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Analytic expressions are obtained for the magnetic resonance line widths of 23S 1 metastable helium atoms 
in a He3_He4 mixture by taking into account metastability exchange. The cross sections for metastability 
exchange, 0"1 = 0"(He-He3) and 0"2 = 0"(He3-He4) are found in experiments on optical orientation and 
magnetic resonance of 23S1 metastable helium atoms in a He3_He4 isotope mixture for various temperatures 
in the range 77-300'K. The temperature dependences of these cross sections and their relative 
differences /:;.0"/0"1 are determined. An explanation is given for the behavior of the cross sections 0"1 and 0"2 

and of their temperature dependence. 
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Processes of exchange of metastability for the He3 
isotope have been considered in a number of works. [1-3] 
The cross section a for exchange of metastability in the 
collisions of He3 atoms in 1 1So- and 2 3S1-states was de­
termined from the experimental data. The determina­
tion of a is of great interest, since it makes it possible 
to obtain information on the interaction potential V(r) of 
two helium atoms, one of which is in the ground state 
11So and the other in the metastable state 2 3S1 • 

Optical orientation and magnetic resonance of 2 3S1 

metastable atoms of helium in mixtures of He3 and He4 

isotopes were investigated in Ref. 4. The measure­
ments were carried out at room temperature. It fol­
lowed from the results that the cross sections were the 
same within the limits of 10% experimental error: 
a(He3 _He3 ) = a(He3 _He4). The hypothesis was advanced 
that these cross sections should be equal because the 
nuclear spins do not change their orientation in colli­
sions of two helium atoms and have no effect on the re­
sult of the COlliSion, since T<lW«h/21T, where T is the 
collision time, <lW the splitting of the hyperfine struc­
ture and h is Planck's constant. 

The statement that these cross sections must be equal 
was not self-evident, [5] because of the difference in en­
ergy of excitation of the metastable 2 3S1 state in the 
isotopes He3 and He4 • This difference can lead to the 
result that, under certain experimental conditions, the 
cross sections for the exchange of metastability between 
atoms of one and the same type or between atoms of dif­
ferent helium isotopes turn out to be quite different. 
Earlier[S] the cross sections al = a(He3 _He3 ) and a2 
= a(He3 _He4 ) were measured at the temperature of liquid 
nitrogen by us. These were determined from the mag­
netic resonance line widths for the 2 3S1 state with opti­
cal orientation of the atoms in mixtures of He3 _He4 iso­
topes. It was established that these cross sections were 
essentially different at liquid-nitrogen temperature (a2/ 
al ::::0.6). 

As a consequence of the presence of a potential barrier 
in the formation of the molecule He(1 1So)' He(2 3S1), 

which is intermediate in the case of metastability ex­
change, [6] the cross section of this process, u, mea-
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sured for the He3 isotope, turned out to depend signifi­
cantly on the temperature of the gas. [1-2] Therefore, 
there is great interest in the determination of the values 
of the cross sections of metastability exchange between 
atoms of different helium isotopes for different tempera­
tures. 

The present research is devoted to the study of the 
process of metastability exchange between helium atoms 
in a mixture of He3 and He4 isotopes at different tem­
peratures (77 -300 OK), to a study of the dependence of 
the relation between the cross sections al and a2 and the 
temperature, and also to a clarification of the problem 
of the nature of this dependence. 

1. THEORETICAL ANALYSIS OF THE MAGNETIC 
RESONANCE OF HELIUM ATOMS IN THE 
METASTABLE 2 3S 1 STATE IN THE CASE OF THEIR 
OPTICAL ORIENTATION IN A MIXTURE OF He3 AND 
He4 ISOTOPES. 

