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The Nobel Prize in Physics

Steven Chu Claude Cohen- William D. Phillips

Tannoudiji

Prize share: 1/3 Prize share: 1/3

Prize share: 1/3

The Nobel Prize in Physics 1997 was awarded jointly to Steven Chu,
Claude Cohen-Tannoudji and William D. Phillips "for development of
methods to cool and trap atoms with laser light".




XOJIOTHBIE MOJIEKYIIBI

Tabnuya uz cmamou M. Schnell and G. Meijer, Angew. Chem. Int. Ed. 48, 6010 (2009)

Method Molecules T N/cm?

Rb2, Cs2, Hez2, H2, Liz2, Naz2, K2, Caz, KRb

Photoassociation RbCs, NaCs, LiCs, LiRb

' 30 uK 105
Feshbach/STIRAP  Liz, Naz, K2, Rb2, Cs2, KRb 50 nK >105

Buffer-gas cooling CaH, CaF, VO, PbO, NH, CrH, MnH 400 mK >108

Stark NHs, CO, OH, NH, SOz2, YbF, H2CO,

6
deceleration/Trapping C7HsN S mK 10



JlaszepHoe oxnaxaeHue

Hdinsch T. and Schawlow A. Opt. Commun., 13(1), 68, 1975;
Wineland D. and Dehmelt H. Bull. Am. Phys. Soc., 20, 1975
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Letokhov, V. S.; Minogin, V. G.; Pavlik, B. D. (1977). "Cooling and capture of atoms
and molecules by a resonant light field". Soviet Physics JETP. 45: 698 (1977).
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JIazepHOE OXJIaXKACHUE — MOJIEKYJIBI (?)
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JlazepHoEe OXITaXICHUE —

Optical Pumping and Vibrational
Cooling of Molecules

Matthieu Viteau,' Amodsen Chotia,” Maria Allegrini, ™~ Madia Bouloufa,® Olivier Duliew,’
Dambel Comparat,” Plerre Pillet™

The methods producing cold molecules from cold stoms tend to leave molecular ensembiles

with substantial residual intermal energy. For instance, cesium molecules initially formed

via photosisociation of cold cesium atoms are in several vibrationsl levels v of the sleciromic
ground state. We applied a broadband femtosecond Laser that redistributes the vibratonal
population in the ground state via a few electronic excitation/spontanecus emission cycles. The
laser pulies are shaped to remove the excitation frequency band of the v = D level preventing
re-excilation from that state. We observed & last and efficient accumulstion (~70% aof the imitially
detected moleculed) in the lowest vibrational level, v = 0, of the singlet slectromic state. The
validity of this incoherent depopulation pumping method & very general and opens exciting
prospects for laser cooling and mamipulation of molecules.

MOJICKYJIEI (?)

of a grven hugh vibratonal level mio v =0 (/7). A
few v = 0 cold pound-state potassum dimers
bave also beem cbserved with the use of 2 two-
photon  process for photoessociation (/4 but
several other vibratonad levels are populsted as
well For further apphcatons, what 15 neaded 5 2
molecular analog of optcal pomping of atoms 1
rnbre vibmtonal bser cooling, whach would
ransfer all the populbnons of the different vibras
ponal levels meo the lowest one.

Sevenl theoretical approaches have been pro=
posed 0 Gvor spontancous emssaon toward the
west rossibranonal level for mstance, the e
of an extermad caviey (/5) or controlled mierplay
of coherent laser fiedds and spontancous emisaon
through guantem mierferences between different
ranatuons (/6—/5). As m these later coberent
control propesions, our approach uses a shaped
pulsed bwer but s based on an mooherent process
of depopulason pamping with a traen of severl




KBasngmnaroHanbHas matpuua ¢paHka-KoHaoHa
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O cTteneHun KBasnagnaroHaribHOCTU MaTpuUL bl
dpaHka-KoHOoHa

UYucno 1000 10000 100000 1000000
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0.90000

0.99000 0.0000431 O
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0.99990 0.904833  0.367861 0.0000453 O

0.99999 0.99005 0.904837 0.367878  0.0000453




CylIeCTBYIOT I TAKAE MOJICKYJIBI B IPUHIIUIIC?

