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Ionization continuum cross sections, differential in energy loss, have been determined from the energy-loss
spectra of 25-, 50-, 75-, 145-, and 200-keV protons scattered from atomic hydrogen. The theoretical
differential cross sections in the Glauber and Born approximations that are presented show that the theory
and the experimental results for 200-keV proton impact agree very well, but below 200 keV there are
differences. These differences, which are more pronounced at the lower projectile energies, may be explained
in terms of charge transfer to the continuum, which is not treated in our Born and Glauber calculations of
direct Coulomb ionization. The total ionization cross sections obtained by integrating the differential cross
sections are in reasonable agreement with ionization cross-section measurements that have been obtained from

crossed-beam experiments.

INTRODUCTION

Numerous measurements have been made of both
the total cross sections for ionization and the en-
ergy distribution of the ejected electrons from
multielectron atoms; however, there have been
only two measurements made of the total cross
section for ionization of atomic hydrogen by pro-
tons.'*2 No measurements of the energy distribu-
tion of the ejected electrons for this fundamental
collision system have been made, because direct
measurement is very difficult.® To obtain ac-
curate cross sections, one must place precision
apparatus in a field-free region, and the collec-
tion geometry as well as the detector’s efficiency
must be carefully measured. The results have to
be corrected for absorption of electrons between
the collector and detector, for ion beam neutraliza-
tion, residual gas, dead-time losses, and for
variation of the detector’s efficiency with electron
energy. Also, the usual correction has to be made
for target density variations.® Even with these
corrections and the use of excessive care in ex-
perimental technique, many difficulties are en-
countered in handling electrons with energies less
than 5 eV.* In addition, when an atomic hydrogen
target is used, the problems are compounded by
the requirement of a dissociating furnace and the
use of crossed-beam techniques.

These problems, as described below, have been
solved through an analysis of the energy that is
lost in the collision of an incident proton rather
than of the energy that is gained by an ejected elec-
tron.>~'! Because an incident proton moves at high
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velocity, it is not greatly perturbed by small
residual magnetic fields. It is, therefore, possible
to use a transmission target furnace as the source
of atomic hydrogen. The energy-loss technique
also provides one with the advantage of being able
to measure the energy losses that correspond to
the ejected electrons that possess low energy.

In this paper, the first measurement of a differ-
ential energy-loss cross section for the ionization
continuum of atomic hydrogen is recorded. For
the large impact parameters, which dominate this
scattering cross section, the energy lost to the
nucleus is very small compared to the energy
transferred to the electron and can be neglected.
Therefore, if one assumes that there are no un-
known inelastic processes that give the same en-
ergy loss as ionization, the differential energy-
loss cross sections reported here are essentially
the same as the differential cross sections for
electrons ejected at all angles. .

Theoretical studies of the ejected electron energy
distribution are limited in number. Most work that
has been done involves the Born approximation,!?
which is supposed to be valid at high energies, and
the classical binary encounter model.’* Born ap-
proximation calculations of ejected electron energy
spectra are included in the present paper.

The Glauber treatment of collision processes in
many cases has been proven to be superior to the
Born approximation treatment,'*~' and the Glauber
approximation calculations of cross sections for
the excitation of atomic hydrogen by incident pro-
tons agree very well with measurements made in
our laboratory.®*'” Glauber calculations are pre-
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sented herein for the ionization differential cross
sections, do/dt, in which ¢ is the energy lost by
the projectile in the collision. Integration of these
differential cross sections yields the total cross
sections for ionization by proton impact of atomic
hydrogen that was reported earlier by Golden and
McGuire.'® A comparison of these theoretical
predictions with energy spectra observed by us
delineates a breakdown of the Glauber theory for
ionization by proton impact.

