Available online at www.sciencedirect.com

sc.ENCE@D.RECT® SPECTROCHIMICA
ACTA
= Soen. ) PART B
ELSEVIER Spectrochimica Acta Part B 52003 2255-2260

www.elseviercom/locate/sab

Application of large-area avalanche photodiodes to X-ray
spectrometry of muonic atoms

L.M.P. Fernandés , A. Antognifi , M. Bouclfer , C.A.N. Coride , O. Huot , P.E. KnoWwles ,
F. Kottmand , L. Ludhova , F. Mulhauser *, R. PBAl , J.M.F. dos Sahtos , L.A. ScRaller ,
D. Taqqu, J.F.C.A. Veloso

@Departamento de Fisica da Universidade de Coimbra, 3004-516 Coimbra, Portugal
®Max-Planck-Institut fiir Quantenoptik, DE-85748 Garching, Germany
°Département de Physique de I’Université, CH-1700 Fribourg, Switzerland
Unstitut fiir Teilchenphysik, ETHZ, CH-8093 Zurich, Switzerland
€Paul Scherrer Institut, CH-5232 Villigen-PSI, Switzerland

Received 10 November 2002; accepted 16 May 2003

Abstract

Large-area avalanche photodiodes have been investigated as 1.9-keV X-ray detectors for the muonic hydrogen
Lamb-shift experiment. We report experimental tests carried out for evaluation of the avalanche photodiode capabilities
for X-ray detection in the intense radiation and low counting rate environment of experiments with muonic atoms.
Several muonic atoms were used and it was shown that the electronic background of muonic atom X-ray spectra can
be reduced simply by timing the X-ray signal against the gate signal produced by the muon entrance. Furthermore,
the background can be eliminated using coincidences between the X-ray signal and the signal resulting from the
electron due to the muon decay. This coincidence discrimination results, however, in a reduction of the X-ray
detection efficiency.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction muonic hydrogen(wp) is undergoing at the Paul

Scherrer Institute(PS)) [1,2]. The experiment

An experiment to measure the energy difference consists of obtaining long-liveg.p atoms in the
between atomic states 2S—2Ramb shify in 2S metastable state by stopping low energy nega-

e datthe oth S _ . Itive muons (n.~) in a small volume of low-
is paper was presented at the 9th Symposium on Tota . ‘o
Reflection X-Ray Fluorescence Analysis and Related Methods, pressure hydrogen im 5 T magnetic field. A

held in Madeira, Portugal, September 2002, and is published Pulsed beam from a tunable lager 6 pm wave-
in the Special Issue dfpectrochimica Acta Part B, dedicated length) induces the 2S—2P transition jiip. Muon-

to jgat Confefzf_‘ce- or. Telt 41.26.3005060: ot 41 ic atoms in the 2P state decay immediately to the

26300000 I author. Tl 42267 1Al ground state and 1.9-keV X-rays are emitté&dyg.
E-mail address: francoise.mulhauser@unifr.ch 1). Since the atomic energy levels of m_uonic
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limited area(200 mnt) is a drawback. However,
2P T a series of 12 LAAPDs will be used in the final
Laser AE experiment.
pulse We report experimental tests carried out for
28 2 evaluation of the capabilities of LAAPDs in the
detection of muonic atonup, wHe, nC) X-rays
1.9 keV in the intense radiation environment of the exper-
x-rays iment. The main aim was to verify the ability of
detecting the 1.9-keV X-rays, corresponding to the
18 2P-1S transition ofup, and to study the possibil-
ities of reducing the huge X-ray spectra back-

Fig. 1. Muonic hydrogen atomic levels, showing the transitions ground present on such muonic atom experiments.
taking place in the Lamb-shiftAE) experiment.

2. Experimental setup

those of normal hydrogen, according to the ratio
of reduced masses, the transitionsuip lie in the The realization of theup Lamb-shift experiment
soft X-ray region. requires a very low energy muon beam line.

The 2S-2P energy differencéAE) can be However, the reported tests were obtained from a
determined by measuring, as function of the laser different muon beam line, the.E4 area at PSI.
wavelength, the number of coincidences between This beam line was designed to produce muons in
the laser pulse and the delayed 1.9-keV photon. the 30—-100 MeYc momentum range. To opti-
The contribution of the RMS proton charge radius mally stop the muons in our gas volume, we
to the Lamb shift inup amounts to 2%. Measuring selected a beam momentum of 31.5 MeV
the Lamb shift to a precision of 30 ppm will allow Before entering the gas chamber, incoming muons
us to deduce the RMS proton charge radius with were detected in a 1-mm-thick scintillator.

