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Born-approximation calculations of various inelastic-scattering cross sections for collisions between U?* (g = 1, 2,
and 4) ions and Li atoms and ions are presented. The energies considered are in the 10-100-MeV/amu regime, with
an emphasis on providing results useful in assessing the importance of various phenomena in heavy-ion, inertial-
confinement-fusion reactor concepts for the case of U'* beams of 10-20 GeV. Estimates of the U?* electron-loss
cross sections are given for collisions with lithium in all charge states; order-of-magnitude differences between Li
atoms and ions are predicted. Calculations of the cross sections for the ionization of Li atoms and ions due to the
impact of fast U?* ions are also given. The lithium discrete-state and ionization contributions to the sum-rule
asymptotic cross sections are computed for the cases of Li® and Li**. Ionization is the dominate contributor (> 50%)
for these collisions, in contrast to the case of proton impact at similar speeds (S 10% for Li%). We also estimate the
mean energies of the electrons produced in these ionizing collisions and obtain results more than an order of

magnitude larger than in the case of proton impact.

I. INTRODUCTION

The use of intense beams of high-energy heavy
ions for the compression and ignition of small
pellets containing thermonuclear fuel has received
considerable attention in recent years as an at-
tractive future option for energy production.!™*

As an inertial confinement fusion (ICF) driver
competitive with lasers, and with electron and
light-ion beams, heavy ions offer potential advan-
tages in terms of driver efficiency, pellet cou-
pling, and a substantial technological base of high-
energy accelerators. As a relatively new approach
to fusion, there are a number of scientific and
technical questions which must still be addressed.

One area of concern has been the potential dif-
ficulties associated with the propagation of heavy-
ion beams to a small pellet in the environment of
an ICF reactor.5~® Beam propagation in a moder-
ate vacuum (107%-10"* Torr) has been identified” &
as a baseline transport scenario which merits in-
creased attention. Because the physics of the
beam propagation is relatively simple in this
case, theoretical predictions of the characteris-
tics of this propagation mode can be made with
reasonable confidence. Perhaps more important-
ly, this scenario is also consistent with various
ICF reactor concepts such as the HYLIFE design
which utilizes liquid lithium jets for first wall
protection.® A critical parameter in the design of
such reactors, or advanced versions which utilize
lead-lithium compositions, is the allowable oper-
ating pressure.!® This is generally determined by
the degree of permissible electron stripping from
the beam ions in collisions with the gases present
in the reactor, since, depending on other parame-
ters of the beam and reactor, beam ions whose
charge state is changed are effectively removed

23

from that part of the beam which hits the target.”
This paper presents the results of a theoretical
investigation of high-energy inelastic collision
processes for fast uranium ions impacting on lith-
ium atoms and ions, with an emphasis on beam
electron stripping and target gas ionization. We
also present the methodology and results of cal-
culations for the mean kinetic energy of electrons
produced in impact ionization of lithium by fast
uranium ions. In a separate paper,'' our results
are applied to the study of heavy-ion beam propa-
gation in the environment of a liquid lithium ICF
reactor. :

II. BORN-APPROX IMATION CROSS-SECTION
CALCULATIONS

A. U?* electron-stripping cross section

The basic theory underlying the calculations of
this work has been described previously'? and
only the results required for this problem will be
given. A number of refinements have also been
examined in an effort to provide a better assess-
ment of the reliability of the computed cross sec-
tions, since the charge state and energy regime
for these collisions is significantly beyond that
where experimental data are available. The
starting point for these calculations is the mo-
mentum-transfer formulation of the Born approx-
imation for inelastic cross sections. For the
ionization of a fast ion colliding with a neutral
atom (i.e., electron stripping) the cross section
consists of two contributions, corresponding to
whether the target atom is scattered elastically
(el) or inelastically (in). Following the notation
of Ref. 12, the stripping cross section for a U**
ion may be written as
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g =0(Uq+)i0n =0

stripping +0 jon,in ? (1)

ion, el

where in Born approximation at high energies

a? a?
- 2 = " — )
o.ion, el 87Ta0 ,32 (I ion, el +Yion, el Bz + ’ (2)

2 2
Uion,in=8"ag%(lion,in +Yion.mlggz-+..'.) : (3)
The terms in parentheses in Eqs. (2) and (3) are
the collision strengths as calculated to two orders
in an expansion in inverse powers of the ion vel-
ocity v (83 =v/c). Calculation of the coefficients of
these terms requires detailed information on the
continuum transition strengths, or equivalently
the generalized oscillator strengths, for the U?*
ion. Such information for low-charge-state heavy
ions is generally not available, and the calculation
of such data can be a major undertaking in itself.
An upper bound to these coefficients can be es-
tablished by calculating (via closure) the collision
strengths for all inelastic final states of the in-
cident ion. Equations (2) and (3) are thus replaced
by Egs. (2) and (3) of Ref. 12, and Eq. (1) becomes
an inequality, viz.,

O(Uq+)ion$ o-in,el +Om,m ’ (4)
where
o? a? '
o'in,el=81ra(2)_'2_ (Im,el+7m el_5>’ (5)
B el B
a? a’®
om,h,:s”a(z)?(lin.in"'?’in,in?)- (6)

The collision strength parameters (I, , , Vinal?
Iy, > and y, ) only require ground-state proper-
ties of the U™ ion and the target atom.!?

