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The mobilities of the carriers in crystalline helium are determined by investigating the diode volt-ampere 
characteristics and the temperature dependence of the currents induced by a tritium source. The diode 
current is found to be proportional to the square of the voltage in a comparatively narrow range of 
voltages and temperatures. In the range of high voltages, the form of the volt-ampere characteristics is 
determined by the dependence of the drift velocity of the charges on the electric field strength. For direct 
measurement of the camer drift velocity, a three-electrode time-of flight method is employed. The 
temperature dependences of the positive and negative carrier mobilities are measured at different molar 
volumes. The dependence of the carrier drift velocity on the electric field strength is also measured. The 
data are compared with the results of existing theoretical studies. 

PACS numbers: 67.80.Mg 

The f i r s t  experiments on the movement of charges in 2)  measurement of the charge velocity by a three-  
solid helium were made by ~hal'nikov"] and were con- electrode time-of-flight method. 
tinued in Refs. 2 and 3. In these studies specially grown 
helium crystals  served a s  the f i r s t  object of the investi- CONSTRUCT~ON OF THE APPARATUS 
gation. (An attempt a t  current  measurement in poly- 
crystalline samples obtained by the blocked capillary 
method showed that the currents  in this  case  were not 
amenable to m e a ~ u r e r n e n t . ~ ~ ' )  In Refs. 1-3, the helium 
crystals  were grown from the liquid phase a t  constant 
pressure in a cylindrical glass container. The growth 
ra te  was determined by the temperature gradient along 
the container axis. The growth process could be moni- 
tored visually. The decrease in the induced diode cur- 
rent during the solidification process was the cri ter ion 
of the quality of the crystal  sample. Thus, in the solid 
phase, the current  amounted a t  most t o  2-3% of the 
current  in liquid helium for the worst  samples and 
reached 60% f o r  the better samples. Usually, the bet- 
t e r  samples were obtained a t  a growth ra te  of - 5 pm/  
sec. 

The described method of obtaining the crystals  was 
used by Mezhov-Deglin in the study of the thermal con- 
ductivity of solid The record values of thermal 
conductivity measured by him, up to 50 W/cm-deg, and 
the absence of an "annealing" effect, indicate that the 
samples obtained under these conditions were very near- 
ly perfect single crystals. A direct  verification of this 
fact was obtained in Refs. 6 and 7 by x-ray analysis. 

The purpose of the present work was the study of the 
process of charge transfer  in the He4 crystals  obtained 

The construction of the apparatus used in the present 
research  and the method of growing the crystals  were 
described in detail in Refs. 2 and 5. The crystals  were 
grown in containers of two types: g lass  (diameter 10 
mm) and metal (diameter 40 mm). Inside each of them, 
depending on the goal of the experiment, was placed a 
diode o r  triode electrode system. The construction of 
the glass container with a small  triode inside is shown 
in Fig. la .  Rings of ferrochrome (alloy N47KhB) were 

fSS Copper Molybdenum 
Ferrochrome Glass 

FZZB Stainless steel Mica - 
by the described method. The research  followed two 
basic directions: FIG. 1. Construction of containers and triodes. l,6-housing; 

2,7-bottom with cold conductor; 3,8-P-active electrode; 4, 
1 )  measurement of the currents  induced in the diode; 10-collector; 5,9-grid; 11-guard ring; T-thermometers. 
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soldered to the ends of a container of chemical glass 
(No. 23 o r  No. 29). A copper cold finger was soldered 
to the lower part of the container. The conducting ends 
and a filling capillary passed from above through glass 
insulators through the ferrochrome cap. The middle 
section of the container was tightly wrapped by a copper 
ring to which one of the thermometers was soldered. 
A second thermometer was soldered to the copper cold 
finger. The carbon thermometers were prepared in the 
form of thin disks cut from Allen-Bradley radio resis-  
tors. Three plane-parallel electrodes were placed in 
the center of the container. A molybdenum disk of 5 
mm diameter was pressed into the upper electrode, 
which was of stainless steel  of 8 mm diameter. The 
outer surface of the molybdenum was covered by a layer 
of titanium tritide, which served a s  a source of ionizing 
radiation. The electrons emitted by the source, having 
a maximum energy of - 18 keV, ionized an adjacent lay- 
e r  of helium - 10 pm thick. The charges throughout the 
res t  of the interelectrode space could be of only one 
sign, corresponding to the sign of the potential of the 
upper electrode. The lower electrode (collector), with 
a diameter of 8 mm, was also prepared of stainless 
steel. A grid was placed between the source and the 
collector. A fabricated klystron mesh-washer of molyb- 
denum of thickness 0.1 mm and diameter 6.5/3.5 mm 
was used in the small triode. On this washer was 
stretched a tungsten wire of diameter 8 pm, forming a 
one-dimensional lattice with a period of 30 pm. The 
distance between the grid and the collecter amounted 
to 280 pm and between the source and the grid-50 
pm- 

The construction of the metallic container and of the 
large triode is shown in Fig. lb. The container housing, 
with inside diameter 40 mm, was made of stainless 
steel. A copper bottom with a cold finger was screwed 
into the lower part of the housing. The joint was sol- 
dered with soft solder. A copper wire passed through 
a seal in the wall of the container, establishing thermal 
contact between the inner volume of the container and 
one of the thermometers. A second thermometer was 
soldered to the cold finger. The upper p-active elec- 
trode was made of molybdenum in the form of a disk 
with diameter 31 mm. A large part (diameter 25 mm) 
of the lower surface of the disk was covered with a layer 
of TiT2. A nickel grid 2 pm thick and with 30 x 30 pm 
mesh served a s  the second electrode. The grid was 
stretched on a steel ring with inside diameter 25 mm. 
The transparency of the grid was - 70%. A stainless 
steel collector was cemented in a guard ring with the 
help of polymerized resin (Stycast 126). The gap be- 
tween the collector and the ring amounted to 0.2 mm. 
The system of electrodes was assembled on three pins 
fixed to the housing of the container. The electrodes 
were isolated by mica gaskets, which simultaneously 
fixed the spacing between them. The gap between the 
grid and the collector amounted to 300 pm and between 
the source and the grid-100 pm. 

The small and large diodes differed from the triodes 
described above only in the absence of the grid. 

DIODE CURRENTS IN SOLID He 

In the study of the diode volt-ampere characteristics 
of the diodes, we were primarily interested in the pos- 
sibility of using them for quantitative measurement of 
the mobility of the carr iers  (or, simply, ions)" in solid 
helium. The corresponding electrodynamic problem 
was studied by J. J.  hornso on,^^' who showed that, in 
the case of a plane-parallel diode, filled with a mate- 
rial, a thin layer of which is ionized near one of the di- 
ode electrodes by the radiation source, the initial seg- 
ment of the volt-ampere characteristic is described by 
the formula 

where i is the current of the diode, U is the difference 
of potentials between the electrodes, S is the area of one 
of the electrodes, L is the distance between the elec- 
trons, and p is the carr ier  mobility. 

