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The v =0 1 vibrational cross section for H& derived from swarm experiments is shown to be
a good approximation to the sum of the cross sections for vibrational transitions that take place
with and without simultaneous rotational excitation of the molecule. Experiments are described
that prove that this summed cross section does not depend on whether the 82 molecules are in the
J'= 0 or the J'=1 rotational state, in agreement with a recent theoretical calculation. Reasons are
given for the disagreement between the two published swarm-derived vibrational cross sections.
However, the discrepancies between the threshold behavior of the cross sections determined by
the swarm Ineasurements, beam experiments, and theory have not yet been explained.

I. INTRODUCTION

The publication of the results of three recent ex-
perimental determinations of vibrational cross sec-
tions in hydrogen' has failed to clarify a some-
what confused situation. In a review published
before these results were available, Phelps had
concluded that the results of Schulz's beam ex-
periment (when corrected by a factor of l. 4 to
account for nonisotropic scattering ), Ramien's
multiple-scattering experiment, and his own
swarm work with Engelhardt were all reasonably
consistent at electron energies above 1.5 eV, but
that there were significant differences in thethresh-
old behavior of the cross section as determined by
the beam and swarm techniques. Some reconcili-
ation of the results of beam and swarm experi-
ments resulted from Menendez and Holt's work, '
which confirmed the swarm result that the cross
section rises approximately linearly from the
threshold at 0. 516 eV.

The results of the two recent beam experiments,
one by Ehrhardt ef al. (ELLT)' and the other by
Burrow and Schulz (BS), also confirm the almost
linear rise of the cross section from threshold,
and the weight of evidence is therefore against
Schulz's previous result' that the cross section
increases significantly only above about 1 eV.
However, the initial slope of ELLT cross section,
which covers the energy range from threshold to
10 eV, is only about one-half that measured by
Burrow and Schulz whose trapped-electron method
restricted measurement to the range between
threshold and about 0. 1 eV above threshold.

A comparison of the cross section derived by
Crompton, Gibson, and McIntosh (CGM) from an
analysis of electron-transport data in parahydrogen
with the earlier determination by Engelhardt and
Phelps (EP)' from an analysis of similar data for

normal hydrogen presents an equally inconclusive
picture. %bile the shapes of the cross-section
curves are generally similar, the initial slope of
the EP cross section is approximately twice that
of CGM. Thus, in summary, the results from
swarm experiments appear to be in poor agree-
ment with each other, as do the results of beam
experiments; the result of one beam experiment
(ELLT) agrees with one swarm determination
(EP), but the initial slope of the ELLT and EP
cross sections is one- half that determined by
Burrow and Schulz and twice that of the cross
section obtained by Crompton et al.

Crompton, Gibson, and McIntosh have discussed
the apparent incompatibility of the vibrational cross
secon of ELLT with the results of swarm experi-
ments in parahydrogen at V'7 'K. However, there
are several possible explanations for this apparent
disagreement which have not been discussed pre-
viously. In this paper we examine these possible
explanations, present some relevant new experi-
mental results, and discuss some implications of
our conclusions. One possibility ls that swaim
experiments could have been previously interpreted
incorrectly because no account had been taken of
the effects of simultaneous rotational and vibra-
tional transitions. This is examined in Sec. II.
An alternative explanation is that the disagreement
is due to the presence of different rotational popu-
lations in the room-temperature beam experiments
and the low-temperature swarm experiments, par-
ticularly since parahydrogen was used in one of
these experiments. In Sec. III we give the results
of drift-velocity experiments which were designed
to reveal any dependence of the vibrational cross
section in hydrogen on the initial rotational state
of the Inolecule. Section IV contains a detailed
comparison of the results of Engelhardt and Phelps
with those of Crompton et al. and Gibson' and an
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examination of a number of possible explanations
for the different results that were obtained from
essentially similar experiments and analyses.
In Sec. V we discuss our new results, and our
conclusions regarding. the threshold behavior of
the cross section, in relation to other theoretical
and experimental work.

II. EFFECT OF SIMULTANEOUS TRANSITIONS ON
INTERPRETATION OF SWARM EXPERIMENTS

The recent experiments reported by Linder '
have shown that simultaneous transitions involving
the J=1 3 rotational excitation account for ap-
proximately 25% of all vibrational excitation in
normal hydrogen. It is therefore necessary to
examine the effect of such excitation on the usual
analysis of electron-transport data. For sim-
plicity, we shall consider the case of parahydro-
gen at VV'K.