If the background Li gas is partially ionized,
then the effective stripping cross sections can
change significantly. Since ionized target par-
ticles have a long-range term in the potential for
interaction with the projectiles’ electrons, the
asymptotic form of the stripping cross sections is
altered. Again using closure, it is possible to
provide upper bounds to the stripping cross sec-
tion via Eq. (4), where Eq. (5) assumes the form

2

O = 4702 -‘;-2 (i F@(0)|28® (= 1)(In g% - p?)
. o
+Cin,e1+27in,el 7’—2 ) . (7)

The form of Eq. (6) is unchanged, although the
numerical values of the collision strength parame-
ters I, ;, and v, ;;, will be different.

In Eq. (7), F{® (0) is the net charge of the ion-
ized Li target (i.e., 1, 2, or 3), S (-1) is the

—1 energy moment of the uranium ion dipole-os-
cillator-strength distribution, and y%=(1 —g?)"*.
Cin, e is a collision strength parameter which may
be calculated analogously to that described in Ref.
12 (noting that here one is considering the inelas-
tic scattering of the projectile by a charged tar-
get ion). It depends (via sum rules) on the ground-
state properties of both the incident uranium ion
and the target lithium ion, as well as on one pro-
perty of the uranium ion which cannot be calcula-
ted directly from the ground state: the —1 logar-
ithmic energy moment of dipole-oscillator-
strength distribution L(-1). A method for esti-
mating this parameter is described later in this
section.

Calculation of the asymptotic collision strengths
(I'in, @ and Iy, ;) for several charge states of U**
colliding with neutral lithium were reported pre-
viously.'* Relativistic Hartree-Fock wave func-
tions were used to obtain the U?* ion incoherent
scattering functions, which are required to eval-
uate I, , and I;,;, in Egs. (5) and (6) as well as
Cina in Eq. (7). These same functions'® have been
utilized in the calculations reported here. Har-
tree-Fock wave functions were used in the pre-
vious report!* for the elastic.form factor and in-
coherent scattering function for neutral lithium.
In this paper, calculations have utilized results
for these functions tabulated by Hubbell et al.,®
which are based on neutral Li wave functions cal-
culated by Brown'” and include configuration in-
teractions. For Li*, calculations have been car-
ried out using data based on two different ground-
state wave functions. One is a simple 1s® hydro-
genic wave function with an effective Z =2+4,;
the other is a 53-term Weiss wave function for
which the atomic form factor and incoherent scat-
tering functions have been given by Kim.!® For
Li** the analytic forms for these functions have
been used.®

In order to calculate the second-order collision
strengths (yin, o 2nd 7, ) in Eqgs. (5) and (8), as
well as the parameters in Eq. (7) for collisions
with ionized lithium, a number of additional atom-
ic constants for uranium ions and lithium atoms
and ions are needed. In Table I some results of a
survey of the available datal®"?® for various charge
states of lithium are summarized. Table II pro-
vides a summary of select data for several heavy
atoms and low-charge-state heavy ions, together
with some estimated data for U** ions.!?: 15: 16,28=32
The notation corresponds to that in Ref. 12, and
not all these parameters will be discussed here.
Only a few comments regarding some of the esti-
mated parameters are presented.

Various energy moments of the oscillator-
strength distribution are required in order to
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TABLE I. Summary of select oscillator-strength data for Li atoms and ions. The § () (p=-1,0,+1) are the uth en-
ergy moments of the dipole-oscillator-strength distributions, and L (~1) is the ~1 logarithmic energy moment of that
distribution. S’(1) is the first derivative with respect to K? of the +1 energy moment of the generalized-oscillator-
strength distribution. Parameters labeled by the subscript “ion” are the contributions to these moments arising from
final states in the continuum (including inner-shell excitation for Li’) which lead to ionization.

Atom
Ion S(-1)

S©0) S@) L (-1) S'@) SCDion SO SMion L-Dion 5" Wion 0(0)
Li® 6.037% .3  20.74? 3.0622
5.865° 3 21,0 —9.92b 0.495 ¢ 2.22°¢ 0.492 ¢
6.1899 3  19.829 3.08 0.489 © 2.22¢ 19,7149 2.48° 3,105
Lit  o.2860f 2 20.18f 0.5277f 2.024f o0.1445f 13247 16.94F 0.30687 3.104f 0.1488
Lt 18 1 128 10.2360" 1.0000 0.031498 0.43508  7.9568 0.080290" 1.6476 L

2Based on configuration-interaction wave functions: S(-1), Ref. 21; S(+1) and F}(0), Ref. 20.
bBased on Herman-Skillman model, Ref. 21.

¢Based on Herman-Skillman model, Ref. 22,

dHartree-Fock values, Ref. 23.

®Hartree-Fock values, Ref. 24.

f Reference 25.

gReference 19.

hCalculated according to Eq. (13) using hydrogen data, Ref. 26.

