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s +  3 +  �9 The nuclear decay of the ~ 139 keV state to the ~ .~round state was observed in mu- 
onic 193ir" The hyperfine splitting of the ~ + state and ~ state was determined to be 640 
• 100 eV and 1280 ~: 160 eV, respectively. The ground state splitting is about twice that 
of a point nucleus, an anomaly never observed this large. This is mainly due to the dif- 
ferent radial distribution of spin and orbital magnetization of a d3/2 proton configuration 
for which these contributions nearly cancel to zero in the magnetic moment. But calcula- 
tions including configuration mixing and coupling to a vibrating or a deformed core show 
deviations. The groundstate anomaly is in line with that observed by the Mbssbauer tech- 
nique. 

1. Introduction 

The magnetic hyperfine interaction of a nucleus with a muon bound in its lower 

states (1 s 1/2, 2p 1/2) strongly depends on the nuclear magnetization distribution, 
known as the Bohr-Weisskopf effect [1 ] or hyperfine anomaly. The effect of the 
finite nuclear size leads to a reduction of the contribution to the magnetic interac- 
tion from orbital angular momentum,  spin of the nucleus and an additional tensor 
term. 

This has been discussed for muonic atoms on the basis of different nuclear models 
by several authors [2-5] .  Experimental results for a number of nuclei were deduced 
from muonic transitions with the nucleus in its ground state and from nuclear tran- 
sitions with the muon in its ls1/2 state [6]. All magnetic splittings observed so far in 
muonic atoms experienced a big reduction of the order of 40 -50% as compared to 
calculated values for a hypothetical point nucleus. 

The magnetic splitting AE m of a nucleus with the lsl/2 muon is given by 

Z2~Em _ 21+ 1 A I(], f ) (1) 
I 
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where A 1 is the magnetic hyperfine interaction parameter which depends on the nu- 
clear state I and on the muon state j. A 1 is the sum of  the orbital At and spin contri- 
bution As: 

A1 =At+As. 

Due to the finite size of  the nucleus A l and As are reduced in their absolute values, 
As being stronger reduced than At [3]. In most cases this leads fo a reduction of  A 1, 
e.g. when the spin and orbital contribution to the magnetic moment are of  the same 
sign (for I = l + �89 nuclei)�9 In those nuclear states where the magnetic moment re- 
sults as a near cancellation of  both contributions (e.g. d3/2 state in 193I 0 the mea- 
sured hyperfine splitting can become even larger by a factor of  two or more com- 
pared to a point nucleus. However, up to date one did not succeed in observing the 
hyperfine interaction in muonic atoms for such nuclear states. 

This paper reports on a measurement of  the magnetic hyperfine splitting of  the 
5 +  3 +  - 5 nuclear transition in muonic 193Ir. 

2. Experiment and analysis 

The experiment has been performed at the CERN muon channel with an experi- 
mental set-up described elsewhere [7]. Fig. 1 slaows part of  the muonic spectrum 
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. . . .  " 3+ 5 +  . Fig. 2. Magnetic hyperfine splitting zXE m of the : nuclear ground and : excited states of mu- 
onic 103it (right side). The corresponding nuclear levels without a muon are given on the left 
side. The F = 3 sublevel is depopulated by a fast M1 interdoublet transition with T1/2(M1 ) = 25 
ps. Tbe first excited { + state at 73 keV has been omitted. 

taken with a 1 cm ~ planar Ge(Li) detector with an energy resolution of  630 eV 
FWHM at 140 keV. 

During the muonic cascade the s + state of  19 ~ Ir and 193Ir are both excited to 
(22 -+ 5)%, per muon stopped in a target of  100% isotopic abundance [8]. Taking 
into account the conversion coefficients and half-lives [8], this corresponds to in- 
tensities of  the ~+ - ~+ 7-transition of  2.3% and 4.5% per/~-stop for :9~ Ir and 
193Ir, respectively, in a natural target. The nuclear decay takes place wl-dle the muon 
is still in its lsl/2 orbit, leading to the hyperfine levels F = I + ] and components, 
which are depicted in fig. 2. 

The measured magnetic moments of  the 3 + and ~+ states in 193Ir are (in units of  

UN) 

/J(~) = 0.1580 -+ 0.0012 and /2(}) = 0.73 + 0.13 [9]. 

5 +  3 +  The : - - transition is of  multipolarity M1 + E2 with a mixing parameter of  ~2 = 
0.13 [10]. The sublevel F = 3 of  the excited nuclear state is depopulated by a fast 
M1 interdoublet transition which proceeds mainly by electron conversion. 

