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Single and double ionization of helium by 1 GeVynucleon U921 impact was explored in a kinemati-
cally 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
well as momentum balances, are quantitatively discussed in terms of photoionization of the atom in t
broadband, ultrashort virtual photon field. [S0031-9007(97)04437-2]
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The dynamical behavior of atoms, molecules, cluste
or solids exposed to strong electromagnetic fields has
come a subject of enormous recent attention fueled by
rapid development of superintense femtosecond lasers
and possible applications. Among many other result
has been demonstrated that atoms can be multiply
ized in such pulses (see, e.g., [2,3]). In parallel, for mo
than a decade it has been known that relativistic hig
charged ions can cause up to 30-fold ionization of hea
target atoms in one single collision with cross sectio
close to10217 cm2 (see, e.g., [4,5]). The fields generate
by these ions at the target atom exceed power dens
of 1019 Wycm2, and pulse times are typically well below
attoseconds. For both situations, mainly total cross s
tions or ion yields have been reported. Details about
dynamics of these exotic ionization processes essent
remained unexplored up to now.

The fact that the interaction of energetic charged p
ticles and photons with matter are of common nature w
recognized very early by Fermi, Weizsäcker, and William
[6] and has been widely used since then, mainly in nucl
physics (see, e.g., [7]). In this approach, the time a
impact-parameter dependent electromagnetic field of
passing projectile [Est, bd] is decomposed into two pulse
propagating along and transverse to the projectile veloc
Fourier transformation [Esv, bd] and subsequent quantiza
tion yield two pulses of equivalent photons carrying a nu
ber of nsv, bd photons incident on the atom per unit are
and frequency intervaldv. Ionization of a target atom
is simply described as “photoionization” by this field o
equivalent photons of various frequencies. Depending
its intensity, i.e., on the charge stateq and on the veloc-
ity yP of the generating projectile, one or several virtu
photons might be absorbed or scattered within the pu
leading to single or multiple target ionization.

Several recent theoretical publications have been
voted to come to a detailed understanding of this equi
0031-9007y97y79(19)y3621(4)$10.00
rs,
be-
the
[1]

s it
ion-
re

hly
vy
ns
d

ities

ec-
the
ially

ar-
as
s

ear
nd
the
s
ity.
-
m-
a

f
on

al
lse

de-
va-

lence [8–11]. Charged particle induced dipole transition
at a specific energy lossDEP of the projectile have been
related to the absorption of a photon with an energy o
Eg ­ DEP . The nondipole transitions which are always
present for charged particle impact have been related
Compton scattering occurring at high photon energies [10
The simultaneous absorption of two photons during on
collision has been investigated recently [11] to explor
the role of the initial state electron-electron correlation i
comparison with first kinematically complete experiment
on double ionization of helium by nonrelativistic highly
charged particle impact [12].

In contrast, no differential experiments have been re
ported until now investigating the target ionization dy
namics in the superintense and ultrashort electromagne
pulses generated by relativistic highly charged ions an
its equivalence to photoionization. Pulse times are 4 o
ders of magnitude shorter than obtainable by the most a
vanced high-power femtosecond lasers and intensities a
orders of magnitude larger than those provided by an
modern synchrotron radiation facility.

In this Letter we report on the first kinematically
complete experiment on single and double ionization o
helium by relativistic highly charged ion impact. Exploit-
ing coincident multielectron recoil-ion momentum spec
troscopy the complete momentum vectors of all emergin
target fragments have been measured for 1 GeVynucleon
U921 on helium collisions. The energy loss of the projec
tile DEP has been determined from energy conservation f
each single encounter with a resolution of 0.1 to 15 eV (fo
0 , DEP , 150 eV), corresponding to an unprecedente
accuracy for the relative energy loss of4 3 10213 ,

DEPyEP , 6 3 10211. This enabled a precise compari-
son of differential ionization cross sections for fast particl
impact with differential photoionization cross sections a
well definedDEP ­ Eg and provided first insight into the
dynamic response of an atom exposed to electromagne
© 1997 The American Physical Society 3621
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fields that are stronger and shorter than ever inve
gated before.

The experiments were performed at the heavy-ion sy
chrotron SIS of GSI (Gesellschaft für Schwerione
forschung) using a well focused (2 mm 3 2 mm) 1 GeVy
nucleon bare uranium beam. Typical intensities rang
up to107 particles per spill at a spill length of 8 s counte
by a fast scintillation detector. A two-stage superson
jet provided a well defined (2.8 mm diameter), co
(50 mK), and dense (1012 atoms per cm2) helium target.
Low-energy ions (typical energiesER , 50 meV) and
electrons (typical energiesEe , 80 eV) are accelerated
into opposite directions by applying a weak electr
field (1–5 Vycm) along the ion beam. The field is
sufficiently strong to project recoiling target ions with
large solid angle (DVRy4p . 98% for He11,21) onto
a two-dimensional position sensitive microchannel pla
detector (MCP). An additional solenoidal magnetic fie
is generated by two Helmholtz coils (1.5 m diameter) wi
its field vector along the ion beam. It efficiently guide
the electrons (DVey4p . 50%) onto a 80 mm diameter
MCP equipped with a fast delay-line readout that is c
pable of accepting “multihits” for time intervals betwee
individual hits larger than 10 ns. From the measur
absolute positions and flight times the ion and electr
trajectories are reconstructed and their initial momenta
calculated. (For details of the “GSI reaction microscop
see [12,13]; for a recent review on the field see [14
Absolute cross sections are obtained by integration o
all final momentum components and normalization
previously measured values of7.4 3 10216 cm2 for single
and 1.5 3 10217 cm2 for double ionization [19] which
are accurate within630%.