S(=1) has been calculated'® and the zeroth mo-
ment S(0) is simply equal to the number of elec-
trons. The energy moment S(1) has not been cal-
culated directly, but is closely related to the total

evaluate y,, , and v, , . Most of these can be cal-
culated from ground-state wave functions using
well-known sum rules.!? For the uranium ions
under consideration, the —1 energy moment

TABLE IO. Summary of select atomic data for heavy atoms and ions and values adopted for U?*, The S(u) (u=-1,0,
+1) are the uth energy moments of the dipole-oscillator-strength distributions, and L (-1) is the —1 logarithmic energy
moment of that distribution as calculated according to Eq. (12). Also given are the total energies E,, , which are used
with Eq. (8) and some known values for S(1) to calculate ﬂ,/ Zp%. The results for neutral atoms, and for Cs*and Au*,
are used to estimate the value of —0.39 + 0.03 for U?" which then allows an estimate of S(1) for these ions according to
Eq. (8). [In addition to E; and Q, /=p?, the ionization contribution to the —1 energy moment S(-1)i0, and the ionization
potential Ej are also included where known, although they are not directly used in the cross-section computations.]

Atom )
Ion S(=1) S(0)

S@) L(-1) E RY) Q,/5p? S (=Dion F4(0) Ep(Ry)
Kr 7.864% 36  5.340x10°? 6.1 5.504x103°  —0.272 6.09 £0.16°¢ 6.588°  1.029¢
Xe 11,782 54 1.313 x10*? 7.9 1.446x10'°  -0.319 8.04+0.15¢ 10.44P 0.892 9
Hg 15.6° 80 3.682 x10% 5.69+0.94¢  11.44P 0.790 ¢
Rn 14572 86  3.634x10%? 13 4.373x10t%  -0.377 13.54° 0.790 ¢
Xe* 9.554f 53 ~1.3 £0.78 8.52f 1.56 4
Cs* 9.417" 54  1.37 x10*P 8.8 1.511x10*"  —0.320 8.537h  1.85¢
Aut 9.166" 78 3.01 x104" 12 3.573x104  —-0.368 7.914" 1514
Ut 19.78f 91  46@02)x10¢ 105 5.603x10tf _0.39£0.03 14.43f 0.855]
Ut 16.25f 90 46@0.2)x10* 12:6 5.603 x10tf  —0.39 +0.03 12.49 1 1.33]
utt 12.29f 88 46@0.2)x10* 136 5.602x10'T  —0.39 +0.03 10.09 3.671

2Hartree-Fock values from Ref. 28.
bHartree- Fock values from Ref. 29.
¢Experimental data for fast electrons, Ref. 30.

dReference 31.

¢Estimated from low-K behavior of incoherent scattering function tabulated in Ref. 16.
fDirac-Hartree-Fock values from Ref. 15.
gEstimated from experimental data on electron impact ionization, Ref. 32.

hReference 12.

iHartree-Fock values from Ref. 33.

i Reference 34.
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energy E ,, of the ion. In particular
S(1)=4E,,(1+Q,/Zp%) , (8)

where E,, is in Rydbergs and

Q,/2p*= 22 (B, B)2u(B?). ©
N T i
The ( ) denotes ground-state expectation values
and the sums are over electrons. This term
gives a measure of the relative importance of
electron correlations to the +1 energy moment.?’
It is generally a slowly varying function of the
atomic number; for example, it varies between
+0.05 and —0.10 for the atoms He-Ne, and ap-
proaches - 0.4 for heavy atoms. In order to es-
timate values of S(1) for U** ions, values of Q,/
Zp? were calculated for several heavy atoms and
ions for which E,, and S(1) are known. The re-
sults are given in Table II. From this data an
- extrapolation to uranium ions yielded the value
—0.39+£0.03. Together with the relativistic Har-
tree-Fock values of the total energy for U** ions,!®
Eq. (8) could then be used to estimate S(1) for
these ions. The adopted values are those given in
Table II, as calculated by this procedure. Within
this approximation, the results for S(1) for U'*,
U?*, and U** are essentially the same.
As indicated previously, calculation of the
parameter C,_ . appearing in Eq. (7), for estima-
ting electron stripping from U* in collisions with
ionized lithium, the —1 logarithmic energy mo-
ment of the U?* dipole-oscillator-strength distribu-
tion is required. This constant is difficult to cal-
culate in general because it requires detailed
knowledge of that distribution; it cannot be simply
related to a ground-state expectation value. If one
has sufficient information on the energy moments
S(u), as a continuous function of u, then it is pos-
sible to calculate L(-1) since, in general,

L(u)=-% sw) . (10)

d
A simplified version of the analytic form of S(u)
suggested by Bell et al.?® has been adopted. Speci-
fically, S(u) is assumed to be of the form

S(u)=5(0) exp[ pa+ud/(5-2u)] . (11)

This form incorporates the known singularity at
u =% and behaves correctly as p. approaches —.
The constants a and b are determined so that Eq.
(11) reproduces the moments S(—1) and S(1).
L(-1) can then be calculated according to Eq.
(10); i.e.,

L(p)=S(p)[ a+5b/(5-2u)7] , (12)

evaluated at p =~1. A number of similar models

were examined, including some which incorporate
additional moments such as S(-2). However, they
generally gave poor results for L(-1), although

they often yielded good values for L(0) and L(1) im-

~ portant in energy-loss and straggling computations.