The distribution of the electric field along the x axis, 
perpendicular to the plane of the electrons, has the form 

The relations (1) and (2) a r e  valid upon satisfaction of 
the following conditions: a )  6 / ~  << 1, 6 is the thickness 
of the ionized layer; b) charges of only one sign a re  
present in the entire diode space (with the exception of 
the ionized layer); c )  i/Z << 1, where I is the saturation 
current of the diode; d) V / E  = p = const, where v is the 
drift velocity of the charges. As is seen from formula 
(I), the current in the case considered does not depend 
on the intensity of the ionization source. 

Thus, by measuring the volt-ampere characteristic 
in the region where i t~ u ', and knowing the parameters 
of the diode, we can calculate the mobility p .  The de- 
scribed method has been used by Sai-Halasz and 
~ a h m ~ ~ * ' ~ * " ~ ~  for  the determination of the mobility of 
ions in solid helium. 

The results of our measurements of negative currents 
in solid helium in the small diode (L = 0.1 cm, S = 0.2 
cm2, I=  3 . 6 ~  10" A) a r e  given in Fig. 2. The ~ e '  crys- 
tal was grown under a pressure of 38 atm. For control 
of the quality of the crystal during i t s  growth, the cur- 
rent was recorded a t  a constant voltage of 2 kV. At 
temperatures below 1.72 K, the current was measured 
at several values of the voltage in the range 0.6-4.0 
kV, while the crystal was slowly cooled. No measure- 
ments were made at smaller voltages in these experi- 
ments for the following reasons. First, a s  seen from 
Fig. 2, the current in the solid phase falls off exponen- 
tially with decrease in the temperature, so  that at small 
voltages, the temperature interval in which the values of 
the current lie in the measurable range > 10"~ A turns 
out to be too small. Furthermore, in repeated mea- 
surement of the volt-ampere characteristics a t  con- 
stant temperature, we encountered the phenomenon of 
hysteresis, which became more significant the smaller 
the measured currents. The measurements were al- 
ready ambiguous a t  currents < 10'13 A. Similar phenom- 
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FIG. 2. Temperature dependence of the negative current in a 
diode at  different voltages on the crys ta l  at a pressure  of 38 
atm. The arrows indicate the temperatures at  which the volt- 
ampere characterist ics of Fig. 3 a r e  constructed. 

ena were also observed by the authors of Refs. 1 and 
10. The reason for the hysteresis could be, for exam- 
ple, the capture of ions by different defects of the crys- 
tal and their accumulation in the volume of the sam- 
ple.c'ol However, we have also observed hysteresis in 
the volt-ampere characteristics in measurement of the 
weak currents even in liquid helium, where a similar 
explanation is obviously inapplicable. Since this ques- 
tion has not been considered specially in our work, the 
nature of the hysteresis remains unclear to us. 

The temperature dependences of the current a t  differ- 
ent voltages were measured by us in several crystals, 
grown at a pressure of 38 atm, for charges of both 
signs. The results of the measurements of the positive 
currents a re  similar to the results shown in Fig. 2. 
The scatter of the data for the currents of one polarity 
from crystal to crystal does not exceed 10%. 

A characteristic family of curves of the dependence 
of the square root of the diode current on the voltage at 
different temperatures, obtained from the experimental 
results given in Fig. 2, is shown in Fig. 3. In contrast 
with the results of Refs. 9, 12, 13, not one of the curves 
is  described by Eq. (1) over the entire voltage range of 
0.6-4 kV. At the beginning of each volt-ampere charac- 
teristic (except the one at T = 2.14 K, which refers to 
liquid helium near solidification), a region of quadratic 
variation i s  observed, and the maximum value of the 
voltage a t  which i 3 I 2 a  U still holds decreases with de- 
crease in the temperature. At currents that a r e  larger 
than 4 x 10'1° A, the current growth continues on the 
curves corresponding to the temperatures 1.67 and 1.56 
JS, but more slowly than follows from Eq. (1). In the 

same way, Eq. (1) is not satisfied in the case of the 
liquid phase ( T  = 2.14 K) over the entire range of volt- 
ages studied. 

On the curves corresponding to the temperatures 
1.56-1.28 K, the initial segment i'" a U  at voltages of 
1.5-2 kV transforms into a region characterized by a 
derivative that increases like ai 1 / 2 / a ~ .  

To explain the reasons for such a significant differ- 
ence of the volt-ampere characteristics from the theo- 
retical expressions, let  us consider to what degree the 
conditions a t  which formula (1) i s  valid a r e  satisfied in 
our experiments. 

As was noted previously, the ionizing p radiation pen- 
etrates not more than 10'~ cm into the bulk of the helium 
if the distance between electrons is L = 10" cm, i. e., in 
our case, 6 / ~  << 1. It is necessary to note here that the 
p radiation is not the only source of interelectrode ion- 
ization. The interaction of the tritium-decay electrons 
with the material of the active layer and the substrate 
leads to the appearance of x radiation, the spectrum of 
which consists of the K line of titanium (4.5 keV), the 
L line of molybdenum (2.3 keV) and a bremsstrahlung 
background (2-12 keV). The x rays interact very weak- 
ly with the helium; however, they can generate the 
emission of photoelectrons from the surface of the col- 
lector with energies that a r e  sufficient for ionization of 
the helium in a thin layer near the surface of the metal. 
The current passing through the diode will in this case 
be due to the motion of both the charges of the chosen 
sign to the collector a s  well a s  the charges of the oppo- 
site sign in the opposite direction. In special control 
experiments it was established that in the diodes stud- 
ied by us the intensity of the ionization process near the 
collector amounted to no more than 0.1% of the intensity 
of ionization near the active electrode. 

Thus, both the f i rs t  necessary condition and the sec- 
ond, which requires the presence of charges of only one 
sign in the volume of the diode, a r e  satisfied in our 
case with sufficient accuracy. 

At the diode saturation current I =  3 . 6 ~  lomg A (mea- 
sured in an ionization chamber), the ratio i / Z  for the 
volt-ampere characteristics shown in Fig. 3 obviously 
ceases to be sufficiently small a t  currents greater than 

FIG. 3. Dependence of 
square root of the diode 
current on the voltage fo r  
negative ions at  different 
temperatures in liquid and 
solid ~e~ at  a pressure of 
38 atrn. The points were 
obtained f rom the results 
of the experiment shown 
in Fig. 2. 
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FIG. 4. Dependence of i ' 1 4 ( ~ )  for negative charges ina crystal 
at T = 1 . 2 8 K .  p=38atm. 

