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We have measured high-resolution electron decay-in-flight spectra of highly excited carbon ions, produced by
2-MeV C” beams emerging from carbon foils. An almost complete identification for the resolved spectral lines
is suggested for the prompt and time-delayed electron emission spectra. To assign the observed structures
excitation energies for various core-excited states have been calculated using the generalized Brillouin
theorem-multiconfiguration method of Schwarz and Chang. Experimental term energies for Coulomb and
metastable autoionizing states in two-, three-, and four-electron carbon ions are tabulated and compared to
calculated transition energies. Because of line blending most of the experimentally deduced term energies are
uncertain to =+ 0.4%. Some spectral features in the high-energy portion of the prompt spectrum can be
attributed to decays of doubly excited He-like carbon ions.

I. INTRODUCTION

High-resolution measurements of Auger-elec-
tron production in energetic heavy-ion-atom col-
lisions for spectroscopic studies have become
a subject of increasing interest. Measurements
of K Auger-electron emission from neon target
gas after bombardment with highly stripped oxygen
and chlorine projectile ions at several MeV have
been reported recently.””? It has been shown that
the complexity of the Auger spectra can be re-
duced by increasing the charge state in conjunction
with higher mass of the bombarding particles.

This offers the possibility for spectroscopic stud-
ies as well as the study of specific excitation and
deexcitation mechanisms in highly stripped ions
with few electrons. On the other hand, Auger
decays from few-electron systems may be studied
using the beam-foil method.** Beam-foil excita-
tion allows the production of highly stripped ionic
states, with the mean ionic charge controllable to
some degree. Furthermore, both prompt electron
spectra from Coulomb autoionizing states and de-
layed spectra from metastable autoionizing states
can be observed in the same experiment. Be-
cause of specific selection rules, the delayed spec-
tra are less complicated than those with the foil

in view of the electron spectrometer.

Time-delayed beam-foil Auger-electron emis-
sion spectra have been reported for oxygen and
fluorine by Donnally ef al.® and Sellin et al.,® for
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chlorine and argon by Sellin ef al.” and Pegg

et al.,® and for aluminum and silicon by Haselton
et al.® The emitted electrons result from the de-
cay-in-flight of autoinizing projectile states as-
sociated with various charge states present in the
foil excited beam. Theoretical predictions for
three- to five-electron ions in oxygen and fluorine
have been made by Junker and Bardsley.!® Pre-
vious measurements discussed in articles by

Pegg et al.'' and Sellin'? have dealt primarily with
the study of metastable autoionizing states. The
electron decay -in-flight of highly excited beam
ions has been measured as a function of distance
downstream from an exciter foil, and lifetimes

of Li-like (1s2s2p)“PZ,, states have been deter-
mined. In the course of these experiments at-
tempts have also been made to measure the prompt
decaying Coulomb autoionizing states by directly
viewing at the back of the carbon foil. These spec-
tra (taken at “zero distance” with the target in di-
rect view) have suffered from background con-
tributions and substantial line broadening, and are
essentially unresolved due to many overlapping
autoionization features. Consequently, no prompt
beam Auger lines were resolved (except the lowest
ones), and no detailed line identifications were
given.

Johnson ef al.'®'* and Schneider et al.'® report-
ed the first high-resolution measurements of
Auger-electron decay of oxygen and carbon ions
at MeV energies, excited by collisions with noble
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gases and thin carbon foils. A comparison of the
prompt electron spectra, produced at 2 and 3 MeV
impact energies in the gaseous and solid media
showed remarkable similarities in the line struc-
tures, intensities, and widths. This points out
the possibility for using foil excitation for spectro-
scopic studies on electron decay-in-flight spec-
tra from sufficiently fast highly stripped projec-
tile ions. No complete spectroscopic assignment
of the prompt and delayed electron emission spec-
tra was reported,'®!® however, because of a lack
of sufficient transition-energy calculations.

