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The absorption spectrum of solid helium in the presence of ap-source has been measured in the 
wavelength range 7000-10 000 A at pressures of 25,3 1.2, and 40.5 atm. The absorption lines 
found correspond to the (0-0) and ( 1-0) c38: +a38U+ transitions of He: molecules. It was 
established that thea3Z,+ state is formed as a result of ion recombination and that the probability 
of formation of an excimer molecule in the act of recombination is close to unity. The lifetime of 
thea3Z,+ state in a crystal was measured as T ~ Z  15 f 1 s. An additional mechanism for excimer 
decay was also found, produced by the interaction of excited molecules with charges. The 
corresponding capture cross section of a molecule by an ion is a=: (4-6) X 10-l3 cm2. 

1. INTRODUCTION 

The energy spectrum of helium crystals has so far been 
studied almost exclusively in the range not exceeding the 
Debye frequency. Apart from that and at higher frequencies, 
starting from the infrared region and up to the vacuum ultra- 
violet, helium crystals should have a rather rich spectrum of 
excited states, both charged and electrically neutral. The re- 
sults of experimental',' and the~retical ' .~ investigation~ of 
the excited states of liquid helium provide evidence for this. 

One of the most interesting results of these investiga- 
tions was the discovery of long-lived a3X, triplet states of 
molecular (He:). According to Keto et al., ' the lifetime of 
such excimers at all concentrations which could be mea- 
sured directly is determined by their mutual recombination; 
the natural lifetime, determined by radiative processes or, 
possibly, by non-radiative decay was in any case not less than 
0.1 s. Compared with a3ZU+ all other neutral excitations, 
both molecular and atomic, were short-lived. It is for this 
reason that a3Z; excimers are the only real candidates for 
the role of carriers of the so-called "neutral currents" in liq- 
uid helium, first found by Surko and Reif ': the lifetime of 
the carriers of these currents, according to Mehrotra et al.' 
can reach - 10 s. 

It would be very interesting to compare these results 
with results on free excimer He: molecules. Unfortunately 
such results are extremely meager. The only experimental 
work on this subject which we know o f 7  gives an estimate 
below 0.05 s for the lifetime of the a3Z: excimer in rarefied 
gas. The very recent first attempt at a calculation of the ra- 
diative lifetime of the a3Z; state8 gives an estimate of - 10 s. 
We do not know of any theoretical work on calculations of 
the lifetimes of these states in condensed helium. 

An electron gun generating an electron beam with ener- 
gies - 100 keV is customarily used as the source of the exci- 
tations in studies of the excited states of liquid helium (see 
Ref. 1).  Such electrons are stopped in a path of 1-10 mm in 
liquid helium, forming a track consisting of ions and excited 
helium atoms. The kinetics of the reactions which take place 
in such a system is extremely complicated and has so far been 
quite insufficiently studied; in any case, several competing 
mechanisms can be indicated, leading to the formation of 
triplet He: states. In total these mechanisms are fairly effec- 
tive: according to Keto et al.,' for a pulsed irradiation of 
helium by a beam of 160 keV electrons about 10% of the 
total beam energy goes into the formation of a32,+ states. 

The actual process which leads to the formation of metasta- 
ble states was not established in these experiments. The cap- 
ture of a neighboring atom by an excited He* (23S) atom 
with the formation of an excimer He: molecule, although it 
occurs, is apparently not the main mechanism for excimers 
to arise. It is possible, at the same time, that in condensed 
helium excited by an electron beam or by some other means, 
together with He+ ions and e- there are appreciable 
amounts of He,+ and He,+ ions. He: molecules may be 
formed as a result of the recombination of such ions with 
negative charges. 

Going over to the question of the investigation of mo- 
lecular excitations in solid helium, we note that only one 
attempt of this sort is known to us."n this experiment with 
solid helium irradiated by an electron beam, He:(a32,+ ) 
molecules were observed; their lifetime was measured not 
directly, as in the same authors' work on the liquid,'.' but 
indirectly using the time dependence of the intensity of vacu- 
um ultraviolet radiation, and without spectral resolution. 
The conclusion drawn on the basis of these results, that the 
kinetics of the decay of excimer molecules in a crystal was 
practically the same as in the liquid, was surprising even to 
the authors themselves. We note that under the experimen- 
tal conditions9 the possibility cannot be ruled out that the 
working region of the crystal melted under the action of the 
electron beam. 

