
Pis'ma v ZhETF, vol. 94, iss. 2, pp. 157 { 165 c
 2011 July 25�� ������ ������������������� ����� ��������������� �������������°®¥ª² ���� #08-02-00005aElectron loss of heavy many-electron ions in relativistic collisions withneutral atomsI.Yu. Tolstikhina, V. P. Shevelko1)P.N.Lebedev Physical Institute, 119991 Moscow, RussiaSubmitted 10 May 2011Electron-loss processes arising in collisions of heavy many-electron ions (like U28+) 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 theircapability are described. Recommended data on the electron-loss cross sections of U28+ ions colliding withH, N, Ar targets and predicted lifetimes of U28+ ion beams in accelerator are given. Calculated electron-losscross sections are compared with available experimental data and other calculations.1. Charge-changing processes. Electron loss(EL), also called electron stripping or ionization of theprojectile, occurs in collisions of ions with atoms ormoleculesXq+ +A! X(q+m)+ +�A+me�; m � 1; (1)where Xq+ denotes the incident projectile ion with acharge q and A represents the target atom (or mole-cule), respectively. �A 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 sectionscan be more than 50%. With energy increasing multiple-electron losses become small and single-electron lossprocesses (m = 1) prevail, especially, in the relativis-tic energy range.Electron loss together with electron capture (EC)Xq+ +A! X(q�k)+ +Ak+; k � 1; (2)constitute two main charge-changing processes playinga critical role in many �elds of atomic, accelerator andplasma 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 thedesign of synchrotrons and beam transport structures.In particular, the International FAIR project (Facility1)e-mail: shev@sci.lebedev.ru

for Antiproton and Ion Research) started recently atGSI, Darmstadt [4], where heavy many-electron ions(like U28+) 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 experimentalstudies 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, isgiven in Fig. 1 for U42+ ions (50 electrons) colliding withAr atoms as a function of collision energy. In general,cross sections for both EL- and EC-processes are ratherlarge. At low energies, EC prevails and is characterizedby a quasi-constant behavior whereas at high energies,EL is the main charge-changing process, which also hasa quasi-constant cross section in the relativistic energyrange. The position of the crossing point of both crosssections (E � 7MeV/u) strongly depends on the atomicstructure of both colliding particles.At present, experimental and theoretical data on rel-ativistic ion-atom collisions are available mainly for afew-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 withaccurate knowledge of electron loss cross sections ofheavy ions colliding with residual-gas atoms and mole-cules.�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011 157
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Fig. 1. Charge-changing cross sections in U42++Ar colli-sions as a function of collision energy. Experimental dataon single-electron capture and loss cross sections (opensymbols) are given to show their contribution to the totalcross sections (solid symbols). Solid curves: EC { calcu-lations by the CAPTURE code, and EL { by DEPOSITand 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 variousbooks [8, 9] and review articles [10, 11]. Since the rel-ativistic wave functions for H-like ions are known, thecorresponding calculations can be used to check the ap-plicability of the �rst-order perturbation theory and thein
uence of the so-called magnetic interactions arisingbetween colliding particles at relativistic energies.The aim of this work is to present a recent progress intheoretical calculations of electron-loss cross sections forheavy many-electron ions colliding with neutral atomsover 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 U28+ ionscolliding with H, N and Ar targets (main residual-gascomponents) are presented.Atomic units are used: m = e = ~ = 1:2. Non-relativistic approximation. The LOSS-code. Over the last ten years, electron loss processesin the non-relativistic energy range, 1MeV=u < E << 100MeV/u, were investigated experimentally and the-oretically in more details. At present, two main di�er-ent approaches are used in this range: a classical ap-proximation (classical trajectory Monte Carlo (CTMC)method [12] and energy-deposition model [13]) and aquantum-mechanical non-relativistic Born approxima-tion [14]. Classical approximation approaches are usedto 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 notethat in the case of many-electron projectile ions, a con-tribution of multiple-electron losses to the total losscross sections can be very large and reach up to morethan 50%, therefore, at low and intermediate energies,1MeV=u < E < 10MeV/u, the classical models givemore accurate results compared to the Born approxi-mation which is applied for single-electron loss calcu-lations. But at higher energies, E > 10MeV/u, theBorn approximation is preferable because the results inthe classical approximation overestimate experimentaldata. As a result, two di�erent approximations givedi�erent asymptotic behavior for the total loss crosssections: �tot � E�1 in the Born approximation and�tot � E�a in the classical approximationwhere the con-stant a varies approximately in the limits 0:3 � a � 0:9depending on the target atomic number (e.g., a = 0:3for Xe and a = 0:9 for H).In the non-relativistic plane-wave Born approxima-tion (PWBA), the single-electron loss cross section inthe momentum-transfer Q-representation is given by[14]:�(v) = 8�v2 Xnl NnlX� 1Z0 d" 1ZQ0 dQQ3 Z2T (Q)F 2P (Q;nl; "; �);(3)jFP (Q;nl; "; �)j2 = �� h"�j exp(iQr)jnli ��2; Q0 = Inl + "v ;(4)jZT (Q)j2 = "Z � NXj=1 hjj exp(iQr)jji#2++"N � NXj=1 j hexp(iQr)jji j2# : (5)Here v denotes a relative velocity, FP (Q) { the projectileform-factor, ZT (Q) { the e�ective charge of the targetatom, Z and N { the target nuclear charge and totalnumber of electrons, " and � { the energy and orbital mo-mentum of the ejected projectile electron to be ejected,Inl and Nnl { the binding energy and number of equiva-lent electrons of the projectile shell nl. For neutral atomsone has Z = N and for protons ZT (Q) = 1. Q0 in eq. (4)is the minimal momentum which can transferred to theprojectile from the target after collision. jnli and j"�idenote the wave functions of the projectile electron in theinitial and �nal states and jji denotes a wave functionof 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�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011