Equation (12) for L(-1) was tested for the 18 ele-
ments from H to Ar by utilizing the Herman-Skill -
man model data of Dehmer et al.** for S(-1), S(0),
and S(1). The calculated values of L(—1) ranged
from -7.2 to 3.3, as compared to the range from
—10 to + 2.5 for the Herman-Skillman model.?
Equation (12) always estimates a larger value of
L(-1) than the Herman-Skillman results, predicts
the same sign in all but two cases [C and P, which
have small, negative values of L(-1)], and is
most reliable for positive values of L(-1).

Table II gives results for L(—1) calculated this
way using the data for the S(u) also given in the
table. Among the atoms and ions considered, the
only other results for this parameter known to us
are a Hartree-Slater value of 3.75 for Kr, about
40% lower than our estimate, and moment theory
results of 6.2 for Kr and 10 for Xe, about 2% and
27% above our estimates.?” We have tentatively
assigned a +50% uncertainty to our estimates of
L(-1) for U%*. However, as noted in previous
work!? the cross-section calculations do not de-
pend strongly on this parameter, if its magnitude
is small (< 20). »

The various energy moments of the oscillator
strength distribution for lithium atoms or ions
given in Table I have been extracted from the
literature, with the exception of the L(~1) values
for Li?**. Since this is a hydrogenic ion, it is
possible to scale this parameter from atomic hy-
drogen data. From the known Z dependence of the
excitation energy and oscillator strengths!® one
can show that for hydrogenic ions

L%(u)=z*"[2S(uInZ + L(w)] , (13)

where S(u) and Z(u) are the atomic hydrogen val-
ues for these moments. This formula is also val-
id for the contributions arising from continuum
final states LZ(u),,,, With S(u) and L(w) replaced
by the corresponding contributions for hydrogen.2®
Table III summarizes the results of the calcu-
lations for the collision strength parameters ap-
pearing in Egs. (5)-(7), for U** ions (g=1,2, and
4) colliding with all charge states of Li. We also
have explicitly given the values of the momentum-
transfer integral 9, - 9,, for impact with lithium
ions, which are required to evaluate Cinat

C a =| FO(0)|2[ S (- 1)In4/a? - 2L (~1)]

+(9,-9,) . (14)
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TABLE III. Collision strength parameters for the inelastic scattering of U?*ions (¢=1,2,4) by lithium atoms and
ions. For U*, results are presented for different atomic models of neutral Li and Li* as described more fully in the
text. However, the results show little sensitivity to the different models. These results, together with S®(~1) for
the uranium ions given in Table II and the net charge on the lithium ion [F & (0) =1, 2, or 3] can be used with Egs.
(5)—(7) to calculate upper bounds on the U?" electron-stripping cross sections according to Eq. (4).

Projectile Target Lin, o (OT 91-95) Lin,in Cin,el Vin, el Yin, in

ut* Li’ HF) 29.52 32.62
Li® (CI) 29.4 32.1 ~1.02 x 10 —-3.49 x 104
Li* (1s?) (30.4) 8.52
Li* (CD) (30.5 +0.9) 8.51 % 0.09 233+ 11 ~1.83x 108 ~-1.76 x 103
Li%* (11.5 +0.4) 3.77 820+ 41 —1.43 x10° —7.03 x 10?
Li%* 9 x (=2.55 + 0.08) 0 1790+ 90 —2.05 x 10? 0

v Li’ (CI) 27.9 29.3 —1.01 x 10° —3.49 x 10t
Li* (CI) (34.6 +1.3) 8.10 0.1 193+ 13 -1.82x10° -1.75 x10°
Li% (30.5) 3.59 664+ 48 -1.42x10° —6.97 x 10?
Li%* 9 X ( 2.40 +0.06) 0 1450 + 110 —2.03 %102 0

Ut Li’ (CI) 25.5 25.4 —-99.0 —3.48 x10%
Li* (CI) (36.3) 7.42 148 + 13 -1.82x10° -1.74x10°
Li?" (44.8) 3.30 493+ 48 —1.42 x10° —6.90 x 102
Li** 9 x( 3.36) 0 1040 + 110 —-1.98 x 102 0

2From Ref. 14.

The cross sections for the inelastic scattering
of U* colliding with different charge states of
lithium are shown in Fig. 1 in the 10-100-MeV/
amu energy regime. For comparison both the
asymptotic cross section (leading order in g2
expansion) and the cross section as calculated
here to two orders in the inverse velocity expan-
sion are shown by broken and solid curves, re-
spectively. Significant corrections to the asymp-
totic cross section for collisions with neutral
lithium targets are apparent for this energy
range, whereas only minor deviations occur for
ionized lithium targets. In these latter cases,
the cross sections are also significantly larger
in magnitude throughout this energy range. Fig-
ure 2 gives results for U?* and U** ions, in these
cases the cross sections plotted retain two orders
in the expansion.