In the present work we study the spectral properties of 
He; (a3X,: ) excimer molecules in 4He crystals, the kinetics 
of their formation and decay, and the interaction of these 
molecules with charge carriers in helium crystals. Special 
attention is paid to the elucidation of the role of recombina- 
tion of charges in the formation of excimers. A short com- 
munication was published earlier on these experiments. '' 

2. EXPERIMENTAL METHOD 

Special thin-walled windows are essential for introduc- 
ing an electron beam into the cryostat; this fact highly com- 
plicates the use of electron beams when working at elevated 
pressures. For this reason, in experiments with solid helium, 
which require pressures of not less than 25 atm, we preferred 
to use ,B-sources frozen directly into the crystal being stud- 
ied. The main drawback of such a source is the impossibility 
of controlling its intensity, which at first sight prevents any 
transient measurements. However, it turned out that in elec- 
tric fields of - lo4-lo5 V/cm the rate of formation of ex- 
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FIG. 1. Construction of the experimental container and the positions of 
the light beams for measuring the absorption, view along the optic axis of 
the system: 1 ) case, 2) thermometer, 3 ) filling capillary, 4 )  electrodes, 5 )  
cold finger, 6) position of the beams. 

cimers by such a source varies appreciably (see the next sec- 
tion for more detail on this); this makes it possible to control 
effectively the source. In practice the rapidity of such a 
means of control was not high and for the present apparatus 
amounted to about 0.3 s. 

In our experiments we used a pumped 3He cryostat and 
windows which were transparent in the visible and near-IR 
region. 

The helium crystals were grown in a container shown in 
Fig. 1. The ferrochromium case had internal diameter 18 
mm. Windows of optically polished chemical glass, 16 mm 
in diameter, were stuck into fitting places on its ends with 
Stycast-1266 epoxy cement. The container was 17 mm long 
from glass to glass. A 4 mm diameter copper cold finger was 
soldered through the container wall; its asymmetrical posi- 
tioning was associated with convenience in passing the light 
beam through the apparatus for measuring the absorption. 
A carbon resistance thermometer was placed on a copper 
wire also soldered through the wall. The mountings of the 
two electrodes were fixed to the body of the container 
through ferrochromium-chemical glass seals. The 10 mm 
diameter electrode plates, positioned vertically at a distance 
of 1.4 mm from one another, were covered on the inner side 
with/?-active titanium tritide. Similar sources were used ear- 
lier in measurements of the mobility of charges in heli- 
um. ' I . "  The range of the /?-electrons emitted by the tritium 
in condensed helium is several microns; in this way a thin 
layer of partially ionized and excited helium is formed near 
the surface of the electrodes. The intensities of both sources 
were identical, and the total saturation current was 
2.4X 10pXA. The heat dissipation due to the slowing down 
of energetic fl-particles in the helium was less than lo-' W 
for the sources used, and does not lead to any noticeable 
heating of the container. We note that lo5 times more power 
was dissipated in experiments1.' with irradiation by an elec- 
tron beam in liquid helium; strong spectra could be pro- 
duced in this way. In our experiments, as has already been 
reported,"' it was not possible to observe any absorption in 
the liquid, since the intensity of the excitation source used 
was considerably less than in those other experiments. '.' 

We were able to apply a voltage from 0 to 30 kV of both 
polarities between the electrodes and record the electric cur- 
rent passing through the specimen. The electrical power, UI, 
dissipated in the crystal did not exceed 3 X lo-' W in all 
experiments. The presence of twofl-sources made it possible 
to transfer charges of both signs from the pre-electrode lay- 
ers to the bulk of the crystal and, by measuring the absorp- 

tion spectrum, to establish the products of their recombina- 
tion. Sufficient spatial resolution was achieved in the optical 
measurements, owing to the large width of the interelectrode 
gap, so that the absorption could be measured separately in 
the pre-electrode layers and in the middle of the gap. 

At P z 2 5  atm the crystals were grown from superfluid 
liquid at constant pressure and temperature, at P = 3 1.2 and 
40.5 atm from normal liquid at constant pressure in a tem- 
perature gradient. The container filled with crystal in - 1 h, 
and optical measurements were only carried out on those 
specimens in which there were no visible bulk and surface 
defects. 

