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The g-factor of the 8+ yrast level of Sr has been measured 

using the polarized nyperfine fields of a t i l ted multi-foil target. 

The sign of the g-factor has been determined to be negative to 

better than six standard deviations. Calibration using similar 

77 80 
measurements on levels in Se and Se ions yields the value of 

-4 g=-0.15(7), indicating a vgg,2 configuration for this level. 
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The structure of the low-lying even parity levels in Sr isotopes 

exhibits a gradual transition from the nearly doubly-magic Sr nucleus 

to the nearly rotational Sr. Because of the single particle mature of 

the magnetic moment operator, measurements of g-factors in these nuclei 

can shed light on their structure and particularly on the transition from 

closed shell to collective motion. Of particular interest is the structure 

of the 8 + levels in the Sr isotopes. The ground state band (gsb) in Sr 

can be followed up to the 6 + level and is characterized by rather large 

B(E2) values, while the 8* level is isomeric (T=660ns) and the 8 -*6+ 

transition has a B(E2) value characteristic of single particle nature 

(fig. 1). Indeed, stroboscopic perturbed angular correlation (TDPAC) 

measurements^ ' of the g-factor of the 8 + level in Sr yielded g=-0.243(4), 

-2 
demonstrating the Vgg._ nature of this level. A qualitatively similar 

situation exists in Sr (fig. 1); the B(E2) values of the transitions 

tion has a B(E2) value of 4.2 W.U. However, the lifetime1- ^ of the 8* level 

in Sr (T=226ps) is much shorter than in Sr and a determination of its 

g-factor in a TDPAC measurement is not possible. Moreover, the static hyper-

fine fields at Sr nuclei implanted in ferromagnets have not been measured 

and are expected to be very weak. The recently established method of measur

ing g-factors in the tilted multi-foil geometry is, on the other hanci, 

perfectly suited to this case. We report here on the first measurement of 

a g-factor using this method. 

(3) 
It has been clearly demonstrated in numerous experiments^ ' that the 

excited atoms in a typical atomic beam-foil spectroscopy experiment emit 

circularly polarized light if they are allowed to pass through a thin foil 

which is not perpendicular to the beam direction (tilted-foil geometry), 
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with the atomic configurations having their total spin J oriented along 

the tilt axis. It is believed that the electronic orientation is produced 

by an interaction at the exit surface which polarizes the orbital angular 

momentum of the atomic states. When these polarized atomic configurations 

interact through the hyperfine interaction with the magnetic moment of an 

excited nuclear level, a net precession accompanies the attenuation of the 

angular correlation observed in free-ion hyperfine interaction studies with 

(A) 

an unpolarized electronic ensemble^ , and is both a signature of polarized 

atomic fields and a measure of the sign and magnitude of the corresponding 

nuclear magnetic moment. 

A series of experiments in oxygen, calcium, neodymium and samarium 

isotopes ~ J demonstrated the universality of the phenomenon of nuclear 

spin rotation with tilted-foil HF fields and the usefulness of the technique 

for nuclear moment measurements. In these early experiments the atomic 

polarization was produced at the surface of a single carbon foil and the 

polarized fields acted on the nucleus during the whole life-time of the 

nuclear level (time-integral measurement). These conditions impose severe 

limitations on the Tange of mean lives of the nuclear levels for which this 

technique can be applied since the measured effects decrease for large 

nuclear mean lives'- " . For long interaction times the effects also depend 

strongly on a multitude of parameters: the shape of the hyperfine frequency 

distribution, the ionic angular momenta, and the nuclear angular momentum, 

leading to large uncertainties in the interpretation of such measurements. 

FOT shorter interaction times, the rotation is essentially independent of 

these parameters. However, the range of interaction times for which the measured 

effect still increases without being dependent on the various parameters 

mentioned above, can be increased by using recoil-distance techniques to define 

the interaction time and by introducing additional polarizing foils between the 



target and the stopper. 

A detailed description of the tilted multi-foil concept and its 

nathematical formalism as well as an experimental demonstration are given 

elsewhere1 * * . The qualitative features of the formalism are illustrated 

in fig. 2, which describes the rotation of the symmetry axis of the 

nuclear alignment (equivalent to a rotation of the angular correlation). 

In hyperfine coupling in a free ion (fig. 2,a) the nuclear momentum I 

precesses around the constant total angular momentum F=I+J and not around 

a fixed predetermined direction (fig. 2#b) as is the case for nuclei subject 

to an external magnetic field. In the free ion case, the range over which 

the direction of the nuclear alignment can vary is limited and diminishes 

as the ratio I/J increases. If, however, the moving ion passes through 

successive tilted-foils, the orientation of the electronic angular momentum 

is reset at each exit surface. The motion of the nuclear alignment is now 

given by fig. 2,c and in the limit of a very large number of foils, it 

resembles the classical precession around a fixed external magnetic field. 

