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Production of Metastable Hydrogen Atoms in Proton —Rare-Gas Collisions*
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(Received 31 August 1964)

Cross sections for electron capture into the metastable hydrogen 2s level for proton —rare-gas collisions
have been measured. The 2s state population is determined by application of an electric 6eld in the reaction
region leading to a mixing of the 2s&~2 and the 2p&~2 atomic substates. The increase in the detected Lyman-al-
pha signal over that observed in the field-free case is related to the ratio of the cross sections for capture into
the 2s and the 2p states. The cross sections, measured for proton energies between 1.5 and 23 keV, exhibit
structure similar to that observed in 2p-state capture. Possible interpretations of the results are discussed.

INTORDUCTION

ECENTLY, Pretzer, Van Zyl, and Geballe' ' have
reported measurements of the cross sections for

Lyman —alpha emission resulting from proton — and
deuteron —rare-gas collisions. In these measurements, a
variable energy (1.5 to 23 keV) ion beam was allowed
to traverse a pressure —monitored target gas cel1. The
Lyman —alpha radiation resulting from charge capture
by protons was detected with an oxygen-61tered, iodine-
filled Geiger counter similar to that designed by Brack-
mann, Fite, and Hagen. '

These earlier investigations show that definite struc-
ture exists in the cross sections for 2p state capture.
These cross sections are included in Figs. 4 through 7 of
this paper. The interesting results obtained in these
measurements led us to a study of the 2s capture cross
sections in order to gain further information about the
processes responsible for the double-peak structure
present in the 2p cross-section curves.

The natural lifetime of the 2s1/2 hydrogen state is
about 0.14 sec.4 However, when a hydrogen atom
in its metastable state is in an external electric field,
its lifetime becomes a function of the applied field
strength because the 2st/& state is mixed with the 2pl/I
state, which can decay to the ground state with emission
of Lyman —alpha radiation. The time required for the
2si/I ~ 2pi/I ~ 1st/s decay sequence varies from about
20 years in the zero field case to twice the 2p sta, te
lifetime (3X10 ' sec) for large fields. Several calcu-
lations giving the lifetime of the 2s~~2 state as a function
of the applied field. have been made. ' ~ The results of
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Luder's calculations, ~ with and without the Lamb shift
corrections, are shown in Fig. 1. An experimental de-

termination of the lifetime versus applied field strength
between 50 a.nd 500 V/cm has been made by Sellin. '
His results are included in Fig. 1.

TECHNIQUE

Several experimental techniques are available for
measuring the intensity of a beam of metastable atoms.
Lamb and Retherford and Lichten and Schultz have

observed the secondary electron emission resulting from
2s atoms impinging on metal surfaces. Owing to the

high, variable kinetic energy of the metastable atoms
to be detected in the present experiment, this method
was considered less desirable than an alternate method
of "electric field quenching" of the 2s level. This second
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Fig. 1. Mean lifetime of H(2s) state as a function of electric
Geld strength calculated by Luders (Ref. 7). Closed circle data
are experimental values of Sellin (Ref. 8). Open circle data are
from present experiment using Kq. (1) and saturation curve
(Fig. 3.)

e I. A. Sellin (unpublished).' W. Lichten and S. Schultz, Phys. Rev. 116, 1132 (1959).
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method has been employed by several investigators.
In these experiments, the technique employed was to
form 2s atoms in a collision region, allow them to drift
into a field quenching region and detect the resultant
Lyman —alpha, radiation. This procedure presents dif-
ficulties since the number of metastable atoms entering
the quenching region represents an unknown fraction
of those produced in the interaction chamber. Scattering
at the time of capture and the large collision deexci-
ta, tion cross section of H. (2s) place stringent require-
ments on the vacuum and mechanical design of the
appa, ratus.

