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Single and double ionization of helium by 1 GeVynucleon U921 impact was explored in a kinematically complete experiment. The relativistic ion generates a subattosecond (10218 s) superintense
(I . 1019 Wycm2 ) electromagnetic pulse, which is interpreted as a field of equivalent photons
(Weizsäcker-Williams method ). Cross sections, the emission characteristics of ions and electrons as
well as momentum balances, are quantitatively discussed in terms of photoionization of the atom in this
broadband, ultrashort virtual photon field. [S0031-9007(97)04437-2]
PACS numbers: 34.10. + x, 34.50.Fa

The dynamical behavior of atoms, molecules, clusters,
or solids exposed to strong electromagnetic fields has become a subject of enormous recent attention fueled by the
rapid development of superintense femtosecond lasers [1]
and possible applications. Among many other results it
has been demonstrated that atoms can be multiply ionized in such pulses (see, e.g., [2,3]). In parallel, for more
than a decade it has been known that relativistic highly
charged ions can cause up to 30-fold ionization of heavy
target atoms in one single collision with cross sections
close to 10217 cm2 (see, e.g., [4,5]). The fields generated
by these ions at the target atom exceed power densities
of 1019 Wycm2 , and pulse times are typically well below
attoseconds. For both situations, mainly total cross sections or ion yields have been reported. Details about the
dynamics of these exotic ionization processes essentially
remained unexplored up to now.
The fact that the interaction of energetic charged particles and photons with matter are of common nature was
recognized very early by Fermi, Weizsäcker, and Williams
[6] and has been widely used since then, mainly in nuclear
physics (see, e.g., [7]). In this approach, the time and
impact-parameter dependent electromagnetic field of the
passing projectile [Est, bd] is decomposed into two pulses
propagating along and transverse to the projectile velocity.
Fourier transformation [Esv, bd] and subsequent quantization yield two pulses of equivalent photons carrying a number of nsv, bd photons incident on the atom per unit area
and frequency interval dv. Ionization of a target atom
is simply described as “photoionization” by this field of
equivalent photons of various frequencies. Depending on
its intensity, i.e., on the charge state q and on the velocity yP of the generating projectile, one or several virtual
photons might be absorbed or scattered within the pulse
leading to single or multiple target ionization.
Several recent theoretical publications have been devoted to come to a detailed understanding of this equiva0031-9007y97y79(19)y3621(4)$10.00

