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SYNCHROTRON-RADIATION EXPERIMENTS WITH RECOIL IONS

Jon C. Levin

Department of Physics, University of Tennessee, Knoxville, Tennessee 37996-1200
and Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6377

Studies of atoms, ions and molecules with synchrotron radiation have
generally focused on measurements of properties of the electrons ejected dur-
ing, or after, the photoionization process. Much can also be learned, however,
about the atomic or molecular relaxation process by studies of the residual ions
or molecular fragments following inner-shell photoionization. Measurements
are reported of mean kinetic energies of highly charged argon, krypton, and
xenon recoil ions produced by vacancy cascades following inner-shell photoion-
ization using white and monochromatic synchrotron x radiation. Energies are
much lower than for the same charge-state ions produced by charged-particle
impact. The results may be applicable to design of future angle-resolved ion-
atom collision experiments. Photoion charge distributions are presented and
compared with other measurements and calculations. Related experiments
with synchrotron-radiation produced recoil ions, including photoionization of
stored ions and measurement of shakeoff in near-threshold excitation, are
briefly discussed.
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L INTRODUCTION

Beams of low-energy, high-charge-state ions, typ-
ically formed from recoils produced by swift heavy-ion
impact, have long been used to study charge-changing
reactions with gas targets. In recent years, interest in the
fundamental process of electron transfer in atomic col-
lisions, in ion-atom collisions in cold interstellar clouds,
and in the spectroscopy of multiply charged ions, has
resulted in ever-lower center-of-mass energies. Produc-
tion of highly ionized and excited ions at low energies
poses a difficult challenge, since typical sources of such
ions, such as stellar, fusion, and laser plasmas typically
involve energies in the 1 to 100 keV energy range.1 Fast-
beam sources which achieve similar ionization-excitation
states typically involve beam velocities v/c « O.I.3 In
both cases, Doppler broadening limits spectroscopic pre-
cision. Similarly, the emittance of plasma and fast beam
sources is not suited for high-charge state ion-atom colli-
sion experiments at eV to keV energies under conditions
where good energy and angular definition of high-charge-
state projectile ions are important.

Use of fast, heavy-ion impact on target atoms to
produce excited, high-charge state recoil ions ("ham-
mer" method) permits achievement of four orders of
magnitude lower energy than plasma sources in which
similar ionitation states have comparable abundance, as
well as three orders of magnitude in v/c relative to fast

beam sources. As beam energies are pushed lower,3 the
inherent recoil energy resulting from the primary ioniza-
tion may begin to limit the resolution of the low-energy
secondary beam. Our measurements of energies of re-
coil ions indicate that highly charged ions produced by
synchrotron radiation have kinetic energies one to two
orders of magnitude less than do similar charge states
of recoil ions produced by charged-particle impact, pro-
viding up to six orders of magnitude lower energies and
four orders of magnitude advantage in v/c compared to
plasma sources. The results may be applicable to devel-
opment of a very-cold ion source featuring low energy
spread and good angular definition.

Use of synchrotron radiation to produce a low
emittance, sub-nanosecond pulsed ion source may per-
mit improved coincidence experiments in such areas as:

o angle-resolved high-charge-state ion-atom and
ion-molecule collisions in the few eV to several hundred
eV range;

o interaction of tunable monochromatic radiation
simulating stellar radiation with cold ions and molecules
such as are found in interstellar clouds;

o precision spectiroscopy of few-electron ions, fol-
lowing trapping and further cooling made easier by pro-
duction of already cold ions;

o study of low-energy ion-surface and molecule-
surface interactions. iASTER
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In recent years, development of electron cycloctron
resonance (ECR) ion sources, and a new generation of
cryogenic electron-beam ion sources (such as CRYSIS
at MSI in Stockholm and CRYEBIS at Kansas State's
MacDonald Laboratory) has resulted in production of
usable numbers of ions in very-high charge states. The
high charge states accessible with such machines cannot
be produced by creation of a single inner-shell vacancy,
where the charge state reached is limited by the subse-
quent vacancy cascade, including shakeoff processes. Ex-
isting synchrotron-radiation sources are not sufficiently
intense to permit multiple ionization without storage of
the ions in the photon beam. An experimental program
aimed at observing sequential inner-shell photoioniza-
tion of ions stored in a Penning trap will be discussed.

