
 

 

 University of Groningen

Hot recoils from cold atoms
Turkstra, Jan Willem

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2001

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Turkstra, J. W. (2001). Hot recoils from cold atoms. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/e9fc9366-0952-4afe-94a3-223df570a03b


3 Theoretical methods

Di¤erent theoretical methods play a part in this work, either to compare with our
experiment or to obtain an intuitive understanding of the collision processes under
study. In this chapter we will outline the theories most relevant for this thesis
namely: the Atomic Orbital close coupling and Classical Trajectory Monte Carlo
which are used for the comparison and the Over-the-Barrier, which we employ to
create an intuitive picture of the interactions.
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24 Theoretical methods

3.1 Atomic Orbital Close Coupling

3.1.1 Introduction
The atomic orbital close coupling (AO-CC) along with the molecular orbital close
coupling (MO-CC) method are arguably the theoretical models which describe
ion-atom interactions with the highest level of sophistication. These models are
the only models which can in principle describe intricate processes like target
excitation (TX) well and that is the reason why the AO-CC model is used in this
work. The disadvantage of the AO-CC treatment is that only simple collision
systems (i.e. with only one active electron like H, Li, Na, etc. targets and low
q projectiles like H+,..,Be4+ ) can be considered, which rules out AO-CC for the
description of multi-electron capture by highly charged ions.

In this work we shall only discuss the AO-CC method. The basic principle
of expanding the electronic state in a basis set of well known wavefunctions is
also used in molecular orbital close coupling (MO-CC) and convergent close coup-
ling (CCC). An overview on the close coupling treatment is given in Kimura and
Lane.66

3.1.2 AO-CC calculations
The atomic orbital close coupling (AO-CC) method has its roots in the molecular
Orbital expansion (MO) method as introduced by Hund67 (1927) and Mulliken68

(1928). Their MO model, originally proposed within the molecular structure con-
text, is an appropriate description of a collision system when the nuclei are close
(small impact parameter) and projectile velocities are low (vprojectile ¿velectron,
where velectron is the classical (Bohr) velocity of the electron of interest). The
MO method however has the intrinsic problem of incorrect ”asymptotic bound-
ary conditions” , the latter prescribe that when the ion and atom separate the
active electron should be either localized on the target or on the projectile. A
so-called ”electron translation factor (ETF)” was introduced (Bates and McCar-
rol69) to …x this problem but it also introduced undesirable physical constraints to
the MO method. The AO method proposed by Bates70 (1958) provides an elec-
tronic representation of the ion-atom collision system which does not have the ETF
problems. In the AO method each electronic orbital is constrained to travel either
with the target or with the projectile, retaining an atomic character throughout
the collision. This however means that molecular e¤ects, which are important in
collisions at small internuclear separations or in slow velocities, are not modeled
appropriately anymore. A method that has been devised to overcome this weak-
ness of the conventional two-center AO expansion method is the incorporation of
united atom (UA) orbitals in the expansion formalism (Fritsch and Lin71 , Winter
and Lin72, 73).
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The basic idea of AO-CC is to expand the time-dependent electronic wave
function of the electron active in the ion-atom collision in a basis set of target,
projectile, pseudo and united atom states. The pseudo and united atom-states
(PS-UA) are needed to correctly describe the electronic wave function during the
interaction and mainly serve to represent transient molecular orbitals and ioniz-
ation channels. In the AO-CC calculation used for this work (chapter 4) the Li
target eigenstates (”AO’s”) were found by diagonalizing the atomic Hamiltonian
which contains a Li model potential in a (truncated) basis set of Slater type orbitals
(STO’s) de…ned by their quantum numbers n,l and charge z. This diagonaliza-
tion leads to linear combinations of STO’s representing the Li states (reproducing
the Li energy levels (AO’s) within 0.3%) and a collection of additional eigenstates
with energies higher than the AO’s including several unbound states. These addi-
tional eigenstates are part of the pseudo-states (PS) collection and will represent
(although discrete in nature) the continuum in the collision. More details about
pseudo-states and united-atom states used in this work will be given in chapter
4.2.

Because AO-CC calculations can only be performed with the total number of
states below »200 (simply because of computing power) a wise choice has to be
made regarding the states to be included. First of all, capture is the dominant
process at low energies and therefore many projectile states have to be included
in the calculation, even if one is only interested in target excitation. Especially
at low energies it is found that electron capture into projectile orbitals with high
quantum number n is an important loss channel for the excited Li states of interest.
Secondly, pseudo and united atom states have to be chosen in such a way that
consistent and convergent results are obtained.