The equivalent photon approximation (EPA) to descri
relativistic collisions has been discussed in detail
numerous publications (see, e.g., [7,11]). The basic id
is to describe the Lorentz transformed Coulomb field
the projectile [chargeq, impact parameterb, Lorentz
factorg ­ 1y

p
1 2 syPycd2] at the target in terms of two

pulses of linear polarized virtual photons with frequenc
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 us
throughout):

nksb, vd ­ sqypd2c21svcygy2
Pd2K2

1 svbygyPd , (1)

n'sb, vd ­ sqypd2c21svcygy2
Pd2s1yg2dK2

0 svbygyPd .
(2)

Differential ionization cross sectionsdssb, xf d can now
be calculated in terms of the equivalent photon induc
cross sectionsdsgsv, xfd where xf denotes the set of
final state quantum numbers,

dssb, xf d ­
X Z

s1yvdnsb, vd dsgsv, xf d dv . (3)

The applicability of the method is restricted to dista
collisions and is inappropriate if the projectile penetrat
3622
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the target system. It thus requires the introduction of
lower cutoff impact parameterbmin (see, e.g., [7,11] and
references therein) which should be larger than the sp
tial extension of the He wave function and was chosen
be 1 a.u. in the present calculations. Furthermore, cont
butions of the various frequencies are added incoherent
which is only reasonable if the projectile can be consid
ered to be a small perturbation.

In Fig. 1 the final state momentum distributions pro
jected onto the collision plane are shown for both the ele
tron pe and the recoiling He1 target ionpR after single
ionization of He. The collision plane is defined by the in
coming projectile momentum vector propagating along th
positivepk axis and the vector of the recoiling target ion
along the negativepx direction (bold letters denote two-
dimensional vectors in this plane). The following feature
are observed:

First, for each singly ionizing collision the emitted elec-
tron and the recoiling He1 ion emerge into opposite direc-
tions withpR ø 2pe. The event-by-event analysis shows
that their momenta compensate on the level of the expe
mental resolution of

p
Dp2

e 1 DpR
2 ­ 0.3 a.u. Thus, the

momentum change of the projectileDpP ­ 2spR 1 ped
is very small. Such a result is not trivial in the transvers
direction but follows from momentum conservation along
the longitudinal axis: For small energy losses of the pro
jectile, i.e., for continuum electron energiesEe , 100 eV,
one obtainsDpPk ­ DEPyyP , 0.03 a.u. For the present
projectile velocity ofyP ­ 0.88c this exceeds the momen-
tum transfer for photoabsorptionpg ­ Egyc leading to the
same final state electron energyEe ­ Eg 2 Ebind by only
about 12% (Ebind: He ionization potential).

Second, the distributions are centered aroundpk ­ 0.
At lower projectile energies a forward-backward asymme
try had been observed before [12,15,16] which was inte
preted as a post collision interaction (PCI) of the emergin
highly charged projectile with the target fragments pulling

FIG. 1. Momentum distribution of the electron and the recoil
ing target ion projected onto the collision plane (see text) fo
1 GeVynucleon U921 on He singly ionizing collisions.
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the electron behind and pushing the recoil ion away.
the present case the PCI becomes negligibly small, and
final momenta of the electron and the recoil ion are
sentially unaffected by the rapidly emerging uranium io
This is an effect of both the smaller perturbation and t
relativistic contraction of the Coulomb field in the targ
frame along the projectile propagation [17]. Thus, t
complicated final state three-particle continuum has eff
tively collapsed to a two-particle continuum as in photoio
ization where the photon is absorbed and not present in
final state.

Third, the distributions mainly extend into the transver
direction. This is due to the fact that the longitudin
component of the force, which is relativistically reduce
by 1yg2 [17], averages to zero when integrated over t
whole collision time.

In summary, the atoms seem to “explode” in the fie
of the projectile delivering energy but “no” momentum
Surprisingly, the fast highly charged projectile carryin
0.24 TeV kinetic energy does not destroy the target in
severe collision with high momentum transfers but rath
acts in a very gentle way for the majority of the collisio
events. Since the observed final momenta of the elec
and of the recoil ion were not transferred by the project
during the collision, they must have been stored in
atom before and therefore reflect the Compton profile
the initially bound electron.

