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Solid-state effects on Coulomb capture and x-ray cascade of negative muons

H. Daniel, F. J. Hartmann, and R. A. Naumann*
Physik-Department, Technische Universita¨t München, D-85747 Garching, Germany

~Received 22 June 1998!

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 within 5%.@S1050-2947~99!08103-2#
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I. INTRODUCTION

The availability of high-quality beams of negative muo
at modern intermediate energy accelerators enables det
tests of mechanisms involved in the terminal stopping a
capture of heavy negative particles. It is now genera
agreed that the capture event occurs when the kinetic en
is less than some tens of eV. Under these circumstances
not surprising that the details of the valence electronic
lattice structures of the solid-state stopping target can d
sively influence the capture mechanisms. However, the
tial bound state in hydrogen-containing systems was sh
to be predominantly of atomic and not of molecular natu
@1#.

There are numerous examples for the influence of
chemical environment on the intensity pattern of muonic
rays and on the probability for atomic capture into the co
ponents of chemical compounds: TheKb to Ka intensity
ratio from oxygen in the oxides of the third-row elemen
was found to change by more than 20% when going fr
magnesium oxide to phosphorous oxide, and to depend
early on the ionicity@2,3#. The per-atom capture ratio i
oxides was detected to be strongly influenced by the ox
tion state of the bond partner in the oxide@4#. The angular-
momentum distributionP(l ) of muons in muonic-atom
states with large principal quantum numbern, populated dur-
ing the exotic particle cascade, was found to vary from
rather steep, nearly statistical distribution@P(l )}2l 11#
for the simple compounds Fe2O3 or FeCl3 , to a nearly flat
distribution for the more complex compound K3Fe(CN)6 , be
it in the solid state or in an aqueous solution@5#.

In this laboratory, the bulk of our research has employ
in addition to elements, simpler ionic salts or metallic sy
tems as stopping targets. Here the solid-state structure c
prises individual ionic cores. Our data for these systems s
port the idea that in the solid state details of the capt
process involving any particular atomic core are essenti
constant@6#.

Evidence of differing x-ray cascade intensities wh
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negative muons are stopped in solid allotropic modificatio
of the same element or compound was first presented
Tauscheret al. from CERN for Se@7#. Another indication of
such behavior came from the study of muon capture in
cubic and hexagonal forms of boron nitride~BN! by Knight
et al. @8# at Los Alamos. The subsequent experiments
Schneuwlyet al. at Paul Scherrer Institute established,
agreement with Ref.@8#, differences both for capture an
cascade for each BN allotrope@9#.

Representing more or less similar work by others@7,8# we
want to outline the findings of the Fribourg group in som
detail. Clear differences were measured both for the rela
intensities of the nitrogen muonicK x-ray series, and for the
per-atom muon capture ratioA~B,N!. The former effect ap-
peared as a progressive attenuation for the cubic form of
relative intensity through the higher members of the nitrog
Lyman series. This amounted to about 20% attenuation
the 6→1 nitrogen member. Additionally, the capture rat
A~B,N! measured for the cubic form was found to be abo
18% lower relative to that for the hexagonal form. Simult
neously, the Fribourg group reported variations in relat
intensities of muonicK x rays emitted from various carbo
targets: soot, graphite~hexagonal layered lattice! and dia-
mond~tetrahedrally bonded cubic lattice!. It is interesting to
note that the carbonK x-ray intensities from the cubic form
were again observed to be progressively attenuated rela
to the hexagonal form. This amounted to an approxim
15% effect at the 6→1 carbon Lyman member.

In another study, the Fribourg group@10# has reported
relative intensity variations between the muonicK x-ray se-
ries emitted from elemental phosphorus targets in the w
~lattice with discrete tetrahedral P4 subunits! and red or black
forms ~cross-linked extended chains of P atoms!. The K x
rays from the more symmetrical white form were aga
found to be progressively more attenuated relative to th
from either of the two chain forms. The attenuation repor
for the 8→1 member corresponded to an intensity 0.8
60.069 and 0.81360.063 relative to the intensity of the re
and black forms. No attenuation effects were noted for
phosphorus muonicL x-ray series.

