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An experimental investigation has been made of the formation of excited hydrogen atoms by
charge-transfer neutralization of H+ and collisional dissociation of H,+ and Ha'. Data are presented for
the formation of H(3s) induced by H+, H,+, and H,+ impact on the noble gases; for H,+ impact on

H2, D2, N„and Ar, the measurements include formation of H(3s) and H(3d) states. Projectile energies
range from 100 to 600 keV. The cross sections for producing hydrogen in the n = 3 states have been
determined by quantitative measurement of collisionally induced Balmer-a emission. The contributions
from the 3s, 3p, and 3d states were separated by a method employing the different lifetimes of each
state. Data are consistent with previous measurements made at lower energies. In dissociation the cross
sections are generally the same for the formation of the 3s and 3d states; they show a slow decrease
as a function of projectile energy. Cross sections for formation of H(3s) by charge transfer show the
expected rapid decrease with increasing energy. Differences between cross sections for various target
gases suggest that the internal structure of the target atom will be an important factor in any
prediction of these cross sections.

for X=Ne, Ar, Kr, and Xe;. and

H;+ X- H*(Ss)+ [H,'+ X], (4)

for X=Ne, Ar, Kr, and Xe. The experiment yields
no informationonthe state of excitation, ionization,
or molecular a,ssociation of the postcollision reaction
products shown in brackets. The energies of the in-
cident ions range from 100 to 700 keV.

The experimental technique involves quantitative
measurement of the Balmer-e line emitted from the
projectile beam after it has traversed a gaseous tar-
get. The Balmer- n emission results from the decay
of the Ss, Sp, and 3d levels; the contributions from
these three levels are separated by a time-of-flight
technique based on the different lifetimes of the three
contributing states.

This work is an expansion of our previous studies
of these same processes. In the previous work
we studied the formation of H(Ss), H(Sp), and H(3d)
resulting from H' impact on He, ~ Ar, and various
molecular targets (Hz, Nq, NO, 02, CO, COq, CH4,

C~H4, C2HB, and C~HS), as well asH2' and Hs' impact
on helium. 3 The present paper extends the earlier
measurements to a wider variety of cases and for

I. INTRODUCTION

The processes studied in this work may be sum-
marized by the following four reaction equations:

H + x- H*(3&)+ [x ], (1)

for X=He, Ne, Ar, Kr, and Xe;.

Hq'+X-H (Ss, SP, Sd)+ [H'+X]

for X=Hp, Dp, N2, and Ar;

H2'+ X- H (3s) + [H'+ X]

H' on He and Ar provides a moderate extension of
the projectile energy range covered in the previous
work.

Measurements of H(3s), H(3p), and H(3d)forma-
tion have also been carried out by Hughes and co-
workers both for the case of charge transfer4 5 and
for dissociation. ~ The work of Hughes and co-work-
ers pioneered the time-of-flight technique that we
employ here. Their work extends up to impact en-
ergies of 120 keV and may therefore be compared
with the studies described here. Thereare alsooth-
er studies of these processes at even lower energies
carried out by Andreev et gl. ~ 8; these are too low

in energy to be compared with the workhere but they
are consistent with the studies of Hughes et gl. ' at
intermediate energies. A detailed listing of the pre-
vious data and also measurements on the formation
of other excited states of hydrogen have recently been
published.

II. EXPERIMENTAL METHOD

The experimental technique and apparatus used in
this present investigation are identical to those re-
ported previously. Only a brief description will be
given here; the reader is referred to a preceding
paper' for a more detailed discussion.