4 x 10-lo A. Recombination of charges into an ionized 
layer now becomes important here, and leads to a slow- 
e r  than quadratic dependence of the current on the volt- 
age in this region. 

It is difficult to explain the increase in the curvature 
of the characteristics i l / ' ( ~ ) ,  observed a t  voltages ex- 
ceeding 1.5- 2 kV, without invoking additional considera- 
tions. The assumption that in this region of voltages 
the drift velocity of the ions is not proportional to the 
electric field intensity is apparently more natural. How- 
ever, it is not possible to carry out a quantitative analy- 
sis of the volt-ampere characteristics without actual 
knowledge of the dependence v @ ) .  We have succeeded 
in doing this only on the basis of the results of measure- 
ments of the dependence of the drift velocity of ions on 
the field strength, obtained by the time-of-flight method. 
As it turned out, in weak fields (E  < lo4 v/cm), the drift 
velocity is proportional to the field strength. In strong 
fields, the dependence of the drift velocity on the field 
strength has the form 

where a and Eo a re  parameters that a re  independent of 
E. 

Calculations similar to those of Ref. 8, with account 
of (3), lead to the result that a t  high voltages the volt- 
ampere characteristic of the diode 'has the asymptotic 
form 

Figure 4 shows the already considered volt-ampere 
characteristic a t  1.28 K, plotted in the coordinates 
il/'(u). At voltages above 1.2 kV, the dependence ia (U 
+ const)' is observed, in complete correspondence with 
(4). The value Eo= 1 . 3 ~  10' ~ / c m ,  calculated by means 
of (4), agrees in order of magnitude with the results of 
the time-of-flight measurements a t  a pressure of 36.6 
atm and temperature 1.43 K. 

It should be noted that an increase in the slope of the 
characteristics i'I2(u) was observed by the authors of 
Refs. 12 and 13, only in certain crystals (which, in 
their opinion, were distinguished by a large dislocation 
density) as was attributed to  the effect of the space 
charge, which ar ises  a s  a result of the capture of the 

ions by the dislocations, whose charge density depends 
on the external field strength. However, the agreement 
of the experimental dependence i ( ~ )  with Eq. (4) in 
strong fields indicates the absence of charge accumula- 
tion in the volume of the sample in our experiments. 

The field strength at which the transition of the volt- 
ampere characteristics from region (1) to region (4) 
takes place decreases with decrease in the temperature. 
At the same time, because of the significant decrease 
in the current upon decrease in the temperature, the 
field strength a t  which the phenomenon of hysteresis 
does not affect the measurements, increases. As a re- 
sult, the range of field strengths in which it is really 
possible to observe the dependence ia U' becomes nar- 
rower with decreasing temperature. This circumstance 
also determines the natural limit of possibility of calcu- 
lating the mobility from the diode volt-ampere charac- 
teristics. 

In order to eliminate the difficulties associated with 
the measurement of small currents, we used a large 
diode with the following parameters: L = 4.1 x lo-' cm, 
S =  3.3 cm2, I =  9 . 2 ~ 1 0 ' ~  A. Figure 5 shows the tempera- 
ture dependences of the positive and negative diode cur- 
rents at a constant voltage of 300 V for two ~e~ crystals. 
The first  crystal, grown a t  a pressure of 32.4 atm, was 
gradually cooled to a temperature of 1.36 K. During the 
time of measurement of the currents, the temperature 
of the sample was specially stabilized to within 5 mK. 
The crystal was then annealed for 10 h a t  a temperature 
of 1.60 K (the melting temperature was 1.85 K), after 
which a second ser ies  of measurements was carried out 
in the temperature range 1.50-0.64 K. A third ser ies  
of results in Fig. 5 refers  to another crystal, grown at 
the same pressure and not subjected to annealing. The 
results of all the measurements differed a t  the lowest 
temperatures by not more than 20%. 

In the high-temperature range, the dependence of the 
currents of both signs on the temperature has the form 

The values of the coefficient in the exponential for the 
positive and negative currents a r e  respectively 

FIG.  5. Temperature depen- 
dence of positive and negative 
diode currents at a voltage of 
300 V for two crystals of ~e~ 
at a pressure of 32.4 atm; A, 
A -crystal No. 1 before an- 
nealing; o, .-crystal No. 1 
after annealing; o, -crystal 
No. 2 without annealing. 
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At temperatures - 0.5 T D 1 ,  the character of the tem- 
perature dependence of the current for ions of both signs 
changes qualitatively. Similar changes were observed 
previously~2'g'12"31 for  crystals of different density. A 
conclusion was drawn on this basis a s  to the difference 
in the mechanism of motion of charges of both signs a t  
"high" and "low"  temperature^.^^"^'^^^ 

However, it should be noted that the volt-ampere 
characteristics measured by us in the given crystals in 
the range 100-800 V were similar in form to that shown 
in Fig. 3, and in the case of negative changes they al- 
ready differed significantly from quadratic a t  tempera- 
tures below 1.2 K. For this reason, we cannot deduce 
that any qualitative change occurs in the character of 
the ion mobility in the range of low temperatures on the 
basis of the observed temperature dependences of the 
currents. According to the results of the time-of-flight 
measurements (see Fig. 11 below) in fields - lo4 ~ / c m ,  
which correspond to a diode voltage of 300 V, a t  tem- 
peratures - 1 K and below, the drift velocity is not pro- 
portional to the field strength, a s  is undoubtedly reflect- 
ed in the temperature dependence of the current. 

Moreover, the change in the character of the depen- 
dence of the current at low temperatures can be due to 
an entirely different reason, namely, the ionization of 
the helium near the collector, which, a s  we have al- 
ready mentioned, can take place a s  a consequence of 
the x-radiation of the source. Several results  obtained 
by us in the measurement of the triode currents in solid 
helium indicate the important role of the process men- 
tioned in the low-temperature region. The collector 
current i of the triode was measured a s  a function of 
the voltage Ul between the source and the grid a t  a con- 
stant voltage U, between the grid and the collector. We 
consider the case U2<0 for definiteness. The direction 
of the field El  in the space between the source and the 
grid, which acts a s  an electric gate, determines the 
sign of the charges advancing from the source to the 
grid. It is obvious that, in the absence of ionization be- 
tween the collector and the grid, only negative charges 
can proceed to the collector and only if the triode is 
open (Ul < 0). The penetration of the field E, into the 
gate can be the reason for a certain small collector cur- 
rent at U1= 0, whose value characterizes the effective- 
ness of the action of the gate. However, in the case of 
a closed triode (U1 >0), this current should be zero. 

FIG. 6. Schematic dependence of 
the triode current on the voltage 
between the source and the grid at  
constant voltage between the grid 
and collector in ~e~ crystals. 
The case of negative currents is 
considered (U, < 0); T = const. 