Electron loss of heavy many-electron ions in relativistic collisions with neutral atoms 159jnli and and continuum j"�i states of the projectile ac-tive electron are found by numerical solution of the non-relativistic Schrodinger equation, and those for the tar-get jji are calculated with the nodeless Slater functions.The atomic structure of the target is taken into accountthrough the dependence of the e�ective charge ZT (Q),eq. (5) on the momentum trasfer Q.The use of the non-relativistic wave functions formany-electron heavy projectiles is justi�ed because themain contribution to the loss cross sections at high colli-sion energies is given by the loss of outermost projectileelectrons 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:E !1; v !1; � ! ln vv : (6)We note, that in the case of molecular targets, theBragg's additive rule is usually used, i.e., the interac-tion with a molecule is presented as a sum of interactionswith individual atoms composing the molecule, e.g., forCO2 target one has �(CO2) = �(C) + 2�(O). A typicalexample of EL-cross sections for U28++N2 collisions isshown in Fig. 2 where experimental data are comparedwith LOSS-code and CTMC calculations.

s
1
0

/a
to

m
)

–
1
8

2
(

cm

CTMC

LOSS

E (MeV/u)

1

10

1 10 100Fig. 2. Electron-loss cross sections in U28++N2 collisionsas a function of collision energy. Experiment: N [15], �[16], � [17]. Solid curve { LOSS-code, dashed curve {CTMC calculations [16]3. Relativistic version of the LOSS-code: theLOSS-R code. Because the non-relativistic LOSS-codecan not be used at relativistic energies E > 100MeV/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

equations (3){(5) and non-relativisticwave functions butwith the following changes [18]:v ! �c; Q0 ! Inl + "
v ; (7)where � and 
 denote the relativistic factors, and c thespeed of light. At relativistic energies, the LOSS-R-codeprovides the following asymptotic behavior (cf eq. (4)):E !1; v ! c; � ! ln 
: (8)Obviously, at non-relativistic energies, the results ob-tained by the LOSS-R code coincide with those obtainedby the LOSS code.The main di�erence between two codes is that in theLOSS-R-code the minimum momentum transfer Q0 is 
times smaller than Q0 in the LOSS-code. This ad hocapproximationwas motivated by the fact that the expres-sion similar to Q0 in eq. (7) was obtained by Bethe [19]from estimation of the energy transferred to an atomby incident heavy particle at relativistic energies (seealso [20]). However, despite of this rough approxima-tion, the LOSS-R-code gives quite good overall resultsfor relativistic electron-loss cross sections compared toexperimental data and more sophisticated calculations(see section 5 RICODE).Fig. 3 shows a behavior of ionization cross sectionsof K-shell electrons of Zr (Z = 40), Tb (Z = 65) and U(Z = 92) neutral atoms in collisions with protons as a
s

b
ar

n
)

