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It is shown that charge states of high-energy protons in solids may be simply understood in terms of capture
into, and subsequent loss from, bound states on the proton within the solid. Both the equilibrium charge states
emerging from the solid, and the approach to equilibrium within the solid, may be calculated. At high enough
proton velocities gas cross sections may be used to predict the results in solids. This is directly confirmed by
experimental results, taken from the literature, on solid carbon and gaseous carbon compounds.

I. INTRODUCTION

Since the pioneering work by Phillips,' there have
been many experiments to measure the charge
state of protons emerging with energies around
25-200 keV from solid targets.? This energy range
is difficult to treat theoretically even in gases:
neither high-energy (Born) nor low-energy approx-
imation schemes give good results.® In solids
there is in addition the difficult question of the in-
fluence of the collective screening by the valence
electrons in this energy range. No theory has yet
accounted for the complicated dependence of the
emergent neutral fraction on material and surface
condition observed in experiment.

Recently, experiments have been performed us-
ing higher-energy incident protons*°® (0.3-16 MeV)
and neutral hydrogen atoms® (1-2 MeV). In this
paper it is shown that these results may be under-
stood very simply in terms of capture into, and
subsequent loss from, bound states on the proton
in the solid. This is in contrast to other recent
theoretical studies”™° which have supposed that no
bound state exists on the proton within the solid
either because of collective screening or because
“collision broadening makes a bound state un-
stable.”** These theories suggest protons in solids
must be treated in an essentially different way
from protons in gases or heavy ions in solids,?
with capture being at the solid’s surface. However,
screening is not important at high velocities, and
collision broadening of the state on the proton, al-
though often comparable to the binding energy of
the state, is shown not to significantly affect the
calculation of capture and loss at high-proton en-
ergies. In fact, for high enough proton velocities
the charge states are simply given by scaling gas-
target results to solid densities: the cross sec-
tions are unchanged.

It is an interesting possibility that the intermed-
iate-energy results may also be understood in
terms of capture and loss, but with cross sections
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recalculated for the new valence-electron distribu-
tion in the solid.

II. OUTLINE OF THEORY

Collective screening of the potential of fast pro-
tons in solids is not important for bound states
around the proton. As is clear from the calcula-
tions of Neufeld and Ritchie,'® the screening charge
lags behind the ion a distance v/w,, where v is the
ion velocity and w, the characteristic frequency of
the modes important in the long-wavelength dielec-
tric function. w, is the plasmon frequency if this
is a well-defined collective mode, and is of simil-
ar size in solids with no well-defined plasmon
mode. For v greater than a few Bohr velocities
v, (v,=2.2 X 10° cm/sec, also a typical metal Fermi
velocity) this distance becomes many Bohr radii,
and screening does not affect binding in the Cou-
lomb potential close to the proton. Physically, the
solid cannot respond rapidly enough to screen a
fast proton.

The instability of the bound state (i.e., finite life-
time) due to the eventual loss of the electron by a
scattering off a target atom is obvious. This is
equally true for the outer electrons around a heavy
ion in a solid, which are conventionally treated ac-
cording to capture and loss formalism.'? It is true
that for protons of energies 100 keV to a few MeV,
the lifetime of the bound state is so short as to
make the uncertainty in the energy comparable to
the binding energy. However this will be shown to
be unimportant.

I put forward the following simple theory for the
charge states of fast protons in solids:

(i). The charge state is produced by capture into
and loss from bound states (discrete hydrogen-
atom eigenfunctions) on the moving proton, with
cross sections for the processes o, and o, per tar-
get atom.

(ii). For high enough proton velocities these
cross sections are given to good approximation by
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gas phase experiments where possible or single-
atom calculations.

