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Solid-state effects on Coulomb capture and x-ray cascade of negative muons
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Coulomb capture and the subsequent muonic x-ray cascade have been measured for a selection of solid-state
targets: three allotropic forms of selenium, magnesium chloride with and without crystal water, and single-
phase Nb-Ta alloys in three different stoichiometric ratios. Small but statistically significant differences were
found in higher-level crossover transition x-ray intensities in Se. A rather large enhancement of crossover
transition intensities was observed in magnesium chloride with water, which is ascribed to transfer from
hydrogen. No significant variations with composition were found in the Lyman intensity patterns from Nb-Ta;
the per-atom capture ratio was measured to be constant withiiS850-294{9)08103-2

PACS numbd(s): 36.10.Dr, 34.50.Bw

[. INTRODUCTION negative muons are stopped in solid allotropic modifications
of the same element or compound was first presented by
The availability of high-quality beams of negative muons Tauscheet al. from CERN for Sd7]. Another indication of
at modern intermediate energy accelerators enables detailedch behavior came from the study of muon capture in the
tests of mechanisms involved in the terminal stopping an@ubic and hexagonal forms of boron nitri@®N) by Knight
capture of heavy negative particles. It is now generallyet al. [8] at Los Alamos. The subsequent experiments by
agreed that the capture event occurs when the kinetic ener@chneuwlyet al. at Paul Scherrer Institute established, in
is less than some tens of eV. Under these circumstances it &greement with Ref[8], differences both for capture and
not surprising that the details of the valence electronic andascade for each BN allotrop@].
lattice structures of the solid-state stopping target can deci- Representing more or less similar work by othér$] we
sively influence the capture mechanisms. However, the iniwant to outline the findings of the Fribourg group in some
tial bound state in hydrogen-containing systems was showdetail. Clear differences were measured both for the relative
to be predominantly of atomic and not of molecular natureintensities of the nitrogen muonk x-ray series, and for the
[1]. per-atom muon capture ratiB,N). The former effect ap-
There are numerous examples for the influence of th@eared as a progressive attenuation for the cubic form of the
chemical environment on the intensity pattern of muonic xrelative intensity through the higher members of the nitrogen
rays and on the probability for atomic capture into the com-Lyman series. This amounted to about 20% attenuation for
ponents of chemical compounds: Tkeg; to K, intensity  the 6—1 nitrogen member. Additionally, the capture ratio
ratio from oxygen in the oxides of the third-row elements A(B,N) measured for the cubic form was found to be about
was found to change by more than 20% when going fromL8% lower relative to that for the hexagonal form. Simulta-
magnesium oxide to phosphorous oxide, and to depend limeously, the Fribourg group reported variations in relative
early on the ionicity[2,3]. The per-atom capture ratio in intensities of muoni x rays emitted from various carbon
oxides was detected to be strongly influenced by the oxidatargets: soot, graphitéhexagonal layered lattiteand dia-
tion state of the bond partner in the oxifd. The angular- mond (tetrahedrally bonded cubic latticdt is interesting to
momentum distributionP(/) of muons in muonic-atom note that the carboK x-ray intensities from the cubic form
states with large principal quantum numipepopulated dur- were again observed to be progressively attenuated relative
ing the exotic particle cascade, was found to vary from ao the hexagonal form. This amounted to an approximate
rather steep, nearly statistical distributip®(/)x2/+1] 15% effect at the 6+-1 carbon Lyman member.

for the simple compounds F®; or FeCk, to a nearly flat In another study, the Fribourg groyiO] has reported
distribution for the more complex compoundfe(CN), be  relative intensity variations between the muoKix-ray se-
it in the solid state or in an aqueous solutidj. ries emitted from elemental phosphorus targets in the white

