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Electron impact excitation of the 3S, 3P, and 3D states of H
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The relative excitation function for electron-impact excitation of H to yield Balmer a has been measured from

threshold to 500-eV collision energy in a crossed-beam apparatus. The relative contributions of the 3S, 3P,
and 3D states to this excitation function have been measured by modulating the electron beam and dis-

criminating on the basis of their different lifetimes for radiative decay after excitation. The resulting set of
relative 3S, 3P, and 3D cross sections has been normalized by equating the total measured Balmer-a cross
section at 500 eV to the Born approximation. The normalized cross sections are then compared to available

theories at lower energies. In contrast to virtually all known excitation cross sections of neutral atoms, which

fall below the Born theory at low energies, the H (1S~3D) cross section exceeds the Born theory, apparently

owing to coupling between the 3D and 2P states.

I. INTRODUCTION

This paper reports measurements in a crossed-
beam experiment of the relative excitation function
for electron-impact excitation of Balmer-n (Ha }
emission from atomic hydrogen. In addition, the
ratios of the individual contributions to the Hn
excitation function by the 3S, 3P, and 3D states
have been measured. The measured relative Hn

excitation function, corrected for expected minor
polarization and cascading, has been normalized
to the Born approximation at 500 eV to yield the
He direct excitation cross section. The measured
ratios of 3S, 3P, 3D excitation functions have been
similarly corrected for minor cascading and polar-
ization to yield these excitation cross sections.
The ratios of 3$, 3P, and 3D cross sections agree
with the Born theory at 500 eV, giving support to
the reliability of the experimental technique and
the normalization at that energy. The cascade
corrections, which are typically 5-10%, have been
made using n& 3 excitation cross sections esti-
mated from ratios of Born cross sections, Polar-
ization corrections to the excitation functions mea-
sured perpendicular to the electron beam have been
made using the 3P- and 3D-state polarizations
predicted by the Born approximation. These cor-
rections are a maximum of -12% at threshold and
normally less than 5%, so the inaccuracy in this
correction should typically be only a few percent.
The 3S decay and any cascade contribution origin-
ating in an S state are, of course, unpolarized.
Because of small signal sizes, the precision of
the 3S, 3P, and 3D cross sections is typically
+10% at 1 standard deviation.

While many investigations of electron-impact
excitation of atomic hydrogen have been carried
out, most of these have been concerned with ex-
citation of the n = 2 state. Only a few calculations

and two experiments have been reported for n = 3
excitation. In addition to the Born' and Born-
Ockhur approximations, ' the theories include
eikonel, ' Glauber, "distorted-wave polarized or-
bital, ' and impact-parameter' calculations, and
modified Born approximations. " There have been
no close-coupling calculations of n= 3 excitatioo
except for those of Burke et al,." in which the
n = 3 states were included in order to improve the
accuracy of the cross sections for excitation of the
2P and 2s states. Both previous experiments""
measured the relative excitation function for Hn
for essentially the same energy range as the pre-
sent work. In addition, an absolute measurement
of the Ho. cross section was made in Ref. 12 al-
though the reported uncertainty of +3(PO is prob-
ably less accurate than the Born theory at 500 eV.
While part of the present work repeats those mea-
surements, we have paid particular attention to
the possible role of space charge and other sources
of weak electric fields which can seriously distort
the results. However, the real focus here is on
obtaining the separate S, P, and D cross sections.
The method used is described in Sec. II, the ap-
paratus and procedures in Sec. III, and the results
in Sec. IV. More detailed discussions of the work
reported here can be found in Ref. 13.

II. TECHNIQUE OF TIME-RESOLVED CROSS-SECTION-

RATIO MEASUREMENTS

The method employed to discriminate between
the 3S, 3P, and 3D excitations is based on the
different average delays between excitation and
radiative decay. These states decay exponentially
with lifetimes of approximately 158, 5.4, and 15.6
nsec, respectively. Owing to the large ratios of
these lifetime values and to the difficulty of in-
ferring the 3P excitation fraction for excitation
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FIG. 1. Theoretical amplitude of modulated Balmer-o, '

signals in the absence of cascade, as given by Eq. (1),
for equal Q&A&PI, . The electron-beam intensity is
assumed amplitude modulated at frequency f. The am-
plitudes of the in-phase signals are in the lower figure
and out-of-phase amplitudes in the upper. These modu-
lated radiation amplitudes are on the same intensity
scale, but both are proportional to H density, optical
efficiency, and other common factors.

pulse widths of a few nsec or longer, it would be
very inefficient to use pulsed excitation and time-
delay discrimination in the experiment. The mod-
ulated excitation technique, which has been used
frequently to measure excited-state lifetimes, "'"
yields very simple, direct relations between cross
sections and the observed radiation. In addition it
is much less sensitive to uncertainties in electron-
beam time dependence and yields much greater
average photon signals than the pulsed excitation
method.

