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Scattering of H* and H™ ions and H’(1s) atoms in gases, with or without their charge being
altered, has been studied both experimentally and theoretically. We describe the
experimental setup and a method of reducing the errors in measuring the charge distributions
®,(¢). Cross sections ojy, 0i;, and oy have been measured at energies E=1.67, 5.0,

6.9, 10.4, and 14.9 MeV, as have the efficiencies ®7** with which the H™ ions are neutralized,

max

together with the target thicknesses ¢

, which characterize the interaction of H™ and

H’(1s) particles with the He, Ar, Kr, Xe, H,, O,, CO,, and C,H, gases. The Born approximation
for an H, target in the £=0.1-20 MeV energy range has been used to calculate scattering

cross sections and characteristic scattering angles for hydrogen particles in collisions of type
(10)+(11), (00), (11), and (11). A molecular hydrogen target is described using the Wang,
Weinbaum, and Stewart form factors. We analyze these results, and compare them with one another
and with the results of other researchers. © 1995 American Institute of Physics.

1. INTRODUCTION

Progress in ion—atom collision physics is related prima-
rily in a natural way to the study of the interaction of light
particles, such as H" and H™ ions and H’ atoms, with gas-
eous targets. From a practical standpoint, this is due to a
need for devices producing high-power beams of hydrogen
ions and atoms with small angular divergence and emittance
to heat the plasma in fusion reactors, to transport particle
beams over large distances, and for use in storage rings,
colliding-beam accelerators, etc. It also results from a need
to predict the effect of the medium in which the beams
propagate on the beams themselves. From a theoretical
standpoint, light particles serve as the most convenient test-
ing ground for building and verifying numerical models of
various processes.

Despite the historically rather long period of develop-
ment of this field of ion—atom collision physics, there have
been neither systematic nor experimental studies of the cross
sections for electron loss or capture by hydrogen particles
with enefgies E higher than 1MeV in interactions with heavy
atomic and molecular gases. This is even more true of scat-
tering that leaves the original charge on the incoming par-
ticles unaltered, of the angular characteristics of all the afore-
mentioned processes, of scattering in polarized vapor targets,
etc. For one thing, almost everything just said (except for
data on the electron loss cross sections) holds for an H,
target. The most complete and successful theoretical studies
have involved only atomic hydrogen and helium targets,'~
while experimental work relates to H, and He.!-#10-17

From 1982 to 1986 we carried out a series of experi-
ments to measure the cross sections and characteristic scat-
tering angles of hydrogen particles emerging as a result of
the loss of one or two electrons by H™ ions and H°(1s)
atoms with energies E ranging from 1-15 MeV in gases, the
scattering cross section of H*, H°, and H™ particles when
their original charge is unaltered, and the production cross
section of hydrogen atoms in the 2s and 2p states in the
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neutralization of H™ ions. Later these processes were studied
theoretically. With Refs. 11 and 12 we started publication of
the physical part of the completed theoretical and experimen-
tal studies, while some topics pertaining to the measurement
method are reflected in Refs. 18—20. The first paper'’ gives
measurements of the scattering cross sections o;; for H,
H°, and H™ particles with charge unaltered and the cross
sections and characteristic angles for the (11), (00), (11), and
(10)+(11) processes in which fast hydrogen particles interact
with a helium target. The second paper'? contains experi-
mental data on the cross sections ojy, oi;, and oy for
H~ and H°(1s) particles with energies E=1.67 and
5.0 MeV; it also contains Born-approximation calculations
of cross sections and characteristic scattering angles for
H™, H° and H* particles with energies E in the 0.1-20
MeV range for (10)+(11) processes and collisions that leave
the charge of atomic hydrogen unaltered, and, within the
derived instantaneous dipole moment approximation, in tar-
gets consisting of atoms of alkali metals and molecules of
alkali-halide compounds.

In the present paper we examine, in the Born approxi-
mation, electron loss by H™ ions and the scattering of the
hydrogen particles H*, H’(1s), and H™ with incident-
particle energies E in the 0.1-20 MeV range in collisions
with a molecular-hydrogen target. In experiments at
E=1.67, 5.0, 6.9, 10.4, and 14.9 MeV, we have determined
the cross sections oy, 0i;, and g, for the loss of one or
two electrons by H™ ions and H%(1s) atoms in interactions
with He, Ar, Kr, Xe, H,, O,, CO, and C,H, gases, and we
have measured both the efficiency ®§** with which H™ ions
are neutralized and the corresponding target thicknesses
™12 The experimental results for £E=6.9, 10.4, and 14.9
MeV are published for the first time; the data for £=1.67
and 5.0 MeV were obtained by the authors of the present
paper, and are presented here to complete the background
required for analysis of the experimental data.
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2. EXPERIMENTAL SYSTEM AND RESULTS OF
MEASUREMENTS