In order to overcome these difficulties, the perturbing
electric field in the present experiment was applied
within the collision region. The design of the collision
chamber employed for this purpose is shown in Fig. 2.
The proton beam enters the reaction chamber through
the entrance apertures, traverses the collision cell and
leaves the chamber through the exit slit in the chamber
wall. Beam depletion in the collision chamber is negli-
gible beca,use of the low target gas pressures employed.
As the beam passes through the reaction region, it en-
counters a spatially varying, transverse electric field of
variable magnitude. This held design was chosen to
give small net deflection of the proton beam in the
collision chamber, Lyman —alpha photons, produced as
a result of charge transfer, may escape through the
lithium fluoride window a,t the top of the collision cell
into the photon counter. When the electric field is oA',

only Lyma, n—alpha emission resulting from deca, y of the
2p state is detected. AVith the field on, radiation from
both the 2s and 2p states is observed. The increase in
signal over the 6eld-free case is rela, ted to the cross
section for capture into the 2s state. The absolute values
of the 2s cross sections a,re determined by comparing
it with the previously determined 2p state capture cross
sections. '

As the lifetime of the 2s state is a function of the
magnitude of the applied electric field, the increase in
Lyman —alpha signal over. the field-free case should also

"R. F. Stebbings, W. L. Fite, D. G. Hummer, and R. T.
Brackmann, Phys. Rev. 119, 1939 (1960)."L.Colli, F. Cristofori, G. E. Frigerio, and P, G. Sona, Phys.
Letters 3, 62 (1962).

'~ B.L. Donnally, T. Clapp, W. Sawyer, and M. Schultz, Phys.
Rev. Letters 12, 502 (1964).

depend on the field strength. A necessary condition
imposed on the experiment is that as the applied field is
increased, the Lyman —alpha radia, tion from quenching
the 2s level must reach a saturation value. This ensures
equilibrium betweerI the rates of formation and decay
of the 2s state in the observation region since the lifetime
of the 2s state has been made short compared to the
transit time through the collision cell. An example of
such a saturation curve obtained experimentally is.
shown in Fig. 3.

It is necessary to show that the detected signal does
not arise from slow charged particles (produced by ioni-
zation and charge transfer) which are accelerated
towards and strike the destroyer rods. As the destroyer
rods and the chamber walls are coated with a layer of
black gold (to prevent reflection of Lyman —alpha radi-
ation into the counter"), they could be covered with
surface layers of hydrogen which could lead to Lyman
a,lpha radiation following bombardment by charged
particles. To determine the importance of this effect,
a beam of He+ ions was allowed to pass through the
collision cell. The resultant signal was small compared
to that obtained with protons as projectiles (10% for
He targets and less for the others). In addition, part of
the observed radiation in the He+ case comes from the
He+ ion itself as its m=4 to v=2 transition has the
same wavelength as the Lyman —alpha line. The ratio
of the signa, ls resulting from He+ and H+ bombardment
was independent of the applied 6eld. Additional evidence
of the small size of this effect may be obtained from
the saturation curve of. Fig. 3. ()ne would not expect
a saturation curve if a significant part of the signal
arose from such secondary processes.

A measure of the proton beam divergence in the
collision cell was determined by comparing the ion
current traveling through the chamber exit slit and into
the collector with that striking the back wall of the
chamber. The back-wall current was normally less than
&%%u& of the collector current and remained constant
regardless of the magnitude of the applied 6eld. This
condition was placed on the beam focus in order that
the solid angle viewed by the detector did not change
with application of the quenching field. Thus the spa-
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FIG. 3. Signal saturation curve for D++Ar at 6 keV.
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tially varying field in the collision chamber did not alter
the projectile trajectories to a measurable degree.

The beam currents employed were normally about
0.05 pA and the target gas pressures were approximately
2X10 ' Torr. The measured Lyman —alpha signal was
found to depend linearly on both beam current and
target pressure. The target gas samples of Ne and Xe
were "spectroscopically pure" and those of He and Ar
were taken from standard gas cylinders. Each was
passed through a dry-ice trap before admission into
the collision cell.

Krypton was not included as a target gas in the
present measurements since earlier studies' with a Kr
target indicated that one of the Kr emission lines
(1165 A) lies near a transmission window of the oxygen
wavelength filter (1167 A) and that some of this radi-
ation could penetrate the wavelength filter to a notice-
able extent. The wavelength discrimination properties
of oxygen have been measured by Watanabe" and are
discussed for this application in Ref. 2.

