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Spectrum of Xenon (→ Ar-Xe laser at NRL; high-pressure Xe-lamp (Greifswald)

Wanted: Level-to-Level + Ionization
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Spectrum of Xenon (→ Ar-Xe laser at NRL; high-pressure Xe-lamp (Greifswald)

Wanted: Level-to-Level + Ionization Available
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Introduction: Production and Assessment of Atomic Data

• Data for electron collisions with atoms and ions are needed for modeling processes in

• laboratory plasmas, such as discharges in lighting and lasers

• astrophysical plasmas

• planetary atmospheres
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• cross sections may peak at “intermediate energies” (→ ???)

• results could be WRONG !

klaus
Text Box
Production and Assessment of Atomic Data

klaus
Text Box
     

klaus
Text Box
     

klaus
Text Box
     



Introduction: Production and Assessment of Atomic Data

• Data for electron collisions with atoms and ions are needed for modeling processes in

• laboratory plasmas, such as discharges in lighting and lasers

• astrophysical plasmas

• planetary atmospheres

• The data are obtained through

• experiments

• valuable but expensive ($$$) benchmarks

• often problematic when absolute normalization is required

• calculations (Opacity Project, Iron Project, ...)

• relatively cheap

• almost any transition of interest is possible

• often restricted to particular energy ranges:

• high (→ Born-type methods)

• low (→ close-coupling-type methods)

• cross sections may peak at “intermediate energies” (→ ???)

• results could be WRONG !

• good (or bad ?) guesses

klaus
Text Box
Production and Assessment of Atomic Data

klaus
Text Box
     

klaus
Text Box
     

klaus
Text Box
     



Introduction: Production and Assessment of Atomic Data

• Data for electron collisions with atoms and ions are needed for modeling processes in

• laboratory plasmas, such as discharges in lighting and lasers

• astrophysical plasmas

• planetary atmospheres

• The data are obtained through

• experiments

• valuable but expensive ($$$) benchmarks

• often problematic when absolute normalization is required

• calculations (Opacity Project, Iron Project, ...)

• relatively cheap

• almost any transition of interest is possible

• often restricted to particular energy ranges:

• high (→ Born-type methods)

• low (→ close-coupling-type methods)

• cross sections may peak at “intermediate energies” (→ ???)

• results could be WRONG !

• good (or bad ?) guesses

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

klaus
Text Box
Production and Assessment of Atomic Data

klaus
Text Box
     

klaus
Text Box
     

klaus
Text Box
     



Introduction: Production and Assessment of Atomic Data

• Data for electron collisions with atoms and ions are needed for modeling processes in

• laboratory plasmas, such as discharges in lighting and lasers

• astrophysical plasmas

• planetary atmospheres

• The data are obtained through

• experiments

• valuable but expensive ($$$) benchmarks

• often problematic when absolute normalization is required

• calculations (Opacity Project, Iron Project, ...)

• relatively cheap

• almost any transition of interest is possible

• often restricted to particular energy ranges:

• high (→ Born-type methods)

• low (→ close-coupling-type methods)

• cross sections may peak at “intermediate energies” (→ ???)

• results could be WRONG !

• good (or bad ?) guesses

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

klaus
Text Box
Production and Assessment of Atomic Data

klaus
Text Box
     

klaus
Text Box
     

klaus
Text Box
For complete data sets, theory is often the "only game in town"! 

klaus
Text Box
     



Numerical Approaches

• Born-type methods

• Close-coupling-type methods (progress: include continuum!)

• Time-dependent and other direct methods

The (First-Order) Distorted-Wave Approximation

• Standard method of treating high-energy scattering

• Based upon the “two-potential approach”

V = V1 + (V − V1) = V1 + V2

and the solution of differential equation

[

d2

dr2
−

`(` + 1)

r2
− 2

{

UE(r) + VE,rel(r) − E
}

]

χ
E,l(r) = 0.

• The potential

V1 ≡ UE(r) + VE,rel(r)

= Ustatic(r) + UE,exch(r) + UE,pol(r) + i UE,abs(r) + VE,rel(r)

is “easy” to handle, while the rest (V2) is only accounted for to first order.
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• Advantages:

• fast

• relatively easy to implement

• flexible target description possible

• easy to test assumptions about the physics involved

• Disadvantages:

• channel coupling is neglected (no Feshbach resonances)

• problems for low energies and optically forbidden transitions

• results depend on the choice of V1

• lack of unitarization can be a problem



The (Time-Independent) Close-Coupling Expansion

• Standard method of treating low-energy scattering

• Based upon an expansion of the total wavefunction as

ΨLSπ
E (r1, . . . , rN+1) = A

∑

i

∫

ΦLSπ
i (r1, . . . , rN , r̂)