The experimental system consists of standard detection
and monitoring electronics, plus vacuum, gas, and other de-
vices commonly used to measure the charge distribution of
particles in beams (i.e., the fraction ®;(¢) of particles with
charge i in the beam after traversing a target of thickness t).
The H™ ions are accelerated in a conventional U-120 cyclo-
tron and then, via a beam-bending magnet, directed into the
test channel.!! A distinctive feature of the apparatus is the
high degree of beam collimation and, as a result, the possi-
bility of maintaining a particle flux after traversing the gas
collision chamber at a level J less than 500 particles per
second, which makes it possible to detect the charge distri-
bution of the hydrogen particles H*, H, and H™ using a set
of three surface-barrier silicon detectors (typeDKPs-350) op-
erating in the direct particle-counting mode, thus yielding
low noise and interference. The particle flux in a definite
charge state is measured by processing the detector signals in
a spectrometric circuit consisting of a charge-sensitive pre-
amplifier, a pulse-shaper, a differential amplitude discrimina-
tor, and a counter. With allowance for the pulsed mode of
operation of the accelerator at the average intensity J men-
tioned above, errors resulting from the superposition of elec-
trical signals in the apparatus did not exceed 0.5%.

A detailed description of the main components of the
experimental apparatus and the measurement of the charge
composition of the beam of fast hydrogen particles is given
in Refs. 11, 12, and 20. Here we touch only on problems
encountered in reducing the cross-section measurement er-
TorS.

One of the main sources of error is related to determin-
ing the effective thickness ¢ of the gas target. Cross sections
were measured at a gas pressure P in the collision chamber
(in the range 0.1-1 Pa'"'?) which, on the one hand, was a
compromise between a decreasing error in gas pressure mea-
surements (as the pressure increased) and an increasing un-
certainty in the size of the additional target formed by the gas
flowing out of the collision chamber and, on the other, mini-
mized the random error in determining ®;(¢). The net error
in measuring ¢ was at most 5-7%.

Numerical analysis of Egs. (4)—(6) in Ref. 12 for calcu-
lating 0y, 0iy, and oi; shows that the magnitude of the
error in measuring the cross sections depends to a large ex-
tent on the stability, and hence the “purity,” of the original
charge makeup of the beam, ®;(#=0), at the entrance to the
collision chamber filled with the gas being studied. This is
also especially important for the (01) process, because the
presence in the original beam of atoms in long-lived excited
states (specifically in the metastable 2s,/, state)—in addition
to the H°(1s) atoms—can result in an erroneous overesti-
mate of the measured cross sections o, since the cross
sections for electron loss by excited H°(n!) atoms are con-
siderably higher than the cross section for electron loss by
the ground state of the hydrogen atom (see, e.g., Ref. 5). In
view of this, the H(1s) beam was prepared using a charge-
exchange gas target!! equipped with a differential vacuum
pump system, and an electric deflector to separate the beam
into charge fractions and destroy long-lived states of
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H(nl) atoms. The pump was also used to maintain a high
vacuum at a level of less than 10™*Pa, and there was also a
way to apply a magnetic field to a section (0.40 m long) that
the beam passed through before entering the collision cham-
ber. This guaranteed destruction of the excited H’(nl) states
and “cleared” the beam of extraneous charge fractions. The
same was done with the original beam of H" and H™ ions.
As a result, the original charge distribution of particles at the
entrance to the collision chamber was almost the same at all
energy values E, and was maintained at ®7(0)=0.988 and
®,(0)=0.010 for the original H™ beam and at
®,(0)=0.995 for the original H(1s) beam.

The charge distribution of the particles in the beam must
be preserved after it leaves the collision chamber only over
the section that the beam traverses from the collision cham-
ber to the system that separates the beam into different
charge components. This was accomplished by implementing
differential pumping immediately after the collision chamber
(this was partly done before the collision chamber, although
there was really no need to do so, because the entrance slit of
the collision chamber, which is needed to collimate the beam
and restrict the gas flow, has extremely small dimensions,
0.02x 6mm?, while the exit slit is 0.3X6mm?) in order to
maintain a high vacuum in this section (residual gas pressure
<3-10%Pa), and by placing the separating electric and mag-
netic deflectors as close as possible to the collision chamber
(=0.2 m for the electric deflector and =1.2 m for the mag-
netic deflector).!1:1220

Note that using semiconductor detectors to detect the
charged components of the beams, rather than measuring de-
vices of other types, on the whole helped reduce the errors in
measuring the fractions ®,(¢). No errors in measuring
®;(¢) due to possible defects in the sensitive surfaces of the
detectors (in reference measurements in which the beam was
moved in relation to the detectors) were detected at the
statistical-error level.

Our experimental estimates, calculations of the differen-
tial scattering cross sections for particles in the (10) process
carried out in Refs. 8,11 and 12, and conclusions drawn in
Refs. 7, 12 and 17 about the weak dependence of the char-
acteristic scattering angles on the type of gas target have
shown that the acceptance of the detectors was always much
greater than the emittance of some one of the charged com-
ponents of the beam.

Figure 1 depicts the experimental dependence of the
charged fraction of the beam, ®,(¢), on the thickness of a
C,H, target for an initial beam of H™ ions with energy
E=5.0 MeV. ®,(t) is observed to behave in just the same
way with other targets and collision energies.