The equation for the neutral fraction ®,, and pos-
itive fraction &, =1 - &, at a position x along the
beam in a solid with target atom density » is then

as®

;1}2 =((I)+Uc_ @ocl)n, (1)

and the equilibrium neutral fraction
o=(1+0,/0,)". (2)

Negative ions may be neglected at high velocities.
Successive excitation processes leading to in-
creased loss cross sections are also neglected (a
justification of this follows from the discussion of
the loss cross section in Sec. IlI). Equations (1)
and (2) are analogous to the treatment of heavy ions
in solids'®; here, though the complications of inner
shell vacancies, the many possible excited states
of the outer shells, and the possibility of autoioni-
zation processes of the ion once it leaves the solid,
that complicate the treatment of heavy icns, are
absent.

The success of the theory is shown by Fig. 1.
This compares measured neutral fractions emerg-
ing from solid carbon at exit energy E with the re-
sult predicted by Eq. (2) using single carbon-atom
cross sections measured in gas-phase experi-
ments.** These cross sections are given by sub-
tracting from the measured gaseous oxide and
hydrocarbon cross sections the appropriate num-
ber of hydrogen or oxygen cross sections. The
somewhat large error bars in Fig. 1 are estimated
from the error bars on the individual cross sec-
tions. It should be noted that a large part of the
scatter there comes from the oxide measurements,
where the oxygen cross section dominates and the
total provides a poor measure of the carbon cross
section. The hydrocarbon data'? gives much less
scatter.

The success of a treatment of capture into and
loss from bound states, even though the uncertain-
ty in the energy of the bound state is comparable
to the binding energy, can be simply understood in
terms of the characteristic times involved. There
is a characteristic time for the capture process
T,~7,/v. Fast protons capture electrons from tar-
get-atom core states and v, is roughly the radius
of these states. In addition there is a time to the
next loss event, the lifetime of the captured elec-
tron state 7, ~(no,v)™. The distance traveled in
this time is A=v7, =(n0,)™. A third timescale is
given by the binding energy E, of the hydrogen-
atom state: 7/E,. As stated before, for a wide
range of proton velocities above v, it turns out
that o,v is approximately constant, to give with a
typical solid-target-atom density », a lifetime 7,

of the same order of magnitude as ﬁ/EO. However,
in considering the capture process these are not
the important times to compare. Instead the rele-
vant comparison is 7,<<7,;. The capture process
to a state on the moving proton, on a time scale
T., Will be unaffected by the eventual loss of the
electron from this state at the much later time 7,.
The capture from a target atom may therefore be
calculated in the same way as from an atom of a
gaseous target; the actual cross section may be
different. Similar arguments apply to the loss pro-
cess. Thus provided the lifetime 7, is long com-
pared to the process times 7., the picture of cap-
ture into and loss from bound states remains good.

The cross sections would in general be changed
in a solid due to the changed valence-electron dis-
tribution. In fact, for high velocities the cross
sections do not depend much on the valence-elec-
tron states, and the gas-atom cross sections may
be used to good approximation.

These arguments contain the essential physics
behind the success of the theory as shown in Fig. 1.
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FIG. 1. Equilibrium neutral fraction &, emerging from
solid carbon as a function of exit energy E. Continuous
line: high-energy protons (Ref. 4), and low-energy
deuterons (Ref. 15) with energy scaled to the proton
energy for the same ion velocity. Broken line: protons
on “dirty gold” (Ref. 16). The latter are used to inter-
polate between high and low energies, since at the lower-
energies “dirty gold” and carbon are found to give iden-
tical results (Ref. 15). Points are calculated from gas
cross sections (see text).
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In Sec. III the same physics is expressed more
precisely in terms of the quantum-mechanical theo-
ries of capture and loss.

III. DERIVATION

The result in quantum-mechanical terms is that
capture and loss for fast protons depend on the
wave function of the electron state on the proton,
but not on the binding enevgy and a fortiori not on
the uncertainty 7/7, in this energy.

This conclusion for the loss process is very
straightforward. For proton velocities v greater
than a few v, the loss cross section may be calcu-
lated'” as the total scattering cross section of a

target atom for scattering of an electron with a ve-
— |

locity distribution about the large velocity ¥ given
by the momentum distribution of the initial wave
function. Essentially all scattering events result
in loss of the electron. The uncertainty in the
binding energy is not important. This conclusion,
although derived from the impulse theory of elec-
tron loss,'” should be independent of the exact va-
lidity of the model.

