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Relatije muon capture probabilities for the individua; elements of
‘cohpounds and relative muonic x-ray intensities have been measured for a
series of ionic solids and some related elements. Markea similarities are
observed in relatiyé.K and L series intensities of a single ionic species,
independent of bond partner (eg. Cl in NaCi and CaClz); However, significant
K series differences are observed for an element in an ionic versus a covalent
situation (eg. Cl in NaCl and in NaClO4), with the higher.K X-rays from the
covalently bound eleﬁent showing relative enhancements «f as much as a factor
of two over the ion. The measured intensities have been compared to the pre-
~dictions of a meson Caécade code, which allows variation in the nuon initial
principal quantum mémbcr (Ny) and the parameter a in the commonly used mod-
ified statistical angﬁiar momentum distribuﬁion, P(2) = (20 + 1) exp (af).
The fit was quite ihsensitive to the choice of Ny (in the ﬁeighborhood Ny = 17)
but the results could ﬁot be well fitted with a single value of . The atomic
capture probabilities predicted by recent calculations do not fit the data

noticeably better than the Fermi-Teller "Z-Law".



I. Introduction

vThe.results of many diversce experimcntsl—6 now indicgte that the
mblecular or atomic structuré of matter significantly influences the -
capture of negative mesons. Generally these studies have been non
»syﬁtcmatic and the'meésurements of x-ray intensities contained large
expcrimentai uncertainties. Theoretical work on the dececleration and
atomic capture of mééons7flo with suBsequent radiative and Auger de-
excitation11 so far fails to satisfactorily account for thé observed
chemical effects.

Motivated by these consideraticns, wevhave measured muoﬁic X-ray
intensities for a carefﬁlly chosen series of materials, seiected with
specific chemical strucfure factors in an attempt to observe simpie
trends in the cabﬁure process. Such x-ray measurements give the relative
intensity ratios within the muon Lyman and Balmer series,'as well as
‘the total relative capture probabilities for the constituent atoms of
the respective compoﬁnds.

The important target sequences were (1) the isoelectronic series Ar

(liquid), KC1, and CaS (with Ca, S, and CaSO, for comparison); (2) NaClO4,

4

MgSO4. A1P04, and Si0,, an isoelectronic, isostructural series (which were

2’

compared with NaCl, MgSO4‘ 7H,0, and Si); although.the overall crystal structure

2
of these compounds is not the same, the local tetrahedral coordination of
oxygens about a cenfral'atom is present in each with comparable bond lengths;
and (3) a series of chlorides, NaCl, MgC12 (intended), and‘AICiS (which were
compared with KCl1 andACaCIZ). MgC12 was ultimately not run because it éould
not be obtainedrin anhydrous form. Also, ordinary tap water was briefly

examined to compare with data for H.,0 taken at the Los Alamos Mecson Physics

Facility (LAMPF).



IT. ExporlmentalzProcedure

The expérimcntal work was performed at the 184 inch cyclotron of
the Lawrence Berkeley Laboratory. The negative meson beam was produced
in an internal Be target, and momentum analyzed by thé fringing fielg
of the cyclotf@ﬁ._ It then exited from the machine through a thin window
in the vacuum tank, and entered'thc meson cave through a Zm-long collimator.
In the meson cave the beam was directed to the counter tclescope axis
and focused on the target with a bending magnet and é quadrupole.doubéea‘
The nominal momentum of the extracted beam was 180 MeV/c, the miﬁimum
convenient value consistent with geometric constraints.

The counter telescope, target, and Ge(Lij detector rested on a
-large table mounted on rails so that it could be rolled in or out of
the beam line. The muon counter telescope consisted of four scintillation
S ,84), and a water Cerenkov counter (C).. The Cerenkov

2’73

counter was placed between Sl and 82, and the target was placed at a

counters (SI’S

45-degree angle to the beam line and sandwiched betwegnASS and 84 {(Fig. ¥}.
The signature of a stopping pion or muon was SIESZSSEAf A remotely con-
trollable, variablé thickness, polyethelyne absorber, just upsiream of
S1 was adjusteé tb maximize the stopping rate of muons in the target.
Optimum absorber thickness was determined by maximizing the number of
muonic Ko x-rays detected in the Ge(Li) specfromercr per stopped particie.
At this optimum_abéorber thickness the contamination from shorter-ranged
pioné was, for the purpose of this experiment, nggligihie.