Table I lists the cross sections calculated from the mea-
sured charge distributions, the H™ ion neutralization efficien-
cies DJ'** observed at target thicknesses ™, and the values
6 of random experimental errors corresponding to the same
standard deviation. With experimental errors taken into ac-
count, these values obey the following basic rules:

1. At fixed incident particle energy, the electron-loss
cross sections form the sequence ojy> 0y >0, and in-
crease with the atomic number of monatomic gases and with
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FIG. 1. A typical pattern of the measured charge distribution of hydrogen
particles as a function of the thickness of the C,H, target for an initial H™
ion beam with energy £=5.0 MeV.

the atomic numbers of the particles comprising molecular
targets (approximately in accordance with the additivity
law'?).

2. For a single target, the cross sections oig, 0oy, and
oi; decrease (with increasing energy) according to a univer-
sal functional dependence ~ E ™", as a result of which the
efficiency ®§** with which H™ ions are neutralized in the
target is independent of the collision energy. For all targets,
n<l.

3. The thickness t™** at which the value ®§ is reached
is proportional to E” and increases as heavy targets are re-
placed with lighter targets at fixed energy E.

3. CALCULATION OF CROSS SECTIONS FOR AN H,
TARGET

We consider the following processes in which fast hy-
drogen particles interact with a molecular-hydrogen target:

H"+H,—»H'+Hy(3), (1)
H(1s) + H,—H%(15,25,2p) + Hy(2), ?)
H +H,—H (1s%)+H,(2), (3)
H +H,—H(nl)+H,(3)+e", )
H +H,—H"'+H,(2)+2e, (3)

in which we take into account all final states of the target,
both from the discrete spectrum and the continuous, which is
denoted by the symbol ..

Our starting point is the general perturbation-theory for-
mula for the differential cross section in the center-of-mass
frame of reference obtained in the first Born approximation

without relativistic corrections:?!
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TABLE 1. Experimental data on the cross sections oy;, 0, and o, (in
units of 10™¥cm?) and the neutralization efficiencies ®7** for H™ ions
observed at gaseous target thicknesses t™* (in units of 10°cm~2).

Gas E,MeV o0 Tio o o gmax
1.67 8.62 29.7 1.20 0.543 63.2
5.0 4.61 10.9 0.190 0.526° 136°
He 6.9 2.68 7.82 0.135 0.557 170
10.4 1.62 4.96 0.0620 0.576° 332¢
14.9 1.22 3.88 0.0643 0.553 487
1.67 117 319 19.2 0.518 4.95
5.0 60.4 125 4.62 0.495¢ 11.0¢
Ar 6.9 44 .4 106 3.717 0.511 129
104 30.8 80.1 1.93 0.519 16.6
14.9 25.2 61.2 1.67 0.532 20.9
1.67 135 328 225 0.511 4.60
5.0 66.5 165 8.19 0.524¢ 8.99°¢
6.9 68.5 157 6.70 0.511 8.62
10.4 49.9 124 4.05 0.531¢ 12.1¢
14.9 43.8 108 3.37 0.517 12.2
1.67 170 403 33.9 0.504 2.98
5.0 105 229 12.0 0.500¢ 6.10°¢
Xe 6.9 96.4 225 7.64 0.519 6.76
104 74.4 185 8.09 0.527¢ 8.04¢
149 65.1 160 5.67 0.509 8.79
1.67 11.8 42.7 1.24 0.582 40.8
5.0 4.70 15.3 0.287 0.581 117
H, 6.9 3.63 11.4 0.409 0.592 125
104 2.38 8.18 0.172 0.576 231
14.9 1.71 5.37 0.159 0.580 346
1.67 106 274 15.3 0.518 5.80
5.0 44.0 110 4.01 0.528 134
0, 6.9 32.7 86.9 2.62 0.528 18.5
104 223 59.8 1.32 0.525 22.1
149 16.7 47.5 2.63 0.534 31.4
1.67 131 331 17.4 0.528 4.78
5.0 58.2 145 4.56 0.530 10.0
CO, 6.9 42.7 110 3.22 0.536 13.5
10.4 27.5 77.3 2.06 0.531 19.9
14.9 21.7 61.3 1.58 0.547 25.2
1.67 0.548
5.0 32.8 89.3 2.05 0.544 15.1
CH, 6.9 0.550 220
104 0.548 320
149 0.546 71.7
8,% 1 7 9 25 1 12

The superscript “c” indicates that the corresponding values of ®g™ and
™3 were not measured directly but calculated using Eq. (7) of Ref. 12 from
the measured cross sections, and & is the measurement error.

