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Charge-transfer cross sections for He?>* and Li** colliding with H, He, Li, Be, B, C, Ne, Na, Mg,
Ar, K, Ca, and Cs have been calculated using the Landau-Zener model over the velocity range
10’—10® cm/sec. In these collisions, electron capture occurs predominantly into excited states of the
product ion, He?* or Li’*. Laser-gain calculations have also been made for consideration of a pos-

sible short-wavelength laser.

I. INTRODUCTION

It has been proposed’? that charge-transfer processes
may serve as a means of achieving population inversion
for short-wavelength (vuv and soft-x-ray) lasers. Some
selected charge-transfer processes of multiply charged
ions, in particular, have large cross sections necessary to
meet the high-gain requirement of a short-wavelength
laser. In addition, these processes often involve crossings
of potential energy surfaces and thus offer an opportunity
to be described by the simple Landau-Zener model.>* Al-
though not very accurate, charge-transfer cross sections
obtained by the Landau-Zener model can be used for a
preliminary screening of likely candidate processes for
short-wavelength lasers.

In this work Landau-Zener cross sections for electron
transfer from neutral atoms to He?* and Li** ions are
calculated over the ion velocity range 10’—10% cm/sec.
The atoms considered are H, He, Li, Be, B, C, Ne, Na,
Mg, Ar, K, Ca, and Cs. Electrons transferred from these
atoms populate predominantly the first few excited states
of Het (n=2,3) and Li’** (n=2,3,4). For the case of
He™*, the Lyman-a, Lyman-B, and Balmer-a transitions
would result with A=30.4, 25.6, and 165 nm, respectively.
In Li®* the Lyman-a, -8, and -y transitions, Balmer-a
and -f transitions, and Paschen-a transitions may occur.
Corresponding wavelengths are 13.5, 11.4, 10.8, 72.9, 54.0,
and 208 nm.

In Sec. II a brief review of the Landau-Zener model is
given. In Sec. III the result of our cross-section and gain
calculations are presented. Analysis of our data and dis-
cussion are given in Sec. IV.

II. THEORY

The Landau-Zener model>* represents perhaps the sim-
plest means of describing nonadiabatic transition at the
crossing of potential energy surfaces. Although its limita-
tions are well known,”~’ the model continues to be used
for a rough estimate of cross sections associated with vari-
ous collision processes.®~1° Here we briefly describe the
model as it is applied to charge-transfer processes of mul-
tiply charged ions.

Let us consider a charge-transfer process

A4+BZ+t 4+ BZ-D+ (2.1

At large internuclear distance R, the potential energy
curves for the initial and final configurations are given,
respectively, by
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Here we have assumed spherically symmetric states and
consequently neglected 1/R3 terms in the potential. AE is
the defect energy and a denotes the polarizability of the

atom or ion being considered. If AE >0, the two curves
cross at R =R, where R, satisfies
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In the Landau-Zener model one assumes that the transi-
tion (electron transfer in our case) is limited to a narrow
region around the crossing point R.. One further assumes
that in this narrow region the potential energy separation
varies linearly with the internuclear distance,

H,—H;=y(R —R,),

and the coupling matrix element H;s is a constant,

(2.4)

Hy=B. (2.5)

The constant ¥ can easily be computed for our case of
charge transfer using Eqgs. (2.2),
_(Z—-1e*  4Z%’a(4) HZ-—1)’a(4T)
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For the coupling H;; we use the formula suggested by OI-
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son, Smith, and Bauer,!!

Hjs=P=€€s(€;+€7)R.exp[ —0.43(6; +€,)R, ] . (2.7)

All quantities in Eq. (2.7) should be expressed in atomic
units, and €; and €y are determined by €;=12I; and
€s=V 2Is, where I; and I, are the effective ionization
potentials (in atomic units) of the electron before and after
the transfer, respectively.

The Landau-Zener transition probability as the system
passes by the crossing point twice in a collision process is
given by

P =2exp(—p)[1—exp(—p)], (2.8)
where
2 2
p= it 21172 » 2.9
fwy |1— b
R,

b is the impact parameter, and v is the velocity of the ion
at the crossing point, which is virtually the same as the in-
itial ion velocity for all the processes we consider for the
velocity v > 107 cm/sec. The integration of the probabili-
ty P with respect to the impact parameter b yields the
well known expression® for the Landau-Zener cross sec-
tion,

0 =47RE;(n/v)—E;(29/v)], (2.10)
where
2732
== 2.11
wy (2.1
and the exponential integral E; is defined as'?
Es(x)= flw d—iexp(—xz) . (2.12)
z

