
U,| i ..VI / -£"£" 
WIS-55/71'' rii 

HYPERFINE INTERACTION AND g-FACTOR MEASUREMENTS 

IN Er ISOTOPES 

K.-H. Speidel, G.J. Kumbartzki, W. Knauer, R. Kuhnen 

Institut fur Strahlen- und Kernphysik, 'Jniv. Bonn, W. Germany 

G. Kraft 

Gesellschaft fur Schwere Ionen, Darmstadt, W. Germany 

J. Gerber 

Centre de Recherches Nucle'aires, Univ. Louis Pasteur, 

Strasbourg, France 

M.B. Goldberg, G. Goldring, A. Zemel 

Department of Physics, Weizmann Institute of Science, 

Rehovot, Israel 



- 2 -

ABSTRACT 

Energy levels in Er and Er were excited in the 

reactions: Si( Xe'5n' 159 * a n d the product nuclei, 
Er 

recoiling with a velocity v=0.07c were stopped in a plunger 

instrument after traversing a volume of hydrogen gas. The 

angular distribution of de-excitation gamma rays was stu

died as a function of flight time and gas pressure. Appre

ciable perturbations were detected in Er at times as 

short as 2 ps and in an angular momentum region as high as 

12tl. No perturbation could be detected in the 21/2 level 

1 59 of Er even after 12 ps, signifying a low value for the 

g-factor of this level. 
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1. INTRODUCTION 

The experiment described here is an attempt to bring 

the intense hyperfine fields associated with high velocity 

isolated ions to bear on measurements of g-factors of high 

spin states. A severe problem encountered in such measure

ments is the loss of effectiveness of the perturbation as 

the nuclear spin becomes large compared to the atomic angular 

momentum, restricting the movement of the nuclear spin vector 

to a narrow cone. This situation can be ameliorated by let

ting the ion recoil into gas; in collisions between the mo

ving ion and the gas molecules the atomic angular momentum 

flips its direction and the nuclear spin vector gradually 

diffuses over large angles 

The perturbation process under these conditions is 

well understood and lends itself to fairly accurate inter

pretation. However, the important parameters e.g. the mean 

hyperfine field or the relevant cross section for collision 

between the moving ion and the gas molecules are not known 

a priori and they have to be determined as part of the 

experiment. 

2. EXPERIMENTAL DETAILS 

The experiment was concerned with levels in Er 

159 as well as one level in Er, excited in the reactions 



- 4'-

28_..136„ . ,160„, 28_.,136„ _ ,159„ ... 136„ , Si( Xe,4n) Er, Si( Xe,5n) Er, with a Xe beam 

of 4.6 3 MeV/amu from the Darmstadt UNILAC. 

The experimental set-up is shown in fig. 1. The target 

was a silicon wafer of 10 pm thickness and the beam stopper 

208 ~~ 

a 50 in thick foil of Pb stretched over a machined spheri

cal surface. The volume of the target chamber (gas cell) 

behind the Si target was filled with hydrogen at a control

lable pressure. The wafer bulged under gas pressure and its 

distortion was measured by observing the interference frin

ges of laser light. A curvature radius of 41 mm at 133 mbar 

was found and the effective zero distance of the plunger was 

208 determined to an accuracy of 2 pi. The form of the Pb 

plunger was designed to match the target curvature at 133 mbar 

2) 

(see ref. ). The c.ata at lower pressures correspond to plun

ger distances d^150 um at which it was found that the 

distance uncertainty due to different curvatures of target 

and plunger was immaterial. 

Gamma angular distributions were recorded with five 

Ge(Li) detectors at 0°, 35°, 55° and - 110° to the incident 

beam varying plunger distance and gas pressure. The relative 

efficiencies of the detectors, including absorption, was 

determin3d with the aid of in-beam radioactivity lines. 

A typical ]T- tpectrum at 0 is shown in fig. 2. At the 

recoil velocity of 0.07c the Er ions are stripped to an 

ionic charge qa(30. These tightly bound systems give rise 

to large hyperfine fields at the nucleus. The Er nuclei 
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emerge from the target in highly excited states and decay 

in long cascades of ̂ -transitions. The earliest transitions 

occur while the ion is traversing the hydrogen gas and ex

periencing the hyperfine interaction, whereas the later 

transitions occur inside the stopper, with the hyperfine 

interaction switched off and the nuclear orientation effec

tively frozen. 

3. DISCUSSION 

The objective of the experiment was to relate the 

time dependence of the perturbation observed for intense 

low lying transitions to the nuclear spin history of the 

perturbation and the corresponding nuclear g-factors. 

The 4+ level in 160Er and the 21/2+ level in 159Er 

were singled out for this analysis. They were found to be 

sufficiently intense and free of contaminant lines for the 

purpose of the experiment. 