In this laboratory, the bulk of our research has employed(lattice with discrete tetrahedra), Bubunit$ and red or black
in addition to elements, simpler ionic salts or metallic sys-forms (cross-linked extended chains of P atgmibhe K x
tems as stopping targets. Here the solid-state structure comays from the more symmetrical white form were again
prises individual ionic cores. Our data for these systems sugdeund to be progressively more attenuated relative to those
port the idea that in the solid state details of the capturdrom either of the two chain forms. The attenuation reported
process involving any particular atomic core are essentialljor the 8—1 member corresponded to an intensity 0.885
constan{6]. +0.069 and 0.813 0.063 relative to the intensity of the red
Evidence of differing x-ray cascade intensities whenand black forms. No attenuation effects were noted for the
phosphorus muonit x-ray series.
In the same study10], the Fribourg group measured
*On leave from Princeton University, Princeton, NJ. Present admuonic x-ray intensities from two allotropic forms of sele-
dress: Dartmouth College, Hanover, NH. nium. The intensities emitted from targets in the disordered
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red form (Sg molecular ring$ and the black form(spirals I \dl 41d1 12

formed of Se chainswere compared. A statistically signifi- P( )|—=—2 aln|—+ > 1- —2)

cant attenuation effect was reported for both»T (25% 0 (a+bAW/2)lg o

effech and 8—1 (40% effecj transitions for the red form &)

relative to the black. However, unlike the previous cases, thgherea andb are constants characterizing the deviation of

attenuation seemed to onset abruptly, at variance \'Nlt.h olderq(w) from a white, i.e., horizontal, spectrum via

work at CERN[7]. For the Balmer series, no statistically

significant intensity effects were observed, although there n(W)=constx (a+bW). (4)

was some indication of a relative enhancement of the-20

and 11-2 members for the red form compared to the black.The effect ofP(1,) within a certain level of the muonic atom

Accordingly, we wished to reexamine the muonic x-ray in-on the observable x-ray cascade is calculated numerically

tensities from selenium targets for possible allotropic effectswith the help of a cascade program; for a review see Ref.
A completely different question is whether, and if so to[13].

what extent, the per-atom capture rafi¢Z,,Z,) into atoms The spectral flux density(W) at low energies is ex-

of atomic numberZ, andZ, depends on the concentrations pected to depend strongly on the nature of the traversed mat-

k,=k(Z,) andk,=k(Z,) for a single-phase alloy. Clearly ter, above all whether it is a metal or an insuldtb4]: in a

the chemical forms of the aton®; andZ, are independent metal arbitrarily small energy transfer from the muon to elec-

of the stoichiometric rati®=Kk, /k,. Although often tacitly —trons is possible, whereas in an insulator the gap between

assumed, the independence AfZ,,Z,) of Sis not at all conduction and valence bands forbids small transfers. Hence

trivial: the shape of the spectral flux density spectmigiv)  the stopping power of a conductor should exceed by far that

of the muons with energW within the targets may very well of an insulator in the case of very slow muons.

depend orS, and influence both the angular momentum dis- Unfortunately there is only one measurement on the muon

tribution of the captured muor(l,), with an effect on the spectrum at the energies where capture is supposed to mainly

cascade, and the capture rafi¢Z,,Z,); this may be seen take place, and this on a material which is theoretically hard

for A(Z;,Z,) in the following way[11]. Underlaying the to treat, kapton[15]. The spectral flux density(W) in-

continuous-energy-loss model, the product W) and  creases strongly with decreasing energy in the measured

stopping poweS(W)=—dW/d(px), wherep is the target 'ange &400 to 1 eV, and, correspondingly the stopping
density andk the path length, is a constant. Hence low stop-Power S(W) decrease$16]; as kapton is an insulator, this
ping power means high spectral flux density, and vice Versepehawq is in accordance Wlth the expectations. No measure-
The per-atom capture ratid(Z;,Z,) is given by the ratio of ment exists orr(W). Experimental search for an effect &f

the two capture integrals, namely, by on the per-atom capture rath(Z,,Z,) did not yield a posi-
tive result in the case of single-phase Nb-V alloys altho8gh

was varied between 0.046 and 1815]. In the same experi-
ment no variation of the x-ray pattern withwas found.
7(W)ny(W)dW Cu-Al and Ag-Zn targets with phases depending on the
p , (1) stoichiometric raticS of the alloys were investigated by Nau-
f ar(W)n,(W)dwW mann et al. [18]. With the exception of the case with the
0 lowest Al concentration, all per-atom capture ratios proved
to be concentration independent; the authors do not consider

wherea; (W) andn;(W) are the capture cross section and thethe exception as an example of dependenc_e, sin_ce the error
spectral flux density for atoms wit, , respectively, and here is rather large. The reported Cu x-ray intensity patterns

