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The total yield of particles desorption from solid Ar doped with CH4 under irradiation with an electron beam
was studied at 5 K. The measurements were carried out at a CH4 concentration of 1 and 5%. The effect of explo-
sive delayed desorption from the surface of argon matrix was discovered in both mixtures. With a higher concen-
tration of CHy, it appeared at lower doses and was more pronounced. Two types of self-oscillations were ob-
served: long-period bursts (on a time scale of about 25 min) and short-period oscillations (of about 10 s). In pure
solid Ar delayed desorption was not observed despite the accumulation of a significant number of excess elec-
trons, exceeding their number in mixtures of Ar and CHy4 as it was found by measurements of thermally stimu-
lated exoelectron emission. This finding discards the model of Coulomb explosion for the phenomenon detected.
In this paper we focused on the role of hydrogen (one of the radiolysis products) in delayed desorption. The for-
mation of atomic hydrogen in the matrix was traced via cathodoluminescence by the emission band of the
excimer ArzH* at 166 nm. Desorption of excited hydrogen atoms in the excited state was detected by the Ly-a
emission line. A decrease of the ArzH* band intensity at higher concentration of CH4 was found evidencing
bleaching these centers likely due to recombination of H atoms with energy release and formation of molecular
hydrogen. The data obtained give additional evidence in favor of the hypothesis that the exothermic reactions of

radiolysis products serve as a stimulating factor for delayed desorption.

Keywords: CH4 in Ar matrix, electron irradiation, explosive delayed desorption, cathodoluminescence,

self-oscillations.

Introduction

Solid methane being an important constituent of Inter-
stellar Medium and Solar System has attracted considera-
ble interest in astrophysics community [1-5]. Properties of
methane, their transformation caused by the continuous
radiation of outer space, and physicochemical processes
became the topic of a large body of research. Numerous
techniques have been introduced to simulate radiation-
induced processes in the laboratory [6]. Various types of
ionizing radiation were used to study radiation behavior of
methane and methane-rich ices, e.g., ions [7—14], electrons
[15-21] and photons [19,22-24]. Essential radiation-
induced modification of solid methane was detected with
appearance of a number of products (H, Hy, CH3z, CHp,
CH, CyHg, etc.). It was shown that the initial step of the chem-
ical transformation appears to be generation of the methyl
radical CH3 and atomic hydrogen (CH4 — CH3 + H). As
shown in [19], a wealth of highly unsaturated species are

formed via the successive loss of hydrogen atoms. The
detection of the radiolysis products by FTIR spectroscopy
allowed the authors to construct a model of chemical reac-
tions describing radiation-induced modification of me-
thane. The most abundant product at the end of electron
beam irradiation was ethane CoHg (59% of the total carbon
consumed from methane in the experiments [19]). Note
that generation of charged species and their neutralization
were not considered in [19].

Special point of interest to radiation effects in solid me-
thane is its interaction with neutrons. In view of high effi-
ciency of the conversion of short wavelength neutrons to
long wavelength ones, which is ~ 3.5 times higher than
that achieved in liquid hydrogen based moderators, solid
methane is proven to be the most promising material for
cold moderators [25]. However its use in cryogenic moder-
ators encounters difficulties when dealing with intense
neutron flux. It appeared that a neutron flux irradiating a
methane moderator, can cause spontaneous release of ac-
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cumulated energy, rapid heating followed by hydrogen
expansion and moderator destruction [25,26]. This, so-
called “burp” effect — self-accelerated heating process,
detected by J. Carpenter, attracted much attention in the
neutron community and a number of thorough studies were
performed, e.g., [26-28]. The results of this research pro-
vided support of Carpenter’s model according to which
energy accumulated and stored in the form of reactive spe-
cies (H, CH3...) upon low-temperature irradiation is then
released by thermally activated diffusion and subsequent
reactions [25]. Gas chromatography analysis performed in
[25] after one week’s irradiation and vaporization of the
moderator container content indicated about 5.4 mol % H»,
2.3 mol % CyHg, with smaller concentrations of other hyd-
rocarbons. This finding supports the suggestion that the exo-
thermic reactions of radical recombination: H + H — Hp
and CH3 + CH3z — CyHg serve as an energy source in the
process under discussion. Carpenter’s model described the
phenomenon using one activation energy Eact = 155 K.
Further experiments [28,29] pointed to more complex sce-
nario. It was suggested [28] that more than one process
underlies the observed phenomenon. This suggestion was
supported by the experiments performed with electron
beam applying current activation spectroscopy technique
[20,29,30]. It was found that there are two channels of re-
laxation — low-temperature one operating in the tempera-
ture range 10-20 K and ‘“high”-temperature relaxation
channel which comes into play upon reaching 40 K. Maxi-
ma of thermally stimulated exoelectron emission (TSEE)
were detected in those ranges as well as yields of thermally
stimulated post-desorption (TSpD). Moreover explosive
particle desorption and flash of photons were detected up-
on irradiation of methane at 5 K with the delay of an hour
with respect to the start of irradiation by 1 keV electron
beam of 3 mA/cm” current density [31,32]. The outburst of
particles was preceded by oscillations of particles desorption
of increasing amplitude. Note that delayed desorption of
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similar kind was observed under exposure of methane film to
9.0 MeV a-particles and 7.3 MeV protons [8]. However in
that study authors did not detect regular oscillations.

