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Evidence for Transient Electric Field Gradients in H-like Ions
Traversing Gd Targets at High Velocities
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Transient electric field gradients have been observed in measurements of particle-g-angular
correlations of Coulomb excited nuclei in H-like ions during traversal through thick metallic layer
The VZZ values deduced for20Nes21d, 32Ss21d, 40Ars21d, 52Crs21d, 54Fes21d, and 62Nis21d are found
to be of the order of1021 Vycm2 with consistently positive sign. They arise from distortions of the
1s electron orbit of the H-like ions by the wake field gradient induced in the solid by the charge
the moving ion. The observed interaction frequencies reflect the sign of the quadrupole moment of
excited21 states. [S0031-9007(97)04775-3]

PACS numbers: 21.10.Ky, 23.20.En, 24.70.+s, 61.80.–x
s

Considerable interest in strong electric field gradien
has been expressed in particular with respect to nucle
high angular momenta to determine sign and magnitude
quadrupole moments of states with ps lifetimes. A me
surement of such quadrupole moments can be achie
only with field gradients having strengths of1021 Vycm2;
the field gradients accessible at impurities implanted
noncubic crystalline lattices are (3–4) orders in magn
tude smaller and therefore unsuitable for the nuclear lif
times in question.

Very strong electric field gradients of transient natu
(TEFG) have been predicted a long time ago for fa
moving ions in solids [1]. Their origin is associated wit
the slowing down force generated by a strong induc
electric field or so-called wake field [2] which mus
also have a gradient [3]. This gradient will act on th
electron shells of the moving ion leading to Sternheime
like enhancements at the nucleus. Its interaction with t
nuclear quadrupole moment during the transit or stoppi
time in the solid will cause perturbations in the angula
correlation of decayg rays emitted by the nucleus. This
perturbed angular correlation (PAC) technique has be
used so far in three different experiments [3–5] whic
yielded only upper limits of the corresponding TEFGs i
agreement with theoretical estimates. The latter are ba
on the assumption that the axially symmetric wake fie
gradient with thez axis in the direction of the moving ion
V wake

ZZ will cause distortions of the electron shells givin
rise to very intense TEFG at the nucleus.V wake

ZZ results
from electron density oscillations induced in the solid b
the charge of the moving ion, as illustrated in Fig. 1 (se
also [2]). It can be expressed by

V wake
ZZ sR ­ 0, z ­ yiontd ­ 2
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whereZeff is the effective charge of the ion at the velocity
yion, z the longitudinal distance in the rest frame of the
moving ion, andvP the plasma frequency of the solid.
The latter is given by

vP ­
2pyion

lW
, (2)

wherelW is the wavelength of the wake. The magnitude
of V wake

ZZ is typically of the order of1017 Vycm2.

FIG. 1. Schematic distribution of the wake potential and it
second derivative along the track (z-axis) of the ion with
effective chargeZeff. The wavelengthlW and the transversal
extensionD of the wake are indicated [2,4].
© 1997 The American Physical Society
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At velocitiesyion ø Zy0 sy0 ­ cy137d where the ions
are predominantly in the H-like charge state, the distorti
by the wake field gradient concerns the1s electron orbit.
Because of the1yr3 dependence ofVZZ , an assumed
displacement of the1s electron orbit from the nucleus by
approximately one orbital radius will lead to a very larg
field gradient of theK shell which has been considered a
an upper limit [3]:

V K
ZZ ­

16eZ3

27a3
0

­ 5.8Z3 3 1017 Vycm2 , (3)

where a0 is the Bohr radius. This field gradient ha
a positive sign directly reflecting the Sternheimer effe
which inverts the sign of the wake field gradient as fo
crystalline field gradients [see Eq. (1) and [6] ].

A main source of difficulties in two of the above-
mentioned measurements was due to the presence
strong magnetic hyperfine interactions (HFI) acting o
the ions when they emerge from the target into vacuu
These HFI cause attenuations of the angular correlat
which reduce the sensitivity to the TEFG. With respect
suitable experimental conditions H-like ions are definite
preferred. Moreover, the disturbing influence by the ma
netic HFI should be minimized, which requires that th
passage time of the ions through the solid is larger or co
parable to the nuclear lifetime of the excited state an
or its magnetic moment is small. Another requireme
for sensitive detection of electric quadrupole interactio
(EQI) is sufficient polarization of the nuclear state. Th
condition is well fulfilled in Coulomb scattering of the
ions at anglesQP , p (see Fig. 2) as discussed in [3,7]
which enables us to measure also the sign of quadrup
moments in contrast to standard PAC technique.