In the modulated excitation approach the electron
beam is -10(P/~ amplitude modulated (current
~cosset) and the modulated fluorescence is detected.
The time response of the fluorescence from each
directly excited state is described by the same
differential equation as is a low-pass RC filter.
The modulated Hn fluorescence is described, in
the absence of cascades, by"'"

cos(er) vv, sin(vr)
)~=a. z.2 1+ (~&,~)' 1+ (~~~)'

Here Q~, B,~ and v,~ are the excitation cross sec-
tion, branching ratio into Balmer a, and lifetime
of each 3L state; and P» is the fraction 3/(3-P)
of the total polarized fj.uorescence of state 3L that
is detected at 90' to the electron beam. In the ex-
periment we measure the in-phase (cos&uv ) and 90'
phase-shifted (sinvr) fluorescence signals versus

The expected appearance of these signals, giv-
en by Eq. (1), is shown in Fig. 1 for the case of

equal Q, B;P; . It is clear from this figure that

the different components are clearly separable on

the basis of their distinctly different lifetimes or
~ dependences. In the absence of cascades, either
the in-phase or out-of-phase + dependences could
be used to obtain the cross-section ratios, so
some consistency checks are possible. Note also
that the desired Q;B, P, ratios are linearly re-
lated to the measured total signal, so the decon-
volution procedure is quite straightforward. There
are, as always, a variety of factors that compli-
cate this simple model. These include cascading,
H-beam motion out of the observed region, the
apparatus time response, nonsinusoidal electron-
beam amplitude modulation, Stark mixing by sur-
face and space-charge electric fieMs, and the ef-
fect of coherences induced by the modulated ex-
citation process. Fortunately, all of these effects
are minor, and with the exception of cascade un-

certainties accurate corrections can be made. We

now consider these issues individually in more
detail.

A. Cascading

Levels i with n & 3 will populate the n = 3 levels
by cascade, mostly in single steps and to a minor
extent compared to the direct excitation. Radiation
from the cascade-fed segments of the n = 3 popula-
tions is characterized by an expression containing
the lifetimes of both the 3L and the ith states. For
pulsed excitation we have the double-exponential
expression

ccq B, ~~ (e ~~ i e ~ sIt)
T3+

where B, » is the branching ratio into state 3L.
For modulated excitation each exponential term
yields a cosset and sin~t term as in Eq. (1). The
resulting total Balmer-n modulated intensity is
then given by

@~Pal Q;B;-,17~~ 1 1
total ~ L 1+ '~ T —~ 1+ '7 1+ '7'+ — — cosset

@~&dTqg Q( Bg ~ T~ &7~ (d T;
1+M T~ 7; —T~ 1+M 731, 1+ (3)
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The lifetimes and branching ratios are all ac-
curately known, so the cascade correction terms
in Eq. (3) have been calculated from assumed Q;.
(We neglect the uncertain but minor polarization
correction to the already minor cascade signals. )
Details are given in the Sec. IV.

B. H beam motion

The H beam has a thermal velocity distribution
corresponding to the -2500'K tungsten dissociation
oven. This yields a mean thermal velocity of
-1.5x10' cm/sec. The Balmer-o. detection optics
observes an image of the interaction volume that
extends -0.16 cm downstream from the electron
beam, so an effective cutoff of the fluorescence
occurs at -260 nsec, owing to beam motion. When
the entire beam velocity distribution and velocity
dependence of the excitation probability is con-
sidered, this cutoff has a negligible effect on the
observed 3P and 3D decays, but changes the ap-
parent 3S decay into a form which is quitenon-
exponential. This observed decay can, however,
be approximated very nearly by Eg. (1), with the
total amount of observed S-state light reduced by
a fraction y, and the apparent lifetime T' of the
radiation shorter than its natural value 7.. Thus,
for the 3S state under the above conditions, the
fraction y of radiation lost is -17jq, and the ap-
parent lifetime 7' = 135 nsec, as compared with
its natural value of T = 158 nsec. This detection
cutoff also affects some of the cascade contribu-
tions, primarily the contributions involving the
relatively long-lived 4S and 5S states. Since these
cascade terms in Eg. (3) contribute only a few
percent, they ean also be adequately corrected by
the above procedure.

