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We investigate the fragmentation of the helium dimer, *He,, into He?* + He* and
He2* + He?* ions in collisions with fast highly charged projectiles. We discuss the
main physical mechanisms driving these processes. We explore the energy and
angular distributions of the ionic fragments produced during collisions of the
dimer with 1 GeV/u U?* and 11.37 MeV/u S*** projectiles and also present the total
fragmentation cross-sections. According to our results, the fragmentation in these
collisions is fully dominated by the direct removal of three or four electrons from
the dimer by the projectile in a single collision. Our results also suggest that the
total fragmentation cross-sections depend on the binding energy /ye, of the
dimer, being roughly proportional to +/Tie,.
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1 Introduction

The He, dimer is a spectacular quantum system. The interaction between two (ground-state)
helium atoms in this dimer is extremely weak supporting just one bound state with a tiny binding
energy of =~ 10”7 eV [1]. The dimer represents the largest known ground-state diatomic molecule
having the average bond length of = 50 A [1] and extending to the distances of more than 200 A.
The outer classical turning point in the ground state of the dimer is about 14 A [2]. This is almost
four times smaller than that of its average bond length, showing that the He, dimer is a quantum
halo system which spends most of the time in the classically forbidden region.

When the He, dimer is bombarded by charged projectiles, it can be fragmented into
helium ions. These ions repeal each other, resulting in a Coulomb explosion of the system.
The kinetic energy of the ionic fragments, which is released in this explosion, depends on
their charges and the initial distance between them. The study of the spectra of the kinetic
energy release may yield valuable information about the structure of the He, dimer and the
fragmentation mechanisms.

The process of He, fragmentation into singly charged ions in collisions with 150 keV/u
alpha particles and 11.37 MeV/u S'** projectiles was explored in Ref. 3 and Refs. 4, 5,
respectively. Lately, the process of He, fragmentation into singly charged ions by relativistic
highly charged projectiles was considered in Refs. 6, 7.

The fragmentation of the He, dimer into singly charged helium ions caused by photo
absorption was explored as well [8-10], [11].

However, to our knowledge, there have been no studies on the processes of the fragmentation
of the He, dimer proceeding with the emission of more than two electrons. One can expect that
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such processes possess new and interesting features, which make them
qualitatively different compared to the fragmentation into singly
charged ions. Therefore, in the present paper, we shall theoretically
explore the fragmentation reactions

Z,+He, > Z, + He' + He*" + 3¢, (1)
Zy,+He, > Z, + 2He* + 4e”, (2)

occurring in very energetic collisions of highly charged projectiles
with the He, dimer.

Here, we will consider collisions with two projectiles, 1 GeV/u
U”" and 11.37 MeV/u S'**, respectively. The first of them has the
highest charge and impact velocity which—to our knowledge—can
be currently reached at the GSI (Darmstadt, Germany). The second
was already used in an experiment [4] on the collisional
fragmentation of the He, dimers into singly charged helium ions.

The paper is organized as follows. The next (very short) section
contains some preliminary remarks. In Sections 3, 4, we explore the
fragmentation reactions (1) and (2), respectively. In Section 5, we
consider the total fragmentation cross-sections, and Section 6
summarizes the main conclusions.

Atomic units (& = |e| = m, = 1) are used throughout unless
otherwise is stated.

2 Preliminary remarks

Let the He, target collide with a bare projectile, which has a
charge Z, > 1 and moves with a high velocity v, 1 <v < ¢ where
¢ = 137 a. u. is the speed of light.

We shall assume that the ratio n = Z,/v (y = Z,e*/hv), which
characterizes the effective strength of the projectile-target interaction in
the collision is well below 1. In such a case, the field of the projectile in
the collision is overall weak rather than strong. Consequently, the
breakup of the He, will occur with a non-negligible probability only
provided the number of “steps” in the interaction of the projectile with
the constituents of the dimer is reduced to a necessary minimum.

In high-energy collisions between a bare projectile-nucleus and a
target-atom, three basic atomic processes can occur: 1) atomic
ionization (or excitation), 2) an atomic electron can be captured by
the projectile, and 3) electron—positron pair production becomes
possible in relativistic collisions. However, in high-energy collisions
with light atoms, the latter two are much weaker than ionization
(excitation) [12-15]. This point (together with the condition of a
minimum interaction steps) very significantly restricts the number
of the main fragmentation mechanisms, which governs the breakup
reactions (1) and (2) of the He, dimer by high-energy charged
projectiles.

3 Fragmentation with the emission of
three electrons

3.1 The fragmentation mechanisms for the
reaction Z, + He, — Z, + He* + He** + 3 e~

It is rather evident that under the conditions mentioned
previously, the minimum number of the interactions necessary
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for triple ionization of the He, dimer (which involve both the
interaction(s) between the projectile and the dimer and the
interaction(s) between the constituents of the dimer) is equal to
three. The analysis shows that there are the following fragmentation
mechanisms involving basically three interactions which drive the
reaction (1).

1. In the first
collision—knocks out two electrons from one site of the dimer

mechanism, the projectile—in a single
and one electron from the other site. The three electrons quickly
fly away, and the residual system He' + He®* undergoes an
explosion due to the repulsive Coulomb force acting between the
ions. Since the size of the He, is very large, the interactions
between the constituents of the dimer play no noticeable role in
this mechanism. We shall call this mechanism direct
fragmentation and abbreviate it as DF-3.

2. In the second mechanism, the projectile interacts with just one
site of the dimer. As a result of this interaction, the site becomes
doubly ionized. There is a certain probability that one of the
emitted electrons will move toward the other site, singly ionizing
it. This mechanism is a combination of double ionization of the
helium atom by a high-energy projectile and the so-called e2e
process on helium (single ionization by electron impact). In what

shall to this double

ionization—e2e (DI-e2e).

follows, we refer mechanism as

3. In the next—third—mechanism, the projectile in a single
collision with the dimer interacts with both its sites. As a
result of these interactions, two singly charged helium ions are
formed. Then, an electron emitted from one of the sites of the
dimer moves toward the other site and, by knocking out its
remaining bound electron, produces a doubly charged helium
ion. This mechanism is a combination of two single ionization
events by the projectile and the e2e process on a singly charged
helium ion. We shall denote this mechanism as single
ionization—single ionization—e2Ze (SI-SI-e2e).

