CaF: Just Large Enough,
and Ca: Even Smaller

Robert W. Field
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Goals

— Global model: all spectra, all dynamics
— Core-nonpenetrating states: new state of matter

Experimental Methods
— REMPI vs. direct FID detection

Fits to Massively Perturbed Spectra
— Multichannel Quantum Defect Theory

Zone of Death
— Predissociation and autoionization

Free Induction Decay Signal: 5 kilo-Debye
— NMR-esque tricks



Why CaF?
Simplest chemically-relevant “not-atom”

Like Na
1 e~ outside closed-shell ion-core

Unlike Na*




Why Ca?

 Experimentally a little easier than CaF

* Pulsed photo-ablation supersonic jet source, as
for CaF

* Free Induction Decay (FID) detection of
electronic transitions in an atomic beam!




Experimental Methods

Rydberg-Rydberg transitions in a supersonic
molecular beam with a photoablation source of
atoms/molecules

2 Color laser excitation to Rydberg states

Resonance Enhanced Multiphoton lonization
(REMPI) indirect detection

— 0.04 cm? active volume

— Must use very low laser pulse energy

Chirped Pulse mmW: direct detection of Free
Induction Decay

— 100 cm? active volume: 108 Rydberg Atoms, 5 kDebye
transition moments

— Can use maximum laser pulse energy



CaF Experimental Schemes

CaF* (vi=1) + e %

CaF* (v*=0) + e 7,z

he,

na,

he

I

Ca(iS) + F(?P)
dissociation into (undetected) atoms

CaF [A2I1, B 2X*, C 21, D 22+, F' 227]

CaF X2zt




Linewidths, Perturbations, Stacked
Plots
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Level Diagram for mm-Detected
Optical-Optical-mm Triple Resonance
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Chirp Generation, FID Detection
a la Brooks Pate
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Our First Rydberg-Rydberg FID:
Zeeman Splitting not Nulled

. Transition: 34.13p<34.67s i ;
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Rydberg Equation
Enar = -R/(N- tp)? = - RIN*?

n* is the effective principal quantum number for the
mixed-¢ a,A Rydberg series, ® is the Rydberg constant.

Ky, s the eigen-quantum defect. Not a fudge factor! It is
an eigenvalue of u(R,E). mu, is a phase shift.




Completeness of States Characterized: s~p~d~f
Core-Penetrating Supercomplexes
Plus f, g, and h Nonpenetrating States

Elgenquantum Defects Scaled Energy Level Pattern:
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Two Flavors of Rydberg States

e Core-Nonpenetrating: long range probe of
lon-core multipole moments (u,Q,0) and
polarizability (a,y)

— Huge |An*|<1 transition moments, long lifetimes
— Inside-out ligand field theory

— Algebraic formulas: splittings->u,Q,0,a,y of ion
« J. Chem. Phys. 128, 194301, (2008).

* Core-Penetrating: hard collisions of e~ with
lon-core

— Series terminus state encodes intra-core
dynamics



Penetrating vs. Nonpenetrating Rydberg Orbitals
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A Complete Model? (1)

LR E) =R E=0)+ T (R-R) +

2cl10

nx3

ALL ENERGY LEVEL SPLITTINGS En*+% - En* =




A Complete Model? (2)

UM PR E) =u(R, E = 0)+%(R F{I)+aE

2cl10

nx3

ALL ENERGY LEVEL SPLITTINGS En*+% - En* =




Indirect Processes
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Signatures of Indirect Processes

Av® =0 Franck-Condon propensity rule
grossly violated

« (A+B) continuum < intermediate | e'ectronic
transitions violate

N 2 g Prational « AB*+ e « (A+B) continuum 1-e- selection rule
Yet asymmetric (Fano) lineshapes

detected AB* ions
A

w, (strong)

target v e Quasi-continuous 2-photon non-resonant

level

@, (strong) undetected (A + B)

atoms

Ny

o, (weak)




Zone of Death
loN n*=c

n*~10




Zone of Death

e Short Lifetimes
— Predissociation, Autoionization
— Too short for FID detection
— Too short for exotic applications




