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MEASUREMENT OF THE MAGNETIC MOMENTS OF THE MICROSECOND-ISOMERS 
IN 73As AND 206pb* 

D. Quitmannt and J. Jaklevic 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

July 1969 

ABSTRACT 

The isomeric state of 73As (426 keV, 5.8 ~sec) was produced and aligned 

by the reaction 71Ga(a,2n) in a liquid metal target. The anisotropies of the 

depopulating y-rays were measured vs. the de magnetic field applied perpen-

dicular to the beam-detector plane. From the attenuation and rotation, we 

obtain g = +1.03±0.10. Limits of 82 
< 10-2 can be set to the multipole admix-

tures in both y-trarisitions. The same technique was applied to the 123 ~sec 

isomer of 206Pb (2200 keV) produced by 204Hg(a,2n). After deriving a limit for 1 

the relaxation time, g = -(0.035±0.020) is obtained; we estimate IQI < 0.2 barn. 
~ . . 

\ 

* This work performed under the auspices of the U. S. Atomic Energy Commission. 

i-On leave of absence from Institut fur Technische Kernphysik, Technische 

Hochschule, Darmstadt. 
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I. INTRODUCTION 

The large amount of angular momentum transferred to the compound sys-

tem in ( a,xn) reac,tions results in the population of low-energy, high-spin 

states in the residual nucleus. Furthermore, the excited nuclei are observed 

bo have a net alignment resulting from the fact that the angular momentum 

carried in by the incident alpha particle is restricted to the plane perpendicular 

to. the beam direction resulting in preferential population of m. = 0 substates. 

Although the subsequent emission of neutrons and gamma rays decreases this 

alignment it is observed that sufficient alignment is retained in these excited 

states to produce highly anisotropic gamma ray angular distributions. 1 The 

study of perturbed angular distributions can thus be extended to all of those 

high-spin isomeric levels which can be populated and aligned in this manner. 

We have studied the 9/2+ state (T
112 

= 5.9 lJsec, E = 426 keV) in 
73

As and.the 7~ 
/ •. 

state (T
112 

= 123 lJsec, E = 2200 keV) in 206Pb by observing the effect of a . 

static magnetic field on the angular distributions of the gamma rays depopula-

ting these levels. Level schemes are presented in Fig. 1. 

For the case of an unperturbed angular distribution the angular depend-

ence of the gamma ray can be described as 

k = 2, 4, ( 1) 

where e is the angle of observation of a gamma ray relative to the beam ,..._'· , .... 

direction, and the Pk are the Legendre polynomials. 
\ 

;I:n the present discus-

sion we will limit ourselves to k = 2, 4. The coefficients -\. depend.~pori 

the degree of alignment of the state emitting the y ray and on the multipole 

~" ' . 

mixing ~haracteristics of the transition. A tabulation and discussion of these 
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coefficients is given in Ref. 2; we follow its notation. In most cases in which 

nuclear reactions are used to produce the initial state the alignment is not 

known precisely since it depends upon such unmeasured quantities as the multipole 

character of preceding gamma-rays and the loss of alignment due to pertur

bations suffered by the recoiling atom. For the two y rays of interest in 73As 

we have obtained the values of A
2 

and A
4 

from a direct measurement of their 

angular distributions. 

If one applies a static magnetic field H1 perpendicular to the beam-

detector plane, a perturbation in the above angular distribution is observed 

due to the precession of the magnetic moment about the field direction. If 

all gamma rays are recorded without observing the time interval between popu-

lation and decay, then the angular distribution as a function of the magnetic 

field H1 is conveniently written as 3 

where 

~ b /b 
W(H1 ,e) = 1 +~ k 0 

2 
[cos k8- kwT sin k8] 

k l+(kwT) 

bo = 1 + 1/4 A
2 

+ 9/64 A
4 

b2 = 3/4 A2 + 5/16 A4 

b4 = 35/65 A4 

k = 2, 4 

For cases in which we have coefficients b
2

>>b
4

, Eq. (2) has the 

( 2) 

