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The Role of Ions in the Radiation Induced Exchange of Hydrogen and Deuterium!
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The a-particle induced reaction expressed by the over-all equation H; + D; — HD has been investigated,
that the reaction has a large yield, 18,000 molecules are formed for each jon pair at 100 mm. pressure of hydrogen.
reaction is extremely sensitive to trace impurities so that the yield for pure hydrogen is probably higher.

It is found
The
The addition of

trace amounts of xenonor,krypton markedly inhibits the reaction, while moderate amounts of added argon, neon or helium

have little effect on the reaction.
induced exchange.

Introduction

For some time in the discussion of the chemical
effects of ionizing radiation it has been popular to
describe most if not all of the chemical changes as
due to reactions of the free radicals formed by the
radiation. There has been little concern of the
nature of the role of ions in such systems. The ions
are often dismissed as of only transitory existence
and hence of no consequence. The experimental
facts available at present are for the most part well
described by stuch an hypothesis; however, there
is little in the experimental facts of radiation
chemistry which clearly defines the role of either
ions or radicals.

One must go back to the work of Lind? to find
serious mention of the role of ions. Lind inter-
preted the chemical changes as due to the reactions
of ions with neutral molecules through the inter-
mediary of clusters. In this way he interpreted
the chemical yield per ion pair for a large number
of reactions. Lind’s approach suffered from the
difficulty of often requiring large clusters as inter-
mediates, when it could be shown on theoretical
grounds that the formation of such clusters is very
unlikely. Because of this, ion molecule reactions
did not receive further serious consideration. The
concept of atoms and radicals as intermediates be-
came a more acceptable way of interpreting the
chemical effects.

The radicals could be formed either directly by
excitation or in the process of ionization and subse-
quent neutralization. Essex® and co-workers con-
ducted a number of researches to understand the
part played by the ions in forming the radicals and
in this way initiating the chemical reactions.
Recent studies of elementary ion reactions? in a
mass spectrometer ion source show that ion-mole-
cule reactions have an extremely high probability
of occurrence; the cross section is several times as
large as the usual gas kinetic cross section with re-
action at every collision. These studies indicate
clearly that at low pressures ions react directly
with molecules to produce chemical changes. In
addition, Meisels, Hamill and Williams® find that
the radiolysis of methane can be more clearly

(1) Research performed under the auspices of the U. S, Atomic
Energy Commission,

(2) S. C. Lind, "The Chemical Effects of Alpha Particles and Elec-
trons,'' Chemical Catalog Co., Inc., New York, N. V., 1928,

(3) H. Essex, J. Phys. Chem., B8, 42 (1954).

(4) D. P. Stevenson and D, Q. Schissler, J. Chem. Phys., 23, 1353
(1955).

(5) G. G, Meisels, W. H. Hamill and R. R. Williams, tbid., 25,
790 (1956).

In addition, it is found that none of the rare gases influence the thermal or photochemical
The reaction is interpreted as due to an ion chain mechanism involving Hs* as the chain propagator,

understood if the results are interpreted as due to
the reactions of ions and molecules.

The present experiments were undertaken to de-
termine the part ions play at moderate pressures
in a relatively simple system. The reaction chosen
was that of the isotopic exchange between hydrogen
and deuterium gas. Previous investigators have
studied the exchange initiated thermally,® photo-
chemically” and by ionizing radiation.®* The ther-
mal and photochemical reactions are well known to
be atom chains, and the radiation induced reaction
has been interpreted® as being due to atom chains
also.®® According to this interpretation, six atom
chains are initiated for each ion pair produced;
two from electronic excitation, one from the reac-
tion Hp* 4+ Hy; — Hy* 4 H, and three from the
neutralization of Hy*. The reaction was thought
to be initiated by ionization and carried out by
atom chains.

