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Chlorine E x-ray-production cross sections have been measured in single collisions of
chlorine ions in low incident charge states with gas targets at MeV energies. The cross
sections are nonmonotonic as a function of target atomic number, but they approach
monotonicity with increasing projectile energy. To explain these results in terms of
2PO-2P& transitions in nearly symmetric collisions effectively requires 2P vacancy pro-
duction simultaneous with the promotion of Cl 1s electrons.

The production of Cl K x rays has been observed
in single collisions of chlorine projectiles of low
incident charge states with a variety of thin, gas
targets at 0.1 to 1.5 MeV/amu. The experimental
Cl K x-ray-production cross sections are plotted
in Fig. 1 as a function of target atomic number
Z, for projectile energies of 5 to 52 MeV. The
cross sections exhibit a nonmonotonic dependence
on Z, in contrast to the Z, ' dependence given by
a one-electron Coulomb ionization process. "
An enhancement of the cross sections observed
at argon is greatest at the lowest energy and be-
comes less pronounced as the projectile energy
increases. At the highest energy, the cross sec-
tions are monotonic as a function of Z, . The
careful monitoring of single-collision conditions
and incident charge-state selection in this experi-
ment allows one to obtain more information con-
cerning the collision process than previous ob-
servations of nonmonotonic dependences of pro-
jectile K x-ray production on the atomic number
of solid targets" have provided. The 2po-2pw
transition suggested to explain the observations
for solid targets is inadequate to account for the
data presented in Fig. 1 for which the experimen-
tal restriction was imposed that no 2p vacancies
be carried into the collisions that produced E-
shell vacancies. Any promotion mechanism that
attempts to account for these data by a coupling
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FIG. 1. Chlorine E x- ray-production cross section
as a function of target atomic number for chlorine pro-
jectiles of incident energy E and charge state q. The
dashed lines are drawn to guide the eye through the
data points with constant energy.
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of E electrons to projectile I.-shell vacancies
must provide for the removal of both K and L,

electrons within the time span (-10 " sec) of a
single collision.

Nonmonotonic dependences of cross sections on
target and projectile atomic number were first
reported' for K and I. x-ray production induced
by fission-fragment bombardment of, solid tar-
gets. A number of researchers' ' have since ob-
served such nonmonotonic trends for I. x-ray-
production cross sections measured in heavy-ion
bombardment of both solid" and gaseous' targets
at ion energies below 0.5 MeV/amu. These trends
have been interpreted in terms of electron promo-
tion resulting when the binding energy of the elec-
tron to be excited matches the binding energy of
an electron of the collision partner. '

Recent experiments have given evidence for the
occurrence of K-shell electron promotion at pro-
jectile energies greater than 0.5 MeV/amu.
Kubo, Jundt, and Purser' report a nonmonotonic

Z, dependence of projectile E-shell x-ray produc-
tion cross sections for nickel and bromine ions
incident on solid targets. These x-ray-produc-
tion cross sections exhibit peaks in the region of
Z j Z2 Zy being p roj ectile nuclear charge . Us-
ing different techniques, Woods et al. ' and Cocke
et al. ' have studied collisions of chlorine ions
with solid targets, and have observed an enhance-
ment in Cl K-shell x-ray production for nearly
matching Zy and Z, . These results suggest the
occurrence of K-electron promotion in nearly
symmetric collisions. The particular mechanism
set forth by Kubo, Jundt, and Purser' and Woods
et al. ' is the 2Pv-2' rotational coupling which
promotes a projectile 1s electron to an initial 2p
vacancy, also in the projectile. The required 2p
vacancies are produced by stripping and excita-
tion in the solid target.

For the experimental results presented in this
paper, single-collision conditions have been de-
manded; moreover, the incident charge states of
the chlorine ions have been selected so that a Cl
2p vacancy was not carried into the collision ex-
cept at the highest projectile energy. The impor-
tance of the single-collision criterion lies in the
ability to attribute an experimental observation
to a single encounter of a projectile ion and tar-
get atom with known collision parameters (e.g.,
projectile velocity and cha.rge state). Thus, the
nonmonotonic behavior of the Cl & x-ray-produc-
tion cross sections (see Fig. 1) cannot be ex-
plained by the proposed multiple-collision pro-
cess. '~ For the 2pv-2/m coupling to result in K-

electron promotion requires that 2p va.cancies be
formed in the same collision in which the promo-
tion occurs. Alternatively, one may wish to ex-
plain the data in terms of a one-step process in
which a CI E-shell electron is directly removed
to a level higher than 2P. Regardless of the par-
ticular interaction(s) invoked, however, the fact
remains that a multiple-scattering mechanism is
inadequate to explain the single-collision data.
This has important implications for the interpre-
tation of x-ray data which have heretofore been
thought to require an explanation in terms of mul-
tiple target-projectile encounters.