In this study we will present for the first time
an almost complete interpretation of prompt and
time delayed autoionizing transitions in two- to
four-electron carbon ions. In order to make as-
signments in the observed spectra, we performed
ab initio calculations of term energies in carbon
within a few tenths of an eV accuracy. Such core-
excited carbon states are of considerable interest
since they allow one to study electron correlation
effects in few-electron ionic systems. In addition,
we found evidence for the decay of metastable
autoionizing quartet states in CIV and quintet
states in CIII which can only undergo transitions
to the adjacent continuum via relativistic inter-
actions (e.g., spin-orbit, spin-other-orbit, and
spin-spin coupling) and via admixtures of prompt
decaying states (e.g., second-order processes).

II. EXPERIMENTAL

The 2-MeV carbon beam was produced by the
University of Texas at Austin model EN tandem
Vande Graaff accelerator. Thin carbon foils nom-
inally ~5 ug/cm? thick were used to excite the car-
bon beams. In the experimental setup the foil
could be moved from “zero distance” (i.e., within
the analyzer viewing region) to about 12 cm up-
stream. This allowed for the study of delayed.
electron emission as a function of distance down-
stream from the exciter foil. Electrons ejected
from foil excited carbon beams were energy -selec-
ted using a 36 -cm double-focusing electrostatic
analyzer (McPhearson ESCA 36). The analyzer
and the automated data-acquisition system have
been described in detail previously.'® 33

The intrinsic resolution AE,/E, of the electron
spectrometer is 0.02% (FWHM), where E, is the
electron energy and AE, is the width of the analy-
zer transmission function. Energy and efficiency
calibration of the spectrometer were accomplished
by comparison with electron-induced high-resolu-
tion Ne K Auger-electron spectra.

For determining the ionic rest-frame energies, ,
a nonrelativistic kinematic transformation re-
lationship can be written in terms of the laboratory

electron energy E, and emission angle 6,, the
ionic rest-frame energy E,, the reduced beam
energy (beam energy times the electron-carbon
mass ratio) Ez, and the angle of the cone into
which the beam scatters, 6,678

E4=E;+Ep —2(E Ep)"/* cosf, cosby. 1)

In order to establish the absolute energy scale
(E,) in the center-of -mass system, the velocity
of the emerging beam and the angle of electron
ejection 6, must be known. The incident beam
energy was determined to within 0.3% by careful
calibration of the analyzing magnet; but difficul -
ties in determining beam direction and aligning
the spectrometer made the physical determination
6, uncertain. Additional systematic errors may
contribute to the absolute ionic rest-frame ener-
gies. A major contribution is assumed to stem
from uncertainties in the foil thickness. Together
with the uncertainty in the incident beam energy
and an uncertainty concerning the effective accep-
tance angle, which is assumed to be about 10%, an
uncertainty of +1 eV in the experimental absolute
energies of the individual peaks is estimated. To
avoid the difficulties of the determination of E
and 6, theoretical line energies for the
(1s252)°S —~ (1s%es)?S and (1s2s2p)*Pg,, ~ (1s¢f)°F2,,
transitions were used as energy calibration points.
The energies of these transitions were determined
to be 227.5 eV for the (1s2s2)2S and 229.9 eV for
the (1s2s2p)*P° state. In this connection it is im-
portant to note that photon observations in the CIV
system are also available,**® Thus, a few term
energies relative to the (1s2s2p)*P° state are
known with high accuracy. Using Eq. (1) and as-
suming negligible energy loss in the foil, the
mean laboratory emission angle ¢, is thus deter-
mined to be 23.7°. Then, the energies of the re-
solved and identified line structures relative to the
lowest-lying peaks in the prompt and delayed
emission spectra [ (152s2)2S and (1s2s2p)*P°, re-
spectively] are given within +0.3 eV accuracy.
Because of the finite acceptance angle of the
spectrometer, Auger electrons are detected for
a finite range of emission angles 6,. The range
of 6, accepted by the spectrometer is further in-
creased by the finite angular spread and scatter-
ing of the beam. The finite range of 6, results in
broadening of measured lines. Anexpressionfor the
broadening caused by the effect of the finite ac-
ceptance angles can be obtained by differentiation
of Eq. (1) with respect to 6,3

