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Four-body conversion of atomic helium ions
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The conversion of atomic helium ions into molecular ions was studied in pure helium and in helium-neon mixtures
containing between 0.1 at. % and 50 at. % neon. The experiments showed that the termolecular conversion
reaction, He+ + 2He ~He, + + He, is augmented by the four-body conversion reaction He+ + 3He ~ products,
where the products could include either He, + or He, + ions. Conversion rate coefficients of (5.7 + 0.8) g 10 "
cm' sec ' and (2.6+ 0.4) &( 10 "cm' sec ' were found for the termolecular and four-body conversion reactions,
respectively. In addition, rate coefficients for the following Ne+ conversion reactions were measured:
Ne++ He+ He~(HeNe)++ He, (2.3+ 0.1) g 10 ' cm sec '; Ne++ He+ Ne~(HeNe)++ Ne or
Ne, ++He, (8.0+0.8) )( 10 "cm'sec ', and Ne++Ne+ Ne~Ne, ++ Ne, (5.1+0,3) X 10 "cm'sec '. All
rate coefficients are at a gas temperature of 295 K.

I. INTRODUCTION

Recent papers by Lee, Collins, and%aller' '
have demonstrated that bimolecular (two-body) re-
actions such as

He, '+ Ar -Ar'+ 2He

can be significantly augmented by termolecular
(three-body) reactions such as

He, '+Ar+ He-Ar'+ 3He.

The addition of a helium atom in (2) increases the
number of reaction channels and also influences
the pressure dependence of the He, ' destruction
frequency. By measuring this pressure depen-
dence, Lee et g/. ' reported rate constants of 2.2
&10 ' cm'sec ' and 2.4&10 "cm'sec ' for re-
actions (1) and (2), respectively. Thus, the ter-
molecular reaction (2) dominates at helium pres-
sures greater than about 300 Torr.

Termolecular reactions have not been studied
extensively except for associative reactions,
where the number of product species is less than
the number of reactants. An example of such a
reaction is the conversion of atomic helium ions
into molecular helium ions:

He'+ He+ He -He, '+ He.

The bimolecular analog to this reaction,

He'+ He He, ',
is extremely unlikely from energy and momentum
conservation considerations. Therefore, the ter-
molecular reaction dominates even at low helium
pressures.

This paper reports evidence that the conversion
of atomic helium ions into molecular helium ions
is significantly enhanced by the four-body reac-
tion

He'+ He+ He+ He -products

even at relatively low helium pressures. The con-
version rate was measured using standard sta-
tionary afterglow techniques applied to mixtures
of helium and neon. The addition of neon to the
gas allowed measurements of the conversion rate
over a wider range than ordinarily possible in
pure helium afterglows. Conversion of atomic
neon ions was also measured in the experiments,
but it did not exhibit any four-body reaction com-
ponent in the pressure ranges studied.

II. EXPERIMENTAL METHOD

The experiments were performed with a differ-
entially pumped quadrupole mass spectrometer
system. The spectrometer analyzed the ion wall
currents in a cylindrical discharge tube which had
a characteristic diffusion length of 0.531 + 0.003
cm. The discharge region was defined by a glass
cylinder with an inside diameter of 3.21 cm and
two planar electrodes 2.76 cm apart. Discharges
were produced by high-voltage dc pulses applied
between the electrodes. One electrode was made
from molybdenum while the other was constructed
from a 25 p.m thick, 82 at. k Au-18 at. /~ Ni alloy
foil. A 50 p,m-diameter hole, located in the cen-
ter of the foil, served as the sampling orifice.

The discharge tube and quadrupole mass spec-
trometer were part of a standard high-vacuum
system which had an ultimate pressure of 2 x 10 '
Torr after a 24-h bakeout at 320'C. Helium-neon
mixtures were prepared in the vacuum system by
volume expansion techniques. Each gas was cata-
phoretically purified before mixing. A capacitance
manometer measured the gas pressure in the dis-
charge tube and controlled a servo-driven leak
valve which compensated for the gas losses
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through the sampling orifice.
Ions analyzed by the mass spectrometer were

detected by an electron multiplier. The anode

pulses from the multiplier were routed through a
discriminator and accumulated in a multichannel
scalar. The entire detection system was capable
of following ion density decays over five orders of
magnitude. In helium-neon mixtures containing
less than0. 02 at.% neon, He', He, ', HeNe', Ne', and

Ne, ' ions were observed during the afterglow peri-
od. At higher neon concentrations, the He, ' and
HeNe' signals rapidly disappeared due to the bi-
molecular conversion reactions4

Ne'+ He+ Ne

and He '+ Ne+ Ne — (HeNe)'+ Ne

Ne, '+ He '

for the atomic helium ion, and

Ne'+ He+ He —(HeNe)'+ He,

(HeNe)'+ Ne
Ne'+ He+ Ne-

Ne, '+ He,

Ne'+ Ne+ Ne- Ne, '+ Ne

(5)

(6)

(6)

He, '+ Ne- Ne'+ 2He

HeNe'+ Ne- Ne, '+ He.

