
1ation.of the principal terms. If we make the natural 
assumption that the small quantities have a smooth de- 
pendence on the radiation frequency, then the small  
corrections, by interfering with the principal terms, 
lead to a shift of the calculated minimum. On the other 
hand, if the small corrections give an additive incre- 
ment to the absorption cross  section, then the entire 
frequency dependence of the absorption coefficient shifts 
upwards with practically no deformation. Thus, the 
qualitative conclusion that the absorption coefficient 
has a deep minimum remain unchanged. 

The author thanks V. M. ~ u r m i s t r o v  for remarks and 
V. N. Kolesnikov for interest in the work. 
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Optical orientation of the atoms was used to investigate the ionization of H, molecules by He(23S,) 
atoms. The temperature dependence of the reaction rate constant c(T) is determined in the interval 
77400 K. Analytic expressions for c(T) are obtained within the framework of the classical treatment 
of the chemo-ionization process for the case of an exponential representation of the real and imaginary 
parts of the complex interaction potential V* - ir/2. This has made it possible to obtain for this 
potential parameters that agree with the obtained experimental C(T). 

PACS numbers: 82.20.Pm, 82.20.Kh, 82.30.Cf, 34.20.Be 

INTRODUCTION 

The excitation energies of metastable helium atoms, 
19.8 eV for 2%' and 20.6 eV for the 2'S, state, a r e  suf- 
ficient for the ionization of most atoms (with the ex- 
ception of helium and neon in the ground state) and 
molecules. The investigation of the ionization reactions 
with participation of metastable helium atoms has re- 
ceived much attention of late.'- The simplest mole- 
cule that can be ionized by a helium atom in a metasta- 
ble state is  hydrogen. In the case of He*(2'S1), this 
reaction proceeds via the following channels: 

where (la) is Penning ionization and its contribution is 
>800/08; (lb) is associative ionization with a contribution 
-3%8; (lc)  is ionization with restructuring, with a con- 
tribution -1 5%8; (Id) is dissociative ionization with the 
smallest contribution. <l%.l 

The total ionization c ross  section uH,, which is the 
sum of the cross  sections of all  the channels of the re- 
action (I), was determined in experiment by investi- 
gating a decaying plasmag-" using atomic and mole- 
cular  beam^'^"^ a s  well a s  with the aid of optical orien- 
tation of atoms.14-l6 
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The He*-H, system contains a small number of elec- 
trons, s o  that rather exact calculations could be per- 
formed for it by various  method^.^^*'^ The complex 
o r  optical potential was found to be 

where V*(R,  8) is the potential energy surface for the 
He*-H, system, r(R, 8) is the width of the autoioniza- 
tion level, and R and 8 a r e  the polar coordinates. It 
was shown that in the calculation of the total cross 
section of the reaction (1) it suffices to retain the 
spherically symmetrical part  of the potential W(R, 8). 
It turned out that the dependence of the autoionization 
width on the distance R between H, and He* has an ex- 
ponential character 

r (R) =A exp (-aR) , (2) 

and the potential V * @ )  is  repulsive a t  almost al l  R ,  
with the exception of very large R ,  when a van der 
Waals attraction takes place and results in a small 
energy minimum at  R -13ao (a, is the radius of the 
first  Bohr orbits). This behavior of the potential W@) 
corresponds to an increase of the cross  section a,, 
with increasing temperature, in agreement with the 
general experimental course a,, (T).l1.l4-'' However, 
the values of a H 2  calculated on the basis of these poten- 
tials a re  much smaller than the experimental ones, 
especially a t  low temperatures. It is therefore of in- 
terest  to determine the potential W(R) which agrees 
with the experimental oH2(T) dependence. 

It should be noted that the experimental results on the 
reaction (I), obtained out by various workers, differ 
substantially. This is clearly seen in the summary of 
the results give? in Ref. 17. Thus, according to Ref. 11 
a,, = (1.3* 0.4) A', while according to Ref. 12 this quan- 
tity is 2.5 times larger. This difference between the 
experimental results can be attributed to  the difficulty 
of separating the interaction of H, with the helium 
atoms in the 2lSO and 23S1 states, a s  well as to the need 
for estimating the degree of deviation of the particle 
velocity distribution from Maxwellian. These difficul- 
ties, which a r e  inherent in experiments with atomic 
beams and afterglow, can be circumvented by investi- 
gating the reaction (1) by the method of optical orienta- 
tion of the atoms.14 

The present paper is  devoted to a determination of the 
complex potential W@) of the He*-H, system on the 
basis of results of experiments on optical orientation 
of atoms in the temperature interval 77-400 K. In 
the first  part of the paper we describe the procedure 
for determining the rate constants of the reaction (1) 
and present the experimental results. In the second 
part, on the basis of quasiclassical description of the 
chemo-ionization process Smirnov's,lg we obtain 
analytic expressions for the rate constants of the re- 
action (I), which a re  used to obtain for the complex 
potential W e )  parameters that agree with the experi- 
mental results. 

