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for the analyzing powers of the first excited
states of Mg and *2Ne. On this basis the experi-
mental data in the region 10°-35° strongly sug-
gest transfers which are predominantly d;,,. In
fact the data points in this region lie close to
those measured for the **Mg ground state. Since
the DWBA predictions for a pure d;,, transfer do
not alter much in moving from the ground state
to the first excited states, this also suggests that
the amount of d,,, admixture is small for these
transitions. Finally it should be noted that for
any d,,, admixture greater than 40% the predicted
analyzing power is opposite in sign to the meas-
ured powers.

In conclusion, the results presented here strong-
ly suggest that the admixture of d;,, into d;,,
transfer for proton pickup to the 1.81-MeV (27)
state of Mg and 1.27-MeV (2") state of **Ne is
small, This result is in contrast with the possi-
bility raised by Clement, Georgiev, and Perez?®
that in the case of ?*Ne the admixture might be
= 40%.
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K Auger electrons from C bound in CH,, C,H,, and CO, molecules, from N bound in
NH; and N,, and from Ne, induced by Ar!®* (56 MeV) bombardment, were recorded with
an electrostatic energy analyzer. The K Auger spectra from atoms in different chemical
compounds exhibit significantly different line intensities and linewidths. Linewidths of
metastable states are explained by the Doppler broadening arising from Coulomb explo-

sion of the target molecule.

Many studies of atomic Auger spectra produced
by bombarding noble gases with ions of various
masses and charge states have been reported.’ 2
The center of gravity of the spectrum shifts to
lower energies as the projectile charge state and
energy increase, as a result of multiple ioniza-
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tion and excitation of the colliding partners in a
single collision.*® Energy shifts and line broad-
ening of Auger transitions from simple molecules
like CH,, N,, and CO, from electron and proton
impact have been reported.®® In this Letter we
present the first measurements of Auger lines
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FIG. 1. Auger transitions in Ne and in different C- and N-containing molecules from Ar!?* (56 MeV) impact. The

arrow indicates the 1s2s2p —1s® transition.

from atoms in different molecules excited by
heavy-ion impact, where the molecular binding
is expected to break up in the collision process.

An Ar'?* beam of 56-MeV energy from the
UNILAC accelerator at Gesellschaft fiir Schwer-
ionenforschung, Darmstadt, passed through a gas
jet target. Electrons from the target atoms eject-
ed at 155° with respect to the incident beam direc-
tion were analyzed with an electrostatic spectrom-
eter consisting of a retarding field followed by a
spherical mirror analyzer.® The overall resolu-
tion amounts to less than 2.5 eV full width at half-
maximum (FWHM), independent of electron ener-
gy. The gas pressure in the collision region was
constant within 1% during the experiment and is
estimated to be 1072 Torr.

Figure 1 presents K Auger spectra from the
target gases Ne, CH,, NH,, CO,, C,H,, and N,.
The Ne spectrum (with an energy resolution of

1.7-eV FWHM) in Fig. 1 exhibits well-separated
lines, most of which have been identified as tran-
sitions in lithium- and beryllium-like ions.%'°
The lowest-energy line at 652 eV in the Ne spec-
trum is identified as the 1s2s®~1s® Auger transi-
tion; the most intense lines are seen at 656 eV
(1s2s2p ~1s?) and 672 eV (1s2p%—~152).

Except for an overall energy shift, Auger spec-
tra from CH, and NH; are very similar in their
main features. As in Ne we can therefore classi-
fy the intense feature line in the low-energy range
as arising from three- and four-electron states
having one K hole.>'° Satellite and hypersatellite
transitions show up in the higher-energy struc-
tures.

The linewidths are in a first approximation due
to the spectrometer resolution AEg, (1.7 eV
FWHM for Ne and 2.5 eV FWHM for the other
spectra) and due to Doppler broadening by the
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momentum transfer from the projectile to the target nucleus during the collision. A comparison be-
tween the measured linewidth of the dominant 1s2s2p ~1s? transition and the calculated kinematic broad-

Z2Z (m,+m,)e’

ening,
m,m o
AE = ' 8 cosd [—g—Lz - EE, sin® arctan<
i (m'p+mt)

2agm , E,

(1)

)l

is given in Table I. Equation (1) is derived from |
the difference between maximum and minimum
Doppler shift from the recoiling, Auger-electron—
emitting, target atoms. It is assumed that the
collison impact parameter is equal to the target
K-shell radius »,=Z,/a,, with a, being the Bohr
radius. In contrast to measurements®?® with elec-
tron and proton bombardment on CH,, the present
CH, and NH, spectra show no additional line broad
ening by molecular bonding. The better resolu-
tion in Ne compared to that for CH, and NH, is
caused by a larger energy separation between
Auger lines from atoms with higher atomic num-
bers and by the better resolution of the spectrom-
eter used in the Ne measurement,