3.2 Over the Barrier

3.2.1 Introduction
The classical Over the Barrier (OtB) model is one of the simplest models one can
use to describe ion-atom collisions. Its principles were introduced by Bohr and
Lindhard74 (1954) and were developed further by Ryufuku et al.,75 Bárány et al.76

and Niehaus77 . The model is extensively used since it usually describes electron
capture rather well and moreover it adds to an intuitive understanding of ion-atom
collisions. In the OtB model we discern the ”way in” of an ion, where it successively
liberates electrons from the target into the combined ion-atom potential well, from
the ”way out”, where it can capture electrons into the projectile potential well.
As we shall see one can analytically calculate the energy gain (Q) distribution
of a collision and numerically the transversal recoil momentum distribution. For
all the …gures in this section (…gure 3.1, 3.2 and 3.3), we used the same collision
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system (Na3+ created by 4.5 keV/amu A6+ impact).

Figure 3.1: Potential wells in an A6+ +Na collision on the projectiles way in and
the way out: a) The incoming A6+ projectile liberates the loosly bound Na(3s)
(labeled ”1”) electron from the target on the way in . b) At shorter internucleair
distance, two strongly bound Na(2p) electrons (labeled ”2” and ”3”) become mo-
lecular on the way in. c) On the way out the outgoing A6+ has already captured
electron nr. 3 and electron nr. 2 is about to be captured either by the projectile or
the (now Na3+) target

3.2.2 Final states of transferred electrons
In …gure 3.1 we see an A6+ ion capturing three electrons from a Na target. First
(…gure 3.1a) the incoming ion liberates the outer Na(3s) electron from the target
into the combined ion-atom potential well. The target is now charged, so the
binding energies of the remaining target electrons increase ”instantaneously”, and
one assumes that the electron moving in the combined projectile-target potential
well does not screen the target or projectile charge. In …gure 3.1b the projectile
has successively ”molecularized” three electrons (they are labeled 1, 2, 3 following
their order of liberation ) on the ”way in” and each electron moves in the combined
potential well with its own binding energy. In …gure 3.1c the projectile has already
captured the third active electron on its ”way out” and the projectile is on the
verge of capturing electron number two, which can however also be re-captured
by the target. Electron number one will eventually be captured (or re-captured)
far away on the way out. The capture process described here can be expressed in
analytical expressions.

First we want to know the binding energy (It) of active electron nr. t (t
according to the order of liberation) in the combined target-projectile potential
well:

Ebind
t = It ¡ q

Rin
t

(3.1)
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Ebind
t consists of the original binding energy (It) and the Stark shift induced

by the projectile with charge q at distance Rin
t ; where the transition of electron

number t from an atomic to a quasi-moleculair orbital takes place (Note that eq.
3.1 is so compact because we use atomic units).

To calculate Rin
t we …rst have to look more carefully at the combined projectile-

target potential:

V in
t (r) = ¡ q

j r j ¡ t
j R ¡ r j for 0<r<R (3.2)

Following r from the projectile (r=R) to the target (r=0) we encounter a maximum
depending on R. Calculating dV in

t (r)
dr = 0 yields:

V in;max
t (R) =

¡q
R

¡ t + 2
p

qt
R

(3.3)

Electron nr. t is liberated when the barrier height (V in;max
t (R)) drops below

the Stark-shifted binding energy of the target electron (V in;max
t (R) · Ebind

t ).
This will happen at the distances Rin

t ;the so called barrier crossings on the way
in:

Rin
t =

t + 2
p

qt
¡It

(3.4)

Applying eq. 3.4 to Na in case of A6+ projectile impact results in the following
barrier crossings on the way in (1* refers to the excited Na(3p) level):

t 1* 1 2 3 4 5 6 7 8
-It(eV ) 3.04 5.14 47.3 71.6 98.9 138.4 172.2 208 264

Rin
t 52.8 31.2 5.14 4.36 3.80 3.13 2.84 2.61 2.25

(3.5)
On the way out the situation is very similar to the way in but now we have

to keep track of the active electrons (are they captured or recaptured?) by using
a capture string. A capture string like ’(1,1,0,1,1,0)’ consist of 0’s (not captured)
and 1’s (captured) whereby the last liberated electron is the last entry, but it is the
…rst electron either to be captured (or re-captured) on the projectiles way out. For
example with Na as a target, a (0,1) string means that the projectile has captured
a deeply bound electron Na(2p) but the outer electron (Na(3s) was re-captured
by the target.