Here we present our further research on this effect. To
get more insight into the phenomenon we investigated ra-
diation effects induced by an electron beam in solid Ar
doped with CHy4. Energy transfer to dopant in Ar matrix is
quite efficient because Ar free excitons (12.1 eV [33]) fall
into the absorption band of CH4 molecule [34]. Taking into
account that in a presence of energetic electrons ionization
process would be of importance we chose solid argon as
the matrix in view of high ionization potential / of Ar
(I=15.7 eV) exceeding the ionization potential of methane
of CH4 (I = 12.6 eV). This ratio of ionization potentials
facilitates the formation of CH, and other ionic species,
e.g., H', CH}, C,H¢, in Ar matrix. Neutralization of CH
proceeds via dissociative recombination resulting in the
appearance of radiolysis products. Substitutional site in Ar
lattice is about 0.376 nm [35] that is close to the kinetic
diameter of CH4 (0.380 nm) and the methane molecules
can occupy substitutional site at low concentrations of do-
pant. But starting with a methane concentration of 3%, the
argon lattice in the vicinity of the impurity is modified and
at higher concentration about 20% a two-phase system is
obtained [36]. Taking this into account, the concentration
of CHy should not be too high. On the other hand, it should
not fall into the two-phase region. So, we have chosen
concentrations of 1 and 5% CHjy. For these systems de-
layed explosive-like particle desorption was also detected
followed by oscillations of particles emission.

Experimental

The experimental procedures have been described in
detail in Sec. 7 of Ref. 6. In the following, we give a brief
account of the procedures. Figure 1 represents a schematic
sketch of the experimental set-up.

Fig. 1. Scheme of the experimental set-up for emission spectroscopy of solidified gases.
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Mixture of Ar and CHy of defined concentration was
performed in the gas-handling system which was heated
and degassed before ecach experiment. We used Ar gas
(99.998%) and CHg4 gas (99.97%) without further purifica-
tion. Films of solid Ar doped with methane were grown by
deposition of a certain amount of gas onto a cooled to LHe
temperature Cu substrate mounted in a high-vacuum
chamber with a base pressure of < 10 Torr. A LHe cryo-
stat was used to ensure a stable temperature. 25 um thick
unannealed films were used in these experiments. The
sample temperature was controlled during the entire exper-
iment with a Si sensor.

The irradiation was performed in dc regime with
subthreshold energy electrons (E. < 1.7 keV) to avoid the
knock-on sputtering. In most of the experiments, the elec-
tron beam energy E, was set to 1.5 keV with the current
density of 2.5 mA/cm . The beam covered the icy film
with an area of 1 cm”. The sample heating under electron
beam did not exceed 0.4 K.

Cathodoluminescence (CL) spectra were registered simul-
taneously in the VUV range and in the visible one. The dose
deposited by irradiation was determined from the exposure
time for a constant beam intensity. Particle desorption under
beam was monitored with an ionization detector (a Bayard-
Alpert gauge) throughout the entire experiment.