The Ge(Li) crystal, 30 cm3 active volume with truc coaxial geometry,

was sct opposite the back face of the target at 90 degrees to the beam

line (and thus at 45 degrees to the target). The distance. from the front



face of the Ge(Li) to the center of the target was about 11 cm. The
detector was shielded with lead bricks to reduce photon backgrouﬁd and

also surrounded with bdric acid bricks and sacks of borax to reduce neutron
damag¢ to the detector. The line of sight of the Ge(Li) detector.to.the
target aud the beam line, was shielded by the scintillator, 34.

A requirement 6f a valid Ge(Li) pulse was the signal, [Ce(Li)]§a.

This anticoincidence condition eliminated background due to muon-decay
electrons from the target area. While redundant for the prompt x-rays,

this anticoincidence requirement was useful for reducing backgroﬁnd in

the comparison delayedétihe spectra. The system resolution was approximately
3 KeV at 1.33 MeV, compared to the detector's intrinéic resolution of 1.9

KeV. The degradation of resolution resulted from the use of lbﬁg cables

and a short amplifier time constant, necessary to enable high data acquisition
rates.

Each signal from the‘Ge(Li) detector was routed through'onc of four
contiguous time gates, depending on its time of arrival relative to a muon
stop. Pulses in each gate were processed by an analog to digital converter
(ADC) and stored in one of four 4096-channel pulse height spectra, using
a PDP-15 computer.

Promptchincidences were centered in the second timing gate, G2, of
width 25ns. The spectrum addressed by this gate nominally confained the
x-rays. The spectrum in the "negative time" gate, Gl’ was comprised
primarily of uncorreiated background, and the spectra in the two delayed

gates, G, and G
fa

3 r primarily contained correlated delayed y-rays. Monitoring

of the overflow of the x-ray spectra into Gl and G3 insured against x-ray

losses due to energy-dependent timing shifts. This precaution proved to be
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essential for'yield:determinations of the lower—cnergy L x-rays because
a timing shift did move a significant but determinable fraction of these
X-rays into GS'

The electronic syétem accepted data only during the time of uniform
cyélotrgn beam spill. The telescope pulses were also gated by a pile
up reject system. - The gated'muon stopping rate was 25K to 30K p /sec.

The target materials were of commercial reagent-grade purity; The
target holders were 8 x 8 inch Lucite frames, 1-7/8 inch thick with 0.015
inch Mylar windows. The target thicknesses were all approximately Sg/cm:

The muonic x-ray intensities were determined by a version of the
spectrum analySis code GAMANLIZ, whichvemploys Fourier transforms for
spectrum smoothing. In general, GAMANL worked accurately when compared
with hand integrated spectra, except for a few of the lowest ¢netgy peaks
‘_nearAthe discriminaiion threshold. Hand integrated intensities were
employed fqr thése cases. Unceptainties in areca are thosc- assigned by the
GAMANL program. For the ménually analyzed peaks, the statistical céunting
error was combinea with an estimated uncertainty in the amplitude of the
hand-drawn backgroﬁnd béseline. .In addition, intensities were corrected
both for detector photopeak efficiency and x-ray absorﬁtibn in the target.