(

E (MeV/u)

0.1

1

10

100

10
1

10
3

10
3

10
2

Z = 40

65

92

Fig. 3. Proton K-shell ionization cross sections of atomswith atomic numbers Z = 40, 65 and 92 as a function of theproton energy: triangles { experimental data at 4.88GeV[21]; open and solid circles { non-relativistic and relativis-tic calculations of Davidovic et al [22] at proton energiesof E = 0:16, 3.672 and 4.88GeV, respectively, solid anddashed curves { relativistic and non-relativistic calcula-tions by the LOSS-R and LOSS-codes, respectively. From[18]�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011



160 I.Yu. Tolstikhina, V. P. Shevelkofunction of proton energy. As is seen, the non-relativisticcross sections (LOSS-code) decrease with energy in-creasing meanwhile the relativistic cross sections show aslightly increasing behavior at energies E > 400MeV/uand at E = 10GeV/u the di�erence between two ap-proximations is about one order of magnitude. Theagreement between experimental data, relativistic cal-culations by Davidovic and results by the LOSS-R-codeis within 30%.Another example of relativistic ion-atom collisions isshown in Fig. 4 where experimental and theoretical data
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Fig. 4. Electron-loss cross sections of H-like Pb81+(1s) ionscolliding with gaseous atoms at ultra-relativistic energy of158GeV/u (
 = 170) as a function of the target atomicnumber Z. Experiment for Ar, Kr and Xe atoms: � [24].Theory: dotted curve { plane-wave Born approximation[25], dashed curve { relativistic model [26], � { suddenapproximation [27], H { relativistic calculations [11], andsolid 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-relativisticenergy E = 158GeV/u (
 = 170). As in Fig. 3, ex-perimental and theoretical results agree within 20{30%.In the case of solid targets, calculations of the EL crosssections are much more complicated because in solid tar-gets one has to account for the so-called target-densitye�ects (see [11], [23] for details).4. Dipole and impulse approximations.HERION-code. Electron loss processes at relativisticenergies was also considered in the impact parameterb-representation when the whole range of impact para-meters can be divided into two ranges: large and smallb-values. Then at large b, the dipole interaction be-tween colliding particles plays the main role, interactionbetween projectile active electron and the target atom issmall and transition occurs with a small energy transferthat makes it possible to apply the perturbation theory.

At small impact parameters an impulse approximationcan be used because a transferred energy is large andinteraction area is small. As a result, the EL crosssection can be presented as a sum of two terms: dipoleand non-dipole onces�(v) = �dip(v) + �non�dip(v): (9)The dipole term �dip(v) can be calculated via the pho-toionization cross section �ph(!) and the so-called thenumber of equivalent photos n(!) provided the e�ectivecharge of the atomic target Ze� does not depend on theimpact parameter b [10]:�dip(nl; v) = 1Z!min n(!)�(nl; !)d!! ; (10)n(!) = 2Z2e��(�c)2���xK0(x)K1(x) � 12(�x)2[K21 (x)�K20 (x)]� ; (11)x = !bmin
�c ; bmin = n(2Inl)1=2 ; (12)where Inl denotes the binding energy of the projec-tile electronic shell nl from which electron is removed,�ph(nl; !) { the corresponding photoionization cross sec-tion, � and 
 { relativistic factors, and Km(x) { theMacDonald functions.The non-dipole part can be calculated in the impulseapproximation and has the form [29]:�non�dip(nl; v) = 2�NnlInl �Ze��� �2 ; (13)where Nnl is the number of equivalent electrons in thenl shell.Equations (9){(13) were realized in the HERIONcomputer code (High-Energy Relativistic IONization)which applies the relativistic Dirac{Fock wave functionsfor calculation of the photoionization cross sections (see[29] for description of the code). The code can be ap-plied at collision energies E > 100MeV/u but it doesnot account for the magnetic interactions (see section 5).Calculations of the relativistic electron-loss cross sec-tions of uranium ions by proton impact (Ze� = 1) per-formed by HERION- and LOSS-R-codes showed [29]that the results by HERION code can be a factor of2 larger or smaller than those obtained by the LOSS-R-code. Such behavior can be explained by the use ofdi�erent wave functions in the codes (relativistic Dirac{Fock in the HERION and non-relativistic Schr�odinger�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011