=1 and 2.A(Z,,Z,) is related to the directly measured cap- 29"€€ for the two targets of the same phase, and show slight,
ture ratioR(Z,,Z,) by but statistically significant, deviations when the target with

another phase is also considered.
In targets containing bound hydrogen and a heavier ele-
ment Z, the higher members of the Lyman series are en-
A(Zy,Z5)= §R(Zl’22)- 2 hanced compared to a puietarget, as first observed by
Danielet al.[19] (comparison of polyethylene with graphite,
and water with metal oxidésIn a later experiment on aque-
ni(W) in Eq. (1) may here be expected to be the sameous solutions of alkali halides and the respective solid salts
n(W), both forZ, andZ, atoms. If, however, the two;(W) [1] it was conclusively demonstrated that this enhancement
do not have the same shape—and there is no reason why due to transfer and not to the formation of mesomolecular
they should have—theA(Z,,Z,) is indeed dependent on states at the capture process; the mesomolecular state model
the shape oh(W) unless this shape is independent of com-was advocated for by Gershteit al. [20].
position. Numerical results with a model for condensed mat- In this work the results of experiments specifically in-
ter, yielding a constant energy 1048V of muons impinging tended to search for alterations of the muonic atomic capture
on an atom and a maximum angular momentyrfor muons  and x-ray cascade processes occasioned by structural varia-
to be captured, were calculated in REE2]. The effect of tions of the stopping target are reported. We compare muon
n(W) on the initial angular-momentum distribution density capture for targetéa) involving different allotropic forms of
P(l) is a little bit more complicated. In the same model theone elemen{Se; (b) two crystalline forms of the same ionic
distribution was found to bgl2] salt, one lattice incorporating water molecules (MgGCind
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MgCl,-6H,0); and(c) binary metallic solutions of varying TABLE I. Target composition by mass %, stoichiometric ratio
composition (Nb-Ta alloys. We first want to address the §(Ta,Nb), target thicknessl, measured uncorrected capture ratio
intensity pattern in different allotropic forms, then the sameR(Ta,ND, and measured uncorrected per-atom capture ratio
for the salts, and finally the concentration dependence of thA(Ta,Nb.

per-atom capture ratio in the single-phase Nb-Ta alloys.

Mass %  S(TaNb) d (glcn?)  R(Ta,Nb)  A(Ta,Nb)

Il. TARGETS AND EXPERIMENTS 178 % Ta  0.111 1.02 0.1320.004 1.19%0.034

For the investigation of different allotropic forms, five 66.1 % Ta 1.00 1.29 1.2240.020 1.224-0.020
targets were made. Red and black forms of selenium, the firs¥-6 % Ta 8.99 1.50 10.660.28 1.1130.031
one freshly prepared, with a purity of greater than 99% were
supplied by our radiochemist V. Dornow and by E. Merck ,
and Co., Darmstadt, Germany, respectively. Two targets, red 1he muonic x-ray spectra were recorded at the muon
and black selenium, respectively, were contained in alumichannel | of_the Paul Sc_herrer Institute, Villigen, Switzer-
num boxes with interior dimensions ¥®0x2mn? land. A GeLi) detector with a volume of 42 ctrwas em- _
equipped with 1.4-mm aluminum windows. The thicknessPloyed. The stopping telescope and g:omudence elec_tronlcs
values of these targets were 0.46 and 0.96 §/craspec- Nnave been described elsewh¢@?]. Since theK muonic
tively. Three further targets of selenium were made using{“ray energies for the magnesium chloride and niobium-
polyethylene frames with dimensions8@0x 2.5 mn? and anta_\lum_ systems were h|gh,_ and since we were interested in
equipped with 20« Mylar windows; these were red, black, relative intensities and relative capture rates, we report for

and glassy, the latter also freshly prepared by V. Dornowlhese systems the relative intensities directly recorded by the

