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Nor would it have been possible without ....

Teresa Erika Nick

Thanks for listening so far.
The rest of the talk is on physics.
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Some (but not all) points of this talk are summarized here.

@ PERSPECTIVE

Electron collisions with atoms, ions, molecules, and
surfaces: Fundamental science empowering
advances in technology

Klaus Bartschat™' and Mark J. Kushner®

Edited by David A. Weitz, Harvard University, Cambridge, MA, and approved May 16, 2016 (received for review April 16, 2016)

Electron collisions with atoms, ions, molecules, and surfaces are critically important to the understanding
and modeling of low-temperature plasmas (LTPs), and so in the development of technologies based on
LTPs. Recent progress in obtaining experimental benchmark data and the development of highly
sophisticated computational methods is highlighted. With the cesium-based diode-pumped alkali laser
and remote plasma etching of SizN, as examples, we demonstrate how accurate and comprehensive
datasets for electron collisions enable complex modeling of plasma-using technologies that empower
our high-technology-based society.

electron scattering | close coupling | ab initio | plasmas | kinetic modeling
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http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1606132113&domain=pdf&date_stamp=2016-06-17
mailto:klaus.bartschat@drake.edu
www.pnas.org/cgi/doi/10.1073/pnas.1606132113
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Motivation: The Need for Electron Collision Data
DIODE-PUMPED ALKALI LASERS (DPALs)

 DPAL is a class of optically pumped lasers that leverage
inexpensive semiconductor diode lasers to pump alkali vapor.

* Poor optical quality, wide bandwidth of diode laser (DL) is converted
into high optical quality, narrow bandwidth from alkali laser.

AE
fnerey |
3 — T~ n’P,, * DL pumps the D,(2S,, — 2P,,)
2 — n°Py,
Collisional i T 2
OQuenching 1 e Collisional quenching: 2P,, — 2P,,,
! e Lasing on D,(?P,,, — 2S,,,)
D, (pump) D, (laser) * Requires inversion of ground state.
> . . :
* Collisional quenching agent N,
1 n2s,, (slide adapted from a presentation by

M. J. Kushner, University of Michigan,
Institute for Plasma Science & Engineering.)

Mark Kushner (Allis Prize 2010)
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Energy (eV)
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Cs-based DPAL

625,/

Cs*

Atomic/Molecular Species in the Model

Cs(65)%S, /5, Cs(6P)Py /5 35, C5(5d)°Ds)5 3/,
Cs(75)%S,/,, Cs(7p)?P, 5 35, Cs(Ryd), Cs*, Cs,, Cs,*
He(1s2)!S, He(1s2s)31S, He(1s2p)31P, He(1s3s)31S,
He(1s3p) 3P, He™, He,*, He,"

N, N(2D), N*, N,, N,(v), N,(A), N,(B,C), N,*,N,*



REMOTE PLASMA SOURCES

* Remote plasma sources (RPS) for microelectronics fabrication
» Separate plasma production, transport and processing regions.

Gas Inlet
2.45 GHz _
Microwave Source * Produce dominantly
Applicatorf . ~ Toams Ellsometer neutral fluxes of r_adlcals
= | for etching, cleaning,

surface passivation.

T

L=

Downstream Tubing / Lining | — * Decre.ase damage by.
LS Chuck charging and energetic
= uc .
. DCPBigs ] ion bombardment.
Fluoroptic Temperature Probe ' . _
He Backpressure Example. NF3/02 RPS
Coolant Circulation — for Si;N, etching.

* Schematic of RPS.[1]
(slide adapted from a presentation by

M. J. Kushner, University of Michigan,
Institute for Plasma Science & Engineering.)
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WOW! Modelers need a lot of data ...

0, 0,, 0, »
NO, NO,
e,O,NO, M ¥
o &
F) Ni| N
oy il Moy,
NF, 2, FNO Noﬁ FNO
NFX_') o,
0,0, [ O,
(o) 2 e N,
NF Fa| |z NOM
NO O FO
M
0, FO, NO, NF,, M y
» FO

O, F, NO




Production and Assessment of Atomic Data

e Data for electron collisions with atoms and ions are needed for modeling processes in
e laboratory plasmas, such as discharges in lighting and lasers
e astrophysical plasmas
e planetary atmospheres

e The data are obtained through

e experiments

e valuable but expensive ($$%) benchmarks (often differential in energy, angle, spin, ...)

e often problematic when absolute (cross section) normalization is required

e calculations (Opacity Project, Iron Project, ...)
e relatively cheap
e almost any transition of interest is possible
e often restricted to particular energy ranges:
e high (— Born-type methods)
e low (— close-coupling-type methods)
e cross sections may peak at “intermediate energies” (— 777)
e good (or bad?) guesses

e Sometimes the results are (obviously) wrong or (more often) inconsistent !

Basic Question: WHO IS RIGHT? (And WHY 777)

For completedata sets,theory is often the "only gamein town"!
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Let's start with experiment:
Total Cross Sections

PHYSICAL REVIEW A  VOLUME 19, NUMBER 2 FEBRUARY 1979
Absolute total cross sections for electron-mercury scattering

K. Jost and B. Ohnemus
Physikalisches Institut, Westfdlische Wilhelms Universitdt, Miinster, Germany
(Received 25 April 1978)

The total cross section for e ~-Hg scattering has been measured in the energy range between 0.1 and 500
eV. Absolute data taken at a few energies by means of a static target were used to normalize the relative
cross sections, which were measured in the whole energy range by scattering from an atomic beam. This
technique was used to help meet the high-angular-resolution requirements. The cross sections obtained are
considerably larger than those obtained in most of the other measurements performed around 1930.
Satisfactory agreement is found, however, with semiempirical cross sections (mainly based on recent
measurements) and with a recent theoretical calculation. The most pronounced structure is a cross section
maximum at 0.4 eV, which probably can be ascribed to a (6s *6p,,,)*P,,, shape resonance.