Figure 1 shows the diagram of the energy levels of 
He3 and He4 • For He3, the ground state 1 1So has only 
the nuclear angular momentum (1 = i) while the meta­
stable state 2 3S1 contains two sublevels with hyperfine 
structure F=~ and F=t, separated 6600 MHz (0.22 
cm-1) from each other. The excitation energies of the 
metastable 2 3S1 states of He3 and He4 differ by approxi­
mately <l = ~ = ~ :::: 6 cm-1 (the estimate is made from the 
data of Ref. 7). In the working cell, which contains the 
He3 and He4 atoms, a weak gas discharge is excited and 
a certain number of atoms transform from the ground 
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FIG. 1. Scheme of energy levels of the He3 and He4 atoms. 
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state to the metastable state (usually, the density of 
atoms in the ground state is N'" 1016 cm-3 and in the 
metastable state, n'" 1010 cm-3). The helium atoms in 
the state 23S1 are optically oriented by the resonance 
line ;\=10,830 A (the transformation 2 3S1 - 2 3p). For 
this purpose, the cell is irradiated by circularly polar­
ized light from a helium lamp. Exchange collisions be­
tween the atoms of metastable 2 3S1 and ground 11So 
states lead to considerable nuclear orientation of the 
ground level, too. 

The processes of exchange of metastability in optically 
oriented helium atoms, which are of interest to us, take 
place in collisions of the following three types: 

1) He"+He'-+He'+He", 
2) He3'+He'-+He'+He", (1) 
3) He"+ He'-+ He'+ Ho" 

(the asterisks denote atoms in the metastable 2 3S1 state). 

Let the denSity of He3 and He4 atoms in the cell be 
equal to N. Here the density of He3 atoms is aN and the 
denSity of He4 atoms is (1- a)N. The fraction of meta­
stable atoms out of their total number is f3 and this quan­
tity is determined by the intensity of the discharge. For 
an atom in the 2 3S1 state, the probabilities of participa­
tion in one of the processes (1) given above, per unit 
time, are equal to the following: 

(2) 

Here TlJ Tz, T3, are the lifetimes of the He3 and He4 

atoms in the 2 sSl state relative to processes of meta­
stability exchange, Vl and va are the mean thermal rela­
tive velocities for the atoms He3 _Hes and He3 _He4, re­
spectively, (11 and (12 are the cross sections of metasta­
bility exchange for atoms of the same and different he­
lium isotopes. 

For He3 and He4 atoms in the ground state I 1S0, the 
probabilities of participation in processes of metasta­
bilityexchange (1) are equal to 

1/T.~a~Nv.a., 1/T2~ (1-a) ~Nv2a" 1IT,=a~Nv,a" (3) 

where T1 and T3 are the lifetimes of the Hes atoms for 
the first and third of the processes (1), Ta is the life­
time of He4 atoms. 

We introduce the density matrix of the system, p, 
consisting of three parts: Pm1(6x6)-for the metastable 
2 sS1 state of He3; pm2(3x3)-for the metastable 2 3S1 

state of He" and p,(2x2)-for the ground 11So state of 
He3• We consider the evolution of these matrices in col­
lisions of the three types of Eq. (1). 

1) Hes* + He3 - Hes + He3*. In this case, the change in 
the density matrix can be represented as 

From the definition of metastability exchange, P; and 
p~ are of the formes] 
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(4) 

where 'Ire and Trn are the partial traces over the elec­
tron and nuclear variables, and ® denotes the direct 
product of the matrices. 

2) He3* + He4 - He3 + He4*. In this process we have 
Pml - p? + p~, where 

(5) 

(6) 

Then the evolution of the density matrix of the assembly 
of atoms will be determined by the following expres­
sions: 

dt dt dt dt 
dpm,=--pm' +-PJ® Tr.Pm.--pm. +-pJ®pm" 

"[1 LI 't'2 't3 

dt dt 
dpm2=- -pm, + -Trnpm., 

L3 '[2 
(7) 

In what follows, we shall use the method proposed in 
Ref. 3 of transformation from the equations for the den­
sity matrix to the equations for the quantities observed 
experimentally. We shall assume that there is no co­
herence of the hyperfine structure in the assembly of 
atoms of He3, inasmuch as the case of a weak magnetic 
field is considered. 

The orientation of the sublevels of the hyperfine struc­
ture of Hes_F=% and F=~-are determined in the fol­
lowing way: 

(8) 

where PS/a and Pl/a are the projection operators, which 
separate from the matrix Pml those parts which are con­
nected either with F=% or with F=~. 