The capture process is quasiresonant and must
be treated more carefully. On a Born-type approx-
imation the cross section for capture from a state
7 on atom A to a state f on the moving proton B is
given by

0= @0y [ ap Ko W)F, ®)

where the matrix element is

Gholy= | | exp{—;.f[(”"fT‘En%) z,,+ﬁ;ﬁb}~§¢¢(fb>v<?,,,f,,>zpmexp{%[(ﬂgff _mo) zwﬁ;@]}dl’adfb

m is the electron mass. T, isthe electron position
measured from nucleus A, with components z, paral-
leland p, perpendicular to the velocity v. Similarly ?b
is the positionfrom B. E;and E,are the binding ener-
gies of initial- and final-electron eigenfunctions
¥;(T,) and 9,(F,). V(T,,T,) is the interaction poten-
tial: the form chosen determines the approxima-
tion used. These equations may be derived'® from
either a wave or impact parameter approach: the
integral over perpendicular momentum transfer
P, in Eq. (3) corresponds to an integral over im-
pact parameters in that approach.

The total cross section for capture to the state
f is the sum Z/io,.f over occupied states 7. In gen-
eral ¢ will include core states with E;> E,. It may
be seen, independently of the form of V, that the
integral over z, gives a broad resonance condition.
The maximum contribution would be expected from
states ¢ giving the stationary phase condition E;
- Ef~§mv2. However the width of the resonance is
given by the scale over which the momentum com-
ponents of ), decreases, and is between

E,-E;~3mV*+/w/R;, (5)

where R; is some characteristic radius of the or-
bit ;. For hydrogen-like orbits E;~3mv* ~7w/R;,
and the resonance is very broad. An uncertainty
AE << ﬁv/R,- broadens the resonance by an amount
small compared with the width 7w /R;, and will
change the cross section very little. The integral
over z, is not resonant for v>v,, and if AE,

« 3mv®, E; (both of order %v/R;) the cross section

(4)

r
will again be unchanged by the uncertainty AE,.
This is the central result to be proved.

It is also clear from Eq. (4) that the energy E,
is itself irrelevant for v>wv,. The cross section
depends on the wave function Y, but not on the en-
evgy of the final state. This is particularly ob-
vious if the Brinkman-Kramers'® approximation
for the interaction is used: V=-e?/r,. This does
not give good answers for the overall value of the
cross section, but is often used to calculate rela-
tive values between different cross sections. The
cross section for capture from a full hydrogenlike
shell with nuclear charge Z and quantum number
n* to any state in the shell » on a proton is given
in closed form

18 5 8
o(Z,n*;1,n) =35-— ﬂag%n%g (Z—O>
X( (3mop)® )
(E;-E;—3mv®P+(w/R,)?) > (6)

with R;=n*a,/Z, just the Bohr radius of the initial
shell divided by the quantum number »n*. The
quasiresonant nature and the unimportance of E,
(and therefore AE,) much less than /w/R; or zmv®
is clearly displayed. The dependence on the final
state is the well-known n™® prefactor, which comes
simply from the dependence of the high-momentum
components of the wave function on the shell quan-
tum number r.2°

Capture probabilities for each impact parameter
have been added. The loss probability has then
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been calculated. Capture and loss have been treat-
ed as independent events and phase interference
effects have been neglected. In a gaseous target
this is easily justified since the propagation of the
states

|£(£)) =e=iEst/ R £ (0)) (7

over a range of long propagation times 7, is suf-
ficient to randomize the phases between different
final states f. In a solid when E,7,/fi~1 this sim-
ple justification can no longer be made. Instead
the following argument may be made: Capture to
fast protons is mainly to the ground 1s state (ac-
cording to the n™ dependence), and to excited
states is again mainly to s states.?® There is little
directional information from the capture process
to influence the loss process. Phase interference
effects between the s states will be small because
of the different amplitudes. The averaging over
phases due to the time propagation that does occur,
and ranges of impact parameters and path direc-
tions, will probably wash out the remaining effects.