Nevertheless, there are surprisingly few mea-
surements of the total cross section, *® and more-
over these are not very recent. These old data
are now considered to be rather unreliable.’
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Total  Cross Sections 


Transmission Setup: | = 1y exp(-nl Q)

COLD
TRAP,

E FARADAY CUP
N "

SCATTERING

T
|
|
|
|
|
|
|
|
|
|
|

FIG. 1. Electron optical arrangement for low energie;

MONOCHROMATOR

10cm
]

(0.1-70 eV) with atomic beam target. Deflector plates
are denoted by DP,

PRESSURE 4
GAUGE

FARADAY CUP

X=Q

SCATTERING \
CELL §

' x=0 §
0 Scm
-

FIG. 3. Target cell for absolute measurements. This
arrangement is used together with the electron optics
(_)f Fig. 1,

I=I exp(-nlQ), (1)

where
Q = (nl)™ In(I,/1)~ In(I,/1) (2)

is the total cross section. An absolute measure-
ment of @ requires knowledge of » and I, whereas
the relative shape of the cross-section curve
versus energy E can be obtained even in an inho-
mogeneous target such as an atomic beam, if
care is taken to keep the product of mean path
length [ and mean target density » constant during
the measurement. In order to check the constancy
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Swarm Experiments (Phelps, Crompton, ...)

THE MOMENTUM TRANSFER CROSS SECTION FOR ELECTRONS IN HELIUM

By R. W. CromprOoN,* M. T. ELFORD,* and R. L. Jory*t

Measurements of the drift veloeity, the ratio of diffusion coefficient to mobility,
and the “‘magnetic drift velocity” for electrons in helium have been made at 293°K
in the range 1:8 x10-1* < E|N < 3x10-7 V e¢m?. From an analysis of the drift
velocity data, an energy-dependent momentum transfer cross section has been
derived for which an error of less than + 29 is claimed over the central portion of the
energy range. The cross section agrees with the theoretical cross section of aas

1"‘(; 80 T T I T T T T T |
S _

1015 g, fem)

5
£ IEV)

Fig. 7.—A comparison between theoretical and experimental momentum transfer

cross  sactions, Crompton, Elford, and Jory; — — Frost and Phelpa;
— — Bamer and Browne; La Bahn and Callaway; eee Willlameon and
MeDowell.

Since the first extensive calculations of the total
scattering cross section by Morse and Allis (1933)...

Will Allis did calculations

Art Phelps was the first for this in 1933!
Allis Prize recipient (1990)
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Swarm Experiments and Their Interpretation

e Pioneered by “GEC Giants” such as Art Phelps and Bob Crompton.

e General Idea (thanks to Leanne Pitchford for enlightening me):
e Pull electrons through a gas and measure macroscopic parameters such as:
e transition times (— drift velocity, mobility)
e radial or axial spreading (— diffusion coefficients)

e current growth (— ionization rates)

e In “equilibrium conditions”, these parameters depend on the “reduced electric field”
E/N, the gas (composition), and the relevant cross sections. In low-energy elastic

scattering, the momentum transfer cross section dominates.

e Absolute (momentum transfer) cross sections are determined indirectly as follows:
(1) Assume an initial set of cross sections. indirect measurement
(2) Calculate the macroscopic parameters.

(3) Assume that any deviations are due to errors in the assumed cross sections.
(4) Adjust the cross section(s) until things fit.
(5)

Hope for:
e convergence of the procedure;

e uniqueness of the results in multi-parameter fits.
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Other Techniques (Incomplete List)

Optical Emission:

e State-Selective Recall: This talk

e Relative IS NOT a review!
e Cascade Effects

Time-of-Flight Setups (Metastables)

Storage Rings (e-Ion Collisions)

Integrate Angle-Differential Cross Sections from Crossed-Beam Setups
e State-Selective (measure energy loss/gain)
e Often Relative — Absolute Normalization Attempts include
e Mixed-Flow Technique with a Reference Gas
e Generalized Oscillator Strength
e Help from Theory (Yes, we are good for something!)
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Angle-Differential Cross Sections

Michael Allan's high-resolution spectrometer to measure:
— specific angles
— specific transitions (energy selection)

pump 2

ﬁ Magnetic Angle Changer

Kol ool

o= @n@: ﬁ:ui"lﬁ_
:‘-,ilﬂlﬁlﬂﬂ
iy

4 -

I

)

@Ik e
e | B )

pump 1 sample pump 1
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Michael Allan's high-resolution spectrometer to measure:
     – specific angles
     – specific transitions (energy selection)
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The "Magnetic Angle Changer" (MAC), developed by Reid and Channing ,
makes it possible to measure the full angular range, including 180°.
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The "Magnetic Angle Changer" (MAC), developed by Reid and Channing,
makes it possible to measure the full angular range, including 180o. 