3+ 193ir As can clearly be seen from fig. 1, the s + _ : transition in exhibits a hyp- 
erfine splitting. Unfortunately, the hyperfine components in 291Ir are masked by 
the 128.09 keV 4 - 1  muonic transition in nitrogen with unknown intensity and by 
the fine structure components of  the 1 5 - 9  transition in muonic Ir at 130. i keV 
with an intensity of  38% relative to the 1911r nuclear 7-line. Therefore, we were not 
able to deduce the hyperfine parameters in this nucleus. 

In addition to the prompt muonic spectrum in fig. 1 ( 0 - 1 0  nsec after/l-capture 
in the target) we have recorded delayed and calibration spectra simultaneously, from 
which we deduced the line shapes of  single muonic X-rays and 7-transitions. Knowing 
the parameters of  the line shape, we have fitted 3 independent hyperfine components 
only correlated by their line width to the s+ _ ~+ transition in 193Ir. Because of  its 
low intensity (13/12 = 0.024) the F = 3 to F = 1 transition (fig. 2) has been neglected 
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in the evaluation. Five fine structure components of  the 16 -9  transition in muonic 
Ir have been taken into account at an energy of 138.85 keV with a known intensity 
of  5.2% relative to the 9 - 7  transition, or of  11.4% relative to the 193Ir nuclear 3,-line 
(see fig. 1). The whole energy region in fig. 1 was fitted simultaneously. From this 
fit we obtain the experimental data of  the 3+ ground state and z s-+ excited state h.f. 
splitting: 

z2XEm(3) = 640 • 100 e V  ZXEm(5) = 1280 • 160 eV 

and the intensity ratio 14/12 = 6.0 • 2.5. 

3. Discussion 

3.1. Intensities o f  the hyperfine components 

The intensity ratio 14/I 1 (fig. 2) depends on the relative population B of the sub- 
levels F = 3 and F = 2 as a result of  the muonic excitation, and furthermore on the 
competing transitions between the doublet (3 -2 ) ,  due to the highly converted M1 
muonic transition, and the nuclear ground state transition [8]. For the population 
ratio a value B = 1.2 was calculated on the basis of  an E2 nuclear muonic interac- 
tion [11, 12]. Using formula 12 of ref. [8] we calculate T1/2(M1) = 25 ps for the 
interdoublet transition. For the nuclear transition we adopt the values T1/2(139 
keV) = 88 ps and 62 = 0.13 for the half-life and mixing ratio from Berg et al. [10]. 
For these values the muonic magnetic polarization [13] may be neglected. Ac- 
cording to the formulas of  ref. [8] we derive for the intensity ratio 14/12 = 6.5. This 
is in good agreement with the above experimental value. 

3.2. Magnetic hyperfine splitting ~ m  

The hyperfine splitting for a point-like magnetic distribution can be easily calcu- 
lated with the lsl/2 (relativistic) muon wave function which is very well known from 
a calculation based on a fermi charge distribution fitting the experimental muonic 
X-ray transitions [ 12]. 

We derive for the point magnetic distribution with the above experimental mag- 
netic moments 

AEm(~ ) = 282 -+ 0.2 eV; m~2! - 1220 + 210 eV.  

The so-called hyperfine anomaly e = z2xEm/z2xg P - 1 is then 

e(3) = 1.30 • 0 .22 ,  e(}) = 0.07 • 0 .21 .  

For an estimation of the splitting for an extended magnetization distribution it is 
essential to have good wave function at hand. But this is a well-known problem for 
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the states in question. There have been many attempts to calculate the low level 
M1 transitions and magnetic moments in 193Ir using the weak coupling model [10] 
or the deformed nucleus model including Coriolis coupling [10, 14]. But so far no 
consistent picture has evolved describing all parameters consistently. 

With the measured hyperfine splittings we have now an additional piece of in- 
formation about the 193Ir nucleus which should be included in future attempts to 
solve this riddle. In this discussion we will only point out that again simple consider- 
ations of nuclear models do not lead to an explanation of the 193Ir ground state 
configuration and we will arrive at conclusions which were also derived by Perlow 
[15] in discussing the electronic hyperfine anomaly measured with the M6ssbauer 
effect. 

The ~ + ground state of 193ir is generally assumed to be mainly of 2d3/2 proton 
configuration. The magnetic moment is very close to the Schmidt value of p = 0.129. 
Only little configuration mixing is necessary to fit the experimental value of/~ = 
0.158. Using a computer code by Engfer and Scheck [3] by which the magnetic 
moment and the hyperfme splitting including an Arima-Horie type [16] (Al = 0) 
configuration mixing are calculated we adjusted the parameters such that the calcu- 
lated moment fits the experimental one. With the 6-interaction parameters VsI = 
25/A and [Vt/Vsl = 1.5 we obtain for the ~ state. 