EXPERIMENTAL METHOD

The energy-loss spectrometer at the University
of Missouri-Rolla and the general method employed
in ion energy-loss spectrometry have been dis-
cussed in detail elsewhere.®~''+7 In these mea-
surements, the experimental arrangement is iden-
tical to that used to obtain cross sections for ex-
citation by protons of atomic hydrogen.?:!” The
protons produced in a low-voltage discharge source
are focused and mass-analyzed by a Wien filter.
The protons are then accelerated and steered
through a target furnace chamber. After travers-
ing the scattering chamber, the protons pass
through an exit collimator, and the transmitted
beam is magnetically analyzed. Following this,
the protons are decelerated by a well-defined po-
tential, analyzed by a 127° electrostatic energy
analyzer, and detected with a particle multiplier.
Energy-loss spectra are obtained by increasing
the potential difference between the accelerator and
decelerator terminals AV, Whenever the in-
creased potential energy compensates for a dis-
crete energy loss in the proton-atomic hydrogen
collision system, a peak is detected in the spec-
trum. The energy loss can be determined to an
accuracy of +0.03 eV.®

The experimental arrangement used when atomic
hydrogen is the desired target has been discussed
in Ref. 17. The atomic hydrogen target gas is
formed in a high temperature furnace that is con-
structed of coaxial tungsten tubes. The proton
beam is directed coaxially through the center of
the furnace. The path length of the ion beam in
the atomic hydrogen furnace is 10.2 cm. The
furnace is differentially pumped using fast diffu-
sion pumps.

The absolute density of the atomic hydrogen can-
not be determined directly; however, if the pres-
sure in the target furnace and the target tempera-
ture are fixed the density remains constant. As
will be discussed below, the density is determined
by a normalization procedure. The purity of the
atomic hydrogen target is established from the
energy-loss spectra. The energy-loss spectrum of
each gas is unique and permits definite identifica-

tion.

When the atomic hydrogen pressure in the hot
furnace is raised to 0.54x107% Torr as determined
by the normalization procedure discussed below,
the pressure in the differential pumping region
increases from 4x10~7 to 1x10~® Torr. Even if
this pressure increase in the differential pumping
region is entirely due to molecular hydrogen formed
by recombination, the total 8.8-cm path length in
the differential pumping region would provide only
0.1% of the target particles provided by the atomic
hydrogen in the furnace. This fact implies that the
features observed in a energy-loss spectrum will
be dictated by the constituency of the gas in the
target furnace.

With the target furnace cold, the energy-loss
spectrum of molecular hydrogen is obtained when
the hydrogen gas is introduced into the target cell.
The spectrum as a result of the Lyman « bands
displays a broad peak at 12.5 eV. This spectrum
starts at about 11.2 eV energy loss, reaches a
peak at 12.5 eV, and decreases monotonically at
higher energy losses. As the furnace is heated,
the spectrum begins to change. A new peak at 10.2
eV energy loss that is attributed to the excitation
of atomic hydrogen to the » =2 state appears and
increases while the peak at 12.5 eV changes shape
and decreases. However, in this spectrum, the
peak near 12.5 eV is now primarily due to the ex-
citation of atomic hydrogen to the »=3 and n=4
states. The monotonically decreasing tail is due to
excitations of higher discrete states and the ioniza-
tion continuum. The spectrum observed at high
furnace temperatures is essentially the same as
the averaged spectrum shown in Fig. 1.
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FIG. 1. Energy-loss spectrum for atomic hydrogen
under proton bombardment. The data are shown with
and without correction for multiple collision effects;
see text.
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The determination of the cross section for ex-
citation to the » =2 state does not depend on the
complete dissociation of the molecular hydrogen,
because the 10.2 eV peak is well resolved from
the molecular peak. However, the broad peak at
12.5 eV may contain a small contribution from the
Lyman o bands of any residual molecular hydrogen
in the furnace. As the furnace temperature is in-
creased, the atomic hydrogen increases while the
molecular hydrogen is depleted and the molecular
contribution to the 12.5-eV energy-loss peak is re-
duced. The ratio of the peak at 10.2 eV to the peak
at 12.5 eV can therefore be used as an indication
of the amount of residual molecular hydrogen
present in the target furnace. This ratio increases
with temperature until it reaches a plateau. Raising
the furnace temperature further does not make any
observable changes in spectral shape indicating
that the molecular hydrogen no longer makes a
significant contribution to the spectrum. From
these considerations, the molecular fraction is
estimated to be no more than 3% and is probably
less than 1% during the data acquisition period.