The high transverse field gradients in the collision
cell imposed a lower limit of 2 keV on the projectile
energies attainable in the apparatus. The measure-
ments were, however, extended to an effective proton
energy of 1.5 keV by employing deuterons as incident
ions. Our earlier work on 2p state capture indicated
that all major features of the cross sections for D+ rare
gas interactions were similar to those for H+ target en-
counters when plotted at equivalent projectile velocities. '

The emitted radiation in the present experiment is
assumed to possess an isotropic spatial distribution. The
radiation distribution is determined by the polarization
I" which is defined's as I"= (I~i—Is)/(I, ~+Ii). I~I and
I& are the intensities parallel and perpendicular to the
beam axis for 8=sr/2 and are proportional to the dipole
interaction terms given, for example, by Condon and
Shortley. " From these dipole interaction terms, one
can show that the 2ptis —1siis transition is isotropic.
Since the 2stis level mixes only with the 2piis level,
radiation resulting from depopulation of the metastable
level will also be isotropic. In the earlier 2p capture
cross section measurements (used here as the calibration
standard), the radiation was assumed isotropic. The
degree of polarization, if any, could not be determined
theoretically as the distribution of population in the
substates of the 2p level was not known. If the 2p
radiation were found to be polarized and the degree of
polarization were to be determined, the present data
could be adjusted accordingly.

The estimated uncertainty associated with the present
measurements is &50%. This large uncertainty is
primarily the result of the &45% uncertainty quoted
for the 2p state capture results.

"K.Watanabe, Adeancesin Geophysics (Academic Press inc. ,
New York, 1958), Vol. 5, p. 153.

's J. A. Smit, Physica 2, 104 (1935).' E. U. Condon and G. H. Shortley, The Theory of Atomic
Speclra (Cambridge University Press, London 1963), p. 387.

RESULTS

The results of the cross-section measurements are
presented in units of 10 " cm'. Proton energies are
expressed in keV and deuteron energies in keV/2. The
total charge-transfer cross sections for the proton —rare-
gas systems as reported by Stedeford and Hasted" are
also presented. The general appearance of the cross-
section curves will be discussed here while the discus-
sions of the over-all continuity of the results and their
possible interpretation will be deferred until the next
section.

II++IIe. The results of the measurements for this
reacting pair are shown in Fig. 4. The 2p capture cross
section reported by Pretzer, Van Zyl, and Geballe, ' the
2s capture cross section reported by Colli, Cristofori,
Frigerio, and Sona, "and the total charge-transfer cross
section reported by Stedeford and Hasted' are also
included in Fig. 4.

Within the energy range investigated, the 2s capture
cross section is smaller than that for the 2p state. At
low energies, the ratio of the cross-sections for 2p and
2s state capture is approximately equal to the ratio of
the statistical weights of the levels (3 to 1).At the higher
energies, the magnitude of the 2s capture cross section
becomes a larger percentage of the 2p cross section. The
shape of the cross-section curves suggest that the 2s
cross section may exceed the 2p cross section and that
its maximum will occur at an incident projectile energy
larger than that for the maximum of the 2p state capture
cross section.

H++ He
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Fin. 4. Cross sections for proton-helium collisions. Q(2') is the
total charge-transfer cross section measured by Stedeford and
Hasted (Ref. 17). Q(2P) is the 2p capture cross section measured
by Pretzer, Van Zyl, and Geballe (Ref. 2). Q'(2S) is the 2s capture
cross section measured by Colli, Cristofori, Frigerio, and Sona
(Ref. 11).Q(2S) are present data.

'~ J.B.H. Stedeford and J.B.Hasted, Proc. Roy. Soc. (London)
A227, 466 (1955).
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Although the present data and those reported by
Colli, Cristofori, Frigerio, and Sona" disagree to a con-
siderable extent with regard to the magnitude of the
cross section, shapes of the curves are quite similar.
The discrepancy in magnitude may be accounted for
by the method of normalization employed by Colli et al.
Their results were normalized to the Born approxi-
mation" at a proton energy of 40 keV. The Born ap-
proximation generally overestimates the cross section
at energies near its maximum.

P++Xe. The data for this reacting pair are shown in
Fig. 5. Again the 2p capture cross section' and the total
charge-transfer cross section'~ are given.