For collision processes we consider, electron capture
occurs predominantly into excited states of the product
ion B2 ~V+ producing population inversion between two
levels of the ion. Assuming the system is Doppler
broadened, the gain g is then given by

2
g =V AN

) (2.13)
8mr Av

where Av and A are, respectively, the linewidth and wave-

length of the transition in question, 7 is the spontaneous

lifetime of the upper level, and AN is the inversion density

AN =N,—N, %% . (2.14)

81
Subscripts 1 and 2 refer to the lower and upper laser lev-
els, respectively, g; is the degeneracy of the ith level, and
N; is the number density of the product ion in the ith lev-
el. N, and N, are determined by charge-transfer cross
sections into the lower and upper levels o and o0, as

Nl =NAZ+NB01UTS ) (2.15&)

N2=NA2+NBO'2UTS . (2.15b)

Here Nz, and Ny are number densities of the ion A%+
and atom B.

III. RESULT OF CALCULATION

Our calculation of the Landau-Zener charge-transfer
cross section was carried out in the following steps.

(1) The crossing distance R, was calculated from Eq.
(2.3). The polarizabilities @ were obtained from two
sources.'*!* Polarizabilities for He’* and Li’* are less
than 0.005 A® and so were taken to be zero. Because of
the limitation of the Landau-Zener model, only those pro-
cesses for which the crossing distance satisfies 2<R. <10
A were considered. This excludes the important reaction
He’* + Li—>He*(n=3) + Li*. The same process with
the product ion in the (n=2) level was included in our
calculation.

(2) The constants ¥y and 8 were calculated from Egs.
(2.6) and (2.7) and were used to evaluate 7 defined by Eq.
(2.11).

(3) Once R, and n are known, the cross section o can
easily be calculated from Eq. (2.10) for different values of
the ion velocity v. A standard mathematical handbook'?
contains a table of the function E;(x). However, we find
it more convenient to directly compute the integral. For
this purpose we rewrite Eq. (2.10) as

1
o=4nR? fo y dy[exp(—mn/vy)—exp(—27/vy)] . 3.1

Equation (3.1) was then numerically integrated using a
six-point Gauss-Legendre quadrature.

The result of our calculation is summarized in Table I
for helium and in Table II for lithium reactions. Shown
in the tables are the peak cross section o,y the velocity
Umax at which the peak cross section occurs, and the half-
width at half maximum w of the o-vs-v curve, in addition
to polarizabilities «, the energy defect AE, the crossing
distance R, the coupling matrix element S, and the pa-
rameter 7. Since the o-vs-v curve is, in general, not sym-
metric about the peak, we have defined the width to the
left and right of the peak, w; and wg, separately. A
bracket is used to denote a process for which the peak
cross section occurs beyond the velocity range 10'—10%
cm/sec. For such a process, only one of the two widths is
important, o, in the tables represents not the peak cross
section but simply the largest value of the cross section in
the velocity range 10’—10® cm/sec, and v,,, denotes the
velocity at which this largest value of cross section is ob-
tained. In both Table I and II the reactions are presented
in an order of increasing 7. The parameter 7 is important
for our analysis to follow because, as will be shown in Sec.
1V, this parameter determines the position and the width
of the peak; v,,, and wy and wg.

Figures 1 and 2 are typical sets of o-vs-v curves for
helium and lithium reactions, respectively. We see that
helium reactions generally have larger cross sections, indi-
cating that charge-transfer processes of He?* are general-
ly preferred to those of Li3* for consideration of a short-
wavelength laser. This is further borne out by Fig. 3, in
which the gain curves for He?* with Be and Li, and Li**
with H are shown. The gain was calculated from Eq.
(2.13) assuming the Doppler width Av=10'? Hz, and the
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TABLE I. Parameters for charge transfer between He?* and various atoms. Parentheses are used to denote quantities associated
with a process for which the peak cross section occurs beyond the velocity range 10'—10% cm/sec.

n Umax wr, Wpr
a(d) ald*) AE R, B (10° o (07 (07 (0
Reaction (A% (A% (eV) (A) (eV) cm/sec) (A% cm/sec) cm/sec) cm/sec)