AE ~ "  - A ,orbital AESm pin = (2128 1130) eV = 998 eV. mU~) -/"uz m + 

The admixed configurations are mainly h9/2 - h 11/2 and d3/2 - ds/2 proton and 
i13/2 - i 11/2 neutron particle hole states. The calculated splitting and h.f. anomaly 
em (3) = 2.54 deviate quite drastically from the experimental ones. Applying the 
same model with slightly different parameters a value quite close to ours was also 
calculated by Fujita and Arima [171. 

One can conclude qualitatively from this result that the magnetic distribution 
should be quite different from that of a d3/2 configuration. The orbital part should 
compared to the spin part, participate relatively less to the magnetic moment. 

We will check now if this may arise from collective effects of the vibrating 
deformed core of 192Os. Fortunately the muonic hyperfine splitting in the 2 + state 
of 192Os was measured [18] to be AEm(2 +) = 800 -+ 80 eV. In the weak coupling 
model the nucleus may be partially in the (2 § d3/2) ~ configuration. For this the mag- 
netic moment is given by/1((2+d3/2) 3) = 1/l(d 312) -~ ~t~(2 +) The hyperfine splitting / 
for this configuration includes the same coefficients for the corresponding two 
terms. We see that this (incoherent) admixture would only increase the discrepancy, 
because the magnetization in the 2 + state is mainly of orbital character. The situa- 
tion is quite similar if we describe the ~ state in the model of a deformed nucleus. 
Here we would have the contribution of the factor gg = ~/~(2+) in the magnetic mo- 
ment. The calculation of the splitting is now more complex. But because the [402]} 
Nilsson state is to about 86% of d3/2 character, again the contribution of the orbi- 
tal part would increase and therefore also increase the discrepancy to the measured 
value. 
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In the ~ state we do not encounter the above difficulties. I f  we use the weak 
coupling model and ascribe the excited state to a coupling of the d3/2 proton to a 
2 + phonon we get for the magnetic moment 

+ 5 13 11 :~+-, 
1.((2 d312)~)  = ~ 1.(d3/2) + i--41*tL ) .  

With the experimental values 1.(d3/2) = 1.(}) = 0.158 and, from ig~Os, l,(2 +) = 
0.797(36) we obtain 1*(s) = 0.724(28), in agreement with the experimental value. 

Correspondingly the h.f. splitting is given by 

z~tgm(S) = 13 z~tE 3 11 + 
r l  m ( ~ )  + iaz2xEm(2 ) .  

Using the experimental splittings we get 

zkErn(~ ) = 1031 + 100 eV 

again in reasonable agreement with the experimental value of 1280 -+ 160 eV. If  we 
use instead the above quoted calculated groundstate splitting we arrive at A~Em(s) = 
1250 -+ 60 eV, which agrees even better. 

lO 
In the deformed nucleus we have to replace the two coefficients by ~ and iz, 

respectively. Obviously we obtain nearly the same result as in the weak coupling 
model. As in all determined h.f. anomalies so far good agreement with theory is ob- 
tained in cases where the orbital parts dominate. 

3.3. Comparison with MOssbauer effect measurements 

The magnetic hyperfine anomaly of the -~+ state in 19air has been observed in 
I 4  

electronic atoms by Perlow et al. [15] using the Mbssbauer technique for the 5 - 
~+ 73 keV transition (which in our muonic spectra was masked by electronic K31 
X-rays of Os resulting from 1*-capture in the Ir nucleus). Here the measured quantity 
is the difference of the anomalies 

3/2 AI/2 = e(a/2) _ e(1/2). 

Perlow et al. found a value of 3/2A1/2  = 5.8(6)% which also indicates an increase of 
the magnetic interaction compared with a point nucleus. Since the difference can 

3 t nearly completely be attributed to the (e(~)/e(~) ~ 10) they derive e(~) ~ 5.8%/0.9 
6.4%. 
The ratio e0~)(~)/e(e)(3) = 1.30/0.064 = 20.3 is surprisingly close to 19.3 = as0~)/ 

a s(e), where a s is the relative decrease of the muon or electron magnetic field aver- 
aged over the nuclear volume [ 19]. Both methods therefore show the same relative 
discrepancy with respect to the different models, though the influence of the finite 
size of the nucleus amounts to only 6.4% in electronic atoms compared to more 
than 100% in muonic atoms. 
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