Fig. 3 shows the counting rate ratio W(110°)/W(0°) 

as a function of plunger distance at hydrogen pressures of 

27 mbar and 133 mbar. The general trend of the more exten

sive 133 mbar data is quite unexpected: the ratio 

W(110°/W(0°) is expected to be smaller than unity for t=0 

and gradually approach unity as the interaction time in

creases. The experimental data behave very differently. It 

is particularly difficult to comprehend the crossing of the 

unity line. A similar behaviour is also observed in the 



ratios ̂ 55°) /W(0°) and W(35°)/W(0°) . A plausible explana-

3 j 

tion offered by Schwalm is consistent with other recent fin

dings: at high recoil velocities the neutrons emitted in the 

reaction are concentrated in a narrow forward cone striking 

mainly the 0 detector. The neutrons initiate nuclear reactions 

in the Ge(Li) detector and secondary charged particles give 

rise to a charge pulse in the detector which adds up with the 

charge generated by any coincident gamma ray and removes the 

count from its normal position in the energy spectrum. The 

forward streaming neutrons thus effectively reduce the effi

ciency of the 0° detector causing an upward shift in the 

ratios W(9i/W(0 ). We have attempted to interpret the data on 

the assumption that this is the true situation and introduced 

the effective efficiency V[ of the 0 detector relative to 

all the other detectors as a fit parameter. As will be shown 

presently, an internally consistent picture is obtained in 

this way, but the significance and content of the data is 

unavoidably degraded in this procedure. The X fit was there

fore limited to a small number of parameters, reducing speci

fically the description of the perturbation to a single para

meter - the decay constant A k °f assumed attenuation coeffi

cients of tue form: G, (t) = exp(-Xkt). The other parameter 

is A,, assuming h, to be related to it through the Yamazaki 
4} + + 

parameters . The best fit values for the 4 -*• 2 transition 

were found to be: 

A2 = 0.21 (3) , •>]_ = 0.89(1) and \ 2 =0.37(8) ps~1. 

The attenuation coefficient Go'*' obtained in this way 

is shown in fig. 4. Notwithstanding the crudeness 

i 
i 
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of this procedure it leads to some significant deductions: 

the hyperfine interaction is evidently sufficiently strong 

to lead to a significant modification of the angular 

distribution in times as short as 2 ps. Considering the 

angular momentum history, the system must have at such short 

times an angular momentum definitely in excess of 10 IS. This 

situation is illustrated by the gamma intensity fractions 

from nuclei decaying in flight as a function of plunger 

distance (fig. 5). The curves plotted were derived from 

lifetime data taking into account cascade feeding from the 

rotational precursor as well as side feeding from continuum 
2) 

states . Relevant lifetimes and gamma ray intensities are 

summarized in table I. From fig. 5 one can see that the 4 

level is formed inside the stopper at most plunger distances 

and the perturbation observed in the 4 -» 2 transition is 

therefore due to higher excited feeding states: as the 

plunger distance is decreased the perturbation becomes asso

ciated with higher nuclear excitation. Only for distances 

d^150 pm is there an appreciable contribution to the per

turbation from the 4 level itself. It follows that the per

turbation in hydrogen at 133 mbar is fully effective at 

least up to 1=10 and probably considerably higher. As the 

data are consistent with constant \ k it also follows that 

the average g-factor at the top of this range is not very 

much smaller than for the lower angular momentum states. 

Unfortunately, this information is not very valuable be

cause it has been established through the analysis of the 
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line intensities that the feeding pattern gets very complex 

beyond 1=10 and the average g-factor relates to numerous 

and partly unknown energy levels. 

The Blume-Scherer theory which is applicable to this 

measurement is discussed in detail in ref. : the dependence 

of X. on the hyperfine frequencies and the gas pressure p 

is considered and in particular the minimum in G. vs. gas 

pressure. Comparing the 133 mbar and the 27 mbar measure

ments it is found that 133 mbar must be close to or below 

the minimum. Assuming the minimum to be at 133 mbar we ran 

use eqs. 23-26 of ref. to obtain mean values for the corre

lation time <- (p) and the hyperfine field B. The estimates 

B«35 kTesla, T (133 mbar.) <v 1 ps 

leading to: 6"ss1.5«10~ cm 

for the collision cross section. The high field is consis;-

tent wrth the fact that the ions emerge from the farget high

ly stripped. It also appears from these values that the 

minimum in G- cannot occur at a pressure very much higher 

than 133 mbar because then the derived mean hyperfine field 

would be higher and assume an improbably high value. 