The plan of the present experiments was to in-
itiate exchange in an equimolar mixture of Hy and
D, with ionizing radiation, controlling the ions
present by the admixture of rare gases. As will be
shown, rare gases do not affect the atom reaction
but a rare gas will charge-exchange with ions in the
system, lowering the concentration of ions with
higher ionization potentials and increasing the con-
centrations of ions with lower ionization potentials
than the rare gas used. In this way one can vary
the concentration of the different ionic species and
determine the extent that ions play in the chemical
exchange. The present work shows that ion
chains rather than atom chains are the major fac-
tor in the radiation induced exchange of pure H;
and Dz.

Experimental

The excliange was induced by the a-particles from polo-
nium-210. All the gases irradiated were of the highest purity
commercially available. The rare gases were used without
further purification, while the hydrogen and deuterium were
purified by passing through a palladium thimble heated to
700°. The deuterium was 99.5%, isotopically pure. The
mixtures of the gases were made manometrically to an ac-
curacy of about one per cent.

(68) See e.g., A. Farkas, ""Light and Heavy Hydrogen," Cambridge
Univetsity Press, Cambridge, England, 1935.

(7) L. Farkas and H. Sachsse, Z. physik. Chem. B27-28, 111 (1934~
1935).

(8) Seee.g., P. C. Capron, Soc. Sci. Bruxelles, Ann., 55, 222 (1035),
and for a recent jnvestigation L. M. Dorfman and F. J. Shipko, J.
Phys. Chem., 89, 1110 (1955).

(0) (a) H. Eyring, J. O. Hirschfelder and H. 8. Taylor, J. Chem.
Phys., 4, 479 (1936); (b) the work of Capron and Eyring, ¢¢ al.,
was for the o-p hydrogen conversion which should follow the same
mechanism as the isotopic exchange as Eyring, ¢¢ al., show that the
possible magnetic interactions are too small to be significant.
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The irradiation cell (Fig. 1) was a Pyrex right cyliuder,
3.2 co1. high by 4.3 ci, i1 dianieter witlh a volume of 46.5
cc, The end of the cylinder in front of the @ source was
closed by a 2.8 mg./cm.? mica window, sealed on with a

plastic thermal setting cement. The radiation source!?
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Fig. 1.—Schematic diagram of irradiation cell.

used was a disc whose central area, 2.5 cm. in diameter, had
polonium-210 deposited on it. The source was rigidly at-
tached to the cell with a clamp. The air gap between the
polonium deposit and the mica window was 3 mm. The
construction permitted one to estimate the energy of the a-
particle entering the gas and consequently the primary ion
pair production from the loss in energy of tlie a-particle due
to absorption by the gas. The pressure of hydrogen in the
cell was naintained at about 100 mm. The rare gases were
usually added in minor amounts. Under these conditions
the energy absorbed by tlie ivdrogen was not chauged by
the addition.

1'he poloniuin a-source strength was 25.9 millicuries for
the first experiments and ~2 millicuries for the last; all the
data were corrected for the decrease in activity so as to be
comparable to the initial source strength. The polonium-
210 half-life of 138.4 days was used for this correction.

The exchange reaction is quite sensitive to the preseunce of
trace amounts of impurity. It was necessary to puinp out
the cell for about three hours witli a vacuum of 5 X 1077
mm. of Hg to obtain reproducible results. After the pump-
out, the gas mixture was added to the cell, irradiated for a
given period, and then the mixture was analyzed with a mass
spectrometer,

The mass spectrometer was used exclusively as a com-
parator; all samples were ineasured in relation to kunown
standards. As the spectroineter itself equilibrated the
samples slightly, the irradiated samples were compared to
the original unirradiated mixture. The HD formed by the
irradiation was obtained by difference. This procedure
gave a precision of #=0.29%, when the HD coutent of the
sample was approximately 10%,.