The targets had an area density of 0.27, 0.97, an&ietector, ie. uncorrect(_ed for intrinsic efficiency; in th'is way
0.65 g/cni, respectively: keep in mind that the density of the e avoid error correlatlons.' In the case of the selenium tar-
red Se targets depended largely on the pressure applied 3¢tS: Where we were also interested in the lower enérgy
filling. The different frame material allowed us to distinguish @1d M series, we report absolute intensities, and have in-
clearly between lines that are associated with Se and othefduded the needed target absorption corrections.

which are not. The last three targets had almost no absorp- F19ure 1 shows the Paschen series of targefl BeNote,
tion in the windows; on the other hand, the thin mylar win- " particular, that the O(3-1) line at 158.41 keV shows up
dows were to some extent transparent OHvapor while ~ ONly With a very low intensity; cf. Sec. IV.

the aluminum boxes were totally sealed. We denote all these

targets as Sé) through Se(V). IIl. RESULTS

Two crystalline forms of magnesium chloride are known;
the anhydrous form MgGl and the hexahydrate Table Il summarizes the Lyman series intensities relative
MgCl,-6H,0. The H to Mg and H to Cl ratios of 12 to 1 and to the 2—1 transition from all Se targets. The Balmer and
6 to 1, respectively, afforded another opportunity to examind®aschen series have been evaluated only for targets) Se
the hydrogen enhancement effect. The magnesium chlorigend Se(ll) as the Se allotropes where discrepancies between
hydrate was supplied by E. Merck and Co. The magnesiurrevious investigationgsee Refs[7] and[10]) existed; the
chloride (water fre¢@ was prepared in our Institute. results of the present work are listed in Table III.

Two targets were made, both contained in thin polyethyl- The constancy of the Lyman and Balmer series from the
ene sealed target holders with interior dimensionx30  Se allotropic forms may be rationalized in terms of the local
x 10 mn?. The values for the thickness of the targets werecoordination and bonding of the selenium allotropes. In the
0.92 g/cnd(MgCl,- 6H,0) and 1.08 g/cf{MgCl,). Accord- ~ cases of either the §eaings or the long Sechains, each
ingly, all corrections for self-absorption of the muonic Ly- Selenium atom is bonded to two nearest neighbors through
man x rays were negligible. two o bonds. Thus the electronic structure and the local bond

The tantalum-niobium system forms a continuous serie¢engths should be only slightly affected by the allotropic
of solid 50|ution5{21]_ The a||oys were prepared by repeatedform. For the hlgher transitions, which are expected to be
melting of accurately weighed mixtures of high-purity tanta-more sensitive to outer-electron changes due to, for example,
lum and niobium in an arc furnace. The alloys were pow-the differing density, this conclusion no longer holds.
dered and placed in boxes constructed with a 2-mm-thick The muonic Lyman intensity patterns observed on MgCl
polyethylene frame having interior dimensions 50and MgCh-6H,O are shown in Table IV, again with the
x70mnt, and equipped with 8s-thick Mylar windows.  intensity of the higher members for each element given as a
Three samples were prepared; cf. Table I. ratio to the intensity of th&, x ray. The double ratios

For all of the alloy systems so far studied, no evidence has
been obtained for a change in the relative intensities okthe
series with composition. To simplify the evaluation of the
more complexK x-ray spectra of the present case, we have
evaluated the intensities of On|y t"’@a member 2-1 tran- for both transitions in Mg and C|, are also included.
sition for both the niobium and tantalum, and used these as a The ratios of the summed up Lyman line intensities
basis for evaluating relative per-atom capture ratios. For th&®(Ta,Nb not corrected for detector efficiency, measured for
case of tantalum, the relativi€, intensity was evaluated the three alloy systems, are listed in Table | together with the
from the double escape peak due to the better statistics. atomic ratio STa,Nb calculated from the mass % values

D=[lq_1/121lmger, Ho/lIn-1/121lmgar, (B
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FIG. 1. Paschen series of red Barget Se(l)]. The dashed arrow indicates the position of an O—(B) contribution.

