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Electron capture into the 3s, 3p, and 3d states of hydrogen has been measured for 10-35
keV proton impact on N2. Polarization of the Bd 2P and 3P 2s radiations resulting from
the collisions has also been measured. The cross sections for the production of Balmer-
alpha radiation have been calculated from the 3s, 3p, and 3d cross sections and compared
with those of previous investigations. The 3d cross section is about equal to the 3s cross
section at 10 keV, but decreases monotonically as the energy is increased to 35 keV.

I. INTRODUCTION

A prior publication' described a time-of-flight
technique which permitted the measurement of the
cross section for electron capture into the 3s state
resulting from proton impact on several gases. In
these experiments fast protons entered. a differen-
tially pumped collision chamber, containing the tar-
get gas, where electron capture took place. The
partially neutralized beam then entered an evacu-
ated observation chamber. Capture into the n =3
level of hydrogen was monitored by observing the
Balmer-alpha (n = 3 —2) radiation in the observa-
tion chamber. It was shown that the decay of Bal-
mer-alpha radiation along the beam could be re-
solved into 3p, 3d, and 3s decays with the proper
theoretical lifetimes~~' when the "background"
from the interaction of the beam with the residual
gas in the observation chamber was taken into ac-
count.

Capture into the 3s state' and 4s state' has been
measured by monitoring the Balmer-alpha and
Balmer-beta emissions, respectively, at a point
in the observation chamber sufficiently distant
from the exit aperture so that all the shorter-

- lived states contributing to these emissions have
decayed off. In the low-pressure approximation,
neglecting cascade, the excited-atom density is
given by

0 -x v7.n~=n e

where x is the distance from the exit aperture, v
is the atom velocity, 7. is the state lifetime, n0
=EpQT(l el. /vT-) and is the excited hydrogen
atom density at x =0, I" is the proton flux, p is
the collision-chamber gas density, Q is the cross
section for capture into the state, and I, is the
length of the collision chamber.

The general expression for the number of Bal-
mer-alpha photons per sec per cm' emanating
from a point x in the observation chamber is giv-
en by

0 x/v Tp 0 -x/v vd-
0„ -x/vTs+n Aes s

where Ap, Ad, and As are the 3p —2s, 3d-2p,
and 3s —2p transition probabilities, respectively;
the n"s and z's carry subscripts to indicate the p,
d, or s states. The lifetimes of the three states
are very different, which allows the breakdown of
the Balmer -alpha emission as a function of x into

We consider now the production and loss of beam
atoms in a particular excited state at a point y in
the collision chamber where y is the distance from
the entrance aperture measured along the beam
direction. It is assumed that the charge state of
the beam at y is governed principally by charge
transfer and stripping (collisional ionization). The
density of protons at y is given by

0
+

n = (o +o exp[-p(o +o )y]],

where n+'is the entering-proton density at y = 0,
Os is the total stripping cross section, crc is the
total charge-transfer cross section, and p is the
gas density. The density of neutrals at y is given
by

0
+

n = cr (1-exp[ p(o +o )y]).0 0' +0' c s
S C

(3)

The rate equation at y governing the density of
excited atoms, n ~, is

dn*/dy =-n*(l/vT+Q. p)+n pQ+n0Q p, (4)

where v is the velocity, ~ is the state lifetime, Q
is the cross section for electron capture into the
state, Qz is the cross section for collisional loss
of the state, Qx is the cross section for producing
the state by neutral collisional excitation, n+ is the
proton density, and n0 is the hydrogen atom density.

The solution to Eq. (4), using Eqs. (2) and (3),
1s

n'py oQ+o Q
n + = +

[1-exp(-y/vT-a) ]o' +o' y/vT + AS C

o, (Q-Q„)[exp( 0 y) exp( y/vT-~-)]--
— , (5)

y/vT (P+r) +n-

its three decay modes. ' From this analysis, the
np', nd, and neo can be determined, and these in
turn determine the p, d, and s cross sections;
Qp, Qd, and Qa; respectively. ' However, pre-
vtous attempts to include the 3p and 3d measure-
ments have been unsuccessful. ' In this paper we
report the successful measurement of capture in-
to the 3p and 3d states of hydrogen from proton
impact on I, . In Sec. II we derive general expres-
sions for the buildup of excited atoms in the colli-
sion chamber.