Spectra Grossly Violate Av=0
Franck -Condon Propensity Rule
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Similar phenomena also observed in n* = 7-8, 8-9 regions




Observed Wrong -v Transitions

Are Exclusively %

v Series | Symmetry Observed? v Series | Symmetry | Observed?
0 8.19 X v 2 6.14 A
0 8.38 T v 2 6.19 z
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Fano Lineshapes
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Spectra at Higher Energy: n*=10 -11

3 - Underlying continuum
n* =10-11, v=0; D<-X (0,0) pump; 11 mJ probe energy . *
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Spectra at Higher Energy: n*=11 -12
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All Surprising Observations Are
Explained by “Indirect” Process

* Mediated by Ca(4s?)F(2po1) Vibrational
Continuum

* Wrong Av transitions

 Fano Lineshapes
— Ca?*Fegry> Ca(4s?)+F(2po?) dissociation
continuum transition is forbidden (2 e)
— Ca(4s?)F(2pc1) > Ca?*F + e~ ionization
continuum transition is forbidden (2 e)

e Quasi-Continuum



Rydberg-Rydberg Spectra of Ca Atom

Optical-Optical-mm Triple Resonance

FID Detected (FID duration >1 ps)

— Chirp duration as short as 10 ns

Crucial apparatus modification: 0.04 - 100 cm?
10 GHz search at 1 MHz resolution

Extend to molecules? Pure electronic spectra?
Nonpenetrating molecular states

— Av*=0, AJ*=0 ion-core transition selection rules
— Lifetimes as long as 1 ms

Must turn off predissociation and autoionization
— Exploit n-3, £-10 scaling



Intensity

Intensity

x10

FID-Detected Ca Atom Rydberg-Rydberg
Electronic Transitions
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Climbing a ladder

73GHz 82GHz 79GHz 80GHz .
55.8d 53.9f 564 54h 56i ...

1.8 artifact

55.84d-53.9f

56g-54h

/ 53.9f-56¢




Millimeter-Wave Photon Echo
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\ \ Transition: 34.13p<>33.67s
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FID During a Chirp
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Which way Is up?
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Calcium Atoms
Fitted Phase Difference: FID-mmW Pulse

34.13p — 33.67s 41.73f - 40.88d




SO,: 100 Polarizing Pulse
Chirp-FID Phase Difference

606 B 515

\\\\\\\\\




“Optical” Nutation: A Small Step from Superradiance

N<1 X 10°/cm3, ~1t/2 ex_pulse N~1 X 10°/cm3, ~1t/2 ex_pulse

J | It |




How to Jump Over the Zone of Death

n+2 h N*, T parity, NN-3< N, <N'+ 3

N*, + parity, N'-2< N < N'+2

N, + party, NN - 1sN. s N'+ 1



Jumping Over the Zone of Death
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Conclusions

CaF: complete experimental determination of
guantum defect matrix

— All spectra, all dynamics!
Tedious detective work: or Q ]

Need higher resolution, mea\nlngful Intensities,
and escape from fast nonradiative decay
FID-detected Rydberg-Rydberg spectral

— >103 Debye transition moment at n*=20

— pure electronic Rydberg-Rydberg spectra
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CaF Rydberg Papers

spdf QD p Matrix: Gittins, JCP 122 184314 (2005)
ADb Initio R-Matrix: Wong, JCP 124 014106 (2006)

Shape Resonance, Altunata, JCP 124 194302
(2006)

Resonances: Kay, Mol. Phys. 105 1661 (2007)
fgh....c Nonpenetrating: Kay, JCP 128 194301 (2008)
Polarization: Petrovi¢, JCP 128 014301 (2008)

Stark Effect: Petrovic, JCP 131 064301 (2009)

spdf QD u(R,E) Matrices: Kay, final preparation






Improved Quality of Jeff Kay’'s Spectra.:
Resolution, Precision, Dynamic Range,
Continuous Range of n*and N
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A Zoology of Perturbations. Av =0 ¢-Mixing and
¢ -Uncoupling; Av # 0 dueto u(R) and B(R)

