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The temperature dependence of the diffusion coefficient D and the diffusion cross section Qd of meta
stable helium atoms in a gas of normal helium atoms is investigated. Qd and D are calculated theo
retically by employing the Poshusta-Matsen continued interaction potential. The diffusion coefficients 
are determined experimentally at 300, 77, 64, 20 and 4°K. The results confirm the existence of long 
range repulsion between atoms due to the existence of a peak on the potential curve for interaction 
between normal and metastable atoms. 

1. INTRODUCTION 

THE process of scattering of metastable helium atoms 
in a gas of normal atoms is one of the effects for which 
a classical description is unsuitable. When the atoms 
in question come close together, there exist two inter
action potentials, Vs and V A• which differ in the 
character of the symmetry of the wave function of the 
system with respect to exchange of nuclei. The need 
for taking into account two potential energies and sym
metry effects leads to a disparity between the quantum 
and classical cross sections. Experimental data on 
collisions of metastable atoms can serve as a direct 
confirmation of the importance of quantum symmetry 
effect. 

A study of the scattering and of the diffusion of 
metastable atoms of helium is also of considerable 
interest in view of the unusual character of the interac
tion between the normal and metastable helium atoms. 
The potential of the symmetrical wave function Vs 
describes only repulsion. The potential of the antisym
metrical state VA has a number of singularities. At 
short distances ( r ~ 2ao, ao - Bohr radius) the atoms 
are attracted, and a bound molecular state 3~~ exists. 
With increasing distance, the attraction gives way to 
long-range repulsion. A maximum ("hump") of repul
sion appears on the potential-energy curve. The long
range part of the potential VA ( r) is shown in Fig. 1. 

Detailed calculations of the potential energy of in
teraction were first made by Buckingham and Dal
garnoC1J (curve 1 for VA)· More consistent calcula
tions with an exact allowance for the Van-der-Waals 
interaction were made by Poshusta and Matsen C2J 
(curve 2). The maximum height of the repulsion 
"hump," according to their data, is lower than that 
obtained inC1J, and amounts to approximately 0.1 eV at 
a distance r ~ 4. 5ao between the atoms. There is a 
noticeable difference also in the asymptotic behavior 
of the potentials at large r: the Poshusta and Matsen 
(PM) potential decreases more rapidly than the Buck
ingham and Dalgarno potential (BD). 

Connected with the quantum character of the scat
tering and with the form of the potential curve of the 
interaction are the singularities of the diffusion of the 
metastable helium atoms. In this paper we describe the 
results of measurements of the coefficient of diffusion 
of metastable He4 atoms in a decaying helium plasma 
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in a wide range of temperatures from 4 to 300°K. The 
experimental data are compared with the theoretical 
calculations of the diffusion cross section. 

2. DIFFUSION CROSS SECTION AND DIFFUSION 
COEFFICIENT 

In this section we describe the results of a theoreti
cal calculation of the cross section and the diffusion 
coefficient for the case of scattering of metastable and 
normal He4 atoms. These calculations were made using 
an empirical interaction potential VA, which has been 
constructed by us and which is a continuation of the 
PM potential to lower colliding-atom energies. At 
temperatures below 300°K, the scattering is from the 
long-range repulsion potential. The dashed lines of 
Fig. 1 show the values of the colliding-atom energy 
corresponding to the temperatures 300, 77, and 20°K. 
The intersection of the dashed lines with the potential
energy curve characterizes the effective radius of the 
scattering potential for these temperatures. We see 
that for temperatures below 300°K the effective scat
tering radius exceeds 6a0 • 

The BD potential was calculated up to distances 
12ao; its asymptotic form at large distances is the 
same for both the symmetrical and the antisymmetrical 
cases, and obeys the exponential law 
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Fig. I. Energy of long-range repulsion of metastable and normal 
helium atoms (V A(r)). I - BD potential, 2- PM potential, 3- con
tinued empirical potential. (The temperature scale is recalculated from 
the corresponding atom energy using the diffusion velocity vd = 
(IOKT/m)l/2, where m/2 is the reduced mass). 
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(1) 

where r is the distance in a 0 units. Starting with a 
distance 8a0 , the second term becomes negligible and 
Vs and VA practically coincide. Buckingham and 
Dalgarno calculated the diffusion cross section Qd 
using the potential 1 of Fig. 1. 

