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The energy dependence of the cross sections for both the Ka (one-electron, one-photon) and Kaa (two-
electron, one-photon) x-ray emissions for Ni-Ni collisions have been measured in the energy range 17.6-91.5
MeV. To account for these observations, we have extended the electron promotion model to the quantitative,
ab initio calculation of double K -shell vacancies. The results furnish, for the first time, an independent test
of both the Briggs-Macek formulation of the electron promotion model and the concept of velocity-dependent
exit channels suggested by Fastrup et al. We also present, for the first time, a theory of the vacancy-
sharing mechanism for double K-shell excitation in symmetric systems. The theoretical results are in

quantitative agreement with experiment.

I. INTRODUCTION

Two-electron-one-photon transitions, following
inner-shell vacancy production by heavy-ion bom-
bardment, have been reported recently in several
ion-atom systems.!® The prominent two-electron
transitions to vacant K shells involve two electrons
transferred from the L shell (Kaa), or one elec-
tron transferred from both the L and M shells
(Kap). Spectral lines which can be associated with
such correlated transitions were also observed at
this laboratory in the Ni+Ni system over a range
of bombarding energies. Several aspects of these
new observations are of particular current inter-
est: (i) The energy of the multielectron transi-
tions, and particularly their transition rates, pro-
vide unique information on the deviations from the
independent particle description for complex atoms.
Especially, as we establish in another publica-
tion,” the two-electron—one-photon transitions
clearly demonstrate that electron correlation ef-
fects make contributions to the transition prob-
ability which are not only comparable in magnitude
to the orbital overlap contributions,® but they are
crucial in obtaining a physically realistic descrip-
tion of correlated multielectron transitions. (ii)

In addition, access to new information on the double
K-vacancy production furnishes valuable informa-
tion on the excitation mechanism which cannot be
independently extracted from single vacancy pro-
duction cross sections. This paper deals with the
latter aspects of these studies.

We present measurements of both single and
double excitation cross sections as a function of
projectile energy. Utilizing the relative cross sec-
tions for double and single K-vacancy production
as well as the absolute double K-vacancy production
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probability, these observations furnish, for the
first time, an independent test of both the Briggs-
Macek® formulation of the electron promotion mod-
el and the concept of velocity-dependent exit chan-
nels, as proposed by Fastrup et al.'° The consid-
eration of the exit channel effect, together with
Briggs-Macek mechanism for vacancy production,
provides an excellent quantitative framework for
interpreting the measurements. We also present,
for the first time, a formulation of the vacancy-
sharing mechanism** for double K-shell excitation
in symmetric collision systems.

II. EXPERIMENTAL RESULTS

The experiments were carried out with the MP
tandem Van de Graff accelerator of the Wright Nu-
clear Structure Laboratory, Yale University. Both
the projectiles and targets were monoisotopic *Ni.
The targets, consisting of thin (~200 ug/cm?)
nickel foils, were oriented at an angle of 45° to the
beam direction. The bombarding energy was varied
over a factor greater than 5, with most data accu-
mulated at the four mean projectile interaction en-
ergies of 91.5, 64.8, 37.1, and 17.9 MeV. All
cross sections were normalized to the accumulated
beam charge. The beam was integrated with a
Faraday cup which was designed particularly for
effective secondary electron emission suppression
so that the accumulated charge reflected only the
charge of the projectile as predetermined by the
magnetic analysis of the beam. A further relative
normalization was obtained with a Nal detector
viewing the characteristic Ka x-ray radiation.

The x-ray spectra were recorded with a 5-mm-
thick intrinsic Ge detector, possessing a resolu-
tion of ~250 eV at a photon energy of 6 keV. Dur-
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TABLE L. Siﬂgle and double K-shell excitation in collisions of Ni ions with Ni atoms. Comparison of theoretical and

experimental results.

17.9
3.48

Energy (MeV)¢
Velocity (a.u.) v

37.1
5.05

64.8
6.70

91.5
7.94

Cross sections (b)

2510+100
ox, (expt)?

W O gy (theor) ® per

L -shell vacancy 7800

Exit channel vacancy

.32
factor R =0Ka/UBMwK 0.3

Vacancy sharing factor

S=(1+62/v)-l 0.36

(1.5+0.4) x1073
1.1x1073

Oy (E¥PU)?

Ok, (theor)® =418 BMnSRZwK,,s

7820 +£300 17600+700

11500 16600

0.68 1.06

0.402 0.426

(1.2 £0.1) x1072 (4.3+0.3) x107?