The capture string also de…nes the projectile and target charge anywhere on
the way-out. From that one can calculate the crossing radii Rout

t on the way out,
which di¤er from the ones on the way-in mainly because the projectile charge is
now di¤erent:

Rout
t = Rin

t ¤
Ãp

q ¡ rt +
p

t + rtpq +
p

t

!2

(3.6)
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Where rt is the number of electrons already captured by the projectile. The
binding energy EA

t of a captured electron consists of Ebind
t (eq. 3.1) but ”corrected”

for the Stark shift of the now charged target ( t+rt
Rt

out
):

EA
t = It ¡ q

Rin
t

+
t + rt

Rout
t

(3.7)

and the energy gain/loss Q expected from the transfer of electron nr. t is simply:

Q = EA
t ¡ It = ¡ q

Rin
t

+
t + rt

Rout
t

(3.8)

From eq. 3.8 we see that when energy is released (an electron jumps into a
more strongly bound …nal state) this results in a negative Q-value.

The energy width ¢E of the energy window, within which actually existing
quantum mechanical states are likely to be populated, can be estimated by means
of the following considerations: assuming a very localized transition at a well
de…ned time t, the …nal state energy is classically well de…ned, but a lower limit
for ¢E is given by the uncertainty relation according the small ¢t: A less de…ned
transition region (and time) on the other hand, results in a broader interval of
classically binding energies. Niehaus77 has shown that the minimum width of an
energy window compatible with these boundary conditions is given by:

¢EA
t =

vuut
Ãpq +

p
t

Rin
t

!2

¢ vin
rad;t +

µp
q ¡ rt +

p
t + rt

Rin
t

¶2

¢ vout
rad;t; (3.9)

if t < t0 then vinnout
rad;t = v0

vuut1 ¡
Ã

Rinnout
to

Rinnout
t

!2

(3.10)

if t ¸ t0 then vinnout
rad;t = v0

vuut1 ¡
Ã

Rinnout
t+1

Rinnout
t

!2

(3.11)

Q ¼ exp

Ã
¡0:5

µ
E ¡ EA

t

¢EA
t

¶2
!

(3.12)

where t0 is the index of the …rst electron captured. The reaction window in case
of multiple electron capture is calculated by quadratic addition of the contributions
for each captured electron.
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The cross section for a certain string is:

¾string = ¾geo;s ¢
sY

i

Wi (3.13)

where s is the number of electrons in that string, Wi is the probability to capture
or recapture electron i and ¾geo the geometrical cross section for having s active
electrons. The probability Wi in case of capture can be approximated with the
ratio between the number of states available to the active electron in the projectile
with respect to the total number of states in the target and projectile. Quantum
mechanically the degeneracy of a certain hydrogenic level is 2n2 and this leads to
an estimate of the probability Wi:

Wi =
n2

i
n2

i + m2
i

(3.14)

where ni and mi correspond to the quantum number of the most likely …nal state
orbital on projectile and target respectively. This number is found by comparing
the EA

t from equation 3.7 to the actual level schemes of the O6+,O5+,... and
Na+,Na2+;... respectively.

3.2.3 Transversal momenta of collision partners
The Over-the-barrier model results in simple equations describing the mean energy
release and the Q-value width (reaction window) of a reaction, but we would also
like to use the OtB for calculating the scattering angles (or transversal recoil
momenta) connected with speci…c reactions. This can be approached analytically,
but we could not resist the temptation to calculate it numerically with a computer
code.

The code takes a projectile of charge q and velocity vp and tracks it through the
collision with a Na target initially at rest, starting at impact parameter b from t=-
1 (the …rst barrier crossing) to t=+1 in usually more than 12,000 (continuously
adjusted) time steps. Both projectile and target are free to change position and
velocity under the in‡uence of their Coulomb interaction. The charge state (and
mass due to electron transfer) of the Na target is monitored continuously with
the barrier crossing equations 3.4,3.6 and a capture string (like (1,1,0,1)) indicates
which electrons, if possible, should be captured. The momentum kick associated
with the transfer of an electron mass to the projectile is shared by the target
and the projectile. After the collision ( t=+1) the longitudinal and transversal
velocities (momenta) of the Naq+ recoil are known and also a Q-value can be
calculated from the change in kinetic energies:

Qkin = Einitial
kin;projectile ¡ (Efinal

kin;projectile + Efinal
kin;target) (3.15)
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and from the longitudinal target momentum (where vp=projectile velocity and
Nc=number of electrons captured):

Qplong = vp ¢ plong + v2
p ¢ Nc

2
(3.16)

Equation 3.16 was derived in chapter 2.2.3. In …gure 3.2a,b a calculated trajectory
is displayed of a Na3+ recoil created from a string (1,1,1) in a 4.5 keV/amu A6+

collision at an impact parameter b=4 a.u.