The PM potential was calculated only up to a dis
tance 6a0 • In our calculations we used the values of 
the empirical potential VA ( r) obtained by asymptot
ically continuing the PM potential to 9a0 • We assume 
that Vs and VA are equal already at r = 7ao. The con
tinued potential is constructed in such a way that it co
incides with the PM potential at values of r in the in
terval 5-6a0 , and follows an exponential law at larger 
r: 

(2) 

The coefficients for the continued potential are 
A= 21.115 and B = 2.04 (in atomic units). The poten
tial constructed in this manner has smaller scattering 
radii at low energies of the colliding atoms (curve 3 of 
Fig. 1). 

The diffusion cross section Qd was calculated by 
means of the formula 

4n ~ 
Qd = kz Li (l + 1)sin2 (llz-llz+i), 

l=O 

(3) 

where k = mv /211 is the wave vector, v is the relative 
velocity, m/2 is the reduced mass of the helium atom, 
and oz is the phase of the scattering of the partial 
wave with number l. The general expression (3) turns 
out to be valid in this case, too, the only difference 
being that the even and odd phases are determined re
spectively by the interaction potentials Vs and VA· 

A detailed examination of the scattering of atoms 
with identical nuclei is contained in the papers of 
Massey and SmithC3 J and Buckingham and DalgarnoC4 J. 
It must be noted, however, that Buckingham and Dal
garno used in their theoretical paper [4 J a formula for 
the diffusion cross section Qd with a coefficient which 
is half as large. This decreased the results of the 
corresponding numerical calculations of Qd. In com
paring the Qd ( v) dependence for different interaction 
potentials we shall double throughout the values of [4 J 
for the diffusion cross section. 

The scattering phase shifts which enter in formula 
(3) were calculated with the aid of the well-known 
Jeffries formula [sJ 

t [ m . (l+'hl'l'f, r [' (l+'/z)'l'f, 
{),= J dr k'-hz V(r)---;z- J - Jdr k-----r,--J , 

(4) 
where V ( r) = Vs ( r) for the even phases and V ( r) 
=VA ( r) for odd phases. The lower limit of integra
tion is the largest root of the integrand. Formula (4) 
is valid in the quasiclassical approximation, the condi
tions for the applicability of which, as is well known, 
are 

p~X = nfmv, pV~nv. (5) 

Here p is the radius of the scattering potential, and V 
is of the order of magnitude of the potential in that 
region. For the interaction potentials of normal and 
metastable helium, which are shown in Fig. 1, the 
quasiclassical conditions are satisfied up to velocities 

Fig. 2. Diffusion cross sec
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v = 4 X 104 cmjsec, which corresponds approximately 
to T"" l5°K. 

The integration in (4) was carried out graphically 
for definite values of k in the interval from k = 2 
x 108 cm-1 (T = 20°K) up to k = 2 x 109 cm-1 

( T = 600°K ). The cross section Qd ( v) was calculated 
by using the obtained phase shifts. Figure 2 shows the 
calculated dependence of the diffusion cross section 
for the scattering of metastable and normal helium 
atoms. Curve 1 represents the data of Buckingham and 
DalgarnoC4 J multiplied by two, and curve 2 the values 
of Qd ( v) calculated by us using the continued PM 
potential with a smaller effective radius. 

According to the kinetic theory of Chapman and 
Enskog, the diffusion coefficient D is expressed in 
terms of the diffusion cross section as follows: 

3n ( 16%T f' 1 
D = 32 \ nm · 7:Q~ · (6) 

Here Qd. is the averaged diffusion cross section, which 
is equal to 

m \a oo mvz 
Qd=(--). ~ dvv·'Qd(v)'Xexp(---), 

4xT 1 0 4xT 
(7) 

n is the particle density, v the velocity, and m = 6.6 
x 10-24 g the helium-atom mass. As seen from (6), the 
integrand 

f(v) = v' exp ( -mv2/4xT) 

has a maximum at a value of v equal to the character
istic diffusion velocity 

Vd = (10xT/m)'l'. 