The relatiye,efficiency—vs»energyvcalibration for the Ge(Li) spectro-

meter was made using TAEA standards and 182

Ta, and employing the method
. .. 13 . . . . .

described by Jardine . This calibration was repcated in situ for the

entire clectronic éyStem in addition to the Ge(Li) detector itself. The

muon stopping signal was simulated by a fast signal generated from the

Ge(Li) pulse. For cnergies above 250 KeV the overall system efficiency

was identical to that of the detcctor alone. However, at energies below



250 KeV there.was a significant rclative fall off in the overall systenm
efficicncy. This was apparently due to the Cgmbined effects of time

slewing and threshold jitters in the fast-slow coincidence network that
generated the logic an& timing pulsés for the Ge(Li) detector. The in

situ calibration was repeated at the beginning or end of each running

period (one 6r two days).. Efficiency calibration errors of * 3% were
assigned for energies ébove 250 KeV and of * 10% for energigs below 250
KeV (this included the Oxygen K x-rays and almost all measured L— xérays).
Target attenuation was calculated as a function of energy using the
actual target geometry bﬁt assuming a point detector at the center of the
face of the actual detector. Results were calculated both for a uniform
sfopping distributioﬁ aﬁd for a Gaussian that more nearly épproximated the
true distribution. The triﬁle integrals were evaluated numerically by.
8-point Gaussian quadrutures. Results from the two assumed stopping dis-
tributions were negligibly different. Attenuation corrections werc as
much as 46% at the lowest energies. However the greatest relative cofrection
over the range of any'single K x-ray series was only 3% and only 12% over
the range of an L-series. 'No additional error was assigned to this target-
attenuation correction. The internal consistency of the calibrations and
corrections were checked for each element by comparing the Lyman a intensity
with the Balmer sﬁm. Tbesevshould be cqual, and were found td be so, within

the approximately 15% meaSufement'uncertainty.

11I. Results and Discussion
Table I contains most of the measured muonic Lyman series intensity

ratios. The tabulated uncertainties include statistical error and error



from detector efficiency and self absorption corrections. Additional
analysis has modified some values we have previously published14. The

15{16 within the

data arc in general agreement with other reportéd values
quoted uncertainties.
A striking result of this data is the marked similarity of the

intensity patterns for the calcium ioh in Ca metal, CaCl CaS, and CaSO4,

2’
for the sodium ion in.NaCl, and~NaC104, and for the chloride ion in NaCl,

~KC1, CaCl, and A1C13. The data for the calcium ion is shown in Fig. 2.

2
Very recent datal7 taken at. LAMPF for Na, and K shows intensity patterns
similar to those we report here for these elements in NaCl and KCI.
These observations suggest that for alkali and alkaline earth metals and
ionic compounds of these elements,muons are captured by a given ionic
species with the same initial angular momentum distribution. We note that’
for these ions the electron distribution is isotropic. Thus the angular
momentum distribution is apparently not significantly influenced by such
factors as the bond partner, gross crystal structure (eg. face centered
cubic for Ca but orthorhombic for CaSO4), electrical resistivity (eg. about
10_6 ohm-cm for Ca compared to about 1016—1022 ohm-cm for alkéli halides)
and band gap (about 8 eV for alkali halides and none fqr metals). Since
elcctron vacancies can have a large effect'on the muon cdscade this insen-
sitivify to variation in electrical resistivity may imply that the time
required for electrons to refill-the electronic shells of the capturing ion
(depleted by the muonic Auger effect) is not significantly different for
mctals and insulators, or is short compared to the cascade time.

Clear evidence of the influence of chemical structure on the muon

capture mechanism is manifest in the comparison of the intensity ratios

of the ionic chlorides (C1 ) with the covalent chlorine (formal valence



C1+7) in NaCIO4; The differences in-these ratios are shown in Fig. 3.
The higher members of the Lyman series are ﬁore intense by up to a factor
of two for the covalently bonded chlorine. A similar chemical difference
is apparcnt.bctween the intensity pattern of the sulfide ion (S_Z) in Ca$S
and thé pattern of pure rhombic sulfur (cyclic SS molecules) and sulfur
(formally S+6) in CaSO4 and MgSO4. (See Fig; 4) Again the covalcent
‘species yields intensity ratios enhanced by almost a factor of two. The
higher members of the Lyman series have also been observed by Knight et allS
to gain intensity on progression through a series of strongly ionic to
strongly covalent metal oxide tafgets. One may speculate that this ditference
between ionic and covalent compounds is ré]atod to the shape of the eléctronv
distribution about each atom. Unlike the isotropic electron distribution
for ionic species the elegtron distribution in covalent bonds is directed
along the bond axes. Further, this effect emphasizes the influence of
valence electrons, as opposed to the core, on the muon cépture mechanism.