In this manner the precession can be made independent of the magnitude of 

I and of the details of the atomic ensemble parameters; the only parameter 

relevant to the deduction <̂ f nuclear moment information is the effective 

<J > 

field ^ J H J * where p, is the atomic polarization p. = /jfj+n anc* < H j > *s 

the average hyperfine magnetic field. In the limit of a large number of 

foils, this result corresponds to the well-known Abragam-Pound limit for 

recoil-into-gas with the atomic polarization as an additional feature. It is 

also analogous to a transient field, in which the polarization mechanism is 

due to ion-ferromagne- collisions. We note that as the number of foils is 

increased, the ionic system is transformed from a complex collection of a large 

variety of atomic angular momenta to a uniform time-dependent environment 
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that can be characterized by a single effective hyperfine field: 

A schematic view of the experimental arrangement is given in fig. 3. 

The 3332 keV 8 + state T =226ps in Sr was populated via the 76Ge(12C,4n) 

reaction with a 62 MeV beam from the Koffler accelerator. The targets 

consisted of 200 ug/cm of enriched isotope evaporated onto a prestretched 

2 
1.3 mg/cm gold foil. The holders for the target and recoil stopper, which 

2 
was also a 1.3 mg/cm stretched gold foil were designed to allow a tilt 

angle of 66 on either side of the beam direction without obstructing the 

passage of the beam to the lead beamstop fixed 50 mm away. The tilt angle 

introduces a factor of 2.5 in the effective thickness of the target layer 

and gold foils and in the recoil flight gap between target and stopper. 

The target and stopper were mounted in a recoil distance apparatus which 

could be rotated in vacuum about a vertical axis. The nominal zero 

separation between target and stopper was obtained by standard capacitance 

measurements before installation of the polarizing foils. The relative 

displacement of target and stopper could be adjusted externally with the foils 

in place and measured by a built-in 1 um precision dial gauge. 

2 
The multi-foil assembly contained up to 10 self-supporting ^ ug/cm 

carbon foils, each mounted independently on its own 0.05 mm thick metal annulus, 

pressed together in a ring holder. This assembly was mounted between target and 

stopper a f t e r alignment. 

The free-standing foi l stack i s about 0.5 mm th ick ; however, when the 

foils are pressed by the stopper towards the target, measured separations as 

small as 10 urn have been achieved without damage. The assembly has also been 

shown to stand up to many tens of hours of continuous beam bombardment with 

only minor damage. No significant degradation of the gamma spectrum was 
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observed following the insertion of the carbon foils into the path of the 

carbon beam. 

The detection system consisted of 4 Ge(Li) detectors positioned at 

±55° and ±125°, where the logarithmic derivative of the gamma-ray angular 

correlation is neaT its maximum. The rotating assembly was designed for 

negligible gamma-ray absorption in these directions. Lateral mechanical 

movements of the assembly associated with the rotation have been made negligibly 

small. 

Left-right positions were alternated every 10 minutes by an automated 

motor drive in order to minimize systematic errors during a run which lasted, 

typically, several hours. The asymmetry parameter e was evaluated via two 

(5_9> 
double ratios in a manner similar to that described in recent publications 

Sections of a typical Ge(Li) spectrum showing the decay peaks of the 8 state 

are shown in fig. 4 for a recoil flight time of T = 100ps. 

The experimental double ratio results are summarized in table 1. The 

6 -+4 transition was not included in the analysis since the off-beam gamma-

spectrum contained an unidentified peak at the same energy. Due to the very 

much shorter mean-lives of the 6 , 4 and 2 levels and of the feeding transi

tions, the analysis of the double ratios based on the stopped peak intensities 

is sensitive only to the g-factor of the 8 yrast level. Since the direction 

of the polarization in the tilted-foil geometry is known, the results determine, 

in a model-independent manner, the g-factor of the latter to be negative to 

better than six standard deviations. Table 1 also shows the precession data 

197 
for the Coulomb-excited short-lived 547 keV Au line which exhibits a small 

asymmetry of opposite sign, independent of the number of foils and the recoil 

time. This observation is interpreted as a tilted-foil precession of the 

fraction of excited Au nuclei which recoil out of the bai_k surfaces of the 

target and stopper foils. 



7 

In order to estimate the absolute value of the g-factor one must know 

the polarization p. and the average field <H,>. In a time-integral tilted-

+ 80 

foil measurement of the 2 level in Se, the polarization was established 

to be pj=0.100(30) at v/c=0.012, and similarly, for 77Se[S/2*]: Pj=0.058(21) 

at v/c=0.0?.3. These values are consistent with those of Dafni et al. ' for 

a variety of other ions. Considering all these data, a value of p,=0.100(25) 
84 

was adopted for Sr at v/c=0.011. In a further measurement the perturbation 

of the angular correlation of the 2 -»-0 transition in Se was determined for 

ions recoiling both in vacuum and in copper, yielding values of 5.8(2) and 

10.3(5) respectively for the ratio of intensities at 45° and 90°. A value 

u( Se)-1.29(14) 10 rad/s was derived from these measured ratios and the 

approximate expressionv J 

I 2 2 
valid for: j <W>T « 1 and assuming: <u> ~ <to >. The procedure used to determine 

84 

g( Sr) is illustrated in fig.5 which shows results of a model calculation forthc para

meter £/pj where (for small precession angles A0) £ = A$ |iIi= E/s( 0). 