The Reaction Microscope

Ullrich, Moshammer, Dorn, et al., Rep. Prog. Phys. 66 (2003) 1463

Electron detector

B-field

E-field
=>-

>

Gas jet Helmholtz coils

Used in A. Dorn's group for (e,2e) and even (e2ey)

They can get the full 3D-picture in a single shot!
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The Reaction Microscope
Ullrich, Moshammer, Dorn, et al., Rep. Prog. Phys. 66 (2003) 1463 
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Used in A. Dorn's group for (e,2e) and even (e,2eg)
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Move on to Computational Methods

Choice of Computational Approaches

e Which one is right for YOU?

Perturbative (Born-type) or Non-Perturbative (close-coupling, time-
dependent, ...)7

Semi-empirical or fully ab initio?

How much input from experiment?

Do you trust that input?

Predictive power? (input <> output)

e The answer depends on many aspects, such as:

How many transitions do you need? (elastic, momentum transfer, excitation,
ionization, ... how much lumping?)

How complex is the target (H, He, Ar, W, H,, H,O, radical, DNA, ....)?

Do the calculation yourself or beg/pay somebody to do it for you?
What accuracy can you live with?

Are you interested in numbers or ‘“correct” numbers?

Which numbers do really matter?
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Classification of Numerical Approaches

OMP (pot. scatt.); Polarized Orbital
PWEBA. DWBA. FOMBT, PWBA2. DWBA2. . |is NOT a review!

e (Time-Independent) Close-coupling-type methods

CCn, CCO, CCC, RMn, TERM, RMPS, DARC, BSR, ...

Standard method of treating low-energy scattering; based upon the expansion

1

\Ifé&r(rl, o Tyyg) = A i @fsw(rl, R N " Fg ()

simultaneous results for transitions between all states in the expansion;
sophisticated, publicly available codes exist; results are internally consistent
expansion must be cut off (- CCC, RMPS, IERM)

usually, a single set of mutually orthogonal one-electron orbitals is used
for all states in the expansion (— BSR with non-orthogonal orbitals)

and other methods
TDCC, ECS
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Inclusion of Target Continuum (Ionization)

e add square-integrable pseudo-states to the CC expansion (CCC, RMPS, ...)
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Time-IndependentClose-Coupling

e Standard method of treating low-energy scattering H LIJ — E LIJ

e Based upon an expansion of the total wavefunction as

T T 2N 1
llfés (ry,...,Tyyq) = Ai@fs (rl,...,rN,r);FEﬂ(r)

o Target states ®, diagonalize the N-electron target Hamiltonian according to

<(I)z‘/ | H:]FV | (I)z‘> — Ei 5z"z'

e The unknown radial wavefunctions Fy ; are determined from the solution of a system of coupled integro-

differential equations given by

2 0,0+ 1)
a2 2 + k2 FEZ(T) =2 i ‘/z'j(r) FE,j (r) + 22: Wz’j FE,j(T)
J J
with the direct coupling potentials
N
Z 1
Viir)=-29§.. d. b
50) == 8y 20 @ | g | 2)

and the exchange terms

1
’rk: — 1|

Wz‘jFE,j(T) = Z (D, |

k=1

[(A=1)9;Fg ;)

Close-couplingcanyield completedata sets,and the results are
internally consistent(unitary theory that conservegotal flux)!
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Close-coupling can yield complete data sets, and the results are internally consistent (unitary theory that conserves total flux)!
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Time-Independent Close-Coupling 


cross section (10~'¥cm?)

Total Cross Sections for Electron-Impact Excitation of Helium
K. Bartschat, J. Phys. B 31 (1998) L469

B o = N W oA gl O
T

n—2 n —
T T3 4 20 ——r—rrr—r—r—rr—rrrrr—rrr L0
Trajmar — x 3 r F 33g experiment e ] F 31g ]
e Hall e [ N CCC(75 ] L .
Donaldson v 1 3 1.5 | Rl\gng — 0.8: ]
- CCC(75) i C ] C ]
RMPS —— 1 L X 1 06 .
3 r . 1 o04f
1k - ] [
] - 05 f 1 02f
PRI RN BN B I R ] O‘O:I....I....I....I....I: 0'0:...
T N [ 2 1.0 ——— L5
i wg o5 L3P ] [
C 6 T “F ® 1 L
: = osf N
n ir = - T ] [
a 2 04F 3 I
r 2'_ 8 [ ] 0.5
C & r ]
r “ 02 ]
r [ 99} [ ]
! o U go.o'l...I....I....I....I' ool d vty b by
20 25 30 35 40 20 0.3
o 3 -
projectile energy (eV) [ 35p) 1 o3l
0.2 - N
i } ] o0zp
0.1 N 0.1F
O.O_I..).I....I....I....I_ ool d vt v v
20 25 30 35 40 20 25 30 35 40

projectile energy (eV)

In 1998, de Heer recommends 0.5 x (CCC+RMPS) for uncertainty of 10%
— independent of experiment!
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Total Cross Sections for Electron-Impact Excitation of Helium 
  K. Bartschat, J. Phys. B 31 (1998) L469
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In 1998, de Heer recommends 0.5 x (CCC+RMPS) for uncertainty of 10% 
— independent of experiment!