On completing irradiation we detected an “afteremission”
current. Measurements of thermally stimulated relaxation
emissions from solid Ar doped with CH4 were started
when the “afteremission” current had decayed to essential-
ly zero. In these experiments we used heating with a con-
stant rate of 5 K/min. Released from shallow traps elec-
trons being promoted to the conduction band either
neutralize positively charged centers or escape from the
film yielding TSEE current. Stimulated currents were de-
tected with an electrode kept at a small positive potential
VF =49V and connected to the current amplifier. TSEE
curves reflect the distribution of electron traps (defects) in
the sample and provide an information on the trap levels in
grown and irradiated samples as well as charge accumula-
tion. Figure 2 illustrates TSEE yields from pure and doped
Ar matrix. The low-temperature peak at 8 K in doped sam-
ples corresponds to the most shallow traps induced by do-
pants. The next wide peak at about 16 K represents a
multipeak curve with unresolved structure incorporating
components related to different defects of structure. In pure
methane, the second peak has been observed at 18 K [30].

It can be seen that the number of defects in the tempera-
ture range of 15-35 K in Ar doped with 1% of CHy4 is al-
most the same as their content in the pure matrix. In the
temperature range below 15 K, the number of defects in
doped Ar is significantly reduced and their distribution
differs from that in the pure matrix. An important point is
that the number of excess electrons accumulated in pure
solid Ar exceeds their number in mixtures of Ar with CHy
as seen from Fig. 2.
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Fig. 2. TSEE from pure Ar and Ar doped with CHy of different

concentrations.

Note that all measurements, both while the beam is on,
and after its shutdown and subsequent heating, were per-
formed in the dynamic pumping mode. Pumping out was
carried out by LHe cryogenic pump and magnetic dis-
charge pump. All parameters during the entire experiment
were controlled by a special program developed for current
experiments.

Results and discussion

The most likely sources of energy for explosive desorp-
tion at low temperatures are the exothermic recombination
reactions of CHj3 radicals and hydrogen atoms [25]:

CHj + CH3 — CaHg + 368 kl/mol, (1)
H+ H — Hy + 218 kJ/mol. ©)

In this paper we focused on the role of hydrogen in the
phenomenon of delayed desorption. The formation of
atomic hydrogen in the matrix can be traced by the known
emission band of the excimer Ar,H", which falls in the
VUV range. The lowest resonant transition of a hydrogen
atom in a gas is also in the VUV range — Lyman-a line at
121.6 nm. Therefore, we will present the VUV spectra of
CL of solid Ar doped with CHy4 and try to trace their con-
nection to the delayed desorption. Typical CL spectrum of
Ar matrix doped with 5% CHy is shown in Fig. 3.

The most intense feature of this spectrum at 127 nm is
the well-known emission of molecular-type self-trapped
excitons Ar,, corresponding to the transitions from 13 z
states to a repulsive part of the ground state IZG [33]. This
band is also seen in the second order. The radiative states
can be populated via both the processes of exciton self-
trap})mg and the recombination of the self-trapped holes
(Ar ) with an electron. The efficiency of the recombina-
tion channel of luminescence was demonstrated in [37].
The weak feature near 109 nm stemms from atoms and
unrelaxed argon molecules desorbing in excited states.
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Fig. 3. VUV CL spectrum of solid Ar doped with 5% CHy.

These features are not resolved in the spectrum shown be-
cause the recording was made with a wide spectral slit to
enable the detection of weak emissions. It should be noted
that the addition of methane strongly quenches the matrix
luminescence. The spectrum also contains impurity bands
of CO (the Cameron system). The most interesting feature
related to the present study is the excimer emission band
near 166 nm, which corresponds to the emission of the
AroH™ center at the transition to the repulsive part of the
ground-state potential curve [38]. Most likely, the for-
mation of this center occurs via neutralization of ionic hy-
dride Ar2H+, similar to the process considered in [39] for
the formation of Xe,H" upon electron bombardment of the
Xe—H, mixture. The observation of the ArzH* emission
band in our experiment clearly indicates a rather efficient
dissociation of CHy in the Ar matrix despite the “cage ef-
fect” and accumulation of atomic hydrogen. This effect can
be expected because not only the decomposition of CHy,
but also most chemical reactions of methane radiolysis
products occur with the formation of hydrogen atoms. In-
tensity distribution in the spectrum varies with the CH4
concentration. Figure 4 shows the VUV CL spectrum taken
at the CH4 concentration of 1%.

