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Negative ions
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Photdetachment: hf + A— > A+ e~

Wigner threshold law:
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Why study negative ions?

« Benchmark for electron correlation theory
* Model system in physics

« Appears in many environments and used applications



Producing a positive
hydrogen ion:




Producing a negative hydrogen ion:




Study negative ions:
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The electron affinity of Astatine

Periodic Table of Elements

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18

1 ' Atomic # 2
1H Symbd He
T s Solid [ Metals e
344 [ Liquid 20 gz 4 33 P8
Pyt Be m q g % § Lanthanoids Eﬁ )
ar [H]ces 3 33 % 3
ot A S
T I Unknown ol o s -
3Na Mg
sagrsion
Hewom | 20
19 i P2 P22 23 24 i25 326 327 i28
4K “iCa 8¢ *Ti \% :Cr "Mn :Fe :Co :Ni
fomsim | Cocum  [Sowdun | Tosum | Vemiem  [Chomm | Magme | im Nl
Sowm oo e B e s s mewes  se =
37 3 38 é 39 i 40 3 41 i 42 4 43 3 44 3 45 i 46 49 3 50 i
5Rb :Sr :Y iZr iNb Mo 5Tc *“Ru %Rh *Pd 3% “In % S )
- S ST Mem mhe mem e e we Tage e
3T 374 175 178 oo FE I
Hf $Ta W =:Re :0s {lIr Pt Tl 5Pb %
Tee e maw  wm ma e prH
14 3105 P08 3107 108 3109 :t0 11 if2 i3 P14 3415

Rf Db £Sg £Bh £Hs iMt £Ds :Rg £Uub £ Uut £Uuq £ Uup uh
o H Rawtoim 0 Dumum ) % T Hassum 4 % Oamsam 7] Romgmum § Unesbum % Untum 3 Unemim 3 Unmam 5
@2y = (281 @) (228 (@4 @m @m @) (@5 @84 @) (28)

For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.

Design and Interface Copyright © 1997 Michael Dayah (michael@dayah.com). http://www.ptable.com/

57 3 58 3 59 i 60 3 61 3 62 ;63 i 64 3 65 3 66 3 67 ; 68 3 69
La $Ce $Pr iNd 5Pm 2Sm %Eu 5Gd 5Th 3% fHo 2 Er % Tm 3
? Cewm 2 Neogymum 2 Prometiom 2 e % Gudonom © Temom 2 Dysprosim * P Emem  ? Thoiu :
g f

frovei Pl o sanarn
Pt ! SuF o Em o mER U wme e e s i
> (Ql!‘le 89 é?ﬂ 591 EBZ §93 594 295 296
b Ac :Th :Pa U :Np :Pu :Am :Cm :
H b1 Uranium 3 $ Putonium 3 Amercium 3 Curum $ Berkeur
.

HE = 3 Nestmam H HE
@z Zove 1 o | zeoms | @) @) @) @

Least abundant element on earth

70 mg in the crust of the earth
(1 atom per 100 kg mass)

Decays through a-decay

Used in cancer treatment

Targeted Alfa Therapy (TAT)

(suitable lifetime and energy,
non-toxic, non-radioactive daughters)

Small knowledge about its
chemical and physical properties



Electron Affinity (eV)
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GANDALPH

At Gothenburg ANion Detector for Affinity measurements by Laser PHotodetachment

Graphene on quartz

For each laserpuls:

Signal:
0.01 atom

Background:
104 photons

Drawing:
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Method Author Year

Experiment

CBS-DC-CCSDT(Q)+Breit+QED

MCDHF+SE corr. Chang et al 2010

MCDHF Zhao et al 2012

DC-CCSD(T)+Breit+QED Broschevsky et al 2015

MCDHF+Extrap.+Breit+QED  Si and Fischer 2018

CBS-DC-CCSD(T)+Gaunt+QED Finney and Peterson 2019
Property Definition Value
Electron affinity EA 2.41578(5) eV
lonization eneray [ E 931751(8) eV
Electronegativity vy = 2252 586665V
Hardness n=I1E—FA 690T72(13)eV
Softness 5= l} 0.14489(2) eV~!

2

Electrophilicity w =

N

T

2.49341(8) eV

EA
2.41578(5)
2.414(16)

2.38(2)
2.416
2.412
2.3729(46)
2.423(13)

ionic character

pure covalent bond polarized covalent bond distorted ionic bond ionic bond
1
0.5
0
1 2 3

difference in electronegativity (Pauling scale)

The At-H molecule should be called astatine hydride (not hydrogen astatide)

Leimbach ef al. Nature Communications, 11 (2020) 3824



Precision measurement of the EA of O
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Counter-propagating

1.458 345 1(6) eV

Geometric mean
5.436 meV
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Final result: Eg,= 1.461 112 972 (87) eV

Chaibi et al.

Neumark et al.
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Kristiansson, et al. Nature Communications 13 ( 2022) 5906



18-16Q jsotope shift

E.,('°0)= 1.461 112 972 (87) eV
E.,('80)= 1.461 103 706 (67) eV

IS = -0.000 009 267(11) eV

—10.0

Energy / peV
b m
=~ w N
w o ul

=200 Present exp.
= Total IS
—22.5 1 MS
=== FS x 100
-25.0

n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10
Active set

Multi-configurational Dirac-Hartree-Fock (MCDHF) and
relativistic configuration-interaction (RCI) methods, as
implemented in thecurrent development version of

GRASP2018 (Jon Grumer)

New experimental value

Previous IS experimental value:
C. Blondel, Physical Review A 64, 052504 (2001).