To calculate the energy distribution functions
and transport coefficients rigorously, it is nec-
essary to include two vibrational cross sections,
one, the "pure" vibrational cross section q„pp
with a threshold of 0. 516 eV, and the other, q„,p~

with a threshold of 0. 560 eV for the process in
willch vlbr'RtlonRl excltRtlon ls RCCOIQpanied by R

J= 0~ 2 rotRtlonal excltRtlon. Vfilen this plo-
cedure is followed, however, it is found that it is
possible to construct an infinite set of pairs of
cross sections that lead to calculated values of
the transport coefficients which match the experi-
mental data adequately, or that, as in all previous
analyses, a single cross section with threshold at
0. 516 eV can be found to replace the two. The
situation here is analogous to the lack of unique-
ness that was discussed earlier with respect to
the parahydrogen analysis but is accentuated by
the close proximity of the thresholds for the pure
and simultaneous transitions in this instance. %e
now examine this point in more detail, particularly
since we seek the relation between the single cross
section and the pair of cross sections it simulates.

From the equation that describes the power bal-
ance for the electron swarm [Eq. (2) of Ref. 8], it
can be shown that one would not expect the calcu-
lation of the energy distribution function to be
seriously affected if a small modification to the
threshold of a given inelastic process were ac-
companied by R corresponding modification to the
cross section so as to keep the product of the
threshold energy and cross section [that is,
e~ Q& (e) in the terminology of Ref. 8] constant.
It follows that the cross section for simultaneous
excitation can be replaced by a cross section with
its threshold Rt the vibrational threshold provided
the cross section is multiplied by (0. 560/0. 516);
that is, the cross section is increased by approxi-

mately 8%. Hence, to a good approximation, the
cross sections q„pp and q„p2 can be replaced in the
analysis by R single cross section qyg with its
threshold at 0. 516 eV, where

qFs qo, 00+ 1 08qv, 0$

The degree to which the relation (1) fulfills the
requirement that the predicted transport coeffi-
cients remain unchanged by the substitution of

q&8 for q„,pp and q„,pz has been checked in a com-
puter calculation in which it was assumed that

q„,pz and q„,pa are approximately equal. This as-
sumption was based on Henry' s' theoretical cal-
culations of the cross sections and on an argu-
ment'4 based on Abram and Herzenberg's" theo-
retical work Rnd Linder's" Rnd our own, experi-
mental results. The maximum difference between
the computed values of the transport coefficients
using the q&& of Ref. 2 and the two cross sections
q, po 2qy$ and q, 0$2 (0 516/0 580)q'y$ was
to be less than 0. 2% in both the drift velocity W

and the diffusion coefficient to mobility ratio D/p, .
Thus the interpretation of q~& as the approximate
sum of the cross sections for a particular vibra-
tional excitation is justified.

The quantity measured as the vibrational cross
section in most beam experiments is the "total"
vibrational cross section; in the case of para-
hydrogen, it would be simply q„pp+q„pa. %e shall
denote this sum by q&&. In the present instance
we note that q~$ differs from q„r by only 4% so
that the accuracy of available experimental data
would not enable the difference between the two
to be resolved, The same is true for orthohydro-
gen where the difference is approximately 5/o, the
larger separation of th'e threshold energies being
largely offset by a smaller ratio of q„,» to q„,». '
Furthermore it is to be noted that, in general, un-
less there is a large contribution to the cross sec-
tion from vibrational excitations accompanied by
rotational deexcitation, the swarm cross section
should, if anything, be Em get' than the cross sec-
tion obtained from beam experiments. However,
the most important conclusion is that the error
made in equating q~~ to q&~ is at present insig-
nificant compared with experimental error.

III. VIBRATIONAL CROSS SECTIONS PROM SKARM
EXPERIMENTS IN HVOROGEN SAMPLES WITH

MFFERENT ROTATIONAL POPULATIONS

The apparent conflict between the data for the
vibrational cross section obtained from beam and
swarm experiments led to the suggestion that the
cross section was dependent on the initial rota-
tional state of the molecule. ' This suggestion
stems from the fact that the rotational populations
are different in the room-temperature beam ex-
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periment and the low-temperature (77 'K) swarm
experiments, and more particularly since para-
hydrogen was used in some of the swarm experi-
ments. The relative populations are shown in
Table I. In order to look for such a dependence,
we have performed precise comparative experi-
ments to measure drift velocities under identical
conditions in normal and parahydrogen at 77 'K.
A further set of measurements was made in nor-
mal hydrogen at 293 'K. In this way we have ob-
tained comparable sets of data for which the only
significant difference is in the relative populations
of the rotational states.
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A. Effect of Large Changes in J= 0 and J'= l Populations;
Experiments in Normal and Parahydrogen at 77'K

TABLE I. Relative populations for parahydrogen and
normal hydrogen at 77'K, and for normal hydrogen at
293 'K.

p-Hp

n-H2

n-Hg 293

Vo

99.3

24. 8 75. 0

66.2

0. 7

0.2

Before commencing the experiments, it was
first necessary to find the range of values of E/N
(where E is the electric field strength and N the
gas number density) over which the drift velocity
18 sensltlve to the vibrational cross section. Fol
this range of E/N it was then necessary to ex-
amine the influence of the different rotational
populations on the power absorbed in rotational
excitation since this could affect the validity of
the conclusions drawn from the comparisons.