4. In the fourth mechanism, the projectile interacts just with one site
of the dimer singly ionizing it. The emitted electron moves
toward the remaining neutral helium atom and doubly ionizes
it. This mechanism is a combination of single ionization caused
by the interaction with the projectile and the so-called e3e process
on helium (helium double ionization by electron impact). This
mechanism will be referred to as single ionization—e3e (SI-e3e).

It will be seen in the following section (Section 3.4) that the
main contribution to the (final) kinetic energy of the helium ions
is given by the Coulomb explosion and that this energy does not
significantly exceed 10 eV (20 eV for the fragmentation into two
He®" ions). The kinetic energies of the transitory He**-He and
He*-He systems, which—within the DF-3 mechanism—are
formed after the interaction of the projectile with the first
atom of the dimer, are even smaller (~ 10—20 meV) since they
originate mainly due to the recoil momentum acquired by the
helium ions in the ionizing collision with the projectile (see
Section 3.4). The corresponding velocities are < 10~ a. u., that
is, orders of magnitude are smaller than the projectile velocity
and, hence, the transformation of the He, dimer into the
He?*-He" system within the DF-3 mechanism takes place at
“frozen” positions of the helium nuclei.
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FIGURE 1

Energy spectra of electrons emitted in the processes of single (SI)

and double (DI) ionization of the helium atom in collision with 1 GeV/u
U%2* projectiles. Dash and solid curves: results of our calculations.
Open and solid circles are the experimental data from Ref. 17
normalized to the calculated results.

The mechanisms 2-4 involve ionization of one site of the dimer
by an electron, which was emitted from the other site by the
projectile impact. The kinetic energy of an electron, capable of
knocking out electron(s) from a helium atom or ion, has to be larger
than the corresponding ionization potential. The velocity of such an
electron exceeds, by orders of magnitude, the typical velocities of the
nuclei in the transitory He**~He (DI-e2e), He*-He" (SI-SI-e2e), and
He'-He (SI-e3e) systems. Thus, within these mechanisms, the
transformation of the He, dimer into the He**-He* system also
occurs at “frozen” positions of the helium nuclei.

3.2 The relative efficiency of the
fragmentation mechanisms involving
electron impact ionization

The DI-e2e, SI-SI-e2e, and SI-e3e mechanisms involve the
ionization of a He atom (or electron removal from He") by
electron impact. Let us qualitatively compare their relative efficiency.

Comparing the DI-e2e and the SI-SI-e2e for collisions with
1 GeV/u U”* projectiles, we first note that according to our
calculations, the total cross-section o7}, for the production of one
He?" ion in collisions with the He, is =~ 73.6 Mb, whereas the cross-
section for the formation of the He*—He" system via the single
ionization of both atoms of the dimer by the projectile impact is
~ 3.7 Mb [7] and thus is much smaller.

Furthermore, in Figure 1, we have presented the results of our
calculations for the energy distributions of electrons emitted from
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FIGURE 2

Energy spectra of electrons emitted in the processes of single (SI)
and double (D) ionization of the helium atom in collisions with
11.37 MeV/u S** projectiles. Dash and solid curves: results of our
calculations.

helium atoms in collisions with 1 GeV/u U”* [16] together with
experimental data from Ref. 17, focusing on the so called soft
electron peak which is known to strongly dominate the total
electron emission from very light atoms, like He [18].

It can be deduced from these results that the electrons with
energies > 54.4 eV (that is sufficient to remove an electron from the
He" ion) contribute about 8% to the total cross-section for single
ionization, whereas the electrons having energies >24.6 eV (which
is necessary for single ionization of the He atom) account for about
52% of the total cross-section for double ionization. Since, as was
already mentioned, the cross-sections for the production of the
transitory He**~He and He*—He" systems in collisions of the He,
dimer with 1 GeV/u U?** are = 73.6 Mb and = 3.7 Mb, respectively,
we see that the number of electrons “available” for the e2e step in the
DF-e2e mechanism is roughly by two orders of magnitude larger
than the number of electrons which may participate in the e2e step
of the Si-SI-e2e.

Taking also into account that in collisions with electrons, the
cross-sections for single ionization of a neutral helium atom [19, 20]
are by one order of magnitude larger than the cross-section for
electron removal from He* [21], we may conclude that the DI-e2e
mechanism is so much more efficient than the SI-SI-e2e mechanism
and that the latter can simply be neglected.

Using the results of our calculations shown in Figure 2, the same
conclusion can also be drawn for collisions with 11.37 MeV/u $***.

Let us now compare the DI-e2e and the SI-e3e mechanisms. For
collisions with 1 GeV/u U*** projectiles, the cross-section for single
ionization of a helium atom of the He, dimer is ~ 2100 Mb, which is
about 30 times larger than the corresponding cross-section for
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double ionization. However, for the SI-e3e mechanism to proceed,
the energy of the electron, which is emitted in the process of helium
single ionization, has to exceed = 79 eV (that is the minimum energy
necessary for double ionization of the helium atom), whereas the
first ionization potential of helium is = 24.6 eV.

We have already seen that the energy spectrum of electrons
emitted in single ionization decreases with the increase in the
emission energy much more rapidly than the energy spectrum of
electrons produced in helium double ionization. For instance, it can
be inferred from Figures 1, 2 that the number of electrons emitted in
single ionization with energies >79 eV is roughly the same as the
number of electrons emitted in the process of double ionization with
energies >24.6 eV [22].

Therefore, taking into account that in collisions with electrons,
the cross-section for helium double ionization is at least two orders
of magnitude smaller than the cross-section for helium single
ionization (both cross sections are given, e.g., in Ref. 19), we
conclude that the SI-e3e mechanism is much less efficient than
DI-e2e and can be neglected.

3.3 The main fragmentation mechanisms

Thus, summarizing the aforementioned discussion, we see
that among the mechanisms involving ionization by electron
impact, the DI-e2e is by far the main one. Taking also into
account that in fast collisions with highly charged projectiles, the
direct mechanism (DF-2) for the fragmentation into two He"
ions turned out to be very efficient and anticipating a similar
relative efficiency for the DF-3, we may expect that the
fragmentation reaction (1) is essentially driven by just two
mechanisms, the DF-3 and the DI-e2e, and in what follows
only will be considered.