C. Apparatus time response

=0 for t & t'+ 6 .

This was close to the expected rolloff, due to
photomultiplier and electronics response, so it
further supported the assumption of negligible
delay between electron impact and the test light.

The correction of the observed signals for the
apparatus function is particularly simple in the
modulation method. If the optical emission re-
sponse to a pulse of electrons at t' is defined as
F(t —f'}, then the observed signal is

S(t) = f (t —t" )F(t" —f')l(t') dt" dt',

of-flight spreading. We have utilized a metallic
silver target to provide test light that should al-
most instantaneously follow electron impact. This
target is well known to yield visible "transition
radiation" for 30-100-keV electron-impact ener-
gies, and we observe copious amounts of blue
radiation in our 15-500-eV range, " Based on

simple transition-radiation theories, we expect
this radiation to be emitted within less than a
picosecond of electron impact. " Qur primary
concern is that a gradual contamination of the
target surface might yield a slower fluorescence
decay component. Several tests indicated that
the observed radiation was predominately tran-
sition radiation, but we could not completely rule
out the slow decay. " The consequence of such a
slow-decay component of the test signal would be
some intermingling of the measured sinxt and
cosset amplitudes in Eq. (3). Using this method
of converting modulated electrons into modulated
light we observed an instrumental response func-
tion roughly equivalent to a fixed apparatus time
delay 4 plus a rolloff equivalent to a 5-nsec RC
filter, i.e.,

f(] ] P) -(t 0' -6)/5-nsec f r f ) pl

When using pulsed or modulated timing tech-
niques to measure lifetimes or cross sections, it
is essential to determine the effective apparatus
response f(t —f ') to an instantaneous input at t'

In essence, the apparatus generates time delay
and spreading and this must be distinguish d from
that due to the excited-state lifetimes under study.
In optical excitation experiments this apparatus
response function has been measured by scattering
the pumping beam from a suspension of particu-
lates, "which are presumed to scatter instantan-
eously compared to the nanosecond time domain
associated with atomic lifetimes. In electron ex-
citation experiments short-lived atomic states
has been utilized to provide test light with almost
the same timing as the electron beam. " This re-
quires very careful investigations, because of
complexities such as cascading and electron time-

where f(t') is the time-dependent electron current.
The measured Fourier amplitude S of S(t) is then

given, for I(f') = cosset', by f F, the product of
the Fourier amplitudes of f(t —t') and F(t" —f'}.
The measurements using metallic silver establish
f, since in this case F(t" —t') = 5(t" —t'), so we

slIIlply divide S by f to obtain tile desired F
due to Balmer-o. excitation. (The time delay b,

causes no difficulty, and for convenience can be
adjusted to -0 by compensating with a length of
cable. } The Balmer-o. 'light detected in phase with

the observed signal from silver corresponds to the
amplitude of the cosset term in Eq. (3}, and that
with a 90 phase delay to the sinet term. It is im-
portant to note that the a.ccuracy of -1"at 30 MHz
obtained in this procedure corresponds to about
0.1-nsec time uncertainty. It is also important
to have a rapid apparatus response compared to the
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shortest measured lifetime to provide a clear
separation of the rapid decay terms in Eg. (3).

D. Modulation distortions

It is quite unlikely that the electron-beam cur-
rent in the interaction volume is given byA+ B
&cosvt, without higher harmonics, even if the
modulation voltages applied to the electron gun
are free from harmonics. The higher harmonics
are phase shifted and attenuated according to
Eq. (3),with nu& in place of e, where n = 2, 3, . . . ,
so it is important to avoid measuring the resultant
signals. This is easily done by electronic filtering
in the lock-in detection apparatus. The amplitude
of the fundamental will also depend on gun vol-
tages and electron time of flight across the inter-
action volume. Here the metallic-silver signals
are again essential, as they provide a calibration
of the modulation amplitude of the fundamental at
all operating conditions. In essence the Balmer-o.
modulation amplitudes (Eg ) are measured rel-
ative to those from the silver (f ) at every frequen-
cy and gun energy.

