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Theoretical cross sections for H-on-Cs ionic and neutral reactions
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Potential-energy curves and coupling matrix elements have been calculated for the CsH and
CsH+ systems. The potentials and coupling terms were employed in the coupled equations
where the nuclear motion is described classically to obtain the energy dependence of the cross
sections for energies 0.1-3.0 keV. The cross sections so obtained were: Q+0 for the reaction
H++Cs H+Cs', Q+~ for H'+Cs-H(2s)+Cs', Q 0 for H +Cs+ H+Cs, and Qo for H(1s)
+Cs H +Cs . The CsH potential-energy curves were also used to estimate the ionization
cross sections Q;,„~,. for H +Cs-H +Cs++e and Q;„„ii for H +Cs H+Cs+e, and to yield
an upper-limit cross section Q for the reaction H(2s) +Cs H +Cs+. Semiempirical calcu-
lations were employed to obtain the deactivation cross section Q~ for H(2s) +Cs H(2P) +Cs
where the product H(2P) rapidly radiates to H(1s). At 0.5 keV the theoretical cross sections
obtained were Q+0=1.2x10 Q+~=5.5x10 Q 0=1,5x10, Qo =8 2x10 Qlo C. =1.3
x10 5, Qi&&p =2e9x10 ~, Q~ =8.1x10, and Q~ ~4x10 6 cm . For the reactjons where
experimental data is available, the theoretical cross sections are in satisfactory agreement
with experiment except for Qo, where the theoretical values are approximately a factor of 5
larger than the experimental values.

I. INTRODUCTION

There has been considerable interest in recent
years on the reactions of hydrogen and cesium
neutrals and ions at low to moderate collision en-
ergies, E4 3 keV. The practical reason behind
this interest arises because the reaction

H+ + Cs H(2g) + Cs'+0.49 e&

is one of the most efficient ways (largest cross
section) for producing beams of metastable H(2s)
atoms. The metastable H(2s) atoms can be polar-
ized by selective quenching of hyperfine states in
magnetic and electric fields; then, by subsequent-
ly colliding the polarized H(2s) with a gas such as
Ar or Kr,

H(2s) + Ar -H + Ar', (2)

it is possible to produce polarized H ions. Be-
actions (1) and (2) are the basis" ' for polarized
ion sources that are used as irjectors for tandem
accelerators. Since reaction (1) has its largest
cross section' at 0.5 keV and because the polarized
ion sources are operated under thick-target condi-
tions (multiple collisions), all the reactions of H

and Cs ions and neutrals at energies E=0.5 keV
are of fundamental interest. Reaction (2) has
been the topic of a previous study where it was
suggested that at 0.5 keV, Kr and not Ar would
produce the largest usable beam of H ions. '

In this study, we have generated potential-energy

curves and coupling matrix elements for CsH and
CsH and have used them in classical close-coupled
calculations to obtain the cross sections for sever-
al H-Cs reactions from Ov1 to 3.0 keV. These re-
actions include (the cross section notation is also
given):

H'+ Cs-H+Cs+, Q„,
H+ + Cs -H(2s) + Cs', Q,

(3)

(4)

H +Cs'-H+Cs, Q o, (5)

H +Cs H+ Cs+aq Q

For reactions (I) and (8), the calculations were
carried out to 10 keV so that comparison could
be made with existing experimental data. ' The

H(») + Cs -H + Cs'+ 3.14 ey, q, .

In reaction (3), the unspecified state of the pro-
duct H means all the possible levels of 8 that are
available for reaction. Also, using the potential
curves for CsH and a theoretical technique devel-
oped to understand He(2'S)+He differential ioniza-
tion cross sections, ' it is possible to estimate the
cross sections for the ionization reactions

H + Cs-H + Cs'+e, Q;,„~, ,
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cross section for the reaction

H(2s)+ Cs-H(2P}+Cs, Q„~

hv
= H(1s}

has also been calculated and compared to experi-
mental data' by using a semiempirical method de-
scribed previously. ' Finally, utilizing the CsH
potential curves, it is possible to estimate an
upper-limit cross section for the reaction

H(2s)+Cs H + Cs', Q„ (10)

For reactions (3}-(10),the theoretical cross
sections are compared to experimental data when
it is possible. The only other theoretical study of
a H-Cs reaction is that of Valance and Spiess, '
who have utilized pseudopotentials to calculate the
cross section for reaction (4).