ABeLerLZ(ELEB)‘/Zs'mGL cosfy. 2)

An approximate relation for the maximum contri-
bution to the measured linewidth from kinematic
broadening caused by scattering of the beam has
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been given by Rudd and Macek!® as
(3)

For the collisions studied in this experiment, these
two contributions to line broadening are expected
to be dominant. From Egs. (2) and (3) values of
0.2% and 0.3%, respectively, have been estimated.
Other line-broadening effects caused by the varia-
tion of 6, within an interval A6,'® and the Berry
effect® are considered to be negligible for MeV -
range collision energies. We further note that the
spectroscopic resolution for the carbon Auger-
electron spectra was determined to be 0.6%
(FWHM), which is large compared to the instru-
mental resolution. More detailed discussions of
Auger-electron line broadening are given in arti -
cles by Rudd and Macek,’® and Stolterfoht et al.'®

AB,=4(E,E5)"/?sind, sinfy.

III. TERM ENERGIES

In order to make assignments of the experimen-
tal spectra we performed ab initio calculations on
ten carbon 1s-hole states. For this purpose we
used the generalized-Brillouin-theorem (GBT)
multiconfiguration (MC) method of Schwarz and
Chang,? which inpractice will yield upper bounds to
the energies of core-exgited states. The detailsare
given elsewhere.* In brief, the wave function of
the system under study was approximated by

¥=3"C¥,(9),
v

where (gai) is a set of atomic orbitals, the ¥, are

(4)
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LS configurations formed from these orbitals, and
the C, are linear variational coefficients. The

C, and ¥; were simultaneously optimized, until the
Mth root of the secular problem corresponding to
Eq. (4) had reached its minimum under the con-
straint that ¥ is noninteracting with all singly de-
excited states. Therefore only a few lower con-
figurations had actuaily to be included in expan-
sion (4) in order to obtain a variationally stable
excited-state wave function (see Ref. 20).

The correlation in the valence shell was esti-
mated within the framework of Sinanoglu’s many-
electron theory.?! The internal and the most im-
portant semi-internal configurations were included
in the MC expansion (4) as listed in Table I. The
calculated MC energies are given in column 6 of
Table I. These values were corrected for the
estimated basis set defect,? the relativistic en-
ergy contribution, and the reduced-mass effect.
The corrected energy values are listed in column
T of Table I. To these energies we then added
Sinanoglu’s all-external pair correlation energy
increments®! of the core and valence shells, as
given in column 8 of Table I. In addition, the
final energies of the carbon hole states (column
9) were subtracted from the experimental ener-
gies of the ground states of the corresponding
ions.?® The hole-state excitation energies thus
obtained (column 10) are expected to be accurate
within a few 0.1 eV. In this connection it should
be emphasized that Nicolaides® has given an en-
ergy of 306.7 eV for the (1s2p?) 2D resonance in
C1v, which is in close agreement with our MC
energy.

In Tables IT and III experimental line energies,

TABLE I. Calculated energy values of some prominent core-excited states in carbon (energies are given in eV).

Total External

Leading . Additional number of Calc. Corrected correl. Excitation

Ion State configuration?® configurations? configs. energy energy® energy Energy energy ©
1 2 3 4 5 6 7 8 9 10
ct s 15252p3s 1 —-734.9;, -735.1; 1.2 -736.3;  293.7
cr S 1s2s2p° 1 -731.0, -731.3 1.1 -732.4 286.4
c* °p 15252p® 1 —700.2, —700.5 0.6 ~701.1 293.3
3pe 1s2s%2p 15%2s2p, 15252p3d(3), 152p° 6 —701.8; —702.05 0.55 —-702.6 291.8
1po 152s%2p 15%2s2p, 15252p3d(2), 152p° 5 —699.1; —699.4 0.6 —~700.0 294.4
ol %g¢ 1s2s? 1s?2s, 1s2p° 3 —654.0, —654.3 0.25 —654.55  292.0
Ipoed  15252p(2) 1s%2p, 152p3d(2) 5 —645.6 —645.8 0.3 —~646.1 300.4
ip°e  1s52s2p(2) 1s22p, 152p3d(2) 5 —641.9, —642.1; 0.55  —642.7 303.8
’p 152p® 15%3d, 1s2s3d(2) 4 —-638.7 —639.0 0.7 —639.7 306.8
s 1s2p® 1s?2s, 1s2s° 3 —631.5, —631.7; 1.3 —-633.0;  313.5