In the same study@10#, the Fribourg group measure
muonic x-ray intensities from two allotropic forms of sel
nium. The intensities emitted from targets in the disorde
-
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red form (Se8 molecular rings! and the black form~spirals
formed of Se chains! were compared. A statistically signifi
cant attenuation effect was reported for both 7→1 ~25%
effect! and 8→1 ~40% effect! transitions for the red form
relative to the black. However, unlike the previous cases,
attenuation seemed to onset abruptly, at variance with o
work at CERN @7#. For the Balmer series, no statistical
significant intensity effects were observed, although th
was some indication of a relative enhancement of the 10→2
and 11→2 members for the red form compared to the bla
Accordingly, we wished to reexamine the muonic x-ray
tensities from selenium targets for possible allotropic effe

A completely different question is whether, and if so
what extent, the per-atom capture ratioA(Z1 ,Z2) into atoms
of atomic numbersZ1 andZ2 depends on the concentration
k15k(Z1) and k25k(Z2) for a single-phase alloy. Clearl
the chemical forms of the atomsZ1 andZ2 are independen
of the stoichiometric ratioS5k1 /k2 . Although often tacitly
assumed, the independence ofA(Z1 ,Z2) of S is not at all
trivial: the shape of the spectral flux density spectrumn(W)
of the muons with energyW within the targets may very wel
depend onS, and influence both the angular momentum d
tribution of the captured muonsP(I 0), with an effect on the
cascade, and the capture ratioA(Z1 ,Z2); this may be seen
for A(Z1 ,Z2) in the following way @11#. Underlaying the
continuous-energy-loss model, the product ofn(W) and
stopping powerS̃(W)[2dW/d(rx), wherer is the target
density andx the path length, is a constant. Hence low sto
ping power means high spectral flux density, and vice ve
The per-atom capture ratioA(Z1 ,Z2) is given by the ratio of
the two capture integrals, namely, by

A~Z1 ,Z2!5

E
0

`

s1~W!n1~W!dW

E
0

`

s2~W!n2~W!dW

, ~1!

wheres i(W) andni(W) are the capture cross section and t
spectral flux density for atoms withZi , respectively, andi
51 and 2.A(Z1 ,Z2) is related to the directly measured ca
ture ratioR(Z1 ,Z2) by

A~Z1 ,Z2!5
1

S
R~Z1 ,Z2!. ~2!

ni(W) in Eq. ~1! may here be expected to be the sam
n(W), both forZ1 andZ2 atoms. If, however, the twos i(W)
do not have the same shape—and there is no reason
they should have—thenA(Z1 ,Z2) is indeed dependent o
the shape ofn(W) unless this shape is independent of co
position. Numerical results with a model for condensed m
ter, yielding a constant energy lossDW of muons impinging
on an atom and a maximum angular momentumI 0 for muons
to be captured, were calculated in Ref.@12#. The effect of
n(W) on the initial angular-momentum distribution dens
P(I ) is a little bit more complicated. In the same model t
distribution was found to be@12#
e
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~a1bDW/2!I 0
2Fa ln

I 0

I
1

bDW

2 S 12
I 2

I 0
2D G ,

~3!

wherea and b are constants characterizing the deviation
n(W) from a white, i.e., horizontal, spectrum via

n~W!5const3~a1bW!. ~4!

The effect ofP(I 0) within a certain level of the muonic atom
on the observable x-ray cascade is calculated numeric
with the help of a cascade program; for a review see R
@13#.

The spectral flux densityn(W) at low energies is ex-
pected to depend strongly on the nature of the traversed
ter, above all whether it is a metal or an insulator@14#: in a
metal arbitrarily small energy transfer from the muon to ele
trons is possible, whereas in an insulator the gap betw
conduction and valence bands forbids small transfers. He
the stopping power of a conductor should exceed by far
of an insulator in the case of very slow muons.