Impurity ion signals were observed at 5, 12, 16,
and 28 amu. The signals at 5 and 28 amu can be
attributed to (HeH)' and CO' while the signals at
12 and 16 amu can arise from a combination of
C'; O', He, ', and He, '. In all mixtures, the im-
purity ion signals, integrated over the afterglow
period, were less than 0.05% of the integrated
major ion signal.

III. AFTERGLOW PROCESSES AND RELEVANT
THEORY

The evolution of the He' and Ne' ion densities in

the afterglow can be determined from the continu- .

ity equations describing the production and loss
processes for each particle. These atomic ions
can be lost by ambipolar diffusion, collisional-
radiative recombination, and conversion into mo-
lecular ions. Diffusion carries the ions to the
walls of the discharge region where they are effi-
ciently neutralized and where the ion densities can
be assumed to be zero. The influence of volume
recombination on the loss rate depends either on

the electron density or the square of the electron
density and becomes negligible in the later part
of the afterglow. Also, the electron temperature
is equal to the gas temperature during the later
afterglow period.

The possible termolecular conversion processes
which can occur in helium-neon mixtures are

for the atomic neon ion. In addition, these atomic
ions can be converted by four-body processes,
which for He' are

He'+ He+ He+ He -products,

He'+ He+ He+ Ne products,

He'+ He+ Ne+ Ne —products,

(1o)

(11}

He'+ Ne+ Ne+ Ne -products. (12)

Here the products have not been shown explictly
but can include He, ', (HeNe)', Ne, ', and possibly
other molecular ions such as He, '.

The solution of the continuity equation describ-
ing loss by conversion and diffusion can be written
analytically as a sum of modes which decay expo-
nentially at different rates. ' The mode with the
largest time constant (fundamental mode} domi-
nates in the later part of the afterglow period. Its
time constant & is given by

PQI7 = D,P0(A + vP0, (13}

pgy- Pl.PO+ p2&0

where
Pl = k~+ (k~ —2k,)r

[3.54&& 10' cm Torr ']
+ (ks -k~+ k3)r

(14)

(15)

where PO is the reduced gas pressure, D, is the
appropriate ambipolar diffusion coefficient, A is
the characteristic diffusion length of the plasma
container, and p is the total conversion frequency.

The conversion frequency of atomic helium ions
can be expressed as

He + He+ He- He, + He,

Ne +He+He

He'+ He+ Ne - He, '+ Ne

(HeNe}'+ He,

(3)

(4)

= k9+ (k|0 —3k9)r
[3.54x 10'6cm 'Torr ']'

+ (k|i —2k, 0+ 3k9)r

+ (k, ~
—k„+k,a-k9)r,

(16)
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where k, is the rate coefficient of reaction (i) and
r= [Ne-]l([He] + [Ne) } is the fractional neon con-
centration. Similarly, excluding possible four-
body conversion reactions,

16

14

VNe 3

with

P3
[3.54 x 10' T ]

+ (k, —k, + k,)r'. (18)

12

I

10

o 8
Both atomic helium ions and atomic neon ions

can be produced by volume reactions in the after-
glow. The metastable-metastable process

He"(2'S) + He (2'S) -He'+ e+ He

is known' to be important in pure helium after-
glows, while atomic neon ions can be formed by4

6

He, '+ Ne -Ne'+ 2He. (20) 2+

When production is included in the continuity equa-
tion for an atomic ion, its time dependence be-
comes a sum of two exponential functions with dif-
ferent time constants. One time constant is given
by (13}which describes the loss of the ion, while
the other is related to the loss of the reactants
which are involved in the production of the ion.
The final decay of the ion density will be deter-
mined by the largest time constant.