FIG. 2. Schematic view of the detector arrangement in t
g-detection plane. Only one pair of Ge detectors plac
symmetric to the beam direction is shown.
on

e
s

s
ct
r

of
n
m.
ion
to
ly
g-
e
m-
d/
nt
ns
is

,
ole

he
ed

We report here on particle-g-angular correlation data
of various nuclei obtained in measurements followin
Coulomb excitation (C.E.) of the first21 state at velocities
where the ions are in the favorable1s electron configura-
tion. All these measurements have in common the fact t
they were planned to determine, in particular, the transi
magnetic fields (TF) for ions at high velocities [8]. Thi
also explains why ferromagnetic Gd and Fe were used
target material with the knowledge of theg-angular corre-
lation being crucial for determining the nuclear spin pr
cession in the TF. It is noted that the TF part of the
measurements has already been reported:20Nes21d [9],
32Ss21d [5], 40Ars21d [10], 52Crs21d [11], 54Fes21d [12],
and 62Nis21d [13]. Detailed particle-g-angular correla-
tions have been measured for all these nuclei but contri
tions from EQI of TEFG were not explicitly included in th
analysis with the exception of [5] and [11]. This omissio
has now been retrieved. It should be emphasized that
effect of the TF precession on theg-angular correlations
has been eliminated by averaging the individual corre
tions measured forup anddowndirections of the external
magnetic field. Hence, for the further discussion of E
only these (TFfree) angular correlations were used.

In view of favorable conditions for TEFG, the mea
surements on32Ss21d [5] turn out to be a test case, a
its quadrupole momentQs21d ­ 20.149s13d e b and in
particular its short lifetimet ­ 0.246s9d ps render it very
suitable. Furthermore, the measured angular correlati
are of high precision, which made a reanalysis particu
profitable. The procedure described below has been
plied in a consistent way to the data of all other nuclei
well. It is also noted that the former analysis of the sam
32Ss21d data yielded only an upper limit of a TEFG, whic
is related to erroneous solid angle corrections for the
detectors used leading to an underestimation of the TE

In the measurements with32S ions [5] particle-g-angular
correlations were obtained from counting rate ratios of tw
independent pairs of Ge detectors placed at fixed ang
sQg ­ 631±, 6136±d symmetric to the beam direction
(Fig. 2). These ratios were measured as a function of
azimuth angleFP defined by 20 sections of the ion dete
tor. The latter was an annular parallel plate avalanche
counter with an acceptance angle of25± # Q

lab
P # 40± for

the forward scattered32S ions. As a result, the Coulomb
excited21 state at 2.229 MeV became sufficiently pola
ized. The target consisted of a10.5 mgycm2 thick Gd
layer deposited on a1.0 mgycm2 Ta foil sandwiched be-
tween thin Cu layers (1 mgycm2) for thermal reasons.
The excitation of the 262 MeV32S ions essentially took
place in TayGd implying an effective time in the target o
T ­ 0.31s3d ps at the mean velocityyion ø 16y0. The
latter has been calculated considering the formation and
cay of the nuclear probe in the TayGd layers using stopping
powers [14] in the kinematical conditions and the know
nuclear lifetime. During this time EQI with the TEFG ar
experienced causing specific changes in the angular co
lation which depend on the sign of the field gradient
4539
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FIG. 3. Measured particle-g-angular correlation
sQg ­ 6136±d for 32Ss21d ions with least squares fit to
the data [Eq. (4)]. The other curves refer to the unperturb
correlation (dotted line) and the two separated contributio
due to EQI only (solid line) and additional magnetic HF
(dashed line).

well. It should be emphasized that in these condition
ø70% of the ions are exposed only to a possible TEF
of the Ta-Gd-Cu layers of the target while the remainin
ions experience both EQI and magnetic HFI on emergen
into vacuum. Such a high sensitivity to TEFG does n
exist in the other cases studied.

Figure 3 shows angular correlation data of one dete
tor pair in the rest frame of theg-emitting nuclei together
with results fromCOULEX calculations using the Winther–
de Boer code [15]. Also displayed are the relative contr
butions to the measured correlation from ionsinside(only
EQI) andoutsidethe target (EQI plus magnetic HFI) re-
flecting the specifically large sensitivity to TEFG.