Unfortunately there is only one measurement on the m
spectrum at the energies where capture is supposed to m
take place, and this on a material which is theoretically h
to treat, kapton@15#. The spectral flux densityn(W) in-
creases strongly with decreasing energy in the meas
range ~400 to 1 eV!, and, correspondingly the stoppin
power S̃(W) decreases@16#; as kapton is an insulator, thi
behavior is in accordance with the expectations. No meas
ment exists ons(W). Experimental search for an effect ofS
on the per-atom capture ratioA(Z1 ,Z2) did not yield a posi-
tive result in the case of single-phase Nb-V alloys althougS
was varied between 0.046 and 18.5@17#. In the same experi-
ment no variation of the x-ray pattern withS was found.

Cu-Al and Ag-Zn targets with phases depending on
stoichiometric ratioSof the alloys were investigated by Nau
mann et al. @18#. With the exception of the case with th
lowest Al concentration, all per-atom capture ratios prov
to be concentration independent; the authors do not cons
the exception as an example of dependence, since the
here is rather large. The reported Cu x-ray intensity patte
agree for the two targets of the same phase, and show sl
but statistically significant, deviations when the target w
another phase is also considered.

In targets containing bound hydrogen and a heavier
ment Z, the higher members of the Lyman series are
hanced compared to a pureZ target, as first observed b
Danielet al. @19# ~comparison of polyethylene with graphite
and water with metal oxides!. In a later experiment on aque
ous solutions of alkali halides and the respective solid s
@1# it was conclusively demonstrated that this enhancem
is due to transfer and not to the formation of mesomolecu
states at the capture process; the mesomolecular state m
was advocated for by Gershteinet al. @20#.

In this work the results of experiments specifically i
tended to search for alterations of the muonic atomic cap
and x-ray cascade processes occasioned by structural v
tions of the stopping target are reported. We compare m
capture for targets~a! involving different allotropic forms of
one element~Se!; ~b! two crystalline forms of the same ioni
salt, one lattice incorporating water molecules (MgCl2 , and
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MgCl2•6H2O); and~c! binary metallic solutions of varying
composition~Nb-Ta alloys!. We first want to address th
intensity pattern in different allotropic forms, then the sam
for the salts, and finally the concentration dependence of
per-atom capture ratio in the single-phase Nb-Ta alloys.

II. TARGETS AND EXPERIMENTS

For the investigation of different allotropic forms, fiv
targets were made. Red and black forms of selenium, the
one freshly prepared, with a purity of greater than 99% w
supplied by our radiochemist V. Dornow and by E. Mer
and Co., Darmstadt, Germany, respectively. Two targets,
and black selenium, respectively, were contained in alu
num boxes with interior dimensions 7035032 mm3

equipped with 1.4-mm aluminum windows. The thickne
values of these targets were 0.46 and 0.96 g/cm2, respec-
tively. Three further targets of selenium were made us
polyethylene frames with dimensions 5037032.5 mm3 and
equipped with 20-m Mylar windows; these were red, black
and glassy, the latter also freshly prepared by V. Dorno
The targets had an area density of 0.27, 0.97,
0.65 g/cm2, respectively; keep in mind that the density of t
red Se targets depended largely on the pressure applie
filling. The different frame material allowed us to distinguis
clearly between lines that are associated with Se and ot
which are not. The last three targets had almost no abs
tion in the windows; on the other hand, the thin mylar wi
dows were to some extent transparent to H2O vapor while
the aluminum boxes were totally sealed. We denote all th
targets as Se~I! through Se~V!.

Two crystalline forms of magnesium chloride are know
the anhydrous form MgCl2 and the hexahydrate
MgCl2•6H2O. The H to Mg and H to Cl ratios of 12 to 1 an
6 to 1, respectively, afforded another opportunity to exam
the hydrogen enhancement effect. The magnesium chlo
hydrate was supplied by E. Merck and Co. The magnes
chloride ~water free! was prepared in our Institute.