Cross Section (a(z))

Metastable Excitation Function in Kr
Experiment: Buckman et al (1983), multlplled by 0.67

Theories: 31-sta ‘ | ~ ' ‘
51-state Brelt Paull R matrix (Bartschat & Grum Grzhlmallo 2000)
06 : | y | ' | v | ' |
- 58[3/2]2 + 58'[1/2]0
0.5 | ; N
j A
0.4 o ) fe=g 4
/\. - | ;\'é'
11| e
0.3 I .2 -! ‘ a
§
| \
0.2 |
0.1 F , 4\ Oops— maybewe need
/-'\’ to try abit harder?
0.0 i 4/' ' : l : I : | . |
9.5 10.0 10.5 11.0 11.5 12.0 12.5

Electron Energy (eV)
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We have a great program now :):):)
General B-Spline R-Matrix (Close-Coupling) Programs (D)BSR

e Key Ideas:
I ' I ' I ' I ' I ' I
e Use B-splines as universal 10 —
basis set to represent the i k=8, 8= 1, 4=03 .
. . 08 |- —
continuum orbitals perfect orthogonality due to compact interval

e Allow mnon-orthogonal or- o /
bital sets for bound and -

contimunm radial functions _ 04 - """"""’ -
not just the numerical basis! :z : 292929’929292 :

O. Zatsarinny, CPC 174 (2006) 273 I

e Consequences:
e Much improved target description possible with small CI expansions
e Consistent description of the NN-electron target and (IN+1)-electron collision

problems
e No “Buttle correction” since B-spline basis is effectively complete
e Complications: record: 400,000
e Setting up the Hamiltonian matrix can be very complicated and lengthj 10 do 50-100 times;

Generalized eigenvalue problem needs to be solved 0.5-1.0MSU
(1 MSU = $50,000

[ ]
e Matrix size typically 100.,000 or mor.e due to s.1ze of B-spline basis in NSF Accounting)
e Rescue: Excellent numerical properties of B-splines; use of (SCA)LAPATK et ar.

We also have to solve the problem outside the box for each energy (from 100's to 100,000's).



klaus
Text Box
not just the numerical basis!

klaus
Text Box
We have a great program now :):):)

klaus
Text Box
100,000 or more
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 record: 400,000
to do 50-100 times;
0.5 - 1.0 MSU
(1 MSU = $50,000
in NSF Accounting)
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 We also have to solve the problem outside the box for each energy (from 100's to 100,000's).
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List of early calculations with the BSR code (rapidly growing)

hv + Li
hv + He™
hv+ C”
hv + B~
hv+ O
hv + Ca™
e + He

et+C
e+ O

e + Ne

e+ Mg
e+ S

e+ Ar

e + K (inner-shell)
e+Zn

e+ Fe'

e+ Kr

e + Xe

Rydberg series in C
osc. strengths in Ar
osc. strengths in S
osc. strengths in Xe

Zatsarinny O and Froese Fischer C J. Phys. B 33 313 (2000)
Zatsarinny O, Gorczyca T W and Froese Fischer C J. Phys. B. 35 4161 (2002)

Gibson N D ef al. Phys. Rev. A 67, 030703 (2003)
Zatsarinny O and Gorczyca T W Abstracts of XXII ICPEAC (2003)

Zatsarinny O and Bartschat K Phys. Rev. A 73 022714 (2006) since 2006

at least 100 more

Zatsarinny O ef al. Phys. Rev. A 74 052708 (2006)

Stepanovic et al. J. Phys. B 39 1547 (2006)

Lange M et al. J. Phys. B 39 4179 (2006)

Zatsarinny O, Bartschat K, Bandurina L and Gedeon V' Phys. Rev. A 71 042702 (2005)
Zatsarinny O and Tayal S S J. Phys. B 34 1299 (2001)

Zatsarinny O and Tayal S S J. Phys. B 35 241 (2002)
Zatsarinny O and Tayal SS As. J. S. S. 148 575 (2003)
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Move on to Collisions...

Metastableyield in e-Necollisions

e Using our semi-relativistic B-spline R-matrix (BSR) method [Zatsarinny and
Bartschat, J. Phys. B 37, 2173 (2004)], we achieved unprecendented agreement
with experiment for angle-integrated cross sections in e—Ne collisions.
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Resonances the excitation of the Ne (2p53p) states
Allan, Franz, Hotop, Zatsarinny, Bartschat (2009),J. Phys.B 42,044009
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) 1= —= -
g it's looking
a B " s\
£ ,0 N | good:):))
% B 452 ﬁ) 180°
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Expanded view of the resonant features in selected cross sections for the excitation
of the 3p states. Experiment is shown by the more ragged red line, theory by the
smooth blue line. The present experimental energies, labels (using the notation
of Buckman et al. (1983), and configurations of the resonances are given above the
spectra. Threshold energies are indicated below the lower spectrum.
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Allan, Franz, Hotop, Zatsarinny, Bartschat (2009), J. Phys. B 42, 044009
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Cross Section (a(z))

Metastable Excitation Function in Kr

Experiment: Buckman et al (1983), multlplled by 0.67

Theories: 31-state Breit-Par matr n & tschat 1998)
Sl-state Brelt Pauh R-matrlx (Bartschat & Grum-Grzhlmallo 2000)

49-state Breit-Pauli B-spline R-matrix
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PHYSICAL REVIEW A 86, 022717 (2012)

Electron-impact excitation of neon at intermediate energies
Oleg Zatsarinny and Klaus Bartschat

BIG SURPRISE (discovered through a GEC collaboration): k
This Is not what | learned In "Introduction to Atomic Collision Theory".
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Collisions at "Intermediate energies":
Coupling to the continuum can be very, very important.
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Coupling to the continuum can be very, very important.
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PHYSICAL REVIEW A 86, 022717 (2012)