Electron loss of heavy many-electron ions in relativistic collisions with neutral atoms 161wave functions in the LOSS-R-code), and some otherreasons related with calculation of the photoionizationcross sections (see [29] for details). Calculations bythe HERION-code showed that the dipole part of theelectron-loss cross sections involves about 60{70% of thetotal cross section while the relativistic non-dipole parthas a weak dependence on collision energy, and, there-fore, the dipole part has almost the same shape as thetotal cross section. These features are shown in Fig. 5for relativistic ionization cross sections of U28+ ions byproton impact.
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f j(1� ��Z)eiQrji� ; (14)where � = v=c denotes the relativistic factor, c { thespeed of light, �z { the z { component of the Dirac ma-trix �, and Q the momentum transfer; jii and jfi arethe total wave functions of the system in the initial and�nal states, respectively.The �rst term in eq. (14) is related to a contributionof a scalar potential of the �eld created by a neutral

target and corresponds to the \usual" non-relativisticBorn form-factor, eqs. (3){(5). The second term, oftencalled \magnetic interaction", describes a contributionof a vector potential of the target-atom �eld. Calcula-tion of the matrix elements (14) with the second term isa very complicated problem which was realized mainlyfor ionization of H- and He-like ions for ionization fromthe bound states with the principal quantum numbersn = 1�6 (see [8, 28, 30]). In the work [31], using theCoulomb gauge for the atomic �eld of the target atom,the second term of the matrix element in eq. (14) wasobtained as a sum of the terms with separated angularand radial parts for electron loss of the projectile elec-tron in the initial bound state with arbitrary quantumnumbers nl.One can estimate the order of magnitude of the sec-ond (relativistic) term in eq. (14) as��Z � v=c � hpei =mec � v=c � ve=c; (15)where me, ve and hpei denote the rest mass, orbitalvelocity and impulse matrix element for the projectileelectron. As seen from eq. (15), the in
uence of themagnetic interaction is very large if both the ion velocityand the orbital electron velocity are close to the speed oflight. This estimation is quite rough because the secondterm in eq. (14) can be very large even for velocitiesv � c if a transition occurs with a small momentumtransfer Q (see [9]).The formulae obtained in [31] for the electron-losscross sections in relativistic Born approximation wererealized in a computer program called RICODE (Rela-tivistic Ionization CODE) which is described in [7] andappendix. This code is a continuation of the LOSS- andLOSS-R-codes for calculation single-electron loss crosssection at high energies including a relativistic energyrange.Calculated relativistic ionization cross sections of H-like uranium ions in the 1s and 2s-states colliding withprotons (point-like particle) are shown in Fig. 6. Asis seen, RICODE-results are in good agreement withVoitkiv and Najjari calculations [23] if the relativisticinteraction and non-relativistic wave functions are usedwhich is the case in the RICODE-program. The use fullyrelativistic approach, i.e. relativistic interaction and rel-ativistic Dirac wave functions, used in [33] leads to areduction of the ionization cross section by a factor of 2compared 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 smallbecause ionization of inner-shell projectile electrons bythe target particle gives a very small contribution to the11 �¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011
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Electron loss of heavy many-electron ions in relativistic collisions with neutral atoms 163U28+ ions colliding with Ar atoms. As seen, themain contribution is given by electron removal from4f14-, 4d10- and 4p6-electronic shells having relativelylow binding energies and a large number of equivalentelectrons. As expected, at high collision energies allelectron-loss cross sections have approximately constantvalues. A contribution from the electron shells deeperthan 4s2 can be neglected.Fig. 9 shows experimental data and theoretical cal-culations of the total electron loss cross sections for
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where v and q denote the ion velocity and ion charge in abeam, respectively, and � { the density of residual gas.The sum on T runs over all residual-gas components(H, C, N, O, Ar etc.), where ZT and YT denote theirnuclear charges and individual fractions, respectively, sothat �TYT = 1. �ECtot and �ELtot are the total electron-capture and loss cross sections, i.e., they account for themultiple-electron capture and loss processes.As example, the experimental and theoretical datafor ion-beam lifetimes of U28+ obtained at the SIS-synchrotron at GSI, Darmstadt, are shown in Fig. 10.One can see a good agreement between experimen-
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164 I.Yu. Tolstikhina, V. P. Shevelkoliding with neutral atoms are considered over a wideenergy range including relativistic energies. Numericalcalculations for electron-loss cross sections of heavy ionscolliding with protons and neutral atoms are presentedby 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-constantbehavior because of the screened �eld created by thetarget atom, and the cross sections increase with energyincreasing in the case of ionic targets (protons).Using accurate data on electron-loss cross sectionsthe experimental ion-beam lifetimes for U28+ ions areexplained and predicted for ultra-relativistic energieswhere the lifetime turns to a constant value of about13 s. Knowing a set of reliable data on electron-loss andcapture 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 conditionssuch as the residual-gas pressure and its components.The authors are grateful to A.B. Voitkiv for valuablediscussions and to S.N. Andreev for the codes develop-ment. This work was performed under the grants #08-02-00005-  and 11-02-00526-  of the Russian Foundationfor Basic Research.APPENDIX. The RICODE computer pro-gram. The RICODE-program (Relativistic IonizationCODE) is intended to calculate single-electron loss crosssections in ion-atom collisions and is based on the rela-tivistic Born approximation. The RICODE is a furtherdevelopment of the LOSS- and LOSS-R-codes describedin [14] and [18], respectively.In the RICODE, the electron-loss cross section forthe projectile electronic shell is calculated in the partial-wave representation in the momentum-transfer Q spacein the form (cf eqs. (3){(5)):�ion(v) = 8�(�c)2 Xnl NnlX� 1Z0 d"�1ZQ0 dQQ3 �Z2T (Q)F 2nl(Q)+Z2T (Q0) �2(1�Q20=Q2)(1��2Q20=Q2)2G2nl(Q)� ;(A1)Q0 = Inl + "v ; Q0 =qQ2 � �2Q20; (A2)where ZT (Q) denotes the e�ective charge of the incidentparticle in theQ-representation, " and � { the energy andorbital momentum of the active electron to be ejected,Inl and Nnl { the binding energy and number of equiv-alent electrons of the projectile shell nl, and � is the

