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The results of experiments carried out with the aim of verifying the efficiency of plasma confinement 
in a magnetic multimirror trap are presented. The experiments were performed with a 
low-temperature alkali plasma. The density distribution along the trap axis was investigated under 
stationary conditions. The results are in satisfactory agreement with the theory previously proposed. 
Decay of the plasma after switching otT of its source was also investigated. It is found that in a 
multimirror trap the plasma half-life is much higher than in a homogeneous field. 

1. INTRODUCTION 

As shown in[l,2], longitudinal containment of a dense 
plasma (dense in the sense that the mean free path A is 
small compared with the length L of the apparatus) can 
be greatly improved by replacing the homogene·ous field 
by a corrugated (multimirror) field. We report here 
the results of experiments posed for the purpose of 
verifying the efficiency of plasma containment in a mag
netic field l) of such configuration. 

The object of the investigation was a low-tempera
ture alkali plasma, since the large Coulomb cross sec
tion makes it eady to satisfy the condition A ~ L in 
such a plasma, and the possibility of obtaining such a 
plasma by surface ionization permits its denSity to be 
regulated in a wide range. The plasma was produced on 
one end of the apparatus, and could flow freely along the 
magnetic field to the other end, where it was annihilated 
on a cold dielectric or metallic surface. The influence 
of the corrugation under these conditions can be inves~ 
tigated by comparing the flow properties in a homogene
ous and in a corrugated field, as was done in the present 
study. 

The plan of the paper is the following. In Sec. 2 we 
consider briefly, on the basis of theoretical papers[l,4,5], 
the flow features of an alkali plasma in a multimirror 
magnetic field, insofar as they pertain to our experi
ments. Section 3 contains a description of the experi
mental setup and of the measurement procedure. In 
Secs. 4 and 5 we present the results of investigations 
of stationary and nonstationary plasma flow, respec-
ti vely. Section 6 contains a summary of the results. 

2. PLASMA FLOW IN A MUL TIMIRROR MAGNETIC 
FIELD 

According to results of an earlier study [4] , the 
plasma longitudinal flux density q can be expressed, 
under the condition. A ~ L (this is precisely the case of 
interest in the plasma-containment problem), in the 
form 

{ 
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where H is the magnetic field intensity, Hmax is the 
value of the field in the mirror, l is the length of each 
individual mirror trap (probkotron), vTi = (2Ti/M)l/2 
is the thermal velocity of the ions, n is the plasma 

276 Sov. Phys . .JETP, Vol. 38, No.2, February 1974 

concentration, A is the ion mean free path defined by 
the formula 

[ j _ 3 ·10"T,'[eV] 
" cm - [ -3] , n cm 

while Q, {3, and Yare numerical factors that depend on 
the profile of the magnetic field and on the ratio of the 
electron and ion temperatures. Exact expressions for 
the coefficients Q, {3, and Y were obtained in[4,5] under 
conditions of extremely strong corrugations· 
(Hmax/Hmin» 1) and extremely weak ones 
(Hmax - Hmin « Hmax). In our experiments 
Hmax/Hmin = 1.83; it is impossible to obtain exact 
values of these coefficients analytically, but one can 
use the fact that both approximations give approxi
mately the same results, namely Q, {3, Y ~ l. 

Strictly speaking, relations (1) are valid only if the 
electron and ion temperatures are homogeneous along 
the apparatus. For electrons this condition is satisfied 
automatically (in view of the large electronic thermal 
conducti vity). As to the ions, their temperature is in 
general dependent on z. A more detailed analysis of 
the equations of[4] shows, however, that this variation 
is insignificant in our experiments. 