The cross sections in Figs. 1 and 2 should pro-
vide reliable upper bounds to the total electron-
stripping cross sections for uranium ions. The
generally slow variation of all the cross sections
as a function of the uranium ion charge state sug-
gest that U%* cross sections can be readily esti-
mated by interpolation. Extrapolation to modestly
higher charge states (g< 8) can be accomplished
with reasonable accuracy by scaling the U** cross
sections according to the ratios for the cross sec-
tions for U?" colliding with Li reported in Ref. 14.
Note, however, that the overall magnitudes of the
cross sections reported here are somewhat lower.

Two further questions arise regarding the utility
of these inelastic cross sections for calculating
electron-stripping data (as opposed to establishing

upper-bound cross sections). One concerns the
relative contributions of projectile excitation and
ionization!®; the other concerns the final charge-
‘state distribution of the ions following electron
stripping. For somewhat higher initial charge
states, Dmitriev et al.®® have recently reported
results of semiempirical calculations of the cross
sections for the loss of from 1 to 5 electrons for
U (g= 10) and 1% (g= 5) ions colliding with nitro-
gen. A comparison of their results with the
asymptotic cross sections of Ref. 14 was reported
previously.?” Those comparisons, together with
the corrections to the asymptotes outlined here,
and an analysis of the charge-state distributions
obtained from Ref. 36, suggest that in this velocity
regime the cross section for a change from charge
g to charge g +m (i.e., the loss of m electrons in a
single collision) can be phenomenologically model-
ed by a relatively simple formula:

I -
2+f(1 =8ex)(04 o + T i)y m=1
O, 04m™
1 -
2+f %)m 2(1_5ex)(0m,el+0in,m)’ m=2.

(15)

For f =5, the m scaling given by Eq. (15) predicts
relative multiple-electron-loss cross sections
which agree to within about 10% of those in Ref.

36 at 13 MeV/amu for U'* and U%* ions. Theagree-
ment is generally about 20% over the 2—60-MeV/amu
energy region for those ions. The recent experi-
mental data of Horsdal-Pedersen and Larsen,3®
for simultaneous projectile¥target ionization in
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FIG. 1. Cross sections for the inelastic scattering of
U? ions by lithium atoms and ions, which are upper
bounds to the electron-stripping cross sections accord-
ing to Eq. (4). Broken curves are cross sections given
by retaining only the leading-order collision strength
(in g2 expansion) in Eqs. (5)—(7); solid curves include
the second-order terms (Vin,e1 and v, ;,). For neutral
lithium targets these terms give rise 'to significant
corrections in this velocity regime. That cross section
is only shown for energies higher than that correspond-
ing to the maximum; the expansion is apparently con-
verging for E/A =40 MeV/amu. The leading-order
term alone [labeled HIF(78), from Ref. 14] may give a
sizable overestimate of the electron-stripping cross
section at energies below that. For collisions with lith-
ium ions, the second-order terms give only a small
correction to the asymptote throughout this energy re-
gime. However, the cross sections are significantly
larger than for neutral lithium owing to the long-range
contribution to the interaction from incomplete screen-
ing.

Xe-H collisions at ~0.5 MeV/amu, are also con-
sistent with the m scaling given by Eq. (14) (for
m< 4) if f =2. The term 6., is a measure of the
relative contribution of projectile excitation

to the inelastic cross section. For the low-
charge-state ions considered here (g <Z/20),
Oex probably does not exceed 0.1-0.3, although

T T T TT7
U2+, 4* Colliding with
Lithium Atoms |

o (cm2)

and lons

Lid*

— Lt 1 S
[ 15 10, 15 2
10 100

E/A (MeV/amu)

FIG. 2. Cross sections for the inelastic scattering of
UZ* and U%* jons by lithium atoms and ions, similar to
those for U* shown in Fig. 1.

for higher initial charge states 0., may be
larger, %

The simple model given by (15) is no more than
that; it should not be taken as a claim to some
fundamental scaling law. Nevertheless, it should
be useful in assessing the importance of having
detailed information on multiple electron-loss
and excitation cross sections when estimating
beam charge-state distributions in a heavy-ion
ICF reactor concept.

B. Impact-ionization cross sections for lithium atoms
and ions

As in the preceding section, the basic theory
for the asymptotic Born approximation cross sec-
tion has been described in previous work.!? In
this section we examine inelastic cross sections
for the various charge states of lithium, which
include target excitation as well as ionization,
and for the cases of Li° and Li** we also com-
pute the impact-ionization cross sections explic-
itly.®® In the case of electron or proton impact on
Li° in this velocity regime, the ionization cross
section contributes a relatively small amount to
the total inelastic cross section (~10%), owing
primarily to the small ratio of S(-1);,,/S(-1) for
neutral lithium (see Table I). This suggested'*
that the cross sections for the inelastic scatter-
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ing of Li° by fast complex ions may also be signi-
ficantly overestimating the Born ionization cross
sections.