Two targets were made, both contained in thin polyeth
ene sealed target holders with interior dimensions 70350
310 mm3. The values for the thickness of the targets we
0.92 g/cm2(MgCl2•6H2O) and 1.08 g/cm2(MgCl2). Accord-
ingly, all corrections for self-absorption of the muonic L
man x rays were negligible.

The tantalum-niobium system forms a continuous se
of solid solutions@21#. The alloys were prepared by repeat
melting of accurately weighed mixtures of high-purity tan
lum and niobium in an arc furnace. The alloys were po
dered and placed in boxes constructed with a 2-mm-th
polyethylene frame having interior dimensions
370 mm2, and equipped with 8-m-thick Mylar windows.
Three samples were prepared; cf. Table I.

For all of the alloy systems so far studied, no evidence
been obtained for a change in the relative intensities of thK
series with composition. To simplify the evaluation of th
more complexK x-ray spectra of the present case, we ha
evaluated the intensities of only theKa member 2→1 tran-
sition for both the niobium and tantalum, and used these
basis for evaluating relative per-atom capture ratios. For
case of tantalum, the relativeKa intensity was evaluated
from the double escape peak due to the better statistics.
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The muonic x-ray spectra were recorded at the mu
channel I of the Paul Scherrer Institute, Villigen, Switze
land. A Ge~Li ! detector with a volume of 42 cm3 was em-
ployed. The stopping telescope and coincidence electro
have been described elsewhere@22#. Since theK muonic
x-ray energies for the magnesium chloride and niobiu
tantalum systems were high, and since we were intereste
relative intensities and relative capture rates, we report
these systems the relative intensities directly recorded by
detector, i.e. uncorrected for intrinsic efficiency; in this w
we avoid error correlations. In the case of the selenium
gets, where we were also interested in the lower energL
and M series, we report absolute intensities, and have
cluded the needed target absorption corrections.

Figure 1 shows the Paschen series of target Se~I!. Note,
in particular, that the O(3→1) line at 158.41 keV shows up
only with a very low intensity; cf. Sec. IV.

III. RESULTS

Table II summarizes the Lyman series intensities relat
to the 2→1 transition from all Se targets. The Balmer an
Paschen series have been evaluated only for targets S~I!
and Se~II ! as the Se allotropes where discrepancies betw
previous investigations,~see Refs.@7# and @10#! existed; the
results of the present work are listed in Table III.

The constancy of the Lyman and Balmer series from
Se allotropic forms may be rationalized in terms of the lo
coordination and bonding of the selenium allotropes. In
cases of either the Se8 rings or the long Sen chains, each
selenium atom is bonded to two nearest neighbors thro
two s bonds. Thus the electronic structure and the local bo
lengths should be only slightly affected by the allotrop
form. For the higher transitions, which are expected to
more sensitive to outer-electron changes due to, for exam
the differing density, this conclusion no longer holds.

The muonic Lyman intensity patterns observed on MgC2
and MgCl2•6H2O are shown in Table IV, again with th
intensity of the higher members for each element given a
ratio to the intensity of theKa x ray. The double ratios

D5@ I n→1 /I 2→1#MgCl2•H2O/@ I n→1 /I 2→1#MgCl2
~5!

for both transitions in Mg and Cl, are also included.
The ratios of the summed up Lyman line intensiti

R̃~Ta,Nb! not corrected for detector efficiency, measured
the three alloy systems, are listed in Table I together with
atomic ratioS~Ta,Nb! calculated from the mass % value

TABLE I. Target composition by mass %, stoichiometric rat
S~Ta,Nb!, target thicknessd, measured uncorrected capture ra

R̃~Ta,Nb!, and measured uncorrected per-atom capture r

Ã~Ta,Nb!.

Mass % S(Ta,Nb) d (g/cm2) R̃(Ta,Nb) Ã(Ta,Nb)

17.8 % Ta 0.111 1.02 0.13260.004 1.19160.034
66.1 % Ta 1.00 1.29 1.22460.020 1.22460.020
94.6 % Ta 8.99 1.50 10.0060.28 1.11160.031
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FIG. 1. Paschen series of red Se@target Se~I!#. The dashed arrow indicates the position of an O (3→1) contribution.
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determined by weighing. The last column shows the, ag
uncorrected, per-atom capture ratiosÃ~Ta,Nb!; for this pro-
cedure, see Sec. IV.