In all the plasma flows realized in the experiment, 
the condition A > l was satisfied in the last probkotron, 
i.e .• the plasma flow was collisionless at the exit end 
of the apparatus. This circumstance enables us to de
termine readily the plasma flux q from the experi
mentally measured (with the aid of a Langmuir probe) 
value of the concentration in the last probkotron. In
deed, assuming that at the entrance to the last probko
tron the ion distribution is the "half value" of the 
Maxwellian distribution (vz > 0), and taking into account 
the adiabatic invariance of the magnetic moment of the 
ions we can easily show that 

qL=...!!.=....lILU~[1_(1_ H~ )'1']-', 
Hmo%' 111: BmW!: 

where the subscript L denotes the values of the corre
sponding quantities at the point where the flux is 
mOnitored2). Recognizing that the equality q/H = const 
holds in the absence of transverse losses, we can use 
the last relation to connect nL with the plasma flux q 
from the ionizer: 

, q, Hm .. [ ( . HL ) 'I,] lIL=n '·---- 1- 1--- , 
UTi Ho Hm~ 

(2) 

where Ho is the magnetic field intensity at the ionizer. 

We consider now the change in the plasma concen
tration along the system axis in a corrugated field in 
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the absence of transverse losses (q/H = const). We 
start the case of not too high concentrations, when the 
condition A > l is satisfied along the entire installation, 
so that the upper equation of (1) is eHecti ve. We can 
then easily verify with the aid of (2) that 

1 &n A 

where AL is the ion mean free path corresponding to 
the density nL, and 

(3) 

is a numerical factor of the order of unity. Integrating 
(3), we obtain 

( L-z\ 
n (z) = nL exp A -;.::--.,. (4) 

(the origin is located on the ionizer and L is the dis
tance from the ionizer to the point where the flux is 
monitored). We see therefore that the plasma concen
tration increases exponentially when the ionizer is ap
proached 3 ) (Le., when z is decreased). The concentra
tion at the ionizer is given by 

no = nL exp(AL / AL), (4 ') 

Le.,the ratio no/NL, which is a measure of the ef
ficiency of plasma containment in the corrugated field, 
increases exponentially with increasing plasma density 
at the output of the installation or, equivalent, with in
creasing plasma flux from the ionizer (A ~ ex. nL ex. qL). 

In the case of a sufficiently large plasma flux, the 
mean free path at the ionizer becomes much smaller 
than the length of each indi vidual probkotron, and the 
lower of formulas (2) becomes eHecti ve in this region. 
In other words, the plasma concentration begins to 
satisfy here the equation 

(5) 

where 

{ [ ( H ",]-1 B= ~l'-; 1- 1- H:J } 
is a numerical factor of the order of unity. 

The equality (4') is obviously violated at the ionizer 
when no = nLAL/l, Le., when 

AL /l = exp (AL / AL). (6) 

Recognizing that the ratio L/l (which is equal to the 
number N of the probkotrons) is large in comparison 
with unity, we can write the following approximate 
equation for the quantity At:) determined from (6): 

').~')!l"" AN/In (AN) "., N/lnN. (7) 

For the plasma flux qo at which the condition AL < A~) 
is satisfied at the exit from the installation, Eq. (5) is 
valid near the ionizer, and (3) is valid in the remainder 
of the installation. By matching the solutions of these 
equations we can find the dependence of no on nL in the 
region of large nL. Calculations show that a certain 
growth of the ratio no/nL occurs initially, and with 
further increase of nh the r~tio begins to decrease 
like no/nL "" 2(BLA)1 2/l ex. nL/2. The maximum value 
of no/nL is equal to (AB)1/2N/(2 In N)1/2 "" N(2 In N)1/2. 
The general character of the dependence of no/nL on 
nL is illustrated in Fig. 1. At very large values of nL 
(such that AL < l2/ L ), the "friction" of the plasma 
against the magnetic field becomes negligibly small 
(see[41), and the ratio no/nL tends to unity. 
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FIG. 1. Dependence of the longi· 
tudinal density drop in the plasma 
concentration at the exit from the 
system. 
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An interesting feature of an alkali plasma is the 
possibility of accelerating the ions in a Debye layer at 
the ionizer. This effect takes place when the electron 
emission current from the ionizer greatly exceeds the 
flux of the neutral atoms (see l71 ). The energy E ac
quired by the ions in the layer depends on the tempera
ture of the tungsten and on the density of the obtained 
plasma: 

E"., To(46-lnn.) - W, (8) 

where W is the work function of the tungsten, To is the 
temperature of the tungsten, and no is the denSity of 
the obtained plasma (in cm-3 ). 