The limits on the molecular fraction estimated
from the temperature and pressure conditions are
not as reliable as those based on observations of
the energy-loss spectra. This is because the tem-
perature of the inside wall of the double-walled
furnace during operation must be inferred from
measurements of the temperature of the outer wall
compared with measurements of the temperatures
of both walls which were taken prior to the furnace
installation. Using the temperature determined in
this way and observing the energy-loss spectra, the
ratio of the 10.2 peak to the 12.5 peak shows
almost no additional change when the temperature
of the furnace is increased above 2475°K. The
temperature of the furnace was estimated to be
about 2650°K during the experiment. With 0.54
X107® Torr gas pressure in the furnace, the resid-
ual molecular hydrogen would be about 1% of the
target gas. This is consistent with the more reli-
able measurement which used the energy-loss
spectra.

DATA

The energy resolution of the system used in this
experiment is 1.0 eV (see Fig. 1). Better energy
resolution has been obtained in some previous ex-
periments.” However, the requirements of this
experiment for long term stability of the proton
beam current dictated some concessions in ion
source parameters which resulted in slightly
poorer energy resolution.

At each impact energy, a spectrum is taken by
recording the ion current at 0.1 eV intervals in

energy loss. The measured pressure at the time
of the reading is also recorded. Effects resulting
from small differences between the set pressure
and the measured pressure are corrected during
the analysis of the data. These corrections are
typically 2% or less. If the pressure correction to
any data point exceeds 15%, the data run is auto-
matically aborted. Typically six energy-loss
spectra are obtained with gas in the target cham-
ber, and six spectra are obtained without gas at
each impact energy. The average of the spectra
taken with no gas in the furnace is scaled to take
into account the protons that are lost as a result
of the charge changing effects and is then sub-
tracted point by point from the average of the
spectra that are obtained with gas in the chamber.

Consecutive sets of these energy-loss spectra
are taken at various energies of the incident proton
from 200 keV down to 25 keV and back up to 200
keV. The pressure and temperature in the target
furnace are held constant during the entire series,
thus the atomic hydrogen density in the furnace is
also constant. This technique makes it possible to
normalize the entire series of spectra to a theo-
retical cross section. (The normalization effec-
tively determines the density of atomic hydrogen in
the target furnace.)

While the probability that a proton will undergo
a second inelastic collision is very small, the
data are corrected for such secondary inelastic
collisions. At large energy losses, the data may
be the sum of single and multiple collision events;
however, a proton undergoing two inelastic colli-
sions would lose a minimum of 20.4 eV. Losses of
energy less than this can only be due to single col-
lision processes. The probability of a multiple
inelastic collision can therefore be calculated
from the data, and double collision contributions
can then be subtracted from the data at large en-
ergy losses.

The corrected spectrum, dR(£)/dt, is a convolu-
tion of the energy resolution function, &(¢), with
the differential cross section for energy loss,

do(¢)/dg,
dR (&)

do(t’) N e
at T‘,’:,“I’(E—ﬁ)dé . (1)

The resolution function & (¢) is determined from
the unscattered beam energy profile. It essentially
has the profile shown for the zero energy-loss
peak and [®(£)ds=1. For the purpose of deter-
mining the differential cross sections from the
data, the corrected spectrum is given by

aR _ 1 nl

PRI 1(8) -

dr(¢') do(¢-¢) .,
2 d&' dgl dg .

()
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In this equation, [ is the length of the collision
chamber, » the atomic hydrogen density, I, the
total current obtained by integrating the elastic
peak of the spectrum, which is centered at zero
energy loss, and I () the proton current measured
at an energy loss £. The integral in this equation
is the double collision correction. An ion which
has lost an energy £’ in a collision has a certain
probability of undergoing a second collision with
an energy loss of £ - £’ to give a total energy loss
of £.