Projectile ions are produced and accelerated by
a vertically mounted 1-MeV Van de Graaff acceler-
ator equipped with a standard rf discharge source.
The ion beam is rotated into the horizontal plane,
and thus momentum analyzed, by a large electro-
magnet. The beam is well collimated and allowed
to traverse a differentially pumped cell containing
a target gas ai a pressure on the order of 5X10 4

Torr. In this cell excited hydrogen atoms are
formed bythe mechanisms describedby Egs. (1)-(4).
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Because of the high velocity of these atoms they suf-
fer only negligible angular deflection. The beam,
now containing an excited neutral component, enters
a 1-m-long flight tube containing only background
gas at apressure of about 10 Torr. The flight tube
is fitted with a long glass window which permits the
observation of a small segment of the beam (0. 60 cm)
by a photomultiplier detector and interference filter
system. A discussion of the absolute calibration of
detection sensitivity for this system may be found in
a previous paper. ~ The entire photon detection sys-
tem is mounted outside the flight tube on a movable
table. The detector can be translated automatically
in order to observe the Balmer-0. radiation intensity
as a function of distance from the exit of the target
cell. The beam ultimately enters a standard Faraday-
cup arrangement located at the end of the flight tube.
The current from this cup is monitored by a preci-
sion-integrating electrometer system and hence al-
lows the determination of the incidentprojectile beam
entering the target cell.

By monitoring the target-gas pressure and tem-
perature it is possible to obtain, by a series of ob-
servations, the Balmer-o. radiation intensity per
unit length of beam, normalized to projectile flux
and target density, as a function of distance from
the exit of the target cell. Thus one can obtain the
normalized empirical intensity function. It is then
assumed that this intensity function is the sum of
three exponentially decaying components character-
istic of each excited hydrogenic state, Ss, 3p, and

Sd. Using a least-squares technique, one can math-
ematically decompose the empirical intensity func-
tion into the three exponentially decaying components.
Knowing the geometry of the target cell one canthen
determine the cross section for producing each of
the three states, Ss, 3p, and Sd. In the presentex-
periment the collection of data is automated; the
mathematical analysis described above is carried
out by a computer.

HI. EXPERIMENTAL ERROR

The experiment is arranged so that the Balmer-n
emission due to the interaction of the beam withthe
background gas inthe flight tube can be measured in-
dependently at allpoints along the beam. This mea-
surement takes into account a slight increase in back-
ground due to gas flowing out of the target cell. This
background is carefully subtracted from the totalob-
served Balmer-a emission at each point along the
beam. For the present series of experiments dis-
cussed here, this background generally constituted
less than 10% of the total Balmer-n signal. Care-
ful consideration was also given to the removal of
the intrinsic thermal noise background of thephoto-
multiplipr and any possible background arising from
the production of x rays by the accelerator system.

All target gases were obtained commercially and

had impurity levels less than 0. 1%. The target was
passed through a cold trap prior to entering the tar-
get cell. The target-gas pressure was measured
to within 1% accuracy by means of a capacitance ma-
nometer. Account was taken of thermaltranspira-
tion effects. In order to determine the targetden-
sity, accountwas alsotakenofasmall (3-5 C)tem-
perature rise of target gas during a given experi-
ment.

Errors in the measurement of beam current were
always less than 1'%%uo. Errors arising from the effects
of beam neutralization were assessed and generally
found to be negligible.

At the energies used in this experiment the Bal-
mer-n emission from the projectiles exhibited con-
siderable Doppler broadening. This has the result
that the detection eff iciency of the system varies with
the energy of the projectile beam that is being ob-
served. This variation was taken into account by the
techniques developed previously. ' Possible inac-
curacy in the projectile energy due to errors in the
calibration of the accelerator system was always less
than 2%%ug. The effect of errors inbeamenergyonthe
accuracy of the mathematical deconvolution proce-
dure is quite small; a detailed discussion of the anal-
ysis of this problem is given in a preceding paper. '

The total systematic error in any particular cross-
section measurement should not exceed 16.5%. Sys-
tematic errors in the energy dependence of cross
sections are probably no larger than 3-5'%%uo. Random
errors in a given observation of the Balmer-e in-
tensity were usually much less than V%%uo, leading to
random errors in the Ss and Sd cross sections of less
than 10 and 15%, respectively. Amoredetaileddis-
cussion of the contributing errors is to be found in
our previous report.

IV. FURTHER CONSIDERATIONS

A number of effects can alter the idealformof the
Balmer-n intensity function assumed in the math-
ematical analysis of the data. These effects can in-
troduce errors in the cross-section measurement.
A brief listing of these effects isgivenbelow andthe
reader is referred to our earlier reports' 3 for a
full discussion.