He?* +K—Het(n =3)+K* 43.40 0.95 1.747 9.167 0.0056 0.1206 (1.128) (1.1) 0.1)
He?t +Cs—Het(n =3)4+Cs* 59.60 3.08 2.193 8.049 0.0170 0.6524 (4.556) (1.1) (0.1)
He?t +C—He*(n =2)+Ct 1.760  0.82 2.326 6.269 0.0372 3.432 (12.94) (1.1) 0.3)
He?* +Cs—Het(n =2)+Cs™* 59.60 3.08 9.697 4.072 0.2679 9.897 (12.48) (1.1) (0.9)
He** +K—Het(n =2)+K™* 43.40 0.95 9.251 3.872 0.3203 14.67 (14.49) (1.1) (1.5)
He?* +Li—Het(n =2)+Lit 24.30 0.300 8.200 3.594 0.4067 27.31 (16.69) (1.1) (2.6)
He?* +Na—Het(n =2)+Na*t 23.60 0.15 8.452 3.530 0.4390 30.12 (16.60) (1.1) (2.0)
He?* +Ca—Het(n =2)+Ca™t 25.00 8.34 7.479 3.687 0.7695 114.6 19.33 2.7 1.9 11.0
He?t +Be—Het(n =2)+Be™t 5.600 1.81 4270 3.940 0.5205 166.6 22.07 39 2.7 16.0
He?t +Mg—He*(n =2)4+Mg* 10.60 3.32 5946 3.513 0.8370 204.5 17.55 4.9 3.3 19.0
He?t* +B—He*(n =2)+B* 3.030 1.53 5.294 3.172 1.0995 484.7 (14.19) 9.9) (6.3)

ists, however, experimental17 and theoretical'®!® evidence
that it is the second excited level (n=3) of He™ that is
predominantly populated in collisions of He?* with Li.
For this case the crossing distance R, is too large for the
Landau-Zener model to be reliable.

inversion density was obtained with N, z+=10'% cm~3
and Ny=10'® cm™3. The spontaneous lifetimes 7, were
obtained from Ref. 16. We obtain 7, =1.3 107" sec for
the Lyman-a transition of He?*, and 7,=2.6 X 107!! sec
for the Lyman-a transition of Li**. Overall, within the
Landau-Zener model, the He?*-Be reaction appears to
offer the best chance for a short-wavelength laser. How-
ever, this observation was made under an unrealistic as-

IV. ANALYSIS AND DISCUSSION
The general behavior of the Landau-Zener cross section

sumption that densities of ions and atoms available are
the same regardless of the type of the ion or atom
(N, z+= 10'® cm—3, Np=10'® cm—3). We also note that,
for the He?*-Li reaction, we only considered electron cap-
ture into the first excited level (n=2) of Het. There ex-

with respect to the velocity is largely determined by the
three quantities Oy, Umax, and w (w; and wg). In this
section we show that, within the Landau-Zener model,
these three quantities are completely determined by the
two parameters R, and 7.

TABLE II. Parameters for charge transfer between Li** and various atoms. Parentheses are used to denote quantities associated
with a process for which the peak cross section occurs beyond the velocity range 10’—10% cm/sec.

n Umax wr, Wgr
a{d) ad*) AE R B (10° Ope (107 (107 (107
Reaction (A% (A% eV) (A) (eV)  cm/sec) (A% cm/sec) cm/sec) cm/sec)

