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Electron-loss processes arising in collisions of heavy many-electron ions (like U?*T) with neutral atoms
(H, N, Ar) are considered over a wide energy range including relativistic energies. Various computer codes
(LOSS, LOSS-R, HERION and RICODE), created for calculation of the electron-loss cross sections, and their

capability are described. Recommended data on the electron-loss cross sections of

U™ jons colliding with

H, N, Ar targets and predicted lifetimes of U?®* jon beams in accelerator are given. Calculated electron-loss
cross sections are compared with available experimental data and other calculations.

1. Charge-changing processes. Electron loss
(EL), also called electron stripping or ionization of the
projectile, occurs in collisions of ions with atoms or
molecules

Xt 4 A - X0 LA fme”, m>1, (1)

where X9 denotes the incident projectile ion with a
charge q and A represents the target atom (or mole-
cule), respectively. XA indicates that the outgoing tar-
get atom A can be excited or even ionized.

In general, for many-electron projectiles the reaction
(1) involves multiple-electron losses (m > 1), a contri-
bution of which to the total electron-loss cross sections
can be more than 50%. With energy increasing multiple-
electron losses become small and single-electron loss
processes (m = 1) prevail, especially, in the relativis-
tic energy range.

Electron loss together with electron capture (EC)

X0t 4 A = X0 R+ L AR >, (2)

constitute two main charge-changing processes playing
a critical role in many fields of atomic, accelerator and
plasma physics, such as heavy-ion fusion (HIF) program
[1], particle tumor therapy [2], heavy-ion probe beam
(HIPB) diagnostics in plasma devices [3] as well as the
design of synchrotrons and beam transport structures.
In particular, the International FAIR project (Facility
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for Antiproton and Ion Research) started recently at
GSI, Darmstadt [4], where heavy many-electron ions
(like U?8T) are planned to be accelerated up to rela-
tivistic energies of a few tens of GeV/u, requires bench-
marks for EL cross sections as EL-processes can domi-
nate among other beam-loss processes. Single and multi-
ple EL-processes are a subject of intensive experimental
studies at GSI (Germany), ITEP and JINR (Russia),
A&M Texas cyclotron (USA) and LIER (CERN).

A typical example of the cross sections for two com-
peting charge-changing processes, loss and capture, is
given in Fig. 1 for U*2* ions (50 electrons) colliding with
Ar atoms as a function of collision energy. In general,
cross sections for both EL- and EC-processes are rather
large. At low energies, EC prevails and is characterized
by a quasi-constant behavior whereas at high energies,
EL is the main charge-changing process, which also has
a quasi-constant cross section in the relativistic energy
range. The position of the crossing point of both cross
sections (E ~ 7MeV /u) strongly depends on the atomic
structure of both colliding particles.

At present, experimental and theoretical data on rel-
ativistic ion-atom collisions are available mainly for a
few-electron ions (H- and He-like) whereas for many-
electron projectiles these data are practically absent.
However, requirements for vacuum conditions and ion-
beam lifetimes in accelerators are directly related with
accurate knowledge of electron loss cross sections of
heavy ions colliding with residual-gas atoms and mole-
cules.
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Fig. 1. Charge-changing cross sections in U*** + Ar colli-
sions as a function of collision energy. Experimental data
on single-electron capture and loss cross sections (open
symbols) are given to show their contribution to the total
cross sections (solid symbols). Solid curves: EC — calcu-
lations by the CAPTURE code, and EL — by DEPOSIT
and RICODE codes (see [7] for description of the codes)

Relativistic ion-atom collisions involving H- and He-
like like highly charged ions are considered in various
books [8,9] and review articles [10,11]. Since the rel-
ativistic wave functions for H-like ions are known, the
corresponding calculations can be used to check the ap-
plicability of the first-order perturbation theory and the
influence of the so-called magnetic interactions arising
between colliding particles at relativistic energies.

The aim of this work is to present a recent progress in
theoretical calculations of electron-loss cross sections for
heavy many-electron ions colliding with neutral atoms
over a wide energy range including relativistic energies.
A brief description of methods and recently created com-
puter codes (LOSS, LOSS-R, HERION and RICODE)
for calculations of electron-loss cross sections is given.
Recommended data on EL cross sections for U+ ions
colliding with H, N and Ar targets (main residual-gas
components) are presented.