0.9 X102 3 x1072

30500+1200
21300
1.43

0.437

(1.02 +0.08) x10~
0.73 x10

2 Present results. Only relative errors are given as specified in text.
PScaled from an unpublished calculationof D* on D by Briggs and Macek with fluorescent yield from Table IV. We are

indebted to R. Laubert for kindly furnishing us with the calculations of the scaled cross sections.

¢n=branching ratio :UKaa/UKh3= 1/(5000+600). The velocity dependence of this factor is neglected in this calculation.

Source: Ref. 19.

4Beam energies (20, 40, 70, and 95 MeV, respectively) were corrected for energy losses to give average energies in

the target. See L. C. Northcliffe and R. F. Shilling, Nucl.

ing the measurement to detect the two-electron,
one-photon transitions, an aluminum absorber,
0.034 in. thick, was utilized to suppress the copious
Ka and KB photons so as to reduce the otherwise
substantial distortion of the spectral distribution
immediately adjacent to these intense spectral
lines, and to reduce pileup effects to negligible
proportions. To ensure the latter, counting rates
were kept below ~50 counts/sec for the total spec-
trum, and in addition pulse pileup rejection cir-
cuitry was employed in independent tests to deter-
mine the degree of pulse pileup effects present.
All intensities were corrected for absorption ef-
fects and detector efficiencies, which were deter-
mined with calibrated radioactive sources simulat-
ing the geometry of the beam intersection with the
target during the experiment. The errors in the
absolute cross-section measurements are esti-
mated to include an uncertainty of +20% in the tar-
get thickness in addition to the relative measure-
ment errors given in Table I. The relative errors
largely reflect uncertainties associated with the
determination of the intensities and spectral dis-

tributions of the continuous x-ray backgrounds, er-

rors in extracting peak intensities from a line-
shape fitting procedure, uncertain target thickness
variations as a function of beam dosage, and sta-
tistical errors. The statistical errors contribute
a negligible fraction of the total relative error in
the K« cross-section measurements, but dominate
in the Kaa cross-section measurements. It is im-

Data Tables A 7, 233 (1970).

portant to note that the measurements involving
only the ratio of signals, such as the slope of the
Ok, and 0, . variation with projectile energy, as
well as the ratio of these two cross sections, are
essentially independent of systematic errors such
as those associated with the target thickness un-

certainty.

The x-ray spectra were accumulated with the
x-ray counter positioned both at 90° and 0° to the
beam direction. The substantial Doppler shifts
(~5% at the projectile energy of 91.5 MeV) of the
photon frequencies observed in the 0° data provided
an effective separation of the target and projectile
related photons. Therefore, for the symmetric
collisions studied herein, the observation of this
Doppler shift eliminated the possibility that the
spectra lines originated from target contaminants.
Figure 1 illustrates the relevant regions of the
spectra, above the Ka and K@ lines, obtained at
four projectile energies for Ni+Ni. In addition to
the Ka, KB photons, a prominent line also appears
at ~15.3 keV, with a weak transition emerging at
~16.5 keV. Both transitions vary rapidly in inten-

sity and shift in energy with changing projectile

energy. As noted above, these lines are not asso-
ciated with pulse pileup, and, in particular, the
observed Doppler shifts at the 0° observation angle
verify that they are emitted by Ni atoms and not
-contaminants in the target. Our analysis of their
intensities” and energies,” as well as concurrent
experiments and analyses recently published 22
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TWO ELECTRON TRANSITIONS IN Ni+Ni
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provide convincing proof that these lines can be
identified as the Kaa and KafB two-electron, one-
photon transitions which fill a doubly vacant K
shell.

Figure 2 displays the total Kaa cross sections,
as well as the total Ka cross sections, derived
from these data at the four projectile energies.
The ratios of these cross sections are shown in
Fig. 3. All experimental errors shown here are
statistical only. The total cross sections were ob-
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FIG. 2. Comparison of experimental data points with
theory.
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tained from the differential cross sections mea-
sured at 90° to the beam direction, assuming iso-
tropic emission. We note that a measurement of
the angular distribution of K« x rays at the highest
bombarding energies indicated that the 0° and 90°
emission anisotropy for this transition was less
than 10%.

To systematize the trend, Fig. 2 also compares
the cross sections for the Ka x ray with a scaled
calculation of single vacancy production by Briggs
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Fig. 3. Test of the dynamically induced exit channels
mechanism of Fastrup et al . (Ref. 10) and the calcula-
tion of Macek and Briggs (Ref. 9), which predict both
curves should have the same slope.
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and Macek® reduced by the neutral atom fluores-
cence yield factor for nickel of 0.41. The impor-
tant feature that emerges from this comparison is
that the experimental cross section for Ka x-ray
production is less than the theoretical calculation
by a substantial factor at low energies, but ex-
ceeds theory at the higher projectile energies.