FIG. 7. Schematic temperature de- 
pendence of currents in open and 
closed triodes in ~e~ crystals. U, 
= const < 0; solid line-i (U, =const 
< O), dotted line- - io (U1 2 O), 
dashed line-i - io. ...... ".. .........,.! 1- I-" \ \ \ ..,... 7-' 

In actuality, the dependence of the collector current 
of the triode on the voltage U1 appears qualitatively in 
the following fashion (Figs. 6 and 7). The current io in 
the closed triode differs from zero, does not depend on 
the value of the blocking voltage Ul over a wide range 
of voltages, and decreases very slowly upon a decrease 
in the temperature. In the open triode, the current i is 
a monotonically increasing function of the voltage U1 
and at constant Ul and U, it changes with decrease in 
temperature in a fashion similar to the diode current. 

The fact that the collector current in the closed triode 
differs from zero and does not depend on.the value of the 
blocking voltage can be explained only by the presence 
of ionization in the space between the grid and the col- 
lector and by the flow of charges in the collector-grid 
circuit (Fig. 8,I). The character of the temperature 
dependence io(T) is evidently a consequence of the close- 
ness of the current io to saturation which, in view of 
the weakness of the ionization near the collector, se ts  
in a t  comparatively low voltages U2. In such a case, 
the collector current in the open triode is a superposi- 
tion of two currents, due to the opposing motions of the 
positive and negative charges (Fig. 8,111). 

Thus, in our case (u,< 0), the temperature dependence 
i(T) I s=const<o a t  high temperatures, where i >>io, i s  de- 
termined essentially by the mobility of the negative 
charges; in the low temperature region (i - i,) the cur- 
rent is practically entirely due to the passage through 
the crystal of positive charges only, and i ts  tempera- 
ture dependence is determined by the factors that pre- 
vail in the region near saturation. 

FIG. 8. Passage of charges through closed (I, 11) and open (111) 
tridoes in the presence of additional ionization of helium near 
the collector. U, < 0; I-U, > 0, 11-U1 = 0, 111-U1 < 0. 
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The discussions given above a r e  valid also in the 
case of the diode; however, i t  is not possible in princi- 
ple to carry out the corresponding analysis on the basis 
of the results of measurements of the diode currents. 

TIME-OF-FLIGHT MEASUREMENT OF THE ION 
DRIFT VELOCITY 

A three-electrode time-of-flight method of measure- 
ment of the mobility of the carr iers  in solid helium has 
been used previously.c141 As i t  turned out, the mobility 
for charges of both signs near the melting curve amount- 
ed to - cm2/sec-V. However, i t  has not been possi- 
ble to measure the temperature dependence of the mo- 
bility, since the indicated values turned out to be ex- 
tremely small in this procedure. 

For the determination of the very small drift velocities 
of the charges in solid helium, it proved to be convenient 
to use the time-of-flight method,[15' based on measure- 
ment of the time of growth of the collector current in the 
triode. 

The triode used in the present research was the same 
a s  in previous e ~ ~ e r i m e n t s ~ ' ~ * ' ~ '  (Fig. la) .  In addition, to 
increase the collector current, the measurements were 
carried out in a triode of large diameter, located in a 
metallic container (Fig. lb). The construction of the 
triode allowed us to measure directly the time of passage 
of charges of given sign through the drift space between 
the grid and the collector, and thus determine their 
drift velocity. 

The procedure of measurement of the drift time is 
illustrated in Figs. 9a and b. The electric circuit is  
shown in Fig. 8. Before beginning the measurement, a 
constant voltage U2 was applied between the grid and the 
collector. At the instant of time t = 0, a voltage Ul was 
applied between the source and the grid, of the same 
polarity a s  U2. During a certain time corresponding to 
the passage of the front of charges from the ionized lay- 
e r  to the grid, current is absent. The penetration of 
charges through the grid into the drift space i s  accom- 
panied by a collector-current growth that is linear with 
the time. This growth ends a t  the instant of arrival  of 
the front at the collector. The time of buildup of the 
current from zero" to a constant value was taken a s  the 
time of flight 7. 

The considered process was recorded a s  a function 
of the quantity and time of growth of the current by an 
electrometric amplifier assembled around the opera- 
tional amplifier "Analog Devices-310J, "or by the con- 
stant current electrometer " ~ a k e d a  Riken-84M. " The 
output signal of either device was fed to the input of an 
automatic recorder o r  storage oscilloscope. The opera- 
tional amplifier a t  two different input impedances had 
amplification coefficients of 10" v/A and 10' v/A, and 
corresponding time constants of 0.1 sec  and <0.01 sec. 
The output noise of the amplifier did not exceed 100 pV. 

The limits of measurements of the electrometer and 
the corresponding time constants (the time of establish- 
ment of 99% of the output signal) at the input impedances 
lo8, 10l0, and 1012 ohms amounted to 3 xlOq-10'" A, 
3 x 10-~-10-~~ A, and 3x  10-'~-10"~ A at  ~ 0 . 7  sec, 1 sec, 
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and 10 sec, respectively. 

Figures 9c and d show the experimental dependences 
of the collector current on the time for two different 
crystals. A pulse of capacitive current is observed on 
the experimental curves a t  the initial instant of time. 
This pulse characterizes the response of the measure- 
ment system to a change in the voltage U1, the duration 
of which, depending on the circuit parameters, varied 
from several milliseconds to several seconds. Taking 
into account the finite time of passage of the front of 
the charges between the source and the grid, and select- 
ing one of the five possible measurement regimes, we 
succeeded in all cases in obtaining a reliable resolution 
of the capacitive spike and the signal due to the passage 
of charges through the drift space. 

The theoretical dependence of the collector current on 
the time (Fig. 9b) evidently takes place upon satisfaction 
of the following conditions: 

1 )  parallelism of the electrodes of the measurement 
system; 

2) homogeneity of the field in the drift space; 

3) constancy of the drift velocity of the charges in the 
given electric field. 

While the f i rs t  two conditions impose definite require- 
ments on the construction of the measurement system, 
the last condition can be satisfied only in the presence 
of a sufficiently homogeneous medium filling the entire 
volume of the triode. 

A small disorientation of the electrodes should f i rs t  of 
all lead to a decrease in the derivative on the curve of 

FIG. 9. Measurement of the drift times or the charges: a) time 
dependence of the voltage between the source and the grid; b) 
theoretical line dependence of the collector current of the triode 
strip-chirt record of the collector current in solid helium: c) 
negative charges, E =20 kV/cm, p =25.8 atm, T =l. 20 K; d) 
positive charges, E = 15 kV/cm, p = 32.4 atm, T = 1.58 K. 
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the time dependence of the current a t  the beginning and 
at the end of the linear portion. In the triodes used by 
us, the roughnesses of the electrodes and the maximum 
difference in the distances between each pair of elec- 
trodes (measured a t  diametrically opposite points) did 
not exceed 10 pm in the case of a total value of the drift 
space of 280 and 300 pm. 