( 3) 

( 4) 

following properties: at 8·= 90° W(H1 ) represents a Lorentz curve centered 

about Hl = 0; at 8 = 45° W(Hl) exhibits. a dispersion-like shape. This form 

of Eq. (2) has been utilized to extract the magnitude and sign of the nuclear 

magnetic moment. 
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Of decisive importance to the success of the measurement are a) no 

static interaction other than the one given by H1 must be acting during the 

time of measurement; b) the time constant T with which the anisotropic emission 

of the y rays decays has to be known. The latter may be shorter than the life-

time of the isomeric state if fluctuating interactions cause the aligned isomeric 

nuclei to relax towards the thermal equilibrium distribution. The former may 

be strong if e.g. the atom with the excited nucleus finds itself in a noncubic 

site after the recoil is stopped. This may have been the reason that the 

techni;Jue discussed here did not work in the case of the 17 jJsec, 11/2- state 

in 
101

Ru produced by an (a,3n) reaction in a 
100

Mo metal foil; a short report 

on this attempt is presented in Appendix 1. 

Metals apparently cause little or no attenuation of the alignment during 

* the slowing down process. In liquid metals, moreover, the quadrupole interac-

tion averaged over the lifetime is zero while the nuclear relaxation time T 
r 

4 
is still sufficiently long. It was decided for the present experiment to use 

liquid metals as a combined target and recoil matrix. A similar experiment 

studying magnetic interaction in an isomeric state using a liquid gallium 

target has been reported by Christiansen et al. 5 

* Also this loss of alignment occurs before the measurement of either the 

unperturbed or perturb.ed (by H1 ) distribution; therefore, it does not contra

dict conditions a) and b) above. 
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II. EXPERIMENTAL SETUP 

The experiments were performed at the 88" sector-focused cyclotron 

using a particles of 30 MeV to 40 MeV to produce the reactions 71Ga(a,2n) 73As 

or 
204

Hg(a,2n)
206

Pb. 

The targets were liquid 71Ga metal (enriched to 99 .61%) or 
204

Hg metal 

(50.72%). They were enclosed in cylindrical quartz vials of 1 to 2 mm diameter 

and 0.15 mm wall thickness; the measurement of W(H1 ,e) vs. H1 for 73As was 

ner:~ormed on a Ga sample contained in a small mylar bag. The Ga was heated 

above its melting point ( 29. 8°C) . 

A typical beam was of the order of 10 nA current, focused into a beam 

spot 2 mm in diameter. The experimental arrangement was similar to the one 

described in Ref. 6. Two Ge(Li) detectors 6 cm3 volume and 1 em depth, dis-

tance from target about 15 em, were used (resolution 1.5 keV FWHM at 122 keV). 

Using time to pulse height converters and a timing signal derived from the 

cyclotron rf (rv6 MHz), we selected only those events which occurred within 

about 0.1 ]Jsec in between beam bursts. With the compensating circuit 7 adjusted~ 
I 

the prompt curves had about 12-15 nsec FWHM (Ey ~ 40 keV); they were contin

uously monitored. A routing circuit allowed us to record the delayed y-spectra 

from both detectors using 512 or 1024 channels. 

The perpendicular magnetic field was supplied by a pair of water cooled 

coils which were mounted to the aluminum scattering chamber; the pole gap was 

about 1.6 em. The field was homogeneous to 1% over ±2 mm, and.was calibrated 

by a rotating coil Gaussmeter (accuracy 0.1%). 'l'he power supply was stable to 

10-3 , and the current (i.e., the voltage across a precision shunt) was repro-

ducible to about ±0.5%. Spectra were taken with fixed positions of the two 

detectors at various values of H1 . 
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III. RESULTS AND DISCUSSION 

A typical spectrum from the 73As measurements is shown in F:Cg. 2. The 

206 
spectra for the Pb case were of similar quality, although there were a number 

of additional gamma-rays due to long-lived activities. They-ray intensities 

were obtained from computer fits to the peak shapes after: subtraction of a 

smooth background. The uncertainties in the intensities were assumed to be 

due to the statistical errors only. 