The plots against the inverse projectile velocity
(1/v) emphasize the characteristic exponential fall-
off of each cross section with 1/v. As illustrated
in the sections that follow, this dominant feature,
as well as the absolute slopes and cross sections,
can be understood within the framework of the
electron promotion mechanism for inner-shell
vacancy production®!®** when modified to include
dynamic exit channel effects.'®

IIl. THEORY

The mechanism of collisional K-shell excita-
tion, in the electron promotion model,'*** consists
of a rotational coupling of one or both electrons
from the 2po molecular orbital (MO) into a vacancy
or vacancies in the 2pm, MO [ process (a) in Fig. 4].
These 2poc MO vacancies correlate to K-shell ex-
citation in the separated atoms. Since the prob-
ability of a single K-shell excitation is not only
proportional to the number of vacancies in the 2pm,
MO prior to the collision, but also depends on the
time evolution of these vacancies, collision induced
vacancy production mechanisms can share in im-
portance with the number of 2p7, vacancies to be
expected®* on the basis of the static electron con-
figuration of the incident projectile. In particular,
Fastrup ef al.'° have suggested that additional 2pm,
vacancies can be produced by dynamically induced
excitation of 2p7, electrons prior to the rotational
2po-2pw transition [process (b) in Fig. 4]. The
dynamic mechanism is velocity dependent, and it
is expected to become important at projectile vel-
ocities above 0.04 V115 (V, is the Bohr velocity
of the 1s electron in the separated atom). Below
this projectile velocity, the predictions of the
Briggs-Macek type calculations,® based on static
vacancy factors alone, have been found to be in
quantitative agreement with experiment %15

This concept of velocity dependent exit channels,
as well as the Briggs-Macek® formulation of the
electron promotion mechanism, can be tested in-
dependently with the present experimental cross
sections for both single and double K-vacancy pro-
duction. The Briggs-Macek calculation® provides
the cross section oy, for K-shell vacancy produc-
tion per prior L-shell vacancy. Thus, the ratio R
of the K excitation cross section to the value cal-
culated by Briggs and Macek yields the effective
number of L-shell vacancies prior to the rotational
excitation. The empirically determined vacancy

0 [e0]
s (c) M
// A
2p (a) (d)

E bZpX_K

(e)

()

o] . R [e0)

FIG. 4. Excitation mechanisms leading to K-shell
excitation in symmetric atomic collisions. See Ref. 36.
(a) Rotational 2po-2p7 coupling; (b) excitation out of the
2pm molecular orbital into outer-shell MO’s or to the
continuum; (c) excitation of outer-shell MO’s; (d) and (e)
direct excitation out of the 2po or 1s¢ MO’s to outer
shells or to the continuum.

factor R can be used to calculate the double K-shell
vacancy excitation as a function of projectile vel-
ocity. In Sec. III B, we show that the probability

of a double K-shell excitation is proportional to the
square of the vacancy factor R.

The Briggs-Macek theory allows for double K-
shell excitation. The probability that both excita-
tions end on a single atom is determined in Sec.
IIIC by a readily calculable vacancy sharing prob-
ability. An atom with such a double K-shell va-
cancy can produce the Kahs hypersatellite line!s!2
(a Ka line shifted in wavelength) or the much
rarer, but more easily resolved, Kaa or Kaf one-
photon, two-electron transitions. We note that
present measurements provide data within a pro-
jectile velocity range (3.48-7.94 a.u., see TableI),
from (0.12-0.26) V, which is well within the vel-
ocity range where dynamic effects are expected to
be important.

It is important to note the statistical meaning of
the vacancy factor, R. In the original discussion
of the exit channels effect,'* only static vacancies
in the electron shells of the incoming projectile
‘were considered. Thus, incoming Ne, Ne*, and
Ne** projectiles were assumed to have 0, 1, and 2
vacancies, respectively, in the p shell. As noted
above, Fastrup and co-workers pointed out that
this assumption is correct in the low-velocity limit
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only.!° At higher velocities, a velocity-dependent
number of dynamically induced vacancies can oc-
cur. The static number of vacancies is a fixed, de-
finite number. Thus there is no possibility of two
K-shell vacancies in a slow, Ne*-Ne collision
where there is one initial L-shell vacancy. On the
other hand, the number of dynamically induced
vacancies is statistical, and there is always a pos-
sibility of two vacancies.