The electron orientation of the 2 3S1 state of He4 is 

(9) 

The nuclear orientation of the 11So state of Hes is 

<I>J~Tr(IpI)' (10) 

starting out from Eqs. (7), we obtain the following 
equations of evolution of the mean values of the observed 
quantities (8)-(10) because of the processes of metasta­
bility exchange (1): 

d (4 1) 10 5 10 ( 1 1) -<F),/,~- -+- <F)'I,+-<F)'I.+-<S>m,+- -+- <Vj; 
dt 9T. T, 9T. 6T, 9 T. T, 

d 1 (7 1) 1 1(1 1) -<F>'I.=-<F)./.- -. +- <F>'1.+-<S>m'-- -+- <VI. 
dt 9T. 9T. T, 6T3 9 T. T, 

(11) 

The coefficients ~ and ~ in Eqs. (11) are connected with 
the partial conservation of the orientation in the states 
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with F=f and F=~, respectively, in collisions of He3 

atoms with one another. [3] The coefficient -1 in these 
same equations is due to the fact that, total loss of 
orientation in the metastable state of He3 takes place in 
the collision of an He3 atom with an He· atom. 

We take into account the effect of the constant mag­
netic field Ho, the pump light, the alternating radiofre­
quency field HI coswt, and also the effect of the discharge 
and of the diffusion of atoms, similar to what was done 
in Ref. 3. Then the evolution of the longitudinal orien­
tations is described by a set of linear differential equa­
tions of the form 

(12) 

with 
[A] 

where ~h ~a, ~3 are constant quantities, which are de­
termined by the pump conditions; Tph Tpa, Tp3 are the 
times of pumping by circularly polarized light of the 
resonant wavelength; Trl and Tr3 are the relaxation times 
determined mainly by the diffusion of metastable atoms 
of He3 and Het to the walls of the absorption cell; T r is 
the relaxation time of nuclear spins. 

There are no terms in Eqs. (11), (12) which are con­
nected with alignment in the 2 3S1 state, since they are 
small in our case. 

The effect of the radiofrequency magnetic field can be 
taken into account in a manner similar to what was done 
in Ref. 9, namely, by the introduction into the matrix 
[A] of diagonal terms of the form 

() (200')' 4/9T,+1!-r,+1!-r.,+1!-r" 
F, 00, =- 3 (4/9T,+1!-r,+1!-r.,+1!-r,,)'+(w-2w m/3)" 

) ( 400,)' 7/9T,+1!-r,+1!-r.,+1!-r" 
F,(w, =- - , 

3 (7/9T,+11T,+1IT p ,+11T,,) '+ (w-4w m/3) , 
(13) 

() , llT,+ llT.,+ lIT" 
F3 001 =-0)1 2. ' 2 

(11T,+11T.,+11T,,) + (w-Wm ) 

where WI = yHh Wm = yHo; y is the gyromagnetic ratio of 
He4 in the 2 3S1 state. It has been assumed here that at 
resonance with one of the metastable sublevels the effect 
of the radiofrequency field on the helium atom in the 
ground state is negligibly small. 

Magnetic resonance at the sublevel F = ~ of He3 

In this case, W"'%Wm• Then F3(W1)'"Fa(WI)'" 0. Since 
the conditions T/Tr and T/Tp« 1 are satisfied in the ex­
periment, only terms of the form ~/Tp are left. From 
the,solution of the set of equations (12) for the stationary 
case, we can determine the halfwidth of the resonance 
line: 
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[ ('I.+a)' 10 ( 4 ) l+b T, ( 2 )']'" Llw~= ---+- -+a -- -00 
• T,' 3 9 l+a T, 3' , (14) 

where 

a=T,jT" b=T.!T3. 

The first two terms determine the degree of destruc­
tion of orientation of the sublevel with F=f in exchange 
collisions of the first and second types of (1). The sec­
ond term characterizes the line broadening as a result 
of the effect of the transverse radiofrequency field. We 
can now determine the longitudinal and transverse re­
laxation times: 

(15) 

Magnetic resonance at the sublevel F = ~ of He3 

Here w"'~wm and the halfwidth of the magnetic reso­
nance line is determined by the expression 

[ (,/,+a)'. 1 ( 7 ) Hb T, (4 )']'" Llw,,,= ---+- -+a -- -00, . 
T,' 3 9 l+a T, 3 

(16) 

The longitudinal and transverse relaxation times here 
are 

1 l+b T, T, 
T,'=---T, T,'=--. 