The sensitivity of the drift velocity to a change
in the vibrational cross section may be determined
by comparing the values for parahydrogen calcu-
lated by CGM with those calculated when the vi-
brational cross section is increased by 10/o. The
percentage change in W is plotted as a function of
E/N in Fig. 1. For comparison, the percentage
change in D/iJ. is also plotted in the diagram. Be-
low E/N = 2 Td [1 townsend (Td) = 10 ' V cm ] the
values are seen to be unaffected. This is to be
expected since there is negligible energy loss
through vibrational excitation below this value.
As E/N is increased, however, there is a rather
rapid increase in sensitivity until in the range
6 & E/N & 26 Td, a difference of about 1/~ is ob-
served.

In order to examine the effect of the different
rotational excitations on the transport coefficients
in this range of E/N, the fractions of the total

E/N (Td)

FIG. 1. The sensitivity of the calculated values of 8'
and D/p in parahydrogen to a 10% change in q&&. The
range of values of Z/N over which the variations are
significant can be clearly seen.

power absorbed by rotational and vibrational ex-
citations were calculated for the two forms of
hydrogen using the cross sections derived from
swarm measurements. ' These fractions are
plotted as functions of E/N in Fig. 2. As E/N
increases from zero, the power absorbed by ro-
tational excitation increases faster in parahydro-
gen than in normal hydrogen because of the larger
numbers of J =0 molecules with low rotational
threshold energy (44 meV). The threshold for
J =1-3 excitation is 73 meV and therefore ahigher
swarm energy (corresponding to a larger value of
E/N) is required before this process can contri-
bute to the absorption of energy. Qn the other
hand, once J = 1-3 excitations occur they absorb
more energy per collision than J = 0- 2 excitations,
and therefore the power absorbed in rotational ex-
citation in normal hydrogen might be expected to
rise above that in parahydrogen. However, in the
case of these two processes, it is found that at
energies well above 73 meV the cross sections are
inversely proportional to the threshold energies.
This relationship had been derived by Chang and
Temkin' and is confirmed by the theoretical cross
sections of Henry and Lane. ' The consequence
is that at sufficiently high E/N the power absorbed
by rotational excitation in normal hydrogen be-
comes equal to that absorbed in parahydrogen.
This can be seen in Fig. 2. It follows that any
differences in the behavior of electron swarms in
the two forms of hydrogen at high values of E/N
must be attributed to different vibrational cross
sections.

At E/N = 6 Td, Crompton and Mcfntosh found

no significant difference between drift velocities
W in normal and parahydrogen. However, this
value of E/N is the lower limit of the range over
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FIG. 2. The power absorbed by rotational and vibra-
tional excitation of normal and parahydrogen calculated
as functions of E/N and expressed as fractions of the
total power absorbed (eEW). In the case of normal hy-
drogen the rotational power is the sum of the power ab-
sorbed by the J=p-2 and the J=1-3 excitations.

which the drift velocity is most sensitive to q~~ .
Using the same apparatus and techniques as used
by these authors, we have measured W for 1 ~E/N
—26 Td in both normal and parahydrogen at VV 'K.
The same pressures, temperatures, and field
strengths, to within 0. 1%, were used in the two
sets of measurements. The results are shown
in Table II. The relative accuracy of the mea-
surements is considered to be of the order of
0. 25/p. For 12&E/N& 26 Td there is no significant
difference between the drift velocities in the two
forms. Below 12 Td there is an increasing dif-
ference, amounting to 1% at E/N = 4 Td, which we
attribute to the increasing influence of the different
rotational excitations in each case. From this re-
sult it may be concluded that, between threshold
and at least 1.5 eV, the "total" vibrational cross
section is the same for the J = 0 and J=1 rotational
states of hydrogen.

the same. For similar reasons the same is true
for normal hydrogen at VV and 293'K despite the
change in the rotational populations, from which
it follows that no significant differences in the
transport coefficients at high E/N are to be ex-
pected from differences in the rotational energy
losses. In this case, however, there is also the
possibility that the increased feedback to the
swarm at 293'K, both from collisions of the sec-
ond kind and from elastic collisions with suffi-
ciently energetic molecules, may still influence
the transport coefficients significantly at the higher
values of E/N, even though the swarm energy
greatly exceeds the thermal value. The over-all
effect of the change in rotational excitation and
increa. sed feedback was checked by comparing
values of W and D/p calculated for 77 and 293'K
using the cross sections given by Gibson. ' These
comparisons showed that 8" changed by less than
0. 8% and D/p by less than 1. 2% for E/N & 6 Td,
the corresponding changes being less than 0. 3
and 0. 5% for E/N &15 Td. It follows, therefore,
that any larger differences between the transport
coefficients measured at the higher values of E/N
at the two temperatures may be reasonably attrib-
uted to differences in the vibrational cross sections,

A comparison of the room- and low-temperature
data for D/p. in normal hydrogen shows that the
values agree to within 2'%%up above 6 Td. A similar
comparison of drift velocities using Lowke's ' data
shows agreement to within 2% above E/N= 3 Td.
In order to extend the comparison of drift veloc-
ities to higher E/N and to take advantage of more
accurate techniques, thereby making the compari-
son more significant, a new set of results has been
taken in normal hydrogen in the range 1 ~E/N

TABLE II. The drift velocities of electrons in para-
hydrogen and normal hydrogen at 77'K, and in normal
hydrogen at 293 'K, shown as functions of E/N.

