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Ionization of fast foil-excited ion beams in electromagnetic fields
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We report the results of a series of experiments investigating the nature of very-highly-excited
states of fast ions emerging from thin foils. The yields of electrons produced by field ionization of
these atoms are compared for different projectiles and beam energies. Various field arrangements
were used. The consequences for related studies of fast-ion beams penetrating solids are discussed.

I. INTRODUCTION

Fast ions traversing thin solid targets emerge in a
variety of excited electronic states. This aspect of ion-
solid interactions has made it possible, through beam-foil
spectroscopic techniques, to explore the electronic states
of a wealth of atoms. ' Over the course of the last decade,
these studies have concentrated mostly on the low-lying
excited states of few-electron high-Z atoms. Because of
the comparatively small decay rates of higher excited
states, and because of the low yields of such states, there
has been relatively little spectroscopic work involving
principal quantum numbers n &10—15. It has, however,
been known for several years that cascades from very
high-lying levels play an important role in determining
the observed time dependence of measured decay curves.
Recently, attention has been focused on this cascade
phenomenon. Studies of delayed K-x-ray emission have
suggested surprisingly large yields of high Rydberg states
and unusual quantum-state populations. Further experi-
ments of this type have shown a strong target thickness
dependence of the yields of delayed x rays. These obser-
vations have led to speculation about possible formation
mechanisms which might be responsible for producing
these high Rydberg states. In an effort to better under-
stand these results, we have conducted an intensive series
of experiments aimed at measuring the yields and
quantum-state populations of high-Rydberg-state atoms
formed by beam-foil excitation of fast-ion beams.

An additional motivation for this work carne from
studies of the foil-induced dissociation of fast molecular
ions. Measurements of the energy and angular distribu-
tions of hydrogen fragments resulting from the foil-
induced dissociation of 3.63-MeV HeH+ beams' had
shown remarkably similar distributions when both H and
H fragments were observed. It was postulated" that this
was an indication for the formation of dissociative molec-
ular Rydberg states as the fragments exit the foil. To test
this hypothesis, we sought to measure directly the yields
of high Rydberg states of hydrogenic H and He atoms and
ions produced by beam-foil excitation of H+, He+, H2+,
and HeH+ beams. The approach we used involved static

electric field ionization of components of the beam emer-
gent from the target in Rydberg states.

II. ELECTRIC FIELD IONIZATION

Electric field ionization is a very efficient method of
detecting high-Rydberg-state atoms, but the details of
field ionization differ according to whether the system is
"hydrogenic" or "nonhydrogenic. " It is well known that
in an external applied electric field ionization rates of the
parabolic substates of highly excited hydrogen atoms cal-
culated with the use of nonrelativistic theory rise mono-
tonically, and rapidly, with increasing field strength. The
increase is so rapid that the concept of a threshold field I'",

for ionization is justified. The pure Coulomb-Stark poten-
tial V(r)= Z/r+Fz —for the nonrelativistic hydrogen
atom (or hydrogenic ion with nuclear charge Z) allows
separation of the Schrodinger equation in parabolic coor-
dinates. The "classical" threshold field F,(cl) for a given
parabolic substate (n ~, n2,

~

m
~

), where the principal
quantum number n=n~ +nz+

~

m +1, corresponds to
that value when the atomic electron can escape classically
over the potential barrier which exists in one (usually
called g) of the parabolic coordinates. Of course, quantal
tunneling through the barrier allows field ionization to
occur below F,(cl). Recent field ionization measure-
ments' ' with resolved parabolic substates in the
n=30,40 manifolds of hydrogen have confirmed the va-
lidity of numerical calculations in this tunneling regime.
Theoretically, the threshold field F, has an overall Z n

scaling, with a constant of proportionality that depends on
the parabolic substate. Useful classical values for the
(n~, n2,

~

m
~

) dependence of this constant have been
presented graphically. ' In a given n manifold, the Stark-
shifted substate (O, n —1,0) that lies lowest in energy has
the lowest threshold, n F,(cl)/Z -0.13 a.u. The Stark-
shifted substate (n —1,0,0) that lies highest in energy has
the highest threshold n Ft(cl)/Z -0 35 a.u. [The atom. -

ic unit of the electric field is F(a.u. ) =5.142250(17)&(10
V/cm (Refs. 2, 12, and 13).] Stark-shifted substates lying
in energy between these extremal states have classical pro-
portionality constants lying between these limits. For
quantal tunneling ionization rates between 10 —10 s
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the ionizing field was observed' ' to be about 15% below
the classical value. '

If, as in the present experiment, individual substates
were not resolved in a beam containing an unknown mix-
ture of substates, the concept of an approximate threshold
field for ionization of a given n manifold is still useful.
This was well established in a number of early fast-beam
experiments with highly excited hydrogen atoms. ' An
approximate value for the threshold field in this case is
given by n F, /Z —1/8 a.u. For the purposes of the
present paper, this is the assumed threshold field for ioni-
zation of one-electron atoms or ions by a static electric
field.