I I . RECOIL ENERGIES

Synchrotron x radiation from the Stanford Syn-
chrotron Radiation Laboratory (SSRL) was used to pro-
duce K-shell vacancies in neon and argon, and L-shell
vacancies in krypton and xenon. The subsequent va-
cancy cascades produced multiply charged ions which
were detected by time-of-fiight (TOF) techniques. Ex-
amination of the resultant charge-state peaks permitted
extraction of information about the mean kinetic energy
of each charge state.
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PIG. 1. Schematic of time-of-flignt apparatus and asso-
ciated electronics used to measure recoil-ion charge dis-
tributions and mean energies.

Beams of white or monochromatic x rays from an
eight-pole wiggler on SSRL beam line IV-II operated
at 15 kG were focused by a toroidal mirror and colli-
mated to a 1 mm diameter x-ray beam at the position
of a thin gas target ( « 0.2 mTorr). The critical en-
ergy of the radiation was 4 keV (corresponding to the 2
GeV electron-beam energy) and was attenuated below 3
keV by beryllium windows. The gas target was viewed
by a vertically mounted TOF anaylzer through a 3-mm
aperture located just above the x-ray beam. X-ray in-
tensity was monitored by ion chambers positioned both
upstream and downstream of the vacuum system hous-
ing the analyzer. Typical flux through the target was
as 1012 photons mra"! s~ l . The TOF analyzer was de-
signed so that ion flight times were less than the 780 ns
between bursts of photons characteristic of SSRL tim-
ing mode operation. Each pulse of light had a mea-
sured full width at half maximum (FVVHM) of s« 300
picoseconds4 and was synchronous with a start signal
to a CAM AC time-to-digital converter (TDC). Ions de-
tected by a dual channel-plate detector after traversing
the w 10 cm analyzer provided the stop signal to the
TDC. Timing resolution was better than 1 ns, due to
the stability of the fast-rise-time TOF start pulses de-
rived from the storage-ring rf electronics, and to low-
noise time-pickoff techniques applied to pulses from the
detector. Typical counts rates were from 1 to 5 kHz.5

The apparatus used is shown schematically in Fig. 1.
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FIG. 2. Xenon time-of-fiight spectrum obtained with
vnmonochromatizcd synchrotron radiation. The charge
distribution is the result of a single vacancy created, most
frequently, in the L shell. Expanded view of Xe7+ shows
resolution of xenon isotopes. Peak widths are as 2.2 nsec.
From re/. 6.



The timing resolution was sufficient to obtain
adjacent-mass isotopic resolution of xenon photoionized,
primarily in the L shell, by unmonochromatized syn-
chrotron radiation (Fig. 2). This fact is qualitative in-
dication of low ion kinetic energy—otherwise the TOF
spectra would be smeared. The peaks shown for Xe7+

in Fig. 2 have areas corresponding closely to known
isotopic abundances and have FWHM of « 2.2 nanosec-
onds.

Mean recoil-ion energies were determined for each
charge state q through study of the FWHM of the
corresponding TOF peaks, obtained by a least-squares
gradient-search fitting procedure.7 The ratios of the elec-
tric fields across the four spectrometer field regions pro-
vide for first-order focusing in flight time of ions cre-
ated at different distances from the detector across the
1 mm diameter source region. The magnitudes of the
electric fields largely determine flight time. For each
charge state q, however, TOF peak widths are the result
of several contributions. These peak widths are assumed
to be the result of three contributions to variations in
night time: a constant electronic timing contribution,
denoted by a, independent of spectrometer field strength
E and charge q; a contribution arising from field fringing
and imperfect compensation for finite source width (only
first-order "time focusing" is expected) which scales as
\/{\/qE), represented by /?; and a third contribution re-
sulting from the vector velocity distribution of the ions
at creation, denoted by 7. Ions of mass it m originally
headed away from the detector must be turned around,
and consequently arrive after those originally headed to-
wards the detector. This difference in time is

(At)rt = (1)

indicating that the initial energy (Uo) of the ions pro-
duces a width contribution which scales as l/(qE).8 Each
contribution to peak width has a different functional de-
pendence on the product qE; addition in quadrature of
these three components results in the expression:

(2)

By varying the absolute magnitude of the electric fields
in the extraction and acceleration regions of the spec-
trometer, while preserving their ratio to maintain space
focusing, a Bet of spectra can be obtained whose peak
widths (FWHM) can be fitted to the quadratic func-
tion of Eq. 2. Mean recoil-ion energy Uo can thus

be extracted from the fitted quadratic term using Eq.
1. Monte-Carlo simulations of our spectrometer using
principles first outlined by Wiley and McClaren8 have
confirmed the general validity of this procedure.9

The clustering of data along quadratic curves is il-
lustrated in Fig. 3 for recoil ions Ar6+, Kr4+ , and Xe8+ ,
and is representative of the quadratic behavior exhibited
by other charge states. The influence of quadratic terms
is evident, and the near-zero intercept is consistent with
electronic timing resolution better than 1 ns. Extraction
of recoil energy from fitted quadratic terms 7 using Eq.
1 resulted in the energies summarized in Table 1.

