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Investigation of the distribution of ( n, l) states populated
by beam-foil excitation of 32-MeV oxygen ions

Cuneyt Can, R. J. Maurer, B. Bandong, and R. L. Watson
Cyclotron Institute and Department of Chemistry, Texas /id'cM University, College Station, Texas 77843
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The decay curves for 2p-1s and 3p-1s transitions in 32-MeV H-like oxygen projectiles excited by a
thin carbon foil have been measured and compared with the results of a cascade computer program
which calculates the intensities of these transitions for an assumed initial distribution of excited
states as a function of decay time. The measured decay curves agreed best with those predicted by
the cascade program using an 1-independent population probability proportional to n for each
state.

I. INTRODUCTION

It is well documented that high Rydberg states are
readily populated as an energetic ion emerges from the
back surface of a thin foil. Evidence for this has been
provided by numerous observations of long-lived com-
ponents in the 2p-1s x-ray decay of highly stripped ions
following foil excitation. ' The time dependence of the
emission intensity is given by a power law of the form
I(t)=at, as predicted for the decay of a short-lived
state populated by cascading from long-lived states of
high principal quantum number. '

Betz et al. have performed cascade calculations for
several different ( n, l) population distributions with the re-
sult that each distribution predicted a significantly dif-
ferent decay curve. This finding points to the possibility
of deducing the general dependence of the Rydberg-state
population distribution on the principal and angular-
momentum quantum numbers by carefully comparing
measured decay curves with calculated decay curves. The
value of such an exercise would be strengthened by study-
ing several transitions that are populated by different
routes in the cascade process.

The present work was carried out for the purpose of
testing the above proposition by examining the decay
curves for both the 2p-1s and 3p-1s transition in H-like
oxygen. In the course of this study, a new cascade com-
puter program was developed and used to deduce the ( n, l)
dependence that gave the best representation of the experi-
mental decay curves.

II. EXPERIMENT

III. RESULTS AND DISCUSSION

The decay curves for the 2p-1s and 3p-1s transitions
are shown in Fig. 2. They are well represented by power
laws with b =1.42+0.22 (2p-ls) and b =1.93+0.16 (3p-
ls). The present value of the slope of the 2p-ls decay
curve is in agreement with previous high-resolution
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bly, and the spectrometer response function was measured
to be nearly Cxaussian with a 2-mm full width at half
maximum.

Presented in Fig. 1 is an oxygen x-ray spectrum taken
with the spectrometer directly viewing the foil. Spectral
features of delayed emission of oxygen x rays were similar
to those obtained for Ne and Mg projectiles. The decay
curves for the H-like oxygen 2p-1s and 3p-1s transitions
were constructed by carrying out spectral scans over their
wavelength regions at a number of foil positions.

A beam of 32-MeV 0 + ions from the Texas A&M cy-
clotron was directed onto a 20-pg/cm carbon foil which
could be accurately translated along the beam axis
without interrupting the vacuum. The oxygen K x-rays
were analyzed at 90 with respect to the beam axis by a
12.7-cm Johansson-type curved-crystal spectrometer em-
ploying a thallium-acid-phthalate (TAP) crystal. The
viewing region of the spectrometer was restricted to a 2-
mm length of the beam path by an adjustable slit assem-
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FIG. 1. K x-ray spectrum of 32-MeV oxygen ions excited by
a thin carbon foil, taken with the spectrometer directly viewing
the foil.
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the present decay curves for one-electron oxygen are quite
similar to those for H-like neon and magnesium measured
recently by Palinkas et al. .

In order to fulfill the objective of comparing the experi-
mental decay curves with the decay curves predicted by
different assumptions regarding the initial (n, l) popula-
tion distribution, a cascade computer program was writ-
ten. Given an initial population distribution of excited
states, the time-dependent population of a particular ex-
cited state can be calculated from the rate equation

dN(n, l, t)/dt = N(n—, l, t) g 3 (n, l;n', I')
n', 1'

+ g N(n', I', t)A (n', I';n, l),
n ', I'
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FIG. 2. Measured and calculated decay curves for 2p-1s and
3p-1s transitions in 32-MeV H-like oxygen ions. The calculated
decay curves (sohd lines) were normalized to the measured
curves at t =0.2 ns.

( b = 1.5) and low-resolution ( b = 1.40+0.08) measure-
ments. The decay curve measured by Rothermel et al.
exhibits two different slopes: 1.1+0.1 for t &2.5 ns and
1.7+0. 1 for t & 2.5 ns. The only previous high-resolution
measurement of the 3p-Is decay curve gave b = 1.5 while
the present data indicate a steeper decay. The slopes of

I

where A is the transition rate between states labeled by
the sets of quantum numbers (n, l) and (n', I'). The first
and second terms on the right-hand side represent the
rates of depletion and repopulation (through cascades) of
state (n, l), respectively. Similar equations for each of the
excited states must be written for a complete description
of the cascade process. Although the set of coupled first-
order differential equations obtained in this way can be
solved numerically, it is more convenient to use a di-
agrammatic technique developed by Curtis. ' Employing
this method, the population of an excited state can be
written as a sum of individual cascade contributions,
grouped according to the number of steps in the cascade.
As an example, consider the case of the 2p level which is
fed by states with n & 2 and which is depleted by transi-
tions to the 1s ground state. According to the diagram-
matic method, the time-dependent population of the 2p
level is given by

N(»1 t)= N(2 1 0)exp( —a2it)+QN(n 0 0)&(n 0»1)I[exp( aot)—exp( ——a2it)]/(a21 ano)I

+g N(n, 2,0)A (n, 2;2, 1) I [exp( —a„qt) —exp( —a2&t)]/(a2& —a„q) I +. . .

where the ellipsis represents higher-order terms and a„I is
the total transition rate of a state. In order to perform
such calculations, one needs to know the initial population
distribution of the excited states and the transition rate
between each state.