1. DETERMINATION OF THE RATE CONSTANT OF 
THE REACTION OF IONIZATION OF H, BY He* 
ATOMS BY THE METHOD OF OPTICAL 
ORIENTATION OF THE ATOMS 

The experimental investigations were performed with 
the apparatus described in detail earlier.,, 

The absorption chamber, filled with a mixture of 
He4(0.36 Tor r )  and H2(0.019 Tor r )  a t  300 K, was placed 
in a homogeneous constant magnetic field H,IIz pro- 
duced by a system of Helmholtz coils. A weak high- 
frequency gas discharge in the absorption chamber ex- 
cited a fraction of the atoms (-105-10-e) from the 
ground state l1S0 to the metastable state 2?S1. The 
metastable atoms optically oriented by circularly po- 
larized light of wavelength A =10 830 A (the transition 
23S1 - z3P) directed along Z (Fig. 1). Application of an 
oscillating magnetic field HI coswt perpendicular to Ho 
makes it possible to produce magnetic resonance in 
the system of the FSl helium atoms. 

We determined the width of the magnetic-resonance 
line of the He* atoms in the temperature interval 
77-400 K. The absorption chamber was placed in a 
dewar through which cooled nitrogen vapor (in the in- 
terval 77-300 K) o r  hot a i r  (in the interval 300-400 K) 
was pumped. The temperature was regulated by vary- 
ing the gas flow. The stability of the temperature set- 
ting during the measurement time was not worse than 
3 K. 

Addition of hydrogen to  thehelium leads toa  noticeable 
broadening of the resonance line compared with the 
case of pure He4, awing to the disintegration of the 

state of the helium a s  the result of process (1). 
To separate the contribution made to  the width of the 
resonance line by (I), we determined, under identical 
experimental conditions, both the line width in the mix- 
ture He4 + H , ( ~ ~ H ~ + H ~  ) and the line width of the mag- 
netic resonance in pure He4(&). The mean value of 
the rate constant for the given temperature c=(av) 
was obtained from the relation 

where NH2 is  the concentration of the hydrogen mole- 
cules, v is the average collision velocity of the He3 

Gas flow 7 

FIG. 1. Diagram of the experimental setup for the investiga- 
tion of the optical orientation of helium atoms in the mixture 
~e~ + Hz. 1- Capillary helium lamp; 2- lenses; 3- PPI-1 
polaroid; 4- quarter-wave mica plate; 5- dewar, 6- absorp- 
tion chamber; 7- silicon photodetector FD-7K; 8- high-fre- 
quency generator. 
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atoms, and AfH, is the contribution made to  the width 
of the resonance line by the process (1) and i s  equal to 

The expression (4) for  AfHz is quite reasonable, inas- 
much as in the case of pure helium the width of the re- 
sonance line is determined mainly by the diffusion of 
the metastable atoms towards the absorption-chamber 
wall, by the inhomogeneity of the constant magnetic 
field, and by the presence of uncontrollable impurities, 
and all these factors remain practically unchanged 
when Hz is added. At the same time, the line broaden- 
ing due t o  the collision of He* with electrons, He*, 
and He: is  very small, s o  that the possible change of 
the concentration of these particles following the ad- 
dition of Hz does not affect the accuracy with which 
~ f ~ ,  is given by Eq. (4). The possible difference be- 
tween the optical broadening in pure He4 and in the 
He4 +Hz mixture, due to the decrease of the concentra- 
tion of He* following the addition of the hydrogen, is 
negligible and can be accounted for a t  small Aj'Hz by 
extrapolating the resonance-line widths 4fH, and 
GeH2 to zero pump-light intensity. 

Next, the disintegration of He* can be the result of 
not only the reaction (I), but also of collisions of He* 
with H,H:,H:,HeH*, etc. Although the rate constants 
of these reactions can reach values of the order of 

cm5sec-', their contribution to the line width MHz, 
compared with the reaction (I), is very small, since 
the concentration of these particles is -101° ~ m - ~ ,  
whereas NHz = l W 5  The small role of these 
particles was verified also in experiment by determin- 
ing 4fHeH at  different discharge intensities. The 
amounts oi H,Hl,H:,HeH+ change when the discharge 
intensity is increased, s o  that if these particles were 
to play a noticable role one should expect an additional 
broadening of the line in this case. This was not ob- 
served, s o  that the role of the atomic hydrogen and of 
the different molecular ions in the disintegration of He* 
is small compared with the role of molecular hydrogen. 