0 4 8
l/(qE) x 104

FIG. 3. Quadratic behavior of (FWHMJ1 as a function
of 1/qE for At*+, Kr*+, and Xei+, from which kinetic
energy is extracted.



We can make some simple estimates of kinetic en-
ergies expected of ions created by photoionization. Ion
kinetic energy is the cumulative result of several effects:
initial thermal energy, recoil from the photoelectron,
and recoil from the several Auger and Coster-Kronig
electrons ejected during the vacancy cascade which fol-
lows the primary ionization. Only velocity associated
with thermal energy is isotropic. Angular momentum
and parity conservation restrict the form of the angu-
lar distribution of electrons ejected by electric dipole
excitation.10 The differential cross section for photoelec-
trons ejected from a randomly oriented target by plane-
polarized incident radiation, such as synchrotron radia-
tion, is given by

manner can have kinetic energies 1-2 orders of magni-
tude higher than when created by synchrotron radiation
(Fig. 4). This is because recoil energies associated with
charged-particle production are the result of the inter-
nuclear Coulomb repulsion between projectile and tar-
get, which typically are separated, at the distance of
closest approach, by less than 0.5 a.u. At such small
internuciear separations, near the radius of both pro-
jectile and target L-shell electrons, the effective charges
due to reduced screening are much larger than the final,
asymptotic charges detected experimentally. Hartree-
Fock calculations indicate that at the distance of clos-
est approach, 0.35 a.u.12, effective target and projectile
charges for the Cl5+ + Ar -+ Cl8+ + Ar9+ system are
12.6 and 11.9, respectively, much higher than the asymp-
totic charges 9 and 8.

where the Legendre polynomial Pj is evaluated at the
angle 0 between the electron ejected with energy c and
the photon polarization vector. The /?(e) asymmetry
parameter is constrained to be between -1 and +2 and
oscillates strongly as a function of energy.11 Similarly,
the Auger-electron distribution is not isotropic and de-
pends on photon energy.11 Since the energies in Table 1
were determined for photoionization with unmonochro-
matized synchroton radiation, for which photon energies
range from the photoionization threshold to the 10 keV
cutoff of the focusing mirror, the direction of the recoil-
ion velocity vector will depend in a complicated way on
photon energy. Without taking these angular and en-
ergy effects, or the effect of different decay channels into
account, the simple predictions of recoil energy in Table
1 were obtained by the addition, in quadrature, of ther-
mal energy, recoil from the photoelectron produced by
photons at the SSRL critical energy, and recoil from the
most energetic Auger event.

The possible use of synchrotron-radiation-pro-
duced highly charged ions in low-energy ion-atom col-
lision experiments can be illustrated by comparing the
ion energies in Table 1 with energies of the same charge
state ions of Ar produced by fast charged-particle beams.
We have used TOF techniques similar to those already
described to detect Ar recoil ions created by beams of
23 MeV/u and 27.6 MeV/u Cl5+ produced by the Oak
Ridge National Laboratory EN Tandem accelerator.13

The charged-changed projectiles, separated by charge
state in a parallel-plate electrostatic field, provided the
start pulse to a time-to-amplitude converter (TAC). Re-
coil ions detected by the TOF spectrometer stopped
the TAC. High-charge-state recoil ions produced in this

Charge
3
4
5
6
7
8
9

10
estimate

Ar(K)
0.031(13)
0.038(18)
0.037(23)
0.046(29)
0.036(82)
0.023(99)

0.05

Kr(L)
0.052(13)
0.066(17)
0.083(22)
0.094(27)
0.099(32)
0.059(34)

0.03

Xe(L)

0.076(11)
0.089(14)
0.125(16)
0.121(47)
0.196(21)
0.145(23)
0.03

Table 1. Kinetic energies, in e V, of Ar, Kr, and Xe
ions produced by vacancy cascades following inner-shell
vacancy creation, primarily in the shell indicated, by
synchrotron-radiation photoionization. Statistical uncer-
tainties in the last digits are indicated in parentheses.