Chlorine beams in charge states +2 to+8 for
the experiment were accelerated by the Kansas
State University tandem Van de Graaff accelera-
tor. Low charge states were selected in order to
minimize the effects of projectile electronic
structure on x-ray yields" as well as to allow no
Cl 2p vacancies to enter the collision. (An ex-
ception to this was the use of Cl" which was dic-
tated by accelerator terminal voltage limitations
for 52.2-MeV chlorine ions. ) Qf course, meta-
stable states of chlorine ions may be produced by
excitation of 2p electrons in the accelerator
stripping canal; however, the probability that
such states will not be quenched by the strong
fields of the analyzing and switching magnets be-
fore reaching the gas cell is small. X rays were
detected by a Si(Li) detector mounted within the
differentially pumped gas cell, and the ion beams
were collected in a suppressed Faraday cup lo-
cated in the high-vacuum region behind the gas
cell. The gas cell was operated at pressures be-
low 20 mTorr to ensure single collisions. The
low counting rates for helium targets at these
pressures served to place an effective lower lim-
it of about 3 MeV on the projectile energies that
could be used. Projectile and target x rays were
well resolved for all but argon targets in which
case the Cl Kp x ray overlapped the Ar Kn. An
estimate of the Cl Kp yield was made, however,
on the basis of measurements of Cl KP/Kn ratios
for the other gases. The estimated values, which
were never more than 9/o of the Gl Ka yield,
were used to obtain the total Cl and Ar E x-ray
yields. The use of this procedure cannot alter
the nonmonotonic behavior of the Cl cross sec-
tions. The uncertainty in absolute x-ray-produc-
tion cross sections was typica. lly 30%, while the
relative uncertainty was about 15%. Details of
experimental apparatus and data analysis are de-
scribed elsewhere. "

The x-ray-production cross sections that have
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been obtained are related to vacancy-production
cross sections through the Cl K-shell fluores-
cence yield. Since vacancy production is the pro-
cess of interest in discussing promotion raecha-
nisms, a knowledge of how the fluorescence yield
can be expected to affect the experimental cross
sections is essential. Bhalla" has performed
Hartree-Fock calculations of the Ar R-shell fluo-
rescence yield as a function of the number of 2p
and 3p vacancies. His results show variations of
20% at most in the fluorescence yields, and it is
reasonable to expect similar variations for the
chlorine h. -shell fluorescence yield. Certainly,
such small variations cannot appreciably influ-
ence the trends of the x-ray-production and hence
vacancy-production cross sections.

An examination of the experimental results may
yield information about the vacancy-production
processes occurring in the collisions. From Fig.
1, one can see that from the lowest to the high-
est projectile energy, the Cl R x-ray-production
cross sections increase by factors of 16x10',
6x].0', and 4x10' for Z, ='7, 10, and 36, respec-
tively. This decreasing trend with increasing Z,
may be qualitatively understood in terms of the
increasing importance with Z, of screening and
binding effects" on the direct Coulomb ionization
process. That is, the lighter targets overcome
these low-velocity effects faster as a function of
projectile velocity. In contrast, the increase in
Cl g x- ray- production eros s sections for argon
(Z, =18) over the energy range of the experiment
is only about a factor of 60 and does not fit the
trend shown for the other gases.

This weakened energy dependence of the Cl
cross sections for Z, =18 with respect to the oth-
er gases is an indication that processes such as
electron promotion rather than direct Coulomb
ionization dominate the K-vacancy production in
the nearly symmetric system. Moreover, for
the lower energy region of 5 to 18 MeV, the dif-
ferentiation in energy dependence between argon
and the other gases is considerably greater than
for the region of 18 to 52.2 MeV. This result sug-
gests the increased importance of electron pro-
motion at the lower energies. That is, at lower
energies the collision partners "see" each other
as many-electron systems, and considerable re-
arrangement of the electrons may occur as a re-
sult of the various electronic interactions. At
the highest energies, the projectile approximates
a single particle and vacancy production is essen-
tially a one-electron interaction. For such an in-
teraction the Cl & cross section should rise

monotonically" with Z', . This situation is cer-
tainly approached with increasing projectile en-
ergy.