Electron-impact excitation of neon at intermediate energies
Oleg Zatsarinny and Klaus Bartschat
Department of Physics and Astronomy, Drake University, Des Moines, lowa 50311, USA
(Received 18 July 2012; published 30 August 2012)
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Since then, we have shown that this is a general
problem In electron collisions with outer p-shell
targets (e.q., C, N, F, CI, Ar).
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Convergence and sensitivity studies provide a systematic way to
assign some uncertainty to theoretical predictions,
which Is becoming an increasingly "hot" topic.
(PRA editorial 2011, IAEA/ITAMP workshop 2014, IAEA 2016, ...)
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which is becoming an increasingly "hot" topic.
(PRA editorial 2011, IAEA/ITAMP workshop 2014, IAEA 2016, ...)
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problem in electron collisions with outer p-shell
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lonization In the Close-Coupling Formalism

e Recall: We are interested in the ionization process
eq(kgs o) + A(Lg, My So, Mg,) — €1 (K, py) + eq(ky, o) + AT(Ly, My; Sy, Mg )
¢ We need the ionization amplitude
f(Lg, My, Sgi kg — Lp, My, Spiky, k)

e We employ the B-spline R-matrix method of Zatsarinny (CPC 174 (2006) 273)
with a large number of pseudo-states:
e These pseudo-states simulate the effect of the continuum.
e The scattering amplitudes for excitation of these pseudo-states are used to

form the ionization amplitude: This detour and direct projection is the
essential idea —we'll see if it works.

k. . :
f(LO7MO7 SO; kO — Lf7Mf7 Sf; kl? k2) — Z<\ij ‘®<Lp5p>> f(LO7 MO7 SO7 kO - Lp7 Mp7 Sp7 klp)'

p
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Ionization in the Close-Coupling Formalism


PHYSICAL REVIEW A 90, 022710 (2014)

[for full disclosure..] Ionization amplitudes in electron-hydrogen collisions

L. Bray, C. J. Guilfoile, A. S. Kadyrov, D. V. Fursa, and A. T. Stelbovics
ARC Centre for Antimatter-Matter Studies, Curtin University, GPO Box U1987, Perth, WA 6845, Australia
(Received 3 June 2014; published 15 August 2014)

Recently Zatsarinny and Bartschat [Phys. Rev. Lett. 107, 023203 (2011)] have given an ansatz for extracting
ionization amplitudes from close-coupling calculations of electron-impact ionization of atoms. They applied it
with extraordinary success to a fully differential cross section of electron-helium single ionization leaving the
residual ion in an n = 2 state. By considering electron-impact ionization of atomic hydrogen we explain the
origin of the ansatz and show that it forms an effective interpolation scheme for determining the amplitudes, so
long as the pseudostate energy distribution is sufficiently dense.

In the Conclusionsit is stated:
[W]e believetheansatzresentedby ZatsarinnyandBartscha{13] is in effecta usefulinterpolationprocedureor
generatingonizationamplitudesat any secondaryenergy butit hasno formal origin ...
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 [W]e believe the ansatz presented by Zatsarinny and Bartschat [13 ] is in effect a useful interpolation procedure for generating ionization amplitudes at any secondary energy, but it has no formal origin ...
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SomeChecks: lonization without Excitation (compareto CCC and TDCC)

Total and Single-Differential Cross Section

Total cross section =sum of I I I I I I I
excitation cross sections to ! e - He E=100 eV
positive-energy pseudo-states. 31 -

o
o

o
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T I T T T T
|

B Miiller-Fiedler ef al (1986)

® Montague et al. (1984)

o Rejoub et al. (2002)
Sorokin et al. (2004) |
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i N
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Including correlation in the ground state reduces the theoretical result.

Interpolation yields smoother result, but direct projection is acceptable.
e DIRECT PROJECTION is NECESSARY for MULTI-CHANNEL cases!

Sofar, sogood... Let's gofor more detail!
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Total cross section = sum of  excitation cross sections to positive-energy pseudo-states.


TDCS (10'21 cm? eV'lsr'z)

Triple-Differential Cross Section for Direct Ionization
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E0 = 195 eV; Phys. Rev. A 83 (2011) 052711


(e,2e)onAr isavery | ..o....n.......... g story. It includesthe discoveryof an
error in the processingof the raw experimental data, which wasfound by the
confidencegainedin BSR predictions ...

The latest: (e,2e) on Ar(3p°)
E,=66eV;E,=47eV;E,=3¢eV; 6, =15°

p X. Renet al. (Phys.Rev. A 93(2016)062704,
0

Expt.

The agreementis not perfect, but no other theory
(that we know of) getsanywhere near experiment.
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No More Spectators:
Tonization with Excitation of Helium

All Three Electrons Change Their Quantum State

(Movie by Allison Harris, Illinois State University)



2 Cross Section Ratio

1/n=

n:

BSRMPS works great: PRL 107 (2011) 023203

Triple-Differential Cross Section Ratio
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|ang|e-integrated cross section

We believe that we finally calculated "zero" correctly :-)
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Closing the Loop:
Collision Input —> Modeling Output —> Systeminformation
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of the neutral levels.
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Remote plasma etching using an Ar/NF;/0, mixture

Input from J. Tennyson’s group:

Many cross sections, including those
for e-NF, (not available from experiment)
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Remote plasma etching using an Ar/NF;/0, mixture

Information: These results are being used to choose the
most effective feedstock gases.Then optimize their mixture
and other plasma parameters.

Input from J. Tennyson’s group:
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Conclusions and Outlook

Despite the field’s maturity, significant innovations are constantly being made to

study electron collisions with atoms and molecules — and they are needed!

There exist many fruitful collaborations between experimentalists, theorists, and

users outside of AMO who need (and use) these data.