E. Stark mixing

Because of the small energy separations of the
n = 3 levels, an electric field in the interaction
region as small as 1 V/cm could mix the popula-
tions of these levels in such a way that the Q,L,

coefficients obtained from the phase-shift technique
will not reflect the true individual excitation cross
sections. The average Balmer-a intensity for dc
or modulated excitation will also be affected, since
altered populations of the 3P versus 3S and 3D
states will change the branching into Balmer n
versus Lyman P. The major expected source of
electric field in our interaction region is the space-
eharge field produced by the negatively charged
electron beam. Accordingly, at every energy and
frequency, the modulation and dc data are extra-
polated to zero electron current. Other possible
stray fields in the interaction region due to sur-
face potentials and field penetration have been ex-
amined by placing a known electric field strength
in three orthogonal directions in the interaction
region, and looking for the symmetry of the Hn

signal versus the sign of the field strength. (The
average electron-impact energy in the interaction
volume is kept constant. ) Calculations of Stark
mixing, including coherent excitation of different
3I. states, predict symmetric quadratically rising
Ha signals for fields transverse to the electron
beam (owing to net transfer of 3P population into
3S and 3D), and somewhat asymmetric signals for
fields parallel to the electron beam (owing to co-
herent excitation"'"). At about +2 V/cm and «200-

eV impact energies, corresponding to our testmea-
surements, the asymmetry is minor and included
in the analysis. Thus the observed Ha signals
should rise essentially symmetrically as positive
and negative fields are applied in each orthogonal
direction. Residual fields due to surface potentials
or field penetration can thus be detected as a shift
of the signal minimum to nonzero applied field. No
such shifts were found, so the effects of the pos-
sible mixing on modulation amplitudes as well as
total signals will not be discussed further here.
The expected changes in total Hn intensity are
calculated in Refs. 13 and 17 and the measurements
are reported in Ref. 13.

F. Modulated coherent excitation

The theory of coherent excitation by modulated
light or electrons is well developed, and a num-
ber of experiments have used these techniques
to investigate excited-state lifetimes and struc-
ture. "" These resonances are only observed if
net polarization or alignment population diff erences
result from the excitation, since the resonances
are discernible as changes in fluorescence aniso-
tropy. In discussing Eqs. (1) and (3) we have ig-
nored such coherences since we do not expect very
large polarizations to be induced by the electron-
impact excitation and these effects should be unim-
portant at the present experimental uncertainties.

III. EXPERINIENTAL DETAILS

In this crossed-beam experiment, a beam of
atoms is excited by an orthogonal beam of elec-
trons, and the resultant H~ intensity is measured
at right angles to both beams. The measurements
are carried out in the hydrogen-beam apparatus
described by Long et al. ,

"who used it to measure
excitation to the 2P state by observing Lyman-u
radiation emitted at 90 to the plane of two beams.
The primary modification to the apparatus for the
present work was the substitution of Balmer-e
detection optics in place of the Lyman-z detector.
Other details which differ from those treated in
Ref. 21 are discribed below.

A. Backgrounds

The H beam was chopped by quartz blades for the
relative Balmer-a excitation-function measure-
ments, so steady background sources did not in-
fluence the results (see Refs. 13 and 21 for details).
For the modulated-excitation measurements, the
steady-state ba, ckgrounds were eliminated from the
signal without chopping the H beam.

The H density in the interaction volume is
-10'/cm', while the background gas density, ac-
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cording to ionization gauges, is typically
-3 x10'/cm', with half of this due to the H-beam
gas load. In the relative excitation-function mea-
surements, when the H beam was chopped and the
H-beam signal and the background gas signal were
independently determined, the latter was found to
be typically 1-3%%uo of the H-beam signal. This
should be primarily due to dissociative excitation
of H, . Both this and the H, component of the beam
signal (typically -

l%%u~) require corrections in the
relative excitation-function measurement, follow-
ing procedures described in Ref. 21. In the mod-
ulated-excitation measurements the count rate
and S/E is too small to allow H-beam chopping as
well. Thus some 2-4'%%uo of the reported modulated
signals are due to dissociative excitation of H2
to produce Balmer a (for energies above the 17 eV
threshold for this process). At the typical +10%
accuracy level of the present modulation-signal
results, this is not a significant correction.

