VOLUME 79, NUMBER 23 PHYSICAL REVIEW LETTERS 8 BCEMBER 1997

Evidence for Transient Electric Field Gradients in H-like lons
Traversing Gd Targets at High Velocities

U. Grabowy! K.-H. Speidel' J. Cub? H. Busch! H.-J. Wollersheint, G. Jakob’ A. Gohla!
J. Gerbef, and M. Loewé
UInstitut fur Strahlen- und Kernphysik, Universitat Bonn, Nussallee 14-16, D—53115 Bonn, Germany
>Gesellschaft fiir Schwerionenforschung, Postfach 110552, D-64220 Darmstadt, Germany
3Physik-Dept. Technische Universitat Minchen, James-Franck-Str., D-85748 Garching, Germany
4Institut de Recherches Subatomique, F-67037 Strasbourg, France
3Sektion Physik Ludwig-Maximilians-Universitat Miinchen, D-85748 Garching, Germany
(Received 23 May 1997

Transient electric field gradients have been observed in measurements of padizigHar
correlations of Coulomb excited nuclei in H-like ions during traversal through thick metallic layers.
The V, values deduced fol’Ne(2"), 325(27), “Ar(2%), 2Cr(2%), **Fe2"), and®Ni(2*) are found
to be of the order ofi0?' V/cn? 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 of
the moving ion. The observed interaction frequencies reflect the sign of the quadrupole moment of the
excited2™ states. [S0031-9007(97)04775-3]

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

Considerable interest in strong electric field gradientsvhereZ.; is the effective charge of the ion at the velocity
has been expressed in particular with respect to nuclei at;,,, z the longitudinal distance in the rest frame of the
high angular momenta to determine sign and magnitude afhoving ion, andwp the plasma frequency of the solid.
quadrupole moments of states with ps lifetimes. A meaThe latter is given by
surement of such quadrupole moments can be achieved Py
only with field gradients having strengths ! V /cn?; wp = —=
the field gradients accessible at impurities implanted in Aw
noncubic crystalline lattices are (3—4) orders in magniwhereAy is the wavelength of the wake. The magnitude
tude smaller and therefore unsuitable for the nuclear lifeef V32*¢ is typically of the order ofl0'7 V/cne.
times in question.

Very strong electric field gradients of transient nature
(TEFG) have been predicted a long time ago for fast " Zes vion
moving ions in solids [1]. Their origin is associated with D-—- —+tt+t++++ ——— z-axis
the slowing down force generated by a strong induced
electric field or so-called wake field [2] which must Mw
also have a gradient [3]. This gradient will act on the
electron shells of the moving ion leading to Sternheimer- 1 B
like enhancements at the nucleus. Its interaction with the
nuclear quadrupole moment during the transit or stopping
time in the solid will cause perturbations in the angular
correlation of decayy rays emitted by the nucleus. This
perturbed angular correlation (PAC) technique has been
used so far in three different experiments [3—5] which ’
yielded only upper limits of the corresponding TEFGs in oo
agreement with theoretical estimates. The latter are based ' o -
on the assumption that the axially symmetric wake field — v, B
gradient with thez axis in the direction of the moving ion | |
vyake will cause distortions of the electron shells giving -1.0 -0.5 0 0.5
rise to very intense TEFG at the nucleu¥y s results
from electron density oscillations induced in the solid by %Lt

the charge of the moving ion, as illustrated in Fig. 1 (see
also [2]). It can be expressed by FIG. 1. Schematic distribution of the wake potential and its
second derivative along the track-#xis) of the ion with

(2)

V(R=0, z-v,,.t) [V]
[—]

1
-
[}
sz (R=0, z-v,,,t) [V/ sz]

w

_ mmee Zett effective chargeZ.;;. The wavelengthiy, and the transversal

2
wp, (1) extensionD of the wake are indicated [2,4].