3.4 The direct fragmentation mechanism

It is convenient to begin the consideration of collisions between
the He, dimer and the projectile using the semi-classical approach.
Within it, the motion of the heavy particles (the projectile and the
nuclei of the dimer) is treated classically, while the electrons are
described quantum mechanically.

As our reference frame, we take the frame where the dimer is at
rest and the origin is at the position of the nucleus of one of the
dimer atoms. We shall refer to this atom as atom A, whereas the
other will be denoted by B. In this reference frame, the projectile
moves along a classical straight-line trajectory R,(¢) = b + vt, where
b = (b, b, 0) is the impact parameter with respect to the nucleus of
atom A, and v = (0, 0, v) is the collision velocity. The coordinates of
the nucleus of atom B in this frame are given by the inter-nuclear
vector R of the dimer.

The He, dimer is very large and, therefore, the ionization of
atoms A and B by the projectile occurs practically independently of
each other and can be treated using the independent electron
approximation. Within this approximation, the probabilities
Pipe and Pyepe to produce the A**-B* and A*-B*" complexes,
respectively, in the collision with the projectile moving with an
impact parameter b is given by
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Pp2ps = Pyos (b) Py (b’)

Pyipee = Py (b) Py (B'). 3)

Here, P4+ (b) and P 42+ (b) are the probabilities for single and double
ionization, respectively, of atom A in collisions with an impact
parameter b and Pg- (b') and Pp- (b') have the similar meaning but
for collisions with atom B at an impact parameter b’, where b’ =
b — R, is the collision impact parameter with respect to atom B with
R, being the part of the inter-nuclear vector R of the dimer, which is
perpendicular to the projectile velocity v.

The independent electron approximation yields good results for
ionization of a helium atom in collisions with fast highly charged
projectiles, i.e. it can also be applied to the electrons of the same
atom. Within this approximation the probabilities for single and
double ionization of helium atoms A and B read

Px+ (bx) = 2w(bx) (1 -w(bx)) 4)
Py (by) = w* (by),

where w (by) is the probability to remove one electron from the Xth
helium atom (X = A, B) in the collision with a projectile at an impact
parameter by (bx = b, b').

The cross-section for the formation of the He**~He" system via
the DF-3 mechanism at a given inter-nuclear vector R of the He,
dimer is then given by

Opirs e = Omtims + Oigae
- J &b (Paorp (b) + Paeges (b)) )

-4 j Pbw ) w(b) (1-w(b)).

The ionization probabilities (4) depend just on the absolute
value of the impact parameters b and b’. Therefore, the cross-section
(5) depends only on the absolute value R, of the two-dimensional

DF-3 — DEF-3
He**—He* — O‘He“fHe* (RL)-

vector R,: o

In the present study, we calculate the single-electron
probabilities w(b) using the (relativistic) symmetric eikonal
[23]. The of the

undistorted helium atom are computed regarding the atom as

approximation initial and final states
an effective single-electron system, where the “active” electron
moves in the effective field created by the “frozen” atomic core
consisting of the atomic nucleus and the “passive” electron. The
interaction of the active electron with this effective field was
described by the potential

ViR = (1 ) PE,

where r is the distance between the active electron and the atomic
nucleus, « = 3.36 and 8 = 1.665 [24].

The wusage of the probability w(b), obtained in the
aforementioned described way, gives very good results for helium
single ionization. In the case of double ionization, it yields a good
agreement in the shape of the energy distribution of the emitted
electrons, however, overestimating the total cross-section. Indeed,
comparing results of the present calculations for helium double
ionization with those of Ref. 25 one can conclude that the present
approach overestimates the total cross-section by about 30%. We,
therefore, expect that the cross-sections for the DF-3 and DI-e2e
mechanisms, reported in this paper, are also overestimated by
about 30%.
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The cross-section (5) describes the triple ionization of the He,
dimer at a fixed inter-nuclear vector R and, thus, cannot be directly
measured during the experiment. In order to transform the cross-
section (5) into quantities which can be measured, we begin with the
expression

dop™ = o0 e (RY) | (R)|* R, (6)

where W,(R) is the wave function of the relative motion of the atoms
in the ground state of the He, dimer (normalized according to Id3R
|[Y(R)|> = 1).

We recall that in the reference frame, which we have chosen,
before the collision with the projectile, the He, dimer is at rest.
Let P and P%° be the recoil momenta of the helium ions,
which they acquire due to the interaction with the projectile
and electron emission, and let P; and P, be their final momenta
(after the Coulomb explosion). Then, the energy conservation
for the relative motion of the ionic fragments reads

EK = Erec + QIRQZ (7)

Here, Ex = K*/2u is the final kinetic energy of the relative
motion of the ionic fragments, K = % (P — P;) and p are the
final momentum of their relative motion and the reduced mass,

respectively. Furthermore, E,.. = Kfec

[2u is the recoil energy,
where K. :% (P*€ = P5€) is the relative momentum of the
ions before the Coulomb explosion, Q; and Q, (Q;Q, = 2) are
the charges of the ions, and R is the distance between them
when the Coulomb explosion began, which coincides with the
size of the initial He, dimer at the collision instant. In the
energy balance (7), we neglected the kinetic energy of the He"
ions, which they had due to the nuclear motion before the
collision and which is very small since the depth of the potential
well in the He, dimer is very small (= 1 meV).

We shall now assume that the absolute value of the relative
momentum K of the fragments caused by the recoil effect is
significantly smaller than that of their final relative momentum K. In
such fragmentation events, momentum K will be directed essentially
along the inter-nuclear vector R of the initial He, dimer. In addition,
we can neglect the first term on the right hand side of Eq. 7,
obtaining

_QQ

®)
Taking these two points into account, we can express d’R
according to

3
== &K
uKEg
_ (QQ)
Ex

d’R =
)
dEK sin @Kd®1( d(PK’

where @ and ¢k are the polar and azimuthal angles of K,
respectively (with the z-axis being along the projectile
velocity v).