To obtain the differential cross section, the
composite differential cross section is assumed
to have the form

B = 0,0(6- £+ Y AnE™ (3)
The term o, is the cross section for excitation to
the nth discrete state. The summation over »
describes excitation to the n=2, 3, 4 states at the
well-known transition energies, £,, with the &
function representing the very narrow line shape.
The second term, ), ,A,£™", is a series that is
used to represent the continuum and discrete states
that are so closely spaced as to appear as a con-
tinuum in the spectrum. The coefficient 4,, is
equal to zero if £< £,. The term §, is the energy
of the first state not explicitly included in the sum-
mation over n.

No discontinuity in the spectrum is observed at
the ionization potential indicating a smooth transi-
tion from discrete to continuum states. It is im-
possible to specifically include all discrete states
and the calculated cross sections for these states
become meaningless once the separation of the
states is less than the 0.1-eV step size. Within
these limits changing the number of discrete states
specifically considered did not significantly change
the low-energy discrete states or the A,, coeffi-
cients.

The exponents m are chosen to fit the high-ener-
gy tail. The A,, and ¢, coefficients in Eq. (3) are
obtained by a least-squares fit, which minimizes
D;

- do(t) dR(5)
0= ([ ot -par- BES

in which the discrete £; are the energy-loss values
at the data points on the spectrum. At some ener-
gy-loss values the continuum and discrete states
both contribute to the spectrum. Thus, the pro-
cedure fits both discrete and continuum states
simultaneously.

The above equations for do/dt are solved by an
iteration that starts with the measured spectrum.
dR/dt is set equal to (1/nlI,)I(£), and the equations
are iterated until self-consistency is obtained for

do/dk.

Because the experiment is performed under es-
sentially single-collision conditions, the correc-
tion resulting from double collisions is very small
as can be seen from Fig. 1. Figure 1 shows the
spectrum with and without the double-collision cor-
rection.

Figure 2 shows the continuum of the corrected
spectra, dR/dt, and the calculated differential
cross sections, do/dt=),At™" for £>13.6 eV.
The data are normalized to the Born approximation
calculation of the cross section for excitation of
atomic¢ hydrogen to the n=2 state by 200-keV pro-
tons.®* 7 The normalization effectively determines
the absolute atomic hydrogen density in the target
furnace. This normalization determines the nor-
malization of the data at all other impact energies,
because the relative normalization is maintained

de 200 keV

d 145 keV

cm¥eV)

(10
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FIG. 2. Cross sections differential in energy loss for
the proton impact ionization continuum of atomic hydro-
gen. B.E. is the binary encounter calculation of Garcia
(Ref. 13). The solid circles are our Born approximation
calculations. The solid triangles are our Glauber ap-
proximation calculations; see text.
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by the procedures used in the data taking and anal-
ysis.

Table I gives values of the coefficients obtained
in the fitting process. The table is included to
permit the reader to reproduce the data. It must
be noted that the choice of the exponents is some-
what arbitrary and equally good fits could be ob-
tained with other exponents and coefficients. A
satisfactory fit to the data could not be obtained
by using a single exponent.

THEORY

While there is no rigorous and complete quantum
theory of ionization by charged particles of atomic
hydrogen, there are a number of approximate cal-
culations. These include both exact'® and approxi-
mate’® classical calculations as well as quantum
approximations based primarily on the Born'?:20-2
approximation, which is generally considered valid
at high projectile velocities.

The Glauber approximation!* may be viewed as
an extension of the Born approximation into the
intermediate velocity region near the peak of the
cross section. In the case of excitation of atomic
hydrogen to low-lying levels, the Glauber predic-
tions give better agreement with observed results'’
than the simpler Born predictions as expected.

At high projectile velocities, the Glauber approxi-
mation reduces to the Born approximation, e.g.,
at 200 keV, Glauber predictions for excitation by
protons of atomic hydrogen from n=1 to n=2 lie
8% below the Born predictions.