W(10~ cm sec ')

B. Effect of Significant J= 2 and J = 3 Populations;
Experiments in Normal Hydrogen at 77 and 293 K

E/N
(Td)

P-H, (77 K) H, (77 K) n-H, (293'K)

By raising the temperature from VV to 293 'K,
the relative populations of the J = 2 and J = 3 states
can be increased from less than 1/p to 12 and 9%%up,

respectively. It is therefore possible to look for
changes in q~~ brought about by a significant popu-
lation of the higher rotational states, although any
conclusions must be less definite than for the J =0
and 1 states since the populations are still rela-
tively sma, ll.

It has already been shown that for sufficiently
high values of E/N the power absorbed by rotation-
al excitation in normal and parahydrogen is almost

1
2

6
8

10
12
14
16
18
20
22
24
26

7. 17
8. 93

11.73
14.35
16.72
18.95
20. 98
22, 89
24. 72
26. 47
28. 16
29. 86
31.49
33. 14

6.71
8.69

11.62
14.29
16.66
18.86
20. 94
22. 86
24. 68
26. 43
28. 13
29.83
31.47
33.09

6.24
8.38

11.47
14.15
16.55
18.80
20. 82
22. 78
24. 65
26.43
28. 13
29.74
31.44
33.06
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-26 Td. These results are also shown in Table
II. Above E/N = 6 Td, the results may be seen to
agree to within 1% with even closer correspondence
at. the highest values of E/N where the sensitivity
to the vibrational cross section ls maintained but
the effects of rotational excitation are diminished.
Thus from both the D/p and the 8' data there is
again no evidence of a significant change in q&~
with change in the rotational populations.

From both this and Sec. II we conclude that
there is, at least, no strong dependence of the
"total" cross section for v =0 1 excitation on
initial rotational state since any change greater
than 10% in the slope of the cross section near
threshold would have been revealed (Sec. III A).
The result is particularly significant in the case
of the J= 0 and 1 states since the relative popula-
tions are altered from 1:3 to I:0, respectively,
in changing from normal to parahydrogen at VV 'K.

IV. COMPARISON OF SWARM DERIVED CROSS SECTIONS
IN HYDROGEN

The cross sections for hydrogen that are avail-
able from the analysis of swarm experiments are
those of Engelhardt and Phelps (EP) and those of
Crompton et al. and Gibson' (CG). Engelhardt
and Phelps based their analysis in the energy range
of present interest (0-1.6 eV) principally on the
VV and 300 K normal-hydrogen data of Pack and

Phelps, Bradbury and Nielsen, ' and Warren
and Parker. ' Crompton et al. used the VV 'K
parahydrogen data of Crompton and McIntosh, '
while Gibson based his analysis on the results of
Crompton et al. and the experimental data for
norma. l hydrogen at VV K given by Lowke,
Crompton ef al. , and Robertson 5 (Table II). The
vibrational cross section of CG, which has not pre-
viously been tabulated, is given in Table III.

Differences in the cross sections derived from
the experimental data can arise from three sources:
(a) differences in the numerical analyses used in
determining the cross sections; (b) lack of unique-

ness in the set of cross sections that are found to
be compatible with a given set of transport data;
and (c) differences between the sets of experimental
results themselves.

The first possibility can be dismissed since it
has been shown that the analyses that have been
used yield identical calculated values of W and

D/p, provided the same input data are used. The
second and third alternatives are to some extent
interlocked and are therefore best considered to-
gether.

Vfe first note that the vQxational cross section
cannot be derived uniquely from an analysis of
electron-transport measurements alone, although
it has already been shown ' that the J =0- 2 and

TABLE III. The v =0 1 vibrational cross section
for hydrogen derived from swarm measurements.