With the help of Eqs 6, 8, 9, we finally obtain that the
fragmentation cross-section differential in energy Ex and angle
O is given by
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DE-3 3 2
dop™ _, (QQ) |y (AN o
dEKd®K EK EK
X 0 e (QuQ; sin O/ Ex). (10)

3.5 The DIl-e2e fragmentation mechanism

Let us now consider the breakup of the helium dimer via the DI-
e2e fragmentation mechanism. The size R of the dimer is very large
on the atomic scale. In addition, one has k R > 1 where k is the
momentum of the electron, which has sufficient energy to ionize a
helium atom. Therefore, this mechanism can be split into two
consecutive steps: double ionization of one of the atoms by the
projectile and single ionization of the other atom by the electron
emitted from the first atom (and vice versa).

dUDI

Let gean dean,

helium atom by the projectile, differential in energies &, and &, of

be the cross-section for double ionization of a

the emitted electrons and the corresponding emission solid angles
Qy, and Q,.

The cross-section ¢°"** for the formation of the He**-He"
system in collisions with the He, dimer having a fixed inter-
nuclear vector R can be evaluated according to

DI-e2e DI-e2e

_ DI-e2e
o =048

t0p 4> (11)

where

T = J dskljm dQy, Ry, (A)
B

o de| a0 R @) (12)
O{) AQp
=2 délk ko Rk (A),
I AQp
and, similarly,
o = 2J dekj dQy R (B). (13)
I AQy

Here, 02'52¢ (0D17¢¢) is the contribution from the process in which

atom A (B) is doubly ionized by the projectile and one of the emitted
electrons moves toward atom B (A), knocking out one of its electrons.

The quantity Ry (X) is the cross-section for double ionization of the
Xth atom (X = A, B) of the dimer differential in energy and emission solid
angle of just one electron (integrated over the other one),

e} d UDI ( X)
Ru0 = [ [de SO0
«(X)= | de N decdQy dedQu (14)
doPl (x) . . s
where Ty Topdoy 18 the cross-section for double ionization of the

Xth helium atom by the projectile. Furthermore, AQ, (AQp) is the
element of the solid angle, within which one of the electrons emitted
from atom B (A) must move in order to ionize atom A (B), and I is
the first ionization potential of the helium atom.

Let 0°* (g;) be the total cross-section for single ionization of a
helium atom from the ground state by the impact of an electron
incident with energy &. The effective solid angle AQy for electron
impact ionization can be estimated as AQy = 0°* (¢;)/R?, where R is
the distance between the atoms in the He, dimer. Since the
magnitude of the cross-section ¢*** (g;) remains always well
below 4 x 1077 cm® =~ 143 a. u. (see e.g[20]) and, hence, is
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much smaller than R?, AQ is very small and the integration over the
solid angle in Eqs 12, 13 can be performed assuming that the cross-
section Ry (X) is a constant.

The process of double ionization of helium atoms in collisions with
highly charged ions is driven predominantly by the independent
interactions between the projectile and each of the atomic electrons. In
high-energy collisions, this leads to the formation of a characteristic dipole
pattern for the emitted electrons with their angular distribution being
proportional to sin®9 [26], where 9 = arccos (k -v/k v) is the polar
emission angle of the electron with respect to the projectile velocity.
Taking this into account, we get

3 dX
k = g d_sk Sil’l29k (15)
Here,
dax
o [, (16)

where the integration runs over the full 47 solid angle, is the cross-
section for helium double ionization by the projectile differential in
energy of one of the emitted electrons. We note that the angular
dependence Ry ~ sin®J implies that the contributions 6255 and
oD% to the cross-section 0°"* are equal.

Using Eq. 15, we perform in Eqgs. 12, 13, the integration over dQ)
(keeping in mind that the solid angles AQ4 and AQj are very small
such that Ry remains practically a constant inside them), obtaining

DI-e2e

oo dx
I = dex —— 0% (&).

I de

L2
3 sin SkJ (17)

2n R?

Here, 9 is the polar emission angle of the electrons which moves
from one site of the dimer to the other inside the cone, determined
by the solid angle AQ, (or AQp).

In order for an electron, which was emitted from one atom of the
dimer, to hit the other atom, it must move almost in parallel/
antiparallel to the inter-nuclear vector R of the dimer. Therefore, one
has sin®9 = sin*9g, where 9 = arccos (R -v/R v) is the polar angle of
the orientation of the dimer.

Starting with the expression

do_glere — O.leeZe (R) |\I/, (R)|2 d3R, (18)

where 6®"*(R) ~ sin*9x/R* (see Eq. 17 and the previous paragraph),
and performing essentially the same steps as in the derivation of the
cross-section (10), we obtain the cross-section for the dimer
fragmentation via the DI-e2e mechanism differential in the

2
.3
sin” Ok

QQ,

kinetic energy release Ex and the polar fragmentation angle @:
DI-e2
dog = 3

_ g (QQ
dExd®y E2 | '\ Bk

© »
X J de d— 0% (&g).
I de

(19)

3.6 Numerical results and discussion

3.6.1 Preliminary remarks

In our derivation of the cross-sections (10) and (19), we have assumed
that the absolute value of the final relative momentum K of the helium
ions is significantly larger than that of their relative recoil momentum
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doPF

Cross-section m (in Mb/eV rad) for the fragmentation

He,—He** + He* + 3 e by 1 GeV/u U??* (the upper panel) and
11.37 MeV/u S** (the lower panel) via the DF-3 mechanism given as a
function of the kinetic energy release Ex and the angle O.

K = % (PT° — P5*) that enables one to identify the direction of K with
that of the inter-nuclear vector R of the dimer at the collision instant.

In single ionization of helium atoms by very high-energy
projectiles, when the parameter # is well below 1, the typical
recoil momenta of the He* ions do not exceed 1 a. u. [17, 23].
For the process of helium double ionization in such collisions, for
which the data on the recoil momenta seem to be absent, one can
expect that they do not significantly exceed 2 a. u.

Then, the range of the typical values of K. can be estimated as
Kiee < 3/2 a. u. and the corresponding recoil energy E. =
K2,./24 <10 meV. Our assumption about the relative momentum
K will be fulfilled at K > 9-10 a. u. that corresponds to the kinetic
energy release Ex = K*/2u > 300-400 meV.