The total cross section for the ionization of
atomic hydrogen by proton impact may be expressed
in terms of the square of the scattering amplitude,
i.e.,

olko) =2k5" [ 1£(a, ) Pqdgakagy (nal), (5)

in which k, is the momentum of the projectile, § is
the momentum transfer, a, is the Bohr radius,

and k is the momentum of the ejected electron. In the
Glauber approximation, the scattering amplitude

may be expressed®® by
otk iqe B x(m
fola,®)=52 [ 5B urd)

Ig_gl 2in -
x[1—< 5 > ]ui(r)dsrdzB,

(6)

in which 7= /k,=1/v, is the reciprocal of the
projectile velocity, u; a and d u, are the initial and
final electron states R B+7Z is the projectile
coordmate and r=8+2z is the electron coordinate
with q 7= 0 In keeping with Born calculations of
direct Coulomb ionization, uf(r) is chosen to be a
Coulomb wave function. ThlS corresponds to the
widely used screening approximation®® in which
one assumes that the ejected electron leaves the
target at a slower speed than the projectile so that
the remaining target charge is completely screened
from the projectile by the ejected electron. This
approximation for the continuum wave function may
break down when the velocity of the ejected elec-
tron is comparable to the velocity of the projectile.
The above expression for the Glauber ionization
amplitude may be reduced to a one-dimensional
numerical integral!® 24:25 by expanding the ampli-
tude in partial waves of the outgoingelectron, cor-
responding to

)

l A~
=2 2 fimle, Y T(R) . (7

120 m==1

7@,k

By using the orthonormality of the spherical har-
monics, the expression for the differential cross
section as a function of the momentum of the
ejected electron is found from Eq. (5) to be

g%'?‘ Zflfx n(@, %) [*qdq . (8)

In our calculations, we have followed the work
of Golden and McGuire!® to compute differential
cross sections, do/dk, in the Glauber approxima-
tion. We have included partial waves for [ <4.
For ejected electron momenta of 2=1.67 (atomic
units) that correspond to the largest observed

TABLE I. Coefficients A,, obtained by fitting with Eqs. (3) and (4). £ is expressed in eV
and do/d¢ in cm?/eV. The approximate relationship, do(¢)/dté~},,, A, E™™, is not valid for
£<13.6 eV.

E (keV) A As Ass Ag.s Ars Asgs
25 1.83x1071  _1.39x1071% _1.35x107° —6.37x10"8 9.16Xx1077
50 2.76X10712  _g9.66x10711 1.60x107%  —1.63x1078 8.43x1078
75 2.20x10712  _5.82x10711  4.28x10710

145 7.07x10"8  _1.64x10"1 1.16x10710

200 6.20xX10"8  _1.50x1071  1,14x1071
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value, our numerical error is estimated at about
15% primarily as a result of the truncation past
1=4. At k<1.0, our numerical error is estimated
to be less than 5%. Our theoretical cross sections,
do/dk, are related to the observed energy-loss
spectra by observing that the energy lost by the
incident proton, &, is related to the energy gained
by the atomic electron £2/2, by £=1/2+k2/2 in
atomic units. Because df =kdk, the ionization en-
ergy-loss cross section corresponds to

&2z ©)

Integration of both the Glauber and Born differen-
tial cross sections over all ejected electron mo-
menta yields total cross sections that are in agree-
ment with previous!® calculations.

COMPARISON OF EXPERIMENT AND THEORY

Figure 2 shows the experimental and theoretical
differential cross sections. The theoretical curves
for the Glauber approximation and Born approxi-
mation are from the present calculations. The
binary encounter calculation curves are from the
work of Garcia.’”® A Born calculation by Bell
et al.”® is available but not shown.

The theoretical curves in Fig. 2 fall off more
rapidly with increasing energy loss than the data.
This effect is most marked in the 25-keV differen-
tial cross section curves. Here the Born approxi-
mation curve is higher than the data near the ioniz-
ation threshold and decreases more rapidly with
increasing energy loss than the experimental data.
The Glauber approximation also falls off more
rapidly than the experimental data near the ioniza-
tion threshold. Also the Glauber calculation is
lower in magnitude than the data at all energies.
The difference in absolute magnitude between all
the theories and experiment decreases with in-
creasing projectile energy. Even at 25 keV, the
theories and experiment appear to converge at
large energy losses.