 Perturbations between _ 16g(4)"
penetrating and nonpenetrating 16.55 25
states: .
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Multichannel Quantum Defect Theory (1)

Hydrogen

/\e_

1+
/\ o
Sodium
1+

e e

]
Enﬁ = _?
Ené =~ =

n=1+11+2 ...0
independent of £

n*, n*+1 n*+2, ... ©

d,1s quantum defect
 independent af
» dependent of



Multichannel Quantum Defect
Theory (2)

Eigenvalue Condition: (= ‘K (N.p) P(E)(N'p) N (rotation), A, and p

(parity) are Good Quantum

Reaction  Phase Numbers
Matrix Matrix

Elements of
Non-Diagonal




Frame Transformations
fancy name for free stuff from p*P(R)

* lon-core vibrational wavefunctions: x,.(R
) dRx.. (R (R (R Ll
— Inter-series Av* # 0 perturbations
— Vibrational autoionization
e Long-range coupling of Rydberg e- angular
momentum to angular momentum of molecular
frame; N=N'+]
e {r=N*-N
 N* is pattern-forming [B*N*(N*+1)], N Is conserved
e Case (b) to (d) transformation of pP); 3-j coefficients

<IN'N|IAN><I AN UM 1 AN><!'AN|IT'NTN >



n(R,,==0) éwiR éw/CE & wer? & WeE* &*WEEER

ss T 0.3503(8) 0.0720(73) 1.884(0) 1.147(25) 54.27(24) 4.31(30)
pp T 02224(10) 0.3860(11) -0.793(70) 1132(33) 54 75(198) -5 60(11)
dd T  -01350%2) 0.1095(45) -0.084(30) 0.734(3) 33 56(15)
ff T -0.1100(8) 0.0930(105) 0.508(36) -29.36(223) 7.12(43)
sp ¥ 0.1553(1) 0.0217(17) -0.198(23) -0.579(10)
pd £ 0.04048(14) 0.977(71) 0.178(44)
df T  -0.0583(7) 0.117(62) 0.202(9) 6.15(245) 3.72(10)
sd T  -00369(19)  -0.1085(19) -3.239(0)
pf T 01121(59)  -0.138(114)
sf T -00466(31)  -0.0796(38)

I -01758(6) 0.3348(16) 3.404(15) -0.629(11) 6.11(79)

T -0.1429(4) 0.3559(26) 2.975(14) 0.503(13) 4.16(43) 11.12(0)

I -0.040004) 0.0539(57) -0.347(21)

I 0.1718(2) -0.1395(16) 0.091(17) 0.425(9) -62 89(68)

I -0.0148(5) 7 69(11)

I 0.0402(7) 0.0320(24) -0.974(33)

0.1336(3)
0.0235(3)
0.0317(6)

0.0959(1)

0.2606(9)
0.0891(19)
-0.0339(12)

0.2280(19)

-0.047(4)




What Do These Matrix
Elements Tell Us?

e Conseqguences of Not-Roundness
— R-dependence

e Perturbations and Autoionization
— Rates of dynamical processes
— Where to look for specific class of process

 Unmet Challenge: Simple Reasons for
Observed Values?
— Relationships among y, dw/dR, dwE elements?
« Find a more compact and physical representation?

— Unusual E dependence of one |,
« a shape resonance



Chirp and FID

001 | | [ . [ | [
Transition: 34.13p<>33.67s
0.008% «  Chip Chirp duration: 500 ns
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' Chirp power: 30 uW
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CPmmW Lineshape: 5000 Shots
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Transition: 34.13p<>33.67s
6 FT window length: 6us |
FT window position: 100ns after chirp
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Semi-Classical Resonances

Any two intramolecular motions may be tuned to have the same period

h h +3
. T n *\ = = D n*
Kepler Period Kepler( ) E..o—Eosr hell /n*3
Vibrational Period Tin(V)= N = h Ov°
Ibrational Perio vib (Ev+1_ Ev-l) /2 hce.