B. Optics

The optical system consists of a pair of 50-mm
focal length, f/1. 2 camera lenses focused at in-
finity, with the interaction chamber in the focal
plane of one lens and a slit mechanism in the focal
plane of the other. (The H beam is 5 X 5 mm cross
section and the electron beam -2 mm in diameter
in the interaction volume. ) The shape of the elec-
tron beam was tested by moving the slits; it was
ascertained that all of the electrons traversed the
H beam within the observed volume for all col-
lision energies. A 6563-A interference filter of
-15-A half-width was used to isolate the Hn line,
and a quartz light pipe was used behind the slits
to scramble the image and provide a uniform de-
tector sensitivity versus interaction-chamber
position. The light pipe also provides transmission
across the thermal gradient to the cooled in Ga-As
photomultiplier. The photomultiplier pulses are
amplified with -1-nsec rise time, 50-Q amplifiers
and counted with fast discriminators.

A major problem in these Hn measurements
arises from the use of a tungsten furnace operated
at —2500 K to dissociate the hydrogen at the beam
source. The power consumption of approximately
600 W is converted into a great amount of visible
radiation, which must be carefully shielded from
the detection optics. In practice the signals of
typically 50 counts/sec exceed this background
source by about a factor of 3 when the interaction
chamber is coated with aquadag and carefully
shielded by a series of baffles.

C. Electronics

The relative excitation-function measurements
utilize photoelectron counting, with the counts ac-

cumulated alternately in two counters as the H

beam is chopped with -50%%uo duty cycle. Care was
taken to ensure equal counting times for the two
counters. Details for equivalent Lyman-e mea-
surements are given in Ref. 21.

For the modulated-excitation measurements it
is necessary to amplitude modulate the electrons
at selected frequencies from 0.1-30 MHz and to
detect the rf phase of the photomultiplier pulses
with nanosecond or subnanosecond timing accuracy
to separate the cosset and sin~t amplitudes. Fur-
ther, the noise level must be determined primarily
by counting statistics at a count rate as low as
several counts per second. The essentials of the
method used are the following. A modulation
voltage o= cosset is applied to the electron-gun grid,
providing typically 80% amplitude modulation at
the fundamental fr equency. The photomultiplier
discriminator output, consisting of pulses distrib-
uted in time as A + B cos(cut+P), is used to open a
gate (balanced modulator) for about 3 nsec [A, B,
and Q are related to the constants in Eq. (3)]. The
gate transmits the instantaneous value of a voltage
~ cos(&u+f)t, where f = 1kHz. This voltage is gen-
erated by a single sideband generator, and is
carefully maintained free from rf harmonics. In
essence the gate multiplies the sideband-generator
output by the experimental signal, producing a
resultant signal containing a low-frequency com-
ponent B cos(ft+ Q) with the experimental rf phase
angle Q transferred to the 1-kHz modulation and
corresponding to a much longer time interval. The
primary reason for utilizing this single-sideband
method of frequency heterodyning is that low,
fixed-frequency lock-in detection in the convenient
1-kHz region could be used for all u values. Thus
the pulses out of the gate are amplified, low-pass
filtered, and fed into two lock-in detectors oper-
ating at 1 kHz. The reference phase of one lock-
in was adjusted to yield a null for the silver-target
signal; it thus detected the sin~t, or "out-of-
phase" modulation amplitude of Eqs. (1) and (3).
The other lock-in reference was shifted 90'to
measure the cos~t "in-phase" modulation ampli-
tude.

Since the photomultiplier signal rates are typ-
ically 50 counts/sec, it is essential to use a linear
averaging technique such as lock-in detection. In
addition, there is a great deal of noise inherent in
the wide bandwidth amplification of the -3-nsec
pulse out of the gate. In order to obtain a statis-
tical noise level, unaffected by amplifier noise, a
second gate is used to transmit the amplified and
sr mewhat spread pulse from the first gate. Thus
the noise from the first amplifier stage is only
transmitted to the lock-in's when a photomultiplier
count occurs. With this arrangement the amplifier
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FIG. 2. Assumed polarization of 3 D (dashed line)

and 3P (solid line) contributions to H&, calculated by

Born approximation without cascading .

noise is below the statistical noise even at count
values as low as 1/sec. It is noteworthy that the
time-measurement accuracy is considerably better
than 1 nsec with this very low noise level. Ad-
ditional minor complications and apparatus and
analysis details are discussed in Ref. 13.

