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X-Ray Emission during the Muonic Cascade in Hydrogen
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We report our investigations of x rays emitted during the muonic cascade in hydrogen employing
charge coupled devices as x-ray detectors. The density dependence of the relative x-ray yields for the
muonic hydrogen linesK,, Kz, andK,) has been measured at densities between 0.001 15 and 0.97 of
liquid hydrogen density. In this density region collisional processes dominate the cascade down to low
energy levels. A comparison with recent calculations is given in order to demonstrate the influence of
Coulomb deexcitation. [S0031-9007(98)05692-0]

PACS numbers: 36.10.Dr, 32.30.Rj, 32.70.Fw

Exotic atoms are atoms in which an electron is re-muonic x rays; at liquid hydrogen density (LHD) [9], the
placed by a heavier negatively charged particle, e.gx-ray emission probability is still 0.95 [7].

u 7 ,K~,p. The simplest of these atoms is muonic All these processes together make up the “standard
hydrogenw p, which denotes a bound state of one protoncascade model” [1,5,6,10,11] which, despite its success,
and one muon. has one severe limitation: this is the assumption &#at

After a free muon is injected into a hydrogen target, itthe kinetic energy of the.p atom, is constant throughout
is slowed down, and an excited muonic hydrogen atonthe cascade.
is formed via Coulomb capture [1,2], leaving the muon A recent calculation [7,8] tries to take into account the
most likely in an initial state ol = » = 15 [3]. This  time evolution ofe,, for energy levels: = 6. Because
is the starting point for a complicated interplay of com-of Coulomb deexcitation, complex energy distributions at
petitive collisional and radiative deexcitation processesyarious levels are expected. Coulomb deexcitation is the
the so-called atomic cascade, which ends with the muonionly known mechanism which can accelerate atoms
atom being in thels ground state. The possibility of a up to epithermal energies ef170 eV [7]. In spite of its
metastabl@s state in muonic hydrogen is currently under importance, Coulomb deexcitation is regarded as the least
investigation [4]. known process of the muonic cascade (neglecting chemi-

Muons, in contrast to the other possible particles, areal deexcitation, which is important only at very high
not affected by strong interaction. So they may serve asnergy levels) [8]. Existing calculations of the Coulomb
the best probe for the investigation of these deexcitatiowleexcitation cross sections differ among themselves by
processes. more than 1 order of magnitude [12—16].

At the investigated hydrogen densities, collisional Apart from the basic interest in exotic atoms, the
deexcitation dominates from the beginning of the cascadanderstanding of the deexcitation of muonic atoms is of
to low n states, depending on the target density and thgreat importance for various other phenomena, such as
kinetic energy of theup atom [1,5-8]. The known muon catalyzed fusion [17—19], muon transfer [20—22],
collisional processes are chemical dissociation, elastidiffusion of muonic atoms [23], and nuclear muon capture
collision, external Auger electron emission, Coulomb[24,25]. The muonic case can also be used as a test for
deexcitation, and Stark mixing. The importance ofthe cascade in hadronic atoms [26] (e.g., p) where
the last two effects is due to the very small size ofvelocity effects [27,28] severely affect the evaluation of
the neutralup atom, which can penetrate very deeply strong interaction parameters [29,30].

into the electron cloud of a neighboringl, mole- For this measurement, the relative x-ray yields of the
cule, where it can “feel” the electromagnetic field of emitted muonic hydrogerK#”? lines—the correspond-
the protons. ing x-ray energies ar&, = 1.90 keV, Kg = 2.25 keV,

In the investigated hydrogen gases, the transitions to th&, = 2.37 keV, andK.. = 2.53 keV—and their intensity
ground state are always accompanied by the emission oatios serve as a tool to investigate the muonic cascade.
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FIG. 1. Top view of the setup of this experiment. The dis- 0
played target cell was used for the measurements in liquid hy- 400 —
drogen. Two separated vacuum vessels were used; one for the 300 —
target (V1), and one for the CCD detector (V2). To ensure an 200 —
optimal stopping efficiency the scintillation counters 3 and 3a 100 ——. —
were used to register incoming muons. The electron counter 0o I I I I I
served to detect muon decay electrons. Larger target cells, 1.6 1.8 2.0 22 24 2.6 28
adapted to the expected extent of the muon stopping distri- energy (keV)
butions, were used for the measurements in gaseous hydro- _ )
gen [36]. FIG. 2. Muonic x-ray energy spectra in hydrogen observed

with a CCD detector at temperatures of30 K and vari-
ous target densitiesb (given in units of LHD): (a)® =

e . P At :.0.97; (b) ® = 0.0795; (c) ® = 0.0391; (d) ® = 0.0106; and
This is the first systematic investigation of muonic () d = 0.00115. K., Ky, andK, lines could be separated.