In the present experiment, the pressure in the
target cell was always maintained sufficiently low

to avoid multiple-collision events between the beam
projectile and targets. If this is not done, a number
of processes come into play which severely com-
plicate the equations governing the buildup of ex-
cited atoms in the target cell. For example, a
newly formed excited neutral hydrogen atom may
undergo collisional destruction upon secondary im-
pacts with the target atoms or molecules. On the
other hand, a ground-state neutral may be promoted
to the n = 3 level by a subsequent collision. Although

efforts have been made to make quantitative mea-
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surements of such secondary effects, the problem
is generally too complicated —particularly for the
case of H2' and H3' projectiles. For the purposes of
the present experiment it was only necessary to
show that multiple-collision effects are negligibly
small. This was accomplished by operating the ex-
periment in a region where the observed Balmer-a
signal varies very linearly with pressure. This gen-
erally requires that measurements be made with
target-cell pressures between 1&&10 ' and 5&&10 '
Torr. Reduction of target-cell pressure much be-
low 1&&10 Torr does not provide sufficient signal
strengths for accurate measurements.

Errors in determining the population of excited
atoms emerging from the target cell can arise from
failing to consider the inevitable pressure gradients
at the entrance and exit channels of the target cell.
The largest correction required is for the 3p-state
population produced by low-velocity projectiles such
as 100-keV H3' ions. The need for this correction
is due mainly to the short decay length of slow Sp
atoms and their resulting loss in traversing the exit
cha,nnel of the target cell, where there is a target.density depression.

Spurious electric and magnetic fields can alter the
decay of excited states through Stark mixing. A
number of tests were made to assess the effect of
small electric and magnetic fields in the region
where the decay of the excited hydrogen atoms is
observed. It was concluded that no measurable ef-
fects could be observed for the small fields which
might accidentally be present in the target cell and
flight tube (e.g. , Earth's magnetic fieM, electric
fields due to charge buildup on insulating films,
etc. ). A more complete discussion of this problem
has been given previously.

Emission from the 3p and 3d states may be aniso-
tropic due to polarization. An exact correction for
this effect would require a knowledge of the popula-
tions of the m, magnetic substates. This informa-
tion could not be obtained in the present experiment.
It has been shown, however, that neglect of polar-
ization will cause a, maximum error of +9 to —14%
in the Sp cross section and + 11.to —16% in the Sd
cross section.

The population of states above the yg = 3 level will
surely give rise to some cascade into the 3s, 3p,
and 3d states. This cascade can alter the popula-
tion of states emerging from the target cell as well
as introducing exponential decay terms (character-
istic of the lifetimes of the higher states), giving
rise to additional Balmer-e radiation. This, of
course, could invalidate the simple mathematical
analysis of the data. The problem of cascade has
been investigated in the case of the formation of n. = 3
hydrogen atoms by the charge-transfer neutraliza-
tion of H" and extended to the case of dissociation
of molecular ions. In the present work, decay

curves have been examined for the presence of com-
ponents not characteristic of a 3s-, 3p-, or 3d-
state lifetime. No substantial components were
found and the analysis of the data proceeded on the
assumption that cascade could be neglected. Actu-
ally, cascade effects can increase the apparent size
of the measured cross sections while altering the
shape of the decay curve only slightly. A small
variation in slope can be obscured by the random
statistical fluctuations in the data. Our present-
analysis of cascade is not completely conclusive,
but it is believed that cascade contributes an uncer-
tainty in the cross section of no more than 5%.