2The number in parentheses behind a configuration refers to the number of different spin couplings.
YCorrected for estimated basis set defect, relativistic contributions and for reduced mass effect.
¢ Excitation energies as measured from the corresponding ground state.

42po_ 45(252p *P°)° PO,
e%P” =1s(2s2p 'P°)2P°.



TABLE II. Electron energies (eV, ionic rest frame) for Coulomb autoionizing transitions
involving initial configurations with two, three, and four electrons in highly ionized carbon.
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The predicted transition energies are given from various approximation methods.

Predicted
Peak Peak Final transition
number energy Initial state ionic state energy (eV)
1 227.5 (1s2s?)%S 1s? 227.5%
2 235.5 (1s25%2p)3P° 1s%2p 235.92
1s(2s2p P92 p° 1s? 235,92
3 239 (1s28%2p)1P° 1s%2p. 238.5%
1s(2s2p 'Po)2P° 1s? 239.32
4 242 (1s2p%)'D 1s? 242,32
5 243 (1s2s%2p)p° 1s%2s 243,9%
1s(2s2p® ‘P)*P 1s%2p 243.6°
(1s252p%)°D 1s%2p 244.3"
6 246.5 (1s2s22p)1P° 1s%2s 246.5°%
7 249 (1s252p%)%s 1s22p 248,27
(1s252p)'D 1s%2p 248.3"°
(1s2p%)%s 1s? © 249,0%
1s(2s2p® *P)’P 1s°2p 249,9°
8 253 (1s2s2p%)1s 1s22p 252,2°
(1s2s2p%)°D0 1s%2s 252.3°
(1s2p°)°D 1s22p 253.7°
9 255.5 (1s2p%)'D° 1s%2p 255.6°
(1s252p%)%s 1s%2s 256.2°
(1s2s2pH)'D 1s%2s 256.3°
10 258.5 (1s2p%)°p° 1s%2p 257.4°
(1s2p%)'p° 1s%2p 259.4°
(1s2s2p)1s 1s’2s 260.2°
11 265.5 (2s%)1s is 264.6°
(2s2p)3P° 1s 266.0°
12 271 (1s2535)3s %S 1s? 269.61
(1525 35)3p 2P° 1s? 272.2°
13 274 (2s%2p)°P° (1s2p)1p° 273.18
2pH'D 1s 273.1°
(1s2s°%9)3d %D 18 273,90
(2s2p)'P° 1s 274,0°
(2s%2p)2P° (1s2p)°pP° 276.7°¢
(2s%2p)2P° (1s2s)!s 276.7 &
14 278 (1525 '5)31 1s =280 ¢
(1s2p3P)31 1s? <2814
15 284 (2s%2p)*P° (1s2s)%s 282.1¢
(1s2p 1P)31 1s? <2844
16 286 (252p%) s (1s2p)'P° 285.2 8
(1s2s°S)4l 15 <2869
17 290 (252p°)%S (1s2p)°P° 288,7¢
(252p%) %S (1s2s)'s 288.7°¢
(1s2s 's)4l 1s? <2919
(1s2p3 P4l 152 <2919
18 293 (2s2p*)%s (152p)°P° 294,28
(1s2p 'P)4l 15 <2959
19 299
Series limit (1525)3Sel 1s? 298.96 1
20 304 (1s2s)'Sel 1s? 304.391
Series limit (152p)° P%l 1s? 304.42f
21 308
Series limit  (1s2p)!Peol 1s? 307.95°
22 329 2131 is <329.7¢
23 346 2141 is <346.2¢

2This work (MCM method).
PSafronova et al. (Ref. 24).