In the first experiments we measured the radiation spec- 
trum from our apparatus filled with liquid and solid helium. 
An MDR-2 monochromator was used for this and a cooled 
FEU-79 photomultiplier, working in the photon counting 
regime. When measuring the radiation, light was collected 
from the whole interelectrode space, i.e., there was no spatial 
resolution; current was not passed through the helium. The 
results obtained at T z  1.2 K and for various pressures are 
shown in Fig. 2. As can be seen from Fig. 2, raising the pres- 
sure leads to a sharp reduction in the intensity of the lines. 
This effect was already observed before '.* and was associat- 
ed by the authors with an amplification of the nonradiative 
de-excitation as the density of the medium is increased. As 
can be seen, it was only possible to record the radiation from 
the solid phase at the limit of the sensitivity of the apparatus. 
In such a situation an appreciably more sensitive means of 
recording the excited states is the measurement of the ab- 
sorption lines corresponding to transitions from the meta- 
stable state a38:  at higher energy. 

For measuring the absorption the light from a ribbon- 
filament incandescent lamp, which passed through the 
MDR-2 monochromator was split by a vertical bilens into 

FIG. 2. Radiation spectrum from liquid and sold helium at different pres- 
sures: .) 0.5 atm; 0 )  12 atm; 0) 24.5 atm; @) 25 atm, crystal. Collecting 
time in the liquid was 100 s, in the crystal 500 s; Nis the number of photons 
per second. 
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two beams, which passed through the apparatus as shown in 
Fig. 1 and then came together at the FD-24 photodiode. The 
beams were focused in the middle of the cross-section of the 
experimental container and in this place their dimensions 
were usually -0.3 mm in the horizontal direction and z 7  
mm in the vertical. The beams were chopped in turn at a 
frequency of 300 Hz, and the signal from the photodiode was 
detected at this frequency and was recorded as a function of 
wavelength or time. The use of the indicated source of illu- 
mination and photodetector produced the most effici~nt re- 
cording of the absorption in the range 7000-10 000 A. The 
accuracy of the measurements was limited mainly by vibra- 
tions of the cryostat. The minimum absorption which could 
in that case be recorded, when the beam passing through the 
crystal did not touch the electrodes, was (2-3) X lo-'. 

An example of an experimental trace of an absorption 
spectrum in the wavelength region 8500-9300 A is given in 
Fig. 3. The magnitude of the absorption, as already report- 
ed,'" depended appreciably on the electric current flowing 
through the specimen. By switching on and off a high vol- 
tage, we recorded on a two-pen plotter the change in current 
and the absorption as a function of time. A typical experi- 
mental trace of this type was shown in Fig. 3 of the earlier 
publication."' In this way we could measure the magnitude 
of the absorption in two ways. In the first case the absorption 
was recorded as a function of wavelength for fixed current 
and other parameters (Fig. 3).  The second method consisted 
of measuring the difference in the stationary absorption lev- 
els, established after switching the voltage on and off for 
fixed wavelength. The second method turned out in practice 
to be somewhat more accurate; it was in this way that the 
absorption spectrum in a crystal, shown below, and most of 
the points in the dependence of absorption on current, were 
obtained. The wavelength was then fixed for measuring the 
current dependences at the maximum of the absorption line, 
while for measuring the spectrum the current was turned on 
and off, which achieved the maximum absorption in the bulk 

of the crystal (for measuring the spectrum the beam was 
located in the middle of the interelectrode gap, the corre- 
sponding current dependence of the magnitude of the ab- 
sorption is discussed in the following section). 

It should be noted that the electrometer which mea- 
sured the magnitude of the electrical current had an intrinsic 
time constant T = 0.87 s. Several recorded curves of the es- 
tablishment of the current I ( t )  on a large time scale and the 
true time dependences of the current established by numeri- 
cal analysis using the relation 

are shown in Fig. 4. Such an analysis permits a more distinct 
separation from one another of the capacitance current pulse 
(the first maximum on the curves) and the moment of the 
transition from the rise part to the constant value corre- 
sponding to the time of flight of charges across the interelec- 
trode space. The drift velocity of charges calculated from the 
curves of the establishment of the current, 10-2-10- ' cm/s, 
agrees within an order of magnitude with the results ofextra- 
polating into our region the experimental parameters for the 
mobility of both positive and negative charges, measured 
earlier in somewhat lower fields and at lower tempera- 
tures. l 2  The maximum which appeared on the curves of Fig. 
4 (Ref. 13) was interpreted as the arrival at the collector of a 
higher-density leading edge of charges. As can be seen, in 