S(t) is the logarithmic derivative of the angular correlation at its 

maximum value at time t. A detailed description of this model calculation is 

given elsewhere1 J; the parameter C/pj *s calculated there for various nuclear 

angular momenta and various numbers of polarizing foils. The calculation is 

performed asstming a single value of the atomic spin J = 5/2, which is 

believed to be close to the average J in this region of v and z. For a large 

number of foils where the effect approaches that of a precession in an external 

field, £ is largely independent of the particular choice of J. 

The "effective" number of foils in the present arrangement was judged, due 

to adherence of the first and last foils to the target and stopper foils, 

respectively, to be 6-7 (as opposed to an actual number of 9) and the "7 foil" 
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curve was fitted to the data by varying w( Sr) = <ui>. The value obtained 

84 10 
in this procedure is ui( Sr) = 0.44(18) 10 rad/s. 

Assuming the hyperfine fields in Se and Sr to be similar, we get: 

gC
84Sr[8+3) gc80se[2;n 

r84c . 
- S L S E l . 0.34(14). 
(u(80Se) 

With the assumption that g*0.4 for Se(2*) we obtain |g( Sr[8+])| =0.1S(7). 

The quoted error allows for estimated uncertainties in the above procedure. 

The experimental values of £/p. are shown in fig. 5 at the "best fit" 

value <to>= 0.44 10 rad/s. The corresponding value for the polarization is 

P =0.10. Also shown in fig. 5 is the one-foil measurement, using the same 

values for «u> and p,; and the Se[2 ] measurement for the same p . 

The coefficients of the unperturbed angular distributions entering into 

this evaluation were measured directly for Se (see above) and taken from 

ref. 2 for 84Sr. 

The negative sign of the g-factor, determined in a model-independent 

manner, and its magnitude of g~ -0.15(7) clearly indicate the neutron single 

particle nature of this level. Although the error on the absolute value is 

rather large due to the uncertainties in the analysis procedure, we can 

-4 
conclude that our result is consistent with a vggy2 structure, similar to 

the vgg/7 structure in Sr. 
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Figure Captions 

Fig. 1: The low-lying yrast levels of Sr and Sr. 

Fig. 2: The rotation of the symmetry axis of the nuclear alignment: 

(a) in a free ion and (b) in an external magnetic iiel.*. In an 

isolated atom the nuclear and electronic angular moment;. I and J 

precess around the resultant total spin F, while in the presence of 

an external magnetic field H, I precesses around the fixed direction 

of H. The lower figure (c) relates to several precessions accumulated 

in a multi-foil array. 

Fig. 3: Schematic view of the tilted-foil arrangement. The top figure presents 

the coordinate system with I|J being the angle between the beam direction 

and the normal ft to the target plane. The bottom figure shows the 

target, stopper and carton foils. The Jirection of polarization is 

along the z axis. 

Fig. 4: Sectior.b of a Ge(Li) spectrum at an angle of 125° to the beam and recoil 

84 *• 
time of lOOps, showing the ^-rays from the decay of the Sr 8 level 

197 
and the 546 keV Au line. 

Fig. 5: The experimental values of £/p, for Sr(8+) and Se(2+) ^or various 

combinations of number of foils and recoil time and the corresponding 

model calculations. The improvement in the sensitivity of the measure

ment and the approach to a classical precession regime achieved by the 

introduction of several foils are a 

corresponds to a positive g-factor. 

introduction of several foils are apparent. The sign of £C Se[2 ]) 
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Table 1 

T-lOOps 

9 f o i l s 

T=S0ps 

9 f o i l s 

T=40ps 

1 f o i l 

e(8+->oVl03 

-11.9(3.8) 

-7 .9(2 .7) 

-1 .6(2 .3) 

£(4+-*2+)' 

-5 .5(3 .4) 

-4 .3(2 .3) 

-0 .5(3 .5) 

•103 
E ( 2 * V ) - 1 0 3 

-12.3(3.4) 

-3 .5(1 .9) 

-4 .5(3 .5) 

£(adopted)• 

-11.9(2.3) 

-5 .6(3 .0) 

-1 .5(2 .0) 

•103 e(Au,546)-10' 

+1.7(.7) 

*1.0( .7) 

•1 .3 ( .6 ) 

Table 1: Summary of experimental double-ratio results. The sign convention is such 

that a positive logarithmic derivative of the angular correlation and e <1 corresponds 

to g < 0 . The adopted value I includes minor corrections due to incomplete separation 

between the stopped and flight peaks for the 4 -»• 2 and 2 * 0 transitions. The 

marked improvement in sensitivity achieved by the introduction of extra foils is well 

84 
demonstrated. The Coulomb excited 547 keV Au line, close in energy to the Sr 524 keV 

line, exhibits a small opposite asymmetry also due to tilted-foil precession and 

serves as an on-line consistency check of the measurement. 
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