The analysis for the isotopic molecules of hiydrogen was
modified when foreign gases were presenf. For adinixtures
of heliun, neon, argon, krypton and uitrogen a series of
calibration curves were made for different percentages of
foreign gas in the mixtures. Iu the case of heliumn, cali-
bration curves for H. + He, Dy 4+ He, H, + D, + He and
H: + D, + HD + He wereimmade. When xenon was present
i1 amounts less than one per ceut., the sample was cali-
brated directly against an unirradiated sample with tle
same xenon coutent. For larger amouuts of xenon, the
xenon was removed by condeusing in a liquid nitrogen
trap.

Radiation Exchange.—The yield of HD from the
equimolar mixture of H, and D, was studied as a
function of intensity of the a-source. In Table I
it is seen that the vield is essentially independent of
the intensity of the source and only dependent on
the total nunber of a-particles passing through the
cell. The production of HD in Table I and subse-

(10} The source was supplied by Mound Taboratory, Mjaimsburg,
Olvo, operated by Monsanto Chemical Co
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quently throughout this paper is expressed as
mole per cent. HD. By this is meant the per cent.
of the irradiated mixture that is HD or equiva-
lently the per cent. of the originally equimolar ix-
ture of H, and D, that has exchanged. It is now
relatively easy to comipare the results of experi-
ments with different source strengths.

TABLE I
ErFFrcT OoF YIELD WITH [ONIZING STRENGTH

Radjation Time of Mole Mole

source strength, srradiation, % HD “% HD
me. nui. total yreld per mc.-hr,

4.7 B0 a.7 1.32

T4 50 10.2 L.3s

7.4 60 G0.7 131

18.2 30 13.9 .52

9.1 60 13.3 146

The reproducibility of the irradiation technique
is shown in Table II to be the saine as the repro-
ducibility of the analysis. To monitor the system
continually and to check for possible impurity
contamination of the irradiation cell, a control
Hy-Ds mixture with no added rare gas was ir-
radiated and analyzed after every two or three ir-
radiations. A number of the results listed in
Table II are such control experiments. It can also
be seen from Table II that in the range 100 to 280
mm. the mole per cent. HD formed has little pres-
sure depeundence.

TaBLE 11

REPRODUCIBILITY OF IRRADIATION OF Hy-D; MIXTURES
wITH POLONIUM-210 AT RooM TEMPERATURE FOR 30 MIN.

Mole %

Hydrogen Source Mole 7 HD formed
pressure strengtl HD {cor. to

(mm.} (me.) formed 25.9 me.4
103 25.8 19.1 19.1
103 5.9 12.0 166
1046 250 104 104
106 243 182 .5
106 254 18.7 .1
107 251 IS 4 1.1
155 19.7 15.1 19,8
240 2204 16.5 19.2
280 235 17.0 18.9

2 A polonium-210 half-life of 138.4 d. wus used to make
this correction.

The kinetics can be expressed by the equation
lu [(HD. — HD,)/HAD.] = k& (1)

where

HD. is the concu. of HD at thermodynamic equilibriuin

HD; is tlie concu. of HD at a time, ¢

¢ is the irradiation time

k is the constant whicli expresses the over-allkinetics of

the reaction
That the reaction follows this kinetic relation has
been observed previouslv by other investi-
gations.*!! The amount of HD formed is directly
proportional to the radiation dose up to a conver-
sion of 1539 of the mixture of H, and Dy to HD.

The effect of rare gases ou the exchange reaction
induced by a-particles is seen in Figs. 2 and 3.
The rare gases with ionization potentials higher
than hydrogen, namnely, helium, neoun and argon,

(11} T.. M. Dorfman and H. C. Mattraw, J. Phys. Chem., 87, 723
(035,



Feb. 5, 1958

RADIATION INDUCED EXCHANGE OF HYDROGEN AND DEUTERIUM 555

S
o
Z I -
2
o
T |13+ _
&
|1 _
o NEON
oL * ARGON .
¢ HELIUM
O
2L _
5 ] | | | | | | ] | ] | ]

2 4 S) 8 10

12
% RARE GAS.