The argon K x-ray-production cross sections
exhibit an energy dependence similar to that of
the corresponding chlorine X cross sections.
The ratios of Ar K to Cl & cross sections extend
from 0.41 at 5 MeV to 0.64 at 52.2 MeV. These
results may support the E-vacancy sharing mech-
anism suggested by Meyerhof. " On the other
hand, they may indicate the occurrence of Ar &-
electron promotion independent of Cl E promo-
tion. Either explanation, however, does require
the occurrence of promotion processes in single
collisions for which 2p vacancies are not initially
present.

The specific nature of the promotion processes
that may be involved in a single Cl-Ar collision
is not clear. One may wish to view the Cl Ã-
vacancy formation as the result of a coupling of
the 2po orbital to orbitals higher than 2p71. Al-
ternatively, the vacancy production may be inter-
preted as a multiple-promotion process in which
2p electrons are promoted to higher levels so
that ls electron promotion via the 2&g-2P~ rota-
tional coupling is a.llowed. For example, Meyer-
hof" has suggested that 3P vacancies in the pro-
jectile are transferred to the 2pw molecula. r or-
bital via a radial coupling mechanism. Regard-
less of what the mechanism may be, however,
the processes of 2p and 1s vacancy production in
a single collision of duration -10 "sec must be
considered as simultaneous. Quantitative calcu-
lations of the probability for such promotion pro-
cesses are required before definitive statements
regarding the mechanisms can be made. The
recognition that many-electron processes are oc-
curring in a single collision is essential in the
interpretation of the heavy-ion collisions.
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Electron paramagnetic resonance has been observed in the mixed-valency platinum
complex K2Pt(CN)4Br&g3 3H&O. The g factors observed are characteristic of & 2-like
hole states. The variation of the observed signal intensity is not consistent with the in-
terrupted-strand model or the disorder model but is in accord with the predictions of the
Peierls-distortion model.

The mixed-valency platinum complexes (MVPC),
such as K2Pt(CN)4Brg, ~ 3H20 and their organic
counterparts [charge-transfer complexes of tet-
racyanoquinodimethane (TCNQ)], have attracted
considerable attention lately' "as a result of
their high "one-dimensional" electrical conduc-
tivities and the possibility that their base struc-
tures fPt(CN)~ or TCNQ chains] can be used as
"spines"' for the synthesis of high-temperature
superconductors. However, there are several
areas of disagreement on the properties of these
compounds: There ia a controversy with regard
to the nature of conduction. Simple band-theory
arguments, ' optical and infrared ref lectivity mea-
surements, and the observation of the giant Kohn
anomaly' seem to indicate delocalized states and
metallic conduction. On the other hand, non-
metallic dc-conductivity' measurements and theo-
rems" on disordered one-dimensional systems
favor localized states and hopping conduction.
In order to reconcile these contradictions at least
three models have been proposed: the "defect"
or interrupted-strand model, ' the "disorder"
model, and the "distortion" or Peierls-Kohn

instability model. Recent x-ray diffuse-scatter-
ing experiments by Comes et al. ,

' coherent in-
elastic-neutron-scattering experiments by Ren-
ker et aE. ,

' as well as the theoretical work of
Rice and Strassler, ' favor the "distortion" model.
Another question is the nature of the highest oc-
cupied band in this compound. It has been sur-
mised' (but not yet experimentally verified) that
this band is of d, 2 character. In a previous pa-
per' we have shown that in the "one-dimension-
al" semiconductor Magnus's green salt (MGS),
Pt(NH, )~PtC14, the highest-lying band is indeed
d, 2 like. There is also a disagreement about
the sign of the carriers in MVPC. '

In the present paper we report on the observa-
tion of EPR in the MVPC K,Pt(CN)4Br~, ~ 3H20.
The results show that the observed magnetic
centers are holes in d, 2-like states. The tem-
perature variation of the line intensity can be
explained in terms of the "distortion model" and
is in contradiction with the "defect" and the "dis-
order" models.

The single crystals of K,Pt(CN)4Brg, 3H,O
used in this study were of typical size 3 mm