2
foe_iqR‘If}“‘I'ide'r ,

do.arﬂr(v) M2 kf
do 4wkt K

(6)

where a; and B¢ stand for the final states of the incident and
scattered particles, respectively; v is the scattering angle in
the center-of-mass frame; M is the reduced mass of the col-
liding systems; k; and k; are the wave vectors corresponding
to the motion of a particle with reduced mass M and the
velocity of the incident particle before and after the collision;
q=k¢—K;; U is the potential energy of the interaction of the
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FIG. 2. Diagrammatic illustration of the notation used in specifying the
coordinates of the particles participating in a collision of system A with a
diatomic molecule BC.

particles; R is the distance between the centers of mass of the
particles; and d 7 is an element of the configuration space of
the electrons of both particles. For a scattering process
A+BC—... in which a monatomic particle A is scattered by
a diatomic molecule BC and in which electron exchange
processes are ignored, the initial and final wave functions in
Eq. (6) can be written as

‘piz‘ ‘ﬁai(ra)‘pﬁi(rb ), W= (/]“f(r“)wﬁf(rb xe), (0)

where Yo and Yap and Yp, and l/lﬁr are the wave functions,
respectively, of the initial and final states of particles A and
BG; r, is the radius vector of the ath electron of particle A
with respect to its nucleus; r, and r. are the radius vectors of
the bth and cth electrons with respect to the nuclei of B and
C in the molecule. It is convenient at this point to assign to
the nucleus of B the same number of molecular electrons
(more precisely, with allowance for exchange processes, the
radius vectors of those electrons), including outer electrons,
as belong to particle B, and to assign the remaining electrons
to the nucleus of C, which is reflected in the notation of the
arguments of the molecule’s wave function in (7) and in the
expression for U below Eq. (8). This notation is illustrated
by Fig. 2.

Let p be the internuclear distance vector in the BC mol-
ecule. Then the potential energy of the interaction of the
colliding systems is

ZpZc ] 1

ZAZB
O —
R+ p/2| AE |R—p/2—r,|

|R—p/2|

2

U=e

NA 1
ZAE

IR+p2-r| /2 r, 252 R—p/2+r,
a=1

ZCE 2 2

|R+p/2+r | |R p/2+r — 1|
Nao Nc 1
*2 2 Repnrn, o ®

a=1c

where Z,, Zg, and Z are the charges of the nuclei of par-
ticles A, B, and C in units of the elementary charge e; and
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N4, Ng, and N are the numbers of electrons in particles A,

B, and C. Substituting (8) into the expression for the scatter-
ing amplitude derived from (6),

M, p(q,p)= f f V¥Ue 'Y dRdT, 9)

and integrating over d°R via the Bethe integral, we get

[Fps(a.p)

47° A
Mafﬁf(q’p) = —qTFQfai( q)

qp
+FB B(q,p)]cos + l[prB (q,p)

. ap
_Fgfﬂi(q:p)]SIH—z—_ ]’ (10)
where F4 faA(Q) is the form factor of particle A,® and

Ng

F,B;fﬁi(q,p)=J wzf(rb’rc) ZB_E

b=1

Xe_iqrb ¢Bi(rb,rc)dTBc, (11)

where d1pc is an element of the configuration space of the
electrons of the BC molecule, and might well be called the
form factor of particle B in the BC molecule. The quantity
F lC?fBi is defined similarly. Note that the form factor (11) de-

pends on the vector p, since p enters into the expression for
the wave functions of the molecule.

Thus, when the incident plane wave describing the inci-
dent A particle is scattered by an arbitrary two-center mol-
ecule, it creates a complicated interference pattern. The ar-
gument (qp)/2 of the trigonometric function is similar to the
argument in the problem of interference of electromagnetic
waves from two coherent sources. Vector p acts as the dis-
tance between the sources and g=2m/N. The interference
amplitude is determined by the form factors.

For symmetric molecules (BC=B,) we have FB=F€,
and Eq. (10) assumes the form

2

8me (qp)
Map(@.0)= =7 Foa(@Fpg(ap)cos——.  (12)

Meyerhof et al.?? arrived at the same expression for the H,
molecule.

In studying processes like (1)—(5), one must sum the
differential cross sections (6) over all possible final states of

the molecular target and then average the result over the
directions of vector p. Substituting (12) into (6) yields
16M%e* k;

do,(v)
do ﬁ4 4 lF

(@)|*s%(a), (13)

where the properties of the target are specified entirely by the
function

1 qp
SB(q)=Ef > IFEfﬂi(q,p)lzcosz(y)de, (14)
B
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with d(}, the element of solid angle in the direction of p.
The quantlty 25B(q) is the square of the effective charge of
the B system in the target molecule. This is evident from the
fact that in large-angle scattering we can formally let
g—, which yields SB=Z2/2 and |FA|?=Z3 . Substituting
these values into Eq. (13), we obtain, as expected, the Ruth-
erford formula multiplied by two, which corresponds to
large-angle scattering of nuclei A by the two identical nuclei
B of the B, molecule.