¢ Perrot et al. (Ref. 26).
4 This work (quantum defect model).

¢ Feldman et al. (Ref. 27).

! Bashkin and Stoner (Ref. 28).

g Ahmed and Lipsky (Ref. 29).

h Berry (Ref. 4).
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2MeV Cc+ > Clfoil) FIG. 1. Electron decay-
in-flight spectra from auto-
ionizing states of 2-MeV
highly stripped carbon ions
plotted in the rest frame of
the emitting ion. The left
g spectrum (a) refers to a

[l “foil-zero” position; the
right spectrum (b) to a time
delay of about 2.0 nsec.
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as deduced from this study, are tabulated
along with theoretical transition energies of
multiply and core-excited states of two- to
four-electron carbon ions. Referring to Table
II, we see that the theoretical predictions
are in good agreement with experiment. The pre-
dicted energies which are indicated by label “a,”
were deduced from Table I. Additional transition
energies were determined from the work of Sa-
fronova et al.?* (indicated by label “b” in Table II
and III). Furthermore, we estimated transition
energies (indicated by label “c” in Table III) for
some quartet states in C 1Iv. These values stem
from the data of Holgien and Geltman,? who have
applied the conventional Rayleigh-Ritz variational
method to obtain the eigenvalues of the five low-
est-lying states with symmetries *P°,*P,"S for
three-electron atomic systems. We note that the
(1s2p?)*P=4P(1), (1s2s3s)%S=1S(1), and (1s2s4s)4S

1
300 350

=15(2) energies [relative to the (1s2s2p)*P°
=1p°(1) level of Holgien and Geltman] are in good
agreement with those of Berry efal.**® In addi-
tion, various energy levels of the 1s2lnl’ (n=3)
states in C IV and the 2]’ (n=3) states inCV
were estimated using the simple quantum defect
model (indicated by label “d” in Table II). We
further comment that the calculated transition en-
ergies as listed in Table II and III have absolute
and relative uncertainties smaller than the ex-
perimental errors. In summary, the extracted
autoionization energies appear to be in good ac-
cord with the calculated transition energies. A
detailed discussion of the spectra and the line
identification is given in the following.

IV. RESULTS AND DISCUSSION
In Fig. 1(a) and 1(b) high-resolution beam-foil
Auger-electron spectra are displayed. The prompt

TABLE III. Electron energies (eV, ionic rest frame) for metastable autoionizing transitions
involving initial core-excited two- to four-electron carbon ions. The predicted transition ener-
gies are obtained using different approximation methods.

Predicted
Peak Peak Spectroscopic assignment Final transition
number energy (eV) (Initial state) ionic state energy (eV)

1’ 229.9 (1s2s2p)ipoT 18 229.9°
2 238 (1s2s2p%)°P 1s%2p 237.52
(ts2p?)tp? 1s? 239.1¢
3 245 (1s2s2p%)°P 15%2s 245.5%
4 250 (152p%)5s° (?) 1s%2p 250.5°
5/ 255 (152p*)%s° (?) 1s%2p 254.4°
6 270 (1s2s3s)isT 1s? 269.3 ¢
(1s2s3p)tpot 1s? 272.2°
7! 279 (1s2s4p)ipot 1s? 276.5¢
(1s2s4s)'sT 15 278.6¢

8’ 299 Series limit (152s)3S ! 1s? 298.96 ¢

9’ 304 Series limit (1s2p)?P%el 1s? 304.429

2This work (MC method).
®Safronova et al. (Ref. 24).
®Holdien and Geltman (Ref. 25).
4 Bashkin and Stoner (Ref. 28).