One has to stress that the condition that the vector K is (almost)
parallel/antiparallel to the inter-nuclear vector R at the collision
instant, which enables one to derive the doubly differential cross-
sections (10) and (19), is not necessary for calculating the energy
distribution of the ionic fragments. Indeed, the latter merely requires
the relation between the kinetic energy release Ex and the size of the
dimer R at the collision instant given by Eq. 8 that holds if Ex > E,..
=~ 10 meV and, hence, is well fulfilled already at Ex > 100 meV.

It will be seen in the following that the breakup of the He, dimer
occurring with the emission of three electrons is strongly dominated
by events with the kinetic energy release Ex > 1 eV. This corresponds
to K > 16 a. u., and thus, our assumption used to derive the cross-
sections (10) and (19) is well fulfilled for the overwhelming majority
of the fragmentation events.
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Cross-section ’ (in Mb/eV) for the fragmentation He,—He?*
+ He™ + 3 e by 1 GeV/u U (solid curve), 11.37 MeV/u S** (dash
curve), and 7 GeV/u U%** (dot curve) via the DF-3 mechanism.

3.6.2 Fragmentation via the D}F -3 mechanism

Figure 3 shows the contribution, - TEgor d@ , of the DF-3 mechanism
to the doubly differential cross-section for the fragmentation of the
He, dimer into He" + He*" ions occurring in collisions with 1 GeV/u
U”" and 11.37MeV/u S"* projectiles, respectively (the
corresponding collision velocities are v = 120 a. u. and v = 21 a.
u.). The DF-3 cross section is shown as a function of the kinetic
energy release Ex and the fragmentation angle ®g. Since the
fragmentation cross-sections (both for the DF-3 and DI-e2e) are
symmetric with respect to the transformation @ <> 7 — @k only the
range of angles 0 < @ < 77/2 is shown in the figures discussed in this
subsection.

It follows from Figure 3 (see also Figures 4, 5) that the spectrum
of the helium ions produced via DF-3 is mainly localized at kinetic
energies 0.4 eV < Ex < 10 eV and fragmentation angles @ < 77/8 and
that there is a correlation between the energy and angle: at smaller
Ex the spectrum is restricted to smaller @, and with increasing
energy, the spectrum shifts to noticeably larger Og.

Using the relation Ex = Q;Q,/R = 2/R we find that the kinetic
energies 0.4 eV < Ex < 10 eV correspond to the instantaneous size R
136 a. u. The
probability of finding the He, dimer in this range is very large

of the He, dimer in the range 544 a. u. < R <

(= 80%). In addition, the inter-nuclear distances R are not yet too
large to prohibit the interaction of the projectile simultaneously with
two atoms (especially when the angle between the instantaneous
inter-nuclear vector of the dimer and the projectile velocity is small).
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Cross-section & do (\n Mb/rad) for the fragmentation He,—He?*
+ He* + 3 e by 1 GeV/u U%** (solid curve), 11.37 MeV/u S*** (dash
curve), and 7 GeV/u U%?* (dot curve) via the DF-3 mechanism.

These two points are the reasons for the dominance of the
aforementioned energy interval in the spectrum.

At energies > 12-14 eV, the spectrum essentially vanishes since
these energies correspond to the inter-nuclear distances R < 4 a. u,
where the probability of finding the He, dimer is negligibly small. Very
weak spectrum intensities at Ex < 0.4 eV have a different reason. These
energies correspond to the distances of R > 136 a. u.,, where the
probability of finding the He, dimer is substantial (= 20%).
However, these—very large—R values contribute very little to the
fragmentation via the DF-3 mechanism since the projectile cannot
efficiently interact with two distant atoms simultaneously (recall that
one of them needs to be doubly ionized which very significantly reduced
the effective range of the projectile-target interaction compared to the
fragmentation into singly charged helium ions [7]).

The cross-section ag 2 e
charged He**-He" system rapidly decreases with the transverse

for the production of the triply

size R, of the dimer. Since R, = Rsin®y, the fragmentation
with small Ex may occur at very small @k only, whereas with
increasing Ex it becomes possible at not so small @k as well. Taking
also into account that the geometrical factor sin @ enters the cross-
section %, one can explain the “shift” of the spectrum to larger
@k with the increase in Eg.

Figure 4 presents the energy spectrum, given by the cross section

d DF-3
ZE , of the ionic fragments obtained by integrating the cross section
DF-3
TEogo,. over all possible fragmentation angles O (0 < Ok < ). Even
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Cross-section S‘L'T)K (in kb/eV rad) for the fragmentation

He,—He** + He* + 3 e by 1 GeV/u U??* (the upper panel) and
11.37 MeV/u S*** (the lower panel) via the DI-e2e mechanism given as

a function of the kinetic energy release Ex and the angle k.

. doPF3 . .
though the cross-section = reaches its maximal values at
dExd®x

relatively low energies (Ex < 2 eV, see Figure 3), the maximum
of the energy spectrum in Figure 4 is located at considerably larger
values (Ex = 3-4 V). This “inconsistency” arises because there is a
significant contribution to the range of larger Ex from the
fragmentation events with @k > 7/8.

Figure 4 also indicates that the increase in the impact energy
enhances (in relative terms) the lower-energy part of the
fragmentation spectrum. This is especially clearly seen by
comparing the calculated energy spectra in collisions with
11.37 MeV/u $"** and 7 GeV/u U** (the collision velocity v =
136 a.u.). By replacing the former projectile with the latter, we
essentially do not vary the effective perturbation strength # = Z,/v
(= 0.67 is replaced by = 0.68), but the impact velocity strongly
increases. This increases the effective interaction range of the
projectile enabling it to more efficiently interact with distant
helium atoms and, thus, to produce more fragmentation events
with lower kinetic energy release.

