A simpleminded shell model wave function does not atomic electron, and it can be written as
give a proper structure of the ground state.
Here we calculate the matrix element of the hfs operator
A(r)= f

for the ground state of'Be using the core plus neutron type

wave functiona|2s,,) + 8|1ds,x2%:3 ). It turns out that |

the hfs anomaly for *'Be is quite large in magnitude com- wherejq(r) denotes the current density of an electron and

pared to those ofBe and®Be. This is mainly related to the can be written as

fact that the ground state 6tBe has a large radius compared

to those of ground states of other Be isotopes. jo(r)=—ead(r—r,) (2.4
The paper is organized as follows. In the next section, we € e

briefly explain the theory of the magnetic hyperfine structureynere o denotes the Dirac matrix.

Je(r")
S, 2.3
r—r’|
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W=(1J:FF|H'[IJ:FF) model wave functions with core polarization taken into ac-
L count. We take the following approach which considers only
_ . . _(1) .
— Z[FF+1)—1(1+1) =33+ D]a,, 2.5) the AI=0 core po!arlzatlon fgr thes; operat?r. !n this
case, we can obtain the matrix element of 3¢’ without

. , introducing any free parameters as discussed in [R&f.
wherel, J, andF denote the spin of the nucleus, the spin of

the atomic electron, and the total spin of the atomic system,

respectively.a, is called the hyperfine structure constant. B. Al=0 core polarization
Following Ref.[12], we can write the expression for tla In this case, we can express the effect of the core polar-
as

ization on the= (") operator in terms of the core polarization
of the magnetic moment. Following RéfL2], we can write
the expectation value of the(¥) as

|

3(1+3) 39V
. . . . =+gVN + (n— —5 meﬁ
where u is the magnetic moment of the nucleus in units of 9s 40+1)  4(ge—gn™™ KT Hsp™ OB,
the nuclear magnetony, andF9 andG*Y are the large s ¥ (213
and small components of the relativistic electron wave func-

tion for thekJ state.e is called the hfs anomaly and can be . VN
written as for I=1+3. Hereg{"" denotes they factor of the valence

nucleon for the single-particle state we are considering.
> is the single-particle value of the magnetic momaef.™*

a=a%1+e), (2.6)

A

RE
i=1

written as

whereal(o) is the hfs constant for the point charge and can be<
I

0 _ ZekruN

= (kJ)~(kJ)
al IJ(J+1),LLJF Gcdr, 2.7)

2

comes from the meson exchange current and can be given

062" <
1
approximately as

M
0.38kY <
m

A (
A ( )2

2 3
whereu; is the single-particle operator of the magnetic mo-Therefore, we do not have any free parameters in the evalu-
ment, that isu;=g"s;+g"l;, and=® is defined as ation of the expectation value of tBd®) . As the Be isotopes

have orbits with small, the exchange current effects are not
V=g +27[sY?]{V, (2.9  important and we can safely neglect the tefm™S

' > (2.8 SuMeS~0.1r4l.

R, is a nuclear radius and can be givenRas=r,AY® with
ro=1.2 fm. On the other hand*? is a constant, which is Ill. CORE PLUS NEUTRON MODEL
calculated in terms of relativistic electron wave functions

[13] and is given as Recently, Suzuket al.[14] investigated the magnetic mo-

ment of the ground state dfBe. They describe the ground
m state of''Be as
b*?=0.2&FRy7(1-0.2?) / J FIGKdr,
0

1+ 1+
(2.10 llBe( 7) > =a|1%Be(0") X v2sy),: 7>
m, denotes the electron masg,is a normalization constant, .
and y=Za. 10 n o
The isotope shift of the hfs anomalies of the two isotopes B|TBE(27) X v2dgy: 2/ 3.

A, is defined as

a,,0; In this case, the magnetic moment of tHBe ground state

App=———1, (2.1  can be expressed as

a,01

whereg; andg, are the total nucleag factors for isotopes 1 p= a8 )t 15 Boluidgy — 5 Bl (3.2

and 2, respectively. Since the hfs anomalis quite small,

A4, becomes where w5 ) Mu1dg,)» and e+ denote the magnetic

Ajy~e;— €. (2.12 moment of the neutron £2,,, 1ds, states and the 2
(3.37 MeV) state of’Be, respectively. Here we evaluate the
The hfs anomalye can be calculated once we know the hfs anomalye for the two-component wave function, Eq.
nuclear wave function. Here we employ simple-minded shel(3.1). The hfs anomaly of Eq.2.8) can be written as
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) R\2 7, R\? 1, R\2
A fhy(2s, ) Ro 254‘1—5,3 Moy(1dg,) Ry 1d_§,3 M(2+) Ro o

0.3 [ R\2 7, R\2 1, R\2
T e\ (R [, T s R anal Ry | T3 R 33

0.6219
o

€=

where hfs anomalye for 'Be also for the case with an effective
spin g factor. Numerical evaluations are carried out in Sec.