The lowest 'Z (1'Z) state of the CsH' molecular
system arises in the separated-atom origin Cs
+ H(ls). The next set of three 'Z states arises
from Cs(6s)+H' (2'Z) and from Cs'+H(n=2)
(3, 4'Z). There is also a state of 'II symmetry
(1'II) arising from the Cs +H(n= 2) separated
atoms. The next states of possible interest are
the 'Il (2'II) and 'Z (5'Z) states originating in the
Cs(6P) + H separated atoms. The set of states 2,
3, 4'Z and 1'Il are, in the region of internuclear
separation dominant in the collision process, very
close in energy (-0.02 a.u. ) and relatively widely
separated (-0.06 a.u. ) from the 1 'Z and 2'II-5'Z
states. Thus, the representation of the collision
processes (3} and (4) is resolved to the procure-
ment of a molecular wave-function basis and the
coupling matrix elements for the 2, 3, 4'Z and the
1'II states of the CsH' molecular ion. The wave
functions are approximated by a one-electron
model. The orbital basis for the wave functions
included extensive provision for representation of
polarization since the transition processes primar-
ily take place at large internuclear separations.

II. DEFINITION OF THE MOLECULAR

REPRESENTATION BASIS

The energy range of interest in the collision pro-
cesses assures that the cross-section behavior
will be dominated by the interactions of the molec-
ular wave functions and potential surfaces defined
by the initial and final atomic states. Therefore,
processes (3)-(6) are modeled in a basis of such
molecular states and in terms of transitions be-
tween these states. The Hamiltonians used are
those of one- or two-electron heteronuclear molec-
ules.

A. (CsHP system

The '~ wave functions were of the form

4( Z) = C,4sc, + C,4p, c,+ C,4do c, + C,4f
+ C51sH+ C62s H+ C~2po H+ Cs3 H

+ C93Po H+ Ceo ~o H

The 'II wave function was of the form

4'('ll) = C,4p, c, +C,4d», c, +C,4f„c,+ C»2p» „
+ C53P+ H + C63d+ y, H ~ (12)

8. CsH system

The initial and final states of processes (5) and
(6) are an H('S) atom, an H ('S) ion, a Cs atom,
and a Cs'('S) ion. Only the Cs(6s) and Cs(6p)
atomic states need to be included in the molecular
representation. The necessary set of molecular
states thus becomes the three lowest states of 'Z
symmetry (1, 2, 3, 'Z) and the lowest state of 'II
symmetry (1'II). We herein adopt a one-electron
model of the Cs atom states and a bare nucleus
of charge +1 for the Cs ion. The necessary set of
molecular states can then be represented with a
two-electron model. The 'Z wave functions have
the form

4'('Z) = C, ls„4sc, + C, ls„4po + C,ls'„ IsH

+ C, (2po H
)'+ C62p, H 2p (13}

The lowest 'II state is formed from Cs(6P, ), and
the approximate wave function has the form

4 ('ll) = ls„4p, (14)

The 4s and the 4p Slater-type orbitals are used to
represent the Cs(n=6) levels just as in the (CsH)'
system. It is readily possible to obtain the correct
relative energy splittings in the separated-atom
limit. The energy of the 8 atom is, of course,
known exactly. The use of the two-term represen-

The orbitals, except for the 2sH which were giv-
en hydrogenic form, were Slatet. '-type orbitals.
Slater's rules' give an effective quantum number
of 4.2 for the n=6 atomic orbitals of Cs, so n=4
was used for the Cs(n=6) orbitals. The orbital ex-
ponents of the 4s~, orbital were chosen to repro-
duce the known Cs 6s-6p splitting to ensure cor-
rect relative placement at large internuclear sep-
arations. The 2, 3, and 4'Z states were obtained
as the second, third, and fourth eigenvectors and
eigenvalues resulting from application of the linear
variation principle" to 4'( Z). The 1'lI state was
obtained as the lowest eigenvector and eigenvalue
resulting from application of the linear variation
principle to 4'('ll). The resulting potential curves
are shown in Fig. 1.
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less repulsive than the true short-range potentials.
The potential curves and matrix elements computed
herein agree qualitatively with those of Valance and
Spiess' where comparison is possible.