From Table I we may also compare the Lyman intensity ratios for the
MQSO4 and MgSO4°7H20 targets. The ratios appear somewhat higher for both
Mg and S in the hydrate. This may be due to the possible formation of the
p-1 "pscudo-neutron'. This structure is known to trénsfer muons to high
Z nuclei with low angular moméntum and attendant increased strcength in the
higher Lyman serices mcmber518~21. The data are suggestive of this cffect but
better statistics arc neceded to provide firmer eﬁidence.

The intensity data for intrinsic silicon and silicon in SiO2 also
appears in Table I. The Si intensity patterns are quite similar. These
arc both covalent Crystalé where Siohas sps orbital hybfidization.

Chemical effects are also manifest in the siﬁilnrity of the oxygen

Lyman spectra in the scrices NnC104, MgSO,, CaSO,, AlPO

4 4 4 and 8102 (Table 11).



In all of these compounds the oxygens are tctrahedrally placed about a

central atom with similar bond lengths. Our water data (Table IT) are
5,22 |

>

in fair agreement with previous measurements .

The Balmer series results are shown in Table IIT. Our apparatus
could not resolve radiation below about 100 keV so only the Balmef
series spectra for Cl, Ar, K and Ca were measured. We observed the same
correlations for¥the Balmer intensity patterns as for thevLyman series,
All of the calcium-ion spectra are roughly similar and ali the chloride
ion spectra are,similar. Again, the higher members of the series are
more intense for_;hlorine in NaCIO4 than for the chlorides.

- The measured intensities may be compared to those calculated with
a cascade model of muon deexcitationll, which assumes a certain muon
initial angular momentum distribution at some muon principal quanfum‘
number (usually.l4—20). For convenience, a modified statistical dis-
tribution of the fOrm P(L) = (22+1) exp (al) is usually chosen. The
parameter & is-varied to obtain the bést fit to the data. . The calcul-
ations were performed with the computer code CASCADEZSL fhe parameter
o was varied in steps of 0.10. Each x-ray spectrum calculated in this

way was compared to the experimental Spectrum and the reduced chi-squarc

s

2 . L. : - 2
(Xv") was determined. The range of o spanned the minimum value of Xy -

Table TV gives the values of a corresponding to the lowest sz found,
along with those sz valugs.' In addition, XVZ is shown corresponding to
values of o bracketing‘the minimum. Some of the sz values are quite
large, but this doeélnot reveal the details -of the qualiiy of the fit.
Fjgufe‘s shows the data for chlorine ih"C’aCI2 compared with the calculated

intensity ratios for a = +0.2 and +0.3. We sece that the Kg8/Ka and Ky/ka

ratios mav be fitted with a = +0.3. However, at KS/Ka the data lies
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between fhe calculated points. Agrecement for the Ke/Ka and KZ/Ko ratios
required o = +0.2. This required variation in & was observed for almost
all targets employed. If the cascade was started at different initial
principal quantum .numbers {Nu = 15, 16, 17, 18), negligible .variation in
the calculated intensity ratios was predicted by the code. Allowing for
K—sheli electron vacancies significantly depressed the calculated ratios,
neverthcless; no single value of a could reproduce the appropriatc intensity
patterns. It should be noted, therefore, that while the (22+1) exp(af)
distribution is customarily chosen for calculational conveniénce it does
not appear to reflect én actual initial distribution of the captured muons.’
By summing the inteﬁsities of all observed Lyman series transitions
we can determine the relative muon capture probabiiities W(Z) and W(Z7)

for the clements Z and 2~ in the compound ZmZ’k. Then the atomic capture

ratios is given as A(Z/77) = WéZ) / W(i’) . In Table V A(Z/Z7) from this
work 1is combared with other measurements as well as with the'predictions

of the Fermi-Teller Z-law and more recent calculations. The agreemént

with reported values for NaCl, KC1, AlCl3 and SiO2 is generally satisfactory.
The predictions froﬁ the modified Z-law of Danie126 and the Monte Carlo
method of Vogel et 3127 fit the data about as well as the Z-law. However,
Vogel et al probably would have achieved better agreement with experiment

by using more realistic ionicityv values. The large deviation from

the Z-law ratio for SiO2 is in agreement with previous observationsls’24
that the relative cdptufe probability by oxygen is always enhanced; a result
that has heen attributed to.the large electroncgativity (muon affinity?)