In addition to the features observed at 5% methane in
Ar, a broad band appears at 184 nm. Its identification is not
entirely clear at present. In solid Ar, even in earlier studies,
e.g., [40,41], a wide emission band was recorded at 200 nm,
the so-called third continuum. Analogs of this continuum
were recorded in the gas [42—45] and liquid phase of ar-
gon [46]. In most of the studies, its origin was associated
with transitions in ionic centers Ar; or the decay of Ar22 .
It was underlined that several components of different ori-
gin contribute to the third continuum of Ar. One might
assume that under the conditions of our experiment one of
the components appears in the spectrum. Taking into ac-
count the uncertainty of the continuum at 184 nm identifi-
cation and its low intensity in relation to the matrix’s own
emission band (Ar; ), we compared the ratio of the Ar,H"
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Fig. 4. VUV CL spectrum of solid Ar doped with 1% CHy.

band and Ar, band intensities in samples with a different
CH4 content. The ratio I(ArzH*)/l(Ar; ) increased 5 times
with decreasing methane concentration from 5 to 1%. This
implies a more rapid depletion of atomic hydrogen at higher
concentrations due to its diffusion followed by nonradia-
tive recombination of the H radicals with the release of
energy and the formation of molecular hydrogen.

In rare gas matrices the hydrogen atom occupies two
types of sites — interstitial site and substitutional one [47].
The atoms occupying the interstitial sites are released at
moderate heating, while the atoms trapped in the substitu-
tional sites remain trapped at low temperatures [48]. It should
be underlined that atoms produced by dissociation have an
excess of kinetic energy facilitating local diffusion, while
atoms which are in thermal equilibrium with the lattice
appeared to be stable. So H-‘H spin pair diradicals with a
distribution of internuclear distances > 0.7 nm were detect-
ed by ESR spectroscopy at LHe temperature [49].

First of all we checked if there is a burst of desorption
upon irradiation with electron beam of pure Ar matrix.
Irradiation performed with the same parameters of the
beam during twice more time did not show any strong
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Fig. 5. Delayed explosive desorption of solid Ar doped with 1% CHa.
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bursts. Monitoring of the electron-induced desorption from
solid Ar doped with 1% of CH4 already revealed the de-
layed desorption as shown in Fig. 5.

The first burst of desorption was observed about an
hour after the start of irradiation. It resulted in the chamber
pressure increasing by an order of magnitude. The process
reoccurred after about 25 min but the second burst was
much weaker and was accompanied by a slight drop in the
chamber pressure. The structure of these bursts (the irra-
diation time dependence) is shown in Figs. 6(a) and (b).

The first burst of particles desorption is composed of
three huge amplitude peaks spaced apart by more than 10 s
each. The increase in the delayed desorption yield occurs
much faster than its decay. The peaks of the second burst
are of smaller amplitude. They are rising with a period of
about 7 s and then fade out.

With a rise of CH4 concentration to 5% the phenome-
non of delayed desorption has become more pronounced as
shown in Fig. 7.

When the electron beam is turned on desorption of par-
ticles begins at a low rate resulting in a moderate rise of
pressure accompanying electronically stimulated desgrp-
tion of Ar matrix. Signatures of desorbing excited Ar at-
oms and unrelaxed Ar; (v') molecules are seen in Figs. 3
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Fig. 6. Structure of the first (a) and second (b) bursts of particles
from solid Ar doped with 1% CHj.
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Fig. 7. Delayed explosive desorption from solid Ar doped with
5% CHy. Small peak at the beginning appeared when the beam
current was brought to a stationary mode.

and 4 near 109 nm. Interestingly, in these spectra recorded
before the burst of desorption, the Lyman-a line belonging
to the hydrogen atoms desorbing in the excited state was
recorded. It is visible in the second order of the spectra at
243 nm. After irradiation during half an hour, the desorp-
tion yield rises rapidly in explosive-like way by two orders
of magnitude as can be seen in Fig. 7. The burst lasts for
about 100 s and then desorption decreases to a steady state
value. A most remarkable feature of this delayed desorp-
tion is that oscillations are appearing just before the burst
and increasing in amplitude. They are seen also after the
burst gradually decaying. The behavior of the total desorp-
tion yield in the burst range is shown in Fig. 8.