II. BUILDUP OF FAST EXCITED ATOMS
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where n=pyQ;, P=pyo~, and y=pyo~. For suf-
ficiently low pressures, we can expand about z
= P+y = 0 and evaluate EZ. (5) at y = L to obtain the
excited-state density at the exit aperture of a col-
lision chamber having a length I.. If all second-
and higher-order terms are negligible, the result
of the expansion can conveniently be expressed as

n* =n pv7. Q(l -e )
8 I./v-T

x [1-(1-a)n+a(Q /Q)tl], (6)

H +H(ls)-H(nl)+H
A comparison of these two works reveals that for
n =3 at 10 keV, Qz/Q-~Q. However, the validity
of the Born approximation at this energy can be
questioned.

Our work so far has not been sufficiently accu-
rate to really test the relative size of the "colli-.
sional loss" term, (l-a)n, and the "excitation"
term, a(Q&/Q)P. Our "linearity-with-pressure"
studies seem to indicate that ignoring these terms
and simply correcting for beam neutralization is
sufficient. Since the correction is small, no great
error should be introduced even if this procedure
is not quite right. (We should point out that for
the longer-lived states these last two terms in
Ecl. (6) tend to cancel each other, while the "colli-
sional-loss" term tends to zero for very short-
lived states. )

III. POLARIZATION CONSIDERATIONS

Polarization is defined as
P=(I -I )(I +I )-i,

j[

where I
~~

and Iz are the intensities of the radiation
with the electric vector parallel to and perpendicu-
lar to the beam direction, respectively, when the
viewing direction is perpendicular to the beam.
When observing perpendicular to the beam, the

where n=pLQf, P=pf ae, a = [1-e L/vT] 1 (L-
vv), and n+ =n+ (1-aP) is the "effective" pro-
ton density. [The measured proton density at the
exit aperture is n+I =n+ (1-P).] If I./v7 = 0 for a
very long-lived state, a ~ —,', and if L/v7 = ~ for a
very short-lived state, a=1. Thus, —,'&a&1 for
all states. Ignoring the last two terms in Eg. (6),
one sees that the average proton density in the
chamber should be used in making beam-attenua-
tion corrections for a long-lived state, while
essentially no correction should be employed for
short-lived states. However, it is not obvious
that these last two terms should be ignored.

Bates and Walker suggest that the cross sec-
tion for stripping from an n =3 state of hydrogen
for hydrogen atom impact on N2 is -10-"cm' in
this energy range. This large cross section im-
plies that Qz-0& or n- p. The "excitation" term,
aQzP/Q, depends on the probability of exciting a
hydrogen atom to the state by impact. Bates and
Griffing' have calculated the cross section Q~ for

H(ls) + H(ls) —H(nl) + H(ls),
and Bates and Dalgarno' have calculated the cross
section Q for

true cross section Q is given by

Q = (3-P)Q./3,

where Qz is the apparent cross section. The 38
radiation is unpolarized, but the 3p and 3d radia-
tions will exhibit polarization effects.

Percival and Seaton' have treated polarization of
radiation quite extensively. They do not, however,
treat the hydrogen 'D-~P transitions. We have
derived an expression for the polarization of the
3RD - 22P transition. It is

P('D -'P) = 57(Q. + Q, -2Q.)
x(119Q,+219Q, +162Q,)-', (7)

where Qo, Q„and Q, are the cross sections for
populating the m~=0, Im~( =1, and lm~ l

=2 states,
respectively. (The cross section for populating
the 'D state is Qd = Q0+2Q1+2Q2. ) The polariza-
tion expected for the transition depends on the de-
tailed knowledge of Q„Q„and Q, . We can, how-
ever, put limits on it. If the linear-momentum
transfer is all along the axis of quantization, then
Q, = Q, =0, but if it is perpendicular to the axis,
then Q, = 0 and Q, = —,'Q, (see Ref. 7, page 133),
which leads to the result

-0.32 &P(32D —22P) &+0 48

Cross sections for populating m~ states by elec-
tron capture by fast protons on atomic hydrogen
have been calculated by Van den Bos and de Heer~
for levels which include the n =3 level. Using
their values, a constant polarization of about +39%
is expected in our energy range for the 3'D-2'P
transition; and a constant polarization of about
+33% is expected for the 3'P-2'S transition. As
the velocity increases, limiting values of +40%
and +35% are expected for the polarizations of 3'D
-3'P and 3'P-2'8 transitions, respectively.

IV. APPARATUS

The present apparatus is similar to that de-
scribed in Ref. 1. The principal modification was
the insertion of precollimation apertures. The
beam is now so highly collimated that the beam
particles pass through the ~&-in. diam exit aper-
ture with only minimum interaction with the mate-
rial surrounding the exit aperture. There is no
physical evidence, such as "burning" around the
aperture, that the beam strikes the aperture sides.