of oxygen. The deviation of A(Ca/S) in CaS and CaSO4 has been noted pre-

. 14
viously
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TABLE I. LYMAN SERIES INTENSITY RATIOS (xlOS)

t

Flemant Toarget
Ma NaC1l
NaC10,
Mg MgSO,
MgSQ4°7H20
.Al AlCl3
AlPO4
Si intrinsic
5102
P AlPO4
S CasS
a
CaSO4
MgSO4 :
Mg804-7HZQ
. S rhombic

82
81

73

89
89

79

90
79

1+

i+

s

I+

1+

H

i+

o+

+

19

56
67

43
55

48
42

51

25

37
37

41
39

I+

33

+

W+

1+

1+

i+

1+ o+ I+

1+

K&/ K

47

48

61

-39

53

35
31

46

23
34

37

49
45

b

-

I+

i+

I+

i+

I+

4+ 4+ + 1+

i+

14+

&N

Ke/fKo

18

1
&

11
17

49

22
20

27

16
22

33

28
30

it

-+

i+

1+

4+

1+

t+

+

L

+

(921

13

KesKo

11

20

+

I+

1+

i+

-+

I+

Kn/km

i+

. KB[K&
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TABLE I. (continucd)

Flement Target KB/Xa Ky/Xa Ké/Ko Ke/Ka Kz /Ko Kn/Ka KG/Ka
Cl NaC1? 73 + 4 23 + 3 28 + 3 20 + 3 9 + 3
KC1 81 = 5 23 + 4 24 + 4 15 + 4 4 + 3
CaCl, 73 + 3 31 + 2 28 .2 23 % 2 10 + 2
AlCI, 76 %+ 3 31 £ 1 31 £1 24 t 2 14 + 2
Nac104“ 93 + 6 43 £ 5 45 + 5 36+ 4 24 + 4
AT liquid 73 + 4 20 + 3 23 + 3 21 £3 12 + 3 12 + 3
K KC1 73 + 4 28 + 3 29 + 4 26 + 3 13 + 3 10 + 4 7 %4
Ca metal 79 £ 3 25 + 2 25 + 2 23 ¢ 2 15 * 2 12 £ 2 2 %
CaS , 64 + 4 22 + 4 23 + 4 19 + 4 84
CaCl, 64 + 4 22 + 3 26 + 3 18 + 3 12 + 3
Caso, .76 £ 5 27 + 5§ 22 + 6 20 + 5 12 + 4 13 £ 6

% Ratios modified from those reported in reference 13.



TABLE 11. OXYGEN LYMAN INTENSITY RATIOS (x10°)

Element Target KB /Ko Ky /Ko KS/Ka
0 (NaC10,) 275 *+ 41 226 *+ 35 ,136 + 21
0 (MgSo4)a"'v' .‘ 269 : 42 205 *+ 32 84 + 14
0 (Mgso4-7H2013 283 * 43 222 * 33 134 + 21
0 (Cas0,)® | 261 + 40° 210 + 32 118 * 19
0 (A1PO,) 287 * 43 225 + 34 ) 135 + 21
0 (510,) n_ i 280 * 42 181 * 27 67 * 10
0 (H,0) '  o 268 + 45 220 * 35 93 + 17

.a Oxygen Kqg could not be resolved from sulfur LB8. The oxygen intensity

was obtained by using the oxygen K3/Ka ratio in AIPOA.

b Oxygen KR could not be resolved from calcium La. The intensity was

obtained from the oxygon K&/KB ratio in A1P04.
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TABLE TI1. BALMER SERIES INTENSITY RATTOS (x103)