Appearing of such a pronounced burst with oscillations
correlates with a decrease of the intensity of Ar,H* band
evidencing bleaching these centers likely due to recombi-
nation of H atoms with energy release and formation of
molecular hydrogen.

1500 1700 1900 2100 2300
Irradiation time, s
Fig. 8. Enlarged view of the burst area taken from solid Ar doped

with 5% CHg.
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Note that in pure solid methane a pressure increase by
three orders of magnitude during the delayed burst and
distinct long lasting oscillations with a period of 10 s were
observed upon exposure to an electron beam [31,32]. The
existence of two types of periodic processes: short-period
oscillations of small amplitude and long-period strong
bursts, implies the two systems are involved in the delayed
desorption observed. The detected phenomenon is an ex-
ample of radiation-induced self-oscillations similar to
those considered in [50]. The data obtained discard the
model of Coulomb explosion and provide additional proof
in favor of the hypothesis that the exothermic reactions of
radiolysis products serve as a stimulating factor for the
delayed desorption upon electron irradiation. More sys-
tematic studies are required to understand in more detail
the underlying processes.
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IHOykoBaHa enekTpoHamu 3aTpumaHa gecopbuis
TBEPAOro aproHy, 4OMNOBaHOrO MeTaHOM

I.B. XvxHun, C.A. YioTHoB, M.A. Bnyzgos,
O.B. CaBueHko, B.E. Bondybey

BuBueHo iHTerpanbHUA BUXiJ] YACTOK 13 JOMOBAaHOTO METAHOM
TBEPJIOro aproHa Mij Ji€ro eIeKTpoHiB npu Temmepatypi 5 K. Bu-
Mipu BHKOHaHO npu KoHmeHTpamisx CHy 1% ta 5%. Bussneno
edekt BHOyXoBoi 3aTpuMaHoi JecopOLMH 3 MOBEPXHI aproHOBOI
MaTpHIi 11 000X cyminied. 3i 30inbIeHHsM KoHneHTpanii CHy
BiH TTOYMHABCS NMPU MEHBLIMX J1033aX M OyB SICKpaBillle BHUpaXKe-
Huit. Crioctepiranocs ABa TUIH aBTOKOJIWBAHb: TOBIOTIEPiOIUYHI
(na mkani yacy Gnu3bko 25 XB) i KOpOTKOMepioguyHi (OIU3bKO
10 ¢). B uncTomy aproHi 3arpuManHa necopOlis He CIocTepira-
J1aCh, HE3BAXKAIOYM HA HAKOIMMYEHHS 3HAYHOI KiJIbKOCTI HaJJIHII-
KOBHX €JIEKTPOHIB, IO TIEPEBHIIYE iX YUCIIO B CyMilllax aproHy 3
METaHOM, SIK OyJI0 3HAIICHO MO TePMOCTUMYJIbOBaHIH eK30eIeK-
TpoHHIK eMicii. Lli pe3ynpTatu BHKIIOYAIOTH MOJIENh KYJIOHIBCh-
KOro BHOYXY JAJIsl BUSIBICHOTO sIBUINA. Po3risiaeThest pojib BOJ-
HIO — OJHOTO 3 TPONYKTiB paioNizy METaHy — B SBHIII
3aTpUMaHoi JecopOiii. YTBOPEHHS aTOMapHOTO BOJHIO B MaTpH-
i BIACTEXXYyBalocs 3a CMYroK BHIPOMIHIOBaHHS EKCiMeEpy
ArzH* npu 166 uM. BusiBneno pecopOuiro 30ymKEeHHX aTOMIB
BOJIHIO O cMy3i Ly-o. BusBiIeHO 3MeHIICHHS iHTEHCHBHOCTI
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CMYTH ArzH* npu Oinbmmiit konnentparii CHy, oo cBiguuTs mpo
3MeHIIeHHs yncna H-1enTpiB, oueBHIHO, BHACTIZOK iX peKoMOi-
Halii 3 BUAUIEHHSM €HepTii Ta yTBOPEHHSIM MOJICKYJISIPHOTO BOJI-
Hio. OTprMaHi JaHi Taf0Th JOAATKOBHH JIOKa3 HAa KOPHUCTH Tillo-
Te3d, IO eK30TepMiuHi peakuii

MPOAYKTIB panionizy €

CTUMYITIOIOUNM (aKTOPOM IS 3aTPUMAHOI 1ecopOIii.