14 1S) I8 20 22 24

Fig. 2.—Influences of added helium, neon and argon on the amount of HD found by e-irradiation.

do not appreciably affect the rate of the exchange
when present in concentrations below 29,. At
high concentrations these gases markedly decrease
the rate of the exchange reaction. In the case of
helium more than 209, had to be added to show
any measurable change in the exchange rate.
Neon was the only added gas which showed a
measurable increase in the rate of exchange.
Neon showed the maximum effect at 39, concen-
tration where the exchange rate was 109, above
the exchange rate for pure hydrogen,

The addition of krypton or xenon, which have
ionization potentials below that of hydrogen,
causes a marked decrease in the rate of exchange.
For 29, added krypton the rate of the exchange is
reduced to one tenth of its value for the pure
hydrogen, while with the same amount of added
xenon no measurable HD was found during a half-
hour radiation.

In order to investigate the effect of xenon more
carefully experiments were performed with long
irradiation times. The results of these irradia-
tions are in Fig. 4. The addition of one part per
million by volume of Xe reduces the exchange to
about one half its value for pure hydrogen. For
this reason the experiments were performed in the
order of increasing xenon content.

Thermal and Photochemical Exchange.—As
seen from the previous experiments the addition of
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Fig. 3.—Influence of added krypton and xeunon on tle

amountt of HD forined by e-irradiation.
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Fig. 4.—TIon yield of the Hy, D; exchange with added xenon,

the rare gases shows marked effects on the radiation
induced exchange rate. If the exchange is due
principally to ions, the effects can be interpreted on
the basis of reactions between the added rare gas
and the different ionic species. On the other hand,
the rare gases may influence the atom chain reaction
as a third body in atom recombination. For this
reason, the thermal and mercury photosensitized
exchange reactions which are known to take place
by way of atom chains were studied in the presence
of rare gases.

The exchange experiments initiated thermally
were carried out in a quartz vessel at 460°. Mix-
tures of H,, D; and rare gas were prepared in the
same manner as for the irradiation experiments.
Samples were removed periodically and analyzed
with a mass spectrometer. The results are pre-
sented in Fig. 5. It is seen that 109, or 489, neon
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helium, argon, krypton and xenon showed that the
addition of rare gases does not alter the rate of the
photochemical induced exchange.

The thiermal and photochemical induced ex-
change experiments clearly show that rare gases do
not affect the atom chain exchange reaction be-
tween hydrogen and deuterium.

Discussion

Mechanism of the Reaction.—From the result
that added rare gases have no appreciable effect
on well-known atom chain reactions, the mercury
photosensitized reaction at room temperature or the
thermal reaction at elevated temperature, one
would expect the rare gases to have little if any
effect on a radiation induced reaction if the reac-
tion proceeded by way of an atom chain. Yet the
results of these experiments show that even trace
amounts of xenon have a large inhibiting effect on
the radiation induced reaction. One must, for
this reason, abandon the atom chain mechanism as
being responsible for any major portion of the re-
action we observe. It is also clear fromn the large
yields of product HD that the reaction is a chain
reaction of such a sort that xenon and krypton can
serve to break the chain while argon, neon and he-
lium are ineffective at moderate concentrations.
These facts suggest strongly an ion chain mech-
anistm. The added gases which inhibit the reac-
tion, xenon and krypton, both have lower ioniza-
tion potentials than any of the possible chain car-
riers, H*, Hy™ or H; ¥, and will be able to exchange
charge with the chain carrier and stop the chain
propagation. On the other hand, argon, neon and
helium all have higher ionization potentials than
the chain carriers and will not greatly affect the
chain propagation. This is in agreement with the
observed results for moderate additions of the rare
gases.

The primary ionization in hydrogen gas will pro-
duce predominantly H,* which will react almost
immediately with the hydrogen to form H;T;
hence, the mmost likely chain carrier is H;*.
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Fig. 5.—Log plot of fraction of HD foried with tiine, for thie thermal reaction in quartz at 460°.

or 10% krypton have no effect on the rate of the ex-
change.