In the case under consideration involving Ni pro-
jectiles on Ni targets, there are no static L-shell
vacancies. All the vacancies are dynamically in-
duced, and are statistical in nature. Even if the
vacancy factor R is less than unity, there is still
a finite probability of a double vacancy in the L
shells of the colliding partners, which can lead to
a double K-shell vacancy after the collision. This
conclusion holds also in the case of “two-step pro-
cesses,” where the incoming projectile has inner-
shell vacancies from a prior collision in the solid
target.!®

We proceed by calculating the single and double
K-shell excitation probabilities and cross sections
within the framework of the Briggs-Macek calcula-
tion, and express the results in terms of the em-
pirically determined vacancy factor R. A consid-
eration of the vacancy sharing mechanism for
double K-shell excitation in symmetric collisions
then leads to a cross section for double K-vacancy
production in either of the separated atoms. Kaa«a
x-ray production cross sections are obtained by
evaluating the fluorescent yield dependence on the
state of L-shell ionization.

A. Single K-vacancy excitations

There are a total of 12 2p atomic orbitals in the
separated atoms (SA). These become 12 molecular
orbitals in the colliding system. The probability p
that any given one of these 12 L-shell MO’s is va-
cant is given by

p=pR. (1)

The probabilities that the 2p7, doubly degenerate
MO (the one which leads to K-shell vacancies in
the electron promotion model) has a value p, of
having no vacancies, p;, of having a single vacancy,
and p, of having a double vacancy, are given, re-
spectively, by

po=(1-p), (2)

2 =2p(1-p), (3)
and

P, =1 _ 4)

Therefore, the mean number of pm, vacancies is
P +2p,=2p=%R. .
A measure of the relative magnitudes of these

probabilities is obtained by considering, on the
average, one p-shell vacancy prior to the collision.
The vacancy factor then becomes unity (R =1), and
the p-shell vacancy probability, as given by ex-
pression (1), is p=4 R=4. The probabilities of
zero, one, and two pm, vacancies, respectively,
are

p():(l"'p)2= %)2=]1%,11’

pi=2p(1-p)=2xEZxH=2
and )

PP =GPk,

and the expectation value for the total number of

vacancies is p, +2p, =%. It is particularly signifi-

cant to note the small, but nonzero, probability

of a double vacancy with a vacancy factor of unity.
Briggs and Macek calculated the total cross sec-

tion for K-shell excitation to be given by the ex-

pression®

o(K) =o(2pot)
=21 [ {p,P0)+20,P(0)

x[1-P(b)] +2p,P*(D)}bdb ,  (5)

ol =27(p, +2p,) [ " p(dYb b

0
=%R><21rf P(b)bdb, (6)
0]

where b is the impact parameter and P(b) is the
probability of a (2p7)™ to (2p0o)™ rotationally in-
duced transition. The three terms in the first in-
tegrand [expression (5)] are interpreted as follows:
the first term gives the probability of a single 2p7
vacancy which makes a transition to the 2poc MO;
the next term gives the probability of a double 2p7
vacancy leading to a single 2po vacancy; the third
term gives the probability of a double 2pm vacancy
evolving into a double 2po hole. In each case, the
total number of empty 2p0 MO’s gives the total
number of K-shell excitations after the collision.
Briggs and Macek merely counted the total number
of K-shell excitations that were produced by all
three types of events.

B. Double K-shell excitations in the same atom

The Kaa two-electron, one-photon transitions
and the Kahs hypersatellite lines are events inwhich
both K-shell vacancies of a double excitation end
on the same atom. In principle, a coincidence ex-
periment could distinguish events in which a double
K-shell excitation led to single excitation of both
atoms after the collision.
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The cross section for a double K-shell excitation
follows immediately from the Briggs-Macek model,
as outlined above. The result is

o@po2)=2r [ p,PA(b)b db
o 2

=Amzf°°p2(b)bdb. (1

144

C. Vacancy sharing

The rotational coupling mechanism does not di-
rectly lead to two electron K excitations in'a single
atom upon separation. The formation of this final
state is readily visualized by considering the K-
shell core of the doubly excited colliding system,
in which there are two electrons. There are four
electronic states in this system, which are given
in Table II. Two of these states, N and Z, are g
(even parity) and two, T and V, are « (odd parity).

The rotational coupling mechanism initially ex-
cites the N state with two electrons remaining in
the 1sc MO. Because the Hamiltonian operator is
totally symmetric, any further excitations can only
couple to states of the same parity as N, and odd
states are not excited. Thus, only the two even
states, N and Z, need be considered. These are
shown in the two-electron potential energy diagram
given in Fig. 5.'7 Note that this differs from the
usual one-electron correlation diagram, in that the
energies of two electrons are taken into account.