In nonhydrogenic Rydberg-state atoms, the situation is
much more complicated The interaction of the Rydberg
electron with its ionic core induces a coupling between dif-
ferent parabolic (hydrogenic) channels, causing Stark po-
tential curves with the same value of the magnetic quan-
tum number

~

m to avoid crossing. ' The lower the
value of

~

m ~, the larger, in general, is the avoided cross-
ings, and the more nonhydrogenic is the field ionization
behavior. The threshold for ionization is lowered to the
"saddle-point" limit, which for m=0 and unit core ionic
charge is given by n F,~=1/1 6a.u. ' Let us call this
saddle-point ionization, or that due to the effects of atom-
ic structure. The actual F dependence of the rate of ioni-
zation in the neighborhood and beyond this threshold, of
course, depends essentially on the details of the Stark
structure of the atom in question. Furthermore, if the
ionizing electric field changes with time, as, for example,
in the rest frame of fast atoms flying through a region
where the electric potential varies spatially, dynamic ef-
fects at the avoided crossings also may greatly influence
the field ionization process. ' '

The first observation of the electric field ionization of
hydrogen came in 1930 from studies of the Stark effect in
the Balmer spectrum with a canal ray light source. ' In
the early 1960's, there was a great deal of work studying
the field ionization of fast beams in connection with the
thermonuclear fusion research program. ' Most of that
work involved 10—100-keV protons or deuterons incident
on gaseous or vapor targets. ' ' Strong fields (-10
V/cm) were used to ionize high-n atoms and the resulting
ions were detected. There was some work with higher-
energy primary beams but, again, mostly with gaseous
(or plasma) targets and using strong fields. The work
with solid targets which has been reported to date ' has
all been at beam energies less than 100 keV and has used
comparatively strong fields, concentrating on states with
principal quantum numbers less than 25. All of these ex-
periments detected ions.

There is, however, considerable advantage in detecting
the ionized electrons. For high beam velocities the orbital
velocities of these electrons can be neglected and, there-
fore, they will be observed in the laboratory to be moving
with the beam velocity (with laboratory energy —1/2000
of the projectile energy for incident protons). For exam-
ple, one would expect to observe -400-eV electrons from
the ionization of 750-keV hydrogen Rydberg atoms. With
quite moderate fields, it is easy to separate such electrons
from the more intense primary beam and detect them with

essentially unity efficiency. This permits studies of much
higher principal quantum numbers (limited only by stray
fields). It is these highly excited states (n & 40) which are
so important to the delayed K-x-ray problem. The mecha-
nisms that produce these states are also surely at work in
the related phenomenon of convoy electron production.

III. IONIZATION IN A MICRO%'AVE FIELD

Ionization in a microwave electric field is also a very ef-
ficient method of detecting Rydberg atoms, but much less
is known about its details than is known for ionization in
a static electric field. The present state of understanding
can be found in Refs. 13 and 24—26, from which the fol-
lowing comments are drawn. They are meant to em-
phasize the use of microwave ionization as a detection
process rather than to reveal the subtleties of the underly-
ing physical processes leading to ionization in an oscillato-
ry electric field.

When highly excited hydrogen atoms are exposed to
tens or hundreds of cycles of a microwave field in a
waveguide or resonant cavity, it is observed that ioniza-
tion begins to take place above a certain microwave power.
This corresponds to an ionization threshold value of the
amplitude Fo of the microwave electric field
F(t)=Focos(cot) (Eleme. ntary calculations show that the
influence of the magnetic component of the microwave
field is negligible. ) At some larger value of Fo, an experi-
mental ionization signal saturates when the probability for
ionizing all atoms exposed to a certain number of cycles
of the microwave field approaches unity. Thus far, exper-
iments studying microwave ionization of highly excited
hydrogen atoms have not studied the ionization behavior
of individual (parabolic) substates. ' ' They have used
fast beams of hydrogen atoms with an unknown, but un-

doubtedly large, possibly statistical, distribution of sub-
states.

Two important and physically significant parameters
that emerge in a classical theory for microwave ioniza-
tion are Fo/F„and co/co«. The first is the ratio of the
field amplitude to the Coulomb binding field experienced
by the atomic electron in a Bohr orbital with principal
quantum number n. The second is the ratio of the mi-
crowave frequency co to the Bohr orbital frequency co«.
For a hydrogenic system with nuclear charge Z,
Fo/F„=n Fo/Z a.u. and co/co« ——co(Z/X) a.u. The
atomic unit of angular frequency is 4.134K 10' s '. The
first parameter expresses the same n and Z scaling as that
for static electric field ionization. The second parameter,
however, relates frequency scales. When m/co„«1, the
temporal variation of the microwave field is quasistatic
compared to the rapid orbital motion of the electron. One
naturally expects this situation to be most like a static
field. When m/co«»1, the jiggling of the electron at the
microwave frequency is very rapid compared to the Bohr
orbital frequency and one expects the two motions to be
relatively decoupled. When co/cu„-1, however, the two
motions will certainly be most strongly coupled.

In the present experiments microwave ionization was
done at the single frequency cu/2~=9. 91 GHz and for
values of Fo which corresponded to ionization of hydro-
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gen atoms with n values much below n =90. Since it is
only at this large value of n that this microwave frequency
makes the parameter co/co„-1, the microwave ionization
could be characterized as quasistatic for the much lower n
values covered in the present data. In the quasistatic lim-
it, what data do exist' ' suggest that hydrogen atoms
have an ionization threshold near n Eo-0. 1 a.u. and that
ionization signals saturate at or before n F0-0.14 a.u.
We have assumed that the n and Z scaling given above
may be used to infer ionization thresholds for high excited
He+ ions from those for highly excited hydrogen atoms.