0 I

100
I I

200 500
Po (Torr )

400

FIG. 1. Measured values of Pp/& as a function of P
p

for the Ne' number density in helium containing 0.3 at. %
neon. The solid line is the best linear fit to the data
above 4.3 Torr.

IV. RESULTS

The afterglow time dependencies of the He' and
Ne' number densities were measured as a function
of fractional neon concentration and total gas pres-
sure. Both ions were studied in helium-neon mix-
tures containing 0.1, 0.3, 1, 3, 10, and 50 at. $
neon. In addition, each atomic ion was studied in
its parent gas. All the experiments were per-
formed at a gas temperature of 295 K.

A. Atomic neon ions

The results obtained for [Ne'] in the 0;3 at. %
neon mixture are shown in Fig. 1, where the late
afterglow decay time constant (expressed as P,lv)
is plotted versus P,'. At pressures below approx-
imately 4 Torr in Fig. 1, the [Ne'] decay is con-
trolled by reaction (20). Above 4 Torr, the data
are linear in P', indicating Loss by diffusion and
the termolecular conversion reactions (6), (7),
and (8). The slope and vertical intercept of the
best linear fit to these data give, respectively,
the effective termolecular rate coefficient, P„
and the ambipolar diffusion coefficient of Ne' in
the mixture.

The dependence of these quantities on fractional

neon concentration is illustrated in Fig. 2. The
reduced Ne' mobility, p„,(r), derived from the
ambipolar diffusion coefficient in each mixture,
obeys Blanc's Law

(21)

where p,„,(1}and p„,(0) are tlie reduced mobilities
of Ne' ions in pure neon and pure helium, respec-
tively. The best linear fit to the data gives values
of p,„,(1}= 4.0 + 0.1 cm' V ' sec ' and p„,(0) = 20.0
+0.5 cm'V ' sec ' which agree with previously re-
ported results. '

From Eq. (18), P, varies guadratically in r. The
best quadratic fit to the conversion data in Fig. 2
gives values k, =(2.3+O.l}x 10 "cm6sec ', k,
=(8.0+0.8}x 10 "cm'sec ', and k, =(5.1+0.3)
&& 10 "cm'sec ' for the rate coefficients of reac-
tions (6), (7), and (8). The values found for k,
and k, agree with previously reported results '
while k, differs significantly from the value re-
ported by Veatch and Oskam. 4 This discrepancy
can be attributed to the smaller range of neon
concentrations used during their studies. Also,
they did not take into account the influence of k,
on the linear term in Eq. (18).
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sion and conversion losses. Above 2.8 Torr, the
data is determined by the metastable-metastable
production of He'(19). At the pressures of inter-
est, the He (2'S) metastable particles are lost
mainly by diffusion since the termolecular conver-
sion reaction
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8. Atomic helium ions

The PJg values obtained from the afterglow
time dependence of the He' density in pure helium
are presented in Fig. 3. Below approximately 2

Torr, the time dependence is controlled by diffu-

r
FIG. 2. The inverse mobility (&&) and effective ter-

molecular rate coefficient (0) of Ne' as a function of
fractional neon concentration. The solid line and dashed

line are the best linear and quadratic fits to the mobil-

ity and rate coefficient data, respectively.

He (2'S)+He+He-He, (2'Z')+He

has a small rate coefficient. ' ' The best fit to the
higher pressure data in Fig. 3 (dashed line} yields
a value of D P, = 410 + 15 cm' sec ' Torr for the
diffusion coefficient of the He"(2'S} metastable
particle in pure helium. This value is in excellent
agreement with measurements using the more di-
rect light absorption technique. ' '

As can be seen from Fig. 3, the production pro-
cess (19) severely limits the pressure range over
which the conversion loss of He' can be measured
in pure helium. Any attempt to determine the He'
conversion rate coefficient from the data in Fig.
3 must be based on a priori assumptions about
the pressure dependence of the conversion pro-
cesses involved. If the termolecular conversion
reaction (3} is assumed to dominate, then the best
fit to the data below 1.8 Torr (solid line} gives a
value of k, = 7.4& 10 "cm sec ' which agrees with
other reported results obtained under similar con-
ditions. ' '"

When neon is introduced into the helium gas, the
He (2'S} metastable particles are lost by the ex-
citation transfer reaction"

3.6 He (2'S)+ Ne-Ne*+ He, (22)

3.2—
o o

which has a rate coefficient of k»=4.3&10"cm'
sec '. However, the loss of He' ions is not signi-
ficantly affected by the bimolecular reaction
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FIG. 3. Measured values of Po/7' as a f'unction of P30

for the He' number density in pure helium. The solid
line is the best linear fit to the data below 1.8 Torr.
The dashed line represents the average of the data above
2.8 Torr.