Figure 5 presents the angular distribution, given by the cross-

t dop
section a6y

of the ionic fragments obtained by integrating the
cross-section dE%@h( over 0 < Ex < 20eV (we note that the
fragmentation events with Ex > 20eV yield practically no
contribution, as shown in Figure 4). Figure 5 demonstrates that
the DF-3 mechanism strongly “favors” fragmentation events in
which the

symmetry axis is along/opposite to the projectile velocity.

helium ions move within narrow cones whose
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A comparison of the angular distribution in collisions with
11.37 MeV/u $*** and 7 GeV/u U*** shows that for a fixed =
Zylv, the geometric opening of these cones increases when the
impact energy grows. This is consistent with a larger effective
interaction range of a higher-energy projectile which, therefore,
can fragment the He, dimer at larger values of its transverse size
R, that results in broader angular distributions of the
fragments.

However, we note that—according to Figure 5—the magnitude
of 7 also influences the shape of angular distribution: in this figure,
it is the broadest for the fragmentation by 1 GeV/u U*** where 11 =
0.77. Since the cross-sections for the DF-3 mechanism roughly
scale as 7° = (Z,/v)°, even a relatively small variation in the
magnitude of # may have a noticeable impact on the shape of
the cross-section.

3.6.3 Fragmentation via the DI-e2e mechanism
Figure 6 shows the cross-section % for the fragmentation
of the He, dimer into He* + He?* ions via the DI-e2e mechanism.
The projectiles and the impact energies are the same as those in
Figure 3. Very significant qualitative differences between the
spectrum patterns in Figures 3, 6 are evident. In particular,
the breakup via the DI-e2e mechanism leads to the production
DF-
3—predominantly in the direction perpendicular to the

of ions, which move—unlike in the case of the
projectile velocity, and, in addition, the maximum in the
cross-section in Figure 6 is shifted to considerably higher
kinetic energies.

The position of the maximum in the spectrum in Figure 6 at @
=~ 71/2 follows from Eq. 19, where the angular dependence of the
cross-section is given by the factor sin’@ = sin @ sin*@. The part
sin O of this factor is purely geometrical and the origin of sin®@x
can be traced back to arise in the dipole-like dependence (~ sin*9;) of
the electron emission from helium atoms in collisions with very fast
highly charged projectiles.

The shift of the maximum of the spectra in Figure 6 to larger
energies (compared to that in Figure 3) also lies in the shape of the
emission pattern of the electrons ejected from helium atoms by the
projectiles.

The cross-section (17) is proportional to factor 1/R* which
reflects the decrease in the probability for the emitted electron to
hit the other atom with an increasing R. This factor is inherent to e2e
step of the fragmentation processes on large dimers ([6, 27]) and
does not depend on the shape of the angular distribution of electrons
emitted by the projectile impact. The dependence 1/R* shows that
the DI-e2e mechanism possesses a large action range being able to
produce the He®"-He" system even if the distance R is much larger
than 1 a. u.

Because of the sin*9; dependence of the electron emission, this
mechanism is most efficient in collisions where the polar orientation
angle of the dimer is large. In contrast, the most “comfortable”
geometry for the DF-3 mechanism is where the angle O =~ Ok
between the dimer orientation vector R and the collision velocity v is
small. At small ®f the transverse distance R,, whose value
determines the efficiency of the DF-3 mechanism, can remain
not very large even at large R. This is why the maximum in the
spectra in Figure 3 is located at smaller energies compared to that in
Figure 6.
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Cross-section d‘i‘:L (in kb/eV) for the fragmentation He,—He?*

+He"+3e byl GeV/u U (solid curve) and 11.37 MeV/u S*** (dash
curve) via the DI-e2e mechanism.

In Figure 7 we show the energy spectrum of the helium ions.
The abrupt fall of the spectrum intensity at Ex > 10 eV is due to
an extreme rapid decrease of the probability to find the He,
dimer with the decreasing distance R in the range of R < 5-6 a. u.

The shape of the energy spectra in Figures 4, 7 is rather similar.
However, the dependence of their intensity on parameter 1 = Z,/v is
much stronger for the DF-3 mechanism since it involves more
interactions with the projectile.

The angular spectra in Figure 8 qualitatively differ from
those in Figure 5 since the DI-e2e and DF-3 mechanisms favor
very different collision geometries. In addition, the shape of the
angular distribution in Figure 8 is very similar for collisions
this
shape significantly varies reflecting not only the different
values of the parameter # but also different effective

with  both projectiles, whereas in Figure 5

interaction ranges.

As it follows from Figures 3 - 8 (see also Table 1), the absolute
values of the DF-3 and DI-e2e cross-sections in very fast collisions
with highly charged projectiles at 7 = Z,/v ~ 1 differ by two orders of
magnitude. Thus, in such collisions, the DF-3 mechanism fully
dominates the fragmentation of the He, into He**-He" ions and
our discussion of the DI-e2e mechanism might seem to be just of
academic interest.

However, this is not the case since the shape of the spectra of
ionic fragments produced via the DI-e2e mechanism remains
essentially the same when the parameter # decreases. The DF-3
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FIGURE 8 o

Cross-section d‘;'(_)‘( (in kb/rad) for the fragmentation He,—He?*

+ He* + 3 e by 1 GeV/u U%* (solid curve) and 11.37 MeV/u S$*** (dash
curve) via the DI-e2e mechanism.

TABLE 1 Total cross-sections (in kb) for the He, fragmentation via the DF-3, DI-
e2e, and DF-4 mechanisms in collisions with 1 GeV/u U°** and 11.37 MeV/u $'**
projectiles calculated for three different values of the dimer binding energy
The,

Projectile Itie, (neV) DF-3 Dl-e2e DF-4
1 GeV/u U 151.9 555 8.47 7.52
139.2 535 8.15 7.23
1206 503 7.65 6.79
11.37 MeV/u S'** 151.9 342 7.15 5.42
1392 329 6.88 522
120.6 309 6.46 4.90

and DI-e2e cross-sections scale roughly as ~ #°® and ~ #°,
respectively. Therefore, in very fast collisions with highly
charged ions, for which 7 is significantly less than 1, the
of the DI-e2e
and can have a noticeable

relative importance mechanism greatly

increases impact on the
fragmentation process. Indeed, our preliminary calculations
for the breakup of the He, dimer by 1 GeV/u Ca**" projectiles
(7 = 0.16) indicate that in such collisions the DI-e2e mechanism
is already clearly seen in the energy-angular and angular

distributions of the ionic fragments.
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4 Fragmentation with the emission of
four electrons

4.1 The fragmentation mechanisms for the
reaction Z, + He, — Z, + He** + He** + 4 e

As in triple ionization, quadruple ionization of the He, dimer in
collisions with fast projectiles may proceed both wvia the
interaction(s) between the projectile and the electrons of the
and the The
minimum number of such interactions is equal to four. The

dimer interaction(s) between the electrons.
analysis shows that the reaction (2) can occur via the following
fragmentation mechanisms with all of them involving basically four
interactions.

