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Electric field ionization of foil-excited Rydberg states of fast heavy ions

E. P. Kanter, D. Schneider, and Z. Vager*
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(Received 21 March 1983)

The absolute yield of beam-foil-excited Rydberg states is measured, with the use of field-ionization tech-
niques, for 125-MeV sulfur ions. The result, which agrees with a simple estimate, is compared with yields

inferred from recent measurements of delayed K x rays.
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FIG. 1. Electron energy spectra at 0' observation angle for 125-
MeV S' + ions incident upon a 5-pg/cm carbon foil. The spec-
trum with +200 V bias on target reveals the presence of high Ryd-
berg atoms which are field ionized in the spectrometer. The result-
ing electrons form the peak which does not shift with target bias.

In a recent Letter, Betz, Roschenthaler, and Rothermel'
have presented measurements of the target-thickness
dependence of delayed Lyman-n and Lyman-P yields for
foil-excited sulfur ions. These authors point out that these
results demonstrate that the long-lived Rydberg states which
feed these transitions are not formed entirely by "last-
layer" capture. It is the purpose of this Rapid Communica-
tion to report a direct measurement of the absolute yield of
highly excited states of foil-excited sulfur ions. %e further
demonstrate that the measured absolute yields disagree with
those assumed in Ref. 1.

The basic technique used here has been described in a
previous publication. 125-MeV S' + ions were obtained
from the Argonne tandem-Linac accelerator. The beam was
collimated to 2 mm diam before striking a thin carbon tar-
get. The target thicknesses were 5 and 10- p,g/cm'. A
small positive bias voltage (typically —+200 V) was applied
to the target. Beginning 15 mm after the target a 10-cm-
long pair of parallel electrostatic deflector plates were
mounted to produce an electric field transverse to the beam
direction. 126 mm after the exit of this deflector field, the
beam entered a 45' parallel-plate electrostatic electron spec-
trometer (as described in Ref. 2). Upon exiting the spec-
trometer, the beam was stopped in a Faraday cup which was
used to monitor beam intensity. The entire apparatus con-
sisting of target, deflectors, and spectrometer was surround-
ed by magnetic shielding.

A typical electron energy spectrum, at 0 observation an-
gle, is shown in Fig. 1. This spectrum resulted from bom-
bardment of a S-p,g/cm carbon target biased at +200 V.
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The post deflectors were removed to ensure that the electric
field between the target and spectrometer was weak. Elec-
trons originating at the target are lowered in energy by 200
eV. In particular, one sees the peak due to convoy elec-
trons is shifted to —1930 eV. At an apparent energy of—2250 eV, slightly higher than that corresponding to
beam-velocity electrons (2132 eV), one observes a peak
which has been identified previously. This peak results
from field ionization of high Rydberg atoms in the field of
the electron spectrometer. Assuming the classical ionization
threshold, 4

10'Z'
F, = V/cm

n4

then for a core charge of 15+ we expect atoms with princi-
pal quantum numbers in the range 250 & n (650 to con-
tribute to this peak. The upper limit arises from the weak
field behind the target ( —20 V/cm). The lower limit cor-
responds to the spectrometer field required to analyze
beam-velocity electrons ( —860 V/cm).

Those atoms which are ionized in the spectrometer field
are detected with essentially 100% efficiency by use of an
open electron multiplier tube. The efficiency of the detec-
tion system was confirmed with the use of a biased filament
as a collimated monoenergetic source of electrons. The ab-
solute yield per incident ion of Rydberg atoms is

Yg = gN(E;) (2)
I eE;

where N(E, ) is the number of counts obtained, after back-
ground subtraction, when the spectrometer is set to analyze
electrons of energy E; and the change in analyzed energy is
AE; for each step. The relative energy resolution of the
spectrometer was e= 5E;/E; =0.06 (full width at half max-
imum). The total charge collected in the Faraday cup is g
and qe is the mean charge of the emerging ions. Based on
the experimental data of Scharfer et. aI. we assumed
q =14.1 for both 5- and 10-p.g/cm carbon foils. Using
Eq. (2), we find Ys = (1.04 + 0.02) x 10 5 and Ys
= (1.17+0.02) x10 5 atoms/ion for 5- and 10-p,g/cm2 car-
bon foils, respectively. The errors quoted are statistical.

If these atoms are formed by a last-layer capture process,
one would expect to observe a quantum state population per
ion after the foil, P(n), varying as n '.6 With such an as-
sumption, it is easy to show that the measured yield should
be given by
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where Fo is the multiplicative constant (10 V/cm) given in
Eq. (1) and Eis the ionizing field. For the 5-p,g/cm2 target
data, this formula gives P(n) =(1.5 +0.4)n 3. The princi-
pal contribution to the error is due to an assumed 50% un-
certainty in the constant Fo.'

One can make a crude estimate of P(n) using the cross
section for capture of carbon 1s electrons by 125-MeV sul-
fur projectiles that is given in Ref. 1,

a.,(ls n »1)=1.3 X10 '6 n 3cm2

For high-velocity Rydberg atoms (ion velocity » Rydberg
electron orbital velocity) the Rydberg electron is essentially
free. The mean free path for collisional destruction for
n »1 is therefore n independent and essentially given by
the mean free path for free-electron scattering (X,).' For
this case, h., = (16+3) A.9 Combining these with the atom-
ic density of thin carbon foils (0.1/A') gives an estimated
population P(n) = (2.1 +0.4) n 3 in excellent agreement
with our experimental finding.

To compare this population to the delayed Lyman-o. yield
requires an estimate of the angular momenta I of the Ryd-

berg states formed. Cascade calculations give values of
P(n) =(30+15)n ' for a similar beam energy and target
thickness. ' This is a factor of 10—20 greater than the direct
ionization results we find. This discrepancy is an indication
of the inadequacy of such cascade calculations, particularly
the n, l dependence of the assumed initial population. It is
this large calculated yield which is in large part the basis of
the argument which has been used against last-layer cap-
ture. ' Our results demonstrate that the data of Betz,
Roschenthaler, and Rothermel are apparently insufficient to
prove what role is played by last-layer capture in the forma-
tion of these high Rydberg ions. Further data are needed to
clarify the situation, particularly the n, l distributions of the
ions emerging from the target.
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