An examination of the ion energy balance shows that 
the following apprOximate equality holds in the presence 
of a pronounced corrugation effect (no/nL » 1): 

T,=E/2+ To. (9 ) 

Naturally, at E ~ To the influence of corrugation be
comes appreciable when the condition A < L is satis
fied for the mean free path determined from the tem
perature (9) (and not from the ionizer temperature To). 

The presence of the connection (8) between E and 
no causes, generally speaking, the dependence of no 
on nL to cease to be purely exponential at small nL 
(up to the maximum on Fig. 1), since it follows from 
(8) and (9) that the temperature of the ions, which en
ters in (4) as a parameter, decreases when no in
creases. When no is changed tenfold Ti changes ap
proximately by an amount equal to To (see (8) and (9 )). 
But since most of the experiments described below 
were performed under conditions Ti > 2To, this cir
cumstance can be neglected in the first rough approxi
mation. 

It is interesting to note that the plasma density can 
experience a certain change along the z axis even in a 
homogeneous magnetic field (we are speaking here not 
of the jump of the denSity in the Debye layer at the 
ionizer, but of a smooth variation of the denSity over a 
scale L). The reason for this phenomenon is that the 
ion distribution function in the plasma that enters the 
installation from the ionizer is not in equilibrium. 
Thus, in the case of a strong negative layer, when the 
ions are accelerated in the layer to a velocity Vo 

(2To/M)1/2, the longitudinal scatter of the ions emerg
ing from the layer becomes much smaller than 
(2To/M)1/2, and can be simply neglected in first ap
proximation. In other words, we can neglect the longi
tudinal pressure of the ions that enter the installation. 
As to the trans verse pressure, it is equal to nT o. With 
increasing distance from the ionizer, the collisions 
lead to an equalization of the longitudinal and transverse 
pressures of the ions, and the longitudinal pressure 
reaches a value 2nTo/3. This leads to a certain de
celeration of the flux and to an increase in the plasma 
density. Calculations show that the increase of the 
density is determined by the formula 

/';.n 2 To 

3 Mvo' + To (10 ) 
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(the last term in the denominator takes into account the 
role of the electron pressure). The scale over which 
the relaxation of the ion distribution takes place (and 
consequently the concentration reaches no + t.n) can 
be estimated at A{Mv~/To)1/2, where A is calculated 
from the ionizer temperature To. Under conditions 
when a noticeable influence of the corrugation is ob
served, this value is small in comparison with L. 

Formula (10) is valid, strictly speaking, only at 
Mv~ » To, but for an approximate estimate it can be 
used also at Mv~ ~ To. Thus, if the layer is neutral and 
the ions are not accelerated in it, then the ion distribu
tion at the exit from the layer is the "half-value" of 
the Maxwellian distribution, so that Vo = (2To/1TM)1/2, 
and from (10) we obtain 

!1n/ no = 2n / 3(2 + n) "" 0.4. 

Thus, in a homogeneous magnetic field the plasma 
density at the exit from the installation is given by 

nL = qo(M /2E) 'I. 

at E » To and by 

nL "" y-;t 6 + 5n (M) 'I. 
3(2 + n) qo 2T. 

at E = O. 

(11 ) 

(12 ) 

In the experiments described below, the flow of the 
plasma in the corrugated magnetic field was monitored 
by comparing the values of nL measured in the homo
geneous and corrugated fields (the details will be given 
later). Ins therefore of interest to find the possible 
limits of variation of the quantity4) nL/nL as a func
tion of the conditions at the ionizer after complete 
passage of the plasma. With the aid of (2) and (9)-(12) 
it is easy to show that at E » To we have 

~ = Y2n Hm= [ 1 - ( 1 - ~)"I'] "" 1.6, 
nL Ho HmtJ.:% 

and at E= 0 

.!!::..=3(2+n) Hm=[1_(1_~)'I'] ""0,4. 
nL' 6+5n Ho Hm= 

In concluding this section, let us agree to assume 
that the distribution functions of the ions moving from 
the plasma to the ionizer and to the cold end are not 
exactly Maxwellian, so that the formulas obtained in 
this section are semiquantitative in character. 