The results of the measurements are quoted as ratios of the intensities 

of one y-line observed.at two angles, or of two y-lines observed in the same 

detector. 

III.l. y-Ray Angular Distributions for the 73As Isomer 

' 
From the data presented in Fig. 3 we obtain A

2 
(360) = +0.33±0.04, 

A4 (360) = -0.06±0.05, and A2 (66) = -0.16±0.08. The statistical errors are 

0.015, 0.025, and 0.016 respectively.' The errors assigned include an estimate 

of the systematic uncertainty, specifically considering production of the isomer 

in a thin surface layer of the cylindrical target combined with the absorption 

in the target. Because of this effect we felt justified in excluding the 

8 = 90° point in the 66 keV measurement. No value could be derived for A4 (66), 

but this coefficient is predicted to be small (Sec. III.3). Another result for 

A
2 

(360) and A
2 

(66) was derived in the measurement discussed in Sec. III.2; 

it yielded +0.34±0.02 and -0.20±0.04, respectively. As the. best values, we quote 

A
2 

(360) = +0.34±0.04 

A
4 

(360) = -O.b5±0.05 

A~ (66) = -0.20±0,05 
C. 

( 5) 
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III.2. Magnetic Perturbation in the 73As Isomeric State 

Figure 4 presents the dependence of the intensity ratios, e. g. 

N(360,8)/N(66,8), on the magnetic field applied perpendicular to the beam-

detector plane. The theoretical ratios, using Eq. (2), were used to extract 

g•T, A2 (360), and A2 (66). The A4 terms were neglected. 

Any interaction in the 5/2- state could be neglected due to the 

. 8 
.short half-life (5.0±0.1) nsec. There are essentially two measurements of 

the halflife of the 9/2+ isomeric state: 

T
112 

- (6.0±0.2) sec from Ref. 9 

T
112 

= (5.0±0.4) sec from Ref. 10. 

As a weighted average, we use 

T1 ; 2 = (5.8±0.5) ~sec (6) 

The relaxation processes discussed in III.5 canbe neglected here. Thus we 

derive from the result of the least squares fit 

g = +(1.03±0.11}' ]J = + ( 4. 6±0 . 5 )p 
n 

( 7) 

This result is in good agreement with our later, more precise meas

urement11 employing the NMR technique: g = 1.146±0.007. 

III.3. Multipole Characters of 360 keV a.>1d 66 keV 

y-Transitions Fed by the 73As Isomer 

The following multipolarities have been assigned to the two y-transi

tions by Hayward and Hoppes 9 on the basis of the measured lifetimes and 

conversion coefficients: 

to;•" 

• 
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360 keV M2 

66 keV Ml 

The discussion in Ref. 10 agrees with this assignment. The angular correlat.ion 

8 of the 360 keV - 66 keV y-y cascade has been measured by Bodenstedt et al. as 

wYY(e) = 1 - (0.057±o.oo7) P2 + (o.oo8±o.oo8) P4 ; ( 8) 

assuming pure M2 character for the 360 keV transitions, i.e., 0 (360) = 0, 

they get agreement if o (66) = +0.035±0.017. 

In addition to Eq. (8), we now have the results (5). In order to 

extract the information about the multipole admixtures, we have to consider 

the population distribution in the m-states of the isomer. This is deferred 

to Appendix 2. Including the results of Ref. 8, and excluding the possibilities 

of lo (360)1 ? land lo (66) I ? l on the basis of the conversion coefficients 

and lifetimes, we obtain a region of combinations for o ( 360), o ( 66) which is 

compatible with all experiments. It is presented in Fig. 5. We mention that 

any mixing with lo (66)1.::; 0.02 leaves A4 (66) $ 0.05, which serves to justify 

our neglect of A4 (66). 