Omeem: «[a» - M. D. DiRosa, Eur. Phys. J. D 31, 395 (2004)

Laser-cooling molecules

Concept, candidates, and supporting hyperfine-resolved measurements of rotational lines
in the A-X(0,0) band of CaH

AM.D. Di Rosa®*

Los Alamos National Laboratory, Mail Stop J567, Los Alamos NM 87545, USA

Received 16 August 2004
Published online 23 November 2004 — (©) EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2004

Abstract. Certain molecules, it seems, may be laser cooled by methods technically similar to those applied
with abundant success in atomic physics. We discuss the spectroscopic criteria molecules should meet to
make methods of Doppler cooling technically feasible and identify diatomic candidates. Some candidates,
such as the alkaline-earth monohydrides (e.g. BeH and CaH), are paramagnetic and amenable to magneto-
optical trapping. Our experimental study concentrates on CaH, and we present our recent high-resolution,
molecular-beam-based measurements of low-J rotational lines within the A-X(0,0) band of CaH. From
these measurements we report hyperfine separations in the A-state, as important to laser-cooling spec-
trascopy, and centroidal transition frequencies for comparison with existing values. We conclude with an
outline of a passible magneto-optical trap for CaH.

PACS. 33.80.Ps Optical cooling of molecules; trapping — 33.70.Fd Absolute and relative line and band
intensities — 33.15.Pw Fine and hyperfine structure
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CylIeCTBYIOT I TAKAE MOJICKYJIBI B IPUHIIUIIC?

Omeem: «[a» - M. D. DiRosa, Eur. Phys. J. D 31, 395 (2004)

Table 1. Diagonal molecular band systems as candidates for laser cooling.

Molecule Band

BeH

MgH

CaH

SrH

BaH

NH

M.D. Di Resa: Laser-cooling molecules

Moo [nm)]
199.2

693.0
[14]
739.4
19]
1034
[12)
335.8
12
133.2

[25]

Ao1 [nm]
oh4.2
(9]
2.3
12
9.3
[14]
815.0
19]
1176
12
377.4
[12]

1I82.6

% 10°
5.4—-6.0
(10, 11]

23.3-40.0 16— 55
(10, 13] (10, 13]

14.3 1217
15, 16] (1518

(21]

i)
[26]

15
(28]
529.3
[29]
160—190
(29, 30|

) Ny
10, 11]

24-35
10, 13|
0.7-3
[15—18]



Cy1IECTBYIOT JIM TAKHME MOJIEKYJIbI B IIPUHIIUIIE
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FIG. 1 (color online). (not to scale) (a) The electronic lev_«
structure of TiO and the transitions of interest for laser cog dng. . O 01 07
The X7 A ground state is split by the spin-orbit interaction “ato 0 '2 .

0"’1 0-1 44 the three X*A, 3 sublevels. of which the XA, level is the

lowest. Each sublevel contains a vibrational ladder., while each

vibrational level contains a ladder of rotationally excited states
(not shown). “*Ti'°0 has zero nuclear spin. and thus there is no
hyperfine structure. The ground-state A doublet (not shown) is
much less than nat othe E°Il « X7 A tran
sition.  The s e ' 8 > V=0« 0v"=0
P(1)-branch cooling laser. and the dashed arrows denote the
v =0+«v"=1 and v =0+« v’ =2 Pl(l)branch repump
lasers. The squiggly lines depict the dipole-allowed decays.
with the associated Franck-Condon factor ¢ [20] next to each
decay. (b) The rotational and A-doublet structure of the E*11,
electronic excited manifold. The states are interleaved. as the
rotational splitting is smaller than the A-doublet splitting; a and
b denote the parity states. Both the cooling and repump lasers
address the J" = 0, a state.




. Hagaso: akCriepuMeHT 110 J1a3€pHOMY OXJIAXKICHUIO StF

Shuman E. S., Barry J. F. and DeMille D., Nature, 467 (2010)
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FIG. 2: (a) Relevant rotational energy levels, splittings, par-
ity, and magnetic g-factors in the SrF cycling scheme. The
relevant cycling transitions are shown as vertical arrows. (b)
Laser (vertical lines) and molecular (dashed curve) spectra
for addressing all HF'S sublevels. Molecular lines are shown
with a power broadened linewidth of 10 MHz and are equally
weighted for clarity. For an EOM modulation index of m=2.6
and frequency of 42.5 MHz, there is a laser sideband < 10
MHz detuned from each molecular line.