1

r
FE,i(r)

• Target states Φi diagonalize the N -electron target Hamiltonian according to

〈Φi′ | HN
T | Φi〉 = Ei δi′i

• The unknown radial wavefunctions FE,i are determined from the solution of a system of coupled integro-

differential equations given by

[

d2

dr2
−

`i(`i + 1)

r2
+ k2

]

FE,i(r) = 2
∑

j

∫

Vij(r)FE,j(r) + 2
∑

j

∫

Wij FE,j(r)

with the direct coupling potentials

Vij(r) = −
Z

r
δij +

N
∑

k=1

〈Φi |
1

|rk − r|
| Φj〉

and the exchange terms

WijFE,j(r) =

N
∑

k=1

〈Φi |
1

|rk − r|
| (A− 1)ΦjFE,j〉
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• For each “i”, one needs several sets of independent solutions subject to the boundary conditions

FE,ij(r = 0) = 0

lim
r→∞

FE,ij = δij sin
(

kir −
1
2
`iπ

)

+ Kij cos
(

kir −
1
2
`iπ

)

; i = 1, nopen

lim
r→∞

FE,ij = Cij exp(−|ki|r); i > nopen

• Collision problem consists of finding the solution for each total energy.

• Possible simplifications:

• No exchange outside a sphere of radius a (→ R→ R→ R-matrix method)

• “Effective range formula” and simpler Born-type approximations

• Advantages:

• based on an “exact” expansion

• simultaneous results for transitions between all states in the expansion

• sophisticated, publicly available codes exist

• Disadvantages:

• expansion must be cut off

• usually, a single set of mutually orthogonal one-electron orbitals is used for all states in

the expansion

• pseudo-orbitals may increase the flexibility but bring new problems with them
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Big Problem:

Treatment of the Target Continuum States ?

• “Convergent Close-Coupling” CCC

• “R-Matrix with Pseudo-States” RMPS Method

• “Intermediate Energy R-Matrix” IERM Method

• Idea: Represent both the discrete and the continuum target states by diagonalizing the target Hamiltonian

in a large square-integrable basis:

• lower eigenvalues and eigenvectors represent physical bound states;

• discrete negative-energy pseudo-states approximate the effect of the infinite number of physical

discrete states;

• discrete positive-energy pseudo-states approximate the effect of the target continuum.

All three methods can handle IONIZATION

via excitation of pseudo-states with positive energy!
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• lower eigenvalues and eigenvectors represent physical bound states;

• discrete negative-energy pseudo-states approximate the effect of the infinite number of physical

discrete states;

• discrete positive-energy pseudo-states approximate the effect of the target continuum.

All three methods can handle IONIZATION

via excitation of pseudo-states with positive energy!

Inclusion of Relativistic Effects

• Re-coupling of non-relativistic results (CCC; problematic near threshold)

• Perturbative approach (matrix elements calculated between non-relativistic wavefunctions; Breit-

Pauli R-matrix)

• Dirac-based approach (DARC = Dirac Atomic R-Matrix Code; needs further development)
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Breit-Pauli seems o.k. for this case (and many others!)
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Benchmark Results for e−H Scattering

• Using a variational method, Schwartz solved the low-energy elastic e−H scattering problem

with high accuracy in the early 1960’s.

• As seen in further benchmark work in the inelastic regime, CCC, RMPS, and IERM predictions

agree extremely well with each other, and also with the experimental data (dots on 2s, 2p) of Williams

(1988). [From Bartschat, Bray, Burke, and Scott, J. Phys. B 29 (1996) 5493.]
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Total Cross Section and Spin Asymmetry in e−H Ionization

(from Bartschat and Bray 1996)
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Cross Section for Electron-Impact Excitation of He(1s2)

K. Bartschat, J. Phys. B 31 (1998) L469
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In 1998, deHeer recommends (CCC+RMPS)/2 for uncertainty of 10% or better !

(independent of experiment)
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Cross Section for Electron-Impact Excitation of He(1s2s)3S

K. Bartschat, J. Phys. B 31 (1998) L469
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There is significant disagreement between theory and experiment !?!?!?
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New Trap Measurement from Australia

This looks a lot better for theory !
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klaus
Text Box
e-Be+:  coupling to continuum most important for 
i) optically forbidden transitions and/or ii) small cross sections
good agreement between CCC, RMPS, TDCC — no  experiment !



klaus
Text Box
e-Be:  coupling to continuum most important for 
i) optically forbidden transitions and/or ii) small cross sections
good agreement between CCC, RMPS, TDCC — no  experiment !



Electron Collisions with Cs Atoms

Theories: semi-relativistic RMPS (Bartschat & Fang)

non-relativistic CCC (Bray)
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• While there are still some differences between the RMPS and CCC results for energies

below ≈≈≈ 10 eV, the accuracy of the theoretical predictions is certainly comparable to that

of experiment.