The nonuniformity of the field, in addition to the non- 
parallelism of the electrons and edge effects, can be due 
to the penetration through the grid into the drift space of 
the field El  and, in addition, to the screening action of 
the space charge. The absence of an effect of geometric 
factors on the shape of the experimental curves can be 
deduced from the numerous records of the collector 
current obtained in different crystals a t  sufficiently 
small space-charge densities, where the time depen- 
dence of the current did not actually differ from the the- 
oretical. It is clear that the condition of low space- 
charge density is equivalent to the condition 

where n is the mean charge density in the drift space, 
and d i s  the size of the drift gap. 

Usually the charge desnity in our experiments amounted 
to 1 0 ~ - 1 0 ' ~  ~ m ' ~  a t  an external field strength of lo3-5 
x104 V/cm. In such a case the space-charge field 
amounted a s  a rule to no more than several percent of 
the value of the external field and had practically no ef- 
fect on the results of the measurements. Only at maxi- 
mum densities, n 2 10" cmm3, was significant distortion 
of the shape of the collector current observed; there 
was also a 10-20% change in the time of flight. It 
should be noted that in some samples the dependence of 
the collector current on the time differed significantly 
from the theoretical, while all the conditions enumerated 
above were satisfied to a sufficient degree. In these 
cases, the distortions of the shape of the signal were 
evidently due to the inhomogeneities of the crystal, 
which affected the value of the drift velocity. 

The drift velocity of the charges was determined 
from the relation v =d/r .  The field strength in the drift 
space was taken to be equal to E = U2 /d. The mobility 
was calculated in the region of "weak" fields, where the 
velocity was proportional to the field strength: 

In those cases when the observed time dependence of 
the collector current deviated significantly from the 
theory, the time 7 was determined by extrapolation of 
the linear portions of the experimental curve to their 
intercepts (Fig. 9d). Under these conditions, the prin- 
cipal e r r o r  in the calculation of the velocity and the mo- 
bility was determined by the e r r o r s  in measurement of 
7 (associated mainly with inaccuracy in the extrapola- 
tion) which, depending on the shape of the observed sig- 
nal, varied from several percent to several dozen per- 
cent. The measurements were carried out in the range 
of fields lo3- 5 x  lo4 ~ / c m .  The times of flight were 
varied from 20 psec to 600 sec. 

Lacking the possibility of directly monitoring the 
"quality" of the grown samples, we were forced to judge 
them, a s  before, only on the basis of the change in the 
induced electrical conductivity in the transition from 
the liquid to the solid phase. However, this criterion 
is extremely arbitrary for several reasons. First, a s  
is seen from the diode volt-ampere characteristics, the 
ratio of the currents before and after solidification gen- 
erally depends, for a given crystal, on the applied volt- 
age and the intensity of the ionization source, and for 
different diodes this ratio also depends on L. Only in 
the limit a s  U- 0 does the ratio of the currents become 
theoretically proportional to the ratio of the mobilities 
of the ca r r i e r s  in the liquid and solid helium. Further- 
more, the problem of the dependence of the mobility on 
the quality of the crystal (monocrystallinity, concentra- 
tion of point defects and dislocations) and on i ts  orienta- 
tion was not taken into account in sufficient measure, 
either theoretically o r  experimentally. Under these 
conditions, principal significance attaches to the repro- 
ducibility of the results  of investigations of different 
samples and to the absence of an "annealing" effect. 

From the point of view of reproducibility of the re- 
sults, all our crystals could be divided into two cate- 
gories: 1) crystals grown from He I; 2) crystals grown 
from He 11. Figure 10,I shows the results of measure- 
ments of the mobility of negative ions in solid ~e~ at a 
pressure of 32.4 atm for thirteen different samples; 
nine samples were grown in a glass container (Fig. lA) ,  
the remaining four in a metallic container (Fig. 1B). 
All the crystals were annealed before measurement at a 
temperature 0.1-0.2 K lower than the melting tempera- 
ture for periods of 2-3 h. Measurements were carried 
out on one of the crystals both before and after twelve 
hours of annealing. In all cases, an exponential depen- 

FIG. 10. Temperature dependence of the mobility of negative 
charges for thirteen samples at a pressure of 32.4 atm (I) and 
positive charges for four samples at a pressure of 25.8 atm (11). 
The circles and squares refer respectively to crystals grown 
in glass or metallic containers. 
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dence of the mobility on the reciprocal temperature was 
observed, with an activation energy of E = 19 * 1 K. The 
values of the mobility a t  a certain temperature varied 
for the different crystals by not more than 50%. 

Much poorer reproducibility of the results was ob- 
served for crystals grown from He 11. In the absence of 
a temperature gradient, it was rather difficult to obtain 
a uniform growth of the crystal a t  a specified rate, and 
this affected directly the results of the measurements. 
The results shown in Fig. 10, I& which refer to four 
different samples grown at a pressure 25.8 atm, differ 
in absolute value by a factor of about four, while activa- 
tion energy varies from 6.4 to 8.6 K. 

Using the time-of-flight method, we measured the 
dependence of the drift velocity of the ions on the elec- 
t r ic  field strength and the temperature dependence of the 
mobility in He4 crystals at the following pressures and 
corresponding molar volumes: 50 atrn (19.60 cm3), 40 
atrn (20.07 cm3), 36.6 atrn (20.27 cm3), 32.4 atrn (20.47 
cm3), 28.1 atrn (20.76 cm3), 25.8 atrn (20.93 cm3). The 
character of the change in the drift velocity with increase 
in the field intensity for ions of both signs at all pres- 
sures (with the exception of positive ions a t  p = 25.8 atm) 
can be traced by using a s  an example the results obtained 
by us for positive ions in a crystal a t  a pressure of 32.4 
atrn (Fig. 11). At a temperature close to the melting 
temperature (T = 1.70 K), in fields up to 2 x lo4  v/cm, 
the velocity is proportional to the field intensity. As 
the temperature is decreased, the region of linear de- 
pendence v(E) becomes narrower. In "strong" fields, a 
faster than linear growth in the velocity i s  observed. 
Possibilities of measurements of the velocity in "weak" 
fields at low temperatures were limited by the small- 
ness of the measured currents and by the large drift 
times. 

In some experiments, measurements of the velocity 
were carried out in fields up to 5x104 v/cm. Figure 12 
shows the dependence of the velocity on the field strength 
for negative ions at a pressure of 36.6 atrn and tempera- 
ture 1.43 K in the coordinates v(E) and v ' /~(E) .  AS is 
seen from the figure, in the given case, v a E in fields 

300 
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I00 

I 2 
E ,  /Oq~/cm 

FIG. 11. Dependence of the drift velocity of positive ions on the 
field strength at different temperatures and a pressure of 32.4 
atm. The scale on the ordinate is different for all three curves. 

