Atomic Fragmentation in Attosecond Ion-Induced Fields
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I ntroduction

The recent development of Readion Microscopes [1] has
tremendously widened our possibilities to explore many-€lec-
tron guantum-dynamics in atomic and moleaular bre&-up
readions under the influence of various time-dependent
forces. These ,bubble dhambers’ of atomic and moleaular
physics allow one to determine the complete vedor mo-
menta of several emergingions and electrons.

One of the most interesting and demanding situations is
represented by the wllision d afast highly-charged ion with
an atom, schematicdly depicted in Fig. 1. The fragmentation
dynamics, which has been investigated in ungecealented
detail within the last two yeas (see eg. [2-5] and a review
article [6]), thoughseamingly very crude and violent on first
glance, turned ou to be eciting for severa reasons:

First, due to the large dharge and high velocity, hu
eledromagnetic fields with power densities of up to 10°
W/cm? are generated by the projediles giving rise to true,
non-perturbative many-eledron pocesses. Up to 40 elec-
trons have been olserved to be emitted duing such a colli-
sion.Semnd, asillustrated in Fig. 1,large impad parameters
b of few a @omic units (1 au. = 0.53 A = <Ryus>) far out-
side @omic radii, typicdly contribute so that the “atom as a
whole” with all its eledronsis exposed to the field. Third, as
aresult of the highvelocity v > 10a.u. (1 au.=c/137with c
the velocity of light), these fields only ad for a very short
time. A crude estimate, At ~ blv, yields ‘gypical fragmenta-
tion times in the order of attoseconds (10™° s) or below.

In summary, the ion generates an ultra-short half-cycle
pulse with atypical transverse field strength Z/b® (Z: projec-
tile charge state) strongly exceeding those experienced by
electronsin the bound states of light atoms. Since the impact
parameters are large, the target atom is essentially dissoci-
ated in the field with nearly balancing forces to the target

electrons and the nucleusF, =-F,. Projectile scattering

angles as well as the total momentum transfer ¢ = I5Fi, - I5F,f
are small with a minimum g, =q =AE/v for zero de-

flection of the beam ( AE : energy transfer).
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Figure 1. Schematic illustration of a collision between a
fast highly-charged ion and an atomic target creating an
attosecond transverse half-cycle pulse with power densities
up to 10°° W/cm? being extended over the whole atom.

Results

As an example, in Fig. 2 the fragmentation dynamics is
shown for double ionization of helium in collisions with 3.6
MeV/u Au™" ions at a projectile velocity of 12 au.. The
collision plane has been defined by the incoming projectile
propagating from the left to the right and the recoiling target
ion momentum vector pointing into the lower half-plane as
indicated. Also shown is the sum-momentum vector of both
emitted electrons projected onto this plane as well as the
momentum change of the projectile. Assuming that the re-

coiling target momentum is directed along the force Ifn , the
collision plane chosen in figures 1 and 2 are identical.
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Figure 2: Distributions for the He** ion momenta, the sum-
momenta of both electrons and the momentum change of the
projectilein 3.6 MeV/u Au>** on He collisions.

Two prominent features are observed: First, the electron
sum- and the recoiling ion momenta are oriented in very
good approximation into opposite directions. Even in abso-
lute magnitude the recoil-ion mainly compensates the sum-
momentum of both electrons, as can be seen from the rela-
tively small momentum change of the projectile. Thus, the
intuitive picture drawn in the introduction, namely that the
target atom is effectively dissociated in the attosecond ion-
generated half-cycle pulse seems to be quite reasonable.

Second, a strong asymmetry along the forward-backward
direction is found, not expected from the above discussion.
Electrons are preferentially gjected into the forward direc-
tion whereas the He** ions emerge with negative momenta.
This has been observed before and has been interpreted to be
a result of the so-caled Post-Collision-Interaction (PCl),
where the receding projectile pulls the electron behind and
pushes the ion away. Again, this can be viewed as dissocia-
tion, now proceeding along the longitudina direction much
more slowly, on afemtosecond time-scale.

We might further elucidate the collision dynamics by in-
specting the momentum transfers to the individual target
electrons. In Fig.3 are shown the momentum distributions of
the He™* ion as well as those for each electron in the direc-
tion perpendicular to the ion propagation along the x-axes
(electrons are distinguished according to their arrival times
on the detector which depend on their longitudinal momen-
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tum). This is the diredion in which the “dissciation force”
preferentially ads (note: the x-comporent of the reail-ionis
always negative by the definition d the aordinate system).
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Figure 3: Transverse emission dstributions (singly differen-
tial cross ®dions) for the He*" ions and both eledrons.
Strikingly, bah eledrons are foundto be strondy corre-
lated with the rewili ng ion emerging realy exclusively into
the oppasite half sphere. Moreover, eledrons “1” and “2"
display nealy identicd momentum distributions which indi-
cdes that the dissociation force ads on an equal footing an
bath eledrons supporting the intuitive picture developed in
the introdwction, that the atosecond field is extended over
the whole @om. Furthermore, a pronourced maximum at
zero momentum is observed for one of the dedrons as a
result of the He”* Coulomb singuarity in the fina state,
givingrise to a “cusp-shaped” eledron emisson pettern.
Whil e the momentum distributions for bath eledrons are
esentialy identicd, the tiny difference observed at px = 0
areay indicaes that correlations between the two eledrons
occur. On first glance one might be tempted to exped that
correlation days a minor role in the present situation, where
both eledrons are ionized individually by independently
interading with the strong, attosecondfield o the projedil e.

In order to explore dedron-eledron correlation in detail
we have plotted the x-momentum of eledron “1” versus the
one of eledron“2” in Fig. 4.Whereas both eledrons clealy
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Figure 4. Correlated x-momenta of both eledrons.

tend to emerge into the same sphere due to the direded pro-
jedile force, they simultaneously turn out to be significantly
correlated in a rather intrigued way. First, at very low mo-

menta, we find the strongest correlation: If one dedron hes
a very smal momentum, then the second eledron’'s mo-
mentum is large. At somewhat larger positive py(er o), this
feaure thanges completely and the sum-momentum of bath
eledrons £emsto be mnserved. At large momenta of either
one of the dedrons finally, we ajyain observe asignificant
correlation similar to the one & small py(e;2) — if one mo-
mentum is large, the other one is small — being most pro-
nourced opposite to the projedil e force diredion.

In order to shed light on the origin of such a pattern ore
would like to “switch off” the projedil e force which might
be adieved, by inspeding the crrelated momentain they —
diredion (Fig. 5, panting ou of the paper-plane in Fig. 1.
Here, neither the dtoseaond transverse nor the femtosecond
longtudinal field (PCl) shoud occur. Indeed, momenta of
both eledrons are found to be centred aroundzero, suppart-
ing this asaumption and, in addition, are still correlated.
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Figure 5: Correlated y-momenta of both eledrons.

Now, low-energy eledrons tend to go into oppasite di-
redions which can most likely be explained by their final
state interadion. Still, however, if the momentum of one
eledron is quite large, the one of the secondis aurprisingy
small, afeaure that had even prevailed in the x-diredion, in
spite of the strong force ating there. We ae thus lea to
conclude, that this might be a ©nsequenceof theinitial state
correlation d the two target eledrons, since, in the “ided
case”, we ae now exploring a diredion where presumably
“na’ forceoccurred during the collision gving ws the unique
possbhility to have a ook’ into the gom.

In the future, these experiments <hal be performed at
higher projedile energies at the GSI experimental storage
ring ESR for even larger dissociation forces and shorter
pulsesinduced by U%* projectil es.
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