IV. DATA REDUCTION AND ANALYSIS

Both the continuous- and modulated-excitation
measurements were made for a number of elec-
tron currents (I) in each energy range. Since the
Stark mixing is proportional to the square of the
electric field, except for minor linear terms due
to coherent excitation, the observed signal vari-
ations due to space-charge fields should extra-
polate to field-free conditions in proportion to
I'. The observed variations were consistent with
this expected behavior. The observed signal vari-
ations, for typical currents of 10-40 p.A, are
normally 15/o or less, with typical extrapolations
of -5%%uo required. All of the data subsequently
presented have been extrapolated to I = 0. The
observed I dependences can be found in Ref. 13.
The measured total Hn relative excitation function
Ha(90'), corrected for 1-2% contributions from
H, in the beam, is given in column 2 of Table L

The data reduction and analysis are complicated
by the fact that the two types of experimental mea-
surements, direct current and modulated exci-
tation, must be reduced and analyzed with self-
consistent cascade and polarization corrections.
Since the accuracy of the data is insufficient to
determine independently any of the cascade con-
tributions [Q; in Eq. (3) J, we have used estimated
cascading fractions to establish the three cross
sections Q». The cross-section ratios Q»/Q»
for n& 3 were fixed by using the Born approxima-
tion, since little else is available and it appears
probably that the Born ~atios may be reasonably
accurate. The following cross-section ratios were
taken from Vainshtein'; 4S/3S, 0.36; 5S/3S, 0.17„

4P/3P, 0.36; 5P/3P, 0.17; 6P/3P, 0.095; 4D/3D,
0.47; 5D/3D, 0.27. Neither the 4E nor 5E exci-
tation cross sections have been calculated by
Vainshtein, but they are expected to be negligible. "
Cascading from higher states is deemed insignifi-
cant.

The Q; in Eq. (3) can be expressed in terms of
the Q» using these assumed cross-section ratios
and time-of-flight corrections of Sec. II B. The
B; » are well known and Born-theory polarizations
from Ref. 10, which are shown in Fig. 2, have
been used to calculate P» = 3/(3 —P). Thus Eq.
(3) can be expressed in terms of the three unknowns

Q», Q», Q», or two cross-section ratios and a
signal-magnitude factor. These unknown ratios
can then be determined by a least-squares fitting
of Eq. (3) to the modulation data. However, the
sensitivity of the resultant ratios to the assumed
cascading is better demonstrated by the following
iterative procedure, which we apply to the 500-
eV data as an example. In Fig. 3, the modulation-
amplitude data for 500-eV electron energy are
compared to a least-squares fit using Eq. (1), or
Eq. (3) without cascade terms. The inferred ratios
of Q»B»P» are given in the caption. Using
these (incorrect) ratios and the above Born ratios
of Q~/Q», the cascade contributions shown in
Fig. 4 are obtained using Eq. (3) and the minor
time-of-flight correction described in Sec. II B
(the cascading is assumed unpolarized). The cor-
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&IG. 3. Measured in-phase or cos~t modulation am-
plitudes (x) and out-of-phase amplitudes (2) versus
modulation frequency for electron-impact energy of
500 eV. These amplitudes are relative to signals from
a metallic silver target, and so axe due to the HG'. decay
rate only. The solid lines labeled x ~d x+ C3 aze the
theoretical least-squares fits using Eq. (1) corrected
for H-beam motion; the x from fitting only the in-phase
data and the x+ U from fitting in- and out-of-phase
data. The fitting coefficients Q3z J33zP3J. in order 38,
3P, and 3D are 337+29, 580 +35, 234+56 for the x + 0
line and 331+40, 543 +46, and 292 +65 for the x line.
(The units are relative. ) These uncertainties are 1
standard deviation from the least-squares fitting
programs
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FIG. 4. Same as Fig. 2, except that Eq. (3) is used
and the cascading indicated at the bottom of the figure
has been included in the theoretical fit. The Q&&B3JP3&
coefficients obtained from the least-squares fitting
are 275+28, 603 ~34, and 194 +45 for the &&+ Cl case
and 269+40, 567+45, and 251+66 for the && line. The
relative units are the same as in Fig. 3. The points
labeled Born correspond to Born-approximation ratios
of Qsz, B3J.P~ (281, 579, and 212, respectively) and the
same total H& signal.