Kirouosi cnoBa: CHs B Ar marpuili, eeKTpOHHE ONPOMiHEHHS,
BHOYXOBa 3aTpUMaHa JecopOIlisl, KaTOXOIIOMIHECICHIIIS, aBTO-
KOJIMBAHHSL.

MHD,yLJ,VIpOBaHHaFI ANEKTpOHaMn 3agepxXaHHadA
D,eCOPGU,VIFI TBEPAOoro aproHa, gonmpoBaHHOro
MeTaHOM

W.B. XvxHbin, C.A. YioTHoB, M.A. Bnygos,
E.B. CaBueHko, B.E. Bondybey

N3zyyen oOmuii BEIXO AeCOPOLIH YaCTHI U3 TOTIUPOBAHHOTO
METaHOM TBEPJOT0 aproHa IoJ| IeHCTBUEM DJIEKTPOHOB IIPU TEM-
neparype 5 K. I3mepenus BeInonHeHs! npu KoHneHTpanusax CHy
1% n 5%. O6uapyxeH 3 dexT B3pbIBHOI 3a/1ep)KaHHON JecopO-
UM C MOBEPXHOCTH aprOHOBOM MaTpHUIBI 111 obeux cmeceil. C
yBenanueHneM KoHueHTpauun CHy OH HauMHANCS NPU MEHBIINX
no3ax u ObLI sipue BeIpaxkeH. Habmomanuce 1Ba THIIAa aBTOKOJIE-
OaHmil: nonromepuojMyYeckue (Ha IIKaJle BPEMEHH OKOJO 25
MHH) H KopoTKomnepuoaudeckue (oxoio 10 c). B unctom aprone
3aJiep)KaHHas lecopOIysl He HaOIIoaanach, HECMOTpPSI Ha HAKOII-
JICHHE 3HAYUTENBHOTO YMCIAa M30BITOYHBIX 3JIEKTPOHOB, IIPEBBI-
MIAIOIIETO MX YHCIO B CMECSAX aproHa C METaHOM, Kak ObLIO Haii-
JIEHO 10 TEePMOCTHUMYJIMPOBAHHOM 3K303JEKTPOHHOM SMHCCHHU.
OTH pe3yNbTaThl HCKIIOYAIOT MOJIENb KYJIOHOBCKOTO B3pBIBA JUIS
oOHapyXeHHOTo SBICHUS. PaccMarpuBaeTcs poib BOmopoma —
OJTHOTO W3 IPOJYKTOB paJHoiM3a MeTaHa — B 3aepXKaHHOH
necopOumu. OOpa3zoBaHHE aTOMapHOTO BOAOpPOAA B MaTpHIlE
OTCJIE)KHMBAJIOCh I10 IOJIOCE M3IIydyeHHUs JKCHMepa ArzH* npu
166 am. OGHapyxeHa necopOIus BO30YKICHHBIX aTOMOB BOJO-
pona mo mnonoce Ly-o. OOHapy:XeHO yMEHbIICHUE UHTEHCUBHO-
CTH ITOJIOCHI ArzH* npu Oonbieii koHueHTpanuu CHy, dTo cBH-
JIETeNbCTBYET 00 YMEHBIICHUH YKciia H-1leHTpoB, mo-BuauMomy,
BCIIEJICTBHE WX PEKOMOMHAIINN C BBIICICHUEM SHEPIUH W 00pa-
30BaHHEM MOJIEKYJISIpHOTO Bojopoja. [lonydeHHble NaHHBIE Na-
10T JIOTOJHHUTENBHOE JOKA3aTeIbCTBO B ITIONB3Y THIOTE3BI, YTO
9K30TEPMUYECKHE PEAKIMU MPOIYKTOB PAIMOJIM3a CIIy)KAaT CTH-
MYJUPYIOMIM (GaKTOPOM AT 3a/iep>KaHHOHN ecOpOInH.

Kmouessie cioBa: CHy B Ar MaTpule, 3J1€KTpOHHOE 00JIydeHue,
B3pBIBHAsI 3aJiep)KaHHAsi JECOPOIHs, KaTOMOIIOMUHECIICHITHS,
aBTOKOJICOAHMS.
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