III. CROSS SECTIONS

(15) as differences via

while the coupling maxtrix elements are given by

A. 8++ Cs and 8 + Cs+ reactions

The cross-section calculations for reactions
(3-6) were performed by solving the standard
coupled equations where it is assumed that the
nuclei follow classical trajectories. The equations
were given by"

dC( (Z) = —Q I'„(Z) exp[-iW„.(Z)] C, (Z}, (15)

The straight-line trajectory approximation is valid
for these applications since the collision energies
are much larger than the potential energies for the
impact parameters that dominate the cross-section
evaluation. The interaction potentials arise in Eq.
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FIG. 4. CsH radial (8/SR) and rotational (8/80) coup-
ling matrix elements.

where Z is related to the impact parameter b and

internuclear separation R in the straight-line tra-
jectory approximation by

(16)

The first term on the right-hand side of Eq. (16)
corresponds to radial coupling, while the second
term corresponds to rotational coupling. To ob-
tain the cross section for a given transition to
channel j, Eq. (15'I is solved for a grid of impact
parameters (normally Lb = 0.25ao was adequate),
and the cross section is evaluated by the integral

=0
(19)

For impact parameters & -5a„we continued to
employ the one- and two-electron potential ener-
gies and coupling matrix elements in the cross-
section calculations rather than to exclude these
impact parameters from the evaluation. As an
indication of their importance, the contribution to
the cross sections by impact parameters b ~ 5ap
was &10' for Q„, Q, , and Q „while it increased
to 625%%uo for Qo .

To determine the cross sections for reactions (3}
and (4), the CsH' potential-energy curves and cou-
pling matrix elements, Figs. 1 and 3, were sub-
stituted into Eqs. (15)-(19). For reactions (5) and

(6), the same procedure was used except that the
CsH potential energies and coupling matrix ele-
ments, Figs. 2 and 4, were employed.

The results of the H'+ Cs calculations to obtain
Q+„reaction (3), are displayed in Fig. 5. The cal-
culated cross section has a broad maximum around
500 eV with a magnitude of 1.25&10 "cm' and de-
creases rapidly for energies less than 250 eV to
a value of 3.5&&10 "cm' at 50 eV. At energies a-
bove 500 eV, the cross section decreases mono-
tonically. The calculated cross section is found

to be in good agreement with recent experimental
values. " " The theoretical cross section tends to
lie somewhat above the experimental values. A

very probable reason for this difference is that
we have not included excitation to H'+ Cs(6p),
which proceeds via a. curve crossing at R 900 with

the Z4 state shown in Fig. 1. From the close-cou-
pled calculations, we can make a rough estimate
of the cross section for direct excitation of Cs
and find @~2&10 "cm'. Thus, it is very possible
that the theoretical cross sections are overesti-
mated by (10-20)'Fo. We should mention, however,
that the absolute values of the experimental cross
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sections are accurate to (10-20)%, so even at pre-
sent, theory and experiment are in agreement with
one another.

The results of the Q+ calculation, reaction (4),
are a by-product of the H +Cs computations, and
are also shown in Fig. 5. Here, we obtain a max-
imum value of 5.5 &10 "cm' at 500 eV, with the
cross section decreasing to 1.7&&10 "cm' at 50 eV.
At the higher energies, again the cross section is
found to decrease monotonically. Comparing to
the experimental data"'" that generally have
error limits of +30%, ' it appears that the calcula-
ted Q, cross section is too large at the higher ve-
locities. This same tendency occurred in the cal-
culations of Valance and Spiess, ' who only consid-
ered the radial coupling between the Z states.
Here, we have improved upon these previous cal-
culations to include the rotational coupling to the
H(2P) +Cs' productions, which effectively reduces
the H(2s) +Cs' component, Q, , of the over-all
charge-exchange cross section, Q„. Thus, we

have no ready explanation for the discrepa. ncy at
the higher energies.

The ion-ion mutual neutralization cross section
Q, for reaction (5), and the cross section for the

reverse reaction, Q, , from ground-state reac-
tants were computed using the CsH potential-ener-
gy curves and matrix elements, Figs. 2 and 4, in
the classical coupled formalism, Eqs. (15)-(19).

The calculated Q, cross section is displayed in
Fig. 6. Unfortunately, there are no experimental
data to compare to the theoretical values. From
the calculations, the major products formed,
over 90%, are H+Cs(6P). One might argue that
the inclusion of higher-lying excited states of
H+Cs* might further increase the Q, cross sec-
tion. However, semiempirical calculations of the
potential-energy splittings at these curve cross-
ings, "backed up by Rydberg-Klein- Rees (RKR)
studies" on the H+Cs(6d) state, indicate that the
splittings will be too small to greatly increase the
cross section at the high energies. At lower ener-
gies, however, the higher-lying states will be-
come increasingly important and must be included
in any serious calculation.