• The maximum in the Brode data is not confirmed by either theory nor by any of the other

experimental results.
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A Grand Challenge: Electron Collisions with Molybdenum
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Spectrum from a Moly-Oxide Lamp

Petrov, Giuliani, Dasgupta, Bartschat and Pechacek, J. of Appl. Phys, 95 (2004) 5284
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R-matrix Results for Electron Collisions with Molybdenum

K. Bartschat, A. Dasgupta, and J.L. Giuliani, J. Phys. B 35 (2002) 2899
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R-matrix Results for Electron Collisions with Molybdenum

K. Bartschat, A. Dasgupta, and J.L. Giuliani, J. Phys. B 35 (2002) 2899
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Moly-Lines from a Moly-Oxide Lamp

Petrov, Giuliani, Dasgupta, Bartschat and Pechacek, J. of Appl. Phys, 95 (2004) 5284

Bartschat, Dasgupta, Petrov and Giuliani, New Journal of Physics 6 (2004) 145
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Metastable Production in Electron Collisions with Ar and Xe

theory: Breit-Pauli R-matrix

(Grum-Grzhimailo and K.B. 2001/2)

experiment: metastable count rate

(Buckman et alet alet al. 1983)
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Electron-Impact Excitation of Krypton (4p55s)3P2
[Phys. Rev. A 65 (2002) 042724]

Theory:

Dasgupta/Madison (DW)

Bartschat/Grum-Grzhimailo (BPRM)

Experiment:

Kolokov and Terekhova (•)

Mityureva et al. (◦)

New data from the Wisconsin group

agree much better with the theoretical

predictions.

The real trouble is the difference in the

theories !
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Can R-matrix (close-coupling) do better?

A general and effective program for electron collisions with atoms
and ions using a B-spline approach with non-orthogonal orbitals

Oleg Zatsarinny and Klaus Bartschat

NSF Award Numbers: PHY-0311161 (ITR) and PHY-0555226
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History of the Belfast R-matrix program

R-matrix technique

First implementation to atoms -  Burke et al. (1971),  Burke and Robb (1975)

Enormous amount of calculations -  Burke and Berrington (1993)

Set of programs:

RMATRX–I: Berrington et al. (1995)

RMATRX–II: non-relativistic, with improved angular integration (P.G. Burke, V.M. Burke)

PRMAT: parallelized version of RMATRX–II + FARM, Sunderland et al. (2002)

Badnell’s RMAT: http: //amdpp.phys.strath.ac.uk/rmatrix/, RMATRX–I with possibility for radiative damping

One of the principal ingredients of the above-mentioned programs is the usage of a single set of orthogonal one-

electron orbitals.

Major problems

i) the difficulties in describing all target states of interest for a given calculation to sufficient accuracy

ii) the likely occurrence of unphysical structures, so-called “pseudo-resonances", when an attempt is made to

address the former problem

iii)  numerical difficulties due to an ill-conditioned orthogonalization procedure and the need to modify the so-

called “Buttle correction".
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New general R-matrix program BSR

Key Ideas

• use B-spline functions as universal basis set to represent the continuum orbitals
• allow for non-orthogonal orbitals to represent both bound and continuum radial functions

                   R-matrix basis functions    ( πα≡Γ SLMLSM  ) :

                    ∑∑ Γ
+

ΓΓ
+

−
+++

Γ
+

Γ χ+σΦΑ=Ψ
i

ikNi
ij

ijkNjNNNNiNk bxxarurxxxx ),...,()();,...,(),...,( 111
1
111111 r

                                     ),()( rBcru
m

mimj ∑=          ar <<0

Orthogonality conditions on the one-electron radial functions

Target states:                   }{               ,
1

nlj

m

j
jiji Pc →φφ=Φ ∑

=

Pnl   −   physical  (spectroscopic)  orbitals;
Pnl   −   correlated or pseudo-orbitals  (to improve the target eigenstates;

to represent the pseudo-states)
<Pnl|Pn’l> = 0        difficult to achieve accurate target representation

(term-dependence,  relaxation effects,  correlation)
<Pnl|ukl> = 0      large (N+1)-electron expansions;   pseudo-resonances;

 { })(),...,(),...,( 1111 ++
Γ ×φ=χ NnlNiNi rPxxAxx
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B-splines

[0,R]   → [ti],   i = 1,2,...,n + k, 

t1=t2=...=tk,     tn+1=tn+2=…=tn+k

Advantages of B-splines 

 

• Excellent numerical properties; machine accuracy with Gaussian quadratures; flexibility in the choice of 

radial grid; avoid finite-difference algorithms; banded structure; established Linear Algebra packages 

available  

 

• Effective completeness of B-spline basis – no Buttle correction required. 
        