We conclude that the precollimation of the beam
has remedied the defects in the earlier apparatus
which precluded the 3p and 3d measurements. One
possible contributing factor is that charging around
the exit aperture, which would resultfrom the beam
striking "dirty" surfaces, was reduced. Other
possible contributing factors are that the motional
electric field was reduced slightly by moving the
collision chamber farther from the fringing field
of the ion-deflecting magnet, and the space-charge
electric field was reduced by the necessity of
smaller currents. Last'y, precollimation has in-
creased the accuracy of the measurements next
to the aperture by eliminating part of the back-
ground which may have been rel"ted to outgassing
in the vicinity of the exit aperture by ion impact. '

Additional modifications were employed for the
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FIG. 2. Relative intensity of the Balmer-alpha radia-
tion at the exit aperture of a 3-cm long cell containing
N2.

x [B(x)+C(x) +D(x)]-' (8)

where B(x) =Ipo exp(-x/van), C(x) =I+ exp(-x/vied),
Ll(x) =I&0 exP( x/vTg)& and I 0, Ig, and Iso are the
intensities at the aperture x =0) of the p, d, and s
radiations, respectively, as measured without the
polaroid analyzer, ' PI, and Pd are the separate po-
larizations of the p and d radiation, respectively.
Thus, P& and pd can be determined uniquely by
making two measurements of the polarization, sub-
stituting in Eq. (8), and solving the resulting two
simultaneous equations.

VI. RESULTS AND DISCUSSION

Cross sections for electron capture into the Sp,
Sd, and Ss states are displayed in Fig. 3. Repro-
ducibilities of the Ss and Sd cross sections are
about +10%. Reproducibility of the 3p cross sec-
tions for 20-keV and higher-energy impact is about
about +25%.

Reproducibility of and confidence in the Sp mea-
surements drop appreciably at the lower energies.
Only 12% of the 3p decay goes into Balmer-alpha
while 100% of the 3s and 3d decays goes into this
line, which accounts for the small Sp contribution
to the total decay (see Fig. 1). At 20 keV, about
20% of the total signal at the aperture can be at-
tributed to the Sp decay. Below this energy, the
smaller Sp fractional contribution and the inherent
difficulty of making measurements with smaller
e7 values make the Sp measurements very awk-
ward. Figure 4 is included to emphasize this point.
According to this interpretation, the Sp decay rep-
resents about 10% of the total signal at the aper-
ture for 15-keV impact. However, adjustments in
the Ss and Sd interpretations could conceivably
change the Sp cross section by a factor of nearly
2. Fortunately, the aperture position is well de-
fined and can be established to within something
better than +1 mm, and is not a limiting factor in
these measurements.

ol8
IO l5 20

Energy (keV)

FIG. 3. Cross sections for electron capture into the
3P, 3d, and 3s states of atomic hydrogen by proton im-
pact on N2. (See text regarding reproducibility and con-
fidence in the measurements. )
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FIG. 4. Balmer-alpha decay and component decay
from 15-keV proton impact on N2. Conditions are sim-
ilar to those for Fig. 1.

The cross sections in Fig. 3 have been correct-
ed for polarization effects. Figure 5 shows a plot
of the polarization of the Sd radiation as deter-
mined by the application of Eq. (8) to the polariza-
tion measurements along the gross decay curve.
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FIG. 5. Polarization of the 3 D 2 P transition in fast
hydrogen atoms produced by proton impact on N2. Er-
rors are estimated limit errors. (See text for remarks
on 3 P 2 8 polarization. )
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Our results indicated that the polarization of the
p-state radiation was essentially zero at the high-
er energies and dropped to negative values at the
lower energies. However, the accuracy of these
measurements is so doubtful that we do not dis-
play them.

Total Balmer-alpha cross sections have been
measured by other investigators under varying
experimental conditions. Murray et al ."(Uni-
versity of Alaska) have measured the total Bal-
mer-alpha production inside a collision chamber
filled with N, and at a point sufficiently distant
from the beam entrance aperture to insure equi-
librium conditions. We are able to synthesize a
total Balmer-alpha cross section, Q~, from our
measurements since

Q =Q +0.118@ +Qd.

This is plotted in Fig. 6 and compared with the

measurements reported in Ref. 11. There is good
agreement at the high energies but our curve falls
considerably below the Alaska measurements at
the lower energies.

Murray et al."also made polarization measure-
ments on the Balmer-alpha radiation. We syn-
thesized the polarization of Balmer-alpha under
equilibrium conditions from our measurements
and obtained results that reproduced their mea-
surements within the reading error of their graph-
ical display.