The asymptotic form of the impact-ionization
cross sections are similar to Eq. (7) since we are
considering incident (U*") ions,3° viz.,

o(Li), =0

ion el, ion +0

in, ion

2
- 4rg? % (szifm (Ing%y? —B) + C

el, ion

a?
+ 2Iin. ion +( Yetion * zyi“’ ion) ?) )

(16)

In Eq. (16), g=F{(0) is the net charge of the
incident U** projectile, and M2 =S5® (= 1);, is
the ionized final-state contribution to the — 1 en-
ergy moment of the dipole oscillator strength
distribution of the target lithium atom (or ion).
The parameters cel, ion» Iin, ions Vel,ion» and Y in, ion
are analogous to those given in Table III and de-
pend on atomic properties of both the incident
projectile and target. In the case of Li° targets,
we have calculated the corresponding collision
strength parameters for excitation to discrete
final states of the Li° and subtracted the sum of
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these from those values calculated via closure
for all final states, i.e., the total inelastic colli-
sion strength parameters.'? This is the same
method as outlined in Ref. 39 for He targets. Re-
sults for U* and U*" impact are summarized in
Table IV, where we give explicitly the values of
the momentum-transfer integrals (9, —9,) which
dominate the collision strength parameters Cg ;,
and Cq, ion. Table V gives abbreviated results for
Li?** ionization parameters, as well as the total
inelastic parameters for several additional cases.
For Li%?*, the ionization momentum-transfer inte-

grals may be calculated directly, using previous
results for the ionization contribution to the Li%**
incoherent scattering function.®

Table VI provides a summary of the collision
strength parameters appearing in Eq. (16), which,
together with the values of $‘® (- 1), = given in
Table I, can be used to compute the asymptotic
ionization cross section for U* and U*" impact on

Li® and Li**,

For comparison we also give the

corresponding total inelastic cross-section par-
ameters Cq,in and Vet,in* These, together with the
collision strengths I;, , and v, ; given in Table
III, and S¢® (- 1) from Table I, can be used to
compute the total cross section for impact excita-
tion and ionization:

TABLE IV. Discrete final-state momentum-transfer integrals for the excitation of Li’ by
fast U?* jons (¢ =1,4). Also given are total excitation collision strength parameters, total
inelastic parameters, and, by taking the difference between these, the total ionization colli-

sion strength parameters.

Li final state Ut Ut vt ut*
(NL) I, ny OT (91-%)y, Iin, vL I, N1 OT (91-99)p, Lin wi

2P (45.2) 8.25 (-106) 5.61
3P (6.20) 0.478 (10.9) 0.340
4P (2.01) 0.134 (2.78) 0.102
5P (0.926) 0.0593 (1.16) 0.0452
6P (0.507) 0.0318 (0.607) 0.0243
7P (0.309) 0.0192 (0.360) 0.0147
NP (N=8) ' (100 N ~3) 6.5 N3 (120 N %) 5N
All NP (56.1) 9.03 (—89.4) 6.18
3S 2.33 0.497 7.83 0.347
45 0.649 0.127 1.80 0.0901
55 0.279 0.0525 0.725 0.0376
NS (N =) 30 N3 6 N3 8o N3 4 N3
All NS 3.75 0.775 11.7 0.540
3D 3.89 0.803 12.7 0.563
4D 1.51 0.284 4.08 0.203
5D 0.739 0.133 1.86 0.0960
ND (N =6) 90 N3 15N 200 N3 10 N3
All ND 7.61 1.47 21.9 . 1.03
Total excitation (78.8) 11.3 (—22.2) 7.75
Total ionization (1.32 x 103) 20.8 (1.39 X 10°%) 17.6
Total inelastic (1.40 x10%) 32.1 (1.39 x10%) 25.4
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0(L1) jon <o(Li) extion = Oel,in + T in, in

a2

2
=4ra? o <qzs(2) (= 1)(Ing2y? - 8?) +Cy it 2linin+ (Vg in +2Vin, i,,):—z ) . am

Figure 3 displays the cross sections given by
Eq. (16) (solid curves) and Eq. (17) (broken
curves) for U impact on Li°, Li*, and Li%*.
Several observations on these cross sections
should be mentioned. First, the ionization cross
section for Li° is a substantial fraction of the to-
tal inelastic cross section, in contrast to the ex-
pectations mentioned in Ref. 14. For example,
it contributes more than 88% in the case of U*,
and about 60% in the case of U**. The difference
between this fraction for U** projectiles and that
for protons or electrons, is due to the significant-
ly different regions of momentum transfer typical
for these different collisions. For projectiles
which are pointlike on an atomic scale, these
cross sections are dominated by low-momentum-

transfer collisions. Hence, the ionization contri- -

bution to the inelastic cross section is roughly
given by the ratio of the dipole limits of the trans-
ition strengths, S(-1),,/S(=1). For Li° this ratio
is ~0.08. For collisions with heavy, low-charge-
state ions, which are not pointlike on the atomic
scale and have geometric cross sections compar-
able to (or larger than) the target particles, the
typical momentum transfer is sizable. The colli-
sion cross section is dominated by interactions
involving the atomic structure of the projectile,
rather than the long-range Coulomb contribution
to the interaction. As the charge state of the pro-
jectile is increased, the Born cross sections will
eventually approach ¢® times the proton cross
sections. This is not likely to occur until ¢>10,
however.!*

TABLE V. Select momentum-transfer integrals 4;-9,
for U?* ions (¢=1,2,4) on lithium atoms and ions; com-

parable results for U* and U'* on Li® appear in Table IV.