Finally, it was shown18 that the cross section of the 
inelastic process connected with the rotational excita- 
tion of H, (for example, from a state with rotational 
quantum number j = O  into a state with j =2), a t  low en- 
ergies of the relative motion of the particles, is not 
more than 1% of the total c ross  section for the ioniza- 
tion of H, by the He* atoms, i.e., the contribution of 
this process to the broadening AfHz can also be ne- 
glected. 

Thus, the cross section of ionization of molecular 
hydrogen via reactions (1) practically coincides with the 
cross section for the disintegration of He* by addition 
of hydrogen. This makes it possible in principle to  
determine the rate constant of the reaction (1) with an 
accuracy of several percent. 

The experimental results a r e  given in Table I. The 
e r ro r  in the determination of cis due to the e r r o r s  in 
the determination of the width of the resonance line and 
in the measurement of the hydrogen pressure in the ab- 
sorption chamber, and does not exceed 15%. A com- 
parison with the previously reported results shows that 

TABLE I. Experimental 
values of the rate constant 
of the reaction of ionization 
of Hz molecules by helium 
atoms in the z3s1 state. 

T, r lhn. t o -  a n 3 - I  

at T =300 K the value of reported in the present paper 
a r e  close to the data of Refs. 10, 11, and 13, and dif- 
f e r s  substantially from the value given in Refs. 9 and 12. 

The rate constant of the process (1) increases mono- 
tonically with increasing temperature. This makes it 
possible to approximate c(T) by a sufficiently simple 
analytic function, and this will be done subsequently 
when the parameters of the complex potential W ( R )  are  
determined. 

2. DETERMINATION OF THE PARAMETERS OF THE 
INTERACTION POTENTIAL OF THE He(23S,) ATOM 
WITH THE H, MOLECULE 

The ionization process (1) can be described either by 
using the methods of quantum theory of scattering or  
classically, i.e., by assuming the presence of a tra- 
jectory of the relative motion of the Me* atom and the 
Hz molecule (Fig. 2). However, the quantum-mechani- 
cal method of partial waves is most inconvenient for 
the calculation of the ionization cross  section, inasmuch 
a s  at the relative-motion energies investigated in the 
experiment a large number of scattering phase shifts 
(of the order of 20) contributes to  the value of this 
cross  section. In the classical description of ionization 
by collision of a metastable atom with an atom o r  mole- 
cule the expression for the rate constant of the reaction 
is19 

Here R is the distance between the Hz molecule and the 
He* atom, and R, is the closest approach of the col- 

FIG. 2. Trajectory of relative motion of the He* atom and of 
the Hz molecule. 
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liding particles a t  an impact parameter p =0, and is de- 
termined from the condition 

v* (A,) -E. ( 5 4  

In the case of an exponential dependence of the auto- 
ionization width r(R) [in accordance with (2)] and of the 
potential energy surface of the He*-Hz system on the 
distance R : 

the integration in (5) can be carried through to  con- 
clusion, and we obtain the following analytic formula 
for the rate constant of the chemo-ionization reaction: 

C= (EIB)'(A, ln2(B/E) +A2 ln(BIE)+A3),  (7 ) 
where 

h=alb, Al=4nADl/ai3" AA,=8nAD21a2~, 
-- - 

A,-8dD, laa ,  

and D,(z =1,2,3) a r e  sums of rapidly converging series:  

Equation (7) makes i t  possible to estimate the influence 
exerted on the rate constant by various parameters of 
the complex interaction potential W@), and also to 
determine the dependence of the rate constant on the 
energy of the relative motion of the colliding particles. 

For the interaction of He* with H, we can estimate 
the parameters in (7) a t  a! =2, -1 and ln(B/~)>> 1. 
The C(E) dependence is therefore close to a power-law 
function whose exponent is equal to the ratio of the 
slopes of the imaginary and real  parts of the complex 
potential W@). Thus, by analyzing the experimental 
dependence Eprovided, of course, that it can be approxi- 
mated by (?)I, we can determine the value of a!/P. In 
(7), the main contribution (-90%) to the rate constant 
is made by the first  term, s o  that the coefficient A, is 
in fact a scale factor from which we can determine one 
more combination of the parameters of the potential 
W@). For an unambiguous choice of these parameters 
it is necessary to use additional considerations. The 
situation is very similar to  that in attempts to  choose 
the correct symmetrical and antisymmetrical inter- 
action potentials in the quasimolecule 
He$e (llS,). He (2?Sl)j on the basis of only the tem- 
perature dependence of the cross  section for the me- 
tastability exchange between atoms of one and the same 
helium isotope, when the large divergence of the poten- 
tial curves could be "compensated" by their large 
slope.20 