L3t +K—Li?*(n =4)+K* 43.40 0.95 3.280 9.708 0.0022 0.0106 (0.1120) (1.1) 0.1)
Li** +He—Li**(n =2)+Het 0.00 0.204956 5.998 4.793 0.0055 0.0232 (0.05958) (1.1) 0.1)
Li*t +Be—Li?t(n =3)+Be*t 5.60 1.81 4.251 6.989 0.0043 0.0266 (0.1417) (1.1) (0.1)
Li**t +Cs—Li**(n =4)+Cs™* 59.60 3.08 3.726 9.082 0.0046 0.0340 (0.3136) (1.1) 0.1)
Li*t +Cs—Li**(n =3)+Cs™* 59.60 3.08 9.678 5.422 0.0664 1.002 (3.141) (1.1) (0.1)
Li*t +Cs—Li*t(n =2)+Cs™* 59.60 3.08 26.685 3.735 0.1592 1.084 (1.622) (1.1) (0.1)
Li3t +Mg—>Li2+(n =3)+Mg* 10.60 3.32 5927 5.469 0.0389 1.268 (3.179) (1.1) 0.1)
Lt +K—Li**t(n =3)+K* 4340 0.95 9.232 5.229 0.0772 1.458 (4.163) (1.1) 0.1)
Li’*t +Ca—Li**t(n =3)+Ca*t 25.00 8.34 7460 5.187 0.0656 1.617 (4.511) (1.1) (0.1)
Lt +B—Li*t(n =3)+Bt 3.03 1.53 5.285 5.613 0.0299 1.667 (2.824) (1.1) 0.1)
Li*t +K—Li*t(n =2)+K* 43.40 0.95 26.239 3.524 0.2147 1.929 (2.448) (1.1) 0.1)
Li*t +Li—Li?*(n =3)+Lit 24.30 0.03 8.181 5.031 0.0851 2.237 (5.711) (1.1) (0.3)
Li** +Na—Li*t(n =3)+Nat 23.60 0.15 8.433 4.927 0.0983 2.806 (6.701) (1.1) 0.3)
Li*t +Li—Li**(n =2)+Lit 24.30 0.03 25.188 3.147 0.3512 5.053 (4.503) (1.1) (0.5)
Li** +Na—Li?*(n=2)+Na* 23.60 0.15 25.440 3.115 0.3702 5.505 (4.725) (1.1) (0.5)
Li*t+Ca—Li*t(n =2)+Cat 25.00 8.34 24.467 3.090 0.3731 5.877 (4.896) (1.1) (0.7)
Li** +Ne—Li**(n =2)+Ne* 0.40 0.20 9.019 3.258 0.1470 7.033 (6.250) (1.1) (0.9)
Li3+ —|—Mg—>Li2+(n =2)+Mg*t 10.60 3.32 22.934 2.647 0.6820 19.90 (7.957) (1.1) (1.9)
Li**t +Be—Li?t(n =2)+Be™* 5.60 1.81 21.258 2.405 0.9458 41.80 (8.188) (1.1) 4.1)
Li** +Ar—Li?t(n =2)+Art 1.64 1.17 14.823 2.330 0.9493 90.24 7.719 2.1 1.5 8.0
Li*t +B—Li**(n =2)+Bt 3.03 1.53 22.282 2.067 1.5403 98.97 6.074 2.3 1.5 9.0
Li** +C—Lit(n =2)+C* 1.76 0.82 19.214 2.047 1.5725 139.4 5.958 33 2.3 13.0
Li** +H—Li?*(n =2)+Ht 0.67 0.00 16983 2.011 1.6313 204.8 5.750 4.9 3.3 19.0
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FIG. 1. Cross section o vs ion velocity v for charge-transfer
processes: a, He’* + Be—Het(n=2) + Be*; b, He** + Ca
—Het(n=2)+ Cat; ¢, He** +B—Het(n=2)+B*; d,
He?t + Li—>Het(n=2)+ Lit; e, He** 4+ Cs—Het(n=2)
+ Cs*.

The starting point of our analysis is Eq. (2.10), the ex-
pression for the Landau-Zener cross section. Differentiat-
ing both sides of this equation with respect to 1/v, we im-
mediately obtain that v,,, must satisfy

EZ(n/vmax)—2E2(2n/vmax):0 » 4.1)
where
Ex0= [ " Zexp(—xz). 4.2)
z

From the table!?> of the exponential integral E,(x), we
find the root of Eq. (4.1),

N/ Vmax =0.424 ,
ie.,
Umax =1/0.424 . 4.3

Thus vp,,,, the position of the peak, is simply proportion-
al to the parameter 7). Substituting Eq. (4.3) into Eq.
(2.10), we obtain

Omax=4TRZ[E+(0.424) —E;(0.848)]=1.42R} . (4.4)

Within the Landau-Zener model, o,, depends only on

v( 107 cm/sec)

FIG. 2. Cross section o vs ion velocity v for charge-transfer
processes: a, Li*t + H-Li*t(n=2)+H*; b, Li*t+C
—Li?*(n=2) + C*; ¢, Li** + Be—Li**(n=2) + Be™; d, Li**
+ Mg—LiZ*(n=2) + Mg™; ¢, Li** + Cs—Li**(n=3) + Cs™.
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FIG. 3. Gain g vs ion velocity v for charge-transfer process-
es: a, He** 4+ Be—Het(n=2) + Bet; b, He?* + Li—>He*(n
=2) + Li*; ¢, Li** + HoLi**(n=2) + H™.

R.; different systems with the same crossing distance
yield exactly the same peak cross section. This property
of the Landau-Zener cross section was already noted by
Zwally and Koopman.®

In order to find the width of the cross-section curve, we
first find the velocity v/, at which o becomes one-half of
Omax- The velocity v, ,, must satisfy

Omax/2=0.TIR2=47RE(n /v 5)—E3(20/v1,)] .
4.5)

Equation (4.5) has two roots, 17/v;=1.34 and 0.083,
which yield

wL=umax—1—";7=1.61n (4.62)
and
= J——— —_ =
Wg 0.083 Umax =9.697 . (4.6b)

Thus the widths w; and wg are simply proportional to 7,
with wg roughly six times greater than wy .

