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Relative excitation functions for terms in C IJ, C HJ, and C IV populated
in the beam-foil interaction
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Relative populations of terms in Clr, Cnr, and CIv, excited after the passage of C ions
through a carbon foil, have been measured as a function of the projectile energy
(0.3 &E &2.3 MeV). These excitation functions are shown to depend on the energy of the
term and, in C u, a dependence on the core configuration of the term is observed at low pro-
jectile energies (E &0.6 MeV). The excitation functions are also compared to the charge-
state-fraction curves as a function of the ion energy and this comparison generally allows an
unambiguous identification of the charge of the ion emitting an unclassified transition in
Cir, CIA&, and Civ.

I. INTRODUCTION

The studies of charge-state distributions and level
populations of accelerated ions, at the exit of a car-
bon foil, should throw light on the complex beam-
foil interaction mechanism which is poorly known.

This work is concerned with experimental studies
of beam-foil populations (number of ions excited in
a given level at the exit of the foil per incident pro-
jectile) for carbon ions as a function of the projectile
energy (excitation functions). While many equilibri-
um charge-state distributions in carbon foils have
been measured at different beam energies (see for in-
stance data compiled in Ref. 1 and more recent data
analyzed in Ref. 2), only few relative excitation
functions for beam-foil populations have been deter-
mined. ' This work complements previous stud-
ies performed in this laboratory using N+ projec-
tiles. 9

Different models have been proposed to describe
the dominating beam-foil interaction mechanism in
particular cases (see for instance Refs. 14—17) but
no detailed theory is available at present for calcu-
lating the distribution of atomic excited-state popu-
lations of the projectile after carbon-foil excitation.

The principal aims of this work are the following:
(a) To measure accurate relative populations for

several teliiis in C 11, C 111, and C 1V using C+ ions in
the energy range 0.3—2.3 MeV.

(b) To deteriiiine if it is possible, by comparing
the excitation function for the upper term of an un-
known transition with the charge-state fraction
curves, to identify unambiguously the charge state
of the emitting ion.

(c) To study the dependence of excitation func-

tions, for different teinIs in Cll, C111, and CIV, on
the electronic configuration, core configuration, ex-
citation energy, etc., of the upper term of the transi-
tion studied.

II. EXPERIMENTAL PROCEDURE

The measurement technique has been described in
detail previously. C+ beams of about 0.2 pA (diam-
eter 6 mm) are supplied by a 2-MV Van de Crraaff
accelerator equipped with an rf source into which
CO gas was admitted. Beam light
(300 & A, & 1800 A) emitted after the carbon foil
(=13pg/cm ) is observed with a Seya-Namioka-
type spectrometer equipped with a channeltron
detector. (For the 1345-A line in Clv an EMR
542G photomultiplier tube has been used. ) The
linewidth [FWHM (full width at half maximum)] is
about 0.7 A. The ion energy is changed by steps of
200 keV (or 100 keV) between 0.3 and 2.3 MeV.
The background is subtracted (when necessary) from
the photon counting.

Precise detelrriinations of beam-foil populations
can only be obtained if several conditions are ful-
filled as explained in detail in Ref. 9 and summa-
rized hereafter.

(a) High vacuum (=10 6 Torr) in the whole
beam transport system,

(b) precise knowledge of the foil position,
(c) line studied not blended and sufficiently in-

tense to obtain good precision in the photon count-
ing,

(d) level studied not repopulated by short-lived
cascade, and

(e) lifetime v of the primary level longer than 0.1
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ns [v & b*/u where b* is the section of the ion beam
viewed by the spectrometer (b*=0.23 mm) and u is
the ion velocity j.

In these conditions the initial population of a level
N(0) is deduced from the intensity IC(y) of a line
originating from that level and measured at a small
distance y (y & b*/2) from the foil by the relation9

N (0)=—K(y)exp(ky /u),

where a is a constant for a given transition and
—k/u is the slope of the straight line fitting the
data points situated slightly after the maximum of
the intensity curve (y & b" /2) plotted on a semiloga-
rithmic scale. We assume that our light-detector ap-
paratus is not sensitive to the polarization of the sig-
nal.

III. RESULTS AND DISCUSSION
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The transitions studied are carefully selected to
verify conditions (c), (d), and (e) of Sec. II. Life-
times of the primary and repopulating levels are ob-
tained from beam-foil works. ' ' Relative popula-
tions at the foil are obtained using Eq. (1). The
maximum uncertainties in these populations are es-
timated to be about 15%%uo,

' they increase when the
lifetimes of the levels studied decrease.

In Figs. 1—3, excitation functions are plotted for
several terms in CII, CIII, and CIV, respectively.
The excitation energies of the terms (E,„,) decrease
from the top to the bottom of the figures. The term
studied, its approximate energy, and the wavelength
of the transition used are also indicated in the fig-
UreS.

Equilibrium charge-state fractions of carbon ions,
at the exit of a carbon foil, have been measured by
several authors in the energy domain analyzed
in this work. These data are plotted as a function of
the energy of C ions after the foil in Figs. 1—3 for
C II, C III, and C IV-V ions, respectively.