3 l+a T,' 7/,+a 
(17) 

Magnetic resonance of He4 in the 2 3 S 1 state 

The resonance conditions are satisfied at W'" w m• The 
halfwidth of the resonance line is equal to 

. 1 8 l+b T 'f, 
LlWH,·=r-+-a-~w,'] . T,' 3 l+a T, 

(18) 

The first term determines the destruction of orientation 
of the metastable state as a result of metastability ex­
change with atoms of He3 in the ground 11So state. The 
relaxation times are 

(19) 

Equations (14), (16), and (18) were used by us for the 
determination of the cross sections of metastability ex­
change from experimental data on the magnetic reso­
nance in the 2 3S1 states of He3 and Het • These equations' 
were applied jOintly with the expressions (2), (3), which, 
upon extrapolation to zero amplitude of the radiofre­
quency field, leads to the result: 

!!.w'¥.='I,aNv,a,+ (l-a)Nv,a" 

I':1w:,,=7/,aNv ,a, + (l-a) Nv,a" (20) 

The cross sections (11 and (12 were also found from the 
experimental line widths with the help of these expres­
sions. 

2, EXPERIMENTAL METHOD 

The experimental investigations were carried out on 
apparatus whose block diagram is shown in Fig. 2. The 
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FIG_ 2_ Block diagram of the experimental arrangement for 
the study of optical orientation of atoms of helium in the tem­
perature range 77-300 OK- I-capillary helium tube, 2-lenses. 
3-PPI-I polaroid, 4-quarterwave mica plate, 5-set of Helm­
holtz coils, 6-modulation field coils, 7-radiofrequency field 
coils, 8-absorption cell, 9-Dewar vessel. 

radiation of the electrodeless helium tube 1 was gathered 
by condenser 2 and then was transformed into a circu­
larly polarized beam by means of the polaroid 3 and 
quarter wave plate 4. Weak radiofrequency discharge 
was excited by the generator HFG in the absorption 
chamber 8. This discharge transformed some of the 
helium atoms from the ground 11So state to the metasta­
ble 2 3S1 state. The circularly polarized light of the 
resonance wavelength (>. = 10, 830 A) brought about orien­
tation of the helium atoms in the metastable state. De­
struction of the optical orientation of the He3 and He4 in 
this case was accomplished by the resonant radiofre­
quency magnetic field, created by the generators G3-7A 
at a frequency - 3 MHz, which was measured by the fre­
quency meter Ch3-35. The change in the pump light in­
tensity at the instant of resonance was recorded by the 
silicon photodetector FS-7K. The signal from the out­
put of the photodetector was fed to selective amplifier 
U2-6, operating in a band of 80 Hz, and a synchronous 
detector K3-2. The reference signal at the K3-2 was 
provided from the field-modulation generator G3-35. 
The derivative of the absorption signal was recorded on 
the tape of an automatic recorder KSP-4. The band­
width of the entire recording system amounted to 1 Hz. 
Modulation of the constant magnetic field was accom­
plished at a frequency of 400 Hz. 

We used absorption cells filled with a mixture of the 
isotopes He3 and He4 of various concentrations, but with 
a constant total pressure 0.4 Torr (at 300 OK). The 
partial pressures of He3 were 0.05, 0.1, 0.2, 0.3 and 
0.35 Torr. The cells were filled with the helium iso­
topes by a quartz leak valve, and were monitored by a 
thermocouple manometric transducer PMT-2 calibrated 
against helium. The error in the determination of the 
final pressure when the absorption cells were sealed off 
lrom the vacuum system amounted to - 8% of the total 
pressure. 

The cell was placed in a weak constant magnetic field 
Ho, generated by three mutually perpendicular pairs of 
Helmholtz coils, connected to the rectifier UIP-2. The 
calculated relative inhomogeneity of the field of such a 
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system amounted to 6 x 10-4• The frequency of the ex­
cited gas discharge in the absorption cell was 30 MHz. 
The capillary tube of the pump 1 was filled with He4 at a 
pressure of 6 Torr and excited by the separate HFG 
generator. The use of two HFG generators made it pos­
sible to vary the intensity of the discharge in the cell 
over wide limits, without varying the intensity of the 
light of the tube. A polaroid PPI-1 and quarterwave 
plate >./4 made of mica were used to obtain circular po­
larization of the pump light. 