Neither transition is pure, but the admixtures of the multipole E3 in 

the 360 keV (or E2 in the 66 keV) transition are small: o2 < 10-2 for 

either of these transitions. This conclusion is thought to be insensitive 

to the details of the true population over the m-states of the isomeric level. 
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III.4. External Magnetic Perturbation of the Isomeric State in 
206

Pb 

The level scheme in Fig. 2(b) shows the decay of the isomer. No meas-

urements were performed to directly establish the coefficients A
2 

and A4 of the 

- 206 various y-transitions fed from the 7 state of Pb. For the six prominent 

y-rays, the change of the relative intensity observed at 90° and 153° is 

plotted vs. the applied field H1 in Fig. 6. Unfortunately, not enough data 

points could be taken to establish the curve shape Eq. (2) nicely for this 

case. A least squares fit to the data shown in Fig. using Eq. (2) and 

neglecting the A4 coefficients was performed. We obtain 

. 6 
g·T = -(3.0±1.0) 10- sec (9) 

and the A2 coefficients for the various y-rays as listed in Table 1. The sign 

for g could be established since apparently the y transitions are all pre-

dominantly of the lowest possible multipole order. 

12 The nuclear half-life has been.measured recently as 

T112 = (123.3±1.1) ~sec (10) 

in fiir agreement with earlier determinations. As a first approximation, one 

may thus insert T = 178 ~sec to obtain lgl ~. 0.017. A better value of g will 

be derived in Sec. III.5. 

The experimental A2 coefficients, A2exp' for the six prominent y-transitions 

are listed in Table 1 and compared with the values, A.
2 

, expected for maximum 
max 

alignment in the isomeric level (population of tn = 0 state only). Most transi-

tions however do not originate from the 7 level; the effect of the preceding 

y-transition(s) was then estimated by assuming the lowest possible multipole 

order for the preceding transition(s), which reduces A2m by ITu, the product . ax 

of the corresponding u-coefficients taken from Ref. 2. 

• 

,..; 

• 

't' 
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The A
4 

coefficients had to be neglected. We seem to observe A
2 

values of 

about one-half the ones expected for full alignment of the isomer. 

III.5. Relaxations Affecting the Alignment of the 
206

Pb Isomer 

For an isomeric state of a heavy element, having 10-
4 

sec lifetime, 

imbedded in liquid mercury, relaxation effects cannot be neglected. The 

relaxation time T applicable to a quantity which transforms under rotation 
r 

as a tensor of rank k is connected to the relaxation time T
1 

of ordinary 

NMR approximately by 

T = 2T
1
/k(k+l); 

r. 
(10) 

a disucssion of this point is presented in Ref. 13. We make the additional 

assumption that the magnitude of the fluctuating fields at the nucleus which 

cause the relaxations is essentially the same for Pb in Hg and for Hg in Hg. 

This ignores the differences in the polarizabilities of the ions as well as the 

perturbation of the conduction electrons
14 

for which we lack good estimates. 

4 
Cornell has measured for Hg in liquid mercury the contributions to 

the relaxation time T
1 

which are due to the interaction a) of the nuclear 

magnetic moment with the conduction electron spins and b) of the quadrupole 

moment Q with the electric'field gradients set up by the :capidly changing 

environment. Under the assumption just mentioned we can neglect the 

' -2 ' ' ' 
magnetic relaxation (Tr :=:::: 10 sec), since the g-factor is very smalL The 

l t . t. t d f th 206Pb . . . th re axa lon lme expec e or e lsomer ln mercury lS en 
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since the quadrupole relaxation rate is proportional to the square of Q. Here 

T
1

q is the quadrupole part of the relaxation time observed in the ~lliR of 
201

Hg 

in liquid Hg, 

-6 T
1 

= 22·10 sec 
4 

from ; we use 

Q(
201

Hg) = +(0.50±0.04) barn 15 from . 