The lower state N (the one directly excited in the
collision) starts out in the united atom (UA) with
the configuration (2p)% =(1s)?, has the MO configu-
ration (2p0)-2 =(1s0)?, and makes an adiabatic tran-
sition to the separated atoms (SA) state at R=«
with one K-shell vacancy in each SA. The upper
state Z, which is not excited directly in the colli-
sion, has both electrons in the UA (2p)? state, has
the MO configuration (2p0)?, and dissociates adi-
abatically to the SA state with a double K-shell
vacancy in one atom and the other atom with both
K orbitals filled.

In the low-velocity limit, all collisions with

TABLE II. Electronic states of a diatomic system with
two K-shell electrons.

Configuration
United Molecular Separated
Name of state atom orbital atoms
z (2p) 'P,'D  (2po,)? 1T} 1s4%, 1sp?
\’ (13,2p)1p (1sog, 200,128 1s,lsg
T (1s,2p)°P  (lsog, 2p0,)’Zf  lsylsp
N (1s)1s (1s0,)? 12} 1s4lsp

- 500

A
I T T LI
2 N
Ni(1s%) +N
Ba(2pz)— i{1s™) +Ni —-;F
"000—\/5? .
Ni(ls)+Ni(Is)

-1500

- 2000 —

-2500— —

Electronic Energy (a.u.)

-3000 -
Ba(ls?)

- 3500 L | L L
0.00 0.10 0.20 0.30 0.40' R=o
Internuclear Separation (a.u.)

FIG. 5. Two-electron states of the core of the Ni-Ni
system with a double K-shell vacancy.

double K-shell excitation lead via the N state to
two atoms, each with one K-shell hole, and an un-
modified Briggs-Macek treatment is still valid.
At higher velocities, nonadiabatic transitions oc-
cur to the upper state Z (shown in Fig. 5), which
has both K-shell vacancies in one of the separating
atoms.

The probability S of this excitation is readily cal-
culated as a function of the projectile velocity by
the Demkov-Olson-Meyerhof (DOM) formula'!

S=(1+e%/")
with
vo=1(l, - L)/(I, +L,)*'?, (8)

where I, is the ionization potential of the lower
state, I, the ionization potential of the upper state,
and v the velocity of the incident projectile, all in
atomic units. The energies of the two states at R
= are readily calculated from simple variational
theory'® from the SA energies. They are as fol-
lows: E(1s®)=-(Z - &)?, doubly occupied; and
E(1s)=-3Z2, singly occupied. The ionization en-
ergies are

I,=E(1s)- E(1s?) =422 - 3Z + 22

256
and
I, =—-E(1s)=32%.
Then for the velocity v, in Eq. (8) we obtain
Vo =T(GZ - B/ 22 -3Z + B) 2 ~5u~2,
where we have neglected all terms small compared

to Z, which is large compared to unity. Thus, we
have for the separation factor S, in expression (8),

S=(1+e?/v)t, (9)
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where it is recalled that v is in atomic units, In
the present experiment of Ni on Ni collisions, the
separation factor S ranges from 0.37 at 17.6 MeV
to 0.44 at 91.5 MeV (see Table I).

D. Cross sections for x-ray production

The total cross section for Ko x rays (with
double vacancies counted twice) is given by Eq. (6):

Oy = wgO(K) = LR X 27wy f bP(b) db (10)

where w, is the fluorescent yield.

In Kahs hypersatellite transitions, Ka photons
are emitted from an atom with a doubly excited
K shell. The cross section for these x rays is
given by Eq. (7):

Opens = W peS0(2p07%)

= 0gSchR X 27 [ bPHb)db (11)
0

where wg,, is the hypersatellite fluorescent yield
which may differ from wy. Stoller et al.'® have
shown that at a Ni projectile energy of 40 MeV, the
cross section for Kaa photons, is smaller than
that for the hypersatellite lines by a branching
ratio 7 =(5000 + 600)™*.