0. 516
0. 7
l. 0
1.2

Cross section
(10-"cm')

0. 0
0.019
0.06
0.095

1.5
1.8
2.4
3.0

Cross section
(10 '6 cm2)

0. 165
0.26
0.405
0.54

~= 1-3 rotational-excitation cross sections can
be so determined near threshold from an analysis
of low-temperature parahydrogen data followed by
a similar analysis for normal hydrogen. However,
provided the validity of a high-energy extrapolation
of the J'=0- 2 cross section can be established it
is possible to determine the vibrational cross sec-
tion uniquely from the parahydrogen data. Al-
ternatively, the normal-hydrogen data can be used
if reliable extrapolations of both the J'= 0- 2 and
J = 1- 3 cross sections are available. In deciding
between the vibrational cross sections of EP and

CG, therefore, we must look for differences
in the experimental data on which the analyses
were based in the range of E/N for which vibra-
tional excitation strongly influences the transport
properties, i. e. , for E/N&6 Td; and (b) explain
why the rotational cross sections of the two sets
are so different since, as will be shown subse-
quently, it is this difference that is chiefly re-
sponsible for the difference in the vibrational cross
sections.

A. Comparison of Experimental Data

In order to determine the magnitude of the dis-
crepancies between the two sets of experimental
data that could account for the different vibrational
cross sections, we have compared values of 8'
and D/p in normal hydrogen at 77 'K, calculated
using the cross sections of CG with values cal-
culated using the same momentum-transfer and
rotational-excitation cross sections but with the
vibrational cross section replaced by the cross
section of EP. The percentage deviations are
plotted in Fig. 3. From the figure it can be seen
that if the difference between the two vibrational
cross sections results from differences in the ex-
perimental data then these differences must occur
for E/N greater than about 4 Td and be of the order
of 6 to 10%.

A comparison of the transport data used by EP
with the data used by CG shows that only a small
part of the discrepancy between the vibrational
cross sections obtained by these authors can be
attributed to differences in the experimental data,
although the same is not true for the rotational
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was found that W changed by approximately 6% and
D/1J, by 9% in the range 2& E/N& 26 Td. On the
other hand, when all the inelastic cross sections
were interchanged, changes of less than 2 and
2~$0, respectively, were produced. Thus the much
higher vibrational cross section of EP was required
to compensate for the low rotational cross sections
in the region of overlap in order to produce es-
sentially the same calculated values of the trans-
port coefficients.
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FIG. 3. The effect of using different vibrational cross
sections to calculate 8' and Djp in normal hydrogen.
Full curve showers the effect on the calculations for 77'K
of interchanging the cross sections of EP and CG. Points
show percentage differences bet@seen values measured at
293'K and values calculated for this temperature using
the qz of ELLT and Henry' s rotational cross sections.

cxoss sections. The scatter in the data used by
EP makes differences of a few percent hard to
estimate but nevertheless the agreement between
the D/g data used by EP and those used by CG
appears to be within 2-3/g in this range of E/N.
Furthermore, the values of D/g calculated with
the EP cross sections agree well with the experi-
mental values. Similarly, the drlf t-velocity data
of Bradbury and Nielsen, on which the EP analysis
is based in this region, agree to within about 2/0

with the data used to derive the CG cross sections,
although somewhat inexplicably the values of 8'
calculated using the EP cross sections appear to
be as much as 5% higher than the experimental
values used by EP in the range of E/N under con-
sideration. However, this disagreement can be
largly removed, without significantly disturbing the
fit to the D/g data, by an appropriate adjustment
of the momentum-transfer cross section. Such an
adjustment reduces the discrepancy between the
momentum-transfer cross sections derived by
EP and CG.

B. Uniqueness

Although there are small differences in the pri-
mary data, computer tests have shown that the
major factor leading to the large difference be-
tween the vibrational cross sections obtained from
the two analyses is the very large difference be-
tween the high-energy extrapolations of the xota-
tional cxoss sections. At 3 eV, for example, the
J= 0 2 cross section of CG is a factor of 9 larger
than that of EP. When the same momentum-trans-
fer cross section was used but the rotational cross
sections of CG were replaced by those of EP, it