It is possible that the prior collision vibrational
states of the molecular projectiles play an impor-
tant role in the dissociation process leading to neu-
tral-atom formation. Variations in the ion-source
operation conditions were made in an attempt to ob-
serve such effects. No dependence of apparent
cross section on ion-source operating conditions
was found. Recently McClure and Peek~~ have re-
viewed the available information on how ion-source
conditions influence measured dissociation cross
sections; there is little indication that the vibra-
tional states appreciably influence dissociation
cross sections at the energies used in this experi-
ment, although there are large effects observed for
collisions at a few tens of kilovolts energy. Mc-
Clure and Peek~2 also point out that the Born approx-
imation predicts that the dissociation cross section
would not be greatly dependent on the initial vibra-
tional state for the high energies used in this exper-
iment. With all these various factors in mind we
conclude that the vibrational state of excitation of
the molecular projectile does not significantly in-
fluence the cross sections measured here.

V. H+ + NOBLE GASES

A. Data

In Fig. 1 we display the cross sections for for-
mation of H(Ss) by charge-transfer neutralization
of H' in He, Ne, Ar, Kr, and Xe gases [Eg. (I)].
The data, for He and Ar targets are reproduced from
our previous publication with additional new data
points at 500 and 700 keV. For clarity the individ-
ual data, points are given in Table I and they are
omitted from the figure. Also shown in the figure
are some previous measurements at lower energies
by Hughes et al. 5; these data are in good agreement
with the present work.

As one would expect, the helium cross section is
consistently smaller than that for the heavier atoms.
If, however, the cross-section curves for the heav-
ier atoms (Ne, Ar, Kr, and Xe) are compared, one
immediately notices a number of crossings of the
data curves. For example, neon gives a lower
cross section than Ar, Kr, and Xe at an energy of
100 keV, but exceeds the cross sections for all
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FIG. 1. Cross section for the formation of H(3g) by
charge-transfer neutralization of H in various gases.
Individual data points are omitted for clarity (data points
are given in Table I). (a) Present data, helium target;
(b) Hughes et al. (Ref. 5), helium target; (c) present
data, neon target; (d) Hughes et gl. (Ref. 5), neon target;
(e) present data, argon target; (f) Hughes et al. (Ref. 5),
argon target; (g) present data, krypton target; (h) pres-
ent data, xenon target.

three of the heavier gases at 200 keV and drops be-
low Kr and Xe by 700 keV. The reason for this be-
havior may be associated with the internal structure
of the target atoms and the different excited states
that may be formed in the targets.

It is interesting to compare the present data with
previous measurement of cross sections for neu-
tralization of H'; such cross sections are essen-
tially the sum of cross sections for formation of the
hydrogen ground state plus all excited states. For
example, consider the work of Toburen et al. ~3 with
targets of He, Ar, and Kr; at any given energy the
relative values of total neutralization cross sections
for the different gases are very similar to those ex-
hibited by our present measurements of H(3s) for-
mation. One may deduce the fraction of neutral at-
oms formed in the Ss state in a particular target
simply by taking the ratio of the present cross-sec-
tion data to the previous measurements of total neu-
tralization cross sections by Toburen et al. 3 Do-
ing this we find that about 4% of the H atoms are
formed in the Ss state for energies between 100 and
300 keV while that ratio drops to 2/0 at VOO keV;

TABLE I. Cross sections for the formation of H(38)
by charge-transfer neutralization of H in various gases.

Cross section (10"20 cm2)

Energy
(keV)

75
100
125
150
200
250
300
400
450
500
550
700

, He

159
107
59 5
39.0
15.6
7.5
3 42
1.03
O. 63~
0.24
0.26
0. 034

147

52.4

22. 9

0.61

Ar

462~
309a
181
106
35 9
14.1'
6.13~

0.69

0.42

33.7

7.55

2. 2

1.2

380

34.5

17.5

3.9

1.6
~Data points from our previous publication (Ref. 1).

this behavior is essentially independent of the tar-
get.