Utilizing the measured branching ratio, we ob-
tain an expression for the cross section for the
Kao one-photon, two-electron transitions:

[ bP(b)ab
Opae =Oxnsll = 0(K)5H1SR ~9;———~——-—— LW
[ oP)av

(12)

The quantity in large parentheses can be esti-
mated as follows. The probability function P(b)
has been calculated by Briggs and Macek® and
other authors.?® In the scaled velocity range which
corresponds to the present experimental condi-
tions, the function P(b) has two peaks. The first
rises to a maximum of unity at very small impact
parameters and contributes a negligible amount to
the total cross section because of the weighting
factor b in the integrand of expressions (6), (7),
(10), and (11). The second peak is a broad, bell-
shaped curve, with a typical maximum value of
P(D) .= 0.7. For purposes of estimation, we ap-
proximate the function P(b) by a normal curve

P(D) P (D)ma €7,

where ¢ is a constant and x is the deviation of the
quantity b from its value at the maximum. Taking
the slowly varying quantity b out of the integral
leads to the following value for the quantity in large
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parentheses in expression (12):

(f:bPZ(b)db> P(b) 0 I_:we'2cx2dx
/ “bP(b) db PO), . [ ePax

T/N2¢ _P(b)y
m/Ve V2o
The fact that this result is independent of energy
follows from the very slow variation of P(b),,,, with
projectile energy.?° With this estimate, double ex-
citation cross sections become

= P(D)max

ol

Ogaa =Mkns =Oams MISRZWyps, (13)

where 0y, =0(K)/R is the Briggs-Macek cross sec-
tion. As discussed below, the fluorescent yield,
in general, varies with projectile energy.

E. Fluorescent yield dependence on L-shell vacancies

Owing to the molecular nature of atomic colli-
sions, inner-shell vacancies are generally accom-
panied by multiple vacancies in outer shells .34
The number of vacancies in outer shells can be
estimated by the slight shift in the x-ray or Auger
electron energies. An important effect of outer-
shell vacancies is to change the fluorescent yield.
This influence of outer-shell ionization on fluore-
scent yield has been predicted®’?? and observed
experimentally by many groups .'®23-26

Estimates of the effect of outer-shell vacancies
involve statistical averages of calculations of
fluorescent yields for individual multiplet states.
Rather than perform these laborious calculations,
a simplified method is presented here. We follow
McGuire?” and Larkins.*

The fluorescent yield w is the ratio of radiative
transition rate R to the sum of the radiative and
Auger decay rate R ,:

w=Rp/(R,+Ry). (14)

TABLE III. Comparison of approximate and exact ex-
pressions for fluorescent yields for Ne K-shell x rays.

Number of L-shell Fluorescent yield

vacancies i Approximate # Exact®
0 0.0159 0.0159
1 0.0185 0.0176
2 0.022 0.0199
3 0.0275 0.0245
4 0.036 0.039
5 0.053 0.086
6 0.101 0.229

2Expression (17).
PReference 25.
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TABLE IV. Calculation of fluorescent yields.

Projectile energy (MeV) 17.9 37.1 64.8 91.5 0?
Ka x rays

Photon energy (keV) 7.525 7.549 7.576 7.593 7.472°

Number of L-shell vacancies® 1.6 2.3 3.1 3.6 cen

Fluorescent yield w g, 0.47 0.51 0.55 0.58 0.41
Kahs X rays

Kaa photon energy (keV) 15.194 15.278 15.312 15.359 15.111°¢

Mumber of L-shell vacancies i° 0.9 1.9 2.2 2.8 ces

Fluorescent yield w gqps® 0.44 0.49 0.50 0.53 0.41°

2Data in this column are for x rays in which there are no outer-shell vacancies.
PSource: A. E. Sandstr6m, Handb. Phys. 30, 78 (1957).

¢ Estimation based on calculations in Ref. 7.

dCalculated from expression (17).
¢ Per K-shell vacancy.

The radiative decay rate is a one-electron pro-
cess and is proportional to the number of L-shell
electrons®™ N :

RF=RF0(%NL), (15)

where Ry, is the corresponding decay rate for a
completely filled L shell.

The Auger decay rate is a two-electron process
and therefore depends statistically on the number
of combinations of two out of N, electrons®’:

R,=R (NN, - 1)/8X1, (16)

where R ,, is the corresponding decay rate for a
completely filled L shell. With the substitution of
the vacancy number ¢=8 ~ N, into these expres-
sions, the fluorescent yield w in expression (14)
becomes

w=w,/[1 =71 - wp)], (1

where w, is the fluorescent yield for a completely
filled L shell (w,=0.41 for Ni). The latter is ob-
tained from x-ray yields resulting from photon-,
electron-, or proton-induced x rays.

Table III compares fluorescent yields from ex-
pression (17) with the more exactly calculated
values of Chen et al 2% for neon atoms in various
states of ionization. The yields agree within about
10% up to four vacancies and diverge beyond this
value. Since the maximum number of vacancies
is less than four in the present experiment (see
Table IV), we have employed this simplified model.