T(15252p) P =1P°(1); (1s2p)'P="P(1); (1s253s)iS=1S(1); (1s2s3p)*P°=4P°(2); (1s254p)*P°

=4p9(3); (1s2s4s)’s =15(2).
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spectrum [Fig. 1(a)] refers to a “foil-zero” posi-
tion, the delayed spectrum [Fig. 1(b)] to a time
delay of about 2 nsec, respectively. From these
spectra, experimental line energies were deduced
by fitting the resolved and identifiable lines with
a series of Gaussian functions. The prompt Auger
spectrum is superimposed on a continuous back-
ground of electrons resulting from direct collision
processes. This background was determined by
fitting a second-order polynomial to the logarithm
of the continuum on each side of the Auger groups.
The line fit for the prompt spectrum was carried
out after substraction of the continuous back-
ground. The beam energy of about 2 MeV was
chosen to optimize the production of Li-like car-
bon states. Therefore, the carbon projectiles
emerging from the foil are primarily C3* with
significant C* and C?* ions present as well.

The observed autoionization peaks are arbitrar-
ily numbered in order of increasing energies. A
general feature of the prompt and delayed spectra
in Figs. 1(a) and 1(b) is the concentration of peaks
into three and two basic groups, respectively. It
is assumed that in the prompt spectrum the en-
ergetically lowest lying and most intense peak
group can be attributed mainly to initially core-
excited three-electron systems. A comparison
with theoretically predicted term energies in-
dicates that the lines in the group are dominated
by 1s21 21’ configurations in CIV such as 1s2s?,
1s2s2p, and1s2p® 1t is also seen from Fig. 1(a)
that the C1v (1s2p%)2D terms (peak 4) are strongly
populated in 2-MeV C* - C-foil collisions. The
line identification of the peaks labeled 5 and 6
is based on estimated energies for the initial
1s2s?2piand 1s2s2p? configurations in CIll. We note
that core-excited four-electron states can decay
to the 1s®2sel and the 1s%2pelcontinua, giving rise
to double peaks with an energy separation of about
8 eV. As an example, Fig. 2 displays the decay
scheme of the (1s2s22p)3P° state in CII. It is to
be seen that the four-electron (1s2s22p)3P° states
decay to the 1s?2s and the 1s22p final ionic states.
Thus, peak 5 is evidently an admixture of transi-
tions as originating from the initial (1s2s%2p)%P°,
1s(2s2p**P)°P, and (1s2s2p%)°D levels in CmI. The
peak labeled 6 in Fig. 1(a) can be assigned to the
CII (1525%2p)'P°~ (1s®2s€p)*P? transition. In
addition, peaks 7-10 are ascribed on energetic
grounds to Auger decays of core-excited four-
electron systems. In the next-higher-energy group
three-electron states arise from configurations
which contain at least one electron in the # =3 shell
or higher. A comparison to theoretically predicted
energies indicates an overlap with doubly excited
2121 states in CV and triply excited 2121'nl’’
states® in CIV characterized by an empty, doubly

xsi_//_éﬁgffﬁ”_apo —291.8

[1s22sep] 3P0
[1s22pes) 3P0

A —————55.89
\ \IvB.OeV
_———— 47.89

____________ -0

FIG. 2. Decay scheme for the (1s2s%2p)%P? state in
Cut. Energies are in eV.

ionized core (Table II). The lowest lying triply
excited level is (2522p)? P°. Figure 3 illustrates the
resulting decay scheme for this level. 1t is
apparent from Fig. 3 that triply excited states are
adjacent to the (1s2s)*!Sel and the (1s2p)**Pel
continua. Thus, the (25%2p)2P° states in CIV can
undergo transitions to the [1s2s(3S)ep 2P,
[1s2s5(*S)ep[PP°, [152p(*P°)es]*P°,and[1s2p(*P°)es]?P°
continua, where the 1s2s(:S) and the 1s2p(P°)
thresholds are nearly degenerated in energy (see
Fig. 3). Furthermore, lower-intensity three-
electron autoionization transitions® such as
(2s22p)*P°—~ (1s%¢p)?P?, though less probable, are
allowed as well.

