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Abstract

. The method of zero-degree Auger spectroscopy was used
. to study the production of autoionizing Rydberg states in
, -collisiaons of carbon and oxygen projectiles incident at
several MeV on He gas and carbon foils. The autoionization
electrons were measured with high resolution so that the quan-
tum defect corresponding to the angular momenta of the Rydberg
electrons could be observed. The main purpose of the present
experiment is to gain information about the n and & distribu-
o tion of the Rgdberg electron captured in the collision. The
S - .m-well-known n”3 law is confirmed. For the He gas target it
- is found that the angular momenta p and d are predominantly
produced.. For the foil target the higher angular momenta are
clearly enhanced. :

I. Introduction

In energetic ion-atom collisions the collision partners can be excited above
PSRN che ionization threshold giving rise to the emission of Auger electrons. The
f'rf";f' ~ spectroscopy of ion-induced Auger electrons has received particular attention,

‘ o as it provides information about the collision process as well as the structure
of the excited atom. Since the properties of highly ionized atoms are of great
current interest,considerable attention has been devoted to the study of the
projectile ions. The incident particle can be prepared in a specific charge

- state and its excitation can be studied in single collisions with gaseous
- target atoms.
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When a vacancy is collisionally created in a low lying subshell of the ion o
and it is filled by an electron from a subshell with the same principal quantum
number, the energy of the ejected e]eétron is rather low. In fact, usually,
these Coster-Kronig transitions are energetically forbidden in highly ionized
atoms. They become possible, however, when loos. 1y bound Rydberg electrons are
involved. Hence, the study of the electrons from the Coster-Kronig transitions
provides information about the Rydberg states occupied in ion-atom collisions.

Because of kinematic effects, the low-energy electrons can only be seen in
a small cone of forward angles. Thus, it is useful to measure the autoioniza-
tion electrons at 0° observation angle with respect to the incident beam direc-
tion. In this case, the autoionization electrons are seen in the vicinity of
the electron loss to continuum! (ELC) or the electron capture to continuum (ECC)
peak.? These cusp shaped peaks are centered at an electron energy which
corresponds to the ve]oéity equal to the projectile velocity.3 The low-energy
autoionization electrons are superimposed on the wings of the cusp peak as first
observed by Lucas and Harrison.! Similar measurements*~7 of the projectile
autoionization electrons have revealad a number of peaks which have been attri-
buted to a series of Rydberg states. Most studies“’7 have been devoted to the
configuration 1s22prx giving rise to autoionization elections whose energy A
increases with increasing quantum number n.

Most previous studies*~® of the projectile autoionization electrons have
been made with intermediate resolution with which it was possible to resolve
line groups associated with the n-quantum number of the Rydberg electron.

The resolution, however, was not sufficient to separate structures in a given
Tine group. There are no major problems with high resolution measurements of
the autoionization electrons, since kinematic line broadening effects cancel in
first order® when the electrons are observed at 0°. Indeed, Schneider et ai.”
recently have observed spectral structures which could be attributed to the
t-quantum number of the Rydberg electron. This opened the possibility to gain
information about the angular-momentum of the Rydberg states occupied in the
collision. :

In this work, high-resolution measurements were made of autoionizing Rydberg
states to study the n and £ distributions produced in collisions of carbon and
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oxygen with He at projectile energies of several MeV. Emphasis here is on the
investigation of capture processes involved in the production of the

. autoionizing states. Furthermore, the results obtained with the He gas target
are compared with data measured with a foil target.

II.. Experimental method.