The derivatives of the absorption signals were re­
corded at different temperatures in the range from 77 to 
300 OK. For this purpose, the absorption cell was 
placed in a Dewar vessel through which nitrogen gas was 
passed (Fig. 2). The temperature was regulated by 
changing the flow of the nitrogen passing through the 
vessel, and was measured by a copper-constantan ther­
mocouple. The stability of the temperature point during 
the measurement time was not worse than 3 OK. 

The widths of the magnetic resonance lines were de­
termined from the distance between the maximum and 
minimum of the derivative of the resonance curve of 
the absorption, with account of the Lorentzian line 
shape. The recording of the signals was carried out at 
various values of the amplitude of the radiofrequency 
field and the pump light intensity, which made it pos­
sible to determine the values of the magnetic-resonance 
line widths by extrapolating of these parameters to zero. 
To estimate the effect exerted on the magnetic re~onance 
line width by such factors as the nonuniformity of the 
constant magnetic field, the gas discharge, and the dif­
fusion of the metastable atoms to the walls of the ab­
sorption cell, we recorded the signals of the magnetic 
resonance of He4 atoms in the 2 3S1 state for an absorp­
tion cell containing only the He4 isotope. The error in 
the determination of the line width with account of all 
possible sources of error amounted in the mean to ± 5%. 

3. EXPERIMENTAL RESULTS 

To find the cross sections 0"1 = 0"(He3 _He3) and 0"2 
= 0"(He3 _He4), we determined the dependence of the mag­
netic resonance line width of optically oriented atoms of 
He3 and He4 in the metastable 2 3S1 state as a function of 
the percentage of He3 in the mixture of the two helium 
isotopes at constant total gas pressure. Equations (20) 
were used for the calculation of 0"1 and 0"2. They were 
derived under the assumption that the alignment in the 
2 3S1 states of He3 and He4 is small. The use of these 
formulas is perfectly valid under the conditions of our 
experiment, since the magnetic resonance signals in the 
case of optical orientation by unpolarized light were at 
least an order of magnitude weaker than the signals ob­
tained for orientation by Circularly polarized light. 

Figure 3 shows the dependences of the magnetic reso­
nance line widths on the concentration of He3 for T 
= 125 OK (Fig. 3a) and for T = 300 OK (Fig. 3b). Correc­
tions have already been introduced in the data of Fig. 3 
for radiofrequency broadening, modulation effects, non­
uniformity of the constant magnetic field Ho, the effect 
of discharge and the diffusion of the metastable atoms to 
the walls of the absorption cell. 
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TABLE I. 

T I Cross sections 
emper'_=~===--_ 

atu:e 01. I cr,. 
T. K to-16 em' 1O-lor em2 

oja] 11::=~~·II_c=:o=ss:.:s:;::elc:::tio=n::..scr __ 
T, 0 K to-16 'em' to-li 'em2 

3.48±O.27 I 0.74±O.1! 
4.60±0.35 O.7G±O.11 
7.62±O.42 O,96±O.t1 

As is seen in Fig. 3, the magnetic-resonance line 
widths in the two states of the hyperfine structure F=t 
and F=! and in the 3S1 state of He4 depend essentially on 
the He3 concentration in the mixture of helium isotopes. 
The magnetic resonance line width of He4 in the 2 3S1 

state increases sharply with increase in the He3 concen­
tration in the mixture, both for T = 125 OK and for T 
= 300 OK. The magnetic resonance line width of He3 in 
the 2 3S1 state for F =! increases with increase in He3 

concentration at T = 125 OK and decreases at T = 300 OK. 
The line width of theHe3 for F=t changes little at T 
= 125 OK and decreases materially with increase in the 
He3 concentration at T = 300 OK. Such a change in the 
slope of the straight lines for He3 in Fig. 3 with in­
crease in temperature indicates a change in the relative 
values of the cross sections 0"1 and 0"2 in this tempera­
ture range. In the case of a constant ratio 0"2/0"1' the 
transition from Fig. 3a to Fig. 3b could be brought 
about only by a change in the scale along the Afaxis. 

The values of 0"1 and 0"2 were determined for six val­
ues of the temperature in the range 77 -300 OK and are 
given in Table I. The error in the determination of 0"1 
and 0"2 amounted to 8% in the mean. This error repre­
sents the maximum scatter of values of the calculated 
quantity with account of the sources of error pointed out 
above. 