Also given for the case of Li%* targets are the ionization
contributions separately (9;~95);,- These parameters,
together with additional data from Table I, can be used
to calculate the collision strength parameters Cg in or
Cel,ion @s outlined in Refs. 12 or 39, respectively.

Projectile  Target 9,-9, (91=93)io0n
Ut Lit 7.00 x10%
Li%* 3.27 £0.01x10%2  2.72 x 10?
Uzt Li® 1.41 x10°
Li* 7.02 x 10% ,
Li** 3.28 x 10% 2.72 x 102
Ut Li* 7.13 x10%
Li%* 3.32 x10? 2.74 x 10%

] A

Another result apparent from Fig. 3 is that the
ionization cross sections are nearly independent
of the uranium charge state (for g< 4), whereas
the inelastic cross sections for U* and U** impact
on Li° differ by a factor of 2. These results sug-
gest that one can utilize the cross sections shown
in Fig. 3 for U®* impact and probably for any
uranium ion of a low-charge state (g= 6).

C. Mean energy of collisionally produced electrons
from Li

In addition to cross sections, the momentum-
transfer formulation of the Born approximation is
readily applicable to the computation of other
properties of fast collisions. Recently, Kim and
Cheng*® have described calculations for the stop-
ping power of partially stripped ions utilizing this
approach. In this section we outline the calcula-
tion of a closely related quantity, the mean energy
of electrons produced in the collisional ionization
of Li® by fast U* and U** ions, and compare the
results with those obtained for proton impact.

We start by considering two classes of stopping
cross sections. Let E‘? denote the excitation en-
ergy of the mth state (discrete or in the contin-
uum) of the Li° target atom, and define mean-ex-
citation-energy cross sections according to

<Gel-mE(nzl)>=Zoel.mEr(nz) ’ (18)
m

(CimmE@Y= 2, 0,0 WED . (19)
m

These are simply energy-weighted sums of the
two types of target inelastic cross sections, cor-
responding to whether the incident projectile is
scattered elastically (el) or inelastically (in).

[ These are two of the four possible contributions
to the general stopping power formulas given by
Kim and Cheng; see Eq. (4) of Ref. 40.]

With the aid of sum rules, Eqs. (18) and (19) may
be evaluated for all inelastic collisions. Then by
calculating the sum on the right-hand side for dis-
crete states explicitly, and subtracting from the
sum-rule results, one obtains the mean-ioniza-
tion-energy cross sections. This is the same pro-
cedure utilized in the preceding section in order to
obtain the ionization cross sections, only now each
term is weighted by the corresponding excitation
energy. Dividing this result by the ionization cross



2228 GEORGE H. GILLESPIE AND RALPH S. JANDA 23

TABLE VI. Collision strength parameters for the inelastic scattering of lithium atoms and ions by the impact of fast
U jons (¢ =1,2,4), denoted by Cg i, and Yo, jn. Together with the parameters I;, ;, and Yin,in &iven in Table III and the
values of S‘Z)(~1) for the different charge states of lithium from Table I, the total cross section for collisional excita-
tion and ionization of the lithium can be obtained via Eq. (17). Also given are the corresponding parameters for the
ionization alone of the Li’ and Li%*", denoted by Cei ions.Tin,ions Yel,ion» 80d Vin jon - The impact-ionization cross sections

are given similiarly by Eq. (16).

Target v

PI‘Oj ectile Cel, in Cel, ion Iin, ion 'Yel, in 'yel, ion 'Ym‘ jon
Ut Li® 1.49 x 10° 1.32 x10° 20.8 —6.50 x 10° —6.49 x 103 —2.95 x 10°
Lit 7.02 x 102 —4,38 x10° —4.35 x10° -9.26 x 102
Li?* 3.28 x 10? 2.72 x 10 2.54 —2.20 x 10° —2.17 x 10° —2.,22 x 10
Ut Lif 1.76 x 10° —6.61 x 10° —6.60 x10° -2.93x10°
Li* 7.11 x 10% —4.49 x 10° —4.45 x 10° -9.18 x 10?
Li%* 3.31 x10? 2.73 x 10? 2.45 -2.27 x 10° -2.22 x10° -2.18 x 10?
Ut Li® 2.79 x 10° 1.46 x 10° 17.6 —6.78 X 10° —6.76 x 10° —2.92 x 10°
Lit 7.47 x 102 —4.65 x 10 —4.59 x10° —9.08 x 10°
Li** 3.44 x 10% 2.77 x 102 2.29 —2.36 x 10° —2.28 x 10° —2.14 x 10

sections of the previous section then yields the
mean energy of the electrons produced by the col-
lisional ionization of the Li°.