          First R-matrix calculation with B-splines:   e-H scattering (van der Hart 1997) 

          Exponential growing of B-spline applications,  see review Bachau et al., Rep. Prog. Phys. 64,1815 (2001) 
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— First B-spline R-matrix calculation: e–H (van der Hart, 1997)

— Recent exponential growth of B-spline applications; see Bachau et al., Rep. Prog. Phys. 64 (2001) 1815
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Present implementation  

 

• based on general programs for angular integration with non-orthogonal orbitals 
(BREIT_NO, Zatsarinny and Froese Fischer 1999) 

  

• abandon orthogonality constraints; restricted orthogonality of ukl(r) to closed-shell core 
orbitals 

 

• independent generation of different target states allows for an accurate target description 
through direct account for term dependence in one-electron orbitals 

 

• no (N+1)-electron terms in the close-coupling expansion yields consistent treatment of  
                 N-electron target and (N+1)-electron collision problems; pseudo-resonance structure is  

                 greatly reduced  
 

• Outer region: FARM (Burke & Noble 1995), STGF (Seaton 1985, Badnell 1999) 
 

Difficulties 

 

• Setting up the Hamiltonian matrix can be very complicated and lengthy. 
 

• Generalized eigenvalue problem needs to be solved  (HΨ = E S Ψ). 

 

• Matrix size is typically big (~10,000) due to large size of B-spline basis (50-100). 
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Resonances in e–He collisions (excitation of 33,1S)
(from Stepanovic et al., J. Phys. B 39 (2006) 1547)
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Computational model for e - Ne 

                                                    [Zatsarinny and Bartschat, J. Phys. B 37 2173 (2004)] 

Problems: 

• strong term dependence of the valence orbitals 

• we need to include relativistic effects due to fine-structure splitting of the Ne+ core 

• simultaneous importance of channel-coupling effects 
 

Target states 2p
6
, 2p

5
nl were generated as various sets of non-orthogonal state-dependent valence nl orbitals

using a B-spline box-based close-coupling method, with expansion:  
 

∑∑

∑∑
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• The Hamiltonian to be diagonalized was chosen as  HBP =  HNR +  Hmass  +  HD1  + HSO  +  HSOO   

• Theoretical binding energies differed from experiment by no more than 30 meV 
 

Scattering model: 

 

• Close-coupling expansion included 31 states in the jK coupling scheme,  

with configurations 2p
6
, 2p

5
3s, 2p

5
3p, 2p

5
3d, and 2p

5
4s.  

• +  2p54d and  2p55s 1P pseudostates reproduced polarizability of the ground state.  

• (N+1)-electron terms in the R-matrix expansion were avoided completely.  

• The largest number of coupled channels was 126, resulting (with Ns = 96) in matrix dimension of nearly 10,000 

in the generalized eigenvalue problem. Such calculations can still be performed on a fast desktop PC with 2 Gb 

of RAM. 
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Table 1. Calculated and observed energy levels for the lowest 31 states of neon.

State Theory [a.u.] Experiment [eV] Difference [eV]

(2p6)1S0 −128.7454364 0 −0.091

3s[3/2]2 −128.1309482 16.619 0.011

3s[3/2]1 −128.1289358 16.671 0.014

3s′[1/2]0 −128.1272471 16.715 0.016

3s′[1/2]1 −128.1217922 16.848 0.031

3p[1/2]1 −128.0654904 18.382 0.030

3p[5/2]3 −128.0596727 18.555 0.015

3p[5/2]2 −128.0589268 18.576 0.014

3p[3/2]1 −128.0574642 18.613 0.017

3p[3/2]2 −128.0566791 18.637 0.014

3p′[3/2]1 −128.0543692 18.693 0.021

3p′[3/2]2 −128.0540267 18.704 0.019

3p[3/2]0 −128.0536576 18.711 0.022

3p′[1/2]1 −128.0530935 18.726 0.022

3p′[1/2]0 −128.0437159 18.966 0.038

4s[3/2]2 −128.0196244 19.664 −0.004

4s[3/2]1 −128.0187096 19.688 −0.004

4s′[1/2]0 −128.0159254 19.761 0

4s′[1/2]1 −128.0152029 19.780 0

3d[1/2]0 −128.0063773 20.025 −0.005

3d[1/2]1 −128.0063083 20.026 −0.005

3d[7/2]4 −128.0060234 20.035 −0.005

3d[7/2]3 −128.0060055 20.035 −0.005

3d[3/2]2 −128.0059251 20.037 −0.004

3d[3/2]1 −128.0057907 20.040 −0.004

3d[5/2]2 −128.0055058 20.048 −0.004

3d[5/2]3 −128.0055022 20.048 −0.005

3d′[5/2]1 −128.0021312 20.136 −0.001

3d′[5/2]3 −128.0021214 20.136 0

3d′[3/2]2 −128.0020691 20.138 0

3d′[3/2]1 −128.0019986 20.139 0
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Table 2. Calculated and observed oscillator strengths for selected transitions in neon.