FIG. 4. Experimental curves of the establishment of current for P = 25 
atm, T z 0 . 9  K and different pressures (narrow lines) and the I,, ( t )  
dependences established by numerical analysis (thick lines): 1 ) U = 13.8 
k V , I = O . l 0 ~ 1 0 ~ ~ A ; 2 )  U = 1 6 . 5 k V , I = 0 . 4 5 ~ 1 0 - ~ A ; 3 )  U =  17.3 

FIG. 3. Experimental trace of absorption in the liquid ( 1)  and in the kv,  I = 0 . 5 4 ~  10-8 A; 4)  = 18.5 k v ,  1 = 0.65 10-x A; 5 )  u = 22.0 
crystal ( 2 )  for measurements near an electrode. kV, I = 0.85 X lo-' A. 
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our case for currents I 2  0.6X lo-' A the additional charge A ~ ~ ~ ,  i 
density in the leading edges have the same order of magni- 

9,00 
tude as the density in the stationary flow. 

In the majority of cases, after the high voltage is 
switched off, apart from a pulse of capacitance current, a 
pulse of current of the opposite sign was observed, evidently so00 

associated with a redistribution of charge in the interelec- 
trode space. However, the current dropped to practically liquid 
zero after a time 2 1 s. The charges remaining after this in 

dgDo 
the bulk of the crystal recombined, according to estimates, 
within several seconds or faster (this depends on tempera- &DO 

ture and on the initial current). R 1 70 

3. RESULTS OFTHE MEASUREMENTS 

An absorption spectrum in a crystal at P ~ 2 5  atm is 
shown in Fig. 5. The distance between the points ~ 3 0  A 
corresponds approximately with the spectral width of the 
beam. No new details in the spectrum appeared on reducing 
the spectral width of the beam (by narrowing the entrance 
and exit slits of the monochromator). Comparison with the 
absorption spectrum reported earlier shows that in the crys- 
tal, unlike the liquid, at a sufficient concentration there are 
only molecules in the zero vibrational state a 3 Z , + .  Evident- 
ly, under conditions of a small lifetime, the excited states 
which are observed in the liquid are not in thermal equilibri- 
um with the surrounding helium. 

The distance between the lines (0-0) and (1-0) of the 
transition c32,+ +a3Z,t  agree within an experimental accu- 
racy of ~ 2 %  with the vacuum value 1478 cm-' (Ref. 14). 
The position and shape of the lines did not depend on tem- 
perature; the shape and width of the line (0-0) of the transi- 
tion c3-a3 were also close to that observed in liquid helium. ' 
Raising the pressure to 31.2 and 40.5 atm leads to a shift of 
the lines in the direction of shorter wavelengths, while their 
shape and width remain unchanged. The position of the 
maximum of the main line is shown in Fig. 6 a as a function 
of crystal density. Results obtained in the liquid'.' are also 
shown there. It can be seen that the results of measurements 
in liquid and solid helium lie on the same straight line. 

The accuracy in determining the position of the lines 
D '2; -+B Ing andd 38: -+b 311g inFig. 2 isnothigh,espe- 
cially for radiation from the solid phase; within the limits of 
this accuracy the earlier results'.2 and the results of our ex- 
periments for the liquid and crystal can also be described by 
a single linear dependence (see Fig. 6 b).  

The magnitude of the absorption in a crystal and its 
dependence on the electric current were mainly determined 
by whether the excited pre-electrode helium layer intercept- 
ed the light beam traversing the specimen or the beam tra- 
versed the middle of the interelectrode space. The depen- 

FIG. 6.  The density dependence of the pos~tion of the maxlmum of lines: 
a )  (O-O)c3L,t +a3Z,+ absorption and b) d '2,: - b 'Il, rad~atlon. The 
values for the liquid, shown by open circles and thick I~nes, are taken from 
Ref. 1 and 2. 

dences of the magnitude of the absorption on current for one 
and the same means for the beam to traverse the crystal, as 
reported earlier," were similar over the whole range of tem- 
peratures studied (from -0.8 K to T, ) and pressure. 

