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Recent calculations of Thorson and co-workers for H+ + H ionization mechanisms and the
Briggs-Macek scaling law for X-vacancy production in symmetric heavy-ion collisions are used to show
the following: (1) If Fano-I. ichten-type electron promotion is inhibited because of the absence of a 2p
vacancy, i.e., if Z & 10, K vacancies in symmetric collisions are produced mainly by 2p cr electron
excitation to vacant bound and unbound molecular-orbital states. (2) The direct 1scr excitation cross
section to vacant bound and unbound states can be obtained experimentally. The relationship between
atomic and molecular-orbital Coulomb excitation cross sections is discussed.

E-vacancy formation in heavy-ion collisions is
not only of intrinsic interest, "but also is impor-
tant in the generation of molecular-orbital (MO}
K x rays' and positrons~ in energetic heavy-ion
collisions. For light ions (Z & 10) it is well estab-
lished" that Fano-l, ichten-type electron promo-
tion' provides the basic mechanism of 1s vacancy
production: If a 2' vacancy is available early in
the collision (inset, Fig. 1}an electron can be
promoted from the 2Po' to the 2Pr Mo, leaving a
vacancy in the 2Pc MQ. This vacancy is shared
between the separating collision partners. s The
present paper attempts to demonstrate two main
points. (i) If the Pauli exclusion principle in-
hibits the presence of a 2Pr vacancy early in the
collision, i.e., for Z& 10,~ the most probable pro-
cess of E-vacancy formation is by 2Pa' electron
excitation to high-lying vacant and to continuum
MO states. (ii) It is possible to determine experi-
mentally the cross section for direct lsd' electron
excitation to vacant states.

The arguments rely on a recent MQ calculation
of ionization cross sections in H +H collisions
and on a sealing law for E-vacancy-production
cross sections in symmetric heavy-ion collisions. '
Figure 1 shows cross sections computed for three
ls excitation processes in slow H +H collisions,
using MO wave functions: (a) from the 1s to the
2p state via 2po-2Px coupling' in the (H,)' sys-
tem, """(b) from the 1s state to the continuum
via the ungerade MO (2Po, dynamically mixed with
2pv), ' and (c) from the ls state to the continuum
via the gerade MO (1so).' As shown in Fig. 1, at
low projectile energies these cross sections differ
from each o'er by many orders of magnitude,
hence should be experimentally quite distinct.
Figure 1 gives some experimental H'+H excita-
tion'~ and ionization 5 and H +H ionization
cross sections.

Briggs and Maceke have derived a scaling law
for the E-vacancy-production cross section o~ in

a symmetric collision by process (a), which is
equally valid for other ls excitation processes if
shielding effects due to the outer electrons are
ignored, ' and which can be written

Z'o'r(E, ) =Es (E,/M, Z') = E(E,/iXU),

where E, and M, are projectile (lab} energy and
mass, & =M, /m (m = electron mass), and U is the
E binding energy. For accurate scaling the value
of Z should be adjusted slightly, ~ but for the pres-
ent purpose of order-of-magnitude comparisons
this is not necessary. Alsoe the functional form
of E~ should be compared to the 'H'+'H system,
rather than to H'+H as is done below, but this is
important only very close to the excitation thresh-
old. The second functional form of E in Eq. (1),
which is used below, is familiar from binary-en-
counter theory' and resembles closely Born-ap-

roximation scalingxs for symmetric collisions.
Figure 2 compares experimental E-vacancy-

production cross sections scaled according to
Eq. (1) with the curves transposed from Fig. l.
The curves are multiplied by 4 because there are
four 1s electrons in a heavy-ion collision, com-
pared to one in H +H. For Z ~10 only Auger
electron measurements are presented'9'20. the
experimental cross sections have been multiplied
by a factor f = 12/N„, where N„ is the total number
of 2P vacancies in the collision partners, because
curves (a) assume two 2Pv vacancies whereas in
the collision of two atoms with Z «10 the vacancy
availability is~ equal to ~~X„. As previously
shown in Ref. 9 the data for Z ~ 10 scale reasonably
well to curves (a), demonstrating that the Pano-
Lichten process' operates here.