The experiments were performed at the 0ak Ridge National Laboratory EN
Tandem facility using the zero-degree Auger spectroscopy apparatus® temporarily
transported from Hahn-Meitner Institut Berlin. Most experiments were made with
C2* and €3* of several MeV incident on He and on carbon foils. Furthermore,
10-MeV 03* and 0** projectiles were used. The experimental set-up is shown in
Fig. 1. Electrons produced in the target gas cell were measured at the obser-
vation angle of 0% with respect to the beam direction by a tandem electron
spectrometer. It consists of two consecutive 90° parallel-plate electrostatic
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Fig. 1. Experimental set-up used for
the electron measurements at zero-degree
observation angle.



energy analyzers. The entrance analyzer is used as a deflector to steer the
electrons out of the ion beam as well as to suppress spurious stray electrons.
 The exit analyzer determine the electron energy with high resolution. To
improve the resolution, the electrons were decelerated in a lens system in front
of the exit analyzer. Thus, a typical energy resolution of AE/E=10"3 was
achieved. The electron acceptance (half) angle was 1° which is expected to be
reduced by the deceleration of the electrons.

Care was taken to maintain single-collision conditions. The target cell has
a length of 5 cm. The He gas pressure in the target cell and the scattering
chamber was about 10°2 and 10™* Torr, respectively. In representative cases
méasuremen;s vere made for different target gas pressures to ensure a linear
pressure dependence of the electron yield. The beam current was typically
10 nA and 100 nA in the foil and gas target experiments, respectively. Usually,
rates of several thousands counts per seconds were achieved so that a typical
electron spectrum could be acquired at less than 30 min.

III. Rgsu]ts and Discussion.

BT

Figs. 2 and 3 show examples for electron spectra which are representative of
the collision systems studied. Fig. 2 clearly indicates cusp shaped electron
loss peaks underlying the autoioniztion lines. However, surprisingly, Fig. 3
shows that the electron loss peak for 03*+He has a flat top which has been found
to be reproducible. The interpretation of this mesa shape of the electron loss
beak lies outside the scope of the present article and it is left teo a forth-
coming communication.!® :

On the wings of the electron loss peak, various structures are seen origi-
nating from autoionizing Rydberg states. In the case of the 10-MeV 03*4He
system the incident configuration 1522s22p is converted by excitation of a 2s
electron into the configuration 1522s2pnf which form a large number of states.
The coupling of the 2s2p core to the parent terms P and 3P produces two dif-
feﬁent series limits. Moreover, coupling of the core with the Rydberg electron
yields numerous doublet and quartet terms which are partially resolved. Hence,
in Fig. 3, the spectrum is of great complexity and it shall not further
discussed here. Rather, the attention is focussed on the simpler systems shown in
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Fig 2. Electron spectra produced in 3.5-MeV C2%iHe,
C3%+ He and CH+C (foil) collisions. The electron
energy refers to the jaboratory rest frame. Small
‘energy shifts are visible due to the projectile energy
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Fig. 3. Electron spectrum produced in 10-MeV 03% + He
coihsions. The electron energy refers to the laboratory
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Fig. 2. As infprevious studies*™/ the spectra here exhibit line groups pri-
marly due to the configurations 1s22pns. : . »

The autoionization lines are strongly influenced by kinematic effects.® For
fnstance, the structures on the low-enery side are produced as the reflected
image of those on the high-energy side. This is caused by kinematic line
doubling effects, i.e., the low- and high-energy lines are due to the ejection
of the autoionization electrons at 180° and 0° in the projectile rest frame,
respectively. : .

The low energy € and the high energy ey of corresponding lines in the
laboratory rest frame transform into the energy e' of the projectile rest frame

by

1/2 t1/2 )2

e' = (SL,H >

vhere tp is the projectile energy divided by the projectile-electron mass ratio.
Moreover, the differential cross section in the laboratory frame transforms into

the projectile rest frame by the relation

do (e/e") M2 _do ' 3
dade de'de’

where ¢ equals to e OF ey.

After the transformation into the prajectile rest frame, the low- and high-
eﬁergy spectra are generally found to be identical within the statistical .
errors. However, in specific cases (e.g. C3*+ He in Fig. 2) the corresponding
line structures at low and high energies doAggg_agree indicating that the ejec-
tion of the autoionization electrons is not symmetric about 90° in the projec-
tile frame. Future work is suggested to study this phenomenon which is possibly
produced by post-collision Stark effects.!?