The 21/2+->' 17/2+ transition in 159Er exhibits a 

radically different time dependence of the perturbation as 

is shown in fig. 4. The fit parameters in this case are: 

A2 = 0.14(3;, "H = 0.82(3) and A2<0.023 ps~
1. 

There is no perturbation here, although the angular momentum 

21/2 is within the range of fully effective perturbation. 
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as deduced from the Er measurements. It is evident from 

fig. 5 that most of the interaction time involves the 21/2 

level proper. 

We are led to the conclusion that the g-factor of this 

level is very small. Using again eg. 23 of ref. based on 

the Blume-Scherer theory we obtain: 

|g2l/2+(
159Er)j<0.2|g4+(

160Er)| or |g21/2+ (
159Er)|<0.07+) 

157 This is similar to an estimate for g17/2+ in Er 

(|g17/2+(
157Er)| = 0.05(5)) discussed in ref.6>, and based 

on a recoil into vacuum perturbation measurement. In both 

cases the small value of the g-factor is a clear and strong 

indication that the energy levels in question are of the 

so-called "rotation alignment" pattern. 

Considering these measurements and the attempted inter

pretations it appears now that hyperfine interactions in 

heavy ions recoiling in gas at velocities of -'0.07c can be 

utilized to measure absolute values of g-factors down to 

lifetimes of 2 ps and up to spins of at least 10 or 12. 

Clearly the technique has to be improved so as to avoid 

the degradation of the efficiency of the 0° detector by 

forward peaked neutrons. Beyond that the most serious prob

lem to contend with is the complex feeding pattern of the 

high spin states which prevents any meaningful correlation 

to be made between the time history of the decaying nucleus 

and the angular momentum sequence in any significant group 

of energy levels. To avoid this problem it would be 

+ ) taking g4+ = 0.35
7' 
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necessary either to select nuclei and reactions with suffi

ciently simple feeding patterns or to restrict the measure

ment to levels with mean lives distinctly longer than the 

preceeding feeding time. 
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FIGURE CAPTIONS 

Fig. 1: General view of the chamber for recoil-distance 

measurements in gas. Construction details of the 

target-stopper device under pressure are displayed 

in the lower part. 

Fig. 2: }f - single spectra (unnormalized) detected at 0 

to the beam for plunger distances of (a) 15 pm and 

(b) 4000 pm. y- transitions in ' Er and some 

prominent lines from in-beam produced radioactive 

nuclei together with their half-lives are marked. 

Corresponding unshifted (a) and Doppler-shifted (b) 

|p- transitions are connected by dashed lines. 

Fig. 3: Counting rate ratio W(110°)/W(0 ) as a function of 

plunger distance (time of flight) at hydrogen pres

sures of 27 mbar and 133 mbar. The measured ratio 

(left ordinate) was corrected for the effective 

efficiency of the 0° detector (right ordinate). The 

solid line is a fit to the data from all detectors 

at 133 mbar. 

Fig. 4: Attenuation coefficient G2 vs. plunger distance 

at p = 133 mbar for the Er 4 -*• 2 transition 
1 c;q 4. + 

and the Er 21/2-^17/2 transition. The solid 

line for the 4 -> 2 transition is a computer fit 

to the data. 



Fig. 5; V̂ - ray intensity fractions from nuclei decaying 

in flight vs. plunger distance for 160, Er energy 

levels betweeen 4 and 14 and the 21/2 level 

1 59 
in Er. The curves are computer fits to the 

2) 
data considering cascade- and side- feeding in 

the decay of each state. 



Table I 

159 160 2 Summary of lifetimes and related quantities in ' Er 

nucleus 

1 6 0 E r 

1 5 9 Er 

t r a n s i t i o n 

2 + - > 0 + 

4 + ^ 2 + 

6 + ^ 4 + 

8 + - ^ 6 + 

10+—> 8+ 

12+-*10+ 

14+-»12+ 

1 7 / 2 t » l 3 / 2 + 

2 1 / 2 % 1 7 / 2 + 

E f[kev] 

125.6 

263.9 

375.5 

463.9 

531.7 

578.9 

591.9 

208.5 

349.9 

r e l . f - i n t e n s i t y 

10O - 6 

100 - 3 

94 - 3 

65 ± 5 

4 3 - 3 

21 - 3 

r [Ps] 
r 2) -r e f . 

47.6 - 3.9 

7.8 i 0 .9 

1.9 - 0 .3 

2.2 - 0 .6 

0.9 - 0 .7 

r e f . 8 ) 

1326± 66 

49 .8- 2 .5 

7.B- 0 .7 

3.12^ 0.68 

1.79- 0 .68 

137± 7 6> 

11.8± 1.36 > 

s ide - f eed ing 

13 i 6 

6 i 2 

2 i 1 

2 i 1 
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