Atomic units are used: m =e =h = 1.

2. Non-relativistic approximation. The LOSS-
code. Over the last ten years, electron loss processes
in the non-relativistic energy range, 1MeV/u < E <
< 100MeV /u, were investigated experimentally and the-
oretically in more details. At present, two main differ-
ent approaches are used in this range: a classical ap-
proximation (classical trajectory Monte Carlo (CTMC)
method [12] and energy-deposition model [13]) and a
quantum-mechanical non-relativistic Born approxima-
tion [14]. Classical approximation approaches are used
to describe single-, multiple-electron loss and total loss

cross sections, and the Born approximation for a single-
electron loss cross sections. It is important to note
that in the case of many-electron projectile ions, a con-
tribution of multiple-electron losses to the total loss
cross sections can be very large and reach up to more
than 50%, therefore, at low and intermediate energies,
1MeV/u < E < 10MeV/u, the classical models give
more accurate results compared to the Born approxi-
mation which is applied for single-electron loss calcu-
lations. But at higher energies, E > 10MeV/u, the
Born approximation is preferable because the results in
the classical approximation overestimate experimental
data. As a result, two different approximations give
different asymptotic behavior for the total loss cross
sections: in the Born approximation and
oot ~ E~% in the classical approximation where the con-
stant a varies approximately in the limits 0.3 < a < 0.9
depending on the target atomic number (e.g., a = 0.3
for Xe and a = 0.9 for H).

In the non-relativistic plane-wave Born approxima-
tion (PWBA), the single-electron loss cross section in
the momentum-transfer @Q-representation is given by

[14]:
d Q)F(Q,nl,e, \),
(3)

Otot ~ E71

nl

Fp(Qun e, VP = | (Al exp(iQe) ) [, @0 = 7,
(4)
N 2
1Zr @) = |Z =3 (ilexp(iQ)l)
j=1

+

N
N = [(exp(iQr)|5) | ] (5)
j=1

Here v denotes a relative velocity, Fip(Q) — the projectile
form-factor, Zr(Q) — the effective charge of the target
atom, Z and N - the target nuclear charge and total
number of electrons, € and A — the energy and orbital mo-
mentum of the ejected projectile electron to be ejected,
I,; and N,; — the binding energy and number of equiva-
lent electrons of the projectile shell nl. For neutral atoms
one has Z = N and for protons Z7(Q) = 1. Qo ineq. (4)
is the minimal momentum which can transferred to the
projectile from the target after collision. |nl) and |eA)
denote the wave functions of the projectile electron in the
initial and final states and |j) denotes a wave function
of outermost and inner-shell target electrons.
Equations (3)—(5) were realized in the LOSS com-
puter code [7] where the wave functions of the bound
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|nl) and and continuum |e\) states of the projectile ac-
tive electron are found by numerical solution of the non-
relativistic Schrodinger equation, and those for the tar-
get |j) are calculated with the nodeless Slater functions.
The atomic structure of the target is taken into account
through the dependence of the effective charge Zr(Q),
eq. (5) on the momentum trasfer Q.

The use of the non-relativistic wave functions for
many-electron heavy projectiles is justified because the
main contribution to the loss cross sections at high colli-
sion energies is given by the loss of outermost projectile
electrons which can be treated as non-relativistic parti-
cles.

In the LOSS-code, the calculated cross sections de-
crease with the projectile energy increasing in accor-
dance with the Born approximation:

Inwv

o (6)

E — 00, v— o0,
We note, that in the case of molecular targets, the
Bragg’s additive rule is usually used, i.e., the interac-
tion with a molecule is presented as a sum of interactions
with individual atoms composing the molecule, e.g., for
CO; target one has 0(CO,) = d(C) + 20(0). A typical
example of EL-cross sections for U?%+ + N, collisions is
shown in Fig.2 where experimental data are compared
with LOSS-code and CTMC calculations.

—
(=

cm?/ atom)

s (10*

1 10 100
E (MeV/u)

1 | 1

Fig. 2. Electron-loss cross sections in U+ + N, collisions
as a function of collision energy. Experiment: A [15], e
[16], W [17]. Solid curve — LOSS-code, dashed curve —
CTMC calculations [16]

3. Relativistic version of the LOSS-code: the
LOSS-R code. Because the non-relativistic LOSS-code
can not be used at relativistic energies E > 100 MeV /u,
it was an attempt to extend the LOSS-code to the rel-
ativistic energy range and to create the LOSS-R-code
(Relativistic LOSS). The LOSS-R code uses the same
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equations (3)—(5) and non-relativistic wave functions but
with the following changes [18]:

I+
Qo — L (7)

Yv

v = fc,

where 8 and v denote the relativistic factors, and c the
speed of light. At relativistic energies, the LOSS-R-code
provides the following asymptotic behavior (cf eq. (4)):

E—> o0, v>¢ o—lIny. (8)
Obviously, at non-relativistic energies, the results ob-
tained by the LOSS-R code coincide with those obtained
by the LOSS code.

The main difference between two codes is that in the
LOSS-R-code the minimum momentum transfer Qg is vy
times smaller than )¢ in the LOSS-code. This ad hoc
approximation was motivated by the fact that the expres-
sion similar to Qo in eq. (7) was obtained by Bethe [19]
from estimation of the energy transferred to an atom
by incident heavy particle at relativistic energies (see
also [20]). However, despite of this rough approxima-
tion, the LOSS-R-code gives quite good overall results
for relativistic electron-loss cross sections compared to
experimental data and more sophisticated calculations
(see section 5 RICODE).

Fig.3 shows a behavior of ionization cross sections
of K-shell electrons of Zr (Z = 40), Tb (Z = 65) and U
(Z = 92) neutral atoms in collisions with protons as a
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Fig.3. Proton K-shell ionization cross sections of atoms
with atomic numbers Z = 40, 65 and 92 as a function of the
proton energy: triangles — experimental data at 4.88 GeV
[21]; open and solid circles — non-relativistic and relativis-
tic calculations of Davidovic et al [22] at proton energies
of E = 0.16, 3.672 and 4.88 GeV, respectively, solid and
dashed curves — relativistic and non-relativistic calcula-
tions by the LOSS-R and LOSS-codes, respectively. From
18]
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function of proton energy. As is seen, the non-relativistic
cross sections (LOSS-code) decrease with energy in-
creasing meanwhile the relativistic cross sections show a
slightly increasing behavior at energies E > 400 MeV /u
and at £ = 10GeV/u the difference between two ap-
proximations is about one order of magnitude. The
agreement between experimental data, relativistic cal-
culations by Davidovic and results by the LOSS-R-code
is within 30%.

Another example of relativistic ion-atom collisions is
shown in Fig. 4 where experimental and theoretical data
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Fig. 4. Electron-loss cross sections of H-like Pb®' " (1s) ions
colliding with gaseous atoms at ultra-relativistic energy of
158 GeV/u (y = 170) as a function of the target atomic
number Z. Experiment for Ar, Kr and Xe atoms: [ [24].
Theory: dotted curve — plane-wave Born approximation
[25], dashed curve — relativistic model [26], o — sudden
approximation [27], ¥V — relativistic calculations [11], and
solid curve — the LOSS-R results [18]

on electron-loss cross sections of H-like lead ions collid-
ing with gaseous atoms are shown at ultra-relativistic
energy £ = 158 GeV/u (y = 170). As in Fig.3, ex-
perimental and theoretical results agree within 20-30%.
In the case of solid targets, calculations of the EL cross
sections are much more complicated because in solid tar-
gets one has to account for the so-called target-density
effects (see [11], [23] for details).

4. Dipole and impulse approximations.
HERION-code. Electron loss processes at relativistic
energies was also considered in the impact parameter
b-representation when the whole range of impact para-
meters can be divided into two ranges: large and small
b-values. Then at large b, the dipole interaction be-
tween colliding particles plays the main role, interaction
between projectile active electron and the target atom is
small and transition occurs with a small energy transfer
that makes it possible to apply the perturbation theory.

At small impact parameters an impulse approximation
can be used because a transferred energy is large and
interaction area is small. As a result, the EL cross
section can be presented as a sum of two terms: dipole
and non-dipole onces

0'(1)) = Udip(v) + O'non—dip(v)' (g)

The dipole term ogip(v) can be calculated via the pho-
toionization cross section opn(w) and the so-called the
number of equivalent photos n(w) provided the effective
charge of the atomic target Z.g does not depend on the
impact parameter b [10]:

sap(nl,0) = [ n@otul, o), (10)
= o

«{eRo(a) (o) - 500 [K3 @) - B3]}, (1)

Wbrnin n
T = Wa bmin - Wa (12)
where I,; denotes the binding energy of the projec-
tile electronic shell nl from which electron is removed,
oph (nl, w) — the corresponding photoionization cross sec-
tion, B and v — relativistic factors, and K,,(z) — the
MacDonald functions.
The non-dipole part can be calculated in the impulse
approximation and has the form [29]:

(13)

27Ny [ Zega\”
Onon—dip (nl, U) = )

Inl ﬂ

where N,; is the number of equivalent electrons in the
nl shell.

Equations (9)—(13) were realized in the HERION
computer code (High-Energy Relativistic IONization)
which applies the relativistic Dirac—Fock wave functions
for calculation of the photoionization cross sections (see
[29] for description of the code). The code can be ap-
plied at collision energies E > 100 MeV/u but it does
not account for the magnetic interactions (see section 5).

Calculations of the relativistic electron-loss cross sec-
tions of uranium ions by proton impact (Zeg = 1) per-
formed by HERION- and LOSS-R-codes showed [29]
that the results by HERION code can be a factor of
2 larger or smaller than those obtained by the LOSS-
R-code. Such behavior can be explained by the use of
different wave functions in the codes (relativistic Dirac—
Fock in the HERION and non-relativistic Schrédinger
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wave functions in the LOSS-R-code), and some other
reasons related with calculation of the photoionization
cross sections (see [29] for details). Calculations by
the HERION-code showed that the dipole part of the
electron-loss cross sections involves about 60-70% of the
total cross section while the relativistic non-dipole part
has a weak dependence on collision energy, and, there-
fore, the dipole part has almost the same shape as the
total cross section. These features are shown in Fig.5
for relativistic ionization cross sections of U?8* ions by
proton impact.

HERION tot.

i LOSS-R non-dip.

ol 1 L I L | L 1 L |
1 100 200

E (GeV/u)

Fig. 5. Relativistic dipole, non-dipole and total ionization
cross sections of U?®T ions induced by proton impact:
HERION dip. — the HERION-results, dipole approxima-
tion, egs. (9)—(12), HERION non-dip. — non-dipole part of
the cross section, impulse approximation, eq. (13), LOSS-
R dip. — the LOSS-R-results including only dipole tran-
sitions of the projectile electron into continuum, LOSS-R
non-dip. — the LOSS-R results including only non-dipole
transitions into continuum, HERION tot. and LOSS-R
tot. — the sum of dipole and non-dipole parts, respectively.
From [29]

5. Relativistic Born approximation. The RI-
CODE computer program. A more correct and con-
sistent way to improve the LOSS-R-code for relativistic
ionization of the projectile was to include the relativistic
(magnetic) part of the interaction between colliding par-
ticles in the ionization matrix element which in general
has the form [8]:

Mi; = (fI(1 — Baz)e Qi) (14)

where 8 = v/c denotes the relativistic factor, ¢ — the
speed of light, a, — the z — component of the Dirac ma-
trix o, and @ the momentum transfer; |¢) and |f) are
the total wave functions of the system in the initial and
final states, respectively.