1. First, the projectile—in a single collision—knocks out all four
electrons of the dimer. The electrons quickly escape and the bare
helium nuclei, repealing each other, gain kinetic energy. We shall
refer to this mechanism as direct (DF-4).

. Second, the projectile also interacts with both sites of the dimer in
a single collision. This leads to the “instantaneous” formation of
the triply charged system, He** + He™. Then, one of the electrons
emitted from the doubly ionized site of the dimer moves toward
the He" and knocks out the remaining bound electron producing
the second doubly charged helium ion. This mechanism is, thus, a
combination of double and single ionization events caused by the
(direct) interaction with the projectile and the e2e process on a
helium ion. We shall denote this mechanism as double
ionization-single ionization—e2e (DI-SI-e2e).

. Third, the projectile interacts with just one site of the dimer. As a
result of this interaction, the site becomes doubly ionized. One of
the emitted electrons moves toward the other site and doubly
ionizes it. This mechanism is a combination of double ionization
of the helium atom by a high-energy projectile and the e3e
process on helium. This mechanism can be referred to as
double ionization—e3e (DI-e3e).

. Fourth, in this mechanism, the first step is exactly the same as in
the DI-e3e. Now, however, both electrons emitted from one site
of the dimer directly by the projectile participate in double
ionization of the other site. This mechanism is a combination
of double ionization of the helium atom by a high-energy
projectile and double ijonization by the impact of two
electrons. This mechanism can be double
ionization—2e4e (DI-2e4e).

. In the last—fifth—mechanism, the projectile singly ionizes both sites

denoted as

of the dimer. Each of the emitted electrons moves toward the
“foreign” helium ion, knocking out the remaining electron there.
This mechanism is a combination of two single ionization events due
to the direct interactions with the projectile and two e2e processes on
singly charged helium ions. This mechanism can be denoted as single
ionization—single ionization—e2e—e2e (SI-SI-e2e-e2e).

We have not yet performed a detailed analysis of all five
fragmentation mechanisms which result in He, breakup into He™
it quite evident that all
“instantaneous” on the time scale, characterizing the motion of the

ions. However, is of them are

helium ions.
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Furthermore, one can expect that among the mechanisms
involving the electron-electron interaction, the last two are less
efficient. Moreover, keeping in mind our results for the
fragmentation with emission of three electrons, it becomes rather
evident that in collisions with highly charged projectiles at 7 < 1 the
process of fragmentation into two He®" ions will be strongly
dominated by the DF-4 mechanism, and in what follows, we
shall fully concentrate on it.

4.2 The direct fragmentation mechanism

Our consideration of the DF-4 mechanism largely follows that of
the DF-3. We shall again use the semi-classical approach and the
independent electron approximation.

The probability of P4z g+ producing the A>*~B*" system in the
collision with the projectile moving with an impact parameter b
reads

PAZ+BZ+ = PAZ+ (b) PBZ* (b,). (20)

Here, P42+ (b) is the probability for double ionization of atom A in
collisions with an impact parameter b, and Pg: (b') is the
probability for double ionization of atom B in collisions with an
impact parameter b’ = b — R, . These probabilities are defined in the
second line of Eq. 4.

The cross-section for the formation of the He**~He*" system in
collisions between the He, dimer with a given inter-nuclear vector R
and the projectile reads

oo e = jdzb P (b)
(21)
= j d*bw’ (b) w’ (b').

Since the ionization probability Pz (b) (Pg:+ (b')) depends just on
the absolute value of b (b'), the cross-section (21) depends only on

the absolute value R, of the two-dimensional part R, of the dimer

DF
He? —He2*

Using the cross-section (21), which describes the quadruple

vector R: o’ = 0ph e (RL).

ionization of the He, dimer that has a fixed inter-nuclear vector R at
the collision instant, we found that the fragmentation cross-section
differential in the kinetic energy release Ex and the fragmentation
angle @ is given by

2

do.lf)F Q6 QZ
it SR, VS 7 2 in®
dExdox T EL | \Ec )| MUK (22)
X O e (Q sin Ok /Ex),
where Q = 2 is the charge of the ionic fragments.
4.3 Numerical results and discussion
Our numerical results for the cross-sections doy dUEM, and

DF-4 dExd®g’> dEk

Z&K are shown in Figures 9, 10, 11, respectively.

The maximal values of the transverse dimer size R, at which the

DF-4 mechanism can still be efficient, are significantly smaller than
those for the DF-3. As a result, the process of fragmentation into two
He" ions is characterized by an even much narrower angular
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do?

Cross-section (in kb/eV rad) for the fragmentation

JE¢do,
He,—2 He?* + 4 e Kby 1 GeV/u U?2* (the upper panel) and 11.37
MeV/u S (the lower panel) via the DF-4 mechanism given as a function
of the kinetic energy release Ex and the angle ©.

distribution than that driven by DF-3 (compare Figures 9, 11 with
Figures 3, 5).

The energies typical for the DF-4 are about two times larger than
those for the DF-3 (compare Figures 9, 10 with Figures 3, 4). Since in
the breakup into two He*" ions, the product of the charges of the
fragments is twice as large, the aforementioned difference in typical
energies is an indication that the main contribution to the DF-4 and
DF-3 is given by roughly the same range of the inter-nuclear
distances R of the He, dimer.

5 The total fragmentation cross-
sections

Table 1 shows the results for the total cross-sections for the breakup
of the He, dimer into He** + He" ionic fragments and into two «
particles caused by collisions with 1 GeV/u U”** and 11.37 MeV/u S"**
projectiles. The contributions of the DF-3 and DI-e2e mechanisms to
the production of He®* + He" ions are given separately.