The subscripts L and V denote the length and velocity forms, respectively.

Initial Final fL fV NIST del Val et al (2000) Seaton (1998)

(2p6)1S0 3s[3/2]1 1.14E-2 1.02E-2 1.18E-2 1.26E-2

(2p6)1S0 3s′[1/2]1 1.65E-1 1.48E-1 1.49E-1 1.68E-1

(2p6)1S0 4s[3/2]1 1.42E-2 1.29E-2 8.6E-3

(2p6)1S0 4s′[1/2]1 1.78E-2 1.62E-2 1.3E-2

(2p6)1S0 3d[1/2]1 4.01E-3 5.16E-3 5.7E-3 5.58E-3

(2p6)1S0 3d[3/2]1 1.22E-2 1.56E-2 1.6E-2 1.67E-2

(2p6)1S0 3d′[3/2]1 5.96E-3 7.64E-3 6.5E-3 8.59E-3

3s[3/2]2 3p[1/2]1 1.24E-1 1.37E-1 1.13E-1 1.13E-1 1.10E-1

3s[3/2]2 3p[3/2]1 2.21E-2 2.21E-2 2.22E-2 2.33E-2 2.12E-2

3s[3/2]2 3p′[3/2]1 1.05E-2 1.12E-2 1.06E-2

3s[3/2]2 3p′[1/2]1 3.40E-2 3.44E-2 3.42E-2

3s[3/2]2 3p[5/2]2 9.38E-2 9.05E-2 9.69E-2 9.62E-2 9.68E-2

3s[3/2]2 3p[3/2]2 1.67E-1 1.70E-1 1.6E-1 1.64E-1 1.58E-1

3s[3/2]2 3p′[3/2]2 6.50E-2 6.98E-2 5.99E-2 5.40E-2 5.80E-2

3s[3/2]2 3p[5/2]3 4.54E-1 4.29E-1 4.28E-1

3s[3/2]1 3p[3/2]0 1.09E-1 1.12E-1 1.11E-1 1.06E-1 1.05E-1

3s[3/2]1 3p′[1/2]0 1.05E-3 9.52E-4 9.70E-4

3s[3/2]1 3p[1/2]1 8.18E-2 9.20E-2 7.36E-2 7.40E-2 7.37E-2

3s[3/2]1 3p[3/2]1 2.02E-1 1.96E-1 1.96E-1 2.24E-1 1.94E-2

3s[3/2]1 3p′[3/2]1 2.78E-3 3.56E-3 3.73E-3

3s[3/2]1 3p′[1/2]1 3.35E-2 3.59E-2 3.06E-2 2.94E-2 2.86E-2

3s[3/2]1 3p[5/2]2 3.27E-1 3.08E-1 3.18E-1 3.17E-1 3.09E-1

3s[3/2]1 3p[3/2]2 2.64E-2 2.86E-2 4.37E-2 4.57E-2 4.2E-2

3s[3/2]1 3p′[3/2]2 1.87E-1 1.87E-1 1.68E-1 1.63E-1 1.63E-1

3s′[1/2]0 3p[1/2]1 6.29E-2 7.19E-2 5.75E-2 6.70E-2 5.75E-2

3s′[1/2]0 3p[3/2]1 2.05E-1 1.87E-1 2.07E-1 2.13E-1 1.91E-1

3s′[1/2]0 3p′[3/2]1 4.44E-1 4.37E-1 4.4E-1 4.63E-1 4.27E-1

3s′[1/2]0 3p′[1/2]1 2.58E-1 2.69E-1 2.5E-1 2.55E-1 2.42E-1

3s′[1/2]1 3p[3/2]0 5.69E-4 6.6E-4 8.07E-4

3s′[1/2]1 3p′[1/2]0 1.21E-1 1.19E-1 1.08E-1

3s′[1/2]1 3p[1/2]1 7.53E-4 1.05E-3 1.01E-3

3s′[1/2]1 3p[3/2]1 1.73E-2 1.76E-2 1.4E-2 1.60E-2 1.48E-2

3s′[1/2]1 3p′[1/2]1 1.49E-1 1.50E-1 1.52E-1 1.56E-1 1.47E-1

3s′[1/2]1 3p′[3/2]1 1.57E-1 1.54E-1 1.47E-1 1.57E-1 1.47E-1

3s′[1/2]1 3p[3/2]2 2.36E-1 2.24E-1 2.09E-1 2.22E-1 2.11E-1

3s′[1/2]1 3p[5/2]2 5.61E-2 5.44E-2 3.69E-2 4.24E-2 3.93E-2

3s′[1/2]1 3p′[3/2]2 2.47E-1 2.39E-1 2.59E-1
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Bömmels J, Franz K, Hoffman T H, Gopalan A, Zatsarinny O, Bartschat K, Ruf M.-W., and Hotop H