Note that the 2s capture cross section exhibits defi-
nite structure. As in the 2p capture cross section, the
2s capture cross section has a pronounced maximum
in the energy region where the total charge-transfer
process is most eKcient. In the 2s curve, however, the
low energy maximum is only —', as large as that of the
2p. Again this ratio is in agreement with the ratio of
statistical weights of the states. The high energy maxi-
mum in the 2s cross section occurs at a higher projectile
energy than in the 2p case and is larger in absolute value.

H++Ar. The results of investigations on this pro-
jectile-target system are shown in Fig. 6. The data
are similar to those exhibited by the Ee target except
that the high energy 2s capture peak is smaller in
magnitude than the corresponding 2p peak. Again the
ratio of the magnitudes in the vicinity of the low energy
maximum is nearly in the ratio of statistical weights.
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FTG. 6. Cross sections for proton-argon collisions. Q(T) is the
total charge-transfer cross section measured by Stedeford and
Hasted (Ref. 17). Q(2P) is the 2p capture cross section measured
by Pretzer, Van Zyl, and Geballe (Ref. 2). Q(25) are present data.

II++Xe.The cross sections for 2s and 2p state capture
for H++Xe collisions are shown in Fig. 7. The 2p capture
cross section has a low energy maximum at a projectile
energy of about 0.4 keV. The 2s capture measurements
do not extend below 1.5 keV and the existence of a
corresponding low energy peak in the 2s capture process
remains uncertain. The high energy peak in the 2s cross
section occurs at about 15 keV as compared to the 10
keV maximum for the 2p capture results. The magnitude
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FIG. 5. Cross sections for proton-neon collisions. Q(T) is the
total charge-transfer cross section measured by Stedeford and
Hasted (Ref. 17). Q(2P) is the 2p capture cross section measured
by Pretzer, Van Zyl, and Geballe (Ref. 2). Q(25) are present data.
"Ave. Data" are the combined weighted averages of D+ and H+
Iuns.

is R A Mapleton, Phys. Rev. 122, 528 (1960).
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FIG. 7. Cross sections for proton-xenon collisions. Q(T) is the
total charge-transfer cross section measured by Stedeford and
Hasted (Ref. 17). Q(2P) is the 2p capture cross section measured
by Pretzer, Van Zyl, and Geballe (Ref. 2). Q(2S) are present data.
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of the high energy 2s peak is smaller than the corre-
sponding 2p capture maximum.

DISCUSSION

In addition to direct capture into the 2s and 2p
states, these states may also be populated via capture
into higher states which eventually arrive in the e= 2

levels via Balmer —emission processes. The relative im-

portance of these processes will nov be discussed.
De Heer, van Eck, and Kistemaker' have measured

the capture cross sections for Lyman —alpha and Lyman-
beta radiation in proton collisions with He and Ne.
Their results for the Lyman —alpha emission cross sec-
tions are about a factor of 3 larger in absolute value
than those reported by this laboratory. 'Of interest here
are the relative populations of the 3p and 2p levels.
De Heer et a/. find that the ratio of Lyman —beta to
Lyman —alpha emission is about 1/7. Since a large per-
centage of the 3p level population (88'%%u~) decays via
Lyman beta, " this ratio gives a fair determination of
the magnitudes of the capture cross sections into the
2p and 3p atomic levels and suggest that the capture
cross section into the 3p level is significantly smaller than
that for the 2p state. It is probable, therefore, that the
entire m=3 level population is somewhat smaller than
the m=2 level population, and that direct capture is
the dominant mechanism for population of the e= 2

levels.
In addition, the experimental apparatus employed in

making the measurements reported here discriminates
against Lyman —alpha emission resulting from cascade
population of the e= 2 levels by virtue of the long life-
times of the m= 3 states. Since the length of the collision
chamber is short compared to the product of the beam
velocity and the long decay times associated with
the upper states, an equilibrium between population
and decay of the upper states is not reached in the length
of the path provided by the apparatus. An estimate of
the ratio of the intensity of radiation from each of the
upper states to the equilibrium or saturation value can
be obtained from the relation

where x is the distance from the entrance of the collision
chamber to the point at which the radiation is detected,
I" is the total transition probability from the upper
state, and v the projectile velocity. However, since the
relative population densities of the upper states are
not known, the exact amount of cascade to the v=2
levels cannot be estimated accurately.