He'+ Ne -Ne'+ He. (23)

Fehsenfeld et al."reported an upper limit of
10 "cm'sec ' for the rate coefficient of process
(23). Thus, the neon selectively reacts with the
He (2'S} metastable particles. The resulting in-
crease in the [He ] decay rate extends the pres-
sure range over which the He' conversion rate can
be measured.

This phenomenon can be observed in Fig. 4
which presents the late afterglow decay time con-
stant (expressed as P,/r) of the He' density in the
0.3 at. % neon mixture. The dashed line in Fig. 4 in-
dicates the expected P,/7 pressure dependence if
the [He'] decay rate was controlled by the meta-
stable-metastable production process (19). How-
ever, in this neon mixture, the frequency of pro-
cess (22) is sufficiently rapid to ensure that the
[He ] time dependence is controlled by diffusion
and conversion losses throughout the pressure
range studied.
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TABLE I. The values of DaPO/A, P&, and Pt deter-
mined from helium-neon mixtures containing 0.1, 0.3,
1, and 3 at. $ neon. Also shown are the values of
D, PO/At and p, obtained from the pure helium results
and from the 10 and 50 at. %%d neon mixtures.
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FIG. 4. Measured values of I'0/& as a function of Po
for the He' number density in helium containing 0.3 at. %
neon. The solid line is the best linear fit to the data
when the vertical intercept is constrained to be 1.43
x 10 Torr sec . The dashed line is twice the calculated
I'o/7 of the He (23S) number density.

0

The results shown in Fig. 4 are visually linear
in P,'. However, the best linear fit to the data
yields a vertical intercept of 1290 Torr sec '
which corresponds to a reduced mobility of 9.4
cm'V 'sec ' for He'. This value is significantly
below the accepted value of 10.4 cm'V ' sec ' in
pure helium. ' "" If the vertical intercept is fixed
at a value of 1430 Torr sec ' [}t„,(0) = 10.4 cm' V '
sec '], then the resulting best linear fit (solid
line in Fig. 4) overestimates the data at lower
pressures and underestimates the data at higher
pressures. The variations are small but consis-
tent, and suggest a pressure dependence for P,/r
of higher order than P',.

Results similar to Fig. 4 were obtained from
each helium-neon mixture containing between 0.1
and 3 at. % neon. In each mixture, the data were
best fit by the relation

Po/r= D, Po/A + P~P~+ P,P'o, (24)

where P, and P, describe loss by termolecular con-
version and four-body conversion, respectively.
The values of D,PJA', P„and P, determined from
these mixtures are presented in Table I. Their
consistency indicates that the He' conversion rate
is due primarily to the pure helium conversion

reactions (3) and (9) at these lower neon concen
trations.

Table I also presents the values of D,P,/A' and

P, obtained from the pure helium results (Fig. 3}
and from the 10 and 50 at. /p neon mixtures. In
these cases, the He' decay rate could not be mea-
sured over a large enough pressure range to sep-
arate the influence of termolecular and four-body
conversion reactions. Instead, the data were fit
without the four-body conversion term in Eq. (24).
The reduced mobility of He', derived from D,P,
in each mixture, obeys Blanc's Law. Values of
tta, (0}=10.3+0.3 cm'V 'sec ' and tt„,(l)=16+1
cm'V ' sec ' were obtained for the reduced mo-
bility of He' in pure helium and pure neon, re-
spectively.

To better illustrate the contribution of four-body
conversion reactions on the [He'] decay rate, Eq.
(24) can be rewritten as

q -=(Pgr D,PgA')/P -'

= p~+ p2Po ~

(25)

Figure 5 presents the values of q obtained from
the mixtures containing between 0.1 and 3 at. '%%up

neon. In each mixture, the value of D,PJA' was
calculated from the derived mobility results. As
can be seen from Fig. 5, g increases with pres-
sure due to the existence of the four-body conver-
sion rate P,. The best linear fit to the data in
Fig. 5 (solid line) yields values of k, = (5.'I +0.8)
&& 10 "cm' sec ' and k, = (2.6 + 0.4) x 10 "cm'
sec '. These values have been assigned to the
pure helium conversion reactions (3}and (9) since
the data are essentially identical for the range of
neon concentrations covered.