A low pressure mercury arc lamp which operated
at about 30° was used for the photochemical study.
The results of this study with about 109, added

A very plausible reaction mechanism is then
et + Hy —> Hy* - 11
Hy* ++ D —> H,D* + 11D
H* + (=) —> H, + H

Initiation reaction
Chain propagation

Chait termination



Feb. 5, 1958

where (—) is some negative carrier either an elec-
tron, a negative ion, or the wall of the reaction
vessel.

Ton Yield.—With this reaction scheme in mind,
it is of interest to estimate the chain length from
the present experimental results. Because of the
geometry, dictated more or less by the form of the
polonium a-source, certain simplifying assumptions
are necessary. The geometry is shown schemati-
cally in Fig. 1. It is clearly seen that the path
length of the a particle in the gas varies a great
deal with the angle with which it traverses the cell.
At large angles, 8, the path becomes small. How-
ever, insofar as ion production is concerned, there
is a compensating effect in that for large angles the
a-particle loses more energy in the mica and so is
more strongly ionizing in the gas. The actual
number of ions formed per a-particle is more con-
stant than would at first seem to be the case. In
Fig. 6 are plotted the calculated ion yield per a-
particle as a function of the angle of entering the
cell.’? The plot has a cut off at 57° caused by ab-
sorption in the mica.

The number of molecules exchanged per ion pair,
M/N is given by

M/N = M/fIin (2)

where f is the fraction of the a's which traverse the
cell, I is the total number of ion pairs formed per
a-particle, #z is the disintegration rate of the polo-
nium a-source in a's per minute,

The value of f was estimated by assuming that
all ’s with angles, 8, of less than 57° would traverse
the cell. The geometrical efficiency is given by f
= 1/5(1 — cos #). For @ = 570, fis 0.22. The
average number of ions formed was estimated to be
4500 ions per « particle from Fig. 6.

In this way the M/N values of Fig. 4 were cal-
culated. It is difficult to compare the results of
the present experiments with the earlier work, be-
cause of the different geometries and because of the
very likely variation in purity of the gases used.
Capron,® for example, found that in order to get
reproducible results he had to have a saturation
pressure of mercury vapor present. In so doing
the mercury vapor is an impurity of constant and
relatively high concentration so that small varia-
tions in other impurities are not important. Dorf-
man and Shipko® also found the exchange to be
highly sensitive to impurities.

Calculation of Chain Length.—The impurities
probably inhibit the exchange reaction by either
forming negative ions and neutralizing the ion
chain carriers or by directly exchanging charge
with the ion chain carriers. In the absence of im-
purities the reaction will terminate on the walls of
the reaction vessel. For pure hydrogen the ion
yield or chain length will be given by the average
number of exchange collisions an H;* makes in
diffusing to the wall. A comparison of a calculated
chain length to our values of M/N will show to
what extent the effect of impurities have been
eliminated from our results. Also a similarly cal-

(12) The range-energy curves used are those given in E. Segre,
“'Experimental Nuclear Physics,” Vol. I, John Wiley and Sons, Inec.,

New York, N. Y., 1953. The W value used was 36.3 volts per ion
pair, W. P, Jesse and J. Sadauskis, Phys. Rev., 97, 1668 (1955).
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ctlated chain length for the atom process will show
that the atom process is much slower than the ion
one.
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Fig. 6.—Plot of the number of ions produced in the cell as a
function of the angle of entry of the a-particle.