In the presence of relaxation one will observe a coefficient A
2 

smaller than in 

the unperturbed case by the factor 

a : T j(-r + T ) 
2 r r 

( llb) 

and the correction to be applied to the "apparent g-factor" g as obtained 
app 

from Fig. 3 through Eq. (2) is 

T + T 
r 

g = -----~ T gapp 
r 

A l · th - lt f S t III 4 -- (0.5+_0
0

·.
1
5), we have the fl"nal pp ylng e resu rom ec . · . , a 2r 

results 

g = -(0.035±0.020) 

IQJ < 0.2barn 

III.6. Calculation of the g-Factor for the 206Pb Isomer 

(llc) 

(l2a) 

( l2b) 

The 7- level in 
206

Pb is considered to be of predominantly P
1

;
2

i
1312 

neutron hole configuration. Calculations of the g-factor' were made using 

both this simple wave function and a more complete wave function obtained 

from the shell model calculations of Ref. 16. As might be expected, the 

•" 

• 
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calculated values are more sensitive to the choice of the g-factors for the 

single neutron hole states that to wave function admixtures. Assuming a pure 

p
112

i
1312 

configuration, we calculated g = -0.06 using the p
112 

and i
1312 

207Pb and 197Hg· g--'factor obtained from measurements in respectively 

(g= -0.2 with the Schmidt values). The use of more accurate wave functions
16 

does not improve the agreement.with experiment, giving g = -0.08. 
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Fig. 1( a). Level scheme of 

(b). Level scheme of 

-13...; 

FIGURE CAPTIONS 

73As. 

206Pb. 

Fig. 2. 
71 . 73 

Spectrum of the delayed y-radiation from Ga(a,2n) As. 

UCRL-18958 

Fig. 3. Angular distribution of the two y-rays deexciting 73As in cascade. 

The errors are statistical uncertainties only. The curves are from least-

squares fits, disregarding the 90° point for the 66 keV transition (W(90) = 1). 

Fig. 4. Ratio of y-ray intensities N(Ey,8) ~· magnetic field for the 
73

As 

6 ]Jsec isomer. 

Fig. 5. Ratio of y-ray intensities vs, magnetic field for the 
206

Pb 123 )Jsec 

isomer. Note the changes in abscissa scale. The points in the region 

H
1 

:::::: 0 have nearly the same errors as the points farther- out. 

Fig. 6. Mixing ratios 8(360) and 8(66) for two y-rays in 73As. 

/-} 
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Appendix 1. An Attempt to Study the 17 ~sec State in 101Ru 
. 100 101 

Followlng Mo(a,3n) Ru 

The 11/2- isomeric state in 101Ru (E = 527 keV, T
112 

= 17 ~sec) is 

strongly populated by the 100Mo(a,3n) reaction and exhibits a favorable y-spec-

trum (two lines of 220 keV and 307 keV). 

Since Mo is a cubic metal showing a sufficiently long relaxation time 

T
1 

even at room temperature 
2 -2 100 

(T
1

Tg > 10 sec°K) a Mo (95.9%) metal foil 

2 of about 0.04 g/cm thickness was used as target and recoil catcher. 

The angular distribution was measured at three temperatures. Figure lA 

shows one angular distribution. The values obtained for A
2 

at the various 

temperatures are as follows: 

max. alignment 

hard core value 

A
2 

( 220) 

+0.05(2) 

+0.055(15) 

+0.454 

+0.09 

A2 (307) 

-0.112(20) 

-0.114(15) 

-0.132(30) 

-0.357 

-0.07 

The values A
2 

are apparently very much reduced from the values for maximum 

alignment arid pure lowest multipole character as given in the last but one 

line; for these, population into m = 0 only was assumed. Since the reduction 

is temperature independent, it is not due to relaxation with conduction 

electrons. 