The sum of the |F ngJz in Eq. (14) (including integration
over the final-states continuum) can be evaluated in closed
form in the Born approximation, i.e., by using a sum rule for
the final states along with some representation of the average
momentum transfer g in collisions.®?* Lee and Chen® point
out that conceptually this method works when the energy E
of the H™ -ions is at least 100 keV, and even lower energies
can be used when estimating cross sections. This corre-
sponds to Bohr’s criteria®*® for the applicability of the Born
approximation: Z,<Zg and V>2Zgv,, where V is the ve-
locity of the incident particle, and vy=2.19-10%cm/s is the
velocity of the electron in the first Bohr orbit of the hydrogen
atom. The same is true of scattering processes that leave the
charge unaltered. If all this is taken into account, Eq. (13) in
the laboratory frame of reference assumes the form

do,(6)  16a} k;
aQ (qao)4

M
( “) IFA L (DPS®@), (%)

where a is the Bohr radius, m. and M, are the electron
mass and the mass of the A particle, and 6 is the scattering
angle in the laboratory frame. Equation (14) becomes

2

oo 1 S
S (q)=4—;f (Yl Zg—2 &' |¥g)
b=1

X cos? aQ,. (16)

,( (ap) )

Thus, the quantity specified by Eq. (16) is determined
solely by the wave function of the ground state of the target
molecule.

Ordinarily one uses Eq. (13) when calculating total cross
sections, substituting do = wd(q?)/k¢; for dQ. We, how-
ever, are interested not only in total sections but also in the
angular characteristics of processes (1)—(5) in the laboratory
frame. Hence the calculations of differential and total cross
sections were carried out via Eq. (15).

In the case of an H, target, Eq. (16) becomes

1
$"G)=5- f F;*(q)COSZ(qZ” )dﬂp, a7

where F(g)=1—( c//g?leiq'| 4//22) is the form factor (11) for
the singlet ground state of the H, molecule. Here, for the
sake of simplicity, the label on the radius vector r has been
dropped, while the subscript “s” indicating the singlet state
of the H, molecule in the notation of the form factor distin-
guishes this form factor from the conventional notation for
the hydrogen-atom form factor.
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The ground state of the hydrogen molecule is described
by the Wang wave function.”® We call the corresponding
function F¥(g) from Eq. (17) the Wang form factor. The
expression for the Wang form factor contains the following
product of integrals:

f exp{— (Z/a) (|r—p|+r)}exp i(qr)drf

Xexp{— (Z/ao) (v’ +p|+r')}dr’

1672als?
z(—422——“7)— expli(gp)/2], (18)

which was approximated, as in Ref. 22, by the right-hand
side of Eq. (18). For the Wang wave function, Z=1.166,
p=0.76A, and the overlap integral S = (1 + x
+ x%/3)e™* = 0.67633, with x=Zp/a,. Using (18), we
arrive at the following form of Eq. (17):

(1-2Q)siny— g sin2y

1
H -
$M(g)=1 Q+ .

y 1 3y
smE —9—sm )

-6QS? } (19)

where y=¢gp, and the Wang form factor is
8z*
(1+82)(42%+3%a5)*

0=

Note that the approximation (18) leads to the correct
functional dependence of (19) on g for small g, i.e., for
scattering angles close to zero. In particular, at g=0, the
expression (16) obviously vanishes if Zg=Npg; the same fol-
lows from (19).

In addition to the function (19) obtained here, to calcu-
late the cross sections of processes (1)—(5) we used the
square of the effective charge S +S, found by Meyerhof
et al?? via the Weinbaum wave function for the H, mol-
ecule. The sum S+ S, from Ref. 22 is related, by definition,
to the function (19): S;+S,=4S5"(g). Using the more com-
plicated Weinbaum wave function leads only to a slight
change in the constants that enter into the definition of Q,
and in the factor 652. In the same paper Meyerhof ef al.
calculated S,+S, using the Stewart form factor. We also
used their result in calculating the cross sections of processes
(1)—(5). The expressions for the functions S¥(g) from (17)
or S+ S, corresponding to the Weinbaum and Stewart form
factors can easily be derived from Ref. 22, and we will not
write them out here. The expressions for the form factors of
the incident particles and the incoherent scattering functions
SE:C@) for H™ ions, which are needed to calculate the cross
sections of processes (1)—(5), can be found in Ref. 11. Below
we compare the characteristic angles and cross sections ob-
tained via the Wang, Weinbaum, and Stewart form factors
with the existing experimental and theoretical results.

4. DISCUSSION

We have calculated angles'"!® and total scattering cross

sections for hydrogen particles with energies E=0.1-20
MeV in a H, target using Eq. (15) for the three form factors
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mentioned above. For the process specified by (3), the scat-
tering of H™ ions leaving charge unaltered, the final state of
the H™ ion is the ground state because the excited states are
autodetached.! Applying the sum rule to |F Ef |2 in (15) for
as # a; yields the differential scattering cross section for the
superposition (10)+(11) of processes (4) and (5), i.e., the
Cross sections

dos dojy . doy,
40 dQ " dQ

and
ox=0jptoi;

along with the characteristic angles 012/25 0(1}20)+(11). How-
ever, o; is only four-hundredths of oj, (see Refs. 1, 2 and
Table I). This makes it possible to estimate quite accurately
the characteristic angles and cross sections for neutralization
of the H™ ions. Computed results are listed in Tables II-1V,
where we have introduced the notation
000=000(15)+ 0g9(25)+ ao9(2p)- Table IV lists the pa-
rameters contained in the asymptotic expressions for the
characteristic angles .and cross sections as functions of en-

ergy:

k;i kg k
00 el 11 11
052’0(1/2)=E1/2 ’ 0(1}21)= E ’ 0(1};)=F ’ (20)
C; cii In(E/a)
02,000=f], O, ouTtu g - (21)

The parameters have numerical values such that when sub-
stituted into Eqgs. (20) and (21) they yield angles in units of
wrad and cross sections in units of 10™ ¥cm? if E is mea-
sured in MeV. The values of oy(1s) and oy, are not listed in
Table II because they can be determined from Egs. (21) to
full accuracy over the entire 0.1-20 MeV energy range.