Figure 4a shows the dependences of 0"1 and 0"2 on the 
temperature. As is seen from Fig. 4a, in the case of 
an increase in the temperature from T = 77 OK to T 
= 300 OK, the absolute values of 0"1 and 0"2 increase mono­
tonically. Two regions of more rapid growth of these 
quantities can be distinguished: 77 -120 and 220-300 OK. 
At 300 OK, the cross sections 0"1 and 0"2 can be regarded 
as equal within the limits of error of the experiment. 

Figure 4a shows the dependence of the relative dif-

~r,kHz 

Zo.o. a 
FIG. 3. Dependence of the 
magnetic resonance line widths 
of the optically oriented helium 
atoms in mixtures of He3 - He4 

isotopes on the percentage con-
tent a of He3 at a total pressure 
of 0.4 Torr; I-resonance 
lines widths for F=~. 2 3S 1 
state of He3 ; 2-resonance line 
widths of the 2 3 SI state of He3• 

F=JL 2· 3-resonance line 
widths of the 2' SI state of He4: 

a) T = 125 OK. b) T = 300 OK. 
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FIG. 4. Temperature depen­
dence of the cross sections of 
metastability exchange: a) 
cross sections: 1) 0"1 =0"(He3 

_He3), 2) 0"2=0"(HeJ -He3); b) 
relative difference of the cross 
sections AO"/O"I = (0"1 - 0"2)/0"1' 

ference AO"/O"I = (0"1 - 0"2)/0"1 on the temperature. As fol­
lows from this figure, the quantity AO"/O"I changes much 
more slowly in the temperature range from 77 to 300 OK 
than in the range from 200 to 300 OK. 

4. DISCUSSION OF RESULTS 

As is shown in the previous section, the cross sec­
tions of metastability exchange 0"1 and 0"2 differ signifi­
cantly throughout the entire range of temperatures 
studied, with the exception of a small region near T 
= 300 OK. This experimental fact can be explained by 
considering the interaction of two helium atoms, one of 
which is in the ground 11So and the other in the meta­
stable 23S1 state. 

This interaction is described by the potentials V, and 
Vu , which correspond to the symmetric and antisym­
metric states of the helium molecule He: [He(1 1So) 
• He(2 3S1)]. [6,10] Figure 5 shows the potentials V, and 
Vu obtained in Ref. 10. It is seen from this figure that 
the potentials V, and Vu begin to diverge significantly at 
r < 10 ao, where ao is the radius of the first Bohr orbit. 
The cross section for metastability exchange is deter­
mined by the difference of these potentials, averaged 
over the time of effective interaction of the helium 
atoms, and multiplied by the time of interaction, i. e., 

v.a.u.! 

aoz a 

0.01 

FIG. 5. Potential energies 
70 72 

- 0.01 R,oo V, and Vu of the symmetric 
and antisymmetric states 

-0.0.2 
of He (1 ISO) 'He(2 3S1 ) (from 

- 0.03 the data of Ref. 10); a) with 
- 0.04 the use of 12 basis func-
-0.05 tions; b) with the use of 20 

- 0.08 
basis functions. 

- 0.07 

- 0.08 
8 70. 72 

R..ao 
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by the time of stay of the two atoms in the region where 
the potentials VI" and Vu differ significantly. In the tran­
sition from low to higher temperatures the region of ef­
fective interaction and, consequently, the value of the 
mean value of the difference in the potentials ~ V = VI" 
- Vu , increase appreciably (Fig. 5b). This leads to a 
sharp increase in the interaction cross sections <11 and 
<1a in the temperature range 77-120 oK. However, when 
two colliding atoms penetrate into the region of ever-in­
creasing difference in the potentials (at r < Sao), the time 
of effective interaction begins to decrease considerably, 
which leads to a decrease in the rate of growth of the 
cross section of metastability exchange in the tempera­
ture range from 120 to 220 oK. Upon further increase 
in the temperature (T > 220 OK), the difference in the po­
tentials ~V increases so significantly, because of the 
slowing of the growth in the potential Vu, that a more 
rapid increase is observed in the cross sections <11 and 
<1a. Since the potential barrier Vu amounts to -0.1 
eV, Cl0] it follows that at temperatures T ~ 300 OK only a 
small fraction of the atoms have sufficient kinetic en­
ergy to penetrate the barrier and form stable Het mole­
cules. Therefore, in this range of temperatures, we 
are still far from the temperature saturation, the pos­
sibility of which was pointed out in Ref. 1. 