Experimental benchmark data remain very important to test and push theory!
With such benchmark data and comparisons between predictions from highly
sophisticated methods in hand, we can finally estimate uncertainties of these

predictions.
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Conclusions and Outlook

Despite the field’s maturity, significant innovations are constantly being made to

study electron collisions with atoms and molecules — and they are needed!

There exist many fruitful collaborations between experimentalists, theorists, and

users outside of AMO who need (and use) these data.

Experimental benchmark data remain very important to test and push theory!
With such benchmark data and comparisons between predictions from highly
sophisticated methods in hand, we can finally estimate uncertainties of these

predictions.

Although we usually need supercomputers to get a reliable answer, there is room

for interpretation of the physics. — Propensity in equal-energy sharing (e,2e).
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PHYSICAL REVIEW A 92, 052707 (2015)

Propensity for distinguishing two free electrons with equal energies in electron-impact
ionization of helium

Xueguang Ren,"" Arne Senftleben,”* Thomas Pfliiger,” Klaus Bartschat,* Oleg Zatsarinny,* Jamal Berakdar,?
James Colgan,6 Michael S. Pindzola,’ Igor Bray,8 Dmitry V. Fursa,® and Alexander Dorn?
' Physikalisch-Technische Bundesanstalt, D-38116 Braunschweig, Germany
>Max-Planck-Institut fiir Kernphysik, D-69117 Heidelberg, Germany
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7Department of Physics, Auburn University, Auburn, Alabama 36849, USA
8 Curtin Institute for Computation and Department of Physics and Astronomy, Curtin University, GPO Box U1987, Perth WA6845, Australia
(Received 27 August 2015; published 16 November 2015)

We report a combined experimental and theoretical study on the electron-impact ionization of helium at Ey =
70.6 eV and equal energy sharing of the two outgoing electrons (£, = E; = 23 eV), where a double-peak or dip
structure in the binary region of the triple differential cross section is observed. The experimental cross sections
are compared with results from convergent close-coupling (CCC), B-spline R-matrix-with-pseudostates (BSR),
and time-dependent close-coupling (TDCC) calculations, as well as predictions from the dynamic screening
three-Coulomb (DS3C) theory. Excellent agreement is obtained between experiment and the nonperturbative
CCC, BSR, and TDCC theories, and good agreement is also found for the DS3C model. The data are further
analyzed regarding contributions in particular coupling schemes for the spins of either the two outgoing electrons
or one of the outgoing electrons and the 1s electron remaining in the residual ion. While both coupling schemes can
be used to explain the observed double-peak structure in the cross section, the second one allows for the isolation
of the exchange contribution between the incident projectile and the target. For different observation angles of
the two outgoing electrons, we interpret the results as a propensity for distinguishing these two electrons—one
being more likely the incident projectile and the other one being more likely ejected from the target.

DOI: 10.1103/PhysRevA.92.052707 PACS number(s): 34.80.Dp
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(e,2¢e)onHe, E =E =23 eV
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Expt. CcccC

[BSR. TDCC. DS3C similar. |

FIG. 2. (color online) Three-dimensional (3D) representa-
tion of the TDCS for (e, 2e) on He at equal energy sharing
(E1 = E2 =23 eV) as a function of the emission angle 02 of
one electron with the other electron’s detection angle 61 be-
ing fixed to: (a) and (b) 61 = —35°%; (c) and (d) 6; = —40°;
(e) and (f) 6, = —45°; (g) and (h) #1 = —50°. Left column:
experiment. Right column: CCC calculation.
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FIG. 2. (color online) Three-dimensional (3D) representa-
tion of the TDCS for (e, 2e) on He at equal energy sharing
(E1 = E2 =23 eV) as a function of the emission angle 02 of
one electron with the other electron’s detection angle 61 be-
ing fixed to: (a) and (b) 61 = —35°%; (c) and (d) 6; = —40°;
(e) and (f) 6, = —45°; (g) and (h) #1 = —50°. Left column:
experiment. Right column: CCC calculation.
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Physical Interpretation: Even though both outgoing
electrons have the same energy, one can assign a
propensity to which peak is made by the projectile!?!?
If you do not believe this, please read the paper.
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Conclusions and Outlook

Despite the field’s maturity, significant innovations are constantly being made to

study electron collisions with atoms and molecules — and they are needed!

There exist many fruitful collaborations between experimentalists, theorists, and

users outside of AMO who need (and use) these data.

Experimental benchmark data remain very important to test and push theory!
With such benchmark data and comparisons between predictions from highly
sophisticated methods in hand, we can finally estimate uncertainties of these

predictions.

Although we usually need supercomputers to get a reliable answer, there is room

for interpretation of the physics. — Propensity in equal-energy sharing (e,2e).