The recoil energy produced by a charged-particle
projectile depends on beam energy. As indicated by
Fig. 4, slower projectiles have more time to interact
with the target, producing more recoil energy. The re-
sults of Fig. 4 are consistent with data obtained at 18
MeV and 33 MeV, but not shown on Fig. 4. Shell ef-
fects are suggested by the much larger kinetic energies
associated with production of Ar9+ in coincidence with
triple-electron loss from the Cl5* projectile. To achieve
this final state, it is necessary that both projectile and
target be ionised into the L shell. The small impact
parameters necessary to effect this degree of ionization
produce the large recoil energy measured.
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FIG. 4. Comparison of kinetic energies of Ar ions pro-
duced by charged-particle impact and by synchrotron ra-
diation. The synchrotron-radiation data have been mul-
tiplied by S for clarity. From ref. 13.

II. CHARGE DISTRIBUTIONS

It is well known that the atomic rearrangement
process following inner-shell vacancy production can
lead to highly ionized states of the residual atom. The
theoretical estimation of the charge distributions which
result from this vacancy cascade must include rela-
tive cross sections for the various radiative, Auger, and
Coster-Kronig processes which fill the initial, and sub-
sequent, vacancies until the atom reaches a stable state
in which no more transitions are possible. Immediately
following ejection of an electron, the remaining ensemble
of electrons are not in eigenstates of the ion; the sudden
change in the effective charge can then result in "shake"
phenomena, in which one or more electrons may be ex-
cited to unoccupied bound states ("shakeup") or into
the continuum ("shakeofT). Shakeoff probabilities can
be quite large, and when the effect is multiplied during a
vacancy cascade, shakeoff can contribute strongly to the
formation of high-charge-state ions. Following creation
of a single Lj vacancy in argon, for example, calculations
show that shakeoff results in 14.8% abundance of Ar3+,
and 0.2% of At4*; in the absence of shakeofT, the result
is 100% ArJ+.14

PIG. 5. Comparison of measured Xe charge distribu-
tions following creation of an inner-shell vacancy. The
deepest shell ionized is indicated. Solid bars are data
from our group and open bars are theory from ref. 16.
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We have examined shell effects by tuning syn-
chrotron radiation with a Si( l l l ) double-crystal mono-
chromator (bandpass 1 x 10~4) to interleave the Li, L2l

and L3 edges of Xe. The resultant charge distributions,
which are shown in Fig. 5, can be compared with early
mass-spectroscopic measurements made by Carlson et
a/,15 using x-ray guns and filters, and recent measure-
ments by Tonuma et at16 with monochromatic x rays at
the Photon Factory. The agreement between our results
and the measurements of Tonuma et al is very good, re-
solving a discrepancy we observed5 with Carlson et al
in the mean-charge-state increment measured for Xe as
the Li edge is crossed. Consideration of Coster-Kronig
yields17 for transfer of an Li vacancy to the 1,2,3 sub-
shells and of relative photoionization cross sections of
the Li,2,3 levels18, leads to an estimated shift in mean
charge state similar to that seen by our group and that
of Tonuma ei al.

Calculations of charge distributions following L-
shell ionization have been performed by Tonuma et a/16

using estimates of shakeoff made by Carlson et a/15 in
1966. These estimates do not include the relaxation of
the atomic-electron ensemble that occurs during the va-
cancy cascade, the decrease in Auger transition rates
which occurs because of the depletion of outer-shell elec-
trons, or the energy dependence of shakeoff probabilities
across the photoionization threshold before the asymp-
totic value is reached. The result of the first effect is
that some Auger decays become energetically impossible
as a result of the increased electron binding energies due
to decreased screening as the number of inner-shell va-
cancies increases. Nevertheless, the agreement between
measurement and theory is reasonable for the distribu-
tions following L-vacancy production, but not so good
for the M-shell results (Fig. 5.)

Our group plans to measure the threshold en-
ergy dependence of shakeoff by determining the photoion
charge distribution in coincidence with Auger electrons
from particular inner shells as synchrotron radiation is
tuned in small increments from below the photoioniza-
tion threshold up toward the asymptotic limit. This
approach should complement the more usual measure-
ments of shake phenomena made by examining photo-
electron and Auger-electron satellites,19 but may offer
higher count rates due to the high collection efficiency
for low-energy photoions.