C. Evidence in Favor of CG Rotational Cross Sections

Since the vahdity of the vibrational cross section
rests so heavily on the rotational cross sections,
we set down below the reasons which, in our view,
give overwhelming support fox' t4e CX'oss sections
of CG.
(a) The low-energy regions of the 8= 0-2 and
J= I- 3 cross sections of CG were determined by
analyzing sequentially the txansport data in para-
hydrogen and normal hydrogen. The presence of
a single inelastic process at low energies in para-
hydrogen enabled the J= 0- 2 cross section to be
determined without reference to other experiments
or to theories for the energy dependence of the
cross section. The J= l - 3 cross section was then
derived by an extension of the procedure to thedata
for normal hydrogen using the already determined
J=0- 2 cross section. Such a, procedure could
not be used in the analysis of EP since no data for
parahydrogen were available. Furthermore, al-
though both the J=O 2 and J= 1-3 cross sections
had to be derived by EP before analyzing normal-
hydrogen data to obtain the vibrational cross sec-
tion, only the J=0-2 cross section was required
by CGM to derive the vibrational cross section
from the parahydrogen data.
(b) There are significant differences in the trans-
port coefficients for normal hydrogen below E/N
= 2 Td that were used to derive the rotational cross
sections of EP and CG. This may be illustrated
by comparing the transpox"t coefficients calculated
using the EP cross sections with the experimental
data used by CG. Below E/N = 2 Td the values of
W differ by up to 2. V% and the D/p, values by up
to 5.4%. For comparison, the fit to experimental
data using the CG cross sections is to within 0. 6%.
A similar comparison using the J = 0- 2 cross sec-
tions of CGM and the experimental parahydrogen
data has already been described.
(c) The EP cross sections were based everywhere
on the energy dependence proposed by Gerjuoy and
Stein and modified by Dalgarno and Moffett. The
fit to the measured transport coefficients was made
by adjusting an arbitrary, energy-independent
scaling factor. The high-energy extrapolation of
the cross sections, that is, the extrapolation be-
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yond about 0. 4 eV, was made on this basis. The
CG analysis required a theoretical energy depen-
dence only to obtain the high-energy extrapolation.
Furthermore, in making these extrapolations ad-
vantage could be taken of recent, more exact, the-
oretical treatments. ' This fact is particularly
significant since the earlier calculations were sub-
ject to considerable error in the high-energy re-
gion. ' Since the experimentally derived rota-
tional cross sections of CG agree so well with
Henry and Lane's theoretical cross sections at
low energies, mhere the former could be deter-
mined independently of theory, an extrapolation
to higher energies using these theoretical cross
sections is justified. Further justification is pro-
vided by the good agreement between Ehrhardt and
Linder's experimental J= 1-3 cross section and
Henry and Lane's theoretical values for energies
significantly above threshold.

V. DISCUSSION

A. Comparison of q& from Beam and Swarm Experiments

The results of ELLT can be tested against the
results of swarm experiments by using their vibra-
tional cross section together with Henry and Lane's
rotational cross sections to calculate the transport
coefficients in normal hydrogen at room tempera-
ture. In this way it is possible to show directly
the discrepancy between measured and calculated
transport coefficients that must be accounted for.
Henry and Lane's theoretical cross sections have
been used because of the absence of data frombeam
experiments for some of the cross sections, and
because Ehrhardt and Linder's results for the
J = 1- 3 transition (which is the dominant rota-
tional-excitation process at this (temperature) are
in good agreement with the theoretical calcula-
tions. The results of this comparison are shown
in Fig. 3. From the figure it can be seen that
there is good agreement below E/N= 2 Td, thus
confirming the compatibility of the rotational cross
sections with the smarm data, but rather poor
agreement above this value where the discrepan-
cies become as large as five times the experimen-
tal error. A similar test applied to the Burrow
and Schulz data would obviously show still larger
discrepancies.

There is now general agreement that the vibra-
tional cross section rises approximately linearly
near threshold, but poor agreement on the mag-
nitude of the initial slope of the cross section. We
have therefore placed what we believe to be a rea-
sonable upper bound on the slope by using the fol-
lowing argument.

The J=0- 2 rotational cross section is now

known with good accuracy for energies at least up

2.0 4.0

O

2.0

0
0.4 0.8

6(eY)

q„( 10 cm')

1.2

FIG. 4. Comparison of experimentally determined
vibrational cross sections in hydrogen from threshold
to 1.5 eV. The "upper-bound" cross section was derived
from an analysis of transport coefficients using the arti-
ficially constructed rotational cross section shown in the
figure.

to 0. 3 eV, ' while all theoretical and experimen-
tal work suggests that the cross section increases
monotonically up to at least 3 eV. The maximum

q~~ derived from the swarm analysis clearly cor-
responds to the smallest allowable rotational cross
section. Vfe have therefore constructed an arti-
ficial J=O-2 cross section by retaining the cross
section of CGM up to 0. 5 eV (on the grounds that
the cross section is known to +10% at 0. 4 eV and

may be extrapolated from 0. 4-0. 5 eV using Henry
and Lane's theory) and thereafter rapidly de-
creasing the slope of the curve so that the cross
section becomes energy independent beyond 0. 6
eV (Fig. 4). The vibrational cross section com-
patible with this rotational cross section was found
to have an initial slope only 15% higher than the

q~s of CGM, while beyond about 1 eV the cross
section had to be increased by approximately 30%.