Table IV contains details of calculation of fluore-
scent yields for the present experiment. The num-
ber of L-shell vacancies is obtained from the pho-
ton energy and the theoretical energy shift per
L-shell vacancy.” Mean values of L-shell vacan-
cies used for calculating the Ka fluorescent yields
are taken from energy shifts of the Ka line. Val-

ues used in calculating the hypersatellite fluore-
scent yield are taken from energy shifts of the
Kaa two-electron, one-photon transition line as
calculated in Ref. 7.

IV. APPLICATION TO EXPERIMENTAL RESULTS

As discussed in Sec. III, the measurements pre-
sented here were conducted within a projectile
velocity range (0.12<v/v,=0.26) in which dynam-
ically induced vacancies play an important role
in the excitation mechanism. We have already
noted that with measurements of both single and
double K-shell excitations available, it becomes
possible to test both the Briggs-Macek calculation®
and the vacancy production mechanisms postulated
by Fastrup et al .!°

A. Relative cross sections

Within the framework of the Briggs-Macek
theory, the number of double K-shell vacancies
should be proportional to the square of the vacancy
factor R. Thus a simple test of the theory can be
made. In Fig. 3 are plotted both the ratios of the
Ka excitation cross section to the theoretical
value (see also Table I), and the ratios of the
Koo to Ka cross sections. By the arguments
presented above, both should be proportional to
R. Both follow approximately a relationship of the
form R =const X e"/? with values for a that devi-
ate by 15% while the rms experimental error on
the comparison is ~8%.

B. Absolute cross sections

The results in Sec. IIID are absolute. The vacan-
cy factor R is determined from the single excita-
tion cross section 0, , and is used to calculate the
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absolute cross section for the two-electron, one-
photon cross section o, with no further adjust-
ment of parameters.

Table I gives the values of all the quantities
that enter into the calculation and compares the
calculated and measured Ko« cross sections, which
also are shown in Fig. 2. Considering that the ab-
solute experimental cross sections are uncertain
due to a target thickness measurement error of
~+20%, the agreement of theory with experiment
is very good.

C. Scaling behavior of the velocity dependence of the vacancy
factor R

A further test of the experimental resuilts is the
velocity dependence of the vacancy factor R, which
is shown in Fig. 3. The constant a in the expres-
sion R =const X e¢"¢/? has the dimensions of a vel-
ocity, which should scale as the atomic number Z
of the collision partners. It is of interest to com-
pare the present result with that of Stolterfoht
et al.!'® who found a=1.85 for K-shell excitation
of Ne by Ne° atoms, 3.0 for Ne* on Ne, and 3.4
for Ne** on Ne. If one scales the present value
for a=9.1+0.4 for Ni on Ni, by the ratio of atomic
numbers, the result is

o=y Lo/ Zny=(9.1£0.4)/2.8=3.25:0.14,

The results are in excellent agreement with those
of Stolterfoht et al. for Ne* and Ne*, although
neither set of results agrees with those for neu-
tral neon. '

Cocke et al ?® have measured the impact param-
eter dependence for production of single Cl and Ar
K vacancies in the bombardment of argon-gas tar-
gets by chlorine projectiles. These authors found
a=11, which when scaled to Ni on Ni, would be-
come a=2.8/17.5x11=17.6, in disagreement with
the present results. The reason for the disagree-
ment presumably lies in the difference between
the two experiments in the condition of the outer
shells prior to the collision. In the present experi-
ment, after the projectiles reach charge equili-
brium in the foil, the incident Ni ions are stripped
of essentially all the 18 outer M-shell electrons.?®
In the experiment of Stolterfoht et al.,'s there are
no M-shell electrons. Thus, both experiments
are comparable and the results agree. In the ex-
periment of Cocke et al.?® the M shell is filled
prior to the gas-phase collision. Thus 2p7 vacan-
cies must be created in a single collision by M-
shell excitation [process (c¢) in Fig. 4], followed
by L-M transitions [process (b) in Fig. 4], or di-
rect transitions from the L shell to highly excited
or continuum orbitals. For either process, it is
reasonable to assume a larger value of the expon-
ential factor a.

V. DISCUSSION: ELECTRON PROMOTION MODEL

The comparison of relative cross sections, shown
in Fig. 3 and discussed in Sec. IVA, is the most
sensitive comparison of theory and experiment,
since many absolute errors in measurement and
theory are absent.

The small (15%) difference between relative
cross sections, which is on the margin of experi-
mental errors, could be due to a variation of the
branching ratio 1=0,,,/04, Over the projectile
energy range of the experiment.