Studies of charge distributions following inner-shell
photoionization may help elucidate more complicated
multiionization phenomena in ion-atom collisions. The
independent-electron-ejection model has long been em-
ployed, with substantial success, to describe multiple-
vacancy production in target gases by beams of ener-

getic charged projectiles. In this model, whose valid-
ity requires that the collisional velocity be much larger
than the orbital velocity of the electrons being ionized,
electron ejection is described by a binomial distribution
of outer-shell vacancies. Extension of the model to in-
clude inner-shell ionization is accomplished by introduc-
ing an independent binomial distribution for each inner
shell. In most treatments, the effect of v.-.cancy cas-
cades following inner-shell ionization on the final recoil-
ion charge distribution is thus neglected. We have made
measurements of argon recoil-ion charge-state distribu-
tions, in coincidence with charge-changed C l s + ' 8 + 1 0 +

projectiles at 0.7 MeV/u, whose interpretation requires
the assumption of Auger vacancy cascades filling target
L-shell vacancies. Good agreement with the recoil-ion
charge spectra cannot be obtained by assuming only the
customary binomial distribution of M-shell ionization.20

Rather than losing its electrons sequentially, from the
most weakly bound to the more tightly bound, the tar-
get argon atom achieves its final charge state through
a superposition of outer-shell stripping with an L-shell
vacancy cascade. Similar results have been reported for
cxygen and fluorine projectiles at 1 MeV/u.21

III. SEQUENTIAL PHOTOIONIZATION

A research program to study sequential photoion-
ization of multiply charged ions with unmonochroma-
tized synchrotron radiation has been initiated by D.
A. Church of Texas A&M University on National Syn-
chrotron Light Source beamline X-26C. Motivations in-
clude the possible development of a high-charge-state,
high-brightness ion beam with very-low energy for use
in secondary ion-atom collisions. In addition, atomic
inner-shell phenomena are very sensitive to relativistic
and quantum-electrodynamical effects. Precision spec-
troscopic studies of a range of ion charges q for a fixed
Z, or of a range of isoelectronic states, could yield infor-
mation on parity-nonconserving interactions22 and hy-
perfine structure.

The trap used at NSLS is of the Penning type,
composed of a cylindrical ring electrode and two end
caps shaped to produce a dominant quadrupole potential
when the end caps are at zero potential and a negative
potential is applied to the ring. The trap was mounted in
a vertical uniform magnetic field B « 0.7T. The target
gas was pulsed into the trap in unison with the open-
ing of a fast shutter which permitted synchrotron radia-
tion, focused through a slot in the trap ring electrode
by a platinum-coated cylindrical mirror, to enter the
trap. The pulsed-gas system permitted attainment of
very-low background pressures (< 10~9 Torr), thus in-



creasing storage times. The stored ions were detected
using a resonantly excited tuned circuit.23 Due to the
low energies of the multiply charged ions produced, the
confining well depth required was ten times shallower
than for recoil ions of similar charge states produced by
fast heavy-ion impact.24

Stored xenon ions in charge states as high as
q = l l + have been observed with this apparatus. Note
the similarity between the stored-ion charge distribution
(Fig. 6) and the distribution of xenon ions created by
a similar distribution of "white" photons (Fig. 2). The
trapped ions show a shift to lower charge as a result
of interactions between the stored thermal multicharged
ion gas and the residual neutral atoms, mainly xenon, in
the trap. By varying the delay time between the close
of the photon shutter and the start of the detection cy-
cle, it is possible to measure rate coefficients for electron
transfer from the neutral Xe to Xe*+. Rate coefficients
have been obtained for argon23 and are presented in a
poster at this conference (Wed 136).
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FIG. 6. Signal of mvltichargcd Xe photoions produced
by vnmonochromatizcd synchrotron radiation and stored
in a Penning ion trap. Compare with Fig. 2.

A recent measurement (June 1989) aimed at ob-
serving sequential photoionization of argon ions is un-
dergoing analysis. Signal intensity is currently limited
by decay of stored ions as a result of charge transfer
and by the flux of bending-magnet radiation that passes
through the beryllium windows separating the experi-
mental chamber from ring vacuum. In the future, it
may be possible to remove these windows, permitting
greater flux at low energies where the cross section for
M-shell photoionization is large.

The next generation of dedicated synchrotron-
radiation facilities, such as the Advanced Photon Source
(APS) at Argonne and Advanced Light Source (ALS)
at Berkeley, will offer many orders of magnitude greater
flux than are presently available, due, in part, to in-
creased reliance on wiggler and undulator insertion de-
vices. These machines should make possible detailed
photoionization studies of stored ions. In addition, the
new high-flux light sources may permit production and
extraction of highly charged photoions in sufficient quan-
tities to form a beam useful in secondary ingle-resolved
ion-atom collision studies at very-low energy.
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