All these features are consistent with the characteris
of ionization by linear polarized (along thepx axis) pho-
tons of different incident energies. Performing a simp
calculation within the EPA using experimental cross se
tionsdsgsv, xf d for single photoionization of helium [18]
this has been investigated quantitatively. The results
shown in Fig. 2 where the two-dimensional momentu
distributions of Fig. 1 have been projected onto the lo
gitudinal axis for a better comparison. The calculat

FIG. 2. Longitudinal momentum distribution of the re
coil ion (open circles) and the electron (solid circles) f
1 GeVynucleon U921 on He single ionization. Full curve
Theory (see text).
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electron and recoil-ion momenta are identical on the lev
of the incoming photon momentum which is less tha
0.03 a.u. (forEe , 100 eV). Excellent agreement with
the experimental data is obtained in the shape of the d
tribution as well as in the absolute magnitude of the cro
section. Thepk dependence was found to be very inse
sitive to thead hocchoice of the lower impact paramete
bmin. In essence, it mainly depends on the photoioniz
tion cross section which is sensitive to the bound state
wave function. In contrast, the total cross section varies
about 30% for a reasonable choice of1 , bmin , 3 a.u.
One should keep in mind that this is within the experime
tal uncertainty in the total cross section measurement [1

Knowing the number of virtual quanta per unit energ
interval in the charged particle induced field, the ph
toionization cross section as a function ofEg can be ob-
tained from the measured cross section for defined ene
loss of the projectileDEP ­ Eg ­ Ee 1 Ebind. This is
demonstrated in Fig. 3 where the present results are co
pared with recommended values forsgsvd of helium ob-
tained using single photons from synchrotron radiati
sources [18].

The excellent description of experimental data with
the EPA is surprising for several reasons: First, the p
turbation strength of the 1 GeVynucleon U921 projectile
qyyP ­ 0.76 cannot be considered to be small, but is clo
to unity. Second, the applicability of the model has be
estimated to be limited to energies larger than “at lea
a few GeVynucleon” [11]. Third, spin-flip contributions
and magnetic transitions are not incorporated but might
come important.

Finally, cross sections differential in the energy of on
emitted electrondsydEe for single and double ioniza-
tion are displayed in Fig. 4, and low-energy electrons a

FIG. 3. Absolute cross section for single photoionization
He as a function of the photon energy. Solid circles: Pres
results for equivalent photons with energiesh̄v ­ DEP (see
text). Full line: Recommended values from measureme
using single monochromatic photons from synchrotron radiati
facilities.
3623
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FIG. 4. Single differential cross sectionsdsydEe for electron
emission in 1 GeVynucleon U921 on He collisions. Solid
circles: Experimental data for single ionization (SI). Ope
circles: Experimental data for double ionization (DI). Lines
Calculations (see text).

observed to strongly dominate the spectrum for both rea
tions. Thus, dipole transitions related to low-energy tran
fers by the projectile close to the single or double ionizatio
thresholds are found to be most important. For a simp
estimate of the double ionization differential cross sectio
dsydEe within the EPA it was assumed that two virtua
photons are absorbed during one collision. That is, bo
electrons are emitted as a result of independent interacti
with the projectile. From numerous total cross sectio
measurements and theoretical calculations it has beco
commonly accepted that such a “two-step” mechanism p
dominantly contributes to double ionization for perturba
tions by the projectile ofqyyP . 0.2 [5]. Whereas the two
photon densitynsv1, v2d is well defined, a choice had to be
made concerning the photoionization cross section for ea
of the electrons (this ambiguity is inherent to any inde
pendent particle calculation). The radial electron-electr
correlation was partly considered by using an independ
event model taking the correct photoionization cross se
tion of atomic He for the first electron and a hydrogenlik
He1s1sd wave function to calculate the absorption cros
section for the second one. The energy distribution of t
first electron has been obtained by integrating over the s
ond electron and vice versa. These two single different
cross sections have been averaged to approximate a t
cal electron emitted in a doubly ionizing collision. Sur
prisingly, such a simple calculation does fairly well predic
3624
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the total as well as the single differential electron emissio
cross section as a function of the energy of one emergi
electron.

In summary, we have performed the first kinematicall
complete experiment on single and double ionization
helium by relativistic highly charged ion impact exploring
the collision dynamics in unprecedented detail. Withi
the Weizsäcker-Williams equivalent photon method th
1 GeVynucleon U921 projectile has been interpreted as
source of an attosecond, exawattycm2, broadband virtual
photon pulse that cannot be provided by any other sour
of radiation. The fundamental relationship between ion
ization by charged particles and photons was investigate
and calculations in the EPA were found to be in excelle
agreement with the experimental data for single ionizatio
Double ionization was well described assuming the e
change of two virtual photons as the predominant mech
nism. Future kinematically complete experiments will b
devoted to explore and compare the role of the electro
electron correlation for double ionization of helium in the
attosecond electromagnetic fields of highly charged fa
projectiles and in femtosecond intense laser fields. T
latter seem to be feasible after some modifications of o
apparatus and are presently under preparation.
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