relativistic factor. The function F (Q) is a usual Bornform-factor given byF 2nl(Q) =X�� (2�+ 1)(2�+ 1) l � �0 0 0!2 jRB(Q)j2;(A3)RB(Q) = 1Z0 Pnl(r)P"�(r)[j�(Qr) � ��0]dr;jl� �j � � � jl + �j; (A4)where the radial wave functions P (r) of the active elec-tron in the bound (nl) and continuum ("�) states arecalculated numerically by solving the non-relativisticSchr�odinger equation in the e�ective �eld of the atomiccore. The functions Pnl(r) and P"�(r) are normalized,respectively:Z P 2nl(r)dr = 1; Z P"�(r)P"0�(r)dr = ��("� "0):(A5)The e�ective charge of the target particle is calculatedin the form:jZT (Q)j2 = "Z � NXj=1 hjj exp(iQr)jji#2++"N � NXj=1 jhjj exp(iQr)jjij2# (A6)using the Slater nodeless radial functions jji. Here Zand N denote the nuclear charge and number of elec-trons in the target particle, respectively. For neutralatoms one has Z = N .The second term in (A1) is responsible for the rel-ativistic (magnetic) interaction between colliding parti-cles where the functionGnl(Q) depends on the derivativeof the radial function Pnl(r) and is given by [31]:G2nl(Q) =X�� 21372 (2�+ 1)(2�+ 1)2l + 1 ������i� � � l + 10 0 0 ! [(l + 1)Rd(Q)� l(l + 1)RB(Q)]++i� � � l � 10 0 0 ! [lRd(Q) + l(l � 1)RB(Q)]����2; (A7)Rd(Q) = 1Z0 P"�(r)j�(Qr)dPnl(r)dr dr; (A8)where i2 = �1. We note that in relativistic approxima-tion, the e�ective charge in the second term of eq. (A1)depends on the shifted momentum-transfer Q0.�¨±¼¬  ¢ ���� ²®¬ 94 ¢»¯. 1 { 2 2011
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