CmpozaoanaroHanbHas maTtpuua PpaHka-KoHagoHa

<Q'l0>=1,<0’[1>=0, ...




Xnmumyeckasa cBa3b

Hp* HI*

- e . :

(MO-JIKAO) MonekynsipHas opbuTtarb Kak JiMHenHas KOMOMHaLUNA aTOMHbIX opbuTtanemn

Y = Ciloq) + Coley)



Xnmmyeckasa «HeCBA3b»:
O[VH 3NIEKTPOH NOBEPX 3aMNofIHEHHbIX 06ono4ekK

HI*
2

I1

3/2

©.0000000000

82 258.9191133

|(p1>z|p3/2> on | |(p2>z|p3/2 >on H %y 82 259.2850014
Y = Ci|lp,) + C,le,), onHako Cy, OMKHO ObITH 0




XmmMmmyeckasa «HecBA3b»




NoeHTudunkaumsa osyxamomMHbIX NasepHo-
OXNa)gaeMbIX MOJIEKYI

. [poBepka HaNn4mMa HMU3KonNeXallmx HeCBA3bIBAKOLWMX BanNeHTHbIX
opbutanen nubo nepsoro Tuna (Hanpumep, propmabl
LLIeNI0YMHO3EMESIbHbIX 3NIEMEHTOB), NIMOO0 BTOPOro Tuna (MosneKkyrsibl
C cocToaHuammn [, An 1.4.)

. ’KenaresnbHo 6paTb B Ka4eCTBe LieHTpa ONTUYECKOU LMPKYyNaLum
TSXKENbIM aToMm, brnarogaps oonbwen andpdy3HOCTU COCTOSAHUSA
BalleHTHOro 3NeKTpoHa

. OueHka cteneHu kBasngnaroHanbHocTn OK-maTpuubl (Takke
XenaTtenbHo MMeTb OLIEHKY OAUMOSIbHOroO MOMEHTa nepexoaa,
BPEMEHU XNU3HN) B KBAHTOBOXMMNYECKOM pacyeTe.



MoHoMTOpPKA paaud

PHYSICAL REVIEW A 82, 052521 (2010)

Laser-cooled RaF as a promising candidate to measure molecular parity violation

T. A. Isaev.! S. Hoekstra,” and R. Berger'
YClemens-Schipf Institute, TU Darmstadt, Petersenstrasse 22, D-64287 Darmstadt, Germany
2KVI, University of Groningen, Zernikelaan 25, NL-9747 AA Groningen, The Netherlands
(Received 23 July 2010; published 24 November 2010)

The parameter W,,, which characterizes nuclear-spin-dependent parity ition (PV) in the molecular spin-
rotational Hamiltonian, was computed with a quasirelativistic Hartree-Fock approach for radium fluoride (RaF) =
and found to be one of the largest absolute values predicted so far. The peculiar electronic structure of RaF
leads to highly diagonal Franck-Condon matrices between the energetically lowest two electronic states, which
qualifies RaF for direct laser cooling. A subset of diatomic molecules with a wide range of internal structures
suitable for this cooling technique is also indicated. As trapped cold molecules offer superior coherence times,

Rubicium
85.468

RaF can be considered promising for high-precision experiments aimed at molecular PV.

[Kr]Ss

41771 DOI: 10.1103/PhysRevA.82.052521 PACS number(s): 31.30.—i, 12.15.Mm, 21.10.Ky, 37.10.Mn

f 5= (0.99...)2
f 4= (0.00...)2
f ,,= (0.00...)2
> =0.999...




Teopwusa: T, S. Hoekstra and R. Berger,
Phys. Rev. A, 82, 052521 (2010) Tl and
R. Berger, arXiv:1302.5682 (2013).

‘OkcnepumenT: R.F. Garcia Ruiz, R.

Berger,. . . Tl,

-

. and X.F. Yang,

Nature, 581,
396, (2020).