Recent experiments ' have shown that the mi-
crowave ionization behavior of nonhydrogenic Rydberg
atoms is very different from that in a one-electron system.
As in the static field ionization case, the interaction of the
Rydberg electron with its core ion leads to much more
complicated dynamics. Ionization curves for helium
atoms prepared in He(lsns) S& Rydberg states have re-
vealed rich structure, such as bumps and plateaus, which
have been at least partially analyzed and explained with a
quasistatic model. In particular, in the quasistatic
domain, the microwave ionization threshold for these
states was correlated with the value of the field needed to
Stark shift the initial level into the region of its first
avoided crossings with Stark levels from the adjacent n
manifold. This field scales approximately as n
Indeed, the n -scaling law observed for the threshold
microwave field amplitudes for sodium atoms prepared in
S and D Rydberg states support this quasistatic analysis.

Because of the relatively high range of beam energies
used in the present experiments with light atomic and
molecular foil-excited ions, it is expected that the ions or
ionic fragments leaving the foil were predominantly hy-
drogenic, i.e., one-electron systems. Therefore, the mi-
crowave ionization analysis centered on the behavior
described above for hydrogenic systems in the quasistatic
domain.

IV. CONVOY ELECTRONS

A prominent feature observed in the energy spectrum of
electrons emitted in the forward direction from thin foils
and gas targets under fast-ion bombardment is a sharp
cusplike peak occurring at an energy where the electron
velocity matches the velocity of the emerging ions. For
fast light ions incident on gas targets, these "cusp" elec-
trons are believed to originate predominantly from the
capture of target electrons into continuum states of the
fast-moving projectile. In the case of solid targets, the
term "convoy electrons" is applied to this phenomenon.
Intense experimental and theoretical efforts have been
directed towards understanding these phenomena during
the past ten years. ' For ion-atom collisions, the produc-
tion of cusp electrons by fast bare projectiles is described
in terms of the electron-capture-to-the-continuum (ECC)
model. Calculations based on this model give generally
good agreement with experiments using gas targets. For
convoy electron production in ion-solid collisions, at-
tempts have been made to describe the observations by
last-layer capture (ECC) and in terms of a "wake-riding"
model. Neither of these models has been successful in

describing the systematics (peak width, yields, target
dependence, projectile dependence, etc.) of convoy electron
observations. Most of the experimentally observed
features still lack satisfactory explanation. '

In convoy electron measurements it is customary to
pass the projectiles emerging from the target through an
electrostatic (or magnetic) spectrometer to observe the
electrons emitted from the target in the beam direction.
This observation, and the difficulties alluded to above,
prompted us to speculate about the extent to which field
ionization (in the spectrometer) of Rydberg atoms in the
beam emerging from the target could be affecting observa-
tions on convoy electrons. If electron capture can occur
into continuum states lying just above the ionization
threshold of the projectile, capture into bound states lying
just below the ionization threshold also can be expected to
occur with comparable probability (see, for example, Refs.
30, 31, 33, and 35). If convoy electrons and Rydberg
atoms were to emerge from the target in comparable num-
bers, the intensity and shape observed for the cusp peak
would depend critically on experimental parameters such
as the spectrometer fields (their magnitudes and direc-
tions), the quality of the vacuum, flight distance from tar-
get to spectrometer, etc. Our apparatus was designed to
allow us to distinguish electrons produced by field ioniza-
tion of Rydberg atoms from convoy electrons
originating at the target. A preliminary account of our ef-
forts to distinguish between these two sources has already
been given.

V. EXPERIMENTAL APPARATUS

These experiments used ion beams accelerated by
Argonne's 4.5 MV Dynamitron. Typical ions were H+,
H2+, He+, HeH+, and Ne+, at energies ranging from 500
keV to 4 MeV. Some additional measurements were per-
formed with 125-MeV S' + ions accelerated by the Ar-
gonne tandem-linac accelerator system. Some variations
on the basic apparatus were made for the different field
geometries employed.

A. Static field measurements

After acceleration, the ions were analyzed magnetically
and collimated so that upon entering a 28-in. diameter
a.luminum vacuum chamber (2&&10 Torr), the beam-
spot size was 1 mm and the angular divergence was 0.11
mrad (full width at half maximum). In the chamber (see
Fig. 1) the beam first traversed a monitoring system con-
sisting of a rotating chopper and detector for scattered
projectiles. The chopper and detector system was calibrat-
ed against a biased Faraday cup so that the ion beam
current could be monitored absolutely. The beam then
passed consecutively through two sets of mutually orthog-
onal (I' and X) electrostatic deflectors, a foil target, a fur-
ther set of electrostatic deflectors (X), the entrance aper-
ture of a 45' parallel-plate electron spectrometer, and fi-
nally a hole drilled in the back plate of the spectrometer.
The spectrometer was located so as to view electrons
emerging from the target parallel to the incident beam and
was oriented so that analyzed electron trajectories lay in
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FIG. 1. Schematic arrangement of the elements of the experi-
mental setup inside the target chamber used for static field mea-
surements.