Analysis of the results of calculations for the H, target
produced the following results:

1. The differential scattering cross sections for the pro-
cesses (1)—(5) have the same shape and features as in scat-
tering from H and He targets.!!'1?

2. All form factors employed yield essentially the same
values of the characteristic scattering angles (except the
angle 0(1(/)3) for E=0.1-1 MeV), close to those calculated in
Ref. 12 for an atomic hydrogen target, especially for
E>1MeV. Experimental data on the characteristic scattering
angles for a H, target exist only for the (10) process and
E=50-150 keV (Ref. 17); the calculated values of the
angles 0?,2 are approximately 1.3 times smaller than the
0920 ) measured by Dyachkov et al.;'” over this energy range,
however, they obey a 0%,2 ~ E™%7 Jaw rather than a
092) ~ E7%5 law. -

3. For the angles 0(1}21) and 0(1}21), the Weinbaum form
factor over the range E =5-20 MeV leads to angles that vary
much more rapidly than E~! (the functions do not reach
their asymptotic limit), which is probably incorrect. There-
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TABLE II. Total cross sections (in units of 10~ '8cm?) for the scattering of
hydrogen particles in a H, target with electron detachment and with no
alteration of charge, calculated in the present work.

E, MeV s T ae(2s) aw(2p) oii
1287 186.0 11.63 39.18 207.6
0.1 1248 182.3 11.27 37.75 202.1
669.2 124.8 5.54 17.00 1285
911.3 130.2 8.22 31.74 184.7
0.15 882.6 127.4 7.95 30.54 179.0
466.2 85.60 3.87 13.51 103.2
705.8 100.3 6.31 26.30 168.9
0.2 688.3 98.1 6.11 25.28 163.3
358.0 65.21 2.96 11.09 88.84
486.8 68.82 4.29 19.39 1459
0.3 471.1 67.27 4.15 18.63 140.7
244.8 44.21 2.00 8.10 71.73
371.6 52.40 3.24 15.29 129.2
0.4 359.6 51.20 3.13 14.69 124.6
136.1 33.46 1.51 6.36 61.23
2144 30.14 1.84 9.20 97.26
0.71 207.4 29.44 1.78 8.84 93.79
106.7 19.08 0.857 3.81 43.67
153.6 21.57 1.305 6.70 80.14
1.0 148.6 21.07 1.263 6.43 71.37
76.30 13.62 0.609 2.76 35.16
92.77 13.02 0.781 4.11 58.31
1.67 89.78 12.71 0.755 3.95 56.47
46.00 8.19 0.364 1.69 24.92
51.94 7.28 0.434 2.325 39.21
3.0 50.27 7.11 0.420 2.233 38.22
25.72 4.58 0.203 0.956 16.40
31.26 4.38 0.261 1.407 27.12
5.0 30.26 4.28 0.252 1.352 26.69
15.47 2.75 0.121 0.578 11.18
22.69 3.18 0.189 1.024 21.31
6.9 21.96 3.10 0.183 0.984 21.15
11.22 1.944 0.0880 0.420 8.723
15.07 2.11 0.125 0.682 15.55
10.4 14.60 2.06 0.121 0.655 15.66
7.45 1.323 0.0584 0.280 6.313
10.53 1.474 0.0875 0.477 11.71
14.9 10.20 1.440 0.0847 0.459 12.01
5.20 0.924 0.0408 0.196 4.729
7.85 1.099 0.0653 0.356 9.26
20.0 7.60 1.073 0.0631 0.342 9.67
3.88 0.6883 0.0304 0.146 3.720

For each value of the collision energy E we list three values of the cross
sections corresponding (successively downward) to calculations done with
the Wang, Weinbaum, and Stewart form factors.

fore, the corresponding coefficients ki; and k;; listed in
Table IV only approximate the energy dependence and do
not characterize asymptotic behavior.

4. The cross sections obtained with the Wang and Wein-
baum form factors differ only by 5% at all values of E, while
the cross sections calculated with the Stewart form factor are
smaller than the above cross sections by a factor 1.5-2.5. For
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TABLE III. Characteristic scattering angles (in units of 10~ °rad) for fast
hydrogen particles in an H, target with electron detachment and with no
alteration of charge, calculated in the present work.