The differential cross section data shown in Fig.
2 are similar but not identical in shape. The 25-
keV differential cross section shows a region be-
tween 15 and 25 eV energy loss that is definitely
less curved than the same region in the other dif-
ferential cross section curves. This effect is not
reproduced by the theoretical curves. The theo-
retical curves, however, reproduce the curve
shape of the 200-keV data quite well.

Several explanations for the breakdown of the
theory are possible. These include trajectory cor-
rections,?® binding energy and recoil corrections,?’
and possible cumulative effects brought about by
mathematical simplification and truncation.?® How-

ever, we ascribe the discrepancy to charge trans-
fer to the continuum,®:2°+3 in which the ejected
electron is swept into a continuum state of the pro-
jectile. In our Glauber and Born approximations,
the ejected electron is considered to be in a con-
tinuum state of the target with the projectile treated
as a plane wave. This description is not adequate
to describe properly those electrons that are
ejected with velocities comparable to the velocity
of the scattered proton.

The continuum charge transfer process has been
noted in several measurements of the angular dis-
tribution of ejected electrons®:?® and has been dis-
cussed in several theoretical papers.’®~3 Kim3*
has suggested the use of a Platzman plot to display
features in do/d¢ that represent collision mecha-
nisms other than simple ionization. In a Platzman
plot, the ratio of the experimental cross section
to the Rutherford cross section for the outermost
orbital, i.e.,

do T £

dt 4ma2z® 8 (10)

Y(§,T)=
is plotted as a function of £,/¢. In this equation,
&, is equal to 13.6 eV, q, is the Bohr radius, and
T is equal to m,V?/2 expressed in eV. Here, m,
is the mass of the electron, Z is the charge of the
incident projectile, and V is the projectile velocity.

Platzman plots for the continuum portion of the
energy-loss spectra for 25 and 50 keV protons
incident on atomic hydrogen are shown in Fig. 3.

In this figure, arrows indicate the kinetic energy
of electrons ejected with the same speed as that of
the incident proton. The broad peak seen in the
Platzman plot is located at energies about 10% less
thanthekinetic energy of electrons ejected with the
same speed as the scattered proton. This distribu-
tion is consistent with expectations for an electron
undergoing a charge transfer to a continuum state
of a hydrogen atom.*

Figure 3 also shows the Glauber and Born ap-
proximation differential cross sections. The theo-
retical curves are smooth and slowly decrease
with decreasing values of £,/t. Particularly in
the case of 25-keV curves, the theory and experi-
ment appear to approach one another at small
values of £,/&.

When proton impact spectra and electron impact
spectra are displayed on Platzman plots, the proton
data are dominated by the broad continuum charge
transfer peaks, which do not have counterparts on
the electron impact data. These observations sug-
gest that charge transfer may be considered an ad-
ditional electron production process in our case
rather than a redistribution of slow ejected elec-
trons.%*

None of our theoretical treatments of direct
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Coulomb ionization properly include the continuum
charge transfer process. The charge transfer to
the continuum contributions are expected to be
large in the portion of the ejected electron spectra
when the contributions from direct Coulomb ioniza-
tion calculations are small. Thus the Glauber and
Born predictions should be lower than the experi-
mental measurements, which do include electrons
from the process. In our observations, the con-
tribution to the cross section, which is attributable
to the continuum charge transfer process, could
be as high as 20%. Because the ejected electrons
are in the continuum, continuum charge transfer
is part of the overall ionization cross section.
Hence, in principle, the process should not be
studied independently of ionization.

The effect of charge transfer to the continuum is
less striking at high impact energies. The effect
is still present, only it is distributed over a larger
range of energy losses. With this in mind, agree-
ment with theory at 200 keV must be considered
good because of the similarity of the curve shapes.
The experiment is slightly higher than theory as

2
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FIG. 3. Platzman plot for the ionization continuum of
atomic hydrogen under proton impact. The heavy lines
are the corrected normalized data. The solid circles
are due to the Born approximation calculations. The
solid triangles represent our Glauber calculations. The
arrows indicate the kinetic energy of electrons ejected
with the same speed as that of the incident protons.

would be expected, both because of the additional
contribution from the continuum charge transfer
process and because of our normalization to the
Born rather than the Glauber excitation cross sec-
tion as discussed below.