(]

Element Target LB/La Ly/La L/La Le/La
c1 NaCl 150 + 23 74 *+ 13 27 + 7 18 +
KC1 153 + 23 65 + 11 19 + 6

CaCl, 150 + 22 76 + 11 26 + 4 9

ALCL, 177 + 26 92 + 13 31 + 5 +

NaC10, 150 + 29 111 * 19 70 + 16 19
Ca metal 109 + 16 46 + 7 25 + 4 17 *

CaS 135 + 200 52 + 8 12 + 4

Caso, 119 + 19 49 * § 28 + 5 13 +

CaCl, 110 *+ 12 44 * 5 10 + 2 7 +
K KC1 128 + 19 55 + 9 41 *+ 7 17
Ar liquid 177 + 27 62 + 10 28 + 6 11 +




G U 04 6 0 8 65 9

TABLE IV FITTING PARAMETERS FOR CALCULATED SPECTRA

' 2

Element Target - oo xvz(a—o.l) x\)“(min.) x\)z(ou().l)
Na NaCl 0.3 12.1 2.9 21.1
NaC10, | 0.3 4.8 1.9 7.2
Al ALCL, ‘ 0.4 17.3 8.3 15.5
AlPO, 0.3 5.9 5.4 15.5
si Cosio 0.3 511 18.5  36.1
510, 0.3 37.9 4.1 10.0
P A1PO, 0.2 19.1 4.6 10.8
s S 0.2 66.5 10.5 25.7
Cas0, 0.2 16.0 1.1 S 1.2
MgSO, 0.2 18.3 3.7 5.9
MgS0,,* 7H,0 0.2 2.6 0.3 1.8
Cas 0.3 9.2 1.9 - 3.8
c1 NaCl 0.3 15.6 4.6 10.9
AIC1, 0.3 40.3 22.9 150.8
KC1 0.3 11.1 2.3 5.7
CaCl, 0.3 17.9 8.6 33.0
NaC10, 0.2 6.4 5.8 21.3
Ar Ar(liq.) 0.3 21.4 8.3 9.1
Ca Ca (metal) 0.2 35.6 4.0 17.7
CaS 0.3 §.4 1.3 5.4
Caso, 0.2 2.8 2.0 8.8
0.3 9.1 4.1 11.6

CuClzv



Table V Relative Muon Capture Probabilitics

COMPOUND CAPTURE RATIO A(Z/Z27)
ZmZ'k(O4) Expt. . Other LExpts. Z-law 'Other Calcs.
NaCl . 0.684 = 0.0S58S 0.787 = 0.0Sla 0.647 O.699d

0.731 + 0.072°

NaCl0, '0.698 *+ 0.059 0.647

KC1 1.16 % 0.03 1.15 = 0.05" 1.2 1.09¢ .
1.34 * 0.14

. ‘ - b d

CaCl, 1.27 + 0.03 1.56 + 0.17 1.18 1.13

(CaS 1.57 + 0.04 1.25 1.18¢
1.31 = 0.18°

Caso,, 1.89 + 0.06 1.25

MgSO4 0.829 + 0.022 0.750

MgSO,, - 71,0 0.923 + 0.040 | 0.750

ACL 0.662 + 0.016 065 1 0.21° 0.765 0.81"

apo, 0.888 + 0.026 | 0.867

510, 0.865 * 0.066 0.79 + 0.07" 1.75 165

* Ref. 14

b pef. 22

€ Ref. 23

d Ref. 24
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Figure Captions

Targét arrangement. S1, S2, S3, and S4 are scintillation

counters. C is a Cerenkov counter. CH2 represeﬁts poly-

ethylene degrader.

Ratio of Lyman series intensities to the Ka intensity for

calcium (eg.

Lyman series

to guide the

Lyman series

to. guide the

KB/Ko, Ky/Ko etc.)

ratios for chlorine. The lines are drawn oniy

eye.

ratios for sulfur. The lines are drawn only

eye.

Calculated intensity ratios of chlorine in CaClz.
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