The energy range for which the description in
terms of independent capture and loss events is
expected to be valid is conveniently seen from the
loss length A =(ro;)™ =v7,. Values from carbon
using the measured loss cross section and the
atomic density » equal to 17.6 X 1022 cm™ are given
in Table I. X continues to increase at higher en-
ergies. At high energies where X is many inter-
atomic spacings and capture and loss, involving
core states, are characterized by a distance some
core radius R, then the description is good. The
lower-energy limit is more difficult to define.
Typical loss cross sections for protons pass
through a broad maximum at 100-50 keV proton
energies, and decrease again at lower energies.’
The minimum A in Table I is therefore the small-
est that will occur. The picture may possibly re-
tain some validity right down to energies where
screening finally dominates.

Finally in this section the use of gas (single-
atom) cross sections must be justified.

The gas capture cross section may be used if
the electron is captured from an inner shell. These
are unaffected by binding in the solid. The mini-
mum velocity at which this may be assumed can be

TABLE I. Loss length A=(o;)™ in carbon as a function
of proton energy.

Energy Z\
(MeV) (A)
2 19

1 10
0.1 3

seen from shell by shell calculations of various
atoms.? The value for lithium v >2v, for which
inner (K) shell capture dominates may be taken as
an optimistic lower limit.

The loss cross section is not expected to be
sensitive to the valence electron distribution for
proton velocities greater than a few v,. This fol-
lows, for example, from the impact model de-
scribed above, and the insensitivity of the total
electron scattering cross section at high veloci-
ties to the valence electron distribution.®

IV. EXPERIMENTAL CONSEQUENCES

The implications of the theory go beyond simply
the equilibrium neutral fraction.

A. Exit-angle dependence

Since the neutral fraction emerging is produced
by equilibrium between capture and loss in the
bulk solid, no dependence on the exit angle from
clean surfaces at constant exif energy would be ex-
pected. To explain the observed angle dependence
for gold* it is necessary to assume the presence
of a thin layer of light atoms on the surface. 10
atoms/cm? of carbon (a thickness of 3 A) is suf-
ficient to give the observed reduction in neutral
fraction with increasing exit angle. The state of
the surface in the experiment is not described.

B. Approach to equilibrium

This is described by Eq. (1), which may be
solved to give

A®=AF exp|- (0,+0,)nx]. (8)

A® is the deviation from equilibrium of either posi-
tive or neutral fraction at x, and A®° is the initial
value at x=0. Above 100 keV, where o, > ¢, the
length over which equilibrium is approached, is
simply A =(no,)™ already shown for carbon targets
in Table I. Experiments with incident protons4 at

T MeV give some evidence for the long equilibrium
lengths expected at high energies. Recent experi-
ments® with incident neutrals at 1-2 MeV on the
approach to equilibrium in thin carbon foils con-
firm the application of Eq. (8) and provide values
for 0, and 0, in reasonable agreement with the val-
ues from the gas-phase experiments.!* Lower-en-
ergy experiments® suggest an equilibrium length
at 500 keV/nucleon of less than 5-10 A in carbon,
consistent with the predictions of Table I. The ex-
treme sensitivity to surface cleanliness at energies
less than 200 keV suggested by Table I is well
known.'®
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C. Excited-state fractions

The prediction of excited- state fractions is more
difficult than predicting the neutral fraction. For
high enough proton velocities the simple theory
described involves a capture process exactly the
same as in a gaseous target, and a loss cross sec-
tion independent of the excited state. The excited
state fraction is then given by the relative capture
cross section from a single gas atom to the ex-
cited state. The Brinkman-Kramers approximation
predicts a n™® dependence on principal quantum
number. More detailed calculations have been done
by Hiskes®® and Omvidar®®: the %™ is found to be
good at least for large n. However it is not clear
that the neglect of collision excitation processes,
probably good when considering the neutral frac-
tion, remains good when considering explicitly the
excited state fraction. At lower velocities both
capture and loss depend on the excitation and no
simple result can be stated. As yet no experimen-
tal results for fast protons are available.