B. Discussion

There are few theoretical predictions of cross
sections for the formation of excited states by
charge transfer. A detailed Born approximation
for a helium target has been given by Mapleton~4
and this is in good agreement with experiment. ~

In the absence of quantum-mechanical treatments
of the charge-transfer problem it is valuable to con-
sider use of classical methods. Garcia et al. '
have discussed the classical prescriptions of Gry-
zinski~s that permit an estimate of charge-transfer

. cross sections. In particular, Garcia et al. show
that Gryzinski's formulation reduces to the follow-
ing rather simple relationship at high projectile
energies:

Z'X' 2ne' ZZ i ' 7+3(XZ/V ) I
U, 3 V„) (~Z/V„+ i)2)

Here o is the cross section for charge transfer
when a singly ionized projectile of energy E cap-
tures an electron; the binding energy of the elec-
tron in the target atom before the collision is U„
and the binding energy of the electron in the projec-
tile atom after the collision is U~. The factor X is
the ratio of electron mass to projectile mass. The
cross section is per electron in the outer shell of
the target. This relationship suggests that c(EX)~/
U~ is a function only of EA/U„. Thus cross sec-
tions 0 measured as a function of impact energy E
for a variety of different targets may be scaled to-
gether. lt has been noted' that this scaling pre-
scription is very similar to the one derived by
Bates and Mapleton ~ which is applicable to total
cross sections for neutralization of protons in vari-
ous targets. Garcia eI; gl. test the effectiveness
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of Eq. (5) and find that it does indeed provide a
scaling of various cross sections for H' neutraliza-
tion in rare gases and in potassium vapor. It was
suggested~5 that this scaling procedure should per-
mit the prediction of unknown cross sections.

%e can attempt to apply this same scaling pro-
cedure to the measured cross sections for excited
hydrogen formation by charge transfer. Mapleton
points out that the cross section 0 to be used in Eq.
(5) is that for a capture process with a specific
change of the electron energy and therefore includes
capture into all angular-momentum substates of a
given principal quantum number. Thus we will use
the sum of cross sections for the formation of the
Ss, Sp, and Sd levels; let us call this v(n=S). Fig-
ure 2 shows cross sections scaled according to Eq.
(5). One axis is the quantity o'(n= S) (EX) /U» E is
the projectile impa. ct energy (in eV), U~ the binding
energy of the captured electron in the a = 3 state of
hydrogen (1.511 eV), and A. is r83&. The horizontal
axis is EX/U„, where U„ is the binding energy of
the electron before capto. re; that is to say, U„ is
the ionization potential of the target. It is not clear
that this scaling procedure should be applicable to
molecular targets but nevertheless we do include
dRtR fox' Ha Og and Ng. IQ the molecular cRses
the cross section for the atom is assumedto be half
the measured cross section for the diatomic mole-
cule. For the molecules (H„O~, and N2) we have
taken U„ to be the ionization potentials of atomic H,
O, and N; there is some justification for using in-

stead the molecular ionization potentials but this
does not in fact appreciably change the plotted posi-
tion of the data points. There is one further factor
that must be included. The cross sections predict-
ed by Eq. (5) are per electron in the outer shell of
the target. Thus the cross sections for Ne, Ar, Kr,
and Xe are for six electrons in the outer shell. The
measured cross sections for He and the estimated
cross sections for H, O, and N have been multi-
plied by factors of 3, 6, 1.5, and 2, respectively,
to give the cross sections for six equivalent elec-
trons in each case. The data plotted according to
this prescription in Fig. 2 have been obtained from
three sources. There is the work of Hughes et al. '
at energies up to 120 keV for targets of He, Ne, Ar,
Hz, N2, and Oz. There is our own previous work
at energies above 75keV for targets of He, Ne, H»
N» and O~. Finally, there are the data from the
present paper for Ne, Kr, and Xe; in this case we
have only the cross sections for the 3s level and
have plotted these as o(n= S). Our previous work"
for He, Ar, H» and N, has shownthat the sum of
the 3p and 3d cross sections is never greater than
50/0 of the Ss cross section at impact energies
above 75 keV; if this is assumed to hold also for
Ne, Kr, and Xe then our plotted data may be too
low by 50% or less.