rected ratios of Q,~B»P» products are then ob-
tained from a least-squares fit of Eq. (1) to these
cascade-corrected data, with the results shown
in Fig. 4. This iterative procedure converges
well within the data accuracy in one step. From
this example it can be seen that the cascading
corrections typically decrease Q» by only a few
percent but decrease Q» and Q» by about 20%.
This is because the lifetimes of the cascading
states are 17 nsec or longer, so that the high-
frequency data almost uniquely fix the cross sec-
tion of the 5.4-nsec-lifetime 3P state. The total
cascade contribution to the observed Ho. intensity
is seen at the left edge of Fig. 4, since 0.1 MHz
is effectively the zero frequency or steady-state
limit.
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Coeff I 2
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I pp 0.50 0.44 0.55
I po 0 20 0 2 I O. I 7
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MODULATION FREQUENCY (MHz)
100

FIG. 5. ' alculated modulation amplitudes for several
ratios of Q3L,B3zP3& in the neighborhood of those in Figs.
3 and 4. The ratios used are indicated in the inset as
r ar@srPuPu, ~.+=rQuBuPu,

FIG. 6. Same as Fig. 4, except for an electron-
impact energy of 15 eV. The Qaz, B3LP3z, values are
90+8, 21+11, and 172+14 for the x+ 0 fit, 92+12,
21+14, and 171+20 for the x fit, and 158, 72, and 65
for the points obtained using the Born approximation.

The least-squares fitting procedure yields the
statistical uncertainties in Q~ JB,~P,~ given in the
captions of Figs. 3 and 4. These 1o uncertainties
in the portion of the total Hn attributed to each
state are between 5-2(P/p, which is typical for one
such data set. That they do not appreciably im-
prove from Fig. 3 to 4 when the cascade correc-
tion is included, indicates that the data are much
too noisy to yield any independent cascade infor-
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FIG. 7. Total normalized Hn excitation cross section.
The theories, the present results (), and the experi-
mental results of Kleinpoppen and Kraiss, Ref. 11 (O),
are for direct n =3 excitation. The results of Walker
and St. John, Bef. 12 (&&), include a small cascade
component are are also not corrected for polarization.
The theoretical results are as follows: Born approxi-
mation, Vainshtein, Bef. 1 (Born); distorted wave,
Vainshtein, Ref. 22 (V); Morrison and Rudge, Ref. 8
(M and R); distorted-wave polarized orbital, McDowell
et al. , Ref. 6 (Mc); Jamieson, Ref. 7 (J); unitarized
Born, Somerville, Ref. 9 (S).
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F/G. 8. 3g-, 3P-, and 3 D-state direct excitation cross sections from the present measurements are given as x and
0 using the in-phase and in-phase-plus —out-of-phase fits as in Figs. 3 and 5; the & should be more accurate but the
difference is an indication of the data reliability. The theoretical lines are coded as in Fig. 7, with the additions of the
close-coupling results of Burke et al. , Ref. 10 (B) or (4-St) or (6-St): Eikonel, Fl&every, and McCann, Ref. 8 (F):
Glauber approximation, Bhadra and Ghosh, Ref. 5 (B and G); Glauber approximation, Tai et al. , Ref. 4 (T). The 3P
cross section reported in Fig. 6 of Ref. 4 has not been included as it is clearly misplotted. The Ochkur-approximation
results of Gumble, Ref. 2, have not been included as they are close to the Born values.

mation. In Fig. 5 the sensitivity of the modu-
lation amplitudes to changes in the cross-section
ratios is shown, for ratios of Q»B»P» values in
the neighborhood of those in Figs. 3 and 4. The
changes in Fig. 5 which result from the 15% ratio
variations indicated are comparable to the scat-
ter in the data of Fig. 4, indicating that the statis-
tical uncertainties of 5-20%%uo are reasonable un-
certainty estimates.