If the cross section % ( v) is constant or depends 
little on the velocity, then the quantity Qd. ( v) can be 
taken outside the integral sign in (7) at the point 

(8) 

v = vd. Therefore the diffusion velocity determines the 
temperature scale on going from the Qd. ( v ) dependence 
to Qd. ( T) (see Fig. 2). 

The temperature dependence of the distribution co
efficient was determined from formulas (6) and (7). 
We note that both dependences in Fig. 2 can be suffi
ciently well approximated in the temperature interval 
from 4 to 900°K by a simple curve of the type 

Qd(u) =a+ ~/v. (9) 

The Qd. ( v) curve corresponding to the BD potential is 
well described by formula (9) with coefficients 

a = 2.6 ·1.0-15 em 2 ~ = 4-10-1" cm3/sec 

The Qd ( v) curve for the potential with the smaller 
effective radius is approximated by formula (9), in 

(10) 
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which 

~ = 2 -1o-•o, em 3f sec 

Substituting (9) in expressions (7) and (6) we get 
Dn= 3n (16xT/nm)'" 

32 fa+ a;.~(16xT/nm)-''•J 
We introduce the value of the reduced pressure1,, 

equal to P = P 0 • 300/T, where p0 = nKT is the true 
pressure at the temperature T. Then 

DP = 0.31-10-16Dn (cm2sec-1 mm Hg). 

(11) 

(12) 

(13) 

The so calculated temperature dependence of the co
efficient DP corresponding to the two potentials, is 
shown in Fig. 3. 

3. EXPERIMENT 

The diffusion coefficient of the metastable helium 
atoms was determined by investigating the decay 
kinetics of the metastable state 238 of He in its own 
excited gas. It was shown inC7 ,aJ that at sufficiently low 
pressures and low gas densities, not exceeding n = 6 
x 1016 cm-3, the disintegration of the metastable atoms 
proceeds principally as the result of their diffusion to 
the walls of the vessel. The change in the concentra
tion M ( t) of the metastable atoms is described by a 
diffusion equation with a diffusion coefficient D 

fJM/fJt = -DAM. 

The change in the concentration averaged over the 
volume is given by the exponential relation 

(14) 

M(t)=M0 exp(--£-t), (15) 

where Mo is the initial concentration of the metastable 
helium atoms, and A is the "diffusion length." For a 
cylindrical vessel of radius R and length L we have 
A = ( ( 2.4/R )2 + ( 1T /L )2 t 112 ; for a spherical vessel 
A= Rj1r. 

The experimental conditions in the measurement of 
the diffusion coefficient were as follows: A helium 
plasma was produced in a glass vessel. The helium 
was excited by an electrodeless method with the aid of 
a pulsed high-frequency generator which produced 
rectangular pulses of duration 0.1-0.01 msec and 
repetition frequency 25 Hz. The lifetimes of the meta
stable atoms in the decaying plasma were several 
milliseconds at the end of the high-frequency pulse. All 
the measurements were made 150 !J.Sec following the 
end of the excitation. 

The concentration of the metastable atoms in the 
state 238 was deotermined from the resonance absorp
tion of the 3889 A line from an external source. At 
small optical densities, the concentration is propor
tional to the integral absorption of the resonance line: 
M oo .li/I[7 J. 

The low-temperature measurements were made in 
metallic cryostats. The discharge vessel was placed in
side the metallic cryostat directly in the cryogenic liquid 
(nitrogen, hydrogen, or helium), so that the vessel-wall 
temperature coincided with the temperature in the 
cryostat. The distribution of the temperature inside 

Owe shall use henceforth reduced pressures throughout. 