Peak 11 may be assigned due to autoionization of
(25%)'S and (2s2p)3P° states in CV. The shoulder on
the low-energy side of peak 13 (peak 12) is ex-
pected to occur from decays of the (1525 %S)3s %S and
(1s2s 38)3p 2P° states in CIV. In addition, peak

AN
Jéyr——(zszzmzpf’ —581.08
(=]

@ ﬁ/ NS

BN i fry —

SNSRI NN 25
] 0 I a =

o~ ~N N
= l?
& / \ / — 307.95
o N — ——{304.41
L= \ ______ 5 Lev:ﬁ'o & 30439

FIG. 3. Decay scheme for the (2s%2p)?P state in C .
Energies are in eV.
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13 should be composed of autoionization lines
arising from the C1v (2s22p)2P°, Cv (2p3)'D,

C1Iv (1s2s 35)3d 2D, and CV (2s2p)*P° states, re-
spectively. Peak 14 at about 278 eV should not

be assigned to a single decay, since several
transitions from closely spaced (1s2s'S)37 and
(1s2p3P°3l levels in CIV are overlapping in this
region. Similarly, the peak 15 on the high-energy
side of peak 14 near 284 eV could be a cumulative
effect of autoionizing CIv (2s2p%)3S and C 1V
(1s2p1P°)3I levels. Moreover, various autoioniz-
ing 1s2inl’ (n=4) and 2121'nl’'(n = 2) levels may
be responsible for the structures 16-18.

The three lowest series limits for three-
electron systems are indicated at the labels 19,
20, and 21. Above these limits lines resulting
from the autoionizing decay of three-electron
systems are very unlikely.

Figure 1(a) also shows two characteristic series
limits of four-electron states, namely (152s%)2Se]
- 1s%2sel (indicated by label A) at about 292 eV and
(1s2p%)%Se0 [ - 1s22pel’ (indicated by label B) at
about 305.5 eV. We suggest that above 315.5 eV
corresnonding to the series limit (1s2p?)2Sel
-~ 1s%2sel’ in C1II (indicated by label C) contribu-
tions from four-electron systems are negligible.
We further note that four-electron systems of
the type 1s2121’nl’’ characterized by a three-
electron core and a loosely attached nl” electron,
decay mainly via a “spectator” channel with the
orbit of the outermost electron remaining un-
changed. This leads to transition energies which
are energetically lower lying than the series
limits A, B, and C. Hence, the energetically
higher-lying structures may be attributed to
doubly excited He-like resonances in CV.

The highest energy group of peaks in the prompt
spectrum is assumed to arise from 2In!’ con-
figurations with a doubly ionized K shell and with
one electron being excited into the n =3 shell or
higher. It is to be seen from Table II that the
estimated 2137/’ and 214!’ term energies are in
good agreement with experiment, which is due
to the fact that higher orbitals are involved and
consequently screening and correlation effects
are less effective.

The resolved spectral features in the prompt
electron emission spectrum could be identified by
comparison to theoretical line energies; Table II
shows an absolute agreement within +1eV. Line
broadening due to the finite acceptance angular
spread of the spectrometer and energy straggling,
however, make a total identification of the foil
excited prompt spectrum impossible. It is ex-
pected that many more lines remained unresolved
owing to the great number of possible transitions.

Throughout the remainder of this section we

C-K Beam Auger Electrons
2MeV C*— C ™ Foil

prompt

~ 0.14 nsec

~0.3 nsec

p ~ 0.4 nsec
’ ~1.3 nsec
| L

1 ] T
200 250 300

EA,C.M. Electron Energy(eV)

Yield (linear scale)

FIG. 4. Comparison of a “prompt” electron spectrum
with different “delayed” spectra taken with the foil
being moved to different upstream positions. The delay
times are approximate because of uncertainties in the
different foil positions.
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discuss the spectral features in the delayed elec-
tron emission spectra as indicated in Figs. 1(b)
and 4. Figure 1(b) represents a delayed spectrum
recorded at a time delay of about ~2 nsec, cor-
responding to an upstram foil position of about

11 cm, and Fig. 4 compares various spectra taken
for delay times between 0 and ~ 1.3 nsec. The
prominent peaks in the delayed spectra [labeled