FIG. 2. Schematic arrangement of the elements of the experi-
ments setup inside the target chamber used for microwave field
experiments.

the X-Z plane. The analyzed electrons were detected with
either a channeltron or an open electron-multiplier tube.
The housings for the deflectors and spectrometer were all
electrically grounded. Additionally, the target was electri-
cally isolated and held either at a fixed elevated potential
(-50—100 V) or grounded. The 3.7-mm diameter en-
trance nozzle of the spectrometer abutted the postdeflec-
tor housing and was located 15.8-cm downstream from
the target. An entrance aperture in the housing of the
postdeflector limited its angular acceptance to + 180
mrad.

Except for the additional electrostatic deflector plates,
this apparatus is quite similar to that used by other work-
ers studying cusp-electron spectra. ' ' We took special
caution to be certain that no electrons would be created in
the spectrometer by stray beams striking any of the interi-
or metal surfaces. We used large entrance and exit aper-
tures in the spectrometer, sacrificing energy and angular
resolution (-8% and 24 mrad, respectively) to minimize
such background contributions. As a further precaution,
in addition to an optical alignment, the X and Y predeAec-
tors were used to "trim" the direction of the incident ion
beam, after collimation, to guarantee that the raw beam
(without target) was centered through the spectrometer.
Using this procedure, the tuned beam was increased in in-
tensity and passed through the spectrometer, without a
target. The observed count rate was less than 3
counts/sec, several orders of magnitude lower than the
rates during the actual measurements with targets which
used lower beam intensities. As an extra test, the spot size
of the beam was increased to 2.5 mm by increasing the
sizes of the beam-defining apertures. This was intended to
simulate the broadening of the beam due to multiple
scattering in the target. The observed count rate remained
& 3 counts/sec.

B. Microwave field measurements

A slightly different experimental arrangement was used
for the measurements using microwave fields (see Fig. 2).
After passing through a collimation system and beam nor-
malizing chopper similar to that described above, the
beam entered an 18-in. diameter aluminum vacuum
chamber. Inside this chamber the ion beam passed first

through a thin foil target and then through a set of re-
movable electrostatic postdeflectors. Following the post-
deflectors was a cylindrical copper microwave cavity, 2.66
cm in radius, with its 4.96-cm long axis aligned with the
beam. The cavity was closed by two 0.48-cm thick end-
plates which had 0.32-cm diameter holes for the beam to
enter and exit the cavity. The distance from the target to
the entrance endplate of the cavity was 11.04 cm. After
exiting from the cavity, the beam traversed 4.34 cm before
entering a 45' parallel-plate electron spectrometer, identi-
cal to that used in the static field measurements. The cav-
ity, which was operated in the TMo2o mode at 9.91
GHz, had a Q=15 000. In this mode, the Rydberg atoms
traversing the cavity with the beam, encountered a rapidly
oscillating longitudinal electric field (either parallel or
antiparallel to the beam). For the beam velocities used in
these experiments, this field would oscillate -50—100
times during the dwell time of a projectile in the cavity.
By varying the microwave power in the cavity (from 0 to
18.4 W maximum) we were able to continuously adjust the
maximum electric field from 0 to —2.8 kV/cm. ' The
entire apparatus in the 18-in. chamber, consisting of tar-
get, removable postdeflectors, microwave cavity, and elec-
tron spectrometer, was surrounded by mu-metal to shield
the analyzed electrons from stray magnetic fields.

C. Differential field measurements

Additional experiments were carried out with longitudi-
nal electric fields extending from the target exit down-
stream. The longitudinal electric field was formed by
biasing the target and connecting a resistor chain to a set
of ten equally spaced parallel electrodes ending at an elec-
trical ground 1.7 cm beyond the target (on the beam exit
side). With this field arrangement, a digital lock-in tech-
nique was used to perform differential measurements.
In these experiments, a small (typically +0.5—3 V) square
wave (1—5 kHz) was added to the target bias voltage. In
separate scalers we counted the residual spectrometer ioni-
zation signal during the positive and negative phases of
the applied square wave. The difference of those scalars,
as a function of the applied longitudinal field, is a mea-
sure of the derivative of the quench curve.
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VI. RESULTS AND DISCUSSION
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Figure 3 shows a typical joint distribution, measured
with the apparatus shown in Fig. 1. This distribution was
obtained with a 3-MeV He+ beam and a 2-pg/cm carbon
target. The experimental procedure was as follows. First,
with all deflector plates grounded, an electron spectrum
was recorded and the cusp peak identified. Then, the
yield of cusp electron was maximized by applying voltages
to the predeflectors, thereby fine tuning the direction of
the incident ion beam. (In this way, a limited angular dis-
tribution for the cusp electrons was also obtained. ) Figure
3(a) shows the electron energy spectrum obtained after
this alignment procedure. Next, equal and opposite volt-
ages were applied to the postdeflector plates producing a
transverse electric field. Figure 3(b) shows the relative
yield of electrons detected as a function of the fields in the
postdeflector and the spectrometer. The deflection of the
emerging projectiles in these measurements was negligible
(for He + it was —1/4000 of the deflection of convoy
electrons coming from the target).