In view of crudeness of the approximations made
in the derivation of Eq. (5) it is gratifying that the
data points shown in Fig. 2 agree as well as they do.
The scatter is certainly less than that exhibited
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FIG. 2. Scaling of cross-section
determinations using the prediction of
Gryzinski; o(g =8) (E A) /U~ shown as
a function of E X/U~. Cross sections
are for the reaction H'+X H'(g =3)
+X'. The sources of data points are
as follows: (a) and {e), Ford et al.
(Ref. 1); (b} and {k}, Ford et aL (Ref.
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FIG. 3. Cross sections for the formation of fast H(3g)
and H(3d) by collisional dissociation of H2 in a H2 tar-
get. (a) Present data for H(3g) formation; (b) present
data for H{3d) formation; (c) data of Hughes et al. (Ref.
6), for H(3g) formation.

when Garcia et al. ~ applied this scaling procedure
to total cross sections. Following Garcia et g). '
we would suggest that Eq. (5) may be used to scale
measured cross sections in order to predict un-
known cross sections for excited-state formation;
the accuracy would appear to be within a factor of
3 or better.

VI. H~+ + Hq, Dq, Nq, AND Ar

For this set of reactions, described by Eg. (2),
we have measured the cross sections for formation
of the 3s and 3d states. Figures 3-6 show the re-
sults obtained. Lines have been drawn through the
various data points; these lines are given only to
show the general trend of the data and do not indi-
cate detailed knowledge of the cross-section behav-
ior between data points. Also shown in Figs. 3, 5,
and 6 are some previous measurements by Hughes
et al. ~ of the cross sections for formation of H(3s);
these generally lie below the present data but the
discrepancy is within the combined limits of accu-
racy of the two determinations.

Some data for the formation of H(3p) have been
obtained but they are of very poor quality. The life-
time of the 3p level is very short and the decay
takes place within a few millimeters of the gas-cell
exit aperture. Thus in the decomposition of the in-
tensity function, to get the three separate cross sec-
tions, the 3p-state value is based on only one or two
intensity measurements very close to the gas-cell
exit; moreover, the emission is only some 1% or
so of the total emission intensity. As a result of

FIG. 4. Cross section for the formation of fast H(3g)
and H(3d) by collisional dissociation of H2 in a D2 target.
(a) H(3g) formation; (b) H(3d) formation.
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FIG. 5. Cross, section for the formation of H(3g) and
H(3d) by collisional dissociation of H2 in a N2 target. (a)
Present data for H(3g) formation; {b) present data for
H(3d) formation; (c) data of Hughes et aL (Ref. 6), for
H(3g) formation.

these factors the statistical accuracy of the 3p-state
data points is very poor. Our estimates of the ac-
curacy limitations (see Sec. III) are valid for H(3s)
and H(3d) but not for H(3p). We have chosen not to
present the data points for H(3p)-state formation on
the grounds that they are of very poor statistical re-
liability. Nevertheless, our measurements do in-
dicate that the cross sections for formation of H(3p)
in a given target are always similar to the corre-
sponding cross sections for the formation of H(3s)
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FIG. 6. Cross section for the formation of H(3q) and
H(3d) by collisional dissociation of H2 in an Ar target.
(a) Present data for H(3g) formation; (b) present data for
H(3d) formation; (c) data of Hughes et al. (Ref. 6) for
H(3s) formation.
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and H(3d) also exhibiting similar variation with im-
pact energy.

Figures 3 and 4 show data for H2' impact on tar-
gets of H2 and D~, respectively. Within the random
error of the measurements (+ 10%%ug for the Ss state
and a 15/g for the 3d state') there is no significant
difference between data for these two targets.

It is interesting to note that, for a given target,
the behavior of the Ss-, Sp- (not shown), and Sd-
state-formation cross sections is very similar.
The 3d-state cross section exceeds by a small fac-
tor.the 3s cross section. There are no detailed the-
oretical predictions with which these cross sections
may be compared. The fact that the cross sections
vary with the nature of the target indicates that the
target structure plays an important role in the dis-
sociation mechanism; this is probably linked to the
excitation of the target during the collision.