MoHodTOpPKUA pagus

High-resolution

Activated uranium mass separator

rbide target
O r.g. o0

RFQ cooler and buncher
T=10ms

RaF " at 40 keV
1.4 GeV
proton beam

Neutralization Dumped
remaining ions

e }AREF( )N

.. cell
—780 nm
(Step 1)

Electm -

{ CERN Proton Synchrotron 'Y deflectors

Booster (PSB)

Fig.1|Experimentalscheme for the productionand study ofshort-lived
radioactive molecules. Radioactive radiumisotopes were created by
impinging 1.4-GeV protons from the CERN Proton Synchrotron Booster (PSB)
onauraniumcarbide (UC,) target. Radium monofluoride cations (RaF’) were
produced by passing tetrafluoromethane (CF,) gas throughtheactivated UC,
targetat1,300 °C.Molecularions were extracted fromthesource,
mass-selected and injected into a helium-filled RFQtrap, where they were
accumulated for 10 ms. Bunches of molecular ions were extracted and
neutralized in flight by charge exchange with neutral sodium atoms. Neutral

lonization
potential

16,667 cm-!

12,820 cm™’
(780 nm)

1.2m (TOF = 6.7 ps)
>

0" mirror

N ”)etector

RaF molecules were overlapped with different laser beams (step 1, TiSa, Dyel
and Dye2,andstep2,a355-nmlaser;see Methodssection ‘Lasersetup’)ina
collinear geometry. Resonantly reionized molecules were deflected ontoa
particle detector. Theresonance ionizationschemeisshown at top right. At
bottom, molecular orbitals are shown schematically. Nuclear positions within
the molecules are coarselyindicated byagreysphere (Ra) and greensphere (F),
and the sigmabond between the atomsisindicated by the grey cylinders.
Further details are provided in ‘Experimental scheme”.




[lepexod Kk MHO20amOMHbIM MOJIEKynam

Tl and R. Berger, Phys. Rev. Lett. 116, 063006 (2016)



[lepexoa K MHO20amOMHbIM MOJIeKynam
GERE M ]olele3fe)

1) «PacTBopeHme B KOHTUHYYMEX»: YNCIIO cTeneHen cesoboab!
(konebartenbHbIX MOA) Bo3pacTaeT Kak 3N-6.

2) HenonHbIn y4eT anekTpoHHO-KonebaTtenbHbIX addekToB (AHa-
Tennepa, epubepra-Tennepa)

3) «4T10 Takoe HeceAsbiBatowasad MO B criydae MHOroaTtoOMHbIX MOMNEKYI»



[lepexoq K MHO20amOMHbIM MOJeKynam
(HO ecTb 1 peLueHns)

1) B MHO20amomHbIX MONeKyrnax eCtb Hecmpoaue npasuna otbopa

2) ONeKTpoHHO-KonebartenbHble 3PdPeKTbl HE 0bSA3aTENBHO BENUKU

3) lenctButenbHO, B MHOroaTOMHbIX MOJSIEKynax CyLleCTBYIOT
HecBsA3biBawoLwwme MO, KOTOpbIX HET B ABYXaTOMHOM CIly4ae. U ato xopouuo!



FIG. 1. Surfaces of constant value (isosurfaces) of the non-
bonding one-electron wave functions (orbitals) of the valence
elecron for CaCH,. The singly occupied molecular orbital
(SOMO) for the ground electronic configuration is in solid color
(light-blue for positive and dark-blue for negative signs of the
orbital; the iso value is 0.055a,™ "), whereas the SOMO for the
excited state configuration is in transparent yellow color (light-
yellow for positive and dark-yellow for negative signs of the
orbital; the iso value is 0.040a,”""). It is seen that the electronic
center of charges are shifted outside of the bonding region and
that the ground-state SOMO is mainly a mixture of s and p wave
functions centered on a Ca nucleus (s-p-hybridized orbital),
whereas the excited state SOMO is rather p-d hybridized.

0.0018 (15)

e
0.9092 (03} 09213 (03)

(_): . Q)
Q. -

FIG. 2. Schematic graphical representation of the v mic transitions with largest FC factoms for CaNC and CaOH molecules.
On coomdinate axes the nomal coordinates (7 and are shown for both the ground and excited electronic staes. cormesponds
mamnly toCaX stretching AR = R = R, where X = OH, NC, R, is the equilibrium distance Ca-X from Table I in Ref. |21 |. Coordinate
@, is approximately equal tc #,, where @ is the bending angle and &, is its equilibnum value acconding to Table I in Ref. [21].
The approximate displacement ws for Ca and the CN and OH grmoups are shown next to the comesponding coordinate axes.
All parameters, includ the encrgy E, are in arbitrary units (for the sake of clearer representation). On both plots the vibmtional
quantum numbers and ¢ ones are shown next to the coresponding arows, e.g., 15 denotes the vibronic transition between the ground
() vibrational state of the excited electronic state and the vibmtional state with the first mode (1) (Ca-X stretching mode) being doubly
excited (2) in the ground eledronic state.