3. DESCRIPTION OF INSTALLATION 

Figure 2a shows a diagram of the experimental 
setup. Its principal elements are an ionizer (1), mag
netic-field coils (2), vacuum chamber (3) with pumps 
(4), movable Langmuir probes (5), and a heated con
tainer (6) with the alkali metal. The vacuum chamber 
of the installation is a tube of stainless steel 240 cm 
long with inside diameter 6 cm. The evacuation is with 
two magnetic -discharge pumps. The limiting vacuum 
in the system is ~ 10-7 Torr. 

The magnetic system consists of two types of coils. 
The corrugated field is produced by large coils (inside 
diameter of the winding 8 cm,outside diameter 
24 cm, width of winding 4 cm), with spacing 1 = 16 cm 
between them. When the windings are all turned on, the 
fi!'!ld intensity in the mirrors is Hmax = 5400 Oe at a 
mirror ratio Hmax/Hmin = 1.83. The field distribution 
along the z axis is shown in Fig. 2b. The variation of 
the mirror ratio over the radius of the installation does 
not exceed 30%. The number of probkotrons in the 
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FIG. 2. a) Diagram of experimental setup: I) ionizer; 2) magnetic
field coils; 3) vacuum volume; 4) magnetic-discharge pumps; 5) probes; 
6) setup for the inlet of cesium vapor. b) Profile of magnetic field at the 
systems axis. c) Construction of incandescent probe: I-quartz capillary; 
2-tungsten filament. 

system is 13. In the gaps between the large coils are 
installed small coils that differ from the large ones 
only in the outside diameter of the winding (D = 16 cm). 
In principle, the magnetic system can produce a mag
netic field with inhomogeneity less than 5%, but in the 
present study, to simplify the switching, we have used a 
connection variant with field inhomogeneity ~15%. As 
predicted by the theory(5] (and confirmed experimentally), 
no corrugation effects are noticeable in this case. The 
field could be changed from the homogeneous to the 
multimirror configuration within ~0.1 sec. 

To produce the alkali plasma we used an ordinary 
ionizer {see, for example, (8]), in which a tungsten plate 
of 40 mm diameter was heated by electron bombard
ment. The main difficulty was in obtaining a uniform 
tungsten-surface temperature in a strong magnetic 
field. Satisfactory results were obtained at a tungsten 
thickness 1.5 mm. In this case, with the magnetic field 
turned on, the temperature drop from the center to the 
edge did not exceed 7%. To ensure constancy of the 
surface temperature in different series of measure
ments, an automatic power control system was con
nected in the ionizer supply circuit. The experiments 
were performed with the temperature of the tungsten 
surface at the system axis T = 24000 K (the measure
ments were made with an optical pyrometer). 

The neutral-atom flux was directed to the ionizer 
through a hole in the metallic container (hole diameter 
2 mm). The hole was located 3 cm from the vacuum
chamber axis and 7-8 cm from the ionizer. The flux 
was controlled by external heating of the container, and 
the required temperature could be maintained auto
matically. 

The system was equipped with a pulsed shutter for 
the nonstationary measurements. By using shutter 
holes with different shapes it was possible to produce 
pulses with different waveforms, particular ly pulsed 
turning-on of the flux followed by a stationary regime, 
pulsed turning-off of the flux from the stationary 
regime, etc. The time that the flux was turned on (or 
off) was ~0.25 msec. 