Knowledge about electron collisions also helps to understand photon-induced

processes, in weak-field, strong-field, steady-state, and time-dependent cases.

| only have time to show a few title pages, where
BSR results were used as input data for such problems.
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Time delays for attosecond streaking in photoionization of neon

Johannes Feist,">" Oleg Zatsarinny,® Stefan Nagele,* ! Renate Pazourek,* Joachim Burgdorfer,* Xiaoxu Guan,

Klaus Bartschat,'-* and Barry 1. Schneider’

YITAMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138, USA

3

2Departamenta de Fisica Teorica de la Materia Condensada, Universidad Autonoma de Madrid, 28049 Madrid, Spain, EU
3Department of Physics and Astronomy, Drake University, Des Moines, lowa 50311, USA

*Institute for Theoretical Physics, Vienna University of Technology, 1040 Vienna, Austria, EU

3Office of Cyberinfrastructure, National Science Foundation, Arlington, Virginia 22230, USA
(Received 13 January 2014; published 14 March 2014)

We revisit the time-resolved photoemission in neon atoms as probed by attosecond streaking. We calculate
streaking time shifts for the emission of 2p and 2s electrons and compare the relative delay as measured in a
recent experiment by Schultze et al. [Science 328, 1658 (2010)]. The B-spline R-matrix method is employed
to calculate accurate Eisenbud-Wigner-Smith time delays from multielectron dipole transition matrix elements

for photoionization. The additional lase]
time-dependent simulations of a full st

the single-active-electron level. The rej

closing a potential loop-hole through
accurate multi-electron dipole matrix elements

parate,
lon on

d2p

emission lie well below the experimental data. We identify the presence of unresolved shake-up satellites in the
experiment as a potential source of error in the determination of streaking time shifts.


http://dx.doi.org/10.1126/science.1189401
http://dx.doi.org/10.1126/science.1189401
http://dx.doi.org/10.1126/science.1189401
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http://dx.doi.org/10.1103/PhysRevA.89.033417
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PHYSICAL REVIEW A 76, 053411 (2007)
[ relevant for current experiments at FELs |
General approach to few-cycle intense laser interactions with complex atoms

Xiaoxu Guan,1 0. Zatsarinny,1 K. Bartschat,1 B. L Schneider,2 J. Feist,3 and C. J. Noble!*
1Department of Physics and Astronomy, Drake University, Des Moines, lowa 50311, USA
2Physics Division, National Science Foundation, Arlington, Virginia 22230, USA
3Institute for Theoretical Physics, Vienna University of Technology, A-1040 Vienna, Austria
4Computational Science and Engineering Department, Daresbury Laboratory, Warrington WA4 4AD, United Kingdom
(Received 24 April 2007; revised manuscript received 13 September 2007; published 15 November 2007)

A general ab initio and nonperturbative method to solve the time-dependent Schrodinger equation (TDSE)
for the interaction of a strong attosecond laser pulse with a general atom, i.e., beyond the models of quasi-
one-electron or quasi-two-electron targets, is described. The field-free Hamiltonian and the dipole matrices are
generated using a flexible B-spline R-matrix method. This numerical implementation enables us to construct
term-dependent, nonorthogonal sets of one-electron orbitals for the bound and continuum electrons. The
solution of the TDSE is propagated in time using the Arnoldi-Lanczos method, which does not require the
diagonalization of any large matrices. The method is illustrated by an application to the multiphoton excitation
and ionization of Ne atoms. Good agreement with R-matrix Floquet calculations for the generalized cross
sections for two-photon ionization is achieved.


http://dx.doi.org/10.1103/PhysRevA.76.053411
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A time-dependent B-spline R-matrix
approach to double ionization of atoms by
XUYV laser pulses |“ i widsmee "

Xiaoxu Guan!, O Zatsarinny', C J Noble!2, K Bartschat! and
B I Schneider?

! Department of Physics and Astronomy, Drake University, Des Moines, IA 50311, USA

2 Computational Science and Engineering Department, Daresbury Laboratory, Warrington WA4 4AD,
UK

3 Physics Division, National Science Foundation, Arlington, Virgina 22230, USA

E-mail: xiaoxu.guan@drake.edu, oleg.zatsarinny @drake.edu, cjn@maxnet.co.nz,
klaus.bartschat@drake.edu and bschneid @nsf.gov

Received 29 December 2008, in final form 6 March 2009
Published 12 June 2009
Online at stacks.iop.org/JPhysB/42/134015

Abstract

We present an ab initio and non-perturbative time-dependent approach to the problem of
double ionization of a general atom driven by intense XUV laser pulses. After using a highly
flexible B-spline R-matrix method to generate field-free Hamiltonian and electric dipole
matrices, the initial state is propagated in time using an efficient Arnoldi—Lanczos scheme.
Test calculations for double ionization of He by a single laser pulse yield good agreement with
benchmark results obtained with other methods. The method is then applied to two-colour
pump—probe processes, for which momentum and energy distributions of the two outgoing
electrons are presented.

(Some figures in this article are in colour only in the electronic version)
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Numerical simulation of the double-to-single ionization ratio for the helium
atom in strong laser fields

Zhangjin Chen, Yanyan Zheng, Weifeng Yang, and Xiaohong Song
Department of Physics, College of Science, Shantou University, Shantou, Guangdong 515063, People’s Republic of China

Junliang Xu and L. F. DiMauro
Department of Physics, The Ohio State University, Columbus, Ohio 43210, USA

Oleg Zatsarinny and Klaus Bartschat
Department of Physics and Astronomy, Drake University, Des Moines, lowa 50311, USA

Toru Morishita
Institute for Advanced Science and Department of Engineering Science, The University of Electro-communications,
1-5-1 Chofu-ga-oka, Chofu-shi, Tokyo 182-8585, Japan

Song-Feng Zhao
College of Physics and Electronic Engineering, Northwest Normal University, Key Laboratory of Atomic and Molecular Physics
and Functional Materials of Gansu Province, Lanzhou 730070, People’s Republic of China

C.D. Lin
J. R. Macdonald Laboratory, Physics Department, Kansas State University, Manhattan, Kansas 66506-2604, USA
(Received 5 November 2015; published 29 December 2015)