x rays in this density region, and the first one which{o energy resolution of the detectdE™VHM /E at 2 keV

gives intensities for the three lowest muonic lines.  was6%. The solid lines indicate Gaussian fits. The density
Earlier experiments [31—-35] were either rather inaccudependence of the line intensities is clearly visible. The x-ray

rate or performed at very low gas densities103 X peak at 1.74 keV (dashed line) is due to fluorescence excitation
LHD) only of the detector’s silicon material. The low counting statistics

0 ied ith the hi and the high background Si peak visible in measurement
| Qur measurements were carried out with the 'grke) reflects the already very low stopping probability of muons
intensity muon beam of theuE4 area at PSI (Paul in'such a low-density hydrogen gas.

Scherrer Institut, Villigen, Switzerland). Figure 1 shows
the setup for the measurements at liquid hydrogen densityion of the hydrogen was checked on-line during the mea-
Several different silver-coated steel or aluminum targesurements by using a quadrupole mass spectrometer [38]
cells were optimized for the measurements in liquid andvhich could extract samples via a small capillary leading
gaseous hydrogen, respectively [36]. directly into the target volume. The stability of the target
To minimize x-ray absorption, Kapton windows with a pressure and temperature was monitored and controlled
thickness of 12.5um were used for the measurementsduring all measurements.
at LHD. The gas target equipped with 26n thick Charge coupled devices [39,40] have been employed
windows had to withstand pressures of up to 6 bar ahas x-ray detectors. They consisted of two CCD sensors
temperatures around 30 K. For safety reasons, the targptl] with an active detection area of25 X 17 mn?
vacuum vessel was separated from the vacuum of the€-880000 pixels) for each chip. The main chip com-
charge coupled device (CCD) with an additional 125  ponent was silicon with small absorption layers 0Ogi
Kapton window. The target cells were partly coveredand SiN, on the surface. The depletion thickness of
with superinsulation to reduce radiation heating. ~30 um was well adapted for the observed energy re-
To avoid highZ impurities in the target, which would gion. To shorten the readout time, each chip was split
change theX line intensities through excited-state muoninto two electronically independent detection areas.
transfer [20,37], the hydrogen was cleaned during the fill- We were able to apply a specific pattern recognition
ing procedure by using a liquid-nitrogen trap together withalgorithm to separate “true” x-ray hits from charged par-
a palladium filter. Wall effects were calculated to be neg-icles and cosmic background using a “single pixel” se-
ligible, and this was confirmed by a monitoring diode lection criterion [42—44]. A single pixel was considered
detector to an accuracy better thdn%. The composi- to be a true x ray if the charge content of the surrounding
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FIG. 3. The density dependence of the yield of muokic muonic hydrogen. The theoretical curves are calculated as in
lines in hydrogen. The measured relative yield is given as th&i9- 3. The inset (b) displays the magnified low density region.
number of counts in on& line (K;,i = «, 8, y) divided by

the total count rate in all observedlines (K., = K, + Kg + _ o '

K,). The plotted data points at LHD include5& correction  of the different target cells, the absorption in the windows

for nonradiative ground state transitions [7]. Filled circles, and in the CCDs’ top layers was simulated. The intrinsic

uares, t‘?‘"d ”iang'est.i"dlicat%he rti'ative yie_ldlcfgrtKlﬁ, a.”? o Jetection efficiency of the CCDs was checked at-t16%
ransitions, respectively. The other experimental points for, . . : : . ,
K. yields are taken from Refs. [31] (cross), [32] (open circle),level using the known intensity ratios of antiprotonic

[33] (star), and [34] (square). The displayed calculated result¥ fays. The absorption in the window foils was measured
from [8] used a scaling factar for the Coulomb deexcitation with an>>Fe source and various material layers [36].

cross sectionk = 0 (dashed line)k = 0.5 (dotted line), and Figure 3 displays our results, given in Table | for the
k =1 (full line). x-ray yields of the muonic hydrogeh— 1, 3 — 1, and
4 — 1 transitions. The relative yield is given by the

eight neighbor pixels was statistically compatible with theintensity of one specifi& line (K;,i = «, 8, v) divided
noise peak of the CCDs. by the intensity of all observed lines (K, = >, K;).