In a previous paper, "we reported a test on the rela-
tive importance of the cascade mechanism for popu-
la, tion of the 2p level in collisions of H+ on Ar. We meas-

' F. J. de Heer, J. van Eck, and J. Kistemaker, VI' Conference
sir les phenomenes d'ionisation dans les gas (Paris, 1963),p. 73.

20 3. Van Zyl, D. Jaecks, D. Pretzer, and R. Geballe
(unpublished).

ured the cross section for Lyman —alpha emission at
two values of the variable x of Eq. (1). At the larger
value, the cascade population of the 2p level should be
enhanced due to the additional time available for cas-
cade. The two cross sections were found to be equal
within +5 j~ at all energies, when normalized at 6 keV.
We concluded that cascade processes were not respon-
sible for a major portion of the Lyman alpha signal in
any particular energy range.

In the present measurements, an electric field is applied
to the collision products, which mixes the upper states
with the same m and j values. Thus, a larger percentage
of the upper levels may now decay directly to the 1s
state with the emission of shorter wavelength members
of the Lyman series (i.e., I.s, I.~, etc.). The effect of
this mixing will be to decrease the total cascade contri-
bution to the n=2 levels below that of the field-free
case.

Equation (1) can also be employed to estimate the
lifetime of the 2s state in the presence of an external
electric field. The ratio I/Ip for radiation arising from
destruction of the 2s state, can be obtained as a function
of the applied electric field from a saturation curve such
as shown in Fig. 3. Knowing x and v of Eq. (1), one can
compute the transition probability I' as a function of
the applied field. The inverse lifetime of the 2s state
determined in this manner is shown in Fig. 1.

The values of the lifetime determined by this process
are only approximate because the values of the electric
field on the beam axis are not known accurately. In
addition, Epq. (1) is not exactly valid because the electric
field is not uniform over the position variable x. The
agreement between our points and the theoretical curve
is satisfactory considering the uncertainties of the experi-
mentally determined points.

An interesting feature of the data is that the 2s cap-
ture cross sections seem to reach their high energy
maxima at projectile energies which are larger than the
corresponding high energy maxima in the 2p capture
cross sections. Van Eck, de Heer, and Kistemaker" have
observed a similar behavior in cross sections for helium
atom excitation by protons where, for example, the
'5 states are excited most effectively at proton energies
in excess of 35 keV while the 'D states reach maxima
in their excitation functions at about 15 keV. They also
find that the maxima in the cross sections for excitation
of the 3 'D, 3'I', and 4'5 states of the helium atom by
hydrogen impact decrease as the angular momentum of
the Anal state increases. "

This behavior is consistent with a simple argument
based on the adiabatic maximum rule suggested by
Massey, "which says that the maximum value of a cross

"J.van Eck, F. J. de Heer, and J. Kistemaker, Physica 28,
1184 (1962).

2' J. van Eck, F. J. de Heer, and J. Kistemaker, Proceedings of
the Third International Conference on the Physics of Electronic and
Atomic Collisions (North-Holland Publishing Company, Amster-
dam, 1964), p. 624.

"H. S, W. Massey, Rept, Progr. Phys. 12, 248 (1949).
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section occurs at a projectile energy E in eV given by

E =3m''(AE)'.

The a in Eq. (2) is the length in angstroms of the region
over which a reaction can occur and is inversely related
to the impact parameter for the collision, m is the mass
of the projectile in amu and AE is the internal energy
change in eV of the collisional system. Thus, for con-
stant AE, Eq. (2) indicates that as the impact parameter
for a collision decreases, the energy at which the maxi-
mum cross section occurs will increase. Alternatively,
the expectation value of the velocity for an electron in
the target system increases for decreasing impact pa-
rameter. '4 Since charge-transfer processes are usually
most efficient when the projectile velocity matches the
orbital velocity of a target electron, the energy at which
maximum occurs is again inversely related to the impact
parameter.