The plasma concentration n was determined with the 
aid of six movable Langmuir probes located at geo
metrically equi valent points of different probkotrons. 
Each of the probes could move radially from the axis 
to the wall of the vacuum chamber. In the experiments 
described below, the probes were mounted on the sys-
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tem axis. The probes were made of tungsten wire of 
diameter d = 4 X 10-4 cm, drawn through two parallel 
quartz capillaries (length 6 cm, outside diameter 
80-100 JJ.). The plane passing through the probe fila
ment and through the capillaries was perpendicular to 
the axis of the installation. A schematic diagram of the 
probe is shown in Fig. 2c. The lengths a of the bare 
parts of the probes used in the experiments ranged 
frolT\ 0.35 to 0.55 cm. The probe construction made it 
possible to heat them to incandescence. The probe sur
face was conditioned by incandescence for 15-20 
minutes regularly before each measurement. Control 
measurements have shown that the current to the probe 
does not depend on the presence of other probes, Le., 
the probes do not influence the state of the plasma. 

The measurements were performed in the regime of 
saturation of the ion current at a negative bias cp ex
ceeding by one order of magnitude the ion temperature. 
Under these conditions, the current I to the probe did 
not depend on the plasma temperature, and the plasma 
concentration was determined by the formula 

n= e~ ( ~!jJ)"" (13) 

Since the plasma density was determined in different 
experiments simultaneously with the aid of several 
probes (up to 4 probes), it should be indicated that the 
last probe was always located one probkotron away 
from the end of the installation, as shown in Fig. 2a. 
The plasma concentration measured with this probe is 
designated nL on all the graphs that follow. The posi
tion of any other probe relative to the last probe is 
labeled with the number of n. For example, the com
bination ng denotes that the concentration was measured 
with the probe located at a distance nine probkotrons 
from the last. 

4. MEASUREMENTS UNDER STATIONARY 
CONDITIONS 

In the stationary measurements we used the depend
ence of the longitudinal distribution of the plasma 
density on the plasma flux. The flux was varied 
smoothly by heating (cooling) the container with the 
alkali metal. At definite time intervals (1--2 min), the 
magnetic field was turned on for approximately 5-6 
sec. Each switching produced in succession two field 
configurations, multimirror and homogeneous. This 
made it pOSSible, for each value of the flux, to com
pare the plasma distributions in the homogeneous and 
multimirror fields and to monitor the absence of trans
verse plasma losses. 

We used in the experiments up to four probes simul
taneously. The signals from them were fed either to 
oscilloscopes or to a high-speed multichannel auto-
matic recorder. Each series of measurements, corre
sponding to the change of the flux from zero to the maxi
mum value, lasted 20-30 minutes. The plots of ng/nL and 
n5/nL against nL, obtained in one such series of 
measurements, are shown in Fig. 3. 

From the results of Sec. 2 it follows that the ratio 
nk/nL should increase exponentially with increasing 

where 
[ 3]= 5,3 ·10-"Ak 

'f. cm T![eV] 
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FIG. 3. Effect of corrugation of the magnetic field on the longitudinal 
density drop (nL is the plasma concentration at the exit from the instal
lation, ns and n9 are the concentrations at distances of five and nine 
probkotrons from the end of the system, respectively): O-n9/nL' e_ 
ns/nL' t.-nLln~, .... -nt/n~. The asterisks mark quantities corresponding 
to the homogeneous magnetic field. 

The solid lines in Fig. 3 are exponentials drawn through 
the experimental pOints by least squares. The coeffic
ients Yk obtained by these methods turned out to be 
Y~xp = 2.7 X 10-10 cm3 and Y~xp = 4.0 X 10-10 cm 3 • Their 
ratio is (y 5/y 9 )exp = 0.67, whereas formula (14) pre
dicts Y 5 /Y 9 = '7g"" 0.55. We see that theory and experi
ment are in reasonable agreement. 

From the experimentally obtained values of Y5 and 
Y 9 we can determine the ion temperature with the aid 
of (14). Calculations lead to the following results: Ti 
= 0.32 for a base of five probkotrons and Ti = 0.35 eV 
for a base of nine probkotrons (the constant A is set 
equal to unity). 