Stroboscopic Effects

Kepler Period = 13 ps
Rotational Period = 13 ps

Kepler Period = 26 ps
Rotational Period = 13 ps

Fractional Character

'p' II Series; N =3

N+

01
m2
a3
4
5




Long Range Model

* lon-Core Electronic Structure

— M, Q, O, H moments

— q, Y dipole polarizability components
 Fancy Computer-Automated Algebra

— Observed splittings near integer n* (need very
high resolution)

2

— lon-Core Multipole Moments and Polarizability

e Describes All Nonpenetrating ¢
— 3<{<n-1



Nonpenetrating States Live Near Integer n*
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High Resolution Detective Work Required
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Nonpenetrating States:
Stacked Plot for N, N* Assignment
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Pattern -Forming Quantum Number

HFT =B(N-¢)
=B N(N+1) =A% +7(0+1)=A°+(N"¢" +N7") |

I |
Case (b) £-Uncoupling

H™T =B(N*)" = BN* (N* +1)

N"=N-/, (. is projection of oN"
HFT =B(N-/5)(N -/, +1)
=B[N(N+1)= 2/ N +0% 1, |

Anomalous
Case (d) Bes
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Pure Electronic Spectroscopy

ransitions between core-nonpenetrating
states

Integer n*

Intra-core dynamical processes turned off
ng to (n+1)h transitions

— 1000 Debye transition moment

— No torque, no impulse: Av*=0, AJ*=0

Need very high resolution to sample ion-core
multipole moments and polarizability

* Long-range model
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Reduced Energy (cm™)
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i energy dependence (R = 3.54,3)
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it energy dependence (R = 3.54.11)
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CaF: The “Alkali Atom of Diatomic
Molecules” with a Highly Polar lon -Core

Multipole Moments (atomic units):

M Q v Q

CaF+ 0 11.3 CaF+ | 3.52 8.96
NO+ 0 ~0.74 NO+ 0.15 0.74




Classical Mechanism

Low n*. Core essentially stationary

High n* but not resonant:




Physical Basis for n* -3 Scaling (1)

P/ /775 .,
//I P-E, =0/, =3050 cnf an *= ¢
Inside core KE varies <3% n*=6 - n*= 00
V(r) / -
n* = 6 Pegre = [2m KE] Y2 P, varies by <1.5%
A :i =~ constant; I..4 N*iNdependent, n* 26

«—— -100,000 cm-1

15t radial node at ' =A /2




Physical Basis for n* -3 Scaling (2)
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Mulliken’s Rule

“Ontogeny recapitulates phylogeny " (E. Haeckel, ~1900).
The growth of the organism from a single cell to adult

mirrors the evolutionary development of the species.

The innermost lobes of a Rydberg orbital remain invariant

(shapes, positions of nodes) for all members of a Rydberg
series, aside from an n*-32 amplitude scale factor.

The low-n* terminus state of a Rydberg series is explained
by LCAO-MO (bonding/antibonding) or LFT (shielding).

Most dynamics is encoded in the innermost lobe.

Basis for n*-scaling of everything in Rydberg-land.



Franck -Condon Factors

X+ 1z+ V+ N
] 1 2 3 4 5 6 7
D 22... 0 | 9.83E01 1.68E02 2.66E-05 4.96E06 7.66E-07 5.51E-08 3.20E-08 1.63E-10

1 .B5E-02 9.4YE-01 3.46E- 9.61E-05 1. 83E- 3.32E-07 2.23E-08

\Y; 376E-04 33PE-02 O.13E-01 \5.32E-02 230E-04—cn=At—=Ssccac —azoa
] 14be03 400E02 8weEm  7.2se0q StFONgly Forbidden
Strongly Allowed 4 43E-06 2.46E- E-01 (obser V€d)

(observed) 35E-07  1.25E; Forbidden PE-02

i (Observed) rE-03

Weakly Allowed ko 418e06 55605
(observed)




Intensity

FID Contains Ca 34.13p-33.67s:
Polarized by 500 MHz Chirp

0.01 ! : | i | I
Transition: 34.13p=<=>=33.67s
0.005R . Chirp Chirp duration: 500 ns -
0.006 Chirp bandwidth: 500 MHz
' Chirp power: 30 p\W
0.004 Average number: 5000

Time/us