A dramatic increase in the linewidth and a
change of some relative line intensities, however,
appear in the N, and C,H, spectra. We explain
this by an additional kinematic broadening AE, 4
(Table I) due to the nuclear repulsion between the
neighboring atoms of similar masses in the mole-
cule which is highly ionized after the Ar'?" colli-
sion. A straightforward calculation of this repul-
sion during the “Coulomb explosion,” taking into
account!' the molecular bond lengths R, leads to
a line broadening

)1/2

Here, Z,* and Z,* are the effective charges of
the molecular fragments (estimated to be Z, -1,
Z, -1 to account for the screening by one K-shell
electron in the electron configuration in question),

Z,*Z,%e?
R

m,E
Mg +m,

AE g =4( (2)

and m, and m, are the fragment masses, where
atom 2 ejects the Auger electron. The resulting
linewidths

result —

AE (AE g2 +AE g+ AE $)'2

are in good agreement with the experimental val-
ues (see Table I).

Some line intensities depend strongly on the
type of molecular environment. In the NH, spec-
trum, e.g., we observe a line at ~398 eV which
is barely seen in N,. The corresponding transi-
tion in the carbon spectrum at ~288 eV is much
weaker than in NH,. An anomalous behavior oc-
curs in the CO, spectrum, where a broad tail
arises below 228 eV,

It should be emphasized that the normal life-
time of the Auger decay is less than 10! sec
whereas the dissociating molecular compounds
reach a distance of 10 A in 5x10 ' sec after the
collision under the kinematic conditions in this
experiment. Thus, transitions from metastable
states (7>107'* sec) such as 152s2p—~1s2 (Ref. 1),
intensely excited by heavy-ion collision,'? give
rise to lines like those from single atoms where
the linewidth is Doppler-broadened by the full dis-
sociation velocity | Eq. (2)]. On the other hand,
transitions with smaller lifetimes have widths
which are determined by a lower velocity corre-
sponding to the interatomic distance. Such lines
may be affected by molecular components giving
a shift in energy and a change of line intensities.

Similar measurements made with Kr?°* (1.4

TABLE I. Measured and calculated linewidths AE in Auger transitions
in atoms with different molecular environment.

Molecular
bond length
AEon AEyong AE resulr LB reasured R
Target (eV) (eV) (eV) (eV) (A)
Ne 1.39 2.2 2.0+£0.2
NH;4 1.37 1.0 3.0 2.56+£0.3 1.014
CHy 1.11 0.9 2.9 2.5+0.3 1.093
CO, 1.11 3.36 4.3 3.7+ 0.4 1.162
C,H, 1.11 4.8 5.5 5.6+ 0.5 1.21
N, 1.37 6.85 7.4 7.2+0.5 1.1
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MeV/amu) on CH,, CO,, NH,, and N, are not
shown here. These spectra differ from the Ar
spectra and show significant increase in the inten-
sity of the 1s'2s®~1s% and 15'2s'2p' ~1s? transi-
tions and of the double K-vacancy lines (hypersat-
ellites) on the high-energy end of the spectra.

The linewidth dependence for different molecules
is, however, very similar to that for the Ar'?*
measurements.

Some valuable properties of this kind of target-
molecule spectroscopy should be noted: (1) The
energy of the Auger transitions is affected very
little by the molecular environment of the Auger-
electron-emitting atom (Fig. 1). (2) The line-
widths of these transitions, however, reflect kin-
ematic properties of the heavy-ion-molecule re-
action mechanism (Coulomb explosion) in cases
where levels are involved with decay times long-
er than the time required for the exploding frag-
ments to acquire sufficient velocity to contribute
to a Doppler broadening according to Eq. (2).

This opens the possibility of lifetime studies in
atomic states of molecules as a new technique.
(3) Some intensities are affected strongly; quan-
titative interpretation of this phenomenon re-
quires involved Hartree-Fock calculations and
may yield important and detailed information on
the heavy-ion-molecule reaction mechanism,

We conclude that Auger spectra from simple
molecules bombarded with heavy ions are more
complex than those from noble gases. The gen-
eral shape of the molecular spectrum is like an
atomic one, but different chemical compounds
change linewidths and some intensities. The in-
fluence of the chemical bonding may depend on
the lifetimes of the Auger transition. The line-
width can be explained by an additional kinematic
line broadening caused by the molecular dissocia-
tion after collision.
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