V}vfke(R =0,z = Uiont) = v
ion

4538 0031-9007797/79(23)/4538(4)$10.00  © 1997 The American Physical Society



VOLUME 79, NUMBER 23 PHYSICAL REVIEW LETTERS 8 BCEMBER 1997

At velocitiesvion, = Zvg (vo = ¢/137) where the ions We report here on particlg-angular correlation data
are predominantly in the H-like charge state, the distortiorof various nuclei obtained in measurements following
by the wake field gradient concerns theelectron orbit. Coulomb excitation (C.E.) of the firat" state at velocities
Because of thel/r? dependence oV,,, an assumed where the ions are in the favorable electron configura-
displacement of thés electron orbit from the nucleus by tion. All these measurements have in common the fact that
approximately one orbital radius will lead to a very largethey were planned to determine, in particular, the transient
field gradient of thek shell which has been considered asmagnetic fields (TF) for ions at high velocities [8]. This

an upper limit [3]: also explains why ferromagnetic Gd and Fe were used as
16¢73 target material with the knowledge of theangular corre-
vk, = - =5.82° x 10" V/cn?, (3) lation being crucial for determining the nuclear spin pre-
27aq cession in the TF. It is noted that the TF part of these

where a is the Bohr radius. This field gradient has measurements has already been reportéde(2*) [9],
a positive sign directly reflecting the Sternheimer effect?S(2%) [5], °Ar(21) [10], 32Cr(2*) [11], >*Fe(27) [12],
which inverts the sign of the wake field gradient as forand >Ni(2*) [13]. Detailed particley-angular correla-
crystalline field gradients [see Eq. (1) and [6]]. tions have been measured for all these nuclei but contribu-
A main source of difficulties in two of the above- tions from EQI of TEFG were not explicitly included in the
mentioned measurements was due to the presence ahalysis with the exception of [5] and [11]. This omission
strong magnetic hyperfine interactions (HFI) acting onhas now been retrieved. It should be emphasized that the
the ions when they emerge from the target into vacuumeffect of the TF precession on theangular correlations
These HFI cause attenuations of the angular correlatiohas been eliminated by averaging the individual correla-
which reduce the sensitivity to the TEFG. With respect tations measured fanp anddowndirections of the external
suitable experimental conditions H-like ions are definitelymagnetic field. Hence, for the further discussion of EQI
preferred. Moreover, the disturbing influence by the magenly these (THree) angular correlations were used.
netic HFI should be minimized, which requires that the In view of favorable conditions for TEFG, the mea-
passage time of the ions through the solid is larger or comsurements on>S(2*%) [5] turn out to be a test case, as
parable to the nuclear lifetime of the excited state andits quadrupole momen®(2*) = —0.149(13) eb and in
or its magnetic moment is small. Another requirementparticular its short lifetime- = 0.246(9) ps render it very
for sensitive detection of electric quadrupole interactionsuitable. Furthermore, the measured angular correlations
(EQI) is sufficient polarization of the nuclear state. Thisare of high precision, which made a reanalysis particular
condition is well fulfilled in Coulomb scattering of the profitable. The procedure described below has been ap-
ions at angle®, < 7 (see Fig. 2) as discussed in [3,7], plied in a consistent way to the data of all other nuclei as
which enables us to measure also the sign of quadrupolgell. It is also noted that the former analysis of the same
moments in contrast to standard PAC technique. 325(2%) data yielded only an upper limit of a TEFG, which
is related to erroneous solid angle corrections for the Ge
detectors used leading to an underestimation of the TEFG.
In the measurements withS ions [5] particley-angular
correlations were obtained from counting rate ratios of two
independent pairs of Ge detectors placed at fixed angles
(@, = £31°,+136°) symmetric to the beam direction
(Fig. 2). These ratios were measured as a function of the
azimuth angleb, defined by 20 sections of the ion detec-
tor. The latter was an annular parallel plate avalanche gas
counter with an acceptance angl@sf = ©}° =< 40° for
the forward scatteret!S ions. As a result, the Coulomb
excited2™ state at 2.229 MeV became sufficiently polar-
ized. The target consisted of .5 mg/cn? thick Gd
layer deposited on &0 mg/cn? Ta foil sandwiched be-
tween thin Cu layers 1(mg/cn?) for thermal reasons.
The excitation of the 262 MeV’S ions essentially took
place in TdGd implying an effective time in the target of
T = 0.31(3) ps at the mean velocity;,, = 16vy. The
latter has been calculated considering the formation and de-
cay of the nuclear probe in the f@d layers using stopping
Ge - detectors powers [14] in the kinematical conditions and the known