Typical curves of the absorption in the middle of the 
interelectrode gap are shown in Fig. 7. If the beam was posi- 
tioned symmetrically with respect to the electrodes the ab- 
sorption was independent of the polarity of the high voltage. 
If, however, the beam was shifted from the center of the gap 
towards one of the electrodes (generally approximately by 
the beam width), but still did not fall on the pre-electrode 
layer then, as shown in Fig. 8, the dependences of the absorp- 
tion on current, measured for different polarities of the ap- 
plied voltage, were noticeably different. Unfortunately, the 
existing spatial resolution did not permit a detailed measure- 
ment of the concentration distribution of excimers in the 
interelectrode space; we could only differentiate three beam 
positions qualitatively: in the middle of the interelectrode 
space; asymmetrical of the type described above, and near an 
electrode when it caught an excited layer. 

The following means of passing the light beam was con- 
venient for a quantitative analysis in the case of measure- 
ments near an electrode. The beam fell on the surface of an 
electrode at a small glancing angle and was reflected from it; 
the angle of incidence was chosen so that the beam width 
~ 0 . 3  mm was somewhat smaller than the transverse dimen- 
sions of the electrode seen at that angle (i.e., the angle of 
incidence was ~ 0 . 0 3  rad). All the light then traversed a 
path of known length (to the same accuracy with which the 
thickness of the layer and the angle of incidence are known) 
in the excited pre-electrode layer, and the concentration of 
excimer molecules in the layer could be estimated from the 

FIG. 5 .  Absorption spectrum of a crystal at P = 25 atm. 
The positions of the lines of the vibrational structure of 
the c3Z,t -a'Z,: transition in vacuo14 are shown by the 
arrows. 
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FIG. 7. The current dependence of the absorption in the middle of the 
interelectrode gap: a) P = 25 atm, T = 1.4 K; 0 )  P = 25 atm. T = 1.1 K; 
A)  P=40.5a tm,  T =  1.3K. 

magnitude of the absorption. A typical current dependence 
of the absorption near an electrode in shown in Fig. 9. The 
absorption A,=: 2 X l op2  corresponds to an excimer concen- 
tration m - lOI5 cm-'. We should remember that the con- 
centration in the bulk of a crystal at the absorption maxi- 
mum was estimated" at m - 1012 ~ m - ~ .  

The systematic difference between the locations of the 
points for different polarities in Fig. 9 is most likely due to 
the fact that in measurements near the electrode one records 
also molecules outside the near-electrode layers, so that the 
interelectrode gap is asymmetrically illuminated. Note that 
in Fig. 9 the difference between the points for different polar- 
ities does not exceed the absorption at the middle of the 
interelectrode gap. 

The increase and decrease of the absorption when the 
voltage was reversed were exponential within experimental 
accuracy; the corresponding time constants are shown in 
Fig. 10. Exceptions were situations when it was impossible to 
separate distinctly in time the buildups of the current and of 
the absorption signal. These include, first, the case of small 
currents ( - 1.10-" at sufficiently low temperatures 
( 5 1.1 K) ,  when the current buildup time becomes too long 
( > 5 s).  The second case was that of large currents 
( 2 8. A ) ,  when the current-buildup curve showed a 
distinct maximum due to the passage of the dense charge 
front; the absorption-signal buildup can in this case become 
even nonmonotonic. 

FIG. 9. Current dependence of the absorption near an electrode; P = 25 
atm, T = 1.07 K. The'dark circles correspond to negative voltage applied 
to the electrode illuminated by the beam, the open circles to positive 
voltage. 

drawn from the experimental results presented. Mutual re- 
combination, which determines the lifetime of excimer mol- 
ecules in liquid helium, is not manifest in the crystal. On the 
contrary, the intrinsic lifetime of excimers is observed in sol- 
id helium r, = 15 * 1 s which is independent of tempera- 
ture, of pressure and of molecular concentration (Figs. 10 b 
and c) .  

The reduction in the excimer lifetime when an electric 
current flows through the crystal (Figs. 10 a and b )  is evi- 
dence of the existence of an additional mechanism for the 
decay of excitations, associated with the motion of electric 
charges through the helium. We assume that the interaction 
of molecules with charges is described by a capture cross 
section a (Ref. 15). When a current I flows, the lifetime r, of 
excimers is determined by the relation 

where e is the electron charge and j = I / S i s  the current den- 
sity. As can be seen from Figs. 10 a and b, the observed 
reduction in the time 7, corresponds to a cross section 
a = (4-6) X 1 0 ' % m 2 .  