. i V.

5 -(1i] afxe

ii > 3.4
IV. NUMERICAL RESULTS

andi runs over the nucleons in the state that has the total | icallv the hf al h
angular momentumj. Here MV(251,2>=MV<m5,2)=%gg“’, Now we evaluate numerically the hfs anomalyor the

. . Be isotopes.
whereg{" = —3.826 is the spimy factor for the neutron, and P

m(2+)=1.787[14]. The values of% 55 5, 2 (14, and
2 (2+) are obtained a§y(231/2)=%g§”), Ey(ld5,2)=1%9§n),

and X ,+)=—1.034, respectively. The,+, and theX ,+) ) : i
are obtained by using the Cohen-Kurath wave function, TBI‘:negC momelrlnu for the Be isotopes. The magne_ztlc moments
of *Be and*"Be are observed, but the magnetic moment of

—(16) [11,15. Now, the recent m rement of the mag- . X .
(8)-(16) [11,18 Now, the recent measurement of the mag Be is not yet determined experimentally. We evaluate the

netic moment of''Be gives[16] ) ~
magnetic moment ofBe empirically.
11p o) — For 'Be, we can make use of the magnetic momeniLof
Be)=—-1.6823 . 3. . ' _ _ : .
o ) A3 @9 since they are isospin doublet states. In this case, we predict
the magnetic moment fofBe:

A. Core plus neutron type wave function

In order to evaluate Eq3.3), we need to know the mag-

This indicates that the value of® is close to

preq7’Be) = — 1.377. 4.1
22=05 (3.6) wP*{'Be) 3 “.D

. . o In Table I, we list the values of the quantities which are
from the comparison of the observation with Fig. 2a of Ref'necessary to calculate the hfs anomalyThe rms radii are

H H 11
[14]% In this way, we obtain the hfs anomagyfor ““Be. For  ,,5e for wave functions solved in a Woods-Saxon potential
the ‘Be and”Be isotopes, we can calculate the hfs anomaly,,;ith Ro=1.2AY% and a=0.60 fm. For the 2,, and 1dg

using the Cohen-Kurath wave functiofill]. The hfs

. i 3 o neutron orbits in*!Be, the wave functions are obtained to
anomalye for this case is written similarly as

reproduce the separation energies, 0.50 and 3.87 MeV, re-
spectively. The anomaly for 'Be is obtained from Eq.

06" R)? (3.3 to be
w MRt Ry .
P e(}Be)=—0.120 1m?—0.023 2682 (%). (4.2
0.3%19 R\?
T 2130 Ry - CT gives e=—0.0717% for «*=0.50 and 8?=0.50. The

magnitude ofe gets as large as0.091%(—0.101% as «®

We also consider the case in which the effectiviactor N ) )
TABLE I. Ry, b*¥, rms radius, and magnetic moment. The

for the spin operatorggﬁ, is taken into account. As for the (1s) n
halo orbit, we assume that the second-order effects are rath\éz?IueS OfRo, b, rms radii for the b and  states, and the

small and result in little quenching of the spin operator Wemagnetic moments for Be isotopes are shown. An asterisk indicates
eff d 9 . P p. ’ that the value of the magnetic moment is empirically extracted from
therefore takegs =1.0 for thev2s(y,,)- orbit. In this case,

1(n) T (n) eff off those of other nuclear isotopes.
Hu(2sy) = 29s "= —1.913, Moy(1ds) = 29s " Os =-1.913g",

Hehy=1.076+0.7115", and I, =390 =—1913, Be Be lige

3 dy= 200 =-2.46@5", I+)=-1.034", in Ry [fm] 2.296 2.496 2.669
units of uy. The magnetic moment is, then, given by b(s) [94] 0.0170 0.0185 0.0198

(r3y4, [fm] 2.553 2.569 2.588

u=—1.9132—(0.3585+1.1298°M B2 (3.9 (r?)&2) [fm] 6.165

(r2) 15 [fm] 3.551

In comparison with the experimental value of the mag- ., [nm] —1.37% -1.177 —1.682

netic moment,—1.682(3)uy, we obtaina?=61%. When psp [N -1.913 -1.913 -1.913

the contributions from the meson exchange currents are s, [nm] 0.536 0.736 0.231

taken into accounty? is close to 65%. We give results of the
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TABLE II. (a) hfs anomalye and isotope shift\;,. The calcu- 0.6 R\2 R\2
lated values of the hfs anomatyand the isotope shifd ;, for the €e=— ,usp< (R_) > + 5,u,cp< (R—> >
Be isotopes obtained from Eq&.3) and(3.7) are showna?= g? M 0/ |'sp 0/ | cp

=0.50 are used fot'Be. (b) hfs anomalye and isotope shift ;.