Except for the beam-velocity electrons, the electron
yield is seen to vary with the postdeflector field as expect-
ed for electrons originating from the target. The behavior
of the electrons analyzed near the beam velocity is, howev-
er, quite different. There appear to be two distinct com-
ponents contributing to the cusp peak. The first com-
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FIG. 4. Electron distribution measured along the Rydberg

ridge for 750-keV protons incident on a 2-pg jcm carbon foil.
The field of the spectrometer was held constant at a value corre-
sponding to the energy of the cusp peak at zero deflector field.

750—keV H (+60 V bias)

ponent varies with the postdeflector field in the manner
expected for target electrons. The second component
behaves quite differently. It is much less affected by the
postdeflector field than are the electrons originating at the
target and it appears as a "ridge" in Fig. 3(b).

We have identified the ridge electrons in Fig. 3 as aris-
ing from Rydberg atoms created either inside or at the
exit surface of the target foil when emerging helium pro-
jectiles capture target electrons into bound states. These
atoms fly undeflected (He ) or almost undeflected (He+
and He ) into the electron spectrometer which, if set to
analyze -400-eV (cusp) electrons, contains an electric
field of 170 V/cm. For He Rydberg atoms this field
reduces the ionization lifetime to less than 1 nsec for
n =50 (and shorter lifetimes for higher principal quantum
numbers). ' Since 3-MeV helium atoms travel about 1.2

gO
RYDBERG RIDGE

.gO

FIG. 3. Electron distributions measured for 3-MeV He+ in-
cident on a 2-pg/cm carbon foil. {a) Electron energy distribu-
tion obtained in the forward direction. The peaks corresponding
to cusp electrons and to binary encounters with target electrons
are marked. (b) Distribution of electrons detected as a function
of the postdeflector and spectrometer fields. The energy scale
applies to electrons from the target. The angle scale applies only
to cusp electrons (-400 eV) coming from the target. The distri-
bution in (a) was derived by dividing the measured electron
counting rates by the electron energies in order to take into ac-
count the energy dependence of the spectrometer acceptance.
This correction has not been applied in (b).

FICi. 5. A joint electron distribution, as in Fig. 3(b), for 750-
keV proto»ombardment of'a &-pg/cm carbon target. A + 60
volt bias potential was applied to the target, lowering the ener-
gies of electrons produced at the target by 60 eV.
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FIG. 6. Distributions of apparent energies for 0' target elec-
trons resulting from 750-keV proton impact on a 2-pg/cm car-
bon foil. The solid curve was measured with the target ground-
ed. The dashed curve is an energy spectrum from the joint dis-
tribution of Fig. 5 for zero postdeflector voltage, with + 60
volts bias applied to the target.

cm in a nanosecond, we can expect that the spectrometer
field will ionize all Rydberg atoms with n values greater
than about 50. For hydrogenic He+, the corresponding n
is slightly higher (-80) because of the Z dependence of
the classical threshold field. ' The weaker electric field in
the postdeflector [up to about 30 V/cm for the data
shown in Fig. 3(b)] will only ionize Rydberg atoms with
much higher principal quantum numbers than will the
spectrometer field.

Spectra measured with stronger postdeflector fields
show, as expected, that the "Rydberg ridge" decreases
with increasing field as Rydberg atoms are then field ion-
ized in the postdeflector, and the resulting electrons are
swept out of the beam by that field, before reaching the
spectrometer entrance. Figure 4 shows a scan, taken along
the ridge, of the postdeflector field with the electron spec-
trometer fixed to analyze cusp electrons. One sees that at
a postdeflector field of 170 V/cm, where this field
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FICi. 7. A comparison of 0 electron energy spectra for 750-
keV proton impact on a 2-pg/cm biased carbon target. Spectra
are shown for several different values of the pressure in the 18-
in. vacuum chamber.

matches the field in the specrometer, the ridge height is
about —„ofits value at a field of 30 V/cm.

Closer inspection of distributions such as that in Fig.
3(b) shows that the center of Rydberg ridge is displaced
upward in apparent energy by about 18 eV from the ener-
gy of the cusp peak. This shift of apparent energy can be
seen more clearly in experiments where the target is biased
at a fixed potential above ground, thereby lowering the en-
ergies of electrons emerging from the target and entering
the spectrometer (see Fig. 5). Figure 5 shows a joint dis-
tribution measured with the target biased at +60 V. One
sees that although the energies of electrons originating
from the target are lowered by 60 eV, the Rydberg ridge is
unaffected by this bias potential. When this bias is ap-
plied to the target, there is a weak (-35 V/cm) nonuni-
form electric field in the region between the target and
postdeflector housing which defocusses target electrons
and ionizes some Rydberg atoms with n & 75. An energy
spectrum, from this joint distribution, is shown in Fig. 6,
measured with the postdeflectors grounded. The apparent
energy shift of the Rydberg component is clearly seen
here. The upward shift in apparent energy can be ex-
plained as being due to the field ionization occurring after
the Rydberg atoms penetrate a short distance into the
spectrometer. The observed 18-eV shift corresponds to a
penetration depth of 2 mm. This distance is reasonable in
view of the spatial extent of the transition field at the 3-
mm entrance to the spectrometer.