Low-lying resonances in electron-neon scattering: measurements at 4 meV resolution and

comparison with theory

Phys. Rev. A 71, 012704 (2005)
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Electron-Impact Excitation of Ne(2p53s)
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solid line: BSRM
dashed line: RM31
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Electron-Impact Excitation of Ne(2p53p)
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experiments: Khakoo et al., Chilton et al.
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How about angle-differential measurements?

How about higher energies?
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(data from ANU group of Buckman)
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Compared to BSRM and BSRM-convoluted 
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Electron-Impact Excitation of Ne(2p53s)

Differential Cross Sections at 20eV
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Experiment: Khakoo et al.
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Electron-Impact Excitation of Ne(2p53s)

Differential Cross Sections at 30eV
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Electron-Impact Excitation of Ne (2p53s):
Differential Cross Sections at 30 eV
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Metastable yield in e-Ar collisions
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UV excitation function for e-Ar
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Electron-Impact Excitation of Ar(3p54s)
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Electron-Impact Excitation of Ar (3p54s)
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Electron-Impact Excitation of Ar(3p54p)
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xenon as a function of impact energy at a fixed scattering angle of 135◦.

present experiment; BSR theory. Triangles: Khakoo et al.et al.et al. (1996).
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Resonances in e - Zn scattering 
 

O. Zatsarinny  and  K. Bartschat (Phys. Rev. A 71, 022716, 2005) 

 

Experiment: 

Sullivan J P, Burrow P D, Newman D S, Bartschat K, Panajotovic R, Moghbelalhossein 

M, McEachran R P and Buckman S J  

New Journal of Physics 5 (2003) 159.1 

“An experimental and theoretical study of transient negative ions in Mg, Zn, Cd and Hg” 

 

Calculations: 

1. RMPS,  25 target states, 11 spectroscopic (semi-empirical core-potential approach) 
2. BSRM, 49 target states, 11 spectroscopic (ab initio) 

Target states were obtained in the B-spline bound state calculations 
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Theoretical excitation energies differed from experiment by no more than 80 meV. 

Polarizability of ground state: 36.8 ao
3
.,  exp.:  38.8 (0.8) ao

3
. 
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Electron transmission spectroscopy for e-Zn collisions
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Theory:  49 states B-spline R-matrix 

Experiment:  Sullivan, Burrow et al., New Journal of Physics (2003)

Electron transmission spectroscopy for e-Zn collisions
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Good agreement with recent experiment and CCC calculations of Fursa and Bray (2005) 

                          for excitation of the 4s4p 
1
P and 4s5p 

1
P levels. 
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A Problem from Astrophysics: e−FeII

Observed and calculated term energies of Fe II (in Ry × 10-4 )
                            relative to the ground state.

State Term
 Observed
 term
 energy

Present
data
difference

Ramsbottom
 et al (2004)
difference

Ramsbottom
 et al (2002)
difference

1 3d6(5D)4s a  6D 0 0 0 0
2 3d7 a  4F 182 16 -33 -14
3 3d6(5D)4s a  4D 720 -19 5 -1
4 3d7 a  4P 1203 49 17 143
5 3d6(3P2)4s b  4P 1914 -46 250 547
6 3d6(3H)4s a  4H 1918 8 423 282
7 3d6(3F2)4s b  4F 2040 -2 317 467
8 3d54s2 a  6S 2087 1 394
9 3d6(3G)4s a  4G 2310 1 414 429
10 3d6(3D)4s b  4D 2825 -24 400 658
11 3d6(5D)4p z  6Do 3490 -82 -229 -371
12 3d6(5D)4p z  6Fo 3805 -82 -187 -327
13 3d6(5D)4p z  6Po 3886 -2 -162 -208
14 3d6(5D)4p z  4Fo 4037 46 -144 -172
15 3d6(5D)4p z  4Do 4039 -75 -116 -205
16 3d6(5D)4p z  4Po 4265 63 -64 -127
17 3d6(3P1)4s c  4P 4499 60 592 1247
18 3d6(3F1)4s c  4F 4532 -5 594 1148
19 3d54s2 b  4G 4907 21 737
20 3d54s2 d  4P 5199 22 611
21 3d6(3P2)4p z  4So 5399 -58 104 291
22 3d54s2 c  4D 5463 43 767
23 3d6(3P2)4p y  4Po 5504 -3 27 247
24 3d6(3H)4p z  4Go 5504 -1 163 -1
25 3d6(3H)4p z  4Ho 5516 -51 249 12
26 3d6(3H)4p z  4Io 5565 1 210 -70
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Collision Strengths
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Effective Collision Strengths
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                                     List of calculations with the BSR code (rapidly growing)