The lower part of Fig. 3 shows experimental points 
pertaining to the monitoring of the plasma passage. The 
fact that nt/nt is close to unity is evidence of com
plete passage of the plasma in the homogeneous field, 
and the constancy of the ratio nL/nt shows that there 
are no plasma losses in the multimirror field. The 
value of the ratio nL/nL (nL/nt "" 1) agrees reason
ably with the value expected for a plasma with an ion 
temperature exceeding the ionizer temperature by a 
factor 1.5-2 (see the end of Sec. 2). 

The experimentally attained value of ng/nL is close 
to the possible limit for a base of 9 probkotrons (ng/nL 
"" N/(2 In N)1/z "" 4.3). We were unable to observe un
der "clean" conditions the decrease of nn/nL in the 
region past the maximum (see Fig. 1), for at nL 
~ (3--5) x 109 cm-3 the plasma passage through the 
corrugated field became much worse, and the ratio 
nL/nt decreased roughly speaking like l/nL, so that it 
was impossible to obtain in our experiments a concen
tration nL greatly exceeding (3--5) x 109 cm-3 at the 
exit from the installation. This may be due both to onset 
of plasma instability and to a change in the character 
of the processes at the ionizer with increasing plasma 
concentration. This question is presently under study, 
but we can definitely state that to attribute this effect 
to some instability it is necessary that the diffusion 
coefficient associated with this instability be larger 
than the Bohm coefficient. 

Results qualitatively analogous to those indicated in 
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Fig. 3 were obtained in experiments with potassium, 
but since the surface recombination of potassium is 
larger than that of cesium, the ratio nL/nt could be 
maintained constant only in a narrow range of concen
tration, making the quantitati ve treatment more diffi
cult. 

We made a special study of the region of low plasma 
concentrations, where the transition from molecular 
flow to collision flow takes place. The corresponding 
results are illustrated in the Fig. 4, which shows this 
transition clearly. With the smaller base (five probko
trons), the transition occurs at a higher value of the 
concentration. The temperature determined from the 
exponential sections of the curves is 0.45 eV for a base 
of nine probkotrons and 0.48 eV for a base of five prob
kotrons. The agreement between these quantities, as 
before, is satisfactory. It is interesting to note that in 
this series of experiments the ratio nL/nt is higher 
than in the preceding case (at a level 1.5), as it should 
be at a larger value of Ti/To (see Sec. 2). 

The external conditions of the experiment (the 
tungsten temperature, the magnetic field, etc.) in the 
last run were the same as in the case shown in Fig. 3. 
This can raise the question of why the temperature de
termined in this case (Ti R> 0.45 eV) differs from the 
temperature obtained from the data of Fig. 3. The rea
son is obviously that in our experiments the ionizer was 
a disk of polycrystalline tungsten. In the course of time 
the high temperature changed the crystal structure of 
the tungsten, and the crystals on its surface acquired a 
certain preferred orientation. 

As is well known, different crystalline planes of 
tungsten have different work functions (ranEiing from 
4.2 to 5.3 eV according to the data given in 9]), so 
that recrystallization can be the consequence of a 
change in the plasma ion temperatures at a constant 
ionizer temperature To (see formulas (8) and (9)). The 
ion temperature determined in our experimental runs 
actually ranges from 0.25 to 0.5 eV, but in most cases 
it is close to one of two values, 0.45 or 0.35 eV. 

The favorable role played by the effect noted here 
was that it made it possible to extend the range of 
plasma parameters accessible to experiment. Its un
favorable role was that if for some reason the per
formance of one run lasted a long time (3-4 hours), a 
noticeable change could take place in the plasma tem
perature during the course of the experiment, and the 
interpretation of the results was made difficult. 