For the three alloys, an average relative capture r
1.1860.06 may be calculated. On this basis, we conclu
that, for the tantalum-niobium alloy system, the per-at
muon capture is invariant at about the 5% level to an 80 f
variation in the atomic ratio. This behavior accords with t
other alloy systems previously studied.

IV. DISCUSSION AND CONCLUSIONS

Considering the question of a variation in the x-ray c
cade involving different allotropic forms of one element, S
~a! of Sec. I, we first look at Table II and state that n
difference in the Lyman intensity pattern from all five targe
and three modifications outside the experimental err

TABLE II. ExperimentalK-series intensity ratios from Se allo
tropes~in percent; errors in parentheses!. *Not properly recorded.

Target I ~red! II ~black! III ~red! IV ~black! V ~glassy!

n In→1 /
I 2→1

I n→1 /
I 2→1

I n→1 /
I 2→1

I n→1 /
I 2→1

I n→1 /
I 2→1

2 100 100 100 100 100
3 6.50~24! 6.81 ~24! 7.01 ~16! 6.80~11! 6.94~13!

4 1.32~10! 1.30 ~7! -* -* 1.42 ~6! 1.46 ~5!

5 0.72~10! 0.93 ~6! 0.83 ~6! 0.88 ~6! 0.89 ~5!

6 0.72~9! 0.61 ~5! 0.78 ~6! 0.84 ~7! 0.83 ~5!

7 0.82~9! 0.71 ~5! 0.70 ~6! 0.85 ~6! 0.84 ~5!

8 0.60~8! 0.55 ~5! 0.59 ~5! 0.67 ~6!

9 0.71~8! 0.71 ~5! 0.71 ~5! 0.73 ~7!

10 0.67~9! 0.57 ~5!
in

io
e

d

-
,

rs

shows up. This is in disagreement with the Fribourg resu
@10# ~cf. Sec. I!. In the Balmer series we again do not reco
nize an appreciable difference, although there seems to
preference for crossover transitions in the case of the b
Se ~Table III!. This tendency becomes stronger, and outs
any experimental error, for the Paschen series, except fo
9→3 transition~also in Table III!. This again disagrees with
the Fribourg results@10# but is in line with an old CERN
result @7#. The disagreement may be due to the handling
the O(3→1) transition by the Fribourg group. This trans
tion shows up with an enormous intensity in their spectru
indicating a large amount of oxygen in or around the targ
probably due to water within the target.

As red Se is an insulator and black Se a conductor,
would expect a spectral densityn(W) in red Se, increasing
strongly with decreasingW @14#, and no such increase i
black Se. Consequently the initial population of muonic ato
states in red Se should be shifted toward lower angular
mentum compared to black Se@12# and thus, one might

TABLE III. ExperimentalL- andM-series intensity ratios from
Se allotropes~in percent!.

Target I ~red! II ~black! Target I ~red! II ~black!

n In→2 /I 3→2 I n→2 /I 3→2 n I n→3 /I 4→3 I n→3 /I 4→3

3 100 100 4 100 100
4 13.27~27! 14.11~16! 5 16.42~19! 17.75~23!

5 3.34~14! 3.34 ~8! 6 6.62~10! 7.30 ~11!

6 2.15~22! 2.13 ~8! 7 2.83~22! 3.62 ~8!

7 1.44~10! 1.54 ~8! 8 0.99~8! 1.16 ~6!

8 1.06~9! 1.17 ~7! 9 1.60~21! 1.20 ~6!

9 1.34~9! 1.36 ~8!