A magnetic field was applied perpendicular to the beam-detector plane. 

Assuming g ~ -1.0/(11/2) = -0.18 (from the corresponding states in 113cd, 115cd), 

one ' . .rould have reached 2wT = l with H1 = 23 gauss. However, with fields up 

• 

• ' 
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to H1 = 300 gauss, no change can be seen in the data displayed in Fig. 2A 

contrary to the expectation based on Eq. (2). 

No proven explanation can be given of these observations. A possible 

hypothesis would be: Most of the isomeric nuclei experience randomly oriented 

static quadrupole fields which reduce the coefficients A2 to their hard core 

values (A
2 

to A2/5 and A4 to A4/9). These interactions are not overcome by a 

magnetic field of up to 300 gauss. Note, however, that for the 307 keV tran-

sition the anisotropy observed is larger than the hard core value, let alone 

the expected further reduction during neutron- and gamma-emission. Admixtures 

of higher multipoles essentially cannot increase A
2 

enough, and other values 

of the level spins seem improbable. 
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FIGURE CAPTIONS TO APPENDIX 1 

Fig. lA. Angular distributions of the 220 keV and 307 keV gamma rays 
' 

depopulating the 
101

Ru isomer. 
>) 

Fig. 2A. Intensity ratio of 307 keV and 220 keV y-line 

a) in the 54°-detector at different fields. H1 . 

b) vs. 8, with H1 as parameter. 

\) 
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App~ndix 2. Angular Distributions and Multipole Mixtures 
73 for the As Decay 

UCRL-18958 

In Table Al the experimental values of A
2 

(360), A4 (360), and A
2 

(66) 

appear as the t~irst entry. 

Since no value of the mixing ratio o (360) can reproduce the observed 

combination of A
2 

(360) and A4 (360)·, an attempt is made to first correct for 

the attenuation of A
2 

and A4 in the following way: The ~ expected for maxi

mum alignment (population restricted tom= ±l/2 states of the isomer) are 

given as the second entry. This degree of alignment cannot be reached, however, 

since the spin of the starting nucleus, 71Ga, is I= 3/2. If there'were 11 no 

attenuation" (equal population \n m = l/2, 3/2, nothing in the other m-states), 

the third line would apply; it means a reduction 

~ = ~ reduced/~ max alignment 

which is given in the fourth line. The reduction experiment/no attenuation is 

quoted in the bottom line. ·Instead of the step population distribution, one may 

use a Gaussian spread, for which Yamazaki has performed calculations
2

; the 

spread which in this simple model reproducesa
2 

(360) = 0.38 (or 0.80), gives 

the ~-values of line five (or line six). 

It appears as though all the .model assumptions agree with· the rela-

tive attenuations a 4 (360)/a
2 

,(360), and a
2 

(66)/a
2 

(3~0). 'Vle therefore use 

the calculation of Ref. 2, which may for this purpose be summarized as 

free parameter. 
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This curve intersects the line of possible (A2, A4) combinations in 

(A2' A4) 8 (360) ( +0.10 . 
0.70. the plane at = 0.05_0 .

05
) wlth a 2 = 0.5 ... Pro-

ceeding similarly for the pair A
2 

( 66), A
4 

( 66) , and combining finally with 

the result (8) of Ref. 8, we obtain a region of combinations 8 (360), o (66) 

which is compatible with both experiments, It is presented in Fig. 6. Use 

has been made of the conversion coefficients and lifetimes to exclude the pas-

sibilities I o ( 360) I 2: 1 and I o ( 66) I 2: 1. In conclusion we mention that 

A
2 

(66)/A
2 

(360) = -0.700 is expected independent of the population distri-

bution in the isomer, whereas the experiment gives -0.59±0.16; the A
2 

values 

quoted in Ref. ll give -0. 73±0. 03. 
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