FIG. 12. Dependence of u-(E) (curve 1) and U!/~(E) (curve 2) at 
T = 1.43 K,  p =36.6 atm. 

not exceeding lo4 v/cm (curve 1). In fields > lo4 V/cm 
the relation v = a(E + E ~ ) ~  is valid with high accuracy 
(curve 2). The parameter Eo,  determined by extrapola- 
tion of the linear part of the v ' /~(E)  dependence to the 
intercept with the abscissa, is equal to 1 . 7 ~ 1 0 '  v/cm. 

The data considered in Fig. 11 for the positive ions 
at a pressure of 32.4 atrn a r e  represented in the coor- 
dinates v 1 I 3 ( ~ )  in Fig. 13. The characteristic feature 
is the decrease of Eo with decrease in temperature. 

As has already been noted, for positive ions at a pres- 
sure of 25.8 atm, a completely different dependence of 
the velocity on the field strength was observed (Fig. 14). 
The v(E) dependences measured in this same crystal at 
different temperatures for negative ions do not differ 
qualitatively from the results considered above at higher 
pressures. 

To obtain the temperature dependence of the mobility 
over a wide range of temperatures, it was necessary to 
carry out the measurements a t  a sufficiently large value 
of the field strength which, however, should be "weak" 
in the sense of a linear dependence of the velocity. The 
results set  forth were obtained in a field of lo4 V/cm, 
which satisfied both requirements in the best fashion. 
Only in the case of positive ions at 25.8 atrn did the tem- 
perature dependence of the mobility correspond to the 
field strength 5x lo3 ~ / c m .  

Figure 15a shows the temperature dependences of the 
mobility of the positive ions in He4 crystals a t  six dif- 

FIG. 13. Dependence of 
v ~ ' ~ ( E )  at two different 
temperatures; p = 32.4 
atm. 

, 
J 
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FIG. 14. Dependence of the 
drift velocity of positive ions 
on the field strength at differ- 
ent temperatures; p =25.8 atm. 

ferent values of the pressure. At all pressures, over a 
wide temperature range beginning with the melting tem- 
perature, an exponential dependence of the mobility on 
the reciprocal temperature existed: 

p4=po esp ( - e + / T ) .  

The activation energy &+, determined from the slope of 

FIG. 15. Temperature dependence of the mobility of positive 
(a) and negative (b) ions in hcp ~ e *  at different pressures. 
The arrows indicate the melting temperature corresponding to 
these pressures. 

FIG. 16. Dependence of the 
activation energy on the molar 
volume for positive (0 )  and 
negative ( 0 )  ions. 

the linear portion of the plot of logp+(l/T), increases 
with increase in the pressure. 

The systematic deviation of the dependence of the mo- 
bility from exponential, observed a t  low temperatures, 
is evidently due to the fact that at these temperatures 
fields - lo4 ~ / c m  a re  no longer "weak," which leads to 
a dependence of the mobility on the field strength. At a 
pressure of 32.4 atm and a temperature 0.865 K (T-' 
= 1.16 K-I), this can be seen from the corresponding 
curve of Fig. 11. Moreover, the departures of the de- 
pendence p(T) from exponential a re  greater the broader 
the temperature interval, and can be connected with the 
temperature dependence of the factor p0  in front of the 
exponential; the form of this factor cannot be determined 
within our limits of our accuracy. If p 0 a  Tn, the activa- 
tion energy obtained by the method shown above exceeds 
the actual value of E by an amount -nT. 

The mobility of the negative ions a s  a function of the 
reciprocal temperature, for crystals of different densi- 
ty, is shown in Fig. 15b. The results shown in Fig. 15 
at the corresponding pressures refer to the same sam- 
ples. 

The dependences of the activation energies E+ and &, 

for positive and negative charges on the molar volume 
in the hcp phase a re  shown in Fig. 16. 

The results of measurements of the mobility of ions 
of both signs in the bcc phase of ~e~ at a pressure of 
28.1 atm agree qualitatively with the data obtained earli- 
e r  by Marty and ~ i l l i a m s . ~ ' ~ '  The mobility of negative 
ions in bcc ~e~ is 50 t imes greater than in the hcp phase 
near the phase transition. The mobility of positive ions 
in the bcc phase i s  approximately one half its value in 
the hcp phase. The measurements of the temperature 
dependence of the mobility in the bcc phase were not 
carried out because this phase exists in a small tem- 
perature range. 

Three successive stages of growth of the crystal a r e  
displayed on the photographs (Fig. 17) obtained in the 
process of crystallization of one of the samples at a 
pressure of 28.1 atm in a glass container. Initially 
(Fig. 17a) a large part  of the volume of the container, 
together with the electrodes, was filled with He 11. In 
the lower part, around the copper cold finger, a layer 
of bcc phase was formed. The shape of the phase bound- 
ary  is determined by the shape of the isotherms in the 
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FIG. 17. See explanation in text. 

FIG. 19. Temperature dependence of the diffu 
of positive ion (+, results of present research, 
mole and He3 atoms (V=20.7 cm3/mole, e-0. 
2.17% He3, "" in hcp ~ e ~ .  The straight line i s  

.sion coefficient 
V=20.76 cm3 
75% ~ e ~ ,  o- 
described by 

the equation D = 6.6 x lo-' exp(- 9.5/?). 

lower part  of the container. Next (Fig. 17b), the inter- 
electrode space was filled with the bcc phase. The liq- 
uid phase was situated above i t  and the solid hcp phase study of the mobility of carr iers  of both signs, induced 
below. Both phase boundaries a r e  marked by arrows. in the helium crystals; the other is the study of the dif- 
The end of the crystallization is observed in Fig. 17c. fusion of the impurity atoms of He3 by NMR methods. 
The liquid (He 11) and solid bcc and hcp phases a r e  a r -  spite of the difference in structure of all  three studied 
ranged successively from top to bottom. The interelec- objects, a number of common features have been ob- 
trode space was filled with the hcp phase. The dimen- served in their diffusion. 
sion of the bcc phase along the axis of the container cor- 
responds to a temperature gradient of 15 mK/mm. The 
conical shape of the phase boundaries on the photographs 
of Figs. 1% and c is a consequence of the slight (- 20 
mK) heating of the electrodes due to illumination of the 
container through the open window of the metallic cryo- 
stat by the external light source. 

DISCUSSION OF RESULTS 
The study of diffusion processes in crystalline He4 

follows two directions at the present time. One is the 

I t 

' ' 7  13 IJ 20 21 
V, cm3 /mole 

FIG. 18. Dependence of the activation energy of diffusion of 
positive and negative ions and impurity atoms of He3 in hcp He4 
on the molar volume. Positive ions: *-results of present 
research, A -Refs. 9, 12, 13, *-Ref. 10; negative ions: 
o-results of present research, A-Refs. 9, 12, 13; He3 
atoms: a-Ref. 17, x-Ref. 16, +-Ref. 18. 