hv + Li Zatsarinny O and Froese Fischer C  J. Phys. B  33 313 (2000)
hv + He- Zatsarinny O, Gorczyca T W and Froese Fischer C J. Phys. B. 35 4161 (2002)
hv + C- Gibson N D et al. Phys. Rev. A 67, 030703 (2003)
hv + B- Zatsarinny O and Gorczyca T W  Abstracts of XXII  ICPEAC (2003)
hv + O- Zatsarinny O and Bartschat K Phys. Rev. A 73 022714 (2006)
e + He Stepanovic et al. J. Phys. B  39 1547 (2006)

Lange M et al. J. Phys. B  39 in preparation (2006)
e + C Zatsarinny O, Bartschat K, Bandurina L and Gedeon V  Phys. Rev. A 71 042702 (2005)
e + O 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 S S  As. J. S. S. 148 575 (2003)

e + Ne Zatsarinny O and Bartschat K  J. Phys. B  37  2173 (2004)
Bömmels J et al. Phys. Rev. A 71, 012704  (2005)
Allan M et al. J. Phys. B  39  L139 (2006)

e + Mg Bartschat K, Zatsarinny O, Bray I, Fursa D V and Stelbovics A T J. Phys. B 37  2617 (2004)
e + S Zatsarinny O and Tayal S S  J. Phys. B  34 3383 (2001)

Zatsarinny O and Tayal S S  J. Phys. B  35 2493 (2002)
e + Ar Zatsarinny O and Bartschat K  J. Phys. B: At. Mol. Opt. Phys. 37 4693 (2004)
e + K (inner-shell) Borovik A A et al. Phys. Rev. A, 73 062701 (2006)
e + Zn Zatsarinny O and Bartschat K Phys. Rev. A 71 022716 (2005)
e + Fe+ Zatsarinny O and Bartschat K Phys. Rev. A 72 020702(R) (2005)
e + Kr Zatsarinny O and Bartschat K Phys. Rev. A in preparation (2006)
e + Xe Allan M, Zatsarinny O and Bartschat K Phys. Rev. A 030701(R) (2006)
Rydberg series in C Zatsarinny O and Froese Fischer C  J. Phys. B  35 4669 (2002)
osc. strengths in Ar Zatsarinny O and Bartschat K  J. Phys. B: At. Mol. Opt. Phys. 39 2145 (2006)
osc. strengths in S Zatsarinny O and Bartschat K  J. Phys. B: At. Mol. Opt. Phys. 39 2861  (2006)
osc. strengths in Xe Dasgupta A et al. Phys. Rev. A 74 012509 (2006)
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Electron Collisions with Hg Atoms: Metastable Production

data sources: 5-state semi-relativistic RMPS

indirect from transport data (Rockwood 1973)

metastable count rate (Newman et alet alet al. 1985)

� � � �

� � � � � �� � 	
� � 
 �

� � � � � �� � �

� 
 � � � � 
 � � �

� 
 � � � � � � � 


� � � � � � � 	 �
� � � � �  � !  �  " # $ %  & '

()*
++

+,(
-.*

/
012

34
5(6

78

9 :9 ;<=>
<

?
=

@
>

A
:

9
;

• At higher energies, the data set suggested by Rockwood violates the well-known energy

dependence of cross sections for forbidden transitions.

• Since the wavefunctions for the triplet states are expected to be good, we can normalize

the Newman et alet alet al. data.

• Above ≈≈≈ 8 eV, the metastable yield is affected by inner-shell excitation and cascading (not

yet included).
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Electron Collisions with Hg Atoms: (V)UV Production

data sources: 5-state semi-relativistic R-Matrix

indirect from transport data (Rockwood 1973)

Experiments: Peitzmann & Kessler (1990)

Panajatovic et alet alet al. (1993)
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• The data set suggested by Rockwood does not seem reliable.

• The f-scaling (→ Kim) works well and is needed for 111P111.

• There is more evidence (→ Franck-Hertz) of a very strong (6s6p222)444P5/25/25/2 resonance at

(6s6p)333P111 threshold.
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Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

• First-order distorted-wave methods are still a valuable tool to produce atomic data, to check

predictions from more sophisticated methods, or to solve part of the problem (high energies, high angular

momenta).