determined by weighing. The last column shows the, agaishows up. This is in disagreement with the Fribourg results
uncorrected, per-atom capture rat%eTa'Nb); for this pro- [10] (Cf Sec. ) In the Balmer series we again do not recog-
cedure, see Sec. IV. nize an appreciable difference, although there seems to be a
For the three alloys, an average relative capture rati®reference for crossover transitions in the case of the black
1.18+0.06 may be calculated. On this basis, we concludeSe (Table Ill). This tendency becomes stronger, and outside
that, for the tantalum-niobium alloy system, the per-atom@ny experimental error, for the Paschen series, except for the
muon capture is invariant at about the 5% level to an 80 fold?— 3 transition(also in Table I1). This again disagrees with
variation in the atomic ratio. This behavior accords with thethe Fribourg result$10] but is in line with an old CERN
other alloy systems previously studied. result[7]. The disagreement may be due to the handling of
the O(3—1) transition by the Fribourg group. This transi-
tion shows up with an enormous intensity in their spectrum,
indicating a large amount of oxygen in or around the target,
Considering the question of a variation in the x-ray casJrobably due to water within the target.
cade involving different allotropic forms of one element, Se, As red Se is an insulator and black Se a conductor, one
(a) of Sec. I, we first look at Table Il and state that nowould expect a spectral densitfW) in red Se, increasing
difference in the Lyman intensity pattern from all five targetsstrongly with decreasinyV [14], and no such increase in
and three modifications outside the experimental errorlack Se. Consequently the initial population of muonic atom
states in red Se should be shifted toward lower angular mo-
TABLE Il. ExperimentalK-series intensity ratios from Se allo- mentum compared to black §42] and thus, one might
tropes(in percent; errors in parenthe$etNot properly recorded.

IV. DISCUSSION AND CONCLUSIONS

TABLE lll. ExperimentalL- and M-series intensity ratios from
Target  I(red Il (black Il (red IV (black V (glassy  Se allotropegin percent.

n 1/ Ina/ lna Ina/ lna/ Target I(red Il (black Target I(reod Il (black
I2—>l |2~>l |2~>l I2~>l |2—>1

2 100 100 100 100 100 n hhoollas Tn-2llaa N Tnosllas Tnosllas
3 6.50(24) 6.81(24) 7.01(16) 6.8011) 6.94(13) 3 100 100 4 100 100
4 1.32(100 1.30(7) Sx K 1.42 (6) 1.46 (5) 4 13.27(27) 14.11(16) 5 16.42(19) 17.75(23
5 0.72(100 0.93(6) 0.83(6) 0.88(6) 0.89(5) 5 3.34(14) 3.34(8) 6 6.62(100 7.30(11)
6 0.72(9) 0.61(5 0.78(6) 0.84(7) 0.83(5) 6 2.15(22) 2.13(8) 7 28322 3.62(8)
7 0.82(9) 0.71(5) 0.70(6) 0.85(6) 0.84(5) 7 1.44(10) 1.54(8) 8 0.99(8) 1.16(6)
8 0.60(8) 0.55(5) 0.59(5 0.67(6) 8 1.06(9 1.17(7) 9  1.602) 1.20(6)
9 0.71(8 0.71(50 0.71(5 0.73(7) 9 1.34(9) 1.36(8)

[EnY
o

0.67(9) 0.57(5 10 0.88(9) 1.03(7)
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TABLE V. ExperimentalK-series intensity ratios from Mgé&land MgC}-6H,0O and double ratio®
(not corrected for absorption and detector efficiency; in pejcent

n Mg 1y 1/lp g Cliy i/l D
MgCl, MgCl,- 6H,0 MgCl, MgCl,- 6H,0 Mg cl
2 100 100 100 100 1.00 1.00
3 7.23(17) 8.89(34) 6.50(10) 7.74(19) 1.23(6) 1.19(3)
4 4.44(15) 6.46(32) 2.53(6) 3.12(12) 1.46(9) 1.23(5)
5 3.05(17) 5.15(30) 2.29(6) 3.43(16) 1.69(13) 1.49(7)
6 1.85(14) 3.00(26) 1.83(5) 2.55(11) 1.62(19) 1.39(7)
7 1.26(12) 1.89(27) 1.05(4) 1.79(10) 1.49(26) 1.69(11)
8 0.50(3) 0.78(18) 1.56(20)