lence [8–11]. Charged particle induced dipole transitions
at a specific energy loss DEP of the projectile have been
related to the absorption of a photon with an energy of
Eg  DEP . The nondipole transitions which are always
present for charged particle impact have been related to
Compton scattering occurring at high photon energies [10].
The simultaneous absorption of two photons during one
collision has been investigated recently [11] to explore
the role of the initial state electron-electron correlation in
comparison with first kinematically complete experiments
on double ionization of helium by nonrelativistic highly
charged particle impact [12].
In contrast, no differential experiments have been reported until now investigating the target ionization dynamics in the superintense and ultrashort electromagnetic
pulses generated by relativistic highly charged ions and
its equivalence to photoionization. Pulse times are 4 orders of magnitude shorter than obtainable by the most advanced high-power femtosecond lasers and intensities are
orders of magnitude larger than those provided by any
modern synchrotron radiation facility.
In this Letter we report on the first kinematically
complete experiment on single and double ionization of
helium by relativistic highly charged ion impact. Exploiting coincident multielectron recoil-ion momentum spectroscopy the complete momentum vectors of all emerging
target fragments have been measured for 1 GeVynucleon
U921 on helium collisions. The energy loss of the projectile DEP has been determined from energy conservation for
each single encounter with a resolution of 0.1 to 15 eV (for
0 , DEP , 150 eV), corresponding to an unprecedented
accuracy for the relative energy loss of 4 3 10213 ,
DEP yEP , 6 3 10211 . This enabled a precise comparison of differential ionization cross sections for fast particle
impact with differential photoionization cross sections at
well defined DEP  Eg and provided first insight into the
dynamic response of an atom exposed to electromagnetic
© 1997 The American Physical Society
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fields that are stronger and shorter than ever investigated before.
The experiments were performed at the heavy-ion synchrotron SIS of GSI (Gesellschaft für Schwerionenforschung) using a well focused (2 mm 3 2 mm) 1 GeVy
nucleon bare uranium beam. Typical intensities ranged
up to 107 particles per spill at a spill length of 8 s counted
by a fast scintillation detector. A two-stage supersonic
jet provided a well defined (2.8 mm diameter), cold
(50 mK), and dense (1012 atoms per cm2 ) helium target.
Low-energy ions (typical energies ER , 50 meV) and
electrons (typical energies Ee , 80 eV) are accelerated
into opposite directions by applying a weak electric
field (1–5 Vycm) along the ion beam. The field is
sufficiently strong to project recoiling target ions with a
large solid angle (DVR y4p . 98% for He11,21 ) onto
a two-dimensional position sensitive microchannel plate
detector (MCP). An additional solenoidal magnetic field
is generated by two Helmholtz coils (1.5 m diameter) with
its field vector along the ion beam. It efficiently guides
the electrons (DVe y4p . 50%) onto a 80 mm diameter
MCP equipped with a fast delay-line readout that is capable of accepting “multihits” for time intervals between
individual hits larger than 10 ns. From the measured
absolute positions and flight times the ion and electron
trajectories are reconstructed and their initial momenta are
calculated. (For details of the “GSI reaction microscope”
see [12,13]; for a recent review on the field see [14].)
Absolute cross sections are obtained by integration over
all final momentum components and normalization to
previously measured values of 7.4 3 10216 cm2 for single
and 1.5 3 10217 cm2 for double ionization [19] which
are accurate within 630%.
The equivalent photon approximation (EPA) to describe
relativistic collisions has been discussed in detail in
numerous publications (see, e.g., [7,11]). The basic idea
is to describe the Lorentz transformed Coulomb field of
the projectile p[charge q, impact parameter b, Lorentz
factor g  1y 1 2 syP ycd2 ] at the target in terms of two
pulses of linear polarized virtual photons with frequency
v propagating along (k) and transverse (') to the straight
line projectile trajectory (c is the velocity of light, K0,1
are modified Bessel functions; atomic units are used
throughout):
nk sb, vd  sqypd2 c21 svcygyP2 d2 K12 svbygyP d ,
(1)
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the target system. It thus requires the introduction of a
lower cutoff impact parameter bmin (see, e.g., [7,11] and
references therein) which should be larger than the spatial extension of the He wave function and was chosen to
be 1 a.u. in the present calculations. Furthermore, contributions of the various frequencies are added incoherently,
which is only reasonable if the projectile can be considered to be a small perturbation.
In Fig. 1 the final state momentum distributions projected onto the collision plane are shown for both the electron pe and the recoiling He1 target ion pR after single
ionization of He. The collision plane is defined by the incoming projectile momentum vector propagating along the
positive pk axis and the vector of the recoiling target ion
along the negative px direction (bold letters denote twodimensional vectors in this plane). The following features
are observed:
First, for each singly ionizing collision the emitted electron and the recoiling He1 ion emerge into opposite directions with pR ø 2pe . The event-by-event analysis shows
that their momenta compensate
on the level of the experip
mental resolution of Dp 2e 1 Dp R2  0.3 a.u. Thus, the
momentum change of the projectile DpP  2spR 1 pe d
is very small. Such a result is not trivial in the transverse
direction but follows from momentum conservation along
the longitudinal axis: For small energy losses of the projectile, i.e., for continuum electron energies Ee , 100 eV,
one obtains DpPk  DEP yyP , 0.03 a.u. For the present
projectile velocity of yP  0.88c this exceeds the momentum transfer for photoabsorption pg  Eg yc leading to the
same final state electron energy Ee  Eg 2 Ebind by only
about 12% (Ebind : He ionization potential).
Second, the distributions are centered around pk  0.
At lower projectile energies a forward-backward asymmetry had been observed before [12,15,16] which was interpreted as a post collision interaction (PCI) of the emerging
highly charged projectile with the target fragments pulling

n' sb, vd  sqypd2 c21 svcygyP2 d2 s1yg 2 dK02 svbygyP d .
(2)
Differential ionization cross sections dssb, xf d can now
be calculated in terms of the equivalent photon induced
cross sections dsg sv, xf d where xf denotes the set of
final state quantum numbers,
XZ
s1yvdnsb, vd dsg sv, xf d dv . (3)
dssb, xf d 
The applicability of the method is restricted to distant
collisions and is inappropriate if the projectile penetrates
3622

FIG. 1. Momentum distribution of the electron and the recoiling target ion projected onto the collision plane (see text) for
1 GeVynucleon U921 on He singly ionizing collisions.
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the electron behind and pushing the recoil ion away. In
the present case the PCI becomes negligibly small, and the
final momenta of the electron and the recoil ion are essentially unaffected by the rapidly emerging uranium ion.
This is an effect of both the smaller perturbation and the
relativistic contraction of the Coulomb field in the target
frame along the projectile propagation [17]. Thus, the
complicated final state three-particle continuum has effectively collapsed to a two-particle continuum as in photoionization where the photon is absorbed and not present in the
final state.
Third, the distributions mainly extend into the transverse
direction. This is due to the fact that the longitudinal
component of the force, which is relativistically reduced
by 1yg 2 [17], averages to zero when integrated over the
whole collision time.
In summary, the atoms seem to “explode” in the field
of the projectile delivering energy but “no” momentum.
Surprisingly, the fast highly charged projectile carrying
0.24 TeV kinetic energy does not destroy the target in a
severe collision with high momentum transfers but rather
acts in a very gentle way for the majority of the collision
events. Since the observed final momenta of the electron
and of the recoil ion were not transferred by the projectile
during the collision, they must have been stored in the
atom before and therefore reflect the Compton profile of
the initially bound electron.
All these features are consistent with the characteristics
of ionization by linear polarized (along the px axis) photons of different incident energies. Performing a simple
calculation within the EPA using experimental cross sections dsg sv, xf d for single photoionization of helium [18]
this has been investigated quantitatively. The results are
shown in Fig. 2 where the two-dimensional momentum
distributions of Fig. 1 have been projected onto the longitudinal axis for a better comparison. The calculated

FIG. 2. Longitudinal momentum distribution of the recoil ion (open circles) and the electron (solid circles) for
1 GeVynucleon U921 on He single ionization. Full curve:
Theory (see text).