E, MeV 0%/2 0(1(/)20) 0(1}21) 1}5)
112.0 197.0 432 71.8
0.1 113.0 200.0 43.2 71.9
120.0 334.0 435 73.8
86.1 143.0 320 48.9
0.15 86.4 144.0 320 489
91.3 225.0 32.2 499
72.1 117.0 25.7 37.1
0.2 72.3 119.0 25.7 371
76.2 147.0 25.8 37.7
56.8 91.7 18.6 25.0
0.3 56.9 92.6 18.6 25.0
59.7 108.0 18.7 253
48.2 77.8 14.7 18.9
0.4 48.4 78.5 14.7 18.8
50.7 90.3 14.8 19.1
353 56.9 9.05 10.7
0.71 35.4 57.4 8.99 10.7
37.0 65.0 9.07 10.8
29.5 47.5 6.69 7.65
1.0 29.5 479 6.63 7.56
30.8 54.0 6.71 7.68
22.6 36.5 4.20 4.60
1.67 22.6 36.8 4.13 4.51
23.6 41.2 4.21 4.61
16.7 271 2.43 2.57
3.0 16.7 273 2.35 2.48
17.5 30.5 243 2.57
129 20.9 1.49 1.54
50 12.9 21.1 1.41 1.45
135 23.5 1.49 1.54
11.0 17.8 1.09 1.12
6.9 11.0 179 1.01 1.03
11.5 20.0 1.09 1.12
8.93 14.5 0.729 0.742
104 8.94 14.6 0.653 0.662
9.32 16.2 0.729 0.742
7.46 12.1 0.511 0.518
149 7.46 12.2 0.441 0.445
7.78 13.6 0.512 0.518
6.43 104 0.382 0.386
20.0 6.44 10.5 0.317 0.319
6.71 11.7 0.382 0.386

For each value of the collision energy E we list three values of the angles
corresponding (successively downward) to calculations done with the Wang,
Weinbaum, and Stewart form factors.

the (10)+(11) process, they are in good agreement with our
experimental data and the data of other researchers, as well
as with the results of theoretical calculations® (see Fig. 3).

5. The cross sections a;, 0gy, and o calculated with
the Stewart form factor in the present paper coincide, if the
experimental error is taken into account, with the measured
cross sections of Refs. 11 and 18.
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TABLE IV. Parameters used in the asymptotic formulas (20) and (21) for
the characteristic angles and the cross sections of the processes 10)+(@11),
(00), (11), and (11) calculated for an H, target via the Wang form factor and
the Weinbaum and Stewart form factors taken from Ref. 21.

Form factors

Process Parameter Wang Weinbaum Stewart
) ) ks 28.6 28.80 30.01
(10)+(11)
cs 157.0 152.0 77.60
koo 46.5 46.6 523
Coo 21.98 21.46 13.77
(00) coo(1s) 13.55 13.35 10.24
coo(25) 1.306 1.262 0.608
coo(2p) 7.12 6.84 2.92
N kii 7.64 6.63% 7.64
1) cij 90.2 83.6 35.16
n 0.76 0.72 0.75
kyy 7.72 7.56% 7.72
11) cn 36.05 39.82 13.46
a 5906 11 360 2663

The quantity a is given in units of 107 MeV. The superscript “ap” on the
coefficients kg and k,; obtained with the Weinbaum form factor indicates
that the coefficients approximate the E dependence of ¢} and ¢}¥, and do
not reflect the asymptotic behavior, which in the 5-20 MeV energy range is
not even achieved.

6. The relations between the constant-charge cross sec-
tions and the ratio of these cross sections to os was found to
be approximately the same as for an atomic hydrogen
target.'?

7. Comparison of the characteristic angles and cross sec-
tions of processes (2)—(5) for an H, target with the same
specifications as a He target, similar to the comparison in
Ref. 12, points up the utility of using H, targets to obtain
strong low-emittance beams of hydrogen atoms by neutraliz-
ing H™ ions.

As for our experimental cross sections oy, for the H,
target, these proved to be 30% greater than the values calcu-
lated by Riesselmann et al.® and agreed, to within the experi-
mental errors, with the values of o, calculated by Meyerhof
et al.? with the Stewart form factor.

In the case of a helium target, our experimental data
(Table I) for the sum of processes, (10)+(11), coincide to
within the experimental errors with the results of calculations
in Refs. 6, 8 and 11, and are in good agreement with the
results of experiments done by Smythe and Toevs'® and Di-
mov and Dudnikov.!® On the average, the cross sections
oo1(He) are 30% above those calculated by Riesselmann
et al.® The cross sections o7, for the O, target obtained in the
present work are essentially identical with those obtained by
Berkner, Kaplan, and Pyle.’

Systematic experimental data on the cross sections
Og1, Tig, and o, for E>1MeV pertaining to targets com-
prised of heavier gases exist only for argon' 14152728 apd
agree with our cross section listed in Table I to within the
experimental errors. Comparison of the cross sections o,
and o, calculated by Riesselmann et al.’ and measured in
the present work for Ar, Kr, and Xe targets shows that the
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FIG. 3. Cross sections o5 of electron losses by the H™ ions in

a H, target. Theoretical results (solid and dashed curves): curve
1, the cross sections calculated in the present work with the
Wang and Weinbaum form factors (which are essentially iden-
tical on the scale of the figure); curve 2, the cross section
calculated in the present work with the Stewart form factor;
and curve 3, the cross section calculated in Ref. 9 (for
E>0.5 MeV this curve coincides with curve 2). Experimental
data: @ results of the present work; A—Ref. 5; O—Ref. 13;
B—Ref. 14; A—Ref. 15; X—Ref. 16. The results of studies
from Ref. 14 and 16 for E=1.3 MeV given in this figure cor-
respond to o, section.

theoretical curves for the cross sections fall, as the energy
increases, somewhat faster than the experimental curves, in-
tersecting the latter near E=10 MeV.