Figure 4 shoms the "upper-bound" cross section
together with the q«of CGM, the q~~ of ELLT, and
the initial slope of the cross section reported by
BS from their trapped-electron method. It should
be emphasized that the evidence presented in Sec.
IV is heavily against the validity of the artificially
constructed rotational cross section used to obtain
the upper bound, and that we believe the true cross
section lies close to the cross section of CGM.
Moreover, we note that the sensitivity of the swarm
analysis is such that the variation to the vibration-
al cross section that is required to accommodate
the somewhat improbable high-energy extrapola-
tion of the rotational cross section is not large
compared with the discrepancy between the cross
section of CGM and those of ELLT and BS.
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One possible explanation of the disagreement
between the results of beam and swarm experi-
ments requires further investigation. The solu-
tion of the Boltzmann equation that is used to re-
late the transport coefficients to the cross sec-
tions for the collision processes is developed in
terms of a representation of the energy-distribu-
tion function by a two-term expansion in spherical
harmonics. It is possible that this approximation
is inadequate for the present application, even

though calculations for the case of helium' suggest
that the errors are negligible. In the present case
the errors will be larger because the inelastic pro-
cesses cause some of the electrons with energies
just above the threshold energies to be brought al-
most to rest; and it is the class of electrons with

smallest speeds that is least well represented by

the expansion. " Nevertheless, it is likely that

the fraction of the swarm for which the approxi-
mation is inadequate is sufficiently small for the

over-all effect on the calculated transport coeffi-
cients to be neglible.

B. Comparison with Theory

Two essentially different theoretical approaches
to the problem of calculating the energy dependence
of the vibrational cross section in hydrogen have

been used, each of which has given results in par-
tial agreement with experiment. Bardsley et al.
and Abram and Herzenberg" have used a model in

which the electron is trapped to form a temporary
negative ion which decays leaving the molecule in

an excited state. In the first paper only the "total"
vibrational cross section was calculated since the
result corresponded to a sum over all rotational
transitions. In the later paper this work was ex-
tended to include calculations of the angular de-
pendence of simultaneous rotational-vibrational
transitions in order to compare the theory with

the recently published data of Ehrhardt and

Linder. This model was successful in predicting
"total" cross sections for the v=0- & and v=0-2
transitions that were in far better agreement with

experiment than the earlier calculations using the
Born approximation, and particularly successful
in accounting qualitatively for Ehrhardt and Linde'r's

results.
Three results of these calculations are of par-

ticular importance to the present discussion. In

the first place, we note the extreme sensitivity of
the results to the shape of the potential-energy
curve assumed for the Hz ion. Because of the un-

certainty of this curve, Bardsley et al. did not
expect to obtain more than semiquantitative agree-
ment with experiment. A second prediction of the
theory is that the ratio q, 02. q„» is 5:3; that is,
equal to the ratio of the pure rotational cross sec-

tions at energies sufficiently far removed from
threshold. This result is in agreement with Henry' s
later work' which is discussed below. The third
prediction is that the simultaneous cross section
is by no means small compared with the pure vi-
brational cross section, a result that also agrees
with the earlier experimental result of Ehrhardt
and Linder.

The alternative approaches, which do not ex-
plicitly postulate the formation of a temporary
negative ion, are exemplified by the calculations
of Carson, Takayanagi, and Henry. ' Carson
and Takayanagi both used the Born approximation,
but Takayanagi was able to show that the long-
range polarization force is chiefly responsible for
vibrational excitation. The inclusion of this force
and the use of a distorted-wave approximation led
to a calculated cross section in better agreement
with experiment than Carson's earlier result which
included only short-range interactions and led to
results 1 to 2 orders of magnitude too low.

Henry' based his calculations on the work of
Arthurs and Dalgarno and Ardill and Davison.
A close-coupling calculation was made using an
interaction potential which accounted for the static
field and exchange short-range forces and for the
long-range forces arising from polarization and

the quadrupole interaction. Henry found that the
short-range terms and the long-range polarization
term contributed about equally to the pure vibra-
tional-excitation cross section.

From the standpoint of the results presented in
this paper the most interesting result of Henry' s
work is the prediction that the "total" vibrational
cross section q„«+q„«~,» is almost the same
for J=O and J=1. This explains why the results
given in Sec. III failed to show any dependence of
the cross section on the initial rotational state of
the molecule.

A further result of Henry's work is the demon-
stration that q„02/q„, s= l. 63, in agreement with
the work of Abram and Herzenberg. If this result
is coupled with the two experimental results, (a)
that the cross sections for simultaneous excitation
are comparable with those for pure vibrational ex-
citation" and (h) the result given in Sec. III that

q& is independent of J, then it follows that the cross
section for Pure vibrational excitation must be quite
strongly dependent on the initial rotational state.
This result is also found theoretically by Henry.
As far as we are aware, there is no other experi-
mental evidence for this dependence at the present
time.

Although the general agreement between theory
and experiment is good, the agreement between the
threshold behavior of the "total" vibrational cross
section and our swarm-derived result is disap-
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pointing. If the rotational and vibrational cross
sections derived by Henry and I.ane' and Henry'
are used to calculate the transport coefficients,
there ls good agreement for values of E/N less
than 2 Td, but there are discrepancies of up to
8% in W and 14% in a/p for 2&E/N& 26 Td.
For the reason given in Sec. V A, me attribute this
to an error in the threshold behavior of the vibra-
tional cross section rather than to errors in the
rotational cioss sections in this energy range.
Furthermore, because of the particular sensitivity
of swarm measurements to the threshold behavior
of an inelastic cross section, as demonstrated
again in this paper, and the ease vrith which ab-
solute cross sections can be obtained by this tech-
nique, it is difficult to believe that the smarm-
derived cross section is seriously in errox unless
the approximations used in solving the Boltzmann
equation are very much larger than expected.