The formation of excited molecules evidently takes 
place mainly as a result of recombination of charges of differ- 
ent signs. This suggestion explains in a natural way the re- 
duction in the number of excimer molecules in the pre-elec- 
trode layers with increasing current: those charges which 

4. DISCUSSION OFTHE RESULTS 

Some conclusions about the mechanisms for the forma- 
tion and decay of He: molecules in solid helium can be 

FIG. 8. Electric current dependence of the absorption 
for the case of asymmetrical positioning of the beam at  
P = 25 atm and different temperatures: a )  T = 1.35 K, 
b)  T =  1.05 K, c )  T z 0 . 9  K. The symbols CB and €3 
correspond to the polarity of the voltage applied to the 
electrode nearer to the region of the crystal studied. 
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make a contribution to the current do not take part in the 
recombination. The passage of an electric current leads not 
only to a reduction in the number of excimers in the cell, but 
also to their redistribution over the crystal volume. From the 
magnitudes of the absorption near an electrode and in the 
bulk (Figs. 7-9) it is easy to estimate, however, that the 
fraction of molecules which are formed within the pre-elec- 
trode layers is relatively small. For this reason measure- 
ments near an electrode give, in fact, the current dependence 
of the total number of He: molecules in the cell; the differ- 
ence may be about the same as the difference in the absorp- 
tion for voltages of different polarities (see Fig. 9).  

The current dependence of the absorption near an elec- 
trode for different temperatures and pressures normalized to 
the value of the absorption for zero current A, is shown in 
Fig. 11. Since the magnitude of the absorption depends on 
the angle of incidence of the light beam on the electrode, the 

FIG. 10. The dependence of the time constants of the 
intermediate processes in the absorption on the value 
of the current I established after the voltage has been 
switched on (7,) and after it has been switched off 
(T , , ) ;  a and &measurements in the middle of the 
interelectrode gap (P = 25 atm: 0) 1.23 K, A )  1.23 
K,~)1.1K,~)1.1K,Q)1.23K,8)1.1K,6)0.95 
K,V) 1.27K,A) 1.32K;P= 31.2atm:O) 1.43K,B) 
1.6 K; P = 40.5 atm; +) 1.35 K, 0 )  1.3 K) ;  c and d- 
measurements near an electrode (P = 25 atm; 0 )  1.33 
K , 0 )  1.07K,.) 1.33 K; P=31.2atm; A )  1.16K. 
A )  1 .61K,V)  1.78K,v)1 .29K,+)0.87K,P=40.5  
atm: 0) 1.42 K). The calculated curves shown in Figs. 
a and c describe the shortening of the lifetime of ex- 
cimers due to their capture by charges. The capture 
cross section is a = 4 X 10- " crn2, for curve 1 and 
a= 6 ~ 1 0 - ' ~ c r n ~ f o r c u r v e 2 .  

value of A, varies from experiment to experiment within the 
limits =: 1.7-2.196. For the case of constant lifetime of the 
excimers, their number in the cell for a current I is deter- 
mined by the fraction of the charges which is formed under 
the action of the &radiation and which recombine near the 
place where they are formed and therefore do not contribute 
to the current, i.e. 

This dependence is shown in Fig. 11 by the straight line. If, 
however, 7,  (I) < r0 then as T,/T,  decreases the equilibrium 
number of excimers in the crystal also decreases (the dashed 
curves in Fig. 1 1 ). As can be seen, the capture cross section 
u z  (4-6) x 10-'%m2 describes the experimental results 
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A(I)/A, m = y ~ ~ n ,  where n is the rate of charge recombination and 

07 .06 the problem comes down to seeking the value of n as a func- 
0 2  h7 tion of current. The electric field E, the current density j, and 
A3 G 8  the charge concentrations n + and n ._ are related by the 

equations: 

EX1=4ne (n+-n-) , 

(pn+E).'=-'an+n-, 

j=epE (n++n-) , 

where x is the coordinate in a direction perpendicular to the 
plane of the electrodes. The mobilities of positive and nega- 
tive charges were assumed to be equal and dependent on the 
strength of the electric field p = p (E). In the second equa- 
tion which describes the charge recombination, Langevin's 

05 - 
relation a = 8 r p e  was used for the recombination coeffi- 
cient. 