In order to confirm that the beam-velocity electrons
which originate in the spectrometer field were not caused
by production of ECC electrons in collisions with residual
gas atoms, measurements such as those shown in Fig. 6
were repeated with progressively higher gas pressures in
the target chamber (see Fig. 7). It was found to be neces-
sary to deteriorate the vacuum by more than two orders of
magnitude before observing such electrons from gas col-
lisions. Electron spectra measured with chamber pres-
sures up to 1)&10 Torr showed no dependence on the
gas pressure. At a pressure of 7&19, however, one
notes an increase in the yield of electrons at energies be-
tween the cusp and Rydberg peaks. This signifies the pro-
duction of cusp electrons in the region between the target
(at high potential) and the spectrometer (at ground poten-
tial) due to collisions of the exiting primary ion beam with
gas atoms.

We have observed this phenomenon for a wide range of
projectiles, from slow light ions (500-keV H+) to fast
heavy ions (125-MeV S' +). In the latter case, the range
of principal quantum numbers to which the experiments
were sensitive was 250&n ~650. In all cases, a substan-
tial component is observed due to field ionization of high-
ly excited atoms in the spectrometer field.

While the measurements described above demonstrate
the presence of field-ionizing Rydberg atoms in the exit-
ing beam, they do not give any quantitative information
about the quantum-state populations of these atoms. In
order to gain such information, it is necessary to decouple
the field which induces ionization from that which energy
analyzes the resulting electrons. Ideally, the ionizing field
should not defocus the resulting electrons nor contribute
to their energy spread.
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FIG. 11. Integrated yield of the microwave-induced ioniza-
tion peak observed in the 0' electron energy spectrum for 750-
keV H+ as a function of the maximum electric field in the mi-

crowave cavity. The upper abscissa represents the principal
quantum numbers corresponding to the saddle-point threshold.
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the text.

and a threshold scaling law

F=bZ /n

then it is easy to show that the integral ionization yield at
the field strength I"will be given by

1(F)= [a /(» —1)](F/b)'" (3)

Joint distributions, such as that in Fig. 8 were measured
for beams of H+, H2+, and He+ at energies between
G.S—2.0 MeV. These distributions were analyzed by slic-
ing the joint distributions into individual energy spectra at
fixed microwave power. After subtraction of a smooth
background of secondary electrons, the peak integrals of
the convoy and microwave ionization contributions to the
spectra were extracted. Figure 11 shows the results of
such an analysis for 750-keV H+ including data from
both coarse (0—18 W) and fine (0—1 W) scans of the mi-
crowave power.

The average behavior of these curves can be fitted by
assuming simple power laws in n, the principal quantum
number, for both the threshold scaling law and the final
state population probability for those Rydberg atoms
entering the microwave cavity. If we postulate a popula-
tion distribution given by

P(n) =a/n"

For I =4 and r =3, this reduces to a square-root depen-
dence on the field. We have adopted (see Sec. III) the
values b =6.14X10 V/cm (Refs. 24—26) and m =4 and
from fits to the measured yield curves, we extract the pa-
rameter». Table I shows a summary of these results. The
errors quoted in the table include both fitting errors as
well as a 20% uncertainty in the value of b. (See Section
III.) Combining all of the data, we find» =3.08+0.12.

On the basis of these results, we chose» =3 and refit
each of the curves to a v F dependence. The result of
those fits is the parameter a in Eq. (1). This parameter,
normalized to the incident flux of projectile nuclei, is
presented in Table I for each of the fitted distributions.
The uncertainties quoted in the table for this parameter
result mainly from the large uncertainty assumed for the
critical threshold constant b. Also shown in Table I are
published values of the one-electron fractions of the emer-

gent ion beams. For the H+ data, we have made compar-
isons with measurements of the neutral yield of hydro-
gen. The values for He are the He+ fractions given in
the tables of Armstrong et al. For H2+, we include the
observed enhancement of the H yield in the published
value. "

We have also investigated the yields of convoy electrons
observed in these experiments. We have extracted, from
the joint distributions I'„ the yield per incident nucleus of
convoy electrons observed within the angular acceptance
of the electron spectrometer (acceptance half-angle
=0.47'). The yields we extract from these data are in ex-
cellent agreement with the reported "restricted yields"
given by Laubert et al. , when the latter values are scaled
to account for the different angular acceptance employed
in those measurements (these scaled values are shown in
Table I). The yield of convoy electrons serves as a con-
venient comparison to test the yields of Rydberg atoms
which we extract. It is reasonable to assume that the for-
mation mechanisms which lead to convoy electron pro-
duction are the same mechanisms at work in the produc-
tion of the very highly excited bound states which we ob-
serve through field ionization. As a result, the velocity-
and projectile-charge dependence of both the convoy and
Rydberg yields should be the same. Because we measure
the yield of convoy electrons in a restricted angular accep-
tance, this yield should increase as the square of the beam
velocity, reflecting the narrowing of the convoy electron
angular distribution. Figure 12 shows a comparison of
the ratio I;/a as a function of the square of the beam
velocity. The proton data show good agreement with a

Ion
Energy
(MeV)

TABLE I. Summary of analysis of microwave data.