1’ through 9’ in Fig. 1(b)]are attributed to transi-
tions from metastable autoionizing quartet states
in C1v and quintet states in CIII. As can be seen
from Fig. 4, the prompt decaying (Coulomb
autoionizing) states which clearly dominate in the
zero-delay spectrum are rapidly diminished when
the foil is moved out of the focus of the electron
analyzer. The lowest energy peak in the delayed
spectra labelled 1’ [see Fig. 1(b)] is attributed to
the lithium-like (1s2s2p)*P° state in CIV. This
quartet state is metastable against both Coulomb
autoionization and electric dipole (E1) transitions,
whereas the energetically higher-lying quartet
states such as (1s2p3P%np)*P, (1s2s3Sns)S,
(1s2s3Snd)*D, and (1s2p3P°%d)*D° are depleted
mainly by allowed radiative decays to lower-lying
quartet states.®!® Because of the differential
metastability within the fine-structure levels

(7 =3%,%,3) of the (15252p)*P° state, peak 1’ is
composed of three components having different
lifetimes.

In the energy region near 238 eV (peak 2’) decays
from quartet states overlap with autoionization
transitions arising from quintet states. More
specifically, peak 2’ originates from autoionizing
transitions of the (1s2p%)*P terms in C1IV and
(1s2s2p®)°P terms in Cir. In this connection we
note that the CIv (1s2p?)*P states are preferen-
tially depleted via optical decays to the (1s2s2p)*P°
states leading to a lifetime of 1.1 nsec.® This
may explain the decreasing intensity of peak 2’
for increasing delay times. On the other hand the
(1s2s2p)°P terms in CIII are both metastable with
respect to Coulomb autoionization and electric
dipole transitions. Therefore, at the largest delay
time of about 2 nsec, peak 2’ should be dominated
by autoionizing transitions as originating from
initial (1s2s52p®)°P states. The peak labeled 3’ in
in Fig. 1 can be clearly identified as resulting
from the initial Be-like (1s2s2p%)°P state by com-
parison to the theoretically predicted transition
energy. The correct interpretation of this peak is
also supported by the energy separation of ~7.5 eV
between peak 3’ and 2’ which is close to the
1s%2s-1s%?2p separation in CIV (see Fig. 3). For
the higher-lying metastable four-electron states
it is assumed that they decay mainly via optical
transitions. Nevertheless, very weak lines labeled
4’ and 5’ are observed, which may be attributed to

initial Be-like (1s2p°)°S° and (1s2p%)?3S° states in
C 11l

The line structure around 275-eV center-of-
mass electron energy could be identified as re-
sulting from initial three-electron quartet states «
with one electron being excited into the n=3 or 4
shell. Another metastable autoionizing state
would be (1s2p?)?P. However, no autoionizing de-
cays associated with the C v (1s2p?)°P state were
observed in the delayed spectrum. This might be
due to the fact that the (1s2p%)2P state decays pre-
ferentially by electrical dipole transitions with a
short lifetime of about 7=<10"'* sec. Finally, no
lines which could be attributed to metastable auto-
ionizing sextet states [e.g., (1s2s2p°) °S] were
found at 2 MeV beam energy. This is consistent
with the result of a mean charge close to +3 for a
2-MeV carbon beam after penetrating a carbon
foil, 32

V. CONCLUSION

In summary autoionization lines of two-, three-,
and four-electron carbon ions have been identified
from comparison between measured prompt and
time-delayed electron decay-in-flight spectra and
between calculated transition energies. The
principal feature of this publication is the obser-
vation and identification of a large number of pre-
viously unidentified Coulomb and metastable auto-
ionizing states. The deduced energy values and
spectroscopic identifications might be useful for
further discussions of theoretical approximations
of wave functions for core-excited two- to four-
electron states.

It is further anticipated that many more lines
due to the great number of possible autoionization
transitions remained unresolved. For an unam-
biguous interpretation of the closely spaced struc-
tures at higher energies the resolution of the ap-
paratus must be improved. In addition, more ad-
vanced experimental techniques, such as elec-
tron-ion, electron-electron, and electron-photon
coincidence measurements could help to classify
presently unidentified lines. .
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