1. In accord with the data obtained earlierc9~10*12*13~18"81 
and the results  of the present work, the diffusion of ions 
of both signs and of the impurity atoms has an activation 
character over a rather wide temperature range below 
the melting temperature. Figure 18 shows the depen- 
dence of the activation energies3' E + ,  E,, and c3 on the 
molar volume, obtained in the studies listed a t  the begin- 
ning of this paragraph. At molar volumes > 18.8 cm3, 
the activation energies E+ and c3 a r e  virtually identical. 
E, takes on approximately the same values a s  E+ and c3 
in the range of molar volumes 19.5 cm3<V< 20.1 cm3. 

2. The diffusion coefficients D,= p kT/e  (Fig. 15) 
and D3 (see Ref. 17) a re  practically equal (- lo4 cm2/ 
sec)  and do not depend on the molar volume along the 
melting curve. It is interesting to note that the tem- 
perature dependence of D+(T) obtained in the present 
work for V =  20.76 cm3/mole, and the temperature de- 
pendence of D3(T) measured in Ref. 17 a t  V= 20.7 cm3/ 
mole coincide, within the limits of er ror ,  over the en- 
t i re  interval of existence of the activation dependence 
of D3 (Fig. 19). 

3. In strong electric fields, the character of the 
change in the drift velocity with increase in the field is 
the same for ions of both signs. 

The enumerated experimental data allow us to assume 
that there exists a single transport mechanism for the 
ions and impurity atoms. 

The problem of the motion of negative ions in solid 
helium was f i rs t  considered by  hik kin["^ under the as- 
sumption that their transport is effected by diffusion of 
the vacancies that ar ise  around the negative ion under 
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the action of the external electric field. The indicated 
mechanism explains qualitatively the observed exponen- 
tial temperature dependence of the mobility and gives 
the correct order-of-magnitude value of the mobility 
of the negative ions; however, i t  is not suitable for the 
description of the diffusion of positive ions. Of great 
importance in this case would be a comparison of the 
theoretical and experimental results  in the region of 
strong electric fields, where a nonlinear dependence is 
observed in the drift velocity of the ions a s  a function of 
the field strength. Unfortunately, i t  is not possible to 
carry out such a comparison a t  the present time in view 
of the absence of theoretical predictions a t  sufficiently 
strong fields. 

As was shown by Andreev and ~ e ~ e r o v i c h , ~ ' ~ '  the mo- 
tion of the ions at not too low temperatures can be due 
to inelastic scattering of longwave vacancions from 
them, accompanied by a transition of the ions to the 
neighboring crystal-lattice sites. The drift velocity of 
the ions under these conditions i s  expressed in terms of 
the inelastic scattering cross  section o and the parame- 
ter  of the vacancion energy spectrum and does not de- 
pend on the specific structure of the ions. In this con- 
nection, the final results obtained in Ref. 19 under the 
assumption A >> T (A i s  the vacancion bandwidth) have a 
common character for ions and impurity atoms; in par- 
ticular, the temperature dependence of the mobility i s  
determined by the relation 

(co is the energy corresponding to the bottom of the va- 
cancion band). The coefficient po, which depends on the 
interatomic separation a and the bandwidth A,  is a func- 
tion of the molar volume only. 

Thus, the considered theory explains qualitatively the 
observed agreement of the diffusion activation energy of 
the ions and the impurity atoms. However, the quanti- 
tative comparison of the results, shown in Fig. 19, and 
the theory leads to too great a value A-  100 K, while the 
actual bandwidth probably does not exceed several de- 
grees. This result can evidently be explained by the 
fact that in actuality the inelastic-scattering cross  sec- 
tion is much less  than the value u=aR/p chosen in Ref. 
19 in accordance with the condition u(Y)~,,, c A (U(r) is 
the potential of the vacancion-ion interaction). Since 
data on the value of A a r e  lacking, we can only estimate 
u, assuming that A-  T and D-a2nuu (n is the vacancy 
concentration and u is their velocity). Setting n 
xexp(- cO /T) and u - ~ A / R ,  we obtain 

For the case considered in Fig. 19, Do = 6.6 x 10" cmZ/ 
sec, T - 1 K and u- 5 x 10'" cm2 = 4 x 10'3a2. The inelas- 
tic scattering cross  section can be so  small for the fol- 
lowing reason: 

The interaction radius R of a vacancion with an ion 
or an impurity atom i s  determined by the relation ~ ( r )  
-A, since the kinetic energy of the vacancion cannot 
change by more than A. In the case in which ~ ( a )  >>A,  

the condition R >>a is satisfied, and here the probability 
of penetration of the vacancion into the region r <<R is 
very small. The inelastic scattering of interest to us is 
possible only upon penetration of the vacancion into the 
lattice site adjacent to the ion. Thus, at ~ ( a )  >> A, the 
inelastic scattering cross  section is u <<a2, while the 
total cross  section i s  much greater than a2. What is in- 
comprehensible, however is the numerical agreement of 
the inelastic cross sections for positive ions and ~e~ 
atoms, since u under these conditions depends essential- 
ly on the form of the potential energy U(Y). 

The significant difference between &+ and c_ a t  larger 
molar volumes is difficult to explain within the frame- 
work of the theory advanced in Ref. 19 without invoking 
some additional considerations concerning the character 
of the interaction of the vacancies with the negative ions. 
Thus, for example, in the case of resonance scattering, 
the possibility of which was discussed by the authors of 
Ref. 19, E- can be determined to a significant degree by 
the parameters of the resonance cross  section. 

The dependence of the drift velocity of the ions on the 
field strength, obtained in Ref. 19 under the assumption 
e E  . a <  A, is of the form 

(a, i s  the vector joining the crystal lattice site with the 
n-th nearest neighbor, and the summation is carried out 
over the si tes for which e E  a > 0). 

In weak fields (eE . a << T), in accord with (5), v a E, 
but in strong fields ( e ~  . a> T )  the velocity is practically 
independent of E.  Thus, the character of the v(E) de- 
pendence changes substantially in fields E - T/ea, which 
corresponds at T = 1.5 K to a field strength - 4 x lo3 V/ 
cm. When formula (5) is compared with the results 
shown in Fig. 14, attention can be called to a certain 
qualitative similarity between the results of the theory 
and experiment. 

It is obvious that the considered mechanism of mo- 
tion of the ions is impossible in fields e E  . a >  A, since 
the vacancy energy cannot change by an amount exceed- 
ing A. In such strong fields, however, the transport of 
ions by scattering of vacancions from them, accom- 
panied by the spontaneous emission of phonons, is possi- 
ble. According to Refs. 19 and 20, the probability of 
spontaneous emission of phonons is proportional to the 
cube of the frequency w and, since Rw = eE .a ,  we have 
in this case v a E ~ .  