think, yield higher crossover intensities, in contradiction toof a highZ nucleus. In MgCJ- 6H,0 each Mg atom is oc-

the observatioriTable Il). However, the physical state of the (5hedrally surrounded by six water molecules at a distance of
target also affects the muonic x-ray cascade. Decisive is thgg 1 _20'7 nm. and each Cl atom has eight water neighbors;
refilling rate of vacancies produced by Auger transitionssix of these have separations between 32.1 and 32.8 nm,

[21]. Although even W'thm an !nsulator therg are enoughwhile the other two are 35.3 nfi23]. The enhancements we
electrons present to fill vacancies produced in the valence . - . .
; . : e . report here give additional evidence for the muonic hydrogen
band or in a localized atomic state—in this sense the msula-tom transport mechanisa]
tor does not really insulate, as it allows charge transport int& A P inly int .t din th hf iati
the vacancy—the refilling is expected to be much slower  /\S W€ WEre manly interested in the search for variations

than in a conductor as energy and angular momentum are n8f e per-atom captur&(Z,,Z,) with the concentrations,

easily taken away. This means an electron deficiency arour@ ©f Sec. |, we tried to keep the errors as small as possible.

the muonic atom, and hence an increase of the intensity dft Particular, common efficiency errors which would enter
the radiative transitions compared to the Auger transitions iAnto all measured three capture ratida, Nb as correlated
the upper part of the cascade. These radiative transitions th&frors, and thus maybe mask a concentration dependence,
mostly lead to circular orbits and, hence, a lower populatiorivere avoided by not correcting the Lyman lines series inten-
of the low-lying noncircular states whose deexcitation crosssities for the detector efficiency. Hence the uncorrected ratio
over transitions can be observed. A(Ta,Nb is given in Table I. We are aware of the disadvan-
The theories of Coulomb capture and subsequent x-rayage:(1) no true capture ratio, to be compared with theory, is
cascade of muons in condensed matter are not developedailable; and?2) in the case of a dependence of the Lyman
enough to allow the detailed calculation of the x-ray patternintensity pattern on the concentration there is the possiblity
or to relate this pattern to the electronic structure. Hence ng¢ inducing a certain error if(Ta, Nb. We consider this

comparison with theory is possible. . o~ : .
Tﬁe next point,b) 02/898 [, mainly concerns the role of possible error as negligibléi(Ta, Nb is predominantly de-
' y rmined by theK , line, and above all, a variation of the

hydrogen. One recognizes a large enhancement of the cro%— . .
over lines[double ratio(D) in Table IV]. These enhance- yman pattern has not been observed in our e}perlment.
ments displayed in Table IV are comparable to the effects we AN inspection of Table | shows a variation {(Ta,Nb

have previously observed for the four-molar aqueous soluthat is, although small, outside the errors. We do state, how-
tions[1]. The present observation of enhancements for botlever, that the deviations from the med@\(Ta,Nb)=1.18

the magnesium catiofpredominantly adjacent to oxygen at- =0.06, do not exceed 5%. It is interesting to note that for a
oms of the coordinated water molecylemnd the chlorine totally different class of condensed matter, glasses of various
atoms(predominantly adjacent to hydrogen atondérectly ~ compositions, an approximate constancy of the per-atom
support our previous conclusion that transport of neutratapture ratios had also been obser{24].

u-mesic hydrogen systems account for Kig-ray intensity In summarizing our findings we state that the change of
variations. In our solution studies, we had inferred a semodification and composition has a small but detectable ef-
guence involvinga) formation of excitedu-mesic hydrogen fect on the x-ray intensities and capture probabilities in solid
atoms, (b) diffusion of these atoms over lengths exceedingtargets. Moreover, the transfer from hydrogen in the aqueous
the 9.6-nm H-O bond length of the water molecule, a@  solution changes the intensities of crossover transitions dras-
Coulomb stripping of the muonic hydrogen atom in the fieldtically compared to the solid compound.
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