10 0.88~9! 1.03 ~7!
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TABLE IV. ExperimentalK-series intensity ratios from MgCl2 and MgCl2•6H2O and double ratiosD
~not corrected for absorption and detector efficiency; in percent!.

n Mg I n→1 /I 2→1 Cl I n→1 /I 2→1 D
MgCl2 MgCl2•6H2O MgCl2 MgCl2•6H2O Mg Cl

2 100 100 100 100 1.00 1.00
3 7.23~17! 8.89 ~34! 6.50~10! 7.74 ~18! 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!
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think, yield higher crossover intensities, in contradiction
the observation~Table II!. However, the physical state of th
target also affects the muonic x-ray cascade. Decisive is
refilling rate of vacancies produced by Auger transitio
@21#. Although even within an insulator there are enou
electrons present to fill vacancies produced in the vale
band or in a localized atomic state—in this sense the ins
tor does not really insulate, as it allows charge transport
the vacancy—the refilling is expected to be much slow
than in a conductor as energy and angular momentum are
easily taken away. This means an electron deficiency aro
the muonic atom, and hence an increase of the intensit
the radiative transitions compared to the Auger transition
the upper part of the cascade. These radiative transitions
mostly lead to circular orbits and, hence, a lower populat
of the low-lying noncircular states whose deexcitation cro
over transitions can be observed.

The theories of Coulomb capture and subsequent x
cascade of muons in condensed matter are not devel
enough to allow the detailed calculation of the x-ray patt
or to relate this pattern to the electronic structure. Hence
comparison with theory is possible.

The next point,~b! of Sec. I, mainly concerns the role o
hydrogen. One recognizes a large enhancement of the c
over lines@double ratio~D! in Table IV#. These enhance
ments displayed in Table IV are comparable to the effects
have previously observed for the four-molar aqueous s
tions @1#. The present observation of enhancements for b
the magnesium cation~predominantly adjacent to oxygen a
oms of the coordinated water molecules! and the chlorine
atoms~predominantly adjacent to hydrogen atoms! directly
support our previous conclusion that transport of neu
m-mesic hydrogen systems account for theK x-ray intensity
variations. In our solution studies, we had inferred a
quence involving~a! formation of excitedm-mesic hydrogen
atoms,~b! diffusion of these atoms over lengths exceed
the 9.6-nm H¿O bond length of the water molecule, and~c!
Coulomb stripping of the muonic hydrogen atom in the fie
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of a high-Z nucleus. In MgCl2•6H2O each Mg atom is oc-
tahedrally surrounded by six water molecules at a distanc
20.1–20.7 nm, and each Cl atom has eight water neighb
six of these have separations between 32.1 and 32.8
while the other two are 35.3 nm@23#. The enhancements w
report here give additional evidence for the muonic hydrog
atom transport mechanism@1#.

As we were mainly interested in the search for variatio
of the per-atom captureA(Z1 ,Z2) with the concentrations
~c! of Sec. I, we tried to keep the errors as small as possi
In particular, common efficiency errors which would ent
into all measured three capture ratiosA~Ta, Nb! as correlated
errors, and thus maybe mask a concentration depende
were avoided by not correcting the Lyman lines series int
sities for the detector efficiency. Hence the uncorrected r

Ã~Ta,Nb! is given in Table I. We are aware of the disadva
tage:~1! no true capture ratio, to be compared with theory
available; and~2! in the case of a dependence of the Lym
intensity pattern on the concentration there is the possib
of inducing a certain error inÃ~Ta, Nb!. We consider this
possible error as negligible:Ã~Ta, Nb! is predominantly de-
termined by theKa line, and above all, a variation of th
Lyman pattern has not been observed in our experiment

An inspection of Table I shows a variation ofÃ~Ta,Nb!
that is, although small, outside the errors. We do state, h
ever, that the deviations from the mean,^Ã~Ta,Nb!&51.18
60.06, do not exceed 5%. It is interesting to note that fo
totally different class of condensed matter, glasses of vari
compositions, an approximate constancy of the per-a
capture ratios had also been observed@24#.

In summarizing our findings we state that the change
modification and composition has a small but detectable
fect on the x-ray intensities and capture probabilities in so
targets. Moreover, the transfer from hydrogen in the aque
solution changes the intensities of crossover transitions d
tically compared to the solid compound.
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