From among the researches on the determination of 
the transverse cross section <11 known at present, we 
can mention the reliable measurements at the tempera­
tures 15-115 °K[a] and 300 OK. C4] In the range 77-
115 OK, the values of <11 from Ref. 2 are somewhat 
smaller than those which are reported in the present 
work, but, because of the large errors in the measure­
ments in this temperature range, we can assume that 
the agreement of the results is entirely satisfactory. 
Thus, at 113.8 OK, the value <11 = (2. 37 ± O. 61) • 10-16 cm2 

from Ref. 2 falls practically on the experimental curve 
1 of Fig. 4a of the present paper. At 300 OK, the value 
<11 = (7.6 ± O. 4) • 10-16 cm2 given in Ref. 4 is very close to 
the value of <11 given above in the table. 

In the case of resonance transfer of the energy of the 
excitation in the metastability exchange between helium 
atoms, the value of the cross section <1a = <1(He3-He4) 
should exceed somewhat the cross section <11 = <1(He3 -

He3), since the system with greater reduced mass (He3 _ 

He4) stays a longer time in the region of effective inter­
action. However, the difference in the excitation ener­
gies of the metastable 2 3S1 states of the He3 and He4 

isotopes, which is connected mainly with the difference 
in the masses of the He3 and He4 atoms (see Fig. 1), 
leads to a nonresonant character of the metastability ex­
change between atoms of different isotopes of helium. 
As a consequence, the cross section <1a becomes smaller 
than the cross section <11. 

The relative difference of the cross sections <11 and <1a 
is determined to a Significant extent by the time of stay 
of the system of two atoms He3 and He· in the region of 
effective interaction. Since this time decreases by a 
factor of about two with increase in the temperature 
from 77 to 300 OK (the estimate is made on the basis of 
the results of Ref. 10), then, at temperatures close to 
room temperature, the values of <11 and <12 approach each 
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other. This agrees with the behavior of the experimen­
tal curves shown in Fig. 4, and also with the result of 
Ref. 4, in which agreement of the values of <11 and <12 
within the limits of 10% error in the experiment was es­
tablished at 300 OK. 

There are a considerable number of researches de­
voted to the calculation or determination from the re­
sults of various experiments (elastic scattering, diffu­
sion, optical orientation of the atoms) of the interaction 
potentials VI" and Vu, for example, Refs. 6, 10-14. In 
the region of long-range interaction (at r > 7ao), the po­
tentials obtained in the different experiments vary great­
ly. Starting out from the temperature dependences for 
<11 and <12, we can select the most satisfactory of these 
potentials. The important question here is how single­
valued such a choice can be made. We can say the fol­
lowing regarding this question. 

As was already pointed out above, the quantity <11 is 
determined by the integral f ~Vdt, taken over the region 
of effective interaction of the atoms. In first approxi­
mation, ~ V - exp(- O!r), and the region of interaction is 
determined by the character of the behavior of the po­
tential curves Vg and Vu at r>rm1n, where rmin is the 
distance of closest approach of the two helium atoms; 
this distance is determined by the kinetic energy and the 
impact parameter. We can therefore assume that the 
interaction potentials VI" and Vu, having sharpCl2,13] and 
a smooth[10,14] decay, give close values of <11 if the po­
tentials with a sharp falloff have a greater difference be­
tween VI" and Vu than the smooth potentials. It was pro­
posed in Ref. 13 to use O! = 2.23, and the data of Ref. 10 
can be approximated by the value O! = 1.1. Our prelimi­
nary estimates have shown that potentials VI" and Vu that 
differ so much in the long-range interaction region 
agree well with the temperature dependence of <11 given 
in Fig. 4a (curve 1). ThUS, the use of the cross section 
<11 alone does not allow us to select the potentials VI" and 
Vu with the correct variation in the region r> 7ao. 