Data runs lasted for~3 min to guarantee that not For all gas points, the measured relative yield is equivalent
more than~15% of the CCD’'s pixels were hit. A to the calculated yield; at LHD, 8% correction for non-
longer exposure time would have caused a decrease in thadiative ground state transfer has to be applied [7] for
detection efficiency. A fraction of hit pixels of more than comparison with theory. This is the first measurement
40% actually would have made it very difficult to apply which allows us to test the existing cascade calculations
our selection criterion for x rays. at high target densities [5,7,8,10]. The calculations taken

Our measurements investigated a density region covrom [8] shown in Figs. 3 and 4 were done for different
ering 3 orders of magnitude. The observed raw energgontributions of Coulomb deexcitation. There, the corre-
spectra are displayed in Fig. 2. The intensity variation ofsponding cross sections [12] were scaled with a facter
the muonic hydrogerk,, Kz, and K, lines with target 0 (no contribution, dashed line} = 0.5 (dotted line),
density can be seen directly. No lines higher thark,, ~ andk = 1 (full line). The calculation according to the
could be observed. standard cascade model [5,10] coincides with the

An empty targetrunanda* run proved that there were 0 assumption. The displayed data—error bars include
no background peaks visible within the relevant energystatistical errors and contributions due to efficiency cor-
region. The x-ray peak at 1.74 keV is due to fluorescenceections—match quite well the calculated density de-
excitation of the detector’s silicon material. Therefore thependence. Though not very sensitive kowithin the
background function could be approximated by the sunexperimental errors, the yield measurements favor values
of a constant and a term depending linearly on energyof k ~ 1.
Gaussians with energy-dependent width [36,42] were used Theory [8] predicts that in the observed density
to fit the peak areas of muonic hydrogen and of silicon. region the density dependence of tl&& /K ratio is

The knowledge of the x-ray detection efficiency wasapproximately linear, with a significant contribution
indispensable for a correct analysis. A Monte Carlofrom Coulomb deexcitation. Figure 4 shows our results
program was written [36] to correctly account for the (Table |) together with the calculation from [8]. The
various contributions to x-ray absorption. The geometryK,/Kg value at LHD favors a scaling factar < 0.5.
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TABLE I. Results of the muonic x-ray measurements in hydrogen.

DenSity [LHD] Ka/Ktol KB/Ktol K‘y/Ktol Ka/KB
0.9700 = 0.0030 0.952 = 0.019 0.048 = 0.008 0.000 = 0.010 19.9 + 2.45
0.0795 = 0.0008 0.854 = 0.032 0.133 = 0.027 0.013 = 0.006 6.41 = 1.25
0.0738 = 0.0008 0.849 = 0.034 0.135 = 0.028 0.016 = 0.007 6.27 = 1.75
0.0489 = 0.0004 0.758 = 0.033 0.216 = 0.028 0.026 = 0.007 3.51 £ 0.52
0.0391 = 0.0003 0.686 = 0.040 0.274 = 0.034 0.040 = 0.009 2.50 = 0.42
0.0106 = 0.0001 0.539 = 0.048 0.369 = 0.036 0.092 = 0.016 1.46 + 0.25

0.001 15 = 0.00005 0.494 = 0.066 0.291 = 0.050 0.215 = 0.049 1.70 = 0.38

Measurements at gas densities higher tRgén of LHD

[13] L.I. Men'shikov, Muon. Catal. Fusior?, 173 (1988).

were not possible due to the high x-ray absorption in thé14] A.V. Kravtsov and A.1. Mikhdov, Zh. Eksp. Teor. Fiz.

very thick windows which would be required by such high

gas pressures.

deexcitation plays a significant role during the muonic
cascade an unambiguous decision on the correct value ﬁf7
the scaling factoik is not yet possible. Moreover, the
expected linear density dependencekf/Kz may be

Nukleonika40, 25 (1995).
Although our measurements indicate that Coulomd1®] W. Czaplinskiet al.,, Phys. Rev. A50, 525 (1995).

107, 1473 (1995) [Sov. Phys. JETBO, 822 (1995)];

[16] L.I. Ponomarev and E.V. Solov'ev, JETP Le64, 135
(1996).

] W.H. Breunlich, P. Kammel, J.S. Cohen, and M. Leon,
Annu. Rev. Nucl. Part. ScB9, 311 (1989).

[18] J. Zmeskakt al., Phys. Rev. A42, 1165 (1990).

in doubt. The deviation from theory could also be an[19] p. Kammel, Lett. Nuovo Cimentd3, 349 (1985).
indication for more complex collisional processes, e.g.[20] B. Lausset al., Phys. Rev. Lett76, 4693 (1996).
the existence of possible molecular effects [45]. A new{21] B. Lausset al., Hyperfine Interact101/102 285 (1996).

experiment at very low gas densities [46] will also help to[22] B. Gartneret al., Hyperfine Interact101/102 249 (1996).
[23] D.J. Abbotet al., Phys. Rev. A55, 214 (1997).

clarify the role of Coulomb deexcitation.
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