In this paper, some recently derived vibrational
cross sections for hydrogen in the energy range
O-l. 5 eV have been discussed. First, it is shown

that the l'athex' lax'ge dlscrepancles that exist at
present between the results of some beam and

mvarm experiments cannot be explained as re-
sulting from the effect of simultaneous rotational-
vibrational excitation on the intexpretation of smarm
experiments. It is further shovgn that the fact that
the beam and smarm experiments vere performed
with samples of hydrogen having different rotation-
al populations also cannot account for the discrep-
ancies, since neer drift-velocity measurements
made in normal and parahydrogen in the range of
E/N most sensitive to vibrational excitation failed
to show any variation of the "total" vibrational
cross section when large changes vgere made to
the relative populations of the O'=O and J =1 states.
A possible explanation of the diffex'ence between
the vibrational cross section obtained by Engelhardt
and Phelps from their analysis of normal-hydrogen
data and the cross section obtained by Crompton,

Gibson, and McIntosh from their parahydrogen
analysis is thexeby removed, although Gibson had

in any case shovpn previously that the same vibra-
tional cross section eras compatible with the data
from experiments with both normal and para-
hydrogen.

A reexamination of the experimental data upon
which Engelhaxdt and Phelps ba,sed their analysis
leads us to the conclusion that theix' vibrational
cross section is in error because of a combination
of two factors. In the first place, a small error
arose from the use of D/p data that were a few
percent too lo+ and W data that were a fear percent
too high in the range of E/N sensitive to q„~ . How-

ever, me believe the principal source of error eras
the use of incorrect rotational cross sections de-
rived from W and D/p data that were significantly
ln ex'x'ol ln the region Where these coefflclents are
most sensitive to the rotational cross section (i. e. ,
for E/N & 2 Td). Other recent experimental and

theoretical work supports this view. The agree-
ment between the EP and EI LT cross sections,
therefore, seexns to be fortuitous.

Finally, oux' result that the "total" vibrational
cross section in hydrogen is the same for the
J = 0 and J = j. rotational states is found to be in
agreement with a recent theoretical calculation of
these cross sections by Henry. However, the
disagreement between the threshold slopes found
from beam experiments, from smarm experiments,
and from theory requires furthex' investigation
since there is a difference of a factor of 4 between
the highest and lowest values obtained in the most
recent vgork.
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Auger Electrons from Argon with Energies 150-210 eV
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Secondary electrons in the energy range 150-210eV produced by 125-300-keV H' and H2' im-
pacts on argon gas are measured as a function of their energy and angle of emission. Discrete
line spectra are due to Auger transitions from L2 and L3 vacancy states as well as satellite
transitions from multivacancy states. The widths, energies, and branching ratios of the L2
and L3 vacancy states are presented. Widths of these states are appreciably greater than
those obtained with electron impact excitation. This can be attributed to the recoil velocities
of the target atom and to the presence of the proton in the vicinity of the emitting atom. The
angular distribution of Auger electrons is found to be nearly isotropic, in marked contrast to
electrons in the continum spectrum. The cross sections for the production of L2 3 and L3
vacancy states are determined as a function of impact energy.

I. INTRODUCTION

When electrons emitted from photon-, electron-,
or ion-atom collisions are energy-analyzed with
sufficient resolution, structure appears in the
spectrum which results from autoionization or
Auger transitions in the atom. Earlier work at
this laboratory' has shown that two of the electron
energy regions of interest in argon are 0-15 and
150-210 eV. The low-energy fine structure is
associated with excitations of M-shell electrons,
while the higher-energy peaks are Auger transi-
tions from single L-shell vacancy states and
satellite lines from simultaneous L- and M-she]. l
vacancies.

Using electron impact excitation, Mehlhorn

and Mehlhorn and Stahlherm3 have studied Auger
transitions from L&, and L2, and L3 vacancies in
argon. Nakamura et al. have investigated struc-
ture near the L 2 and L 3 edges in argon by absorp-
tion of synchrotron light and obtain values for the
energies of these edges. Deslattes' has deduced
new values of the L& and L, levels from K-series
x-ray measurements. Ogurtsov and co-workers '~

have studies the production of vacancy states in
argon using O', Ne', and Ar'beams up to 20
keV. Cacak has made cross-section measure-
ments at low resolution of the production of argon
vacancy states by Ar'beams from 50 to 300 keV.

This paper reports on fairly high-resolution
measurements of energies and intensities of Auger
and satellite lines in the 150-210 eV region of the