VII. Hq+ AND H3+ + NOBLE GASES

In this set of measurements, described by Eqs.
(3) and (4), we present only the cross sections for
the formation of H(Ss). Figure 7 shows all the data
for H2' impact and Fig. 8 all the data for H3' impact;
in both cases we include data for a helium target
from our previous publication. 3 The lines connect-
ing data points are drawn to indicate the general
trend of the cross sections and do not imply any de-
tailed knowledge of cross-section behavior between
data points.

There are some previous data by Hughes et al.
on these processes for impact energies up to 120
keV. These previous measurements for Hz' impact
lie below our data but the discrepancy is just within
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FIG. 7. Cross sections for the formation of H(3&) by
collisional dissociation of H2' in various noble-gas. tar-
gets. Error bars on 500-keV data points indicate our
estimates of maximum random error ( +10%) for all data
points. (a) He target (from Hef. 3); (b) Ne target; (c)
Ar target; (d) Kr target; (e) Xe target.

the combined error estimates for the two sets of
measurements. In the case of H3' impact the data
of Hughes et al. lie as much as 50% below the pres-
ent measurements. In contrast to this behavior in
dissociation, the cross sections for charge transfer
in noble gases measured by Hughes et gl. ~ are in
good agreement with our measurements shown in
Fig. 1. It is puzzling that the data by Hughes et al.
become progressively lower than our measurements
as one goes from H' to H,' to H3' projectiles; the
apparatus remains the same for all measurements

' and most sources of possible error should be the
same in all cases.

The various cross sections generally decrease
with increasing impact energy and have some indi-
cations of weak structure. A particular example is
shown in Fig. 7 where cross sections for all tar-
gets drop more sharply at 300 keV than anywhere
else in the energy range studied. Similar behavior
at this energy was also observed by Sweetman' in
studying the reaction

Ha'+Ar- H'+H +Ar

McClure and Peek discuss, in general terms, the
behavior of dissociation cross sections and cite
other examples where such behavior occurs. It
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tions for the various mechanisms that give rise to
the detected fragment.

An interesting comparison may be made between
the reactions described by Eq. (6) and the reaction
described by Eq. (3) for an argon target. The
cross section for H production of 200 keV, as mea-
sured by Sweetman~e and by Quidini, ~~ is about 2
xlp-'8 cm'. The cross section for H(3s) produc-
tion, as given in Fig. 7, is 10 ~~ cm; moreover,
the cross sections for 3p and 3d production are
about equal to that for 3s production (see Sec. VI).
Thus the cross section for producing 'atoms in the
~ = 3 level is about 3 x 10-'~ cm' and represents 15/g
of the total neutral-hydrogen production. Similar
results are available at other energies and for oth-
er targets. It appears, therefore, that the disso-
ciation of H~' produces a rather large fraction of at-
oms in excited states.

VIII. SUMMARY

10-18
100
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FIG. 8. Cross sections for the formation of H(38) by
collisional dissociation of H~ in various noble-gas tar-
gets. Error bars on 150-keV data points indicate our
estimates of maximum random error (+10%) for all
data points. (a) He target (from Ref. 3); (b) Ne target;
(e) Ar target; (d) Kr target; (e) Xe target.

seems likely o that a cross section for a single well-
defined dissociation mechanism does not show such
structure. In measurements like the present work,
however, the detected fragment may be produced by
a number of different reaction channels; the struc-
ture then will represent the sum of the cross sec-

Dissociation of H&' in the various targets studied
here gives similar cross sections for the 38, 3p,
and 3d levels. All the cross sections show the ex-
pected general behavior as a function of increasing
impact energy: Charge-transfer cross sections
decrease rapidly and dissociation cross sections
decrease slowly. %eak structure is observed
which is possibly due to the existence of various
competing channels in the collision process; in par-
ticular, there is the possibility of exciting various
target states and, for dissociation, there are var-
ious available channels by which the molecule may
fragment. In the study of 82' and H~' dissociation
on noble gases we find little difference between
cross sections for the heavier targets Ar, Kr, and
Xe; cross sections for He targets, however, lie
almost an order of magnitude lower and cross sec-
tions for Ne have an intermediate value.

~Supported in part by the Controlled Thermonuclear
Research Program of the U. S. Atomic Energy Commission.
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