FIG. 2. Schematic view of the detector arrangement in th(pucle{:\r lifetime. During th.is_ time EQI With the TEFG are
y-detection plane. Only one pair of Ge detectors placecEXperienced causing specific (?hanges n t'he angulgr carre-
symmetric to the beam direction is shown. lation which depend on the sign of the field gradient as
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R ' harmonics. The,(r) are the statistical tensor elements
‘ describing the initial orientation (polarization) of the

15 .'}f“h v\ [S(27) in Ta/Gd/Cul; nuclear statgs = 0) and its change in time by the EQI
: i and magnetic HFI as expressed by
Prg(t) = D G (1) - pogt = 0). (5)
k/q!

o
o

The coefficientsG{Y () reduce in our case where the
axis coincides with the direction of the TEFG, &/}’ (¢)
and must be replaced by their time integrated values:

Norm. counting rate ratio
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FIG. 3. Measured particlg-angular correlation 0
(®, = +136°) for 2S(2*) ions with least squares fit to Where
the data [Eq. (4)]. The other curves refer to the unperturbed v
correlation (dotted line) and the two separated contributions wy = _eOQVzz 7)
due to EQI only (solid line) and additional magnetic HFI 4hIQ2I — 1)

(dashed line). is the quadrupole frequency depending on the nuclear spin

well. It should be emphasized that in these conditiond = 2. the quadrupole momer®(2"), and the electric
~70% of the ions are exposed only to a possible TEFGfield gradientVzz™~. The perturbation coefficients of the
of the Ta-Gd-Cu layers of the target while the remainingmagnetic HFI in vacuum enter in Eq. (4) as a factor (due
ions experience both EQI and magnetic HFI on emergenc® the sequential nature of the EQI and magnetic HFI)

into vacuum. Such a high sensitivity to TEFG does noto€ing characterized b (r = ) with time integration

exist in the other cases studied. from the time of emergence into vacuum to |nf|n|ty
Figure 3 shows angular correlation data of one detecAPPlying this procedure to both angular correlations the
tor pair in the rest frame of thg-emitting nuclei together l€ast squares fit to the data yielded for the TEFG with
with results fromcoULEX calculations using the Winther— definitely positive sign a mean value
de Boer code [15]. Also displayed are the relative contri- Vzz(3S) = +5.3(1.3) X 10*! V/cn?
butions to the measured correlation from iagnside (only _
EQI) andoutsidethe target (EQI plus magnetic HFI) re- and for the quadrupole precession angle [Eq. (7)]
flecting the ;p_ecifically large sensitivity to TEFG. ' woT = —16(4) mrad
For describing the data the generalized expression of _ _
the angular correlation function has been used which i¥here the negative sign results from the quadrupole

given by [15,16] moment. . . oy
Finally, we obtained for the attenuation coefficients due
w(O,, o, Pp,1) = Zpkq(z)Fkaqu(G)y, D, Pp), to the magnetic HFI in vacuum the values
k
! @) Gy = 097(2) and Gy* = 0.88(5),

where F; are the angular correlation coefficients of thewhich are well explained by the strong hyperfine fields of
(2" — 0") y transition, theQ; account for the solid electron configurations of H-like and He-like ions formed
angle of they detectors used and thg, are the spherical on emergence into vacuum (see [5,12]).

TABLE I. Relevant parameters for the determination of the electric quadrupole interactions in transient electric field gradients
(see text).

Q(2+) T wQT VT;FG Vcalc

Z /A
Nucleus Host (eb)P (ps) (mrad) (102! V/crm)© (10?' V/cm?)d
0Ng(2+) Ag/Gd ~0.23(3) 0.51(5) —2(3) 0.3(4) 0.6
2g2+) Gd —0.149(13) 0.31(3) —16(4) 5.3(1.3) 2.5
OAF(2F) Pb/Gd +0.02 0.30(3) +8(5) 20(12) 3.5
2Cr(2+) Gd —0.082(16) 0.32(3) ~3(2) 1.9(1.4) 8.3
SUEE(2") Pb/Gd ~0.05(8) 0.25(2) —3(4) 4(5) 10.5
62Ni(2+) Pb/Fe —0.05 0.26(2) —6(4) 8(4) 13.2

aMain components.

PExp. data [19], values without error refer to shell model calculations [17,18].
°Errors quoted are of statistical origin.

dCalculated with Eqg. (3).
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