Tl and R. Berger, Phys. Rev. Lett. 116, 063006 (2016), CCMI Conference, Monte Verita, Switzerland (2014)



| Selected for a Viewpoint in Physics

PHYSICAL REVIEW LETTERS Viewpoint: A Diatomic Molecule is One

week ending

PRL 118, 173201 (2017) 28 APRIL 2017

s Atom too Few

Siqvphuq Laqer COOlillg 0[-' a Polvaton«lic \,lolecule Paul Hamilton, Department of Physics and Astronomy, University of California, Los Angeles, CA 30

Eric R. Hudson, Department of Physics and Astronomy, University of California, Los Angeles, CA

* . t . . . April 24, 2017 «F 10, 43
Ivan Kozyryev, Louis Baum, Kyle Matsuda, Benjamin L. Augenbraun, Loic Anderegg,
The successful laser cooling of a triatomic molecule paves the way towards the study of ultracold polyatomic

Alexander P. Sedlack, and John M. Doyle stscules.
'Harvard-MIT Center for Ultracold Atoms, C. ambridge, Massachusetts 02138, USA
:Deparmmn of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
(Received 20 September 2016; published 24 April 2017)

We perform magnetically assisted Sisyphus laser cooling of the triatomic free radical strontium
monohydroxide (SrOH). This is achieved with principal optical cycling in the rotationally closed
P(N" = 1) branch of either the X>Z*(000) <> A’TI, ;,(000) or the X*£*(000) <> B*Z*(000) vibronic
transitions. Molecules lost into the excited vibrational states during the cooling process are repumped back
through the B(000) state for both the (100) level of the Sr-O stretching mode and the (02°0) level of the
bending mode. The transverse temperature of a STOH molecular beam is reduced in one dimension by 2
orders of magnitude to ~750 uK. This approach opens a path towards creating a variety of ultracold
polyatomic molecules by means of direct laser cooling.

DOI: 10.1103/PhysRevLett.118.173201

Compared to atoms, the additional rotational and vibra-
tional degrees of freedom in molecules give rise to a wide

157901 (2002).

[18] L. D. Carr, D. DeMille, R. V. Krems, and J. Ye, New J. Phys.
11, 055049 (2009).

[19] K.-K. Ni, S. Ospelkaus, M. De Miranda, A. Pe’er, B.
Nevyenhuis, J. Zirbel, S. Kotochigova, P. Julienne, D. Jin,

progress on diatomic molecules, and building upon previous
theoretical work [45], we recently demonstrated photon

3 nroald, D q §

[46] 1. Kozyryev, L. Baum, K. Matsuda, B. Hemmerling, and

J.M. Doyle, J. Phys. B 49, 134002 (2016).

Tarbutt, and D. DeMille, Phys. Rev. Lett. 116, 063004 (2016).

Figure 1: Doyle and colleagues 2] have cocled SrOH molecules using Sisyphus cooling. In this type o
cooling, th OH mol oclimb a tial hill, only to be transported back to

... Show more

I. Kozyryev, L. Baum, K. Matsuda, B. L. Augenbraun, L. Anderegg, A. Sedlack, and J. M. Doyle. Phys. Rev. Lett. 118, 173201 (2017)




TeopeTnyeckune paboTbl opyrux rpynmn

|. Kozyryev, L. Baum, K. Matsuda, J.M. Doyle, ChemPhysChem, 3641-3648, 2016
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M.V. Ivanov, F.H. Bangerter, A.l. Krylov — PhysChemChemPhys,19447-19457, 2019

M. Li, J. Klos, A. Petrov, S. Kotochigova - Communications Physics, 2019

M.V. Ivanov, F.H. Bangerter, P. Wojcik... - J. Phys. Chem. Lett., 6670-6676, 2020

J. Ktos, S. Kotgcