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The influence of relativistic effects, such as relativistic interaction and relativistic wave functions, on the electron-
loss cross sections of heavy and superheavy atoms and ions (atomic number Z 2> 92) colliding with neutral atoms
is investigated using a newly created RICODE-M computer program. It is found that the use of relativistic wave
functions changes the electron-loss cross section values by about 20-30 % around the cross-section maximum
compared to those calculated with nonrelativistic wave functions. At relativistic energies E > 200 MeV /u, the
relativistic interaction between colliding particles leads to a quasiconstant behavior of the loss cross sections
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ol ~ const, to be compared with the Born asymptotic law 02, ~ In E/E.
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1. INTRODUCTION

The relativistic effects, i.e., relativistic wave func-
tions and relativistic interaction, already become im-
portant in atoms and ions with the nuclear charges
Z Z 30 (see, e.g., [1-4]) and are taken into account
in calculation of the radiative atomic characteristics
such as binding energies, oscillator strengths, transi-
tion probabilities, etc.

As concerns the collision properties, the influence of
relativistic effects on excitation, radiative recombina-
tion, and electron-capture and electron-loss cross sec-
tions for heavy ions colliding with neutral atoms are
discussed in various review articles and books [5-11].

Here, we investigate the influence of relativistic ef-
fects on the electron-loss cross sections of heavy and
superheavy (Z >92) many-electron ions colliding with
neutral atoms, i.e., for the reactions

X0+ 4 A 5 XD+ L $A e, (1)

*E-mail: shev@sci.lebedev.ru

where X9 denotes the incident projectile ion with the
charge ¢ and A is the target atom; YA indicates that
the outgoing target atom A can be excited or ionized.

Together with another charge-changing process —
electron capture — electron loss plays a key role
in many fields of atomic, accelerator, and plasma
physics: in production of long-lived ion beams in accel-
erators and requirements for vacuum conditions [12],
ion thermonuclear fusion program [13], particle tumor
therapy [14], heavy-ion probe beam (HIPB) diagnos-
tics [15], etc.

Another problem showing the importance of charge-
changing processes is closely related to nuclear physics.
Recently, a detection of superheavy elements with
atomic numbers up to Z = 118 in nuclear fusion evap-
oration reactions became possible using the gas-filled
separators based on charge-state equilibrium phenom-
ena (see, e.g., [16,17]). Properly setting the magnetic
rigidity of the separators requires an accurate knowl-
edge of ion velocity-to-charge ratio v/, where 7 is the
average (equilibrium) ion charge after the separator. In
the atomic approach, the average charge and equilib-
rium charge-state fractions can be expressed in terms
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of the electron-loss and capture cross sections [18] cal-
culations of which in the case of superheavy elements
require accounting for the relativistic effects.

In our previous papers devoted to the calculation of
electron-loss cross sections (see, e. g., [19,20]), we used
the RICODE computer program, which employs the
relativistic interaction between colliding particles but
nonrelativistic radial wave functions for the bound and
continuum states of the projectile active electron. This
code provides a reasonable agreement with experimen-
tal electron-loss cross sections for heavy many-electron
positive ions (up to uranium ions) colliding with neutral
atoms at ion energies 1 MeV/u < E < 100 GeV /u. In
the case of few-electron heavy projectiles (H- and He-li-
ke ions), it was found that the influence of relativistic
effects on the wave functions is strong and leads to a
severalfold reduction of the electron-loss cross sections
(see, e.g., [21,22]).

The aim of this paper is to investigate the influence
of the relativistic effects on the electron-loss cross sec-
tions for heavy and superheavy many-electron ions col-
liding with neutrals using a newly created RICODE-M
program. It is found that in the vicinity of the cross-
section maximum, the influence of the relativistic ef-
fects on the wave functions is large for neutral and
low-charged atoms and ions, and at relativistic energies
E > 200 MeV /u, the influence of the relativistic ion—
atom interaction plays a major role and significantly
changes the cross section dependence on the collision
energy compared with the Born asymptotic behavior.
A description of the RICODE-M program is also given.

2. THE RICODE-M COMPUTER PROGRAM

The RICODE-M program (Relativistic Tonization
CODE Modified) is created to calculate single-electron
loss cross sections for reaction (1) and is based on the
relativistic Born approximation [23]. The general struc-
ture of RICODE-M is similar to that of the previous RI-
CODE program [19] but with one important difference:
RICODE-M generates relativistic radial wave functions
for both bound and continuous states of the projectile
active electron, while RICODE applies nonrelativistic
wave functions. In both codes, the relativistic (mag-
netic) interaction between colliding particles is used.

2.1. Core potentials, wave functions, and
binding energies

In RICODE-M, the radial wave functions P(r) of
the active electron in the bound and continuum states

are calculated by numerically solving the Schrédinger-
type equation with relativistic central-symmetric po-
tential U.(r) of the atomic core and a given energy e:

BWANES)

2 dr? 2r2

+ Ly, (g)] P(r) = P(r), (2)

where the scaling factor w is an eigenvalue of Eq. (2).
The radial wave functions P(r) of the projectile active
electron in the bound and continuous states are nor-
malized as

where n and [ denote the principal and orbital quan-
tum numbers of the bound electron, and ¢ and A are
the energy and orbital quantum numbers of the ionized
electron.

The core potential U.(r) in (2) is a relativistic lo-
cal potential constructed based on the density func-
tional theory (DFT) in the local density approximation
(LDA). The potential U.(r) is created by the projec-
tile nucleus and the rest electrons and consists of three
parts:

Ue(r) = Upuet (1) + Uecowt () + Uege (7). (4)

The nuclear potential Uy, (r) is given by

Unucl (’I‘) _ pnucl(r) (5)

v -]

where expression for the nuclear density ppuer(r) de-
pends on the nuclear model to be used in RICODE-M
(a point, volume, or Fermi models); Ugpu(r) and
Uezc(r) denote the Coulomb and exchange interaction
potentials between core electrons.

For bound states, the binding energies ¢ < 0 are
found from the subroutine HFDD of the RICODE-M
program by solving the relativistic Dirac—Fock radial
equations (see [24]):

’ (‘ &t ;) Qualr) + {Um(m + Y’m(”)] x

X Py (1) = enp Pax(r) — @7

c (%ﬁ%) P (r)+ [Unucl(r)+Y”“T(T)—2c2] x o
X Que(r) = EnnQu(r) — @
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Fig.1. Calculated electron density P7 (r) of the 7s or-
bital in a neutral Rg atom, Z = 111. Solid curve — the
fully relativistic calculation [25]; dashed curve — the
nonrelativistic wave function but the relativistic bind-
ing energy, a RICODE result; solid curve with open
circles — the relativistic wave function and relativistic
binding energy, a RICODE-M result; dotted curve —
the fully nonrelativistic calculation

Here, c is a speed of light, k = (=1)"7+1/2(j 4 1/2) is
the relativistic quantum number, nlj are the principal,
orbital, and total angular quantum numbers, P, (r)
and Q. (r) are the respective large and small compo-
nents of the Dirac radial wave function, Y. (r)/r is
the Hartree-Coulomb potential, and X}fé”’Q(")/r are
the inhomogeneous parts of the differential Dirac—Fock
equations due to the nonlocal exchange interaction and
nondiagonal Lagrange multipliers.

For continuous states, the energies ¢ > 0 and the
radial wave functions are found from Eq. (2) with the
same relativistic core potential as for the initial bound
state, i.e., the relativistic core potential U.(r) is rep-
resented in the local form for both bound and contin-
uum states. Although the binding energies found in
RICODE-M do not completely correspond to the local
potential U.(r), the scaling factor w corrects this small
inconsistence; the calculated w values are usually close
to unity: w ~ 1.

Ag an example of the calculated radial wave func-
tion, electron densities of the 7s orbital in superheavy
Rg atoms (Z = 111, configuration 6d°7s?) are pre-
sented in Fig. 1. The dotted line represents a fully
nonrelativistic calculation, i.e., the one with the non-
relativistic binding energy and the nonrelativistic core

Table 1. Calculated relativistic (¢,..;) and non-

relativistic (£nonrer) binding energies of a neutral Rg

atom (Z = 111) having the electronic configuration

15%2s%...5d"065%6p%5 f116d°7s%. erel, Enonrer — the

result by the RICODE-M program, ¢ — relativistic
Hartree—Fock calculations [2]

Shell | € [2], a.u. | €per, A-U. | Enonrel, & U
781/2 0.4276 0.4278 0.2441
6d5/2 0.4119 0.4118 0.6477
6ds/y | 0.5172 0.5171 0.6477
6psjn | 2:2765 2.2764 2.3227
Opijy | 3.8476 | 3.8477 2.3227
6512 5.3549 5.3564 3.8094
5frs | 3.0226 3.0224 2.7984
5f5/2 2.7986 2.7984 2.7984
5ds, | 10.1982 | 10.1979 11.0519
5d3/2 11.2795 11.2791 11.0519
5p3 /2 17.2870 17.2865 16.6413
5pijy | 24.6863 | 24.6874 16.6413
581/2 28.7578 28.7645 19.7148
1812 6898.68 6900.22 5481.18

potential U.(r). The dashed line is a result of the
RICODE program with the relativistic binding energy
but with a nonrelativistic potential U.(r), and the line
with open circles corresponds to RICODE-M calcula-
tions with the relativistic core potential and relativistic
binding energy. All three curves are compared with the
relativistic coupled-cluster calculations based on the
Dirac—Coulomb—Breit Hamiltonian [25]. As can be seen
from the figure, the RICODE-M result is very close to
the calculations in [25], especially as concerns the main
maximum. The relativistic effects increase the max-
imum value of the 7s-electron density by a factor of
1.5 and shift it toward the nucleus. As we see in what
follows, this influence on the wave functions changes
the electron-loss cross sections by about 30—40 % at the
maximum.

The influence of the relativistic effects on the bind-
ing energies in a neutral Rg atom (Z = 111) is illus-
trated in Table 1, where the nonrelativistic and rela-
tivistic results obtained by RICODE-M are compared
with relativistic Hartree-Fock calculations [2]. As ex-
pected, the effects are very significant (a factor of
1.5) for ns orbitals because only the wave functions
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Rys(r) = Pys(r)/r for ns states are nonzero at the ori-
gin and are therefore strongly influenced by interaction
with the nucleus.

Table 2 shows a comparison of the binding ener-
gies ¢ and mean radii (r) for electron states in the ura-
nium atom, calculated by RICODE-M, with relativistic
Hartree—Fock calculations [2] and the Hartree—Dirac—
Fock approach [4]. A quite good agreement is seen
between all the data presented.

2.2. Electron-loss cross sections

In addition to calculating the relativistic core poten-
tial, binding energies, and radial wave functions, the
RICODE-M program is able to calculate the single-
electron loss cross section og; for arbitrary many-
electron atoms and ions colliding with neutral atoms;
this is the main purpose of the program. The computer
code is based on the relativistic Born approximation in
the momentum-transfer g-representation in which the
projectile-ionization matrix element has the form [5]

Mg = (f|(1 = Ba.)e’d™i), (7)

where 8 = v/cis the relativistic factor, a, is the z-com-
ponent of the Dirac matrix &, and [|i) and |f) are the
complete wave functions of the colliding system in the
initial and final states. Using matrix element (7) and
separating radial and angular parts in the formula for
the electron-loss cross section o(v), we have the follow-
ing resulting structure of opr (v) [23]:

S8raZN,, T d
7o) = T [ 2% x
qo
201 — o2 /2
X <|F(q)|2+ ﬂ ( QO/q)

WW(M >7 (8)

v=7PBec, qo=(Iu+e)/v, 9)

where ag ~ 0.5292 - 10~ cm is the Bohr radius, v is
the ion velocity, n and [ are the principal and orbital
quantum numbers of the projectile electron shell with
the ionization potential I,;; and the number of equiva-
lent electrons N, € is the energy of the ejected elec-
tron, and Zp is the effective charge of the target, which
in general depends on ¢ and the minimal momentum
transfer qq.

The term proportional to |F|? is used for nonrel-
ativistic collisions, and the term proportional to |G|?
takes the relativistic (magnetic) interaction between
colliding particles into account.
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Fig.2. Electron-loss cross sections of a neutral Rg

atom (Z = 111) colliding with a He atom followed
by the ejection of 7s (a) and 6d (b) electrons as func-
tions of the collision energy. Dashed curves — cal-
culations with nonrelativistic wave functions for the
bound and continuum states, the RICODE program;
solid curves — same with relativistic wave functions,
the RICODE-M program. V.. and Vionrer indicate
the use of relativistic and nonrelativistic interactions in
calculation of the electron-loss cross sections

3. NUMERICAL CALCULATIONS OF THE
ELECTRON-LOSS CROSS SECTIONS

The results of the numerical calculations of electron-
loss cross sections of heavy and superheavy many-
electron atoms and ions are presented in Figs. 2-5. The
influence of the relativistic effects in the case of colli-
sions between Rg (Z = 111) and He atoms is demon-
strated in Fig. 2 for the projectile ionization of 7s and
6d electrons. The difference in cross-section values due
to the use of relativistic and nonrelativistic wave func-
tions for the active electron is shown. In both cases,
this effect is rather small (< 10 %), although it is some-
what larger for the electron-loss cross section with the
ejection of a 6d electron. But the influence of the rela-
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Table 2.

Calculated relativistic binding energies ¢ and mean radii (r) for electronic shells in a neutral U atom (Z = 92)

having the electronic configuration 1s%2s”...5d'°65%6p°5 f26d"7s>. The data marked “present” represent the result by
the RICODE-M program

Shell | € [2], eV | € [4], €V | € present, eV | (r) [2], a.u. | (r) [4], a.u. | (r) present, a.u.
5f72 8.69 8.71 8.84 1.46 1.46 1.46
5fsp | 9.43 9.52 9.56 1.42 1.42 1.42
6s1/2 | 58.16 57.96 58.05 1.50 1.46 1.50
6ps/> | 26.79 26.67 26.72 1.90 1.90 1.90
6p1 /2 36.54 36.46 36.37 1.66 1.66 1.67
6ds /2 4.99 4.98 5.00 3.29 3.29 3.29
6ds /> 5.24 5.25 5.25 3.15 3.15 3.15
7812 5.50 5.50 5.50 4.34 4.34 4.35

tivistic interaction between colliding Rg and He atoms
is very significant (~ 40-50 %) for both 7s and 6d elec-
trons, which is shown in the figure by the difference
in the cross sections labeled by V. and Vi,oprer. In
the case of the ejection of a 7s electron, the relativis-
tic interaction leads to a decrease in the cross section,
while the electron-loss cross section for a 6d electron is
increased due to relativistic interaction.

In some cases, a mutual influence of the relativistic
effects on the electron-loss cross sections leads to a can-
celation effect when the total cross sections calculated
with and without the relativistic effects become close
to each other, as is seen in Fig. 3, where the electron-
loss cross sections for Rg atoms (Z = 111) and singly
charged Uut atoms (Z = 113) colliding with He atoms
are shown. We note that in the collision energy range
E < 1 MeV /u, ejection of 7s and 6d electrons of Rg
atoms (Fig. 3a) makes the leading contribution to the
total cross sections (the one summed over all projectile
electronic shells).

A similar cancelation effect in the total electron-
loss cross sections calculated with the relativistic ef-
fects taken into account occurs in collisions of Uut™
ions with He atoms (Fig. 3b). The rough equality of
the total cross sections calculated with and without
relativistic effects is also found in theoretical studies
of nonradiative electron capture [9], radiative electron
capture [26], and radiative recombination [27] processes
involving highly charged ions.

Figure 4 shows the influence of relativistic effects
on the electron-loss cross sections in collisions of U8+
ions with Ar atoms as a function of the ion energy. A
contribution of electron ionization from different shells
(indicated) and the total cross section of U?%¥ ions by

Ar atoms is shown in Fig. 4a. Solid curves correspond
to calculations with relativistic wave functions of the
active electron, and dashed curves to those with non-
relativistic wave functions; in both cases, the relativis-
tic interaction is used (the second term in Eq. (8)). We
can see that in the case of highly charged projectiles,
the use of relativistic wave functions leads to a rather
small change (< 10 %) of the electron-loss cross sections
over the energy range considered. But the influence of
the relativistic interaction between colliding particles is
extremely large at relativistic energies, which is demon-
strated in Fig. 4b by a difference between the solid curve
(fully relativistic calculations) and the dashed curve
(nonrelativistic calculations).

One of the basic applications of electron-loss cross
sections is the determination of beam lifetimes of heavy
ions injected into an accelerator. The ion-beam life-
time 7 depends on the ion energy, interaction cross
sections of the ion beam with the residual atoms and
molecules in the accelerator, and the so-called vacuum
conditions, i. e., pressure and concentrations of the rest-
gas components, which are usually given by a mixture
of Hy, He, Os, No, H2O, CO, CO2, CHy, and Ar gases.
Typical concentrations Y of the basic rest-gas atoms
and molecules in accelerators are Y (Hs) ~ 70-90 %,
Y (N3) =~ 20-30 %, and Y (Ar) ~ 1-3%.

The ion-beam lifetime in an accelerator can be es-
timated using the formula

T= chZYT X
T

X (U?O(q7U7ZT) +U¥L(q7v7ZT)) ) (10)
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Fig.3. a) Electron-loss cross sections of a neutral Rg
atoms (Z = 111) colliding with a He atoms, followed
by the ejection of 6d and Ts electrons, and the to-
tal cross sections as a function of the collision en-
ergy. Dashed curves — the fully nonrelativistic cal-
culations (with nonrelativistic wave functions and in-
teraction); solid curves — the fully relativistic calcula-
tions, RICODE-M results. The curves with open circles
are the total electron-loss cross sections. b) The total
electron-loss cross sections of singly charged Uut atoms
(Z = 113) colliding with He atoms. Dashed curves —
the fully nonrelativistic calculations, solid curves — the
fully relativistic calculations, RICODE-M results

where p denotes the rest-gas density, 3 = v/c is the
relativistic factor, ¢ and v are the charge and velocity
of the projectile ions, Zp is the nuclear charge of the
rest-gas atoms, and 0 7€ and oF” are the total electron-
capture and electron-loss cross sections (summed over
multi-electron capture and loss processes). The sum-
mation over T in (10) is made over all rest-gas compo-
nents. For molecules, the Bragg additive rule is used:
the cross section for a molecule is represented as a
sum of those of atoms composing the molecule, e.g.,
c(H20) = 20(H) + 0(0).

In real conditions, the determination the ion-beam
lifetime is a much more complicated problem and is not
described by Eq. (10) because the rest-gas density and

10
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Fig.4. Electron-loss cross sections of U?*T jons
(Z = 92) in collisions with Ar atoms as functions of the
ion energy. a) Influence of relativistic wave functions on
electron-loss cross sections for the ejection of electrons
from different shells of U Dashed curves —
semirelativistic calculations (with relativistic interac-
tion and nonrelativistic wave functions), solid curves —
the fully relativistic calculations, RICODE-M results.
b) The total electron-loss cross sections calculated in
the fully nonrelativistic (dashed curves) and fully rela-
tivistic (solid curves) approximations, the RICODE-M

results

ions.

concentrations Y7 are different in different points of the
accelerator volume and are in general time-dependent,
and because the rest-gas atoms and molecules can be
ionized by the projectile ion beam, leading to a change
of the interaction with the projectiles, and so on (see,
e.g., [12]). However, the use of Eq. (10) leads to quite
reasonable results.

As an example, the experimental lifetime of the
U7 -ion beam as a function of the ion energy at spec-
ified vacuum conditions is shown in Fig. 54 in com-
parison with the present calculations; the vacuum con-
ditions used in calculations are indicated in the fig-
ure. The capture cross sections are calculated using the
CAPTURE code described in [28]. As can be seen from
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Fig.5. ) Lifetimes of a U™*-ion beam as func-

tions of the ion energy at the rest-gas components
shown in the figure. Experiment: dashed lines [29]
and [30]; theory: solid lines with the rest-gas density
p = 3.4 x107'° mbar, the RICODE-M result. b) Con-
tributions of pvAr(cEY 4+ oEL) values of basic rest-
gas atomic components (H, C, O, and Ar) to the sum
in (10) as functions of the ion energy, the RICODE-M
result. Ar are coefficients accounting for the rest-gas
concentrations Y7, shown in the figure, and the use of
Bragg's additive rule: Ar(H) = 2.11, Ap(C) = 0.15,
Ar(0) = 0.0302, and Ar(Ar) = 0.0325

the figure, at the given vacuum conditions and energies
E > 100 MeV /u, the lifetime value becomes a constant
value, 7 ~ 300 s, due to the influence of relativistic
effects in the particle interaction: they lead to quasi-
constant values of the electron-loss cross sections (see
Fig. 4), and, as a consequence, to quasiconstant life-
time values. We note that at energies E > 100 MeV /u,
electron-capture processes do not contribute to the life-
time of the U™* ion beam, but at low energies, on the
contrary, electron capture is the main charge-changing
mechanism that leads to a decrease in the beam lifetime
as the energy decreases.

The calculated contribution of different rest-gas
atomic components to the lifetime of U™*-ion beam

11

is shown in Fig. 5b, with each term in the denom-
inator in (10) shown in Fig. 5a. The coefficients
Ar are the product of the concentrations given in
Fig. 5b and coefficients following from the Bragg ad-
ditive rule. As can be seen from the figure, at low en-
ergies E ~ 1-2 MeV /u, the main influence on the beam
lifetime is due to collisions with light target atoms, H
and C, whereas at high energies E > 100 MeV /u, the C
and Ar atoms are mainly responsible for the ion-beam
lifetime in the accelerator.

4. CONCLUSION

We described a newly created RICODE-M com-
puter code, whose purpose is to calculate the electron-
loss cross sections of many-electron heavy ions collid-
ing with neutral atoms using relativistic wave functions
and relativistic interaction between colliding particles.
In the case of heavy and superheavy projectiles (with
the atomic number Z > 80), the use of relativistic wave
functions is the most important for low-charged ions;
it changes the electron-loss cross section values at en-
ergies £ = 20-50 keV /u by about 20-30 % around the
cross-section maximum compared to the values calcu-
lated with nonrelativistic wave functions.

At relativistic energies E > 200 MeV/u, the
relativistic (magnetic) interaction between colliding
particles plays a main role and leads to a quasiconstant
cross section behavior that limits the lifetimes of highly
charged projectile ions in accelerators.

Two of us (IIT and VPS) thank Th. Stohlker for his
hospitality during our stay at GSI/Darmstadt in June
2013.
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