A few conclusions can be drawn from these results. First,
fragmentation occurring with the emission of three electrons is
strongly dominated by the DF-3 mechanism whose cross-
sections exceed by almost two orders of magnitude those for
the DI-e2e. Second, comparing the results for collisions with
1 GeV/u U”" and 11.37 MeV/u S'*" we see that, as expected, the
decrease in the parameter 5 = Z,/v results in a relative
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Cross-section “d:;‘/ (in kb/eV) for the fragmentation He,—2 He?* + 4 e

by 1 GeV/u U%* (solid curve) and 11.37 MeV/u S$*** (dash curve) via the DF-4
mechanism.

enhancement of the DI-e2e mechanism. Third, the cross-
section for the fragmentation into the He**~He" pair is by two
orders of magnitude larger than the cross section for the breakup
into two bare helium nuclei. However, it is interesting to note that
atn ~ 1 the field of a projectile is so efficient in ionizing the sites of
the dimer that the cross-section for the DF-4 mechanism, which
involves (at least) four interactions (all with the projectile), can be
about the same as that for the DI-e2e, where the minimal number
of interactions is smaller (3) but the e2e process is involved.

The results of our calculations for differential cross-sections
shown in Figures 3, 4, 5, 6, 7, 8, 9, 10, 11 were obtained by
describing the ground state of the He, dimer by a wave function
V; corresponding to the dimer binding energy Iy, of 151.9 neV.
In Table 1, the results for the fragmentation cross-sections are
shown for three different values of Iy,,. We note that the values
for Iy, reported in the literature vary between 44.8 neV [28] and
161.7 neV [29]; two of them, 139.2 neV calculated in [30] and
151.9 neV measured in [11], are regarded as the most precise. The
last two values are used in our calculations of the total cross-
sections. In addition, since the relative difference between them is
just 9%, we have also performed calculations for Iy, = 121 neV,
which differ from I, = 151.9 more substantially (by 26%).

The inspection of the table suggests that the cross-sections for all
three mechanisms depend on Iy, roughly as ~ /Tx,. Since the
spatial extension of the dimer is proportional to 1/+/Ty,, the cross-
sections are proportional to the inverse of this extension.
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Cross-section % (in kb/rad) for the fragmentation He,—2 He?*

+ 4 e by 1 GeV/u U%" (solid curve) and 11.37 MeV/u S*** (dash curve)
via the DF-4 mechanism.

The origin of this dependence can be understood as follows. The
He, dimer is a very weakly bound system which spends most of the
time in the classically forbidden region. Suppose that in the range of
the inter-nuclear distances Ry < R < Ry > which yields the main
contribution to the fragmentation events, the wave function ¥;(R) of
the dimer can be approximated by a wave function of a system
bound by a zero-range force, which has the form
¥ (R) ~ /Ky exp (—1pR)/R. Here, x, = 2ul, is related to the
(reduced) mass y and the binding energy I, of the system. By
setting I;, = Iy,,, identifying y with the reduced mass of the He,
dimer and making a reasonable assumption that Ry ,x > Rpnin but «;,
Rinax < 1 we find that the probability of finding the dimer in the
the cross-sections

“fragmentation range” and, hence,

proportional to /Tie,.

are

6 Conclusion

In conclusion, we have theoretically explored the fragmentation
of the He, dimer into He*'~He" and He*'~He*" ionic pairs by fast
highly charged projectiles in collisions, where the parameter n = Z,/v
remains well below 1. In particular, calculations performed in this
study were carried out for 1 GeV/u U*** and 11.37 MeV/u S$***
projectiles, where # = 0.77 and # = 0.67, respectively.

We have described the main fragmentation mechanisms which
drive these processes and shown that they all are essentially
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instantaneous on the time scale of the motion of the helium ions.
At 5 < 1 the most important are the direct mechanisms, in which the
projectile produces the He**-He' and He’*-He®* fragments by
directly removing three and four electrons, respectively, from the
He, dimer in a single collision event. The interaction between the
electrons during the fragmentation process in these mechanisms
essentially plays no role.

The other fragmentation mechanisms, in addition to the
interaction with the projectile, also involve the interaction
between the electrons. Here, the projectile directly removes only
a part of the necessary amount of electrons and the rest of them are
ejected via the e2e or e3e processes in which an electron emitted
from one site of the dimer by the projectile moves toward the other
site, knocking out one or two electrons present there. At 7 < 1 these
mechanisms contribute very little to the total fragmentation.
However, compared to the direct mechanisms, their cross-
sections have a different dependence on #, becoming relatively
more important when # decreases. In particular, our preliminary
estimates show that in fast collisions at # < 0.2 the mechanism for
fragmentation into He*"~He" ions, which involves double ionization
of one site of the dimer and e2e process on the other site, already
yields a significant contribution.

We have shown that in fast collisions with highly charged
projectiles, the fragmentation into He**~He" ions is driven by the
direct DF-3 mechanism, where the projectile removes three
electrons from the dimer and the DI-e2e mechanisms, which
involves double ionization of one site of the dimer by the
projectile and the e2e process on the other site. They lead to a
qualitatively different pattern in the angular distribution of the
helium ions. At # < 1 the DF-3 mechanism strongly dominates;
however, at # < 0.2 the DI-e2e mechanism already yields a
significant contribution.

For the fragmentation into two He*" ions, we have calculated
only the contribution of the direct fragmentation mechanism (DF-
4), which is expected to be highly dominant at # < 1. This
mechanism is characterized by the angular distribution of the
He?" ions, which is strongly aligned along the projectile velocity
and the energy distribution extending to more than 20 eV.

U and 11.37 MeV/u S™**
projectiles, the total cross-sections for the fragmentation into

In collisions with 1GeV/u

He?*-He" ions are about 0.5 and 0.3 Mb, respectively. The cross-
section for the breakup into He*' ions is about two orders of
magnitude smaller. We have found that the total cross-sections
depend on the binding energy I, of the dimer roughly as ~ /T,

Finally, it is interesting to note that at # ~ 1, the field of a
projectile is so efficient in ionizing the dimer sites that the cross-
section for the direct fragmentation (DF-4) into He*', which
necessitates (minimum) four interactions with the projectile, is
about as strong as the fragmentation via the DI-e2e mechanism,
where the minimal number of interactions is smaller (3)but the e2e
process is involved.
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