Fig. 4 shows the electron spectrum for the 3.5-MeV C3*+ He system obtained
after the transformation into the projectile rest frame and the subtraction of
the continuous electron background. In collisions of C3* on He, the incident
configuration 1s22s is converted by a transfer-excitation process to the con-
figuration 1s22pni. If, for a moment, the term splitting produced by the
coupling of the 2p and n% electron is disregarded, it follows that the enmergy of
the ejected autoionization electron is given by"



R

AE @ ¢
€np = Bi2s2p m R

(n-ug)z
“where AEZsZp is the energy difference between the 2s and 2p orbitals, Q is the
effective charge of the atomic core seen by the Rydberg electron, and ug is the
quantum defect associated with the angular momentum &, In Fig. 4, the spectrum
clearly exhibits the peak groups associated with the n and 2 quantum numbers of

the Rydberg electron.
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Fig. 4. Electron spectrum produced in 3.5-MeV C3%+ He
co%hsions (Fig. 2). The electron energy refers to

the projectile rest frame. The continuous electron
background is subtracted.

It s séen that the Coster-Kronig transitions become energetically allowed
when n > 4, The case n = 4 is particularly interesting, since some of the
states produced in that group fall below the zero energy threshold and other



-

states are praduced just above the threshold.!Z For instance, we obﬁerde a

line at 0.18 eV which may be attributed to'the term 1s22p4d 3p.  For 5-MeV
C3*1He this line has found to have a width of 20 meV in the projectile frame

] &emonstrating_the rather high resolution obtained by the present method of zero-
degree Auger spectroscopy. Before we analyze the data in more detail, we con-

sider the intensities of the integrated p -ak groups to verify wether the Rydberg

‘states are populated according to the well-known n~3 Taw. Fig. 5 shows results

for the collision system 5-MeV e3* + He. The experimental data aré compared
with calculated values proportional to n~3. It is seen that the data points are

indeed well fitted by the (normalized) n™3 curve. L
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n = 8.



To analyze the structures in the peak groups, the éxperimehta1.data are
compared with theoretical transition energies provided by Griffin et al.!'2 and
Theodosiou.!3 Fig. 6 shows results for the peak group associated with the pri-
cipal quantum number n = 5. It is seen that the term splitting produced by the
coupling of the Rydberg electron with the 2p electron is not negiigible as
assumed previously. In fact the term splitting is of the same order of magni-
tude as the quantum defect. It should be added that the Spln-orblt spl1tt1ng of
the multiplets is small for the carbon ion studied here.

In Fig. 6 the spectrum exhibits three prominent peaks which can be attri-
buted to the angular momenta of the Rydberg electron. The first peak is due to
the single term 15%2p5s 3P which represents the s state of the Rydberg electron.
Similarly, the second peak is composed of lines attributed to the p state of the
Rydberg electron. The third p2ak, however, contains lines due to terms formed
by p, d, and, some f states. Estimates show that the contributions from the p
state amounts to about 30% of the total intensity.
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Then, from the line intensities it follows that in collisions of 5-MeV C3% .

on He the angu'lar momenta s, p, and d are produced with the aprroximate probabi-
lity of 0.2, 0.5, and 0.3, respectively. For lower projectile energies the
contribution from the s state is found to be enhanced. These results are:
obtained with the assumption that the ejection of the autoionization electrons
is isotropic, i.e. the magnetic quantum numbers M of a given term are equally
populated. It is noted that the present method of zero-degree spectroscopy is
sensitive only to the substate M = 0. '
Finally, a preliminary analysis was made for the data obtained with carbon

foils. The spectra clearly show that for n = 5 the high angular mementa such as ‘

f and g are preferentially produced in the foil target. This result is in
. qua]itativé'agreement with the predictions'of the random walk model by
Burgdorfer and Bottcher.!5 Further work is needed to obtain quantitative
results for the angular momenta of the Rydberg electron from the complex
autoionization spectra produced in the carbon foils.
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