The electron-transfer cross section, Q, , for
formation of H +Cs' from ground-state reactants
was also calculated. Here, it is possible to com-
pare to the experimental data of Schlachter etal. "
and Spiess et al. ,

' Fig. 6. The agreement is not
encouraging. Since at these energies the inelastic
cross section for a given system is only a function
of relative velocity, measurements" of Q, for
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circles are the data of Spiess et al. {Ref. 18), the open
squares are the data of Schlachter et al. (Ref. 16), the
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FIG. 6. Calculated Q p cross section (dashed line)
for reaction (5) and the Q p cross section (solid I.ine)
for reaction (6). The solid triangle is the Qp cross
section measured by Spiess et al. (Ref. 6), whil. e the
circles are the Qp cross sections measured by Schlachter
et al. (Ref. 16). The solid circle is a H+Cs data point,
while the open circles are D+ Cs data that have been
pl.otted on the H+ Cs energy scale at half their collision
energy.
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D+Cs reactants are also displayed in Fig. 6. This
makes it possible to compare the 4-keV D+Cs
measurement to the 2-keV H+Cs measurement
conducted on the same scattering apparatus. An

interesting aspect of this comparison is that at
2-keV H+Cs relative energy, the D+Cs measure-
ment for Q, is approximately 50/o larger than the
H+ Cs measurement. This discrepancy was point-
ed out in Ref. 16, but no explanation was given. A
very probable reason, however, is that a signifi-
cant amount of the H and D is scattered outside
the detection angle of the apparatus and is not
counted. Reaction (6) would have considerable
large-angle inelastic scattering because of the
relative short-range nature of the interaction,
giving rise to large-angle scattering off the repul-
sive walls of the potentials combined with the long-
range Coulomb exit potential which also contributes
to the large-angle scattering. Moreover, since the
inelastic scattering for a given system is a func-
tion of energy times angle, "EO, we would expect
at a given relative velocity that the large-angle-
scattering correction for D +Cs would be much
less than for H+Cs. Hence, if there is this prob-
lem, the experimental value of Q, for D+Cs at
a given relative velocity would be larger than Q,
for H+Cs. Since this is the observation, we tend
to conclude that the experimental cross sections
are affected by the large-angle scattering and tend
to be too small. Whether this explanation can ex-
plain the large discrepancy between theory and
experiment will have to await further investiga-
tion.

B. H + Cs ionization

The calculation of the ionization cross sections
for reactions (7) and (8) is based on a mechanism
used to explain some He(2'S) +He-He'+ He+ e
differential cross sections. ' Here, it was shown
that the diabatic potential of He(2'S) +He crossed

directly into the He, '+e continuum. It was ob-
served that the particles preferentially lost a low-
energy electron at or near the curve crossing to
the continuum.

The same arguments can be used for the H +Cs
ionization reaction. A schematic diagram of the
reaction is shown in Fig. 7. The H +Cs particles
are assumed to follow the diabatic potential curve
that crosses into the continuum where the electron
is ejected. Since the curve crossing is estimated
to be located at '7. 0a„ the total ionization cross
section will be rR'„, or 4.3&10 "cm'.

However, since we now have the CsH potential-
energy curves (Fig. 2), it is possible to estimate
the products of the ionization reaction. The
ab initio potential-energy splittings at the curve
crossings along with the rotational coupling to the
H+Cs(6P) can be incorporated into Landau-Zener
calculations to calculate the prbability of transi-
tion at each curve crossing and to determine the
products of the reaction. The results of the cal-
culations are shown in Fig. 8. At low energies
the particles are not able to transit the curve
crossings, and H+Cs products are preferentially
formed. However, as the collision energy is in-
creased, the particles prefer to remain on the
diabatic potential curve so H +Cs' products be-
come increasingly important.

The calculated cross section, Q;,„.H, for the
formation of neutral products, reaction (8), is
given by the solid line in Fig. 8 and can be com-
pared to the experimental data of Leslie elan. "
and Spiess «&l. ' The agreement is satisfactory.
There are no experimental data with which to
compare the theoretic al cross sections, Q;,„c„
for production of H +Cs'. However, at collision
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FIG. 8. H + Cs ionization cross sections. The sol. id
line is the calculated Q;,„Hcross section for reaction
(8), while the dashed line is the Q,,„&, cross section for
reaction (7). The solid triangle is the Q;,„H cross sec-
tion measured by Spiess et al. (Ref. 6), while the solid
squares are the Q,,„H cross sections measured by Leslie
et al, Q,ef, 25).
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energies above 2 keV, the theoretical computations
indicate that formation of H +Cs'+e will be the
dominant product of the H +Cs ionization reaction.