It is customary" to use as boundary conditions for 

FIG. 11. Normalized absorption near an electrode for different pressures 
and temperatures. The open symbols correspond to positive voltage ap- 
plied to the given electrode, the dark symbols to negative; P = 25 atm: 1 ) 
1.07K,2) 1.33 K, 3 )  1.33 K; P =  31.2atm:4) 1.16K, 5)  1.61 K , 6 )  1.78 
K, 7)  1.29 K, 8)  0.86 K; P = 40.5 atm: 9 )  1.42 K. The solid straight line 
represents the A(Z)/A,, = 1 - Z/I,;,, relation. The dashed curves are the 
result of calculations which take account of the capture of molecules by 
charges and for curve 1)  a = 3X 10- I' cm', 2) a = 4.5 x 1 0 1 3  cm', 3)  
o = 6 ~ 1 0 - " c m ' .  

satisfactorily. The value of the corresponding characteristic 
interaction radius R = ( a / r )  ' I 2  z 35-45 A agrees well with 
that calculated by Bashkin. '' 

The number of excimer molecules in the pre-electrode 
ionized layer, M Z  3 X lo1', can be estimated from the value 
of the absorption near an electrode in the absence of a cur- 
rent A , , - - 2 ~  l ~ - * ,  and the thickness of the layer, which is 
only known to an order of magnitude, is not important for 
this. In the stationary state the decay of excimers at a rate 
M = - M/T, should be compensated by their formation 
upon recombination of charges, M = yl,,, /2e. Therefore the 
probability y, of the formation of a triplet state on the recom- 
bination of charges turns out to be about 0.5. The error in 
determining this quantity is associated mainly with the fact 
that the oscillator strength for the transition c 3 t a 3  is not 
known accurately; in calculating the absorption cross-sec- 
tion for light by an HeT(a38,+ ) molecule, we assumed that 
the oscillator strength was equal to 0.3 (Ref. 10). 

The mechanism proposed for the formation of excimers 
as a result of charge recombination enables the current de- 
pendence of the value of the absorption outside the ionized 
layers to be described. For this we note that the concentra- 
tion of excimers in the stationary regime should be equal to 

equations of this type the assumption E = 0 at the boundar- 
ies of the ionized layers. This condition, however, can only 
be justified in the limiting case of very small currents ja',,, . 
In the current range of most interest to us this condition is 
clearly not satisfied; this follows, for example, from an anal- 
ysis of the current-voltage characteristics. As additional 
conditions necessary for a unique solution, we made use of 
the current-voltage characteristics j (  U) measured in each 
experiment and, of course, under symmetry conditions cor- 
responding to the symmetry of the measuring cell. 

In our calculations of the mobility of the charges we 
assumed a power-law function for the electric field 
p = pk Ek and constructed the n ( I )  relation for different k 
andp,  . Calculations showed that the current dependence of 
the rate of recombination was close to that shown in Fig. 7, 
i.e., the maximum which occurs for I = (0.3-0.5) x lo-' A 
and is practically equal to zero for 12  10WX A arises if the 
mobility grows sufficiently rapidly with increasing field 
p a E n ,  where n = 2-4. The power depends on the tempera- 
ture: the lower the temperature the higher the power neces- 
sary to obtain curves close to the experimental curves. A 
weaker field dependence of mobility shifts the calculated 
n ( I )  curves in the direction of larger currents. The calculat- 
ed recombination rate for a given current also depended 
strongly on the absolute value of the mobility (i.e., of the 
coefficient pk ) used in the calculations. By using values of 
the mobility corresponding to the times of flight of charges 
across the interelectrode space, by comparing the calculated 
recombination rate and the measured concentration of ex- 
cimers in the middle of the interelectrode gap, the efficiency 
of excimer formation y can be estimated. The efficiency 
y ~ 0 . 5  is in full agreement with the estimate given above. 