Fig. 3. Temperature dependence of 
the diffusion coefficient DP of metastable 
helium atoms in a gas of normal atoms. 
I - calculated dependenc with BD potent
ial; 2- calculated curve with continued PM 
potential; points - experimental results; 
3 - temperature dependence of the dif
fusion coefficient of normal helium atoms 
(data of Bendt [6 ]). 
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the volume of the discharge vessel with gaseous helium 
can be estimated with the aid of the heat-conduction 
equation. If the excitation is accompanied by the trans
fer to the vessel of a power w (W jcm3 ) uniformly 
distributed over the entire volume, then this equation 
is written in the form 

!J.T=•w/K, (16) 

where K is the coefficient of thermal conductivity of 
the helium. The solution of (16) for a sphere of radius 
R is 

w 
T=T0 +-(R2 -r2) 

6K 
(17) 

(To is the wall temperature). The temperature change 
averaged over the volume is 

'f- To= wR2/15K. (18) 

If the heat supplied during the time of the pulse does 
not exceed W = w ( 47TR3/3) ~ 0.3 W, then the gas tem
perature differs from the discharge-vessel wall tem
perature by not more than 2-3°K even when T = 4°K 
and P = 0.2 mm Hg (K = 4 X 10-4 W jcm-deg ). 

With respect to the temperature of the metastable 
atoms we can state that on the whole they are close to 
the gas temperature, since the elastic collisions cause 
the metastable atoms to be in thermal equilibrium with 
the normal atoms. Indeed, the time of relaxation be
tween the metastable and normal atoms is of the order 
of 7 = ( nvQ r\ where Q ~ 5 X 10-15 cm2 is the scatter
ing cross section, n ~ 0.66 x 1016 cm-3 is the density 
of the helium atoms, and v;::: 2 x 104 cmjsec is the 
velocity of the atoms. It follows therefore that the 
characteristic values of 7 do not exceed several 
microseconds. 

In the study of the diffusion of metastable atoms we 
investigated cylindrical discharge vessels ( R = 2 em, 
L = 1.6 em), connected with the gas system, and also 
sealed closed spherical bulbs of radius 2.5 em. 

Let us stop to discuss the estimate of the pressure 
in the bulbs at low temperature. For closed vessels, 
this question does not arise, since the particle density 
n = Paoo/300K is constant in them, and the reduced 
pressure P is always known. But if the vessels are 
connected to the external gas system, then a pressure 
drop can be produced along the joining tube, when the 
mean free path becomes comparable with the tube 
diameter d. This case is possible at T = 4 oK and 
P < 1 mm Hg. The true pressure in the bulb is then not 
equal to the pressure measured in the system that 
communicates with the bulb. The maximum discrep
ancy due to the thermal effusion can be by a factor of 
8 when d < L ( Paoo = P4 ( 300/4 )112 ). In intermediate 
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Fig. 4. Diffusion collision fre
quency v = D/"A2 vs. reduced pressure 
("A-2 = 2). I - hyperbola DP = 940, 
T = 340°K; 2 -hyperbola DP = 420, 
T = 77°K; 3 - hyperbola DP = 56, 
T = 4°K; points- experimental results. 

cases, when d ~ L, the Knudsen formula can be used 
to calculate the pressure. An inaccurate determination 
of the pressure in open vessels at 4°K has led to an 
erroneous figure for the diffusion cross section in the 
brief note [aJ. In the present investigation, all the 
measurements in open vessels at 4°K were additionally 
monitored by means of experiments with sealed bulbs. 

4. EXPERIMENTAL RESULTS AND THEm 
DISCUSSION 

The disintegration of the metastable 23S helium 
atoms was investigated at 300, 77, 64, 20, and 4°K. 
The observed M ( t) dependences for these tempera
tures in the reduced-pressure interval 0.2-1 mm Hg 
are exponential. Their slope on a semilogarithmic 
scale is inversely proportional to the pressure and, in 
accord with formula (15), represents the diffusion 
collision frequency 11 = D />-.. 2 • Figure 4 shows a plot of 
II(P) at 4, 77, and 300°K. The curves are described 
by the hyperbolas Dp = const. The hyperbolic depend
ence of D on P serves as an additional control indi
cating that the disintegration of the metastable atoms 
occurs during the course of the diffusion. 