: . 0.3%(19 R\2
The calculated values of the hfs anomalgnd the isotope shift ;, _ = g(VN)E < (_) >
for the Be isotopes obtained from E@.5 are shown. s PRy s
Be Be 1ige 3 R\?
+7 5,ucp< (R— : (4.5
@ 0/ Icp
€ [%] —0.0245 —0.0249 —0.0717 : A ~(1)
A n [%] 0 0.0004 0.0472 whereX. g, denotes the expectation value(¢f|§i:12i 1)
with the single-particle state and can be written as
(b)
€[%] -0.024 -0.023 -0.118 3(1+1) 1
A p [%] 0 —0.001 0.094 Sp=m for I=1+ > (4.6)

, 9 Sucp is the magnetic moment which arizes from the core
becomes 0.700.80. The hfs anomalies fofBe and’Be are g jarization[20]. Here((R/R;)2)cp denotes the expectation
obtained from Eq(3.7) by using the Cohen-Kurath wave ,5yes with the states involved in the core polarization. In Be
functions[11,15. isotopes, they arefl states. In Table (b), we list the calcu-

In Table Il@), we present the calculated values of hfS|ieq values of the hfs anomadyfor the Be isotopes. In the
anomalye foglthe Be isotopes. Now it turns out that the hfs g5 1q way as the core plus neutron type calculation, the hfs
anomaly for**Be has a very large value compared to other(,jmom‘,ﬂy for!Be has a very large value compared to other
isotopes. This is mainly connected with the fact that'ttge isotopes. This is due to the fact that thiBe has a large

has a large neutron radius. The rms radius of the halg 2 e ytron radius since it has an anomalous spin-parity state.
orbit becomes as large as 6.4 fm in deformed Woods-Saxon

models[17,18. When we use a value of 6.37 fm for the rms
radius of the halo &, orbit, which is obtained in the de-
formed Woods-Saxon modgll8,14, the hfs anomaly is We have presented the numerical calculations of the mag-
given by netic hfs anomaly for the Be isotopes. First, we employ the
wave function which has a component coupled to the 2
core excitation. This gives a large hfs anomaly fBe since
the neutron outside the shell is assumed to bg,dr 1dg)»
orbits. On the other hand, we find that tiBe and °Be
isotopes have a small hfs anomaly. We also evaluate the hfs
anomaly using a single-particle shell model with core polar-
ization. We also predict a very large hfs anomaly fBe.
It would be extremely interesting to learn whether the
b very large hfs anomaly of'Be can be realized in nature or
y not. Since this is related to the radius of the neutron halo
e=—0.120 152—0.020 148 (%). (4.4) nucleus, _it may V\_/eII help understand _the structure of _the
neutron-rich nuclei. We hope that experimental observations

Here the 2y, orbit obtained in the spherical Woods-Saxon Will clarify this point in near future.
potential is used. The anomaly becomnees —0.0852% for

«?=0.65, whose magnitude is larger than the value obtained ACKNOWLEDGMENTS
from Eq. (4.2 about by 0.01%. The anomaly becomes
—0.070 to—0.100% fora?=0.5-0.7.

V. CONCLUSIONS

e=—0.128 24%—0.023 262 (%). 4.3

Equation(4.3) leads toe= —0.0758% fora?=0.5, which is
close to the value obtained from E@l.2). The anomalye
becomes—0.076 to—0.097% fora?=0.5—0.7. We finally
give numerical results for the case with the effective gpin
factor. We takeg®™=1.0 for the halov2s,,, orbit and g&"
=0.85[19] for other normal orbits. The hfs anomaly is given
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discussions on the recent measurement of the magnetic mo-
ment of 'Be. They also thank T. Otsuka for valuable dis-

Next, we calculate the hfs anomadyfor Be isotopes us- cussions on the magnetic moment'&Be. This work is sup-
ing the single-particle model with core polarization. Sinceported in part by Japanese-German Cooperative Science
the radius of the single-particle state can be different fromPromotion Program and Grant-in-Aids for Scientific Re-
that of the core polarization state, we modify the expressiorsearch(c) (No. 08640390 from the Ministry of Education,
(2.8) in the same way as E@3.3): Science, Sports and Culture.

B. Single-particle model with core polarization
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