Figure 4 shows the results of integrating the data
to obtain ionization cross sections. The triangles
represent our data normalized as described. The
solid circles represent the data of Gilbody and
Ireland,' and the solid squares represent the data
of Fite ef al.> Both of these latter measurements
were made by using crossed-beam techniques.
They were normalized by measuring the ratio of
the cross section for ionization of atomic hydrogen
to that of molecular hydrogen. The cross sections
were made absolute by comparing them with the
accepted value of the cross section for the ioniza-
tion of molecular hydrogen. Our data are higher
than the data of Gilbody and Ireland. The one point
at 25 keV is in good agreement with the data of
Fite’s group. The experimental arrangement used
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FIG. 4. Ionization cross section for atomic hydrogen
under proton bombardment. The solid squares are the
data of Fite etal . (Ref. 2). The solid circles are the data
of Gilbody and Ireland (Ref. 1). The solid triangles are
our data from spectra that were normalized to the Born
approximation cross section for excitation of atomic
hydrogen to the » =2 state. Both the Born approximation
(B) and Glauber approximation (GM) cross sections were
taken from Golden and McGuire (Ref. 18). The Born dis-
torted wave (BDW) approximation cross sections were
taken from Salin (Ref. 35).
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by Gilbody and Ireland and Fite ef al. should have
included the charge transfer to the continuum
electrons in the ionization current measurement.
Considering the major differences between the two
techniques, the agreement between the energy-loss
and crossed beam experiments is very good. Fig-
ure 4 also shows the Golden and McGuire'® calcu-
lations in the Born and Glauber approximations.
The data are higher than either theoretical curve;
however, this result should be expected because
neither theory includes contributions from charge
transfer to the continuum.

A calculation by Salin,®® in which the interaction
between the ejected electron and the scattered
proton are explicitly included, is also shown. In
this Born distorted wave calculation, the Coulomb
fields of both the projectile and target protons are
considered. The long-range interaction between
the ejected electron and the scattered proton en-
hances the cross section when the velocities of the
ejected electron and the incident proton are equal.
The results of this calculation are markedly higher
than the Born or Glauber cross section curves.
The agreement with the data is good at impact en-
ergies greater than 75 keV. For energies less
than 75 keV, the theoretical curve is much higher
than the experimental results. The contribution
of the long-range interaction in this theory appears
to be of the right magnitude. Overestimation of
the cross section at the low energies is typical of
Born approximation calculations and is not neces-
sarily a result of the inclusion of the long-range
effects in the theory.

DISCUSSION

The data presented here represent the first mea-
surements of the energy differential cross section

do/dt for the ionization by proton bombardment of
atomic hydrogen. The agreement with other total
ionization cross section measurements and with
theory is very good.

The data have been normalized by using the Born
calculation of the cross section for the excitation
of atomic hydrogen to the n=2 state (0,) by 200
keV protons. The choice of normalizing to the
Born approximation calculation was made at the
time of the preliminary publication of the ¢, data,®
and this normalization has been retained for con-
sistency. The best fit to the excitation data is
given by the Glauber approximation calcula-
tions.'7'%¢:37 Also, comparison with proton-helium
collisions®' 3 indicates that the Glauber approxi-
mation calculations are reliable at lower proton
impact energies than Born approximation calcula-
tions, These considerations suggest that it might
have been better to normalize to the Glauber cal-
culation; however, the reader may easily re-
normalize the data by multiplying the results by
0.9218. It must be noted that renormalization to
the Glauber approximation calculation would lower
the data by 8% and thus improve both the fit to the
theory and the agreement with the data of Gilbody
and Ireland.

The comparison of the data and theory for the
differential cross section of atomic hydrogen
emphasizes the breakdown of the Glauber and Born
theories of direct Coulomb ionization by proton
impact. This difference between theory and ex -
periment is dramatically demonstrated in the
Platzman plots. ‘The same plots indicate that this
effect is an additional contribution to the ionization.
Additional theoretical effort is required to describe
in a quantitative manner collisional ionization by
proton impact even for simple targets, such as
atomic hydrogen.
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