V. OTHER THEORIES

In this section, some other recent theories of
fast proton charge pickup are discussed in terms
of the ideas introduced in this paper.

The high-velocity results of Trubnikov and Yav-
linskii® and Kitagawa and Ohtsuki'® may be under-
stood as calculations of the capture probability
from the tail of the conduction electron distribu-
tion at the surface. They therefore neglect the
process important at high velocities, namely cap-
ture from the target atom cores over the larger
distance X. It should also be noted that their high-
velocity asymptotic dependences for the capture
probability, falling off less rapidly than for cap-
ture from single atoms, are spurious. It is clear
from Eq. (4) and from the simple Born approxi-
mation®® that the asymptotic form depends cru-
cially on the high momentum components of the
wave functions of the initial and final electron
states. These in turn are a function of the discon-
tinuities in the wave functions. TY and KO use an
unrealistic wave function for the conduction elec-
trons, with discontinuous second derivatives, thus
building in unphysical high-momentum compon-
ents. A more realistic wave function is essential
to calculate electron capture from the conduction
tail, which may be important in the glancing angle
reflection experiments.?

Yavlinskii etal.” treat a triple recombination pro-
cess. Such a process would be expected to be less
important than the quasiresonant capture process
at high velocities. Their asymptotic dependence
v is hard to understand.

A proper comparison with the theory of Brandt
and Sizmann® must await a detailed publication of
that theory. From brief descriptions,*® 27 jt ap.
pears the emphasis is on the absence of bound
states in the solid, and instead'* a build up of a
“correlation in speed and direction” between the
proton and electron. If correlation persists to the
surface capture may then occur. This correlation
has been suggested'! to be reminiscent of the
“charge exchange to a continuum state.”?® In con-
trast in the theory presented here, charge ex-
change to a continuum state is a separate process
[zﬂf in Eq. (4) becomes an unbound continuum hy-
drogen wave function, not a discrete bound wave
function] that gives rise exactly as in gas collis-
ions?® to the observed cusp of unbound electrons
at the proton exit velocity. 3’ Nevertheless the for-
mula for the neutral fraction Eq. (2) is quoted.®

VI. SUMMARY

It has been shown that the charge state of fast
protons in solids may be simply understood in
terms of capture into and subsequent loss from
bound states on the proton. By a bound state is
meant a discrete hydrogen atom eigenfunction. The
uncertainty in the energy of these states due to the
short lifetime is not important, since neither cap-
ture nor loss process depends on the energy of the
state. The emergent equilibrium fraction is pro-
duced in the bulk of the solid. The surface plays
no special role merely acting as the absence of
further scattering centres: on average, an elec-
tron captured to a bound state within the distance
X from the surface will be detected in that state and
no further interaction with the surface is needed to
produce the bound state.

For proton velocities greater than a few v, gas
atom cross sections may be used. The solid re-
sults are then given by gas calculations scaled to
higher densities. This result is an obvious con-
clusion of a discussion of capture and loss to bound
states applicable to targets of all densities. As yet
few cross sections for atoms commonly used in
solid targets are available from theory or experi-
ment. Theory® has mainly concentrated on inert
gas atoms: clearly the same methods could be
used for carbon, gold, etc. The data quoted for
carbon cross sections'* seems the most extensive
available from experiment. A general expression
for o, and o, of Brandt and Sizmann, apparently
based on a Thomas-Fermi atom and Born approxi-
mation, has been quoted®: this does not give very
good agreement with measured gas va,lues,31 but
the ratio roughly predicts the trend with target
atomic number observed in solid experiments.®

The formalism of capture and loss may also ac-



count for the intermediate energy results. It has
been suggested before® that argon cross sections
predict fairly well solid neutral fractions. To ac-
count for the dependence on material, cross sec-
tions for the relevant atomic species with the val-
ence electron distribution as in the solid must be
known. A calculation of these cross sections in the
intermediate energy range is not easy, but may be
necessary to understand the data. An alternative
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possibility® is that collective screening dominates,
and a careful calculation of electron pickup in the
tail at the surface is needed.
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