Single-electron
yield Ref. 50

H+
H+
H+
He+
H, +

0.5
0.75
2.0
2.0
1.5

2.94+0.25
3.33+0.29
3.31+0.29
3.00+0.25
2.94+0.25
3.08+0.12

2.3+0.6x 10-'
2.9+0.5 x 10-'
1 7+0 5X10
1.3+0.4X 10
5.6+1.7 x 10

2.5 X10-'
1.1X 10-'
1.0X 10-'
6.3 X 10
2.8 X10-'

2.0X10-'
4.0X10-'
74X10 '
2.4X10-'
3.3 X10-'

6.3 x 10-'
3.7 X 10-'
1.0X10-'
4.2x10-'
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FIG. 12. Ratio of the parameters Y, /a from Table I as a
function of the projectile energy. The solid line is a best-fit
straight line to the H+ data.

simple linear energy dependence of these ratios. As noted,
this implies similar velocity dependence of the convoy and
high-Rydberg-state production processes. The helium
data, however, depart from this picture. It should be not-
ed that by changing the threshold scaling to 1/n, as has
recently been suggested for nonhydrogenic atoms, ' the
helium data can be brought into line with the hydrogen
data. This result is somewhat puzzling because the two-
electron fraction of the outgoing helium beam is so small
( & l%%uo of the one-electron fraction). This change
(m =S) does not significantly affect the conclusion that
the capture probability varies as 1/n; however, it de-
creases the constant a [Eq. (1)] by a factor of 3. The qual-
ity of the fit, however, is worse for the case m =5 than for
m =4. For He+, chi-squared is increased by a factor of 4
for m =5.

It is interesting to compare the restricted yield of con-
voy electrons which we measure to the fitted Rydberg
yields. As has been pointed out previously, the mecha-
nism which is responsible for the production of cusp elec-
trons should also be that responsible for the production of
the highest-lying Rydberg states below the ionization
threshold. As a result, the cross section for capture, per
unit energy interval, should be continuous across the ioni-
zation threshold. This has already been demonstrated for
the case of cusp electrons. These arguments should also
apply to the production of convoy electrons in solids.
From such an argument, we expect the ratio of our mea-
sured yield of convoy electrons to that of Rydberg atoms
to be given by the ratio of the range of excitation energies
in these measurements. For convenience, we consider the
yield of Rydberg atoms with principal quantum numbers
& 50. These atoms cover a range of -5 rneV in binding
energy. For 750-keV proton impact, beam-velocity elec-
trons would emerge at 410 eV. Our angular acceptance of
+0.47' limits us to observing electrons with & 27-meV en-
ergy associated with transverse motion in the projectile
frame. We therefore would expect to observe five times as
many convoy electrons within this acceptance as we do
Rydberg atoms with n & 50. In actual fact, one should ex-
pect a slightly higher ratio since the cutoff on the energy
associated with longitudinal motion should not have been
assumed to be the same as the transverse limit. From the

values of a and Y, given in Table I we find a measured ra-
tio of 7:1, in rough agreement with this estimate. '

Another aspect of these data comes from comparing the
published one-electron fractions to our extrapolated n =1
yields based on the observed Rydberg populations. For
our target thickness of 100 A. , the H fractions are not yet
equilibrated. Based on the fraction of the one-electron
yield which we observe in our extrapolated yield, we
would argue that the Rydberg fraction (for the 2-MeV H+
beam) is produced in the last 17 A of the target. This can
be compared to the escape depth of free electrons in car-
bon, moving at the beam velocity, which has been found
to be 18+6 A. This observation agrees with the results of
Koch who has demonstrated that for high-velocity Ryd-
berg atoms (where the ion velocity is much greater than
the Rydberg electron orbital velocity) the Rydberg elec-
tron is essentially free, and, therefore, the cross section for
collisional destruction of the atom is determined by free-
electron scattering.

B. Static fields

The apparatus used for the static longitudinal field
measurements was unable to distinguish convoy electrons
from those electrons produced by field ionization of high
Rydberg-state atoms at the target exit surface. The mea-
surements with this apparatus were therefore carried out
in a quench mode. By applying a small electric field to
the postdeflectors, beam-velocity electrons created at the
target, or in the longitudinal field after the target (see Fig.
1), could be deflected from entering the spectrometer. The
electron spectrometer could then be used to detect those
Rydberg atoms which survive the longitudinal field but
ionize in the stronger spectrometer field. As a function of
the longitudinal field strength, these energy spectra form a
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FIG. 13. A comparison of electron energy spectra, measured
with longitudinal fields, as indicated, applied immediately after
the target as described in text. A weak transverse field
(12 V/cm) was used to remove 0 electrons created before the
spectrometer entrance. A smooth continuum background has
been subtracted to leave the field-ionization signal in the spec-
trometer.
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FIG. 15. A differential yield curve obtained with 1.5-MeV
proton bombardment. The errors shown are statistical.

slowly decreasing ridge, similar to the Rydberg ridge of
Fig. 3. Figure 13 shows a comparison of these energy
spectra for a range of longitudinal field strengths. One
observes that the total ionization signal is gradually
quenched with increasing longitudinal field. As the longi-
tudinal field increases, the distribution of principal quan-
tum numbers of those surviving atoms is shifted to lower
n values. These surviving atoms penetrate further into the
spectrometer field before ionizing and thus the centroid of
the peak shifts upward in apparent energy. That is, one
observes the peak (at increasing longitudinal fields) to be
eroded primarily from the low-energy side.