Figure 3.2: Calculated trajectory of a Na3+ recoil created in a 4.5 keV/amu A6+

collision at impact parameter b=4 atomic units (a.u.). Longitudinal momentum=-
3.72 a.u., transversal momentum=15.8 a.u. and the energy gain in the collision
was -37.8 eV. The projectile passed by in the positive x-direction at impact para-
meter y0=b=+4 a.u.

In …gure 3.2b one can see that the recoil (Na3+ created in 4.5 keV/u A6+ impact
at b=4 a.u) is pushed forward by the projectiles on its way in and pushed back-
wards on its way out. The longitudinal momentum directly re‡ects the delicate bal-
ance between the two. The numerically calculated recoil momenta are plong=-3.78
a.u, ptrans=15.8 a.u and the ”di¤erent” Q-values are Qkin=-37.8 eV(calculated
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with eq. 3.15), Qplong=-37.6 (calculated with eq. 3.16) and Q=-38.4 (eV) (calcu-
lated with eq. 3.8). Qkin is slightly smaller than Q because the simulation stopped
before t=+1 was e¤ectively reached and Qplong is even smaller than Qkin because
eq. 3.16 starts to loose its validity when the recoil energy is no longer very small
as compared to Q (chapter 2.2.3). Should for instance the captured electrons
not screen the projectile charge fully then the longitudinal momentum will im-
mediately increase and almost double (in our example of (1,1,1) capture1 by A6+

plong=-6.18 (no screening) instead of plong=-3.78 a.u. (full screening)).

The transversal recoil momentum however is nearly exclusively produced at
the distances of close approach and it depends therefore mainly on the impact
parameter. Electron capture dynamics (taking place on the way out) will not
a¤ect the transverse momentum signi…cantly (»10% depending on how close to
the target the electrons are captured). In our example of (1,1,1) capture by A6+

at an impact parameter b=4 a.u. we obtain ptrans=15.8 a.u while for the case of
no screening ptrans increases to 17.4 a.u.. For the (0,0,0) capture string, i.e. no
capture, we obtain ptrans=14 a.u..

These observations support the principle already discussed in chapter 2.2.3
that for ”gentle” collisions, i.e. not too many active electrons, the longitudinal
and transversal momenta are independent quantities. This is (in the OtB model)
because they relate to di¤erent parts of the projectile-target interaction: the in-
teraction on the way out (longitudinal momentum) and the interaction at closest
approach (transverse momentum). For gentle collisions the ”way out interaction”
is well separated from the ”closest approach interaction”. In a ”strong” collision
with ’many active electrons’ capture takes place close to the target and the trans-
verse momentum will show a weak dependence on the capture dynamics. The
transition from gentle to strong collisions is further illustrated by …gure 3.3: the
longitudinal momenta of Naq+(q=2-4) recoils are not independent of the trans-
versal momentum (impact parameter) but become less negative with increasing
collision strength i.e. smaller impact parameters. This ”kinematic e¤ect” was
already touched upon in chapter 2.2.3 and is also observed in the numerical sim-
ulations with the OtB computer code.

1 see section 3.2.2
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Figure 3.3: Longitudinal momentum versus transversal momentum and im-
pact parameter b for Na2+, Na3+ and Na4+ recoils produced in 4.5 keV/amu
A6+collisions

Last but not least, the code can generate transversal momentum spectra by cal-
culating transversal momenta for impact parameters from bmin, bmin+¢b; ::.,bmax
for a speci…c collision system. Each data point must be weighted with the geomet-
rical cross section 2¼b¢¢b and normalized to the size of the transversal momentum
interval it represents. Figure 3.4 shows such a transversal momentum spectrum
(dashed line) together with a CTMC (see next section) generated spectrum (solid
line) for Na3+ recoil production by 3 keV/amu A6+ impact. The (1,1,1,0,0,..) cap-
ture string was executed by the OtB code. The general trend is similar between
the OtB and CTMC curves but the OtB curve shows several peculiar dips. These
dips are not caused by numerical anomalies but are created by the abrupt barrier
crossings on the way in : every time a barrier is crossed an extra Na electron be-
comes active and the Nar+ core changes to a Na(r+1)+. The interaction between
the A6+ and the Na ionic core gets an extra boost resulting in a sudden rise in the
transverse momenta. This sudden rise causes the absence (depletion) of certain
transverse momenta, resulting in a dip in the spectrum. The dips directly corres-
pond to a barrier crossing (see table 3.5): the dip at Ptrans=20 a.u. is caused by
the crossing at b=4.36 a.u, dip at 35 a.u. by the one at b=3.80 a.u. etc.. In reality
and indeed in the CTMC calculations one does not expect ”hard” crossings (the
already discussed ’reaction window’ in section 3.2.2 more or less already illustrated
this) and thus that the dips in the OtB are washed out in reality.
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Figure 3.4: Transversal momentum spectra generated with the Over the Barrier
(dashed line) and CTMC (solid line) for Na3+ production by 3 keV/amu A6+

(OtB) and C 6+ (CTMC) impact.