u.s 

FIG. 4. Transition from molecular flow to collision flow. The notation 
is the same as in Fig. 3. 
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In measurements lasting a short time, the main 
source of errors was fluctuation of the ionizer tem
perature. Indeed, according to formula (8), the energy 
acquired by the ions in the Debye layer is very sensi
ti ve to the ionizer temperature, namely, when the 
ionizer temperature changes by an amount liTo the 
value of E changes by liE ~ 20 liT o. This leads in turn 
to a change in the ion temperature in the plasma by an 
amount liTi ~ 10 liTo (see (9)). Since usually Ti 
R> (2-3)To, we have 

f>T.I T, "" (3 -i- 5)6To / To. (15) 

The system for stabilizing the heating of the tungsten 
ensured constancy of the power applied to it with ac
curacy of approximately 10%. Since the heat was re
moved by radiation (the loss power was ~T~), the 
relati ve change in the tungsten temperature was of the 
order of 2%, Le., according to (15) the spread liTi 
should range from 5 to 10%, in agreement with the re
sults of the observations. 

In a highly tenuous plasma (~109 cm -3), there is 
also a noticeable random error in the measurement of 
the concentration, due to the insufficient sensitivity of 
the recording apparatus. 

5. PULSE MEASUREMENTS 

In this section we describe the results of experi
ments in which we investigated the behavior of a plasma 
after rapid turning off of the plasma flow. 

The hole in the container through which the cesium 
was fed to the ionizer was covered with a mechanical 
shutter after 0.25 msec. Owing to the thermal scatter 
in the jet of the neutral atoms, the time required for 
the plasma flow to be stopped directly at the ionizer 
was approximate twice as long. 

The measurement procedure was the following: 
During the course of smooth heating (cooling) of the 
container with the ceSium, either the corrugated or the 
homogeneous magnetic field was turned on periodically 
for several seconds, and the shutter operated 1-2 
seconds after turning-on the field. The signals from 
the two probes (one of which was a monitor) was photo
graphed from the screen of a two-beam oscilloscope. 
After each frame taken in the corrugated field, a frame 
was photographed in a homogeneous field, making it 
possible to compare the character of the processes in 
the two cases at close values of the concentration. 

Figure 5 shows oscillograms illustrating the time 
behavior of the plasma den!3ity after turning off the 
plasma flow in a corrugated magnetic field (a) and in a 
homogeneous field (b) (the distance between probes is 
nine probkotrons). The instant at which the plasma 
density at the ionizer begins to fall off is marked by 
arrows. The vertical spikes of the oscilloscope traces 
of the homogeneous regime correspond to turning on 
the corrugated field prior to start of the sweep (see 
Fig. 5b). Thus, the passage of the plasma could be 
mOnitored in accordance with the standard scheme de
scribed in Sec. 4, and all the relations given below 
could be plotted as functions of nL. The containment of 
a plasma in a multimirror trap can be characterized 
by a "half-life" 7(1/2), which means in this case the 
time (reckoned from the instant when the flux is turned 
off at the ionizer) during which the plasma concentra
tion decreases by a factor of 2. 
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FIG. 5. Oscillograms of probe currents in pulsed switching of the 
plasma flux: a-corrugated magnetic field; lower trace (last probe)-rela
tive sensitivity SL = 1.7 X 109 cm-3/division, upper trace (probe located 
nine probkotrons away from the end of the system)-S9 = 3.15 X 109 
cm-3/division; b-homogeneous magnetic field; upper trace (last probe)
SL = 1.7 X 109 cm-3/division, lower trace-S9 = 3.15 X 109 cm-3/division. 
Sweep rate in both cases 2 msec/ division. 
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FIG. 6. Results of pulse measurements: 
a-dependence of plasma half-lives T~Y,)(O) 
and T~')(t,.) on the concentration nL at the 
last probe for the case of corrugated and 
homogeneous magnetic fields; b-plots of 
~(nLl(O) and P(nLl(+) obtained by 
graphic integration of the oscillograms; c
effect of corrugation of the magnetic field 
on the longitudinal density drop. (Reduc
tion of the stationary sections of the oscil
lograms.) 