To simplify the computation assume that the cell
is a sphere with the same volume as the cell used,
bathed uniformly in the a-particle radiation. This
approximation should be acceptable as the cell is
not too far from a sphere as seen in Fig. 1, where the
dashed line represents the boundary of the equiva-
lent volume sphere. The cell will not be uniformly
bathed in radiation; however, the local radiation
intensity will be strongly 1/7? dependent, » being
the distance from the « source. The 1/7? de-
pendence introduces an error in that more ions are
formed nearer to the wall than assumed and hence
the calculation based on uniform radiation is too
high. It should, however, be within an order of
magnitude of the correct result. The diffusion of
the ions to the walls under these conditions is given
by the well known relation for spherical diffusion

(D(H3+)) (2 d(Hﬁ) dz(H3+))

(3)

13 dr?
At the steady state, this is Just balanced by the rate
of ion production, 7, ions per cc. so that one obtains

2 (dHy*) . d¥(IL)
I= D(? Tar T Tae ) @)

The integrated form of (4) is

R+ 55 (r-%) ©

r R

where R is the radius of the vessel. In integrating
the boundary conditions were used that the value
of (H3*) at the wall was zero and that the total dif-
fusion to the wall is equal to the total production
of (Hs*) in the vessel. Equation 5 gives the
steady-state ion concentration as a function of the
radius of the vessel. To obtain the number of col-
lisions each ion makes in diffusing to the wall, one
calculates an average life time and then multiplies
by the collision frequency to obtain the desired re-
sult.

The average lifetime of an H;™* ion is the total
number of H;™ ions in the vessel divided by the

3
() = éi5 ot — 2IR ( 1
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total H;* production rate. The total nunber of
H,*, (H; %), ionsis given by integrating (3)

K
(H;1) = ’ (FE 1Y dmpdy (15
o1
Performing the integration, ornie obtains
| g TR?
Sy = [
(M3 5D 7

The total production rate of I, ", P, is

dr i
» e BT s ]
/ 3 R (

So, then, the average lifetiime, 7, of an H;* ion be-
comes
- = 4R2/15D [

The collision frequency can be obtained from the
kinetic expression
AUD) i)
dt

To nunerically evaluate the chain length, 47/N,
the following constants were used. The diffusion
coefficient D was taken from work of Persson and
Brown.!'* Their value of D.p = 700 cm.? mm.
Hg/sec. was used. The value of % for the kinetic
expression was taken from Stevenson and Schissler*
to be the same as for the similar reaction Hy* 4
H, = Hyt+ H, £k = 1.4 X 107 ecm.3/molecule-sec.
Using these values, 37/ is calculated to be 1.8; X
107 molecules of HD formed per H;* ion.

Our value of 2 X 10¢ is still low from the cal-
culated value of 2 X 107 by a factor of a thousand.
It is interesting to note in this connection that

(13) K. B. Yerssou and & C. Browor, Plrvs, Rep, 100, 720 (1055]
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Persson and Brown!® could only obtain a diffusion
controlled neutralization of charge in hydrogen
with specially purified liydrogen. Consequently,
it is to be expected that if one irradiated extremely
pure hydrogen the A7/N value would increase to
the order of 107, for the pressure and vessel size
used in our experiments.

For comparison the same computation can be
imade, assuiming that the ions are only initiators of
chains, the chain carriers being H atoms. This
changes the value of 2 to 1.4 X 107! and D to
1.94.° Then assuming each ion initiates six
chains? one calculates 37/ to be 40. This latter
value is very close to the value observed with added
xenon (see Fig. 4).

Summary
The radiation induced exchange reaction of Hj
and D, previously has been interpreted as due solely
to atom processes.’%!4 Nevertheless our results
show that while Kr and Xe have no effect on H
atom processes, they do lower the H,, D, exchange
reaction rate to an almost imperceptible level. A
reasonable conclusion is that atom-induced reaction
chain effects are insignificant compared with ion
induced chains. The presence of adequate Xe or
othier added gas which can either exchange charge
or form negative ions presumably reduces the ex-
change exclusively to an atom-induced process as
may be inferred by the close agreement between
clhain length under such conditions and the esti-
iated length of an atom chain.
Urron, L. I., NEwW YORK

(14) W, AMpod, P Usskens and R Liwies, J. chim. phys, 48, 202
(151