A. CII ion

Excitation functions obtained for C II are given in
Fig. 1 for terms with zero, one, and two vacancies in
the core ls 2s . The following conclusions are de-
duced:

(1) Terms with the same configuration and nearby
excitation energies have proportional excitation
functions (see terms with 2s2p3d and 2s2p config-
urations in Fig. 1). This conclusion is in agreement
with the results of Andresen et al. ,

7 who have mea-
sured excitation functions in CII at low beam ener-
gies (E &0.5 MeV).
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FIG. jk. Relative populations as a function of the ener-

gy E of C ions, at the exit of a carbon foil, for several
terms in CII. The fraction of CII ions emerging from the
foil as a function of E is also given. The data are from
Christensen et al. (CI), Smith and Whaling (R), and Girar-
deau et al. (Q'). Here GS stands for ground state.

(2) The relative excitation function for the
2s 3d D term which has no vacancy in the core
ls 2s follows the charge-state fraction curve very
well. This excitation function decreases more rapid-
ly with the ion energy, for 0.5 &E & 1.0 MeV, than
excitation functions for terms with one vacancy in
the core and of nearby energies.

(3) At low energies (E & 0.6 MeV), excitation
functions for 2p terms (with two vacancies in the
core ls 2s ) increase more rapidly with the beam en-
ergy than excitation functions for terms of nearby
excitation energies with zero or one vacancy in the
core (see 2s 3d and 2s 2@3s terms in Fig. 1). This re-
sult is in agreement with the measurements of An-
dresen et al. in C II at E &0.5 MeV.

(4) A comparison of all the excitation functions
measured for terms with one vacancy in the core
seems to indicate that these functions increase more
rapidly at low ion energy (E &0.5 MeV) and de-
crease more slowly at high ion energy (E & 0.8 MeV)
when the energy of the term increases. Excitation
functions for low-lying terms well follow the
charge-state fraction curve of C II.
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FIG. 2. Relative populations as a function of the ener-

gy E of C ions at the exit of a carbon foil, for several
terms in CIII. The fraction of CIII ions emerging from
the foil as a function of E is also given. The data are
from the same references as those shown in Fig. 1.
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FIG. 3. Relative populations as a function of the ener-

gy E of C ions, at the exit of a carbon foil, for three terms
in C IV. The fractions of C IV and C V ions emerging from
the foil as a function of E are also given. The data are
from the same references as those shown in Fig. 1.

B. CIII ion

Excitation functions obtained for several terms in
C Iii with one or two vacancies in the core ls 2s are
shown in Fig. 2. The following trends are observed:

(1) For teiiiis of nearby energies no significant
difference is observed between relative excitation
functions for teriiis with one and two vacancies in
the core (2snl, 2pnl, and 2p configurations).

(2) The excitation functions increase more rapidly
(at low ion energies) and decrease more slowly (at
high ion energies) when the energy of the term in-
creases; the maximum of the excitation function be-
ing shifted towards higher ion energies for higher-
lying tei iiis.

(3) The population of the low-lying 2p P term is
proportional to the fraction of CIII ions after the
oil.

C. CIV ion

In the wavelength region analyzed, only three
transitions in CIv verified the selection criteria of
Sec. II. Qne of them (1345 A) is a transition be-
tween doubly excited quartet system of CIv. The

upper term ls 2p P of this transition is expected to
be repopulated by short-lived cascades from
ls2pnd~ao terms. As these cascades have not
been observed in the analysis of the beam-foil decay
curves for two fine-structure levels of the ls2p P
teriii we have supposed that they were weak and
have measured the excitation function for that teriii.

The following trends can be deduced from the
analysis of the results presented in Fig. 3:

(1) At ion energies higher than 1 MeV the excita-
tion function increases more rapidly with the beam
energy for the higher-lying teriri (6f F) than for the
lower-lying term (3s S).

(2) The population of the lower term studied
(3s S) is proportional to the fraction of Clv ions
after the foil.

(3) The excitation function for the doubly excited
terrri (ls2p P) increases much more rapidly at low
energies (E &0.6 MeV) than the excitation functions
for the singly excited terms, this trend is not ob-
served at higher energies. Let us note that the
charge-state fraction curve for Cv, shown also in
Fig. 3 for comparison, is steeper than the excitation
function for the doubly excited term ls 2p P.
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IV. CONCLUSIONS

We conclude with the following:
(1) Excitation functions of low-lying states in C II,

C III, and C Iv closely follow the charge-
state —fraction curves confirming that the major
part of a charge-state component is made up of
ground-state and low-lying excited states.

(2) For a carbon ion in a given charge-state, rela-
tive excitation functions depend on the energy of the
tet Ill excited. In particular, excitation functions for
terms of the same core configuration and different
excitation energies are not proportional.

(3) It is possible to assign an unidentified transi-
tion to a particular charge state (if the upper level of
the transition has not a "too" short lifetime and is
not repopulated by short-lived cascades) by compar-
ing the excitation function of its upper term to the
charge-state fraction curves (see Figs. 1—3). More-

over transitions between doubly excited terms in
C Iv could be identified using this technique.

(4) Relative excitation functions in CII for terms
with nearby energies seem to depend on the number
of vacancies in the core ls22s at low projectile ener-
gies (E (0.6 MeV). This situation is not observed
in C III while in isoelectronic NIV, a dependence of
relative excitation functions on the number of va-
cancies in the core ls 2s has been observed previ-
ously. Thus extension of conclusions concerning
excitation functions to nearby isoelectronic ions
seems unjustified.
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