The plasma half-lives determined from the oscillo
grams of the probe currents are shown in Fig. 6a as 
functions of the corresponding stationary values of the 
plasma concentration nL. The same fi~ure shows the 
dependence of the plasma half-life T*'( 1 2) in a homo
geneous magnetic field on nL. For the case of a 
plasma in a homogeneous magnetic field we have T*(1/2) 

~ 1.6 msec, a value independent of nL. In the corru
gated magnetic field one can clearly see the growth of 
the plasma containment time with increasing nL' At 
low concentrations (nL < 2 x 109 cm -3), where molecu
lar plasma flow is realized, the half-lives in the cor
rugated and homogeneous fields are equal. The region 
of molecular flow is clearly seen also in Fig. 6c, which 
shows the results of a reduction of the oscillograms for 
the stationary values of the concentrations immediately 
before the flow is turned off. The continuous curve in 
Fig. 6c, for the region nL> 2-10 9 cm-3 , is an exponen
tial obtained, as in the preceding figures, by least 
squares. The temperature calculated from the argu
ment of the exponential is Ti = 0.46 eV. The increase 
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of the half-life with increasing density is evidence of 
improved efficiency of the plasma containment in the 
multimirror trap with decreasing ion mean free path. 

Pulse measurements make it possible to compare 
independently once more the predictions of the theory 
with the experimental data. Indeed, by graphically inte
grating the oscillograms, we obtain the quantity 

~exp = S nL (t) dt, (16) 
t. 

where to is the instant when the plasma flow is turned 
off. In the absence of transverse losses, this quantity 
is proportional to the number of particles contained in 
the near-axis magnetic tube at the instant when the flow 
is turned off (the quantity nL is proportional to the 
plasma flow at the exit from the installation). At the 
same time, the number of particles in the near-axis 
magnetic tube can be calculated by integrating formu
las (4) with respect to z, which yields 

(17 ) 

where the factor C, at a given magnetic configuration, 
depends only on the plasma temperature. The solid line 
in Fig. 6b is the plot of a function of the type (17), and 
is drawn through the experimental points by least 
squares. The value of the ion temperature calculated 
from the argument of the exponential (Ti = 0.45 eV) is 
almost exactly equal to the temperature Ti = 0.46 eV 
obtained by reducing the stationary sections of the 
oscillograms (Fig. 6c), thus demonstrating the correct
ness of formula (4). 

To compare the effects of plasma containment in 
corrugated and homogeneous fields, Fig. 6b shows the 
results of a reduction of the oscillograms for a homo
geneous field. As seen from the figure, the function 
~~xp(nL) is linear with good accuracy. 

6. CONCLUSION 

In conclusion, we present the main results of the 
study. 

First, experiments have shown that the dependence 
of the plasma density on the coordinate (relation (4)), 
in the case of flows that are not too large, is well de
scribed by an exponential law, and the maximum ob
served longitudinal concentration drop is close to that 
predicted by the theory (~N/(2 In N)il2). 

Second, we have observed an appreciable increase 
in the plasma lifetime on going from a homogeneous 
magnetic field to a corrugated one (under optimal con
ditions, the time increases approximately fourfold). 

The results agree with the theory of plasma contain
ment in a multi mirror magnetic trap not only qualita
tively but to a considerable degree also quantitatively, 
so that this theory can be employed with assurance in 
a wide group of problems connected with containment 
of thermonuclear plasma in a multimirror trap. 

The authors thank N. S. Buchel'nikova and V. V. 
Mirnov for useful discussions and M. V. Tauber for 
help in constructing the experimental setup. 

l) A brief report of these experiments was published earlier (see [3]). 
2)We neglect the'contribution made to the concentration by particles 

captured in the last probkotron. This can be done because the point 
where the flux is monitored is close to the mirror (HL/Hmax ~ 0.7). 

3)We note that a recent paper [6] likewise devoted to a check on plasma 
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containment by a multimirror field contains the inaccurate statement 
that the concentration drop lin per probkotron is constant along the 
apparatus. What is actually constant is the ratio on/no 

4)The asterisk denotes here and below the quantities pertaining to the 
homogeneous field. 
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