0.1% accuracy, 20 times more precise than pres- Fig. 2 shows a schematic muon view of the
ently known|[3,4]. target and detectors. The gas chamber
The X-ray detector should be compact and (100X 115x50 mn?) is made of 15-mm-thick

insensitive to a 5 T magnetic field. To achieve the aluminum covered with 5—um gold. Four 10-
attended accuracy, we need an energy resolutionum-thick and 30-mm-diameter aluminized Mylar
of approximately 20% for 1.9-keV X-rays. To windows were installed to allow muons to enter
differentiate between prompt X-rays resulting from the chamber and low energy X-rays to reach the
the 2P-1S transition of muonic cascade in hydro- two LAAPDs and the G1 germanium detector.
gen and laser-induced delayed events, a time res-Since LAAPDs are light sensitive, we chose alu-
olution better than 100 ns is also necessary. minized Mylar in order to prevent the light to
Large-area avalanche photodiod@AAPDs) are enter the chamber. The thickness was chosen such
compact, monolithic devices suitable for soft X- as to hold the slight overpressure in the chamber
ray spectrometnf5] and can operate in magnetic and to minimize the X-ray absorption. Apart from
fields up b 5 T with negligible performance the LAAPDs, we used two germanium detectors
degradatiori6,7]. They also match the other exper- to measure X-rays for monitoring purposes. G1 is
imental requirements: they present good time res- a small volume(0.17 cn¥) high purity germanium
olution and the energy resolution can be reduced detector, suitable for X-ray detection in the 3—-25
to the desired values because its performance inkeV energy range and was essentially used to
X-ray detection can be improved by decreasing monitor if the muons were mainly stopping in the
the operating temperatut8]. Therefore, LAAPDs  gas volume. G2 is a larger volun{&5 cn¥) high

of 16 mm diameterf9] will be used during the  purity germanium detector, suitable for 70—1500
first run, in SeptembgiOctober 2002. Because keV energy range detection and was used to
low counting rates are expected, the LAAPD monitor the number of muons that interact in the
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Fig. 2. Schematic muon view of the experimental system, showing the target and surrounding detectors.

chamber walls. This way, the muon beam momen- The LAAPD signals were fed through ttRazh-
tum was optimized to maximize the muon stops erford Appleton Laboratory (RAL) low-noise pre-
in the gas and minimize the muon stops in the amplifier [10], model 108-A, to a spectroscopy
walls. No window was necessary in front of the amplifier and were pulse-height analyzed by a
G2 detector; however, the target wall thickness multi-channel analyzer. ThRAL 108-A preampli-
was reduced from 15 to 3 mm. fier is a charge-sensitive thick ceramic board spe-
Surrounding the target and the detectors, four cially designed to amplify negative input signals
pairs of scintillators(ES Left, ES Right, ES Up, and to give positive output signals. Short shaping
ES Down were installed to detect muon decay time constants of 100 ns were used in the main
electrons. The scintillators have a planar shape andamplifier to achieve an optimum energy resolution.
cover almost all space around the chamber, maxi- Only events taking place in coincidence with
mizing the solid angle for electron detection. Each the signal given by the scintillator that monitors
scintillator (eight in tota) has its own phototube. the muon entering the gas chami¢esich set the
Using coincidence signals between two scintillator time-zero were recorded. For each LAAPD event,
plates allows us to discriminate between heavy energy and time were recorded. Offline analysis
charged particles and electrons. Only the last onespermits any combination of energy and time from
can leave traces in both scintillator plates. the different detector types to produce spectra.
Different gases, such as hydrogen, helium and
a mixture of hydrogen and methane, were used in 3. Results and discussion
our experiments. In all cases, a continuous gas
flow was used. When muons are stopped in a gas volume,
LAAPDs, 16 mm in diameter, biased with 1800 muonic atoms are produced in an excited state.
V, were used to detect the muonic X-rays produced Those atoms decay to the ground state and the
in the gas. X-rays interact directly in the Si and subsequent X-rays can be detected. Muon colli-
the resulting primary electrons are amplified by sions with the chamber walls produgerays and
the intense electric field around the junction, pro- electrons, contributing to the background. Addi-
ducing a pulse with amplitude that is, in average, tional delayed electrons are produced in conse-
proportional to the X-ray energy. guence of the muon decay process. The muon
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within a 200-5200 ns time range, are further

considered, as seen in the e-coincidence pulse-

height distribution of Fig. 4. K and KpHe X-

3 E rays can be efficiently discriminated from the

electron background only when using coincidence

10° b i with the muon decay electrons. However, the X-

ray counting rate drops by a factor of approxi-
L mately 5 due to the discrimination parameters and