New theoretical value:
Previous Theoretical value:

Godefroid and C. F. Fischer,
Phys. Rev. A 60, R2637 (1999).

-9.27(0.09) peV

-9.2(2.2) peV

-7.884 peV

-7.104 peV



Probing wavefunctions: Velocity map imaging (VMI)
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Optical tomography
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Optical tomography
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Optical tomography

Detector V4 l

Detached e

Laser beam

Eklund et al. PRA 102 023114 (2020)



Photodetachment in a strong field
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Hultgren, Mikael Eklund, Dag Hanstorp, and Igor Yu. Kiyan,
Phys. Rev. A 87, (2013) 031404.
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Detection of photoemitted electrons

X-+hv 9 X —I_ D\}’ ds 3 | 4p53li 4d
Energy —> structure of the ion o2 }:\
3 Y | o
Angular —> relative phases of emitted electron E Bl
distrubution waves the symmetry of the negative ion E 0
g
LI [1+BP,(cosf)] )
d() 417 2 | =y
. Photoalectron kinetic ensrgy (eV)
P,(cosB)=(3 cos’0—1)/2,
-1 < B < 2

Photodetachment of Na+hv—> Na(3p) + e
B =-1 sin? (9) Liu and Starace PRA, 59 (1999) 3643

B =0 isotropic

B =2 cos?@)



X(ns)+hv 2> X+e (ep) (B=2)

X(np)+hv > X+e(es) (B=0)

> X+e(ed (B=+)

Two waves = Interference

Cooper and Zare, J. Chem. Phys. 48 (1968) 942:

g= I(I—DR_,+U+1)I+2)R2,—6I(I+1)R, R, _cos(8;,,—8,_,)
(2l +1)[IR}_,+(I+ 1R}, ]




I(I—=DR +U+1)I+2)R2, —6l(I +1)R, R, _,cos(8,,,—8,_,)
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Wigner law:

¢ = (6141 — 61-1)

B =24,8(A,e — 20) /(1 + 245¢2)

Asymmetry parameter (B)

0.8~

»
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THE JOURNAL OF CHEMICAL PHYSICS 141, 124312 (2014) @ ‘ .

Photoelectron angular distributions for states of any mixed character:
An experiment-friendly model for atomic, molecular, and cluster anions

Dmitry Khuseynov, Christopher C. Blackstone, Lori M. Culberson,® and Andrei Sanov?
Department of Chemistry and Biochemistry, University of Arizona, Tucson, Arizona 85721, USA

(Received 25 March 2014; accepted 11 September 2014; published online 30 September 2014)

We present a model for laboratory-frame photoelectron angular distributions in direct photodetach-
ment from (in principle) any molecular orbital using linearly polarized light. A transparent math-
ematical approach is used to generalize the Cooper-Zare central-potential model to anionic states
of any mixed character. In the limit of atomic-anion photodetachment, the model reproduces the
Cooper-Zare formula. In the case of an initial orbital described as a superposition of s and p-type
functions, the model yields the previously obtained s-p mixing formula. The formalism is further
advanced using the Hanstorp approximation, whereas the relative scaling of the partial-wave cross- B,y (&) =
sections is assumed to follow the Wigner threshold law. The resulting model describes the energy

dependence of photoelectron anisotropy for any atomic, molecular, or cluster anions, usually with-

out requiring a direct calculation of the transition dipole matrix elements. As a benchmark case, we

apply the p-d variant of the model to the experimental results for NO™ photodetachment and show

that the observed anisotropy trend is described well using physically meaningful values of the model

parameters. Overall, the presented formalism delivers insight into the photodetachment process and

affords a new quantitative strategy for analyzing the photoelectron angular distributions and char-

acterizing mixed-character molecular orbitals using photoelectron imaging spectroscopy of negative

ions. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896241]

C. Examples of binary mixing curves

As discussed previously,*?* the s-p mixing equation with
the Hanstorp coefficients, Eq. (33), can be rearranged as
follows:
2Z,(A )+ 2(A 8)* — 4(A£)cos 8,

Z,(Ae)+ 1 +2Ae) “0)




What do we know about negative ions?

Many EAs determined

Five elements with
allowed transitions
found

Some lifetimes of
metastable states have
been determined

Essentially no traditional optical spectroscopy!
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Experimental and theoretical studies of excited states in Ir™
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mar — ma

AvdA =4 — A = kus | F(S(?’Q)A‘A

M A/ A
Transition F' Fexp. knms  ksms  ksMms,exp. ks kwms,exp.
Sy = 2D;, 026 - 083 —I1813 -  —830

482,09 — *Ds/p 0.24 -0.03 107.5 —44.5 1648 |[63.0 272.3

Theory made by A. Bondarev

[45] M. S. Safronova, M. G. Kozlov, W. R. Johnson, and
D. Jiang, Phys. Rev. A 80, 012516 (2009).




Hyperfine structure
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Cl+all-order
=, =200 - .
g [24] M. S. Safronova, M. G. Kozlov, W. R. Johnson, and
~ _300- i D. Jiang, Phys. Rev. A 80, 012516 (2009).
a [25] C. Cheung, M. G. Kozlov, S. G. Porsev, M. S. Safronova,
S 3F 1 [. I. Tupitsyn, and A. I. Bondarev, Computer Physics
S —400 - 4_ Communications 308, 109463 (2025).
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TABLE I. Measured and caleulated lifetimes of La™ excited states in seconds.
State Present Experiment Present Theory O'Malley [14] Cerchiari [11]
IF,¢ 132(20) 131 132% 132
3pye 32(5) 135 134*

Short-lived

0.22(3)
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