10 NOVEMBER 1997

electron and recoil-ion momenta are identical on the level
of the incoming photon momentum which is less than
0.03 a.u. (for Ee , 100 eV). Excellent agreement with
the experimental data is obtained in the shape of the distribution as well as in the absolute magnitude of the cross
section. The pk dependence was found to be very insensitive to the ad hoc choice of the lower impact parameter
bmin . In essence, it mainly depends on the photoionization cross section which is sensitive to the bound state He
wave function. In contrast, the total cross section varies by
about 30% for a reasonable choice of 1 , bmin , 3 a.u.
One should keep in mind that this is within the experimental uncertainty in the total cross section measurement [19].
Knowing the number of virtual quanta per unit energy
interval in the charged particle induced field, the photoionization cross section as a function of Eg can be obtained from the measured cross section for defined energy
loss of the projectile DEP  Eg  Ee 1 Ebind . This is
demonstrated in Fig. 3 where the present results are compared with recommended values for sg svd of helium obtained using single photons from synchrotron radiation
sources [18].
The excellent description of experimental data within
the EPA is surprising for several reasons: First, the perturbation strength of the 1 GeVynucleon U921 projectile
qyyP  0.76 cannot be considered to be small, but is close
to unity. Second, the applicability of the model has been
estimated to be limited to energies larger than “at least
a few GeVynucleon” [11]. Third, spin-flip contributions
and magnetic transitions are not incorporated but might become important.
Finally, cross sections differential in the energy of one
emitted electron dsydEe for single and double ionization are displayed in Fig. 4, and low-energy electrons are

FIG. 3. Absolute cross section for single photoionization of
He as a function of the photon energy. Solid circles: Present
results for equivalent photons with energies h̄v  DEP (see
text). Full line: Recommended values from measurements
using single monochromatic photons from synchrotron radiation
facilities.
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FIG. 4. Single differential cross sections dsydEe for electron
emission in 1 GeVynucleon U921 on He collisions. Solid
circles: Experimental data for single ionization (SI). Open
circles: Experimental data for double ionization (DI). Lines:
Calculations (see text).

observed to strongly dominate the spectrum for both reactions. Thus, dipole transitions related to low-energy transfers by the projectile close to the single or double ionization
thresholds are found to be most important. For a simple
estimate of the double ionization differential cross section
dsydEe within the EPA it was assumed that two virtual
photons are absorbed during one collision. That is, both
electrons are emitted as a result of independent interactions
with the projectile. From numerous total cross section
measurements and theoretical calculations it has become
commonly accepted that such a “two-step” mechanism predominantly contributes to double ionization for perturbations by the projectile of qyyP . 0.2 [5]. Whereas the two
photon density nsv1 , v2 d is well defined, a choice had to be
made concerning the photoionization cross section for each
of the electrons (this ambiguity is inherent to any independent particle calculation). The radial electron-electron
correlation was partly considered by using an independent
event model taking the correct photoionization cross section of atomic He for the first electron and a hydrogenlike
He1 s1sd wave function to calculate the absorption cross
section for the second one. The energy distribution of the
first electron has been obtained by integrating over the second electron and vice versa. These two single differential
cross sections have been averaged to approximate a typical electron emitted in a doubly ionizing collision. Surprisingly, such a simple calculation does fairly well predict
3624
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the total as well as the single differential electron emission
cross section as a function of the energy of one emerging
electron.
In summary, we have performed the first kinematically
complete experiment on single and double ionization of
helium by relativistic highly charged ion impact exploring
the collision dynamics in unprecedented detail. Within
the Weizsäcker-Williams equivalent photon method the
1 GeVynucleon U921 projectile has been interpreted as a
source of an attosecond, exawattycm2 , broadband virtual
photon pulse that cannot be provided by any other source
of radiation. The fundamental relationship between ionization by charged particles and photons was investigated,
and calculations in the EPA were found to be in excellent
agreement with the experimental data for single ionization.
Double ionization was well described assuming the exchange of two virtual photons as the predominant mechanism. Future kinematically complete experiments will be
devoted to explore and compare the role of the electronelectron correlation for double ionization of helium in the
attosecond electromagnetic fields of highly charged fast
projectiles and in femtosecond intense laser fields. The
latter seem to be feasible after some modifications of our
apparatus and are presently under preparation.
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