It should be noted that the analysis of the temperature 
dependence of <1a allows us to choose between the inter­
action potentials, since the value of <1a is very sensitive 
to the time the two helium atoms of the system spend in 
the region of effective interaction, i. e., to the steep­
ness of the potential curves VI" and Vu in the region of 
their falloff. Of course, the choice of the potential that 
agrees best with the temperature dependence "Of <12 can 
be made only after solving the problem of the nonreso­
nant transfer of the excitation in the He3 _He4 system, 
which should serve as the object of a special theoretical 
investigation. Preliminarily, it can be shown only that 
the smoother potentials evidently agree better with the 
experimental curve for <12 represented in Fig. 4. 

Whereas there are at present theoretical calculations 
that connect the cross section <11 and its temperature de­
pendence with the potentials Vg and Vu, [13,14] there are 
no such calculations for the interaction of He3 and He4 

and the cross section <1a. The results of these calcula­
tions allow us to determine more accurate potentials VI" 
and Vu of interaction of the atoms He(1 1So) and He(2 3S1) 
from the values of <11 and <12 and their temperature de­
pendences obtained in the present work. 
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The behavior of an electron moving with arbitrary velocity in a given random field of intense, low­
frequency radiation is considered under conditions when the dominant electron-radiation interaction 
mechanism is induced Compton scattering. The evolution of the electron energy spectrum is investigated in 
the diffusion approximation, and the equilibrium spectrum of relativistic electrons in the field of radiation 
with a high brightness temperature is found. The induced light-pressure force acting on a moving electron 
and the rate of induced heating of an electron gas in an isotropic radiation field are calculated. It is 
shown that. in contrast to the well-known spontaneous retarding force. the direction of the induced force 
depends on the radiation spectrum. Radiation spectra for which the induced force accelerates an electron 
in a given direction right up to ultrarelativistic energies are found. 

PACS numbers: 13.IO.+q 

INTRODUCTION 

The process of induced Compton scattering of electro­
magnetic radiation by free electrons (see the review 
article(ll) can play an important role in astrophysics in 
the interaction of high-power radio emissions of pulsars, 
quasars, and other objects with the surrounding tenuous 
plasma, (2-4] as well as under laboratory conditions in 
the investigation of plasma heating by radiation from 
lasers, masers, and superhigh-frequency devices. (5-7] 

It is well-known that this processes] leads to electron 
heating, (5,9] the appearance of an induced light-pressure 
force, (10,11] a change in the radiation spectrumU2 ] and, 
in particular, to the appearance in the continuous radia­
tion spectrum of spectrally narrow components and soli­
tons, (13] to the divergence or convergence of the radia­
tion beam, U4] etc. 

In the present paper we consider the question of the 
behavior of electrons in a given radiation field, i. e. , 
we shall be interested in: 1) the distribution of the elec­
trons over energy in a situation in which the plasma is 
sufficiently rarefied and the major role in the formation 
of the electron distribution over energy is played by 
scattering processes leading to the diffusion of the elec­
trons in momentum space; 2) the induced light pressure 
acting on a free electron; 3) the heating of relativistic 
electrons during induced scattering of light. 
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For all the quantities characterizing the behavior of 
electrons in a statistical isotropiC radiation field, we 
have obtained exact relativistic formulas that are valid 
for arbitrary electron energies and arbitrary radiation 
spectra. The obtained formulas are fairly simple and 
convenient for the computation of induced effects, and 
allow the investigation of both nonrelativistic and ultra­
relativistic asymptotic behaviors. 

To the question of the induced interaction of radiation 
with a relativistic plasma have been devoted a large 
number of papers. (15-17] The dependence, obtained in 
these papers, of the rate of heating of monoenergetic 
ultrarelativistic electrons on their energy is valid only 
for radiation spectra of a definite form. However, it 
is precisely for these spectra that the pattern of plasma 
heating is qualitatively different from the heating of 
monoenergetic electrons. This is connected with the 
presence in momentum space, as a result of induced 
scattering, of electron diffUSion, (10] which, in these 
spectra, washes out the monoenergetic distribution 
much more rapidly than heats it. (1S] At the same time, 
the pattern of electron heating in a wide class of spectra 
differs from the results obtained by Ochelkov and Cha­
rugin, (16] Dedkov, U7] and Blandford and Scharlemann.(l8l 
In our paper we analyze the induced effects for arbitrary 
radiation spectra. 

Copyright © 1971 American Institute of Physics 930 