The values of DP for the metastable atoms are 
shown in Fig. 3. The value of DP measured at 300°K 
coincides within the limits of errors (10%) with the 
data of Phelps C9 , 10J. At 77°K, the results diverge some
what. A value DP = 130 em -2 sec -1 mm Hg is given 
in [gJ, whereas we obtained at 77°K the value DP 
= 200 cm2sec-1 mm Hg. The experimental data at the 
low temperatures (64, 20, and 4°K) were obtained first. 
Our measured values of the diffusion coefficient fit 
well the calculated curve obtained by using the con
tinued potential of Poshusta and Matsen (see Fig. 3). 

The diffusion coefficient of the metastable helium 
atoms differs greatly from the value of D for the 
normal atoms and is characterized by a different tem
perature dependence. The peculiarities of the diffusion 
of metastable atoms become more clearly manifest 
when the effective diffusion cross sections are com
pared. 

BendtCsJ measured the diffusion coefficient 
D ( 3 - 4) of the isotope He3 in He4 • Using the 
formula 

( 2m3 \'1• (19) 
D(He4)= -; D(3-+4) 

m3 +m4 

Bendt calculated the values of the self-diffusion coef
ficient D ( He 4 ). It is obvious, that the value of D ( He 4 ) 

obtained in this manner does not take into account the 

quantum symmetry effects and is determined at high 
temperature by the geometrical self-diffusion cross 
section 

Qgeom1= na2 ~ 1.35 ·1D-15 cm2, (20) 

where a/2 = 1.04 A is the radius of the helium atom. 
Figure 2 shows the dependence of Qgeom according to 
Bendt's data. 

The diffusion cross section of metastable atoms 
differs from the geometrical cross section, first, in 
magnitude (it exceeds the geometric cross section) and, 
second, in the temperature dependence (a strong in
crease with decreasing temperature). At high tempera
tures ( T ~ 900°K) the cross section reaches Qd 
= 2.6 :x 10-15 cm2 , which is almost double the geometric 
cross section of the normal atoms (20). It is of interest 
to see to what measure these differences are connected 
with the influence of the symmetry effect-the transfer 
of excitation from one atom to another during the col
lision process. The cross section for resonant excita
tion transfer was calculated in [ 4J and measured in [ 11 J. 
At the present time there is still no full agreement be
tween calculation and experiment. Nonetheless it can 
be regarded as established that the scattering with 
excitation transfer becomes significant only in the 
temperature region T ~ 1000°K. Therefore the quan
tity Qd calculated for 900°K should contain a contri
bution from the resonant excitation transfer. At tem
peratures T ~ 300°K, the transfer of excitation is 
made difficult by the presence of a maximum on the 
potential curve VA ( r). The value of the transfer cross 

10-16 2 d section Qtr becomes then smaller than em an 
does not play any role in the diffusion of the metastable 
atoms. 

The strong temperature dependence of the diffusion 
cross section is due to the form of the potential curve 
VA ( r ). The increase of the diffusion cross section 
with decreasing temperature is the result of the in
crease of the effective radius for the elastic scattering 
of the atoms (see Fig. 1). The obtained experimental 
data for the temperature dependence of the diffusion 
coefficient confirm the presence of a long-range re
pulsion between the normal and metastable helium 
atoms and agree with the interaction potential of 
Poshusta and Matsen. 

Thus, at high temperatures, when the energy of the 
colliding particles is comparable with the height of the 
"hump" on the potential VA, the diffusion of metasta
ble atoms is determined by quantum symmetry effects 
(resonant excitation transfer). At low temperatures, 
the excitation transfer does not play any role, and the 
observed increase of the diffusion cross section re
flects the existence of a long-range repulsion between 
atoms. 
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