The results  that we obtained for positive and negative 
ions (Figs. 12 and 13) a r e  described with good accuracy 
by the relation 

It should be noted that the theoretical dependence v a~~ 

was obtained without account of the difference in the 
energies of the initial and final states of the ion vacancy 
c1 and E, . More accurately, the frequency of the pho- 
non should satisfy the relation 
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As was shown by ~ e r e r o v i c h ,  the dependence of the ion 
velocity on the field strength is in this case of the form 

. L) cisu fm'  dm,  

to within terms of order (A/~EU)' we have 

and 

where 

Since we a re  talking about strong fields, i t  is necessary 
to establish more precisely the degree to which F(T)  
does not depend on E. According to the results of Ref. 
20, the inelastic scattering cross section u can be as- 
sumed to be independent of E in fields satisfying the re- 
lation eEa << 10 A. 

At low temperatures (T << A), by assuming that u a  U - I ,  

E a u', a s  was done in Ref. 19, we obtain F (T)  = (3/2) T 
and 

It is easy to see that the formula (7) agrees qualita- 
tively with (6) and describes correctly the character of 
the change of E o  with decrease in the temperature. 
However, it should be noted that the requirement eEa 
<< 10 A in our case (E,= 5.3 x lo4 ~ / c m )  corresponds to 
the inequality A >> 2 K. On the other hand, the change 
in the character of the dependence V ( E )  observed a t  a 
field strength - lo4 V/cm, in the case when this change 
is due to the emission of phonons, should take place in 
fields eEa - 4 whence i t  follows that A- 4 K. As a re- 
sult, the last two estimates of the bandwidth agree only 
qualitatively with each other. 

Thus, the results do not contradict the considered 
theory; however, for i ts  final confirmation, more de- 
tailed experimental data a r e  necessary. It is interest- 
ing to note that if the vacancion mechanism of ionic, mo- 
tion is valid the results of the measurements of the de- 
pendence of the velocity in strong fields a t  sufficiently 
low temperatures T <<A, a s  follows from formula (8), 
make i t  possible to determine the vacancion bandwidth 
directly. 

In conclusion, we take this opportunity to thank P. L. 
Kapitza for interest in the work, A. I. Shal'nikov for 
constant attention and great  help in completing the re- 
search, A. F. Andreev and A. E. ~ e i e r o v i c h  for nu- 
merous useful suggestions and discussions. 

 he t e r m  "ions" used at the present time for ca r r i e r s  of posi- 
tive and negative charges in solid helium is very tentative and 
does not correspond to the actual structure of the carr iers ,  
especially in the case of negative charges. The structure of 
the ca r r i e r s  in solid helium has been discussed in detail in 
Refs. 9-11. 

 he value of the current a t  Ui =O was taken a s  its zero value 
in practice. 

3 ) ~ h e  quantities denoted by the indices +, -, and 3 refer re- 
spectively to positive and negative ions and to ~e~ atoms. 

IA. I. Shal'nikov, Zh. Eksp. Teor. Fiz. 41, 1059 (1961) [Sov. 
Phys. JETP 14, 755 (1962)l. 

2 ~ .  I. Shal'nikov, Zh. Eksp. Teor. Fiz. 47, 1727 (1964) [Sov. 
Phys. JETP 20, 1165 (1965)l. 

3 ~ .  Ifft, L. Mezhov-Deglin, and A. Shal'nikov, Proc. of the loth 
Int. Conf. on LTP, Moscow, 1967, Vol. 1 ,  p. 224. 

4 ~ .  Careri ,  V. Fazoli, and F. S. Gaeta, Nuovo Cimento 15, 
774 (1960). 

5 ~ .  P .  Mezhov-Deglin, Zh. Eksp. Teor. Fiz. 49, 66 (1965) 
[Sov. Phys. JETP 22, 47 (1966)l. 

's. C. Fain and D. Lazarus, Phys. Rev. Al ,  1460 (1970). 
'D. S. Greywall, Phys. Rev. A3, 2106 (1971). 
'J. J. Thomson and G. P. Thomson, Conduotion of Electricity 

through Gases, Cambridge Univ. Press.  1928, Vol. 1, 
Ch. IV. 

'G .  A. Sai-Halasz and A. J. Dahm, Phys. Rev. Lett. 28, 1244 
(1972). 

'OD. Marty and F. I. B. Williams, J. de Physique 34, 989 
(1973). 

"v. B. Shikin, Pis'ma Zh. Eksp. Teor. Fiz. 13, 65 (1971); 
[JETP Lett. 14, 44 (1971)l; Zh. Eksp. Teor. Fiz. 61, 2053 
(1971) [Sov. Phys. JETP 34, 1095 (1972)l. 

"G. A. Sai-Halasz and A. J. Dahm, Proc. of the 13th Int. 
Conf. on LTP, New York, 1974, Vol. 2,  p. 233. 

1 3 ~ .  J. Dahm, Fiz. NizkikhTemp. 1, 593 (1975) [Sov. J. Low 
Temp. Phys. 1, 286 (19791. 

"K. 0. Keshishev, L. P. Mezhov-Deglin, and A. I. Shal'nikov, 
Pis 'ma Zh. Eksp. Teor. Fiz. 12, 234 (1970) [JETP Lett. 12, 
160 (1970)l. 

1 5 ~ .  0. Keshishev and A. I. Shal'nikov, Fiz. Nizkikh Temp. 1, 
590 (1975) [Sov. J. Low Temp. Phys. 1, 285 (1975)). 

' 6 ~ .  Miyoshi, R. M. Cotts, A. S. Greenberg, and R. C. 
Richardson, P h y ~ .  Rev. A2, 870 (1970). 

"v. N. Grigor'ev, B. N. Esel'son, and V. A.  Mikheev, Zh. 
Eksp. Teor. Fiz. 66, 321 (1974) [Sov. Phys. JETP 39, 153 
(1974)l. 

"T. Mizusaki, Y. Hirayoshi, S. Maekawa, andA. Hirai, Phys.. 
Lett. ASO, 165 (1974). 

"A. F. Andreev and A. E. ~ e i e r o v i c h ,  Zh. Eksp. Teor. Fiz. 
67, 1559 (1974) [Sov. Phys. JETP 40, 776 (1975)). 

"A. E. ~ e i e r o v i c h ,  Zh. Eksp. Teor. Fiz. 68, 1477 (1975) 
[Sov. Phys. JETP 41, 738 (197511; Fiz. Nizk. Temp. 1, 
891 (1975) [Sov. J. Low Temp. Phys. 1, 427 (1975)). 

Translated by R. T. Beyer 

284 Sov. Phys. JETP 45(2), Feb. 1977 K. 0. Keshishev 284 