We present calculations on the ratio between double and single ionization of helium by a strong laser pulse at
a wavelength of 780 nm using the quantitative rescattering (QRS) model. According to this model, the yield for
the doubly charged ion He?" can be obtained by multiplying the returning electron wave packet (RWP) with the
total cross sections (TCSs) for electron impact ionization and electron impact excitation of He" in the singlet
spin channel. The singlet constraint was imposed since the interaction of the helium atom with the laser and the
to

Ze These projects need e-He* (next are Ne* and Ar*) collision data. N

for high-energy photoelectrons. The laser field, which lowers the required energy for the electron to escape from
the nucleus at the time of recollision, is also taken into account. The simulated results are in good agreement
with the measured He*" /He™ ratio over a broad range of laser intensities. The result demonstrates that the QRS
approach based on the rescattering model is fully capable of quantitatively interpreting nonsequential double
ionization processes.



http://dx.doi.org/10.1103/PhysRevA.92.063427
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The very latest: Electron scattering for quantum state engineering
Entanglement and Bell Correlation in Electron-Exchange Collisions

K. Blum and B. Lohmann"
Institut fiir Theoretische Physik, Westfilische Wilhelms-Universitit Miinster, Wilhelm-Klemm-Strafie 9, D-48149 Miinster, Germany
(Received 14 June 2015; published 21 January 2016)

Elastic collisions between initially unpolarized electrons and hydrogenlike atoms are discussed, aiming
to analyze the entanglement properties of the correlated final spin system. Explicit spin-dependent
interactions are neglected and electron exchange only is taken into account. We show the final spin system
to be completely characterized by a single spin correlation parameter depending on scattering angle and
energy. Its numerical value identifies the final spins of the collision partners to be either in the separable,
entangled, or Bell correlated regions. We emphasize explicit examples for the mixed spin system in order to
illustrate the abstract concepts. The analysis of published experimental and numerical data reveals the
possibility to create tunable pairs of collision partners with any desired degree of spin entanglement.

DOI: 10.1103/PhysRevLett.116.033201


http://dx.doi.org/10.1103/PhysRevLett.116.033201
http://dx.doi.org/10.1103/PhysRevLett.116.033201
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PHYSICAL REVIEW A 94, 032331 (2016)

Tunable entanglement resource in elastic electron-exchange collisions out of chaotic spin systems

B. Lohmann,!-* K. Blum,! and B. Langer2
Unstitut fiir Theoretische Physik, Westfilische Wilhelms-Universitdt Miinster, Wilhelm-Klemm-Strasse 9, 48149 Miinster, Germany
2Physikalische Chemie, Freie Universitdt Berlin, Taku-Strasse 3, 14195 Berlin, Germany
(Received 5 July 2016; published 29 September 2016)

Elastic collisions between initially unpolarized electrons and hydrogenlike atoms are discussed aiming to
analyze the entanglement properties of the correlated final spin system. Explicit spin-dependent interactions are
neglected and electron exchange only is taken into account. We show the final spin system to be completely
characterized by a single spin correlation parameter depending on scattering angle and energy. Its numerical value
identifies the final spins of the collision partners to be either in the separable, entangled, or Bell correlated regions.
The symmetry of the scattering process allows for the construction of explicit examples applying methods of
classical communication and local operations for illustrating the concepts of nonlocality versus separability. It is
shown that strong correlations can be produced violating Bell’s inequalities significantly. Furthermore, the degree
of entanglement can be continuously varied simply by changing either the scattering angle and/or energy. This
allows for the generation of tunable spin pairs with any desired degree of entanglement. It is suggested to use
such nonlocally entangled spin pairs as a resource for further experiments, for example in quantum information
processes.

DOLI: 10.1103/PhysRevA.94.032331


http://dx.doi.org/10.1103/PhysRevA.94.032331
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5-state close-coupling for e-Li

||scattering is good enough here!
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FIG. 2: Differential cross section as well as the individual contribu-
tions from the singlet and triplet total spin channels for elastic elec-
tron scattering from Li atoms at a collision energy of 3 eV. The insert
shows the parameter P in the region 70° — 130°. The lines at —1/3
and —1/+/2 mark the borders between separable and entangled as
well as entangled and Bell-correlated regions, respectively.

Experiment: Baum et al.
ielefeld (1986)

FIG. 1: Differential cross section (top) and spin correlation parame-
ter P (bottom) for elastic electron scattering from Li atoms as a func-
tion of energy at scattering angles of 65°, 90°, and 107.5°. The lines
at —1/3 and —1/+/2 in the panel for P mark the borders between
separable and entangled as well as entangled and Bell-correlated re-

gions, respectively. The experimental data for P = — A« are taken
from Baum et al. [3]].

P<-0.707... =
Bell-entangled
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Conclusions and Outlook
Despite the field’s maturity, significant innovations are constantly being made to
study electron collisions with atoms and molecules — and they are needed!

There exist many fruitful collaborations between experimentalists, theorists, and

users outside of AMO who need (and use) these data.

Experimental benchmark data remain very important to test and push theory!
With such benchmark data and comparisons between predictions from highly
sophisticated methods in hand, we can finally estimate uncertainties of these

predictions.

Although we usually need supercomputers to get a reliable answer, there is room

for interpretation of the physics. — Propensity in equal-energy sharing (e,2e).

Knowledge about electron collisions also helps to understand photon-induced

processes, in weak-field, strong-field, steady-state, and time-dependent cases.

And maybe the field is just about to be (re)discovered in quantum information ...

Thank You for Your Attention!