The electric dipole transition rates used in the present
work (approximately 11500 in number) were calculated
from well-known formulas" ' for the hydrogen atom and
scaled to the H-like oxygen ion by multiplying by Z . In
order to determine the number of excited states contribut-
ing to the repopulation of the 2p and 3p levels, cascade
terms were added sequentially and in order of increasing
complexity until no significant numerical changes were
observed in the resulting decay curves over the range of
delay times investigated experimentally (0.15 to 3.5 ns). It
was found to be necessary to include states up to n =40
and l =9 in the calculations.

The cascade calculations were performed for a number
of assumed initial population distribution functions. The
results of some of these calculations are shown in Fig. 2

together with the experimental decay curves. The hy-
pothetical distribution functions used in these calculations
were of the form N(n, l, t =0)=kf(n)g(I). According to
theoretical predictions for electron capture by high-
velocity projectiles within the framework of the Born ap-
proximation, ' the dependence of the population distribu-
tion on principal quantum number should be given by
f(n)=n . Therefore, this dependence was examined in
considerable detail. Various possibilities were considered
for g (I): (a) only s states are populated; (b) all I states for
a given n are populated equally, g (I)=const; and (c) all I
states are populated statistically, g (I)=21+1. The results
of the calculations showed that when only s states are
populated, the calculated decay curves (not shown in Fig.
2), normalized to the experimental decay curves at t =0.2
ns, fall off much faster than the measured decay curves.
The inadequacy of a pure s-state population has also been
discussed by Dehmelt et al. ' and by Hopkins et al. ' On
the other hand, calculations based on the assumptions of
an equal and a statistical population of l states resulted in
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slopes that were smaller than those displayed by the mea-
sured decay curves. Therefore, other hypothetical distri-
bution functions were investigated using f(n)=n and
f(n)=n, together with the three assumptions con-
sidered for g (I). The best agreement was obtained for the
case of an equal population of l states with f (n) =n
and for the case of a statistical population with
f(n)=n . It should be noted that both of these distri-
bution functions [namely, N(n, l, t =0)=k~n and
N(n, l, t =0)=kq(2l+1)n ] predict that the total popu-
lation associated with a given n (i.e., the population
summed over all I states) is proportional to n, since

k&nn =k&n
N(n, t =0)=QN(n, l, t =0)= '

2 5 3k2n n =k2n

It was found that good agreement could also be attained
between measured and calculated decay curves using

f (n) =n in conjunction with an I-state population that
decreases as l increases. For example, the distribution
function N(n, l, t =0)=kn 1/(I+2) gave a reasonable
representation of the experimental decay curves.

For the purpose of comparing the relative shapes of the
experimental and theoretical decay curves for the two
transitions investigated, the intensity ratios R =I(2p-
1s)/I (3p-1 s) as a function of delay time are shown in Fig.
3. These ratios have been corrected for absorption in the
proportional counter window and for crystal reflectivity.
Since the experimental decay curve for the 3p-1s transi-
tion falls off faster than that for the 2p-ls transition, the
value of R increases as delay time increases. The results
of this comparison show that the predicted variation of
the intensity ratio with time depends more strongly on
g(l) than on f(n).

In all of the comparisons discussed above, including the
ratio comparison shown in Fig. 3, the calculated curves
were normalized to the experimental curves individually.
In comparing the predictions of a particular distribution
function for the two transitions of interest, however, the
same normalization factor should apply to both decay
curves. This requirement was fulfilled best for the as-
sumption of an equal population of l states which gave
calculated values of R about 1.2 times higher than the
measured values. The assumption of a statistical popula-
tion, on the other hand, gave calculated R values which
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FIG. 3. Measured and calculated intensity ratios as a func-
tion of delay time. The calculated curves were normalized arbi-
trarily for easy comparison with the measured intensity ratios.
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were too large by a factor of 3.3. This reflects the fact
that when high I states are populated, a much larger frac-
tion of the cascade proceeds through yrast transitions,
thereby populating the 2p level much more strongly than
the 3p level. In a similar comparison for foil-excited
sulfur ions, Betz' found that the experimental R values
were intermediate between those predicted for low l-state
and high I-state populations.

In conclusion, the distribution function that gave the
best representation of both the slopes of the decay curves
and the intensity ratios for the 2p-1s and 3p-1s transitions
was N(n, l, t =0)=n . An n "dependence was also ob-
served for optical transitions in foil-excited fluorine and
silicon ions by Dybdal et al. ' The present results sup-
port the contention of Betz et al. ,

' that another mecha-
nism besides the direct capture of electrons from the last
layer of the foil plays a major role in the population of
Rydberg states.
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