The transition from the experimental tempe rature 
dependence of the rate constant of the reaction C(T) to 
the energy dependence of this same quantity C(B) was 
carried out using the calculated dependence of the quan- 
tity 5 = E / ~ T  on A =  =a/@, which a r e  shown in Fig. 3 for 
different B/kT (k is the Boltzmann constant, T is the 
absolute temperature, B is the average energy for  the 
ionization process (1) and is obtained a s  the result of 
averaging (7) in accordance with the Maxwellian parti- 
cle energy distribution). At B/kT>104 and a!/@ taken 
from Refs. 1 and 2, good accuracy is obtained with 
curve 1, which corresponds to B / ~ T - O O .  In this case 

1 Z 3 A 

FIG. 3 .  Depencence of the quantity 5 = E/k T on A = ci /P a t  diff- 
erent values of B / k T .  l-B/kT -- m; 2-B/kT =104; 3-B/kT 
= lo2 

~ , = [ ~ n - ~ r ( a + ~ / ~ )  l1rh, (8) 

where the Euler gamma function I,(%) with argument 
x = A  +$ is used. 

Since, as noted above, the analysis of the C(E) de- 
pendence does not make i t  possible to determine unique- 
ly all four parameters of the complex interaction poten- 
tial 

W ( R )  =B exp(-PR) +'/,iA exp( -aR) ,  (9) 

we can use the values of some of those parameters 
which a r e  knawn with sufficiently high degree of re- 
liability from other studies. Thus, the values of the 
parameters A and a! of the autoionization width I?@), 
which were calculated earlier,l7-l8 a r e  close to each 
other (see Table II). In addition, according to Ref. 21, 
the exponential factor a calculated in Ref. 17 is in good 
agreement with the semiempirical formula for single- 
electron exchangez2 that can take place also upon ioni- 
zation of hydrogen molecules by zSS1 helium atoms.zs 
Thus, assuming that we know the parameters of the 
imaginary part of the potential (9), i.e., the width of the 
autoionization level I?@), we can, by analyzing the ex- 
perimental C(T) dependence using (7) and (8), deter- 
mine the parameters B and @ of the real  part  of this 
potential, i.e., of the potential energy surface V * @ )  
of the He*-H, system, o r  of the potential of the inter- 
action of He* with Hz. These parameters a r e  given in 
Table II. In the calculation of the rate constant of the 
reaction (1) by formulas (7) and (8), using the mean 
values of the parameters B and @ listed in Table 11, the 
mean squared deviation from the mean values of the ex- 
perimental C ~ T )  listed in Table I was less  than 2%. 
We can note further that the quantity 5 was equal to  
1.65, i.e., the average energy for the ionization pro- 
cess (1) exceeded slightly the average thermal energy 
of the particles. 

In Fig. 4 a r e  plotted the potentials of the interaction 
of the 2?S1 metastable atoms of helium with the hydro- 
gen molecules, obtained in the present paper (curves 

TABLE 11. Parameters of the potential of the 
interaction of He* with Hz, determined on the 
basis of experiments on optical orientation of 
the atoms (in the atomic system of units). 

Parameten of autoionization width ( B I 6 
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FIG. 4. Potential of the interaction of the ~ e ( 2 ~ ~ ~ )  atom with 
the Hz molecule. 1- Determined on the basis of the experimen- 
tal C(T) dependence from formulas (7) and (8), using the para- 
meters of the autoionization width r ( R )  of Ref. 18; 2-the 
same using these parameters from Ref. 17; 3-determined in 
Ref. 24; 4- calculated in Ref. 18; 5- calculated in Ref. 17. 

1 and 2), calculated quantum-mechanically in Refs. 17 
and 18 (curves 4 and 5), and also determined in Ref. 24 
from experiments with atomic and molecular beams 
(curve 3). It should be noted that in Ref. 24 principal 
attention was paid not to  the exact determination of the 
potential in the investigated energy interval 20-180 
meV, but to a check on the absence of a structure in 
this (triplet) potential compared with the singlet poten- 
tial, i.e., the potential of the interaction of He(2lS,) 
with H,. A comparison of curves 1-5 (Fig. 4) points to  
a noticable difference between the potentials obtained 
in the present paper and in Refs. 1, 7, 18, and 24, es-  
pecially a t  R > 7a,. The previously obtained potentials 
a r e  excessively repulsive a t  large distances between 
He(2=S1) and H,. 

In conclusion, the authors thank R. A. Zhitnikov for 
interest in the work and for useful remarks. 
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