We should note that the results of the calculations, car- 
ried out within the framework of the simplified model dis- 
cussed, only describe the motion and recombination of 
charges in the experimental cell in its main features. In par- 
ticular, the mobility of charges of different signs are in gen- 
eral unequal in magnitude, and this must lead to an asymme- 
try (relative to the middle of the interelectrode space) in the 
distribution of recombination rate. Such an asymmetry was, 
in fact, observed in our experiments (see Fig. 8 ) .  The inter- 
section of curves in Fig. 8 corresponding to different polari- 
ties indicates that at the given temperatures and applied vol- 
tage the mobilities of positive and negative charges coincide. 
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We note that, judging from Fig. 8 c, there is a temperature 
region T <  1 K (and not only for P = 25 atm, but also for 
P = 31.2 and 40.5 atm) within which the mobility of unlike 
charges is close over the whole current range of interest to us 
I=: (0.1-1.0) X A. 

In this way the suggestion that the main mechanism for 
the formation of excimers in the state a3Z,+ is charge recom- 
bination describes well the total available experimental re- 
sults. 

The capture of excited molecules by charges could, in 
principle, lead to a certain concentration of molecules aris- 
ing in the bulk of the crystal even for the case when the 
excimers are not formed by recombination of charges. The 
simplest possibility is that molecules formed in some way in 
the pre-electrode layer are captured by charges, are trans- 
ported from the electrodes together with them, and as a re- 
sult of recombination collect in the bulk of the crystal. Such 
a mechanism would lead to qualitatively the same observed 
consequences, but in this case there is numerical deviation 
from the experiment: the capture probability of a molecule 
by a charge on passing through the pre-electrode layer is on 
average uM/2S=; lo- '  [ a  = (4-6) x 10-l3 cm2 is the cap- 
ture cross section, M z 3  X 10'' is the number of excimers in 
the pre-electrode layer, S = 0.8 cm2 is the electrode area], 
and thus the probability of formation of a free excimer mole- 
cule in the act of charge recombination would be y< 1. In 
addition, the probability itself of the existence of such a long- 
lived bound state of a charge and a metastable molecule is 
highly doubtful, since processes must occur which lead to 
the decay of the metastable state, for example, superelastic 
scattering. " 

The fact that the mutual recombination of excimer mol- 
ecules does not occur in a crystal, even in the pre-electrode 
layers where their concentration is high, enables the follow- 
ing estimate to be made. The difference between the time 
constants 7, in the pre-electrode layers and in the rest of the 
crystal volume is not more than 1 s, from which 
a,  m 5 4 X  10V3 s ' ,  where m - 10" cm-3 is the concentra- 
tion of excimers in the pre-electrode layer and a,  is their 
recombination coefficient in solid helium. The recombina- 
tion of excimers in the crystal is limited by their low mobil- 
ity; in that case, as shown for example by Hereford," 
a,  = 4.rrDRm, where D is the diffusion coefficient of mole- 
cules in a crystal and R, is their characteristic radius of 
interaction. The most probable mechanism for the decay of 
excimers as they interact with one another is Penning ioniza- 
tion. This process is characterized by a capture radius (or 
cross section) which, according to measurements in differ- 
ent gases has, in general, a magnitude of the order of 
R,,, = 10-X-10-7 cm (Ref. 19), including the mutual re- 
combination of atomic excited He* (23S), R,,, = cm 
(Refs. 17, 19). 

The magnitude and temperature dependence of the re- 
combination coefficient of He;(a'Z,,! ) excimers in liquid 
helium is well de~cr ibed ' . '~  by a temperature-dependent dif- 
fusion coefficient, close in value to the diffusion coefficient 
of charges in the liquid, and R ,  z 2 X  lop7  cm. The results 

of the spectral measurements, namely the coincidence of the 
shape and width of the (0-0) line of the c3 +a3 transition in 
the liquid and in the crystal and the continuous dependence 
of the position of the line on the helium density (Fig. 6 ) ,  
without any break at the transition to the other phase, indi- 
cates, evidently, that the microscopic structure of the excita- 
tions studied in the crystal is the same as in the liquid (ac- 
cording to Hansen and Pollock3 and Wisdom et the 
excited states in condensed helium form "bubbles" around 
themselves). There is, therefore, no reason to expect the in- 
teraction radius in the crystal to be very different from 
R ,  - l o r 7  cm. The estimate given above thus indicates that 
the diffusion coefficient of molecules in solid helium is 
D 5 3 ~  lo-'' cm-*.s-', which is about three orders of 
magnitude smaller than for charges of both signs and for 3He 
in a 4He lattice at T >  1 K (Ref. 1 ). In this connection we 
note once more that the mechanisms for the motion of point 
defects in helium crystals has up until now been studied quite 
insufficiently. 
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