For 2s and 2p state capture, the values of DE in-

volved are expected to be comparable and the above
ideas may be applied. Since the p state wave functions
are nonspherical and some of these extend along the
internuclear axis (the axis of quantization) of the im-

pacting systems, capture into a p state should occur for
larger impact parameters than s state capture. From
the above arguments, the 2p capture process should
reach a maximum at lower projectile energies than the
2s capture reaction. This feature is found in the experi-
mental results. The relative magnitudes of the 2s and

2P capture cross sections are also consistent with these
ideas. When the peaks occur at low energy, as for ex-
ample in Xe and Ar, the 2p capture is more efficient than
the 2s. At higher energies, however, the 2s cross sections
seem to be the larger of the two. Although a qualitative
description of the results can be 6tted to this model, the
obvious deficiencies of the model, such as the neglect
of coupling during the collision period, make it unsuit-
able for quantitative analysis.

While the previous discussion has dealt with the high
energy peak. exhibited by the cross-section curves,
nothing has been said about the low energy maximum.
The occurrence of the low energy peal» and its location
at about the same projectile energy as the total charge-
transfer maximum lead us to suggest that it is associated
with the total charge-transfer reaction. This association
could arise either from a process associated with the
ground state capture reaction that gives an extraneous
signal or from a real coupling between ground and ex-
cited states during the period of an interaction that
constitutes the mechanism for "capture into an excited
state. "

There are three principal secondary mechanisms
which could give rise to I.yman —alpha radiation in the
reaction cell following a charge-transfer collision. These
are: (1) collision of the fast hydrogen atom reaction
product with another target ra, re-gas atom. (2) collision

~4 D. R. Bates and R. McCarroll, Advan. Phys. 11, 39 (1962).

of the residual rare-gas ion with the chamber wall, and
(3) collision of the fast H atom with the chamber wall.

Mechanism (1) can be ruled out because signals
arising from this process would depend on the square of
the target pressure. Reaction (2) has been ruled out by
auxiliary experiments in which rare-gas ions are deliber-
ately attracted to the chamber wall within view of the
counter without an increase in signal. Mechanism (3)
cannot be eliminated by simple experimental test but
a number of considerations indicate that its contri-
bution to the detected signal should be small. First, the
difrerential scattering cross sections in charge-transfer
collisions fall o6 very rapidly with increasing scattering
angles" and only a very small percentage of the H atoms
should be scattered through an angle large enough to
strike the chamber wall within the field of view of the
counter. Second, the efficiency of countable ultraviolet
production for H&+ ions striking hydrogen covered
surfaces is only about 5X10 ' photons(ion. " Fast H
atoms could not be appreciably more efficient. Finally,
as mentioned earlier, the 2p measurements were re-
peated with a different chamber geometry and the cross
sections were found to be identical to those reported
earlier. If wall collisions were important, they shoula
depend upon the particular collision cell design.

On the other hand, it is possible that the populations
of the 2s and 2p levels may be influenced by an inter-
mediate state existing during the collision period. The
calculations of I.ovell and McElroy" indicate that the
cross section for 2s capture in proton-I atom collisions
is inAuenced by coupling to the ground-state capture
configuration. They find that this coupling tends to
increase the size of the 2s capture cross section in the
energy where ground-state capture is large. Bates and
Mccarroll and McDowell have also indicated that
intermediate state coupling is of considerable impor-
tance in atomic collisions.

If ground-state charge capture does inhuence excited
state capture, one might expect that coupling would be
strongest or be most e6ective in the energy region where
the ground-state capture process is most eKcient. Note
that all the measured 2s and 2P capture cross sections
(excepting Xe for the 2s case) show maxima in their
cross-section curves at about the same energy as the
maxima of the total charge-transfer cross-section results.

If one represents the reaction by a two-step process
such as

H++Ar ~ H(1s)+Ar+ ~ H(2p)+Ar+
H++Ar —+ H(1s)+Ar+ —+ H(2s)+Ar+

"E.N. t'uls, P. R. Jones, I'". P. Ziemba, and E. Everhart,
Phys. Rev. 107, 704 (1957)."G. H. Dunn, R. Geballe, and D. Pretzer, Phys. Rev. 128,
2200 (1962}."S. E. Lovell and M. B.McElroy, undated, Kitt Peak National
Observatory report, received May 1964 (unpublished).