The first term in eq. (14) is related to a contribution
of a scalar potential of the field created by a neutral
11  [Iucema B ARITD
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target and corresponds to the “usual” non-relativistic
Born form-factor, eqgs. (3)—(5). The second term, often
called “magnetic interaction”, describes a contribution
of a vector potential of the target-atom field. Calcula-
tion of the matrix elements (14) with the second term is
a very complicated problem which was realized mainly
for ionization of H- and He-like ions for ionization from
the bound states with the principal quantum numbers
n = 1—6 (see [8,28,30]). In the work [31], using the
Coulomb gauge for the atomic field of the target atom,
the second term of the matrix element in eq. (14) was
obtained as a sum of the terms with separated angular
and radial parts for electron loss of the projectile elec-
tron in the initial bound state with arbitrary quantum
numbers nl.

One can estimate the order of magnitude of the sec-
ond (relativistic) term in eq. (14) as

Baz ~wv/c- (pe) /mec ~v/c-ve/c, (15)

where m., v. and (p.) denote the rest mass, orbital
velocity and impulse matrix element for the projectile
electron. As seen from eq. (15), the influence of the
magnetic interaction is very large if both the ion velocity
and the orbital electron velocity are close to the speed of
light. This estimation is quite rough because the second
term in eq. (14) can be very large even for velocities
v K c if a transition occurs with a small momentum
transfer @ (see [9]).

The formulae obtained in [31] for the electron-loss
cross sections in relativistic Born approximation were
realized in a computer program called RICODE (Rela-
tivistic Ionization CODE) which is described in [7] and
appendix. This code is a continuation of the LOSS- and
LOSS-R-codes for calculation single-electron loss cross
section at high energies including a relativistic energy
range.

Calculated relativistic ionization cross sections of H-
like uranium ions in the 1s and 2s-states colliding with
protons (point-like particle) are shown in Fig.6. As
is seen, RICODE-results are in good agreement with
Voitkiv and Najjari calculations [23] if the relativistic
interaction and non-relativistic wave functions are used
which is the case in the RICODE-program. The use fully
relativistic approach, i.e. relativistic interaction and rel-
ativistic Dirac wave functions, used in [33] leads to a
reduction of the ionization cross section by a factor of 2
compared to RICODE-results. However, as these exam-
ples represent the “ultimate” case of strongly bound pro-
jectile electrons, the deviation in electron-loss cross sec-
tions for many-electron systems is expected to be small
because ionization of inner-shell projectile electrons by
the target particle gives a very small contribution to the
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Fig. 6. Calculated cross sections for relativistic ionization
of H-like U’ ions in the ground (1s) (a) and excited
(2s) (b) states by proton impact as a function of colli-
sion energy. Curves labeled by LOSS-R, RICODE and
HERION - calculations by corresponding codes described
below; non-rel. — calculated with relativistic interaction
and non-relativistic wave functions and ful. rel. — with rel-
ativistic interaction and relativistic (Dirac) wave functions
23]

total loss cross section. As also seen from the figure,
the results by the LOSS-R-code are close to RICODE-
calculations and the data by the HERION-code, which
uses the relativistic wave functions (section 4), are in
quite good agreement with fully relativistic calculations
by Voitkiv and Najjari [23]. We note that all calculated
cross sections for proton impact increase with energy in-
creasing that is typical for the incident charged particle.

Relativistic electron-loss cross sections of U+ (1s)
ions colliding with neutral hydrogen atoms H(1ls) are
displayed in Fig.7. Again, the RICODE-results are in
good agreement with Voitkiv and Najjari calculations
[23] performed using relativistic interaction and non-
relativistic wave functions, and fully relativistic calcu-
lations [32] leads to a reduction of the cross section by
a factor of 2.

From Figs.6 and 7 one can see a principally differ-
ent behavior of relativistic cross sections in collisions
with ions (protons, Fig.6) and neutral atoms (hydro-
gen, Fig.7): in the first case, ionization of the pro-

Fig.7. Calculated cross sections for relativistic ionization
of H-like U°'" ions in the ground 1s state by hydrogen
atoms H(1s) in the ground state as a function of ion en-
ergy. Dashed curve — RICODE calculations; non-rel. —
calculated with relativistic interaction and non-relativistic
wave functions and ful.rel. — with relativistic interaction
and relativistic (Dirac) wave functions [23]

jectile electron occurs under interaction with the long-
range Coulomb field of the unscreened proton charge and
the cross sections increase with energy approximately as
o ~ In~y where 7 is the relativistic factor, whereas in col-
lisions with neutrals electron-loss cross sections turn to a
constant value at high energies because of the screened
target field which is exponentially small at large dis-
tances (see [9] and [23] for details).