For Z&10 only gas-target data" "are given
in Fig. 2 in order to avoid complications from
multiple collision processes in solid targets. ~

Since for vacant states the vacancy availability
is identical for H'+H and for symmetric heavy
ions, f is set equal to unity. The Cl'+Ar data
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FIG. 1. Cross sections for 1s electron excitation in
H'+ H collisions as a function of proton (lab) energy
(1 a.u. =2.8x10 ~7 cm2). (a) 1s-2p excitation via 2po-
2p ~ coupling. Theoretical curves: BW—Ref. 12, KT-
Ref. 11, Ro—Ref. 13, BM—Ref. 9 (this cross section,
calculated effectively for two 1s electrons, has been
reduced by one-half). Experimental data: X—Ref. 14.
(b) 1s-continuum excitation via ungerade MO. Theo-
retical curve: Ref. 8; this has been extrapolated arbi-
trarily to meet the data of Ref. 15. Experimental data:
O—Ref. 15; 4—one-half of H++ H2 ionization cross
section from Refs. 16 and 17. (c) 1s-continuum excita-
tion via gerade MO. Theoretical curve: Ref. 8. Inset
gives schematic MO levels and indicates symbolically
the transitions between them corresponding to curves
(a), (b), and (c).

of Ref. 21 are treated as "symmetric" because
in the energy range investigated the Cl/Ar K
x-ray ratio was not far from unity. The Cl E
x-ray cross sections have been corrected for the
neutral fluorescence yield'4 and doubled. At low
bombarding energies the scaled experimental
data is several orders of magnitude below curve
(a) and follows the trend ot curve (b}, suggesting
that some 2PO electron excitation to the continuum
takes place. There could be several reasons why
most of the data lie above curve (b}, which have
to be evaluated by further work. (1) In addition
to 2Pa excitation to the continuum, there can be
excitations to bound vacant states. " There is
presently no reliable way to estimate these.
(2) There could be multistage excitation processes,
such as radial coupling of vacant projectile states
to the 2pm MQ early in the collision, providing a
2Pm vacancy which can be filled by promotion of a
2Pa electron. Crude estimates for such a process '
indicate possible large contributions to the ob-
served cross section. (3) The scaling law as ap-
plied here may not be very accurate. ' (4) The
H +H calculati. ons' may not be accurate.

An experimental estimate of the 1s& cross sec-
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FIG. 2. Scaled E-vacancy-production cross sections

versus reduced projectile energy. Curves (a), (b), and
(c) from Fig. 1, but multiplied by 4 (see text). Curve
(d) from Ref. 29, with Z& = Z2 ——1. See text for definition
of factor f.

tion [curve (c) in Fig. I] can be obtained from
the following considerations. In Fig. 3(a) the MO
levels relevant to an asymmetric collision are
shown. A vacancy made in the 1s& MQ appears
as a 1s vacancy of the higher-Z collision partner.
In addition, if the collision is not too asymmetric,
the 1s(H) state can obtain a vacancy from the 2Po
MO, as discussed in Ref. 6 where. the probability
~ of vacancy transfer from the 2Pa to the 1+& MO
is evaluated. Figure 3(b) gives the K-vacancy
thick-target yield y(H} of the higher-Z collision
partner for collisions with 47-MeV I projectiles'
as a function of the charge asymmetry Z~- Z~
between the higher- and lower-Z collision part-
ners. Close to symmetry, feeding from the 2Po'
state dominates the higher-Z vacancy yield, as
shown by the solid calculated curve. Far from sym-
metry, the yield deviates from this curve because di-
rect 1so excitation becomes dominant. '~ Extrapola-
tion to Z»- Z~= 0 (dashed line) should give a rough esti-
mate for the 1sa excitation yield for-a symmetric
collision. This procedure was followed, after
first converting yields to cross sections, in ob-
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FIG. 3. (a) Schematic MO levels for an asymmetric
collision. See Ref. 6 for evaluation of 2P o-1s(H) vacancy
transfer probability so. (b) Projectile thick-target E-
vacancy yield for 47-MeV I beam. The solid curve gives
the expected vacancy feeding of the 1s(~) state from the
2po level; y(2po) is the total 2po' vacancy yield (Ref. 6),
y(&so) is the yield assigned to direct 1so. excitation.

taining the points shown with solid symbols in
Fig. 2. Despite the rough extrapolation procedure,
the points lie near the scaled curve for process
(c), suggesting that indeed they represent iso ex-
citation to the continuum, and perhaps to vacant
bound states. Using now curve (c) in order to
estimate an upper limit for the expected lao
vacancy production cross section in U+U' colli-

sions, ~ one finds o~= 30 and 800 mb at E, = 600
and 1600 MeV (lab), respectively. The positron-
emission' cross section is then estimated to be
0.0016 and 1.3 p, b at these energies, 2 consider-
ably lower than in Ref. 4.

Relation to atomic Coulomb excitation. Atomic
Coulomb excitation calculations" can be corrected
approximately for projectile scattering and target
binding-energy change, but always produce
dominant 1+ to continuum s state transitions at
low projectile velocities. '0 Hence this treatment
misses the important role of the 1s to continuum

P state transitions caused by rotational coupling
in MO calculations. At high pro)ectlle velocities
the MO treatment gives the same result as the
Born approximation. " These statements axe
borne out qualitatively by curve (d) in Fig. 2, ob-
tained by setting Z, =Z, =1 in the expressions of
Ref. 29. Quantitative agreement cannot be expected
since these expressions have been computed only
for @~+++2.
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