N 1 1 1

0 1

10° ‘ , ; ,

Counts

M’""WMM%WM the solid angle for the electron detection.
Fig. 5 depicts the total, prompt and electron-
2 3 4 s coincidence X-ray pulse-height distributions for
Time [ps] the H,+4%CH, and H+16%CH, mixtures,
obtained using the same discrimination timing
Fig. 3. Time spectrum for muonic hydrogen X-rays showing parameters as in Fig. 4. For these mixtures, muons
the exponential behavior of the muon decay process. are captured either by hydrogen or carbon atoms.

10'

-1

lifetime depends on the gas inside the chamber.
The time spectra of LAAPD events show the % ' ' ‘ '
exponential behavior characteristic of the muon Muonic Hydrogen Total
decay, as shown in Fig. 3 for muonic hydrogen. — — Prompt
An exponential fit would give the muon lifetime T Beoine®)
in the different elements of the target, namely, the
gas and the walls. The muon lifetime in hydrogen
is 2.2 us [11].

Since X-rays are produced just after the muon hL
capture in a pure gas, we distinguish between )\ ,)‘h
prompt and delayed events, corresponding to w“ "%ﬂ"wuff‘?m?hlbﬁkmdf”"'111“"r"\""‘lﬂlﬂ:ﬁm\Wmed,'
events that take place at times shorter and longer  ° , p P —
than 30 ns, respectively, in the attempt to reduce
the X-ray background. The value 30 ns was chosen 300
looking at energy and time spectra. Selecting only
events in the useful energy rangbetween 1.5
and 2.5 keV in muonic hydrogérand checking
the corresponding time, almost all events lie within ¢
+30 ns. Fig. 4 presents different pulse-height §150
distributions obtained with LAAPDs, for hydrogen ©

er.[i

Muonic Helium

T

and helium gases. The total distribution includes o K K

. 1o o (]
all events (X-rays and electrons without any i ~1;. T
discrimination, while the prompt one includes only bl :5'-”\“l’%&%}ﬂ‘\yﬂ{%‘bﬁuﬁwwwlkh"ihn\‘v‘nﬁmwmﬂf\w\umwa m.
prompt events(time between+30 ns relative to 0 oo, AR bl e ui O
muon entranck The resulting energy spectra from Energy keV '

prompt events present a considerable background

reduction, showing that the time discrimination is Fig. 4. Pulse-height distributions obtained with LAAPDs in
a powerful tool for effective X-ray background two different pure gases. For hydrogen, the 1.89 keV K and
reduction. The background can be almost totally 225 k§V Ks kP X-rays are shown. For.h.‘éll'“m' the ﬁ.zs kﬁv
eliminated if a coincidence between the X-rays in T_“ssnke\?lzl aﬁ(\j/ Eo'g'lee\flaﬁear;_g;'& ?hisb\i"ée.bﬁsm;,e
the LAAPD and the corresponding electrons result- apove 3 keV is due to electrons depositing energy in the

ing from the muon decay, detected by scintillators LAAPD.
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Fig. 5. Pulse-height distributions obtained foy+H4%CH, and
H,+16%CH, mixtures. In both cases, K ang itp X-rays
were detected, as well as the 4.88 keY MC X-rays. As seen,
wC peak intensities are directly dependent on the relative con-
centration of carbon in the mixture.

When hydrogen atoms capture muons, muon trans-
fer to carbon takes place, with a reduced transfer
rate of 0.9%5) X 10*!/s (relative to liquid hydro-
gen density [12], producing delayed muonic car-
bon (u.C) atoms. Again, the e-coincidence spectra
in Fig. 5 show the capability to identify the unique
signature of muonic atom X-rays that allow to
effectively eliminate the background.

4. Conclusions

LAAPDs are alternative detectors for muonic
atom X-ray spectrometry. Its compactness, insen-
sitivity to intense magnetic fields and ionizing

particles and radiation hardness are advantages to

its use in the demanding environment of such
experiments. However, its limited detection effi-
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ciency for X-rays with energies above 10 keV may
be a drawback in that case. Effective background
reduction of the X-ray spectrum is achieved by
discriminating the events taking place few tens of
nanosecond after the muon entrance in the cham-
ber. Additionally, the background can be effective-
ly eliminated by further discriminating LAAPD
events establishing its coincidence with the respec-
tive muon decay electrons.
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