The reasonable agreement between calculated
and measured relative cross sections verifies
that the electron promotion model*®*** and the
exit channels mechanism®® provide an essentially
correct description of the inner-shell vacancy
production for the conditions of the present experi-
ment. In particular, the velocity dependence pre-
dicted by the Briggs-Macek calculation® is veri-
fied. Clearly, the relative cross sections do not
test the absolute values of the theoretical cross
sections, nor test the absolute value of the vacancy
factor R.

The agreement of absolute cross sections, as
shown in Fig. 2, confirms those aspects of the
Briggs-Macek calculation not tested by the com-
parison of relative cross sections. Moreover, the
agreement of the scaled velocity dependence of
the vacancy factor is further confirmation of the
Briggs-Macek model,’ as modified by Fastrup
et al !° to take into account velocity-dependent
vacancy factors.

The experimental results obtained by Stolterfoht
et al **> were from collisions with Ne atoms in the
gas phase. These necessarily were single-collision
processes, in which the L-shell, exit channel va-
cancies were produced in the same, single colli-
sion as the K-shell excitation. The agreement of
our scaled velocity dependence with the Ne results
is consistent with the single-collision process.
Other workers have found a two-collision process
in K-shell excitation in collision with solid targets,
where L-shell vacancies were created in prior col-
lisions.'® Only if the velocity dependence for such
a process fortuitously agreed with the single-col-
lision mechanism, could our results be explained
by the “solid effect.”®

Nevertheless, the discrepancy of a factor of 4
between our results and the thin-target experi-
ments of Kubo et al.?° suggest that a solid effect
may exist. Similar foil thickness effects have
been found by many groups.?-% The effect is sub-
tle. In our case, prior collisions create M-shell
vacancies, as discussed in Sec. IVC. These en-
hance the K-shell cross sections indirectly by
opening exit channels for velocity-dependent ex-
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citation out of the 2pm MO. These excitations in
turn provide exit channels for the 2po-2p7 rota-
tional coupling, which leads to K-shell excita-
tion.

In general, excitation in solids, according to the
electron promotion model'*'** is like peeling an
onion. Excitation starts in outer shells and works
its way into inner shells through successive pro-
cesses. In some cases, as in the present, two or
more of these excitations can occur in the same
collision.

It is also clear from the absolute results that,
under the present experimental conditions, non-
electron-promotion processes, such as direct ex-
citation of 1so or 2po electrons into the continuum
or high MO’s [processes (d) and (e) in Fig. 4]
are at most of the order of the experimental error
of 20% of the total cross section.?®

One example of such excitation is known from
Bayfield’s work on 2s excitation in proton-hydro-
gen collisions.?” This cross section first becomes
observable in his experiments at 4 keV, at a vel-
ocity equal to 0.4 V, far above that of the present
experiment (v=0.26 Va)- A scaled value of his
cross section is 600 b at 260-MeV Ni on Ni and is
certainly negligible in the energy range under con-
sideration, in agreement with the present results.

Recently Schuch et al.3® have reported a strong
impact parameter dependence of the Kaa emis-
sion probability in 35-MeV Cl1-Cl collisions. These
results occurred at values of =100 fm. Schuch
et al 3 interpreted these results to indicate a “new
ionization mechanism,” possibly direct excitation
out of the 1s6, MO. Again, the total cross sec-
tion for such events is very small and has no bear-
ing on the interpretation of the present experiment.

Although our results for single Ka x-ray cross
sections agree in absolute magnitude with those of
Laubert et al *° at lower energies, the slopes of the

two sets of cross sections disagree. Since both
experiments were done with the same foil thick-
nesses, the disagreement may arise from the dif-
ferent procedures employed for normalizing the
accumulated beam and making finite target thick-
ness corrections.

Within the framework of molecular-orbital theo-
ry, two-electron interactions generally are very
small, except during the transition into separated
atoms. The separation factor arising from this
process is large (see Table I) but is calculable
from the Demkov-Olson-Meyerhof equation. This
part of the excitation process seems satisfactorily
accounted for.

Finally, it should be noted that although the
empirical procedures of Fastrup et al.'° account
for the vacancy factor R, there are no calculations
which reveal the dynamic origin of the exit chan-
nels. At present, the route by which these chan-
nels are opened remains unknown,

VI. SUMMARY

The agreement between theory and experimental
results is generally good and can be taken as a con-
firmation of the Briggs-Macek picture of K-shell
excitation, within the framework of the electron
promotion model. The dynamically induced exit
channel factors, introduced by Fastrup et al.,
have been checked independently for the first
time, and also are found to scale with atomic
number, as would be expected. However the
origin of the dynamical production of these exit
channel vacancies is as yet unknown and repre-
sents an unsolved problem for atomic collision
theory.
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