C. H(2s) + Cs deactivation

aV(B) -1020n, R ', (20)

where all quantities are in a.u. and n, is the dipole
polarizability of the target gas. Using Eq. (20),
we may employ the Landau-Lifschitz approxima-
tion" to analytically obtain the deactivation cross
section:

Q =(5.3&&10 "cm')(o', /v)'~'. (21)

fn Eq. (21), &„and the velocity v are in a.u.
To calculate the cross section for reaction (9),

the dipole polarizability of Cs,"363+0 was sub-
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FIG. 9. The metastable H(2s) deactivation cross sec-
tion Q~~ for reaction (9). The solid squares are Q~~
cross section estimates made by Schlachter (Ref. 7),

The calculation of the deactivation cross section,
Q „for reaction (9) is based on previous work'
where He and Ar, not Cs, were the targets in the
collision with H(2s). The theory is semiempirical
in nature because the potential-energy difference
needed for the evaluation of the cross section is
obtained from a parametrization given by Slocomb
gtal. " Furthermore, the assumption is made
that, because of the near degeneracy at infinite
internuclear separation between H(2s) +X and

H(2P)+X, the Q, cross section can be calculated
in the same manner as for resonant scattering.
This approximation is valid down to very low colli-
sion energies, approximately 0.1 eV, and is only
compromised at the higher energies because addi-
tional deactivation channels invalidate the use of
only two states. Within this framework the cross
section is only a function of the velocity and the
difference in potential energy between the Z states
arising from H(n=2') +X.

The potential-energy difference has been para-
metrized by Slocomb etaI. ,

" using the potential
calculations of Byron and Gersten, "to have the
form

stituted into Eq. (21). The results of the calcula-
tion are shown in Fig. 9 along with experimental
estimates of this cross section. ' The agreement is
most encouraging considering that the error esti-
mates of the experimental values are a factor of
2 and that from experience, ' a similar error
spread can be expected on the theoretical values
obtained from Eq. (21).

D. H(2s) + Cs negative ion formation

At present, the negative ion formation cross
section Q can only be estimated crudely by using
the CsH potential-energy curves of Fig, 3. Since
H(2s) +Cs lies approximately 6.9 eV above the
separated-atom limit of H +Cs, any interaction
between these two states will be on the repulsive
wall of the H +Cs' potential. An upper-limit
cross section can then be calculated by mB~,

where BR is an estimate of the repulsive wall
dim ens ion.

From Fig. 3, R„can be estimated to be approx-
imately 2a„so Q 64&&10 "cm'. Since the
collision mechanism is expected to be a curve-
crossing process, it is difficult to conclusively
predict the energy dependence of the cross section.
However, in general, one would expect since the
interaction is on the repulsive wall of the poten-
tials, that the cross section will be small at low
collision energies and will increase with energy
as the particles are more able to penetrate the
repulsive barrier.

There has been no direct measurement of Q
However, a value for Q at 2.5 keV has been ob-
tained by Pradel etal. ' from an analysis of the
H(2s) fractional yield under thick Cs target condi-
tions for H +Cs collisions. The value is -5&10 "
cm'. Thus, there appears to be agreement be-
tween theory and experiment.

IV. CONCLUSIONS

This paper presents computed cross sections for
and analyses of reactions between Cs and H atoms
and ions that are important for the understanding
of the collision processes occurring in polarized-
ion sources. The primary stress here has been
reactions proceeding at approximately 500 eV,
since it is difficult to perform experiments at this
low energy and because 500 eV is the nominal H

collision energy used in the ion sources.
The cross sections were computed using a mole-

cular basis set and coupling matrix elements ob-
tained from ab initio calculations. Classical
close-coupled equations were solved to obtain
some of the cross sections. Other cross sections
were obtained by semiempirical methods which
are expected to be valid at these energies.
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The agreement between theory and experiment
is, in general, satisfactory, leading one to believe
that the low-energy theoretical values are also
satisfactory. The only serious discrepancy be-
tween theory and experiment is in the value for
the Q, cross section. Since the theoretical cross
section is very dependent on the potential-energy
separation between the ~, and Z, potentials of CsH
around R 9a, (Fig. 3), we have rechecked our val-
ues by expanding the wave-function basis set used
in the potential-energy calculations. The potential-
energy separation was invariant to the wave-func-
tion charges; hence, we believe that the theoreti-

cal Q, cross section is reasonably accurate.
Since experimental values are also in question, we
believe that a more concentrated study, both theo-
retical and experimental, is due on reaction (6).
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