As an additional example of the raw data and a
set of quite different cross-section ratios, the
modulation amplitudes for 15-eV collision energy
a.re shown in Fig. 6. Note that the differences

between the data and the modulation amplitudes
predicted by the Born approximation are now

quite large.
The ratios Is~ (90 )/Hn (90') and I„„(90')/Hu(90')

for all of the data are given in columns 3-6 of
Table I. These ratios for 90' detection can be
corrected to isotropically averaged intensity ratios
using the assumed Born-approximation polariza-
tions of the 3I' and 3D contributions, plus the as-
sumption of unpolarized cascade contributions (the
3S decay is unpolarized). The Born-approximation
polarizations calculated in Ref. 10 are given in
Fig. 2, and the polarization corrections in columns
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7 and 8 of Table I. Multiplying column 2 by column
3 (or 8) of Table I then yields the relative exci-
tation cross section for the 3S state (or cascading).
Multiplying columns 2, 4, and 7 yields B»(0.118)
times the 3P excitation cross section in the sgme
relative units. Similarly, the product of columns
2, 5, and 8 yields the relative 3D excitation cross
section. The sum Q» + B» Q»+ Q» in these rel-
ative units has been normalized to the same weight-
ed sum of Born cross sections at 500 eV, by mul-
tiplying the relative units by 2.15 x10 4. The re-
sulting Q,~ are given in columns 9-11, the QQ, ~B~
in column 12, and the cascade contributions to Ha
in column 13 of Table I. The direct Hn cross sec-
tion in column 12 is compared to theories and other
measurements in Fig. 7." The individual Q», Q»,
and Q» are compared to available theories in Fig.
8. The high-energy results and uncertainty in
normalization are more readily seen in plots of
QE versus E, which are given in Fig. 9.
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FIG. 9. Cross section tixnes energy, QE, for the
direct 3$, 3P, and 3D excitations. The expected
high-energy behavior is given by the Born Q& lines.

V. CONCLUSIONS

The He excitation cross sections from three
experiments are compared in Fig. 7. The present
results and those of the Kleinpoppen and Kraiss"
are corrected for polarization and cascading, which
lowers the cross section in the low versus high-
energy region by about 1(P/q. If Walker and St.
John's results" are normalized to the Born theory
at high energy, as are the other measurements,
they are about 15% below the present results in
the low-energy region. Although cascading and
polarization corrections would make this discrep-
ancy somewhat greater, this is within the combined
experimental uncertainties. This minor diff erence
as well as the quite different energy dependence
reported by Kleinpoppen and Kraiss" could be due
to electric field mixing of the SI states in the
other experiments. With increasing collision
energies the SP cross section becomes larger
relative to 3$ and SD, causing an increase in the
magnitude of the electric field dependence of the
He signal. Combined with surface or space-charge
fields, this could cause a larger relative increase
in Hn at high energy. Of course, the magnitudes
of any residual fields could also vary with elec-
tron-beam energy, causing variations in the mix-
ing.

The high-energy behavior of the reported SS, 3P,
and SD excitation cross sections is compared to the
Born approximation in Fig. 9. The agreement of
the measured Q»/Q» and Q»/Q» ratios with the
Born theory is gratifying, even though the experi-
mental uncertainty is rather large. That the
dipole-allowed SP cross section approaches the
Born value from below is consistent with obser-
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vations for 'H(2P) and other dipole-allowed exci-
tations. " Similarly, the fact that Q» falls below
the Born cross section at lower energies is con-
sistent with H(2S) excitation. In the low-energy
region of n = 3 excitation thresholds, shown in
Fig. S, the 39 and 3P cross sections fall below
the Born value by a factor of 2 to 3, which is again
very similar to H(2S), H(2P), and many other
excitation cross sections. The behavior of Q» is
quite different in that it greatly exceeds the Born
cross section at low energy. The general behavior
is only obtained by one of the available theories.
Somerville, using Seaton's unitarized Born, or
Born-II, method obtains the general pattern of
observed cross sections. This calculation includes
coupling of all n= 1, 2, and 3 levels, and the author
explains the large 3D cross section as being due
primarily to 18 2P-3D (in a single collision). A
similar enhancement of n'D cross sections in He
may be attributed to a similar 1S -2P-nD exci-
tation process. '4 This intermediate-state coupling

mechanism is discussed in detail in Ref. 25.
The relatively few theoretical calculations, with

widely varying results, and our major disagree-
ment with the only close-coupling calculations,
indicate that these cross sections are not well
understood. The close-coupling method, which
has been so successful for n= 2 excitation, may
in fact be inadequate for n= 3, owing to the small
energy spacing to n& 3 levels. On the other hand,
Somerville's results based on a very simple ap-
proximation are quite encouraging. It is hoped
that the present results will stimulate investi-
gations of these issues.
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