It is possible to synthesize an "apparent" Bal-
mer-alpha cross section which would be measured
at a point nearer the entrance aperture, where

40 nonequilibrium conditions exist. Philpot~' has
measured the apparent cross section under such
conditions in this laboratory. The midpoint of his
3-cm-long observation region was 4.7 cm from
the beam entrance aperture. " We can synthesize
an apparent Balmer-alpha cross section under
these conditions, using our cross sections. These
are calculated and compared with Philpot's val-
ues" in Table f. (The calculated values take into
account the buildup of excited states in the rela-
tively long observation region itself; however, a
good approximation can be made simply by con-
sidering the measured apparent cross section at
the midpoint of the observation region. )" The
agreement is quite remarkable considering the
uncertainties in both sets of cross sections. How-
ever, some agreement is to be expected if the
procedures and analysis in the present experiment
are valid, since the optical calibration for both ex-
periments is derived from the same source. The
agreement is gratifying and perhaps lends some
credence to our present measurements.

It would appear that perhaps one probable expla-
nation for the structure in the Balmer-alpha emis-
sion observed by Murray etal. "is related to the
multimode decay characteristic of this line and
does not have the fundamental significance suggest-
ed by these authors. However, our synthesized
cross section does not reproduce their results
well at the lower energies. One possibility is that
there is an appreciable cascade in this total Bal-
mer-alpha radiation since their observation was
made at a point one meter from the entrance aper-
ture, and higher long-lived states might build up
in this path length. However, it seems that an ex-
cessive amount of cascade would be required to ex-
plain such a large discrepancy. We note that their
measurements were not performed under single-
collision conditions. The mean free path for

TABLE I. Comparison of synthesized apparent Balmer-
alpha line cross section under the nonequilibrium condi-
tions of Philpot (see Ref. 12) with the measurements of
Philpot.

I I I I

10 15 20 25 50 55
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(10 "cm')

Philpot
(10 ~8 cm2)

Energy (keVj

FIG. 6. Comparison of synthesized Balmer-alpha line
cross section IZq, (9)] with the total Balmer-alpha cross
section measured at the University of Alaska (Hef. 11).
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charge transfer is of the order of a meter at the
lower energies and at their target gas pressure of
"about 10-4 Torr. " They had an appreciably
mixed beam at their observation point. If their
pressure was 10 4 Torr, then nearly 30% of the

beam would have been neutral at the 1 m point and
at 10 keV." (The beam at this distance would have
been nearly 50% neutral at 2&& 10 4 Torr and at 10
keV. ) It is difficult to fully assess the effects that
collisions had on their results (see Sec. II).
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Measured Shifts of Cesium Atomic Lines —Correlation
with Electron Density Derived from Widths~
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The shifts of lines of the sharp, diffuse, and fundamental series of atomic cesium were
measured for an rf electrodeless discharge in which the electron density was varied from
0.5 to 3&&10 cm with a temperature range from 2600 to 3100'K. The shift values,
which ranged from 0. 008 to 1.4 A, agree to + 20% with the theoretical Stark-broadening pre-
dictions for the 6P-10$, 6P-118, 6P-128 sharp-series members: 6P-9D, 6P-10D, 6P-11D
diffuse-series members; and the 6D-5F, 6D-6F, 6D-7F, 6D-8F fundamental-series mem-
bers. The measured shifts exhibit a definite trend with quantum number n for all three series.
At low values of n, measured shifts are greater than those computed from Stark-broadening
theory, whereas measured shifts are less than theory for high n. %e show that certain
assumptions in the Stark-broadening theory are not applicable to most of those lines where
disagreement between theory and experiment is greatest.

INTRODUCTION

The profile of a spectral line is broadened,
shifted, and made asymmetric by perturbations of
the energy levels of the radiating atom. For @

dense plasma (say from 10"—10"electrons
cm '), these perturbations are caused by the
electric fields (Stark effect) in the vicinity of the
radiating atom. Recent theories have predicted
the width and shift as a function of the electron
density and temperature of the plasma. ' Calcu-
lations of the widths of neutral atom lines are the

most reliable since they depend lea.st on the ap-
proximations in the theory. For cesium, these
widths have been accurately measured by several
investigators, '~'~' and are within + l(P/q of the pre-
dicted values. To test the completeness and self-
consistency of the neutral line-profile theories,
the complete spectral profile, i.e. , the line shifts
as well as shapes of cesium neutral-atom lines
radiated from a plasma, were measured.

The shifts of four sharp (S) series lines, six
diffuse (D) series lines, and five fundamental (F)
series lines were measured at electron densities