3.2.4 Conclusion
In this section we discussed electron transfer within the Over-the-Barrier (OtB)
picture. Q-value and transverse momentum (scattering angle) distributions were
calculated analytically and numerically. From the particle-tracking computer code
we learned that longitudinal momenta (Q-values) are mainly formed in the target-
projectile interaction on the way out and transverse momenta are formed at dis-
tances of close approach. However in case of a strong collision, capture or re-
capture already takes place at small internuclear distances. Longitudinal and
transversal momentum are then no longer completely independent. This is con-
sistent with what we already saw in chapter 2.2.3 (COLTRIMS: kinematics) where
longitudinal and transversal momenta were found to be independent quantities as
long as the kinetic energy of the target is much smaller than Q but were found to
”mix” when this is no longer valid.

The OtB is usually quite successful in describing single electron capture by
highly charged ions, but multiple-electron capture and ionization are already more
problematic. For multiple electron capture the re-capture processes are known to
be not handled correctly (the Na4+ yield from O6+ impact is predicted to be
much smaller than observed in experiment, i.e. re-capture is overestimated) and
also ionization is usually very problematic in the OtB picture. A model, better
equipped to handle the dynamics of the active electrons, is the CTMC method.
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3.3 Classical Trajectory Monte Carlo

3.3.1 Introduction
The last method to be discussed in this chapter is the CTMC approach introduced
in 1966 by Abrines and Percival.78 It was …rst applied extensively by Olson and
Salop79 . The working area of the CTMC is e¤ectively located in between the very
sophisticated AO-CC method, which can only handle simple collision systems, and
the simple Over the Barrier model, which does not handle the dynamic aspects of
an ion-atom collision very well. The CTMC method treats all ion-atom interactions
classically and therefore it does not run into problems when for instance more
than three bodies are involved or an electron is located in a highly excited orbital.
For collision systems studied in this thesis the CTMC method was applied by
R.E. Olson to calculate longitudinal and transversal Naq+ recoil momenta after
collisions with C6+ projectiles resulting in electron transfer to the projectile or
into the continuum.

3.3.2 CTMC calculations
In CTMC electrons and ions are assumed to interact via the Coulomb potentials
and to follow classical trajectories. The initial ensemble (”microcanonical distri-
bution”) of target centered electrons is constructed in such a way that it mimics
the properties of the quantum mechanical initial state (i.e. jªi(r)j 2 and jªi(p)j
2). From the initial ensemble a member is randomly picked (by a Monte Carlo
technique) just as a projectile impact parameter is chosen out of the appropriate
range.

After the interaction of the active electron(s) with the projectile and (ionic)
target cores (interaction described by model (screened Coulomb) potentials ob-
tained from Hartree-Fock calculations), the active electrons will most likely …nd
themselves on the projectile (capture) or moving in the continuum (ionization). In
case of capture it is usually desirable to translate the electrons motion to a proper
projectile state with quantum numbers n, l and m. For this transformation the
classical principal quantum number nc is calculated from the electron’s binding
energy Ep with:

Ep =
¡q2

2n2
c

(3.17)

with q the projectile charge state. These nc’s can then be binned (in case of
one active electron) according to eq. 3.18 (Olson80) to obtain their quantum
mechanical counterpart: the principal quantum number n.

·
(n ¡ 1

2
)(n ¡ 1)n

¸ 1
3

· nc ·
·
(n +

1
2
)(n + 1)n

¸ 1
3

(3.18)
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Also the (normalized) classical angular momentum lc= n
nc

(rxp), with r and
p the classical position and momentum vectors of the electron relative to the
projectile core, can be transformed into the corresponding quantum number l:

l · lc · l + 1 (3.19)

And in a similar fashion the magnetic sub-state quantum number m can be found
by binning the classical mc = jlzc j .

m · mc · m + 1 (3.20)

In case of multiple electron capture, the electrons are binned successively.
The CTMC method was e.g. quite successful in the case of single electron

capture by 1 to 50 keV/amu He2+, O6+ projectile ions from a laser prepared Na
target (Schippers et al.35 en Schlatmann et al.33).