Integration of the residual field-ionization signal ob-
served in the spectrometer, as a function of the longitudi-
nal field strength, gives a measure of the effectiveness of
this field arrangement in ionizing the atoms formed by
foil excitation. Figure 14 shows a typical curve resulting
from such an integration. One sees from the figure a slow
falloff of the residual ionization signal with increasing
longitudinal field strength. One also observes symmetry
of this curve with respect to the direction of the applied
longitudinal field.

8000—
6000—
4000—
2000-

0—
-2000-
-4000-

(c)

-80 -40 0 40 80
LONG I TUDI NAL F I ELD ( V/crn)

I Il6—

4—

0 0.2 0.4 0.6
F I ELD FREQUENCY ( V/cm )

FIG. 16. A comparison of differential yield curves as a func-
tion of longitudinal field for three different proton bombarding
energies, (a) 0.75, (b) 1.5, and (c) 3 MeV, in the region between
+100 V/cm. The square-wave fields are shown in each. The
Fourier power spectrum for each energy is shown in (d), (e), and

(f), respectively. The Fourier spectra are computed from the full

range of data measured for each energy (not shown).

To investigate this phenomenon more sensitively, we
have performed differential measurements. Figure 15
shows typical results of such measurements. The striking
oscillations observed do not depend on the frequency of
the applied square wave. Moreover, the periodicity with
respect to field of these oscillations depends strongly on
the velocity of the ion beam as seen in Fig. 16.

The zero level has been determined by removing the
square-wave voltage from the target bias. The spectrum
was repeated using the same electronic gating conditions.
This small correction was applied to the curves presented
in Figs. 15 and 16. Since this gives a true zero, one sees
from those figures that the ionization signal increases as
well as decreases in these quench measurements (the fig-
ures actually show the negative derivative). Numerical in-
tegration of these results produces curves which are in
good agreement with the integral quench measurements.
From the velocity dependence observed, it is clear that
these oscillations do not represent individual ionization
thresholds. '

We have been able to explain these oscillations within
the framework of a simplified model based on first-order
perturbation theory for degenerate states. This model
assumes that for principal quantum number n., the mani-
fold of n Stark levels is at least partly coherently excited
as a result of the interaction with the target. The tirne-
dependent wave function for this coherently excited state
will evolve in the longitudinal field immediately after the
target as a periodic function of time, with a fundamental
frequency proportional to the field strength. For a fixed
dwell time in the field, the wave function of the state exit-
ing the field region will be a periodic function of the field
strength. When a Rydberg atom enters the tilted field of
the spectrometer, this wave function splits into new Stark
sublevels. For n near the classical ionization threshold,
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the ionization rate in the spectrometer will be a sensitive
function of the Stark sublevel population and, hence, of
the periodic state exiting the longitudinal field.

We have found excellent agreement of the field periods,
for different beam velocities, calculated from this model
with those measured. The modulation which we observe
in these experiments as a result of this selective excitation
of the beam exiting the foil should also be observed in oth-
er decay modes of foil-excited ion beams. This might ac-
count for previously reported modulations with the elec-
tric field seen in the yield of E x rays produced after the
passage of the emitting atoms through a longitudinal
field. '4 "

VII. CONCLUSIONS

We have observed the field ionization of highly excited
fast-ion beams produced by foil excitation. From the
measured yields we find continuity of the capture cross
section across the ionization threshold. In measurements
with microwave fields, where the applied and stray fields
may tend to produce statistical repopulation of the sub-
state population, we find a 1!n quantum-state popula-
tion. This is also consistent with measurements of contin-
uurn electron cusp shapes which also suggest a I/n
scaling rule for high-Rydberg-state atoms, near the ioniza-
tion threshold, formed by electron capture of protons in
carbon foils. The states which we observe include
coherently excited superpositions of Stark levels. The
presence of these states, in fields where the coherency is
preserved, could affect measurements of the quantum-
state population. This could be the reason that some ex-
perimenters have reported somewhat different scaling
laws for the measured quantum-state populations of foil-
excited beams.

The physical picture which emerges from these observa-
tions is that the states we are observing are formed by the
capture, into highly excited bound states, by the projectile,

of nearly free electrons which move through the foil with
the beam, correlated in space and in time. Such a picture
leads to the 1/n population which we observe.

These observations have an important impact on several
fields of research. It seems evident from these results
that, in interpreting observations on convoy electrons, it is
necessary to take into account the possible contributions
of electrons stemming from the ionization of projectile
Rydberg atoms. It is likely that many of the unresolved
puzzles ' of such research (e.g., simultaneous broad and
narrow components, molecular effects, the behavior of
the cusp line shape with projectile velocity, etc.) are at
least partially due to contributions by field-ionizing Ryd-
berg atoms.

The beam-foil cascade problem is another area where
these observations should be important. Cascade calcula-
tions of the yield of delayed x-rays from foil-excited ion
beams are quite sensitive to the assumed quantum-state
populations in the beam, particularly with respect to an-
gular momentum. These phenomena offer a new and po-
tentially powerful technique for studying the excitation
mechanisms which produce high Rydberg states of fast
projectiles as they exit solids. As such they represent a
useful probe of both the ion-solid and ion-surface interac-
tions.
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