A typical example of contribution of inner-shell elec-
tron removal to the total loss cross sections is shown
in Fig. 8 where RICODE-calculations are presented for

10° 10° 10"

E (MeV/u)

Fig.8. Contribution of EL cross sections from different
shells of U2 jons colliding with Ar atoms to the total
EL cross section (sum) as a function of collision energy,
RICODE, present work
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U2+t jons colliding with Ar atoms. As seen, the
main contribution is given by electron removal from
4f14.) 4d'°- and 4pS-electronic shells having relatively
low binding energies and a large number of equivalent
electrons. As expected, at high collision energies all
electron-loss cross sections have approximately constant
values. A contribution from the electron shells deeper
than 4s% can be neglected.

Fig.9 shows experimental data and theoretical cal-
culations of the total electron loss cross sections for
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Fig.9. Total electron loss cross sections in collisions of
Ut jons with H,, N, and Ar targets as a function of
ion energy. The data for Hy and N, targets are given in
units of cm? /mol. Symbols, experiment — Hy and N tar-
gets: M [15], e [16], ¥ [17]; Ar target: O [5], o [16], A [6].
Curves — RICODE-calculations [7]

U287+ ions colliding with Hy, No and Ar targets over
a wide energy range. Theoretical data were obtained
using two approaches: a classical approach (DEPOSIT-
code) at low and intermediate energies with account for
multi-electron loss processes, and quantum-mechanical
approach (RICODE-program) which predicts a single-
electron loss cross sections at high and relativistic en-
ergies (see [7] for details). We note that in [7], a
semi-empirical formula for single-electron loss cross sec-
tions is suggested based on properties of the relativistic
Born approximation and numerical calculations by the
RICODE-program.

6. Ion-beam lifetimes. One of the most important
application of known electron-loss and capture cross sec-
tions is to predict the ion-beam lifetimes 7 and beam
losses of ions in accelerators and storage rings. The ion-
beam lifetime 7 is defined by equation:

—1
- {pﬂcz ¥20ES @, 20, 0) + ¥roE (@, Zr0)] } |

T
(16)
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where v and g denote the ion velocity and ion charge in a
beam, respectively, and p — the density of residual gas.
The sum on T runs over all residual-gas components
(H, C, N, O, Ar etc.), where Zr and Yr denote their
nuclear charges and individual fractions, respectively, so
that 7Yy = 1. 0EC and oEL are the total electron-
capture and loss cross sections, i.e., they account for the
multiple-electron capture and loss processes.

As example, the experimental and theoretical data
for ion-beam lifetimes of U2®* obtained at the SIS-
synchrotron at GSI, Darmstadt, are shown in Fig.10.
One can see a good agreement between experimen-

15

RICODE

—_
o
UNLRRRLLY

Rest gas:
H, 75.8%
He 3.4%
CH, 11.9%
H,0 4.9%
CO 2.6%
€O, 0.2%
0, 04%
Ar  0.8%
0 IIIII 1 IIIIIIII 1 IIIIIIII 1 1111l
10" 10° 10° 10"
E (MeV/u)

Lifetime (s)

()]
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Fig.10. Ion-beam lifetimes of
ion energy at an assumed residual-gas pressure of about
107 '° mbar and assumed residual-gas compositions which
are indicated in the figure. Experiment: o [17], e [33].
Theory: dashed curve — calculated with CTMC cross sec-
tions, solid curve — calculated with RICODE electron-loss

cross sections. From [7]

tal measurements and calculations performed by the
RICODE-program. We note that in this particular
case, the electron-capture cross sections at energies £ >
> 10 MeV/u are much smaller than electron-loss cross
sections and they are neglected in calculations. At
highly relativistic energies, E > 5 GeV /u, the predicted
lifetime is nearly a constant value which is around 13s
for the assumed vacuum conditions.