~8 M. R. C. McDowell, National Bureau of Standards Technical
Note 185, 1963 (unpublished).
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we can see that the first part is the same for both the
2s and. 2p sta, tes. The second half is then merely a
process involving the Coulomb excitation of H atoms
by Ar+ projectiles. If the ratio between the excitation
probabilities for the 2p and 2s states is the same foi
ions as it is for electrons (about 5 or 3 to 1 according to
Fite and Brackmann, "Fite Brackmann, Hummer, and

2 W. L. Fite and R. T.Brackmann, Phys. Rev. 112, 1151 (1958).

Stebbings" and Lichten and Schultzs), then the ratio of
the low energy 2p cross section maxima, to the 2s shouM
be of this order The experimental results have this
property.

Although the above ideas are largely conjectural, they
give a qualitative and consistent explanation for the
appearance of the structure in the measured cross
sections.

~ W. L. Fite, R. T. Brackmann, D. G. Hummer, and R. F.
Stebbings, Phys. Rev. 124, 2051 (1961).
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Mobilities and Reaction Rates of Ions in Helium*
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The mobility of He+ iona in helium gas was measured, the result being 10.40+0.10 (cm'/V-sec). The
He+ iona were observed to react with the helium gas, the attachment frequency being L1.08a0.05]X10 @

n'(sec '), where n is the gas density in atoms/cm'. This value of the attachment frequency is roughly com-
patible with the theoretical estimate of Bates and with the mass-spectrometric measurement of Phelps and
Brown for the rate of the three-body attachment reaction producing He2+. The mobility of the product
ion, He2, was found to be 16.70%0.17. This mobility is compatible with recent ambipolar diffusion coef-
Qcient measurements on cold afterglows, where the identification of the ion is confirmed by the spectroscopic
observations of Kerr. This mobility is inconsistent with the widely quoted value of Biondi and Chanin and
with the theoretical analyses of Geltman and Dalgarno. Mobility determinations were also made on another
ion, which is possibly what Biondi and Chanin called He2+. The actual identity is unknown, the ion possibly
being He~+, possibly a contaminant.

I. INTRODUCTION

'OBILITIES of ions in gases have been studied
~ for a long time with many confusing and contra-

dictory conclusions. Themobilities are of widespread and
continuing interest for two reasons. As a transport
coeKcient, the mobility constant is useful in certain
applications where drift or diffusion is the principal
mechanism for the loss of ionization. Also, the mobility
constant provides an experimental measure of the effects
of elastic scattering at thermal energies. Secondly, mo-
bility studies provide a means of distinguishing the
types of ions that are present in a relatively high-
pressure gas. The existence of ionization in a low-
temperature gas is an unstable state with the ions being
neutralized either by free electrons, ions of the opposite
charge, or at the solid surfaces. During the time required
for this neutralization to occur the ions can react with
the gas, the products in general having a different mo-
bility. Mass spectrometers are capable of identifying
the ions positively; however, it is necessary to extract
the ions from the gas and accelerate them. Studies using

*This work was supported wholly by the National Bureau of
Standards.

t' Members of the National Bureau of Standards group of the
Joint Institute for Laboratory Astrophysics and associated with
the Department of Physics and Astrophysics, University of Colo-
rado, Boulder, Colorido.

mass spectrometers, even while having interpretation
problems of their own, are being used to supplement
mobility studies in supplying information on the chemi-
cal history as ions approach equilibrium in a gas.

Helium is in many ways the simplest of the gases, and
accordingly, it has received a great deal of study in
drift tubes, in afterglows, and in mass spectrometers.
As new information has come in over the years the
apparent understanding has oscillated wildly from poor
to good and back again.

Electron impact in helium gas can produce only two
kinds of ions, He+ and He'+. He'+ converts to He+ rather
rapidly by charge transfer, and the He+ attaches to
form He2+. It is ahnost certain that He+ does not have
excited states which can survive more than a few gas
kinetic collisions. Thus, in pure helium gas, the ionic
chemistry is expected to be very simple. The trouble is
associated with the fact that small traces of contami-
nants become strongly preferentially ionized by charge
transfer. The subject of this paper is a study of the
behavior of a small density of helium ions as they ap-
proach thermal equilibrium.

II. DEFINITIONS AND CONVENTIONS

In accordance with traditional usage, ionic mobility is
here defined as the ratio of the drift velocity, v (cm/sec),