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

• First-order distorted-wave methods are still a valuable tool to produce atomic data, to check

predictions from more sophisticated methods, or to solve part of the problem (high energies, high angular

momenta).

• For calculations on noble gases other than helium, the target structure problem should not be ignored !

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

• First-order distorted-wave methods are still a valuable tool to produce atomic data, to check

predictions from more sophisticated methods, or to solve part of the problem (high energies, high angular

momenta).

• For calculations on noble gases other than helium, the target structure problem should not be ignored !

• For such complex targets, the BSR method with non-orthonal orbitals has achieved a

breakthrough in the description of near-threshold phenomena. The major advantages are:

• highly accurate target description

• reduced pseudo-resonance problems

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

• First-order distorted-wave methods are still a valuable tool to produce atomic data, to check

predictions from more sophisticated methods, or to solve part of the problem (high energies, high angular

momenta).

• For calculations on noble gases other than helium, the target structure problem should not be ignored !

• For such complex targets, the BSR method with non-orthonal orbitals has achieved a

breakthrough in the description of near-threshold phenomena. The major advantages are:

• highly accurate target description

• reduced pseudo-resonance problems

• Relativistic RMPS calculations, using either the standard or the BSR method, become so extensive

that they can only be performed on massively parallel computing platforms.

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

• First-order distorted-wave methods are still a valuable tool to produce atomic data, to check

predictions from more sophisticated methods, or to solve part of the problem (high energies, high angular

momenta).

• For calculations on noble gases other than helium, the target structure problem should not be ignored !

• For such complex targets, the BSR method with non-orthonal orbitals has achieved a

breakthrough in the description of near-threshold phenomena. The major advantages are:

• highly accurate target description

• reduced pseudo-resonance problems

• Relativistic RMPS calculations, using either the standard or the BSR method, become so extensive

that they can only be performed on massively parallel computing platforms.

• Application of all these methods to more correlated processes, complex atomic targets, or even

simple molecules presents a major computational challenge.

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

• First-order distorted-wave methods are still a valuable tool to produce atomic data, to check

predictions from more sophisticated methods, or to solve part of the problem (high energies, high angular

momenta).

• For calculations on noble gases other than helium, the target structure problem should not be ignored !

• For such complex targets, the BSR method with non-orthonal orbitals has achieved a

breakthrough in the description of near-threshold phenomena. The major advantages are:

• highly accurate target description

• reduced pseudo-resonance problems

• Relativistic RMPS calculations, using either the standard or the BSR method, become so extensive

that they can only be performed on massively parallel computing platforms.

• Application of all these methods to more correlated processes, complex atomic targets, or even

simple molecules presents a major computational challenge.

• Further progress requires extensive communication between data producers and data users.

klaus
Text Box
Conclusions and Outlook



Conclusions and Outlook

• Advanced close-coupling methods (CCC, RMPS, IERM) have achieved a breakthrough in calculations

of electron-impact excitation and ionization of simple target systems — provided the change in

quantum state of ONE target electron dominates the process.

• The success of these methods to describe the most detailed (sometimes even “complete”) experiments

has resulted in great confidence among application modelers in the predictions from these methods.

• An interesting computational alternative are time-dependent methods, although atomic data

production calculations seem very expensive.

• First-order distorted-wave methods are still a valuable tool to produce atomic data, to check

predictions from more sophisticated methods, or to solve part of the problem (high energies, high angular

momenta).

• For calculations on noble gases other than helium, the target structure problem should not be ignored !

• For such complex targets, the BSR method with non-orthonal orbitals has achieved a

breakthrough in the description of near-threshold phenomena. The major advantages are:

• highly accurate target description

• reduced pseudo-resonance problems

• Relativistic RMPS calculations, using either the standard or the BSR method, become so extensive

that they can only be performed on massively parallel computing platforms.

• Application of all these methods to more correlated processes, complex atomic targets, or even

simple molecules presents a major computational challenge.

• Further progress requires extensive communication between data producers and data users.

THANK YOU — and LET’S TALK!
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Absolute Cross Section of Ne (2p5 3s) Levels
Experiment Theory
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cross section ' stat. weights
Wigner downward cusp
Ne (2p5 3p,3S1)
3P structure similar
1P quite different shape
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completely different behaviour
exp. data highes uncertainty
near threshold
highest resonance strong in 1P
almost absent in 3P
1P DCS rising, 3P falling
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window resonances in 1P
peak resonances in 3P
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Angular Distribution of Ne (3s) States
Experiment Theory


0 20 40 60 80 100 120 140 160 180


0


10


Scattering Angle [°]


3
P2


0


5


10


3
P1


0


1


2


3
P0


0


10


20


1
P1


C
ro


s
s
 S


e
c
ti
o
n
 [
p
m


/s
r]


2


E = 18eVi
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