Figure 5 can be compared with Fig. 6 which pre-
sents the values of q obtained from the [Ne'] decay
rate in three helium-neon mixtures. The [Ne'] re-
sults are constant within experimental error in-
dicating that the Ne' conversion rate can be attri-
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FIG. 5. Measured values of g = (Pp/&-&, I'p/~ )/P p as
a function of gas pressure for the He' number density in
helium containing 0.1, 0.3, 1, and 3 at. % neon. The
solid line is the best linear fit to the data.

buted to the termolecular conversion reactions (6)
through (8) in the pressure ranges studied. The
comparison between Figs. 5 and 6 is significant
because the [He'] and [Ne'] data were taken simul-
taneously in each mixture. Any systematic errors
which might have led to the results in Fig. 5
should also be apparent in the [Ne'] results.

V. DISCUSSION

The pressure dependence of the He' conversion
frequency shown in Fig. 5 is, to the authors' know-
ledge, the first reported evidence of a four-body
reaction occurring in a gaseous plasma. Its iden-
tification at relatively low gas pressures is made
possible by the large ratio of k, to k,. Indeed, the
four-body conversion process (9) dominates over
the termolecular conversion reaction (3) at helium
pressures greater than 6 Torr. This pressure
can be contrasted to pressures of 300 Torr and
higher used by Lee et al.' ' to measure termolec-
ular reaction rates which parallel bimolecular re-
action channels.

The value of 5.7x10 3' cm sec ' obtained for k3
is comparable to the termolecular conversion
rates of other atomic rare gas ions. ~ ' " How-
ever, it is approximately two to three orders of
magnitude smaller than the termolecular rates re-
ported by Lee et al.' ' The value of k, = 2.6 x 10 ~'

cm'sec ' cannot be compared with any other four-
body reaction rate constant, but its order of mag-
nitude can be justified by the following simplified
analysis.

The multibody conversion reactions (3) and (9)

30- 4 4
4 4 4~

4 4
4

20
0

I

4

Po (Torr)

FIG. 6. Measured values of g =—(I'p/7'-D, I'p/& )/P p as
a function of gas pressure for the Ne' number density in
helium containing 0.1 (o), 0.3 (+), and 10 (x) at.$ neon.
The data from the 0.3 and 10 at. % mixtures have been
shifted upward by 15 and 30 Torr sec, respectively.

are of the form

X'+ m F-products,

with m = 1,2, 3, ... . This general multibody pro-
cess can also be viewed as a two-body reaction
between X' and a (Y)„complex. If the latter is
defined to exist whenever the m atoms of type Y
are within a small volume V, then the density" of
the complex is V' "g, where n is the number
density of atom Y. The corresponding reaction
rate k is equal to vo V' "where v is the rela-
tive velocity between ZC' and the (Y) complex,
and o is the effective cross section of the two-
body interaction. This estimate indicates that the
ratio 0 /0 „equals V ', independent of m, pro-
vided that the parameters v, o, and V are rea-
sonably constant.

Lee et al. reported coefficients on the order
of 10 ' cm'sec ' and 2X10 "cm'sec ' for the bi-
molecular and termolecular reactions between He, '
and various reactants. These reaction rates give
an approximate value of V= 2 x 10 "cm' and sug-
gest a four-body rate coefficient of 4 x 10 ' cm'
sec '. This rough estimate does indicate that the
value k, = 2.6 x 10 ' cm' sec ' is a realistic value
for a four-body rate coefficient.

The products of the termolecular conversion re-
action (3) are molecular He, ' ions and neutral heli-
um atoms. These products can also be formed by
the four-body process



FOUR-BODY CONVERSION' OF ATOMIC HEI, IUM ION S

He'+ He+ He+ He- He, '+ 2He.

Other molecular helium ions are also present in
helium afterglows. Both He, ' ions and He, ' ions
have been observed in cryogenic helium after-
gloms. "' The He, ' ion is generaQy the dominant
ion at gas temperatures below 200 K and is pres-
ent in small quantities at 300 K.~ At this temper-
ature, the He, ' ions are in equilibrium vgith He, '
ions according to the relation~

He, '+ 2He- Hes + He.

The existence of a stable He, ' ion suggests that the
four-body conversion reaction (9}can also proceed

He'+ He+ He+ He- He, '+ He,

rvhere a He, ' ion is formed directly.
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