For describing the data the generalized expression
the angular correlation function has been used which
given by [15,16]

WsQg , Fg, FP , td ­
X
kq

rkqstdFkQkYkqsQg , Fg, FPd ,

(4)

where Fk are the angular correlation coefficients of th
s21 ! 01d g transition, theQk account for the solid
angle of theg detectors used and theYkq are the spherical
dients
TABLE I. Relevant parameters for the determination of the electric quadrupole interactions in transient electric field gra
(see text).

Qs21d T vQT V TEFG
ZZ V calc

ZZ
Nucleus Hosta (eb)b (ps) (mrad) s1021 Vycm2d c s1021 Vycm2dd

20Nes21d AgyGd 20.23s3d 0.51(5) 22s3d 0.3(4) 0.6
32Ss21d Gd 20.149s13d 0.31(3) 216s4d 5.3(1.3) 2.5
40Ars21d PbyGd 10.02 0.30(3) 18s5d 20(12) 3.5
52Crs21d Gd 20.082s16d 0.32(3) 23s2d 1.9(1.4) 8.3
54Fes21d PbyGd 20.05s8d 0.25(2) 23s4d 4(5) 10.5
62Nis21d PbyFe 20.05 0.26(2) 26s4d 8(4) 13.2

aMain components.
bExp. data [19], values without error refer to shell model calculations [17,18].
cErrors quoted are of statistical origin.
d
Calculated with Eq. (3).
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harmonics. Therkqstd are the statistical tensor elements
describing the initial orientation (polarization) of the
nuclear statest ­ 0d and its change in time by the EQI
and magnetic HFI as expressed by

rkqstd ­
X
k0q0

G
qq0

kk0 std ? rk0q0st ­ 0d . (5)

The coefficientsG
qq0

kk0 std reduce in our case where thez
axis coincides with the direction of the TEFG, toG

qq
kk0std

and must be replaced by their time integrated values:

G
qq
kk0sTd ­

RT
0 G

qq
kk0stde2tyt dtRT
0 e2tyt dt

­ GTEFG
kk0 svQTd , (6)

where

vQ ­
eQVZZ

4"Is2I 2 1d
(7)

is the quadrupole frequency depending on the nuclear sp
I ­ 2, the quadrupole momentQs21d, and the electric
field gradientV TEFG

ZZ . The perturbation coefficients of the
magnetic HFI in vacuum enter in Eq. (4) as a factor (du
to the sequential nature of the EQI and magnetic HF
being characterized byGvac

kk0 st ­ `d with time integration
from the time of emergence into vacuum to infinity.
Applying this procedure to both angular correlations th
least squares fit to the data yielded for the TEFG wit
definitely positive sign a mean value

VZZs32Sd ­ 15.3s1.3d 3 1021 Vycm2

and for the quadrupole precession angle [Eq. (7)]

vQT ­ 216s4d mrad,

where the negative sign results from the quadrupo
moment.

Finally, we obtained for the attenuation coefficients du
to the magnetic HFI in vacuum the values

Gvac
2 ­ 0.97s2d and Gvac

4 ­ 0.88s5d ,

which are well explained by the strong hyperfine fields o
electron configurations of H-like and He-like ions formed
on emergence into vacuum (see [5,12]).
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FIG. 4. (a) DeducedsvQT d values distinguishing between
different signs of the quadrupole moment; lines are to guide th
eye. (b) Measured TEFG as a function of the atomic numb
of the ion. The dashed line represents predictions by Eq. (3
x symbols refer to calculatedQ. The error bars do not include
uncertainties inQ.

The same analysis was applied to the angular corre
tion data of the other nuclei in the study yielding simila
results (Table I and Fig. 4). It is noted that the sign of th
quadrupole moments is well determined supporting the
retical estimates [17,18] where the experimental data a
not conclusive. In fact, the present analysis allowed us
determine unambiguously the sign of the quadrupole m
ment for40Ars21d sQ . 0d and62Nis21d sQ , 0d.

In summary, for the first time we have data showing
the definite existence of TEFG which had been search
for a long time. The most significant information comes
from H-like 32Ss21d ions which gave clear evidence for
this phenomenon. The strength of the field gradients
highly ionized ions of1021 Vycm2 is sufficiently intense
to measure quadrupole moments of nuclear levels wi
ps lifetimes. The positive sign of the TEFG opposite to
that of the wake field gradient is in accordance with th
Sternheimer effect.
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