Using reliable set of electron-loss and capture cross
sections and experimental data for ion-beam lifetimes,
one can solve an inverse problem using equation (16):
to estimate the vacuum conditions (gas pressure and
residual-gas components) at which lifetime measure-
ments have been performed. Usually, to determine the
vacuum conditions is a very complicated experimental
problem.

Conclusion. High-energy electron-loss (projectile
ionization) processes of heavy many-electron ions col-

11°
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liding with neutral atoms are considered over a wide
energy range including relativistic energies. Numerical
calculations for electron-loss cross sections of heavy ions
colliding with protons and neutral atoms are presented
by several computer codes. The best results for many-
electron projectiles are obtained by the RICODE com-
puter program based on the relativistic Born approxima-
tion. At relativistic energies, in the case of atomic tar-
gets electron-loss cross sections exhibit a quasi-constant
behavior because of the screened field created by the
target atom, and the cross sections increase with energy
increasing in the case of ionic targets (protons).

Using accurate data on electron-loss cross sections
the experimental ion-beam lifetimes for U?* ions are
explained and predicted for ultra-relativistic energies
where the lifetime turns to a constant value of about
13s. Knowing a set of reliable data on electron-loss and
capture cross sections and experimental data on the ion-
beam lifetimes, it is possible to solve the inverse prob-
lem, i.e. to estimate the experimental vacuum conditions
such as the residual-gas pressure and its components.
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APPENDIX. The RICODE computer pro-
gram. The RICODE-program (Relativistic Ionization
CODE) is intended to calculate single-electron loss cross
sections in ion-atom collisions and is based on the rela-
tivistic Born approximation. The RICODE is a further
development of the LOSS- and LOSS-R-codes described
in [14] and [18], respectively.

In the RICODE, the electron-loss cross section for
the projectile electronic shell is calculated in the partial-
wave representation in the momentum-transfer () space
in the form (cf egs. (3)-(5)):

g 00
Uion(v):@zl:]vnl%:/dex
n 0

B2 (1-Q3/Q%)

i 0 . )
(A1)
Qo="1EE o= oo pQr (A

where Z1(Q) denotes the effective charge of the incident
particle in the Q-representation, € and A — the energy and
orbital momentum of the active electron to be ejected,
I,; and N,; — the binding energy and number of equiv-
alent electrons of the projectile shell nl, and 3 is the

relativistic factor. The function F(Q) is a usual Born

form-factor given by

F2(Q) = S @2s + )2\ + 1) (é . 0) R® Q)2
N
(43)
/Pnl JN(QT) - 650]‘17',
0
=A< r< i+ (A4)

where the radial wave functions P(r) of the active elec-
tron in the bound (nl) and continuum (g)) states are
calculated numerically by solving the non-relativistic
Schrodinger equation in the effective field of the atomic
core. The functions P,;(r) and P.)(r) are normalized,
respectively:

/le(’r)d’f‘ = 17 /PE)\(T)Pe’)\("')d"' = 7T5(€ — E’).
(A5)
The effective charge of the target particle is calculated
in the form:
2

N
1Ze(Q) = |Z =) _ (il exp(iQr)|5)
j=1
N
+|N - Zl(jlexp(iQr)leZ] (A6)
j=1
using the Slater nodeless radial functions |j). Here Z

and N denote the nuclear charge and number of elec-
trons in the target particle, respectively. For neutral
atoms one has Z = N.

The second term in (A1) is responsible for the rel-
ativistic (magnetic) interaction between colliding parti-
cles where the function G,,;(Q) depends on the derivative
of the radial function P (r) and is given by [31]:

Z 2 (26+1)(2A+1)
1372 20+ 1

GL(@) =

. <)\ K
?
0 0
.k A K l—]. d _ B
4 (0 0 o )[lR (Q) +1(1 -1)R*(Q)]

“Q = [ Pamision Ty,

where i2 = —1. We note that in relativistic approxima-
tion, the effective charge in the second term of eq. (A1)
depends on the shifted momentum-transfer Q'.

" 1) 0+ 1)RYQ) — 11+ )RP(@Q)]+

2

» (A7)

(A8)
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