Since the more general energy-loss problem is

treated in detail by Kim and Cheng,* we give here
selected results in order to relate our notation*
to that work. Specifically, the sum over all final
states (m) of Egs. (18) and (19) may be written as

2.2
(0, mE(2)> 4ra? _‘;iz_ [(Z(b)z +qWZ® (ln 4‘;;’ —ﬁz—lnG}“> —2qW2p (0)] , (20)
48> Y
(Oin, mE®) =4ral e [Z‘”Z‘z’(ln —B"’—lnG‘}’)], (21)

to leading order in an expansion in g~2: Z}, Z),
and ¢’ denote the nuclear charge, electron
charge, and net charge of the incident projectile,
respectively. Similarly, Z® is the number of
electrons on the target atom. (These follow the
notation of Ref. 12.) The parameters InG{’ and
InG{" are properties of the projectile and may be
calculated from the elastic form factors and in-
coherent scattering functions* of U?* ions. The
parameter L (0) is the logarithmic energy mo-
ment of the dipole-oscillator-strength distribution
for the target particle. For Li°, Dehmer et al.?*
report a value of 2.749 calculated within the con-
text of the Herman-Skillman model, which is the
value we adopt here.*?

Table VII summarizes results for ln G, and In
G, and the mean-ionization energies for U* and
U*, and H* impact on Li°. The typical mean-
ionization energy for these low-charge-state
uranium ions is in the keV range, whereas for
proton impact it is several tens of eV. The dif-
ference is again due to the fact that ionizing colli-
sions with these heavy, structured ions involve
momentum transfers significantly larger than for
structureless particles. As the charge state of

the U ion is increased these mean energies will
approach those for H* impact. There are signifi-
cant differences as well in the kinematics of U%*
and H* impact which must be considered in asses-
sing the implications of these results. Note also
that these mean energies are not related in any
simple way to the effective excitation energy as
defined by Kim and Cheng,* but are related to the
mean Kinetic energies of collisionally produced
electrons.

The temperature of electrons utilized to neutral-
ize the space-charge force of an ion beam plays
an important role in the effectiveness of the neu-
tralization during propagation in an ICF reactor.**
If these neutralizing electrons are collisionally
produced from a background gas by the impact of
the ions in the beam, the results summarized in
Table VII suggest that their initial kinetic ener-
gies (i.e., prior to degradation) will be substan-
tially higher than in the more familiar case of
proton (or electron) impact.

III. SUMMARY

We have presented Born calculations for the
cross sections of fast U** ions colliding with lith-
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FIG. 3. (a) Impact-ionization cross sections for Li’ and Li’** due to fast U* ions (solid curves), and cross sections
for the total inelastic scattering (excitation and ionization) of lithium atoms and ions in fast collisions with U* (broken
curves). These results show that ionization accounts for 75% or moré of the total inelastic cross sections for singly
charged uranium colliding with Li%*, and for over 88% in collisions with Lil. (b) Similar results for U2*impact and (c)

Ut impact. As the charge state of the uranium ion increases, excitation of the Li’ and Li%* becomes increasingly
important as a contributor to the total inelastic-scattering cross section. In the case of utt impact, ionization still
accounts for over 75% of that cross section for Li%* targets, but has dropped to 55—62 % for Li® targets.
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TABLE VII. Numerical values for the integrals In G
and In G for U? ions (¢ =1,2,4) as defined in Ref. 40
and mean energies of ionization Efﬁ,’], for Li’ due to the
impact of fast U*, U*", and H* ions at 10 and 100 MeV/
amu. The mean kinetic energy of the ionized electrons
(with respect to the final-state center of mass of the
Li*-e¢~ system) is given by E2) —E®, where E% is the
ionization potential of lithium (0.4 Ry).

EZ ®y)
Ion /InGp, InGg 10 MeV/amu 100 MeV/amu
Ut 4.52 3.83 59 100
Ut 451 3.87
vt 4,50 3.96 50 88
H* 0 0 5.3 6.2

ium atoms and ions. The emphasis has been on
obtaining reasonable approximations to the elec-
tron-stripping cross sections in the 10-20 GeV
energy regime (40-80 MeV/amu). Since these
are predominantly outer-shell collision processes
of the uranium, and the target particles are low Z,
the Born approximation should provide a reliable
basis for calculating these cross sections at these
energies. Corrections to the asymptotic cross
sections examined here are significant for colli-
sions with neutral Li° but for E = 8 GeV the two-
term expansion in g~2 should give a good approx-
imation to Born cross sections. We anticipate
that the cross sections in Figs. 1 and 2 (solid
curves) should provide reliable (factor of 2) esti-
mates of the U* (¢=1, 2,4) electron-stripping
cross sections.

Cross sections for the impact ionization of lith-

ium due to fast U%* ions have also been reported.
We have explicitly examined the excitation con-
tribution to the total inelastic cross sections and
found it less significant (< 50%) than in the case
of electron or proton impact (~90%). While our
basic approach for handling the electronic struc-
ture is consistent with experiments for light
ions,*" %3 these cross sections for low-charge-
state heavy ions are likely to be larger than actual
impact-ionization cross sections. Non-Born cor-
rections can be significant in this type of colli-
sion, which is dominated by the elastic scattering
of a heavy particle carrying a large number of
electrons.*®

Our results for the mean energy of electrons
produced in the impact ionization of Li° by U and
U* show substantial differences from the case of
proton impact. We can anticipate corrections to
this from non-Born affects, similar in origin to
those mentioned above, but it seems apparent that
order-of-magnitude differences between the cases
of electron or proton impact and low-q, heavy ions
will remain.
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