All the values of 0,y Umax, Wr, and wg that appear in
Tables I and II were taken from our computer calcula-
tions. Comparison of these values with those arrived at
through Egs. (4.3), (4.4), and (4.6) showed excellent agree-
ment. (Note, however, that comparison cannot be made
on values in the bracket because these values do not
represent the “peak” values.) The analysis presented in
this section indicates that the trend noted in the previous
section, i.e., large cross sections of helium reactions com-
pared with lithium reactions, should not be generalized to
heavier-ion reactions. Generally speaking, one would
favor a process with large R, and 17 which lead to large
O max and width. Such a process can of course be found in
heavy-ion reactions too. Perhaps a quick way of judging a
given charge-transfer process in connection with the pos-
sibility of a short-wavelength laser is to calculate oy,
Umax»> WL, and wg using Egs. (4.3)—(4.6). Before attempt-
ing this, however, one may want to ask a fundamental
question, i.e., how reliable is the Landau-Zener model it-
self? In order to investigate this question in more detail,
we compare our Landau-Zener cross sections with those
obtained with more elaborate numerical methods.

Bransden and Ermolaev!® have calculated cross sections
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for electron capture of He?* from Li into the first excited
level (n=2) of He* using the two-state atomic orbital ap-
proach. At v=4.9%x107, 5.8% 107, and 8.2X 10’ cm/sec,
they obtained o0=11.5, 10.7, and 10.6 A2 compared with
our values, 0=6.9, 6.0, and 4.5 A2, The Landau-Zener
cross sections are seen to be smaller by a factor of 2.
This, however, may not be a good reaction to compare,
because it is complicated by the fact that the second excit-
ed level (n=3) of He' is predominantly populated. A
more detailed comparison can be done for the Li**-H re-
action. For our comparison we have chosen the unitar-
ized distorted-wave approximation (UDWA) results of
Ryufuku and Watanabe,?® 20-atomic-state calculations of
Bransden and Noble,?! 20-molecular-state calculations of
Salin,?? ten-molecular-state calculations of Kimura and
Thorson,? and finally experimental data of Seim et al.?*
All these data along with our Landau-Zener cross sections
appear in Fig. 4. The Landau-Zener cross sections seems
to differ rather significantly from other cross sections in
that the persistent increase of the cross section toward the
high-velocity region seen in other curves is missing in
ours. This, however, is at least partly explained by noting
that all curves except the curve of Bransden and Noble?!
and ours are total-cross-section curves. At higher veloci-
ties other excited levels of Li’* lying higher than the first
excited level (n=2) will be populated and thus will contri-
bute significantly to the total cross section. The
discrepancy seems to lie rather in the low-velocity region
(v < 5% 107 cm/sec) where the Landau-Zener model yields
larger cross sections than all other calculations except for
the UDWA results. This is in contrast to findings in the
past>!® that the Landau-Zener model usually underesti-
mates cross sections. In fact, the discrepancy seen in Fig.
4 is even more serious than it appears because cross sec-
tions into the first excited level of Li*? are compared with
total cross sections. As pointed out repeatedly in the past,
the Landau-Zener model should be used only for a rough

Li*t + H L2+t + HT.

MARK T. STOLLBERG AND HAI-WOONG LEE 29

L T T T Ll
X
o e
L
10f ° .
L ]
S‘_.; X x x X ° hd +0
g X
b e ® N
sf oo -
+
(o]
A
1 L 1
0 2 2 3 8 o)
v( 107 cm/sec)
FIG. 4. Cross section o vs ion velocity v for

, this work (Landau-Zener); X,
Ryufuku and Watanabe (Ref. 20); /\, Bransden and Noble (Ref.
21); +, Salin (Ref. 22); O, Kimura and Thorson (Ref. 23); @
Seim et al. (Ref. 24) (experimental data); and A are cross
sections for charge transfer into the first excited level (n=2) of
Li**, while others represent total charge-transfer cross sections.

estimate of cross sections. The use of the model can
perhaps be justified for our preliminary screening of a
large number of charge-exchange processes. However,
once a small number of more promising candidate pro-
cesses are selected, more accurate techniques of comput-
ing cross sections may have to be employed for a reliable
assessment of the performance of possible lasers.
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