Table I demonstrates that all the cross sections of elec-
tron loss by fast hydrogen particles that we measured follow
an approximate power-law energy dependence, < E~". Here
the spectral index n=1 for He and H,, and decreases as the
target’s atomic number rises. This is probably due to a rela-
tive rise in the probability of occurrence of the processes
studied here with increasing energy E, provided that the rela-
tive velocity of the colliding particles approaches in magni-
tude the average orbital velocity of the electrons in the inner
shells of the target atoms.

Comparing the electron-loss cross section oj, and o,
(Table I) with the constant-charge hydrogen-particle cross
sections o; (Ref. 11) at E=1.67 MeV, we see that for all
targets the cross sections in question are of similar magni-
tude, and that 0yy07,=0.17-0.40, 0y 0p;=0.63-0.95,
0ii/079=0.25-0.56, and 0y,/0(;=2.4—4.0. From the view-
point of formation of beams of H® and H* particles with
minimal angular divergence by stripping H™ ions, these re-
lations are such (all other things being equal) that a H, target
proves to be the best for forming a beam of H° atoms and the
worst for forming a proton beam. Note that in choosing a
target it is important to thoroughly study and compare not
only the cross sections, but also the angular characteristics of
fast hydrogen-particle scattering processes with and without
charge alteration.

5. CONCLUSION

1. The electron-loss cross sections found in our experi-
ments coincide, to within the measurement errors, with the
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existing experimental and theoretical data for H,, He, and
Ar targets, which suggests that the data on cross sections
obtained for other gases are accurate.

2. Calculations carried out in the present work for an
H, target with the Stewart form factor yield cross sections
os, Oii, 0oy, and o, that agree in the best possible way
with the existing experimental and theoretical results. The
characteristic  angles exhibit the correct energy
dependence,7’8’11’12’17 and usually only slightly exceed the
corresponding angles calculated on the basis of the Wang and
Weinbaum form factors over the entire 0.1-20 MeV energy
range. Bearing all this in mind, let us examine the problem of
errors in calculating the total cross sections of the processes
(1)—(5). By the error of a calculated quantity we mean the
probable deviation of that quantity from its true value,
which, in the absence of other criteria, is established empiri-
cally. Then the computational error is determined by the
measurement error in the quantity with which the compari-
son is made. The fact that the theoretical results coincide
with the experimental data (to within the measurement er-
rors) at points in the method’s range of applicability gener-
ally makes it possible to assess, with a certain degree of
accuracy, the validity of the calculations over the method’s
full range of applicability. For instance, in the computational
model that we used with the Stewart form factor for all
E=0.7 MeV, the error in calculating the cross section oy
amounted to 10%, while for the other cross sections the error
was 25%. Near the lower boundary of the range within
which the Born approximation could be applied,
E=100 keV,the given computational model probably over-
estimates values (by approximately a factor 1.5 for E=100—
150 keV) of the cross sections in comparison to the mea-
sured values (see Fig. 3 and Ref. 8), i.e., the theoretical
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approach carries a systematic error. At the same time, the
choice of wave functions for the description of colliding par-
ticles may have a significant effect on the computational er-
ror. For instance, using the Wang and Weinbaum wave func-
tions for the H, target, we found cross sections for the
processes (1)—(5)that are approximately twice the cross sec-
tion calculated with the Stewart form factor, while using dif-
ferent wave functions for the H™ ion changes the calculated
values of the cross sections by only 5-10% (cf. Ref. 8 and
Refs. 11 and 12).

3. It is known®!!!2 that the characteristic angles 0}-/1-2 and

0(1}5) are comparable in magnitude with the angles 0(1}-20) and

0(1(/)21), but that 0(1%’)> 0(1}20). The result is that in some tech-
nical applications, when a beam of particles with low angular
divergence is formed, a fraction of particles scattered with
unaltered charge through large angles must be considered
lost to further utilization. Naturally, this fraction grows with
target thickness and, starting at a certain ¢, even faster than
the beam fraction with the required charge. Hence for each
specific case, the optimum target thickness °"* should be
selected. Obviously, in preparing a beam of hydrogen atoms
with low emittance via the neutralization of H™ ions, the
value of r°" will be somewhat lower than t™*, with
OP' <Py,

4. Bearing in mind the essence of the applied problems
noted in the Introduction and the analysis of the results of the
present work, we can conclude that it would be worthwhile
to study the total cross sections and angular characteristics of
electron-loss processes (10), (11), and (01), scattering pro-
cesses (11), (00), and (11) with no charge alteration, and (10)
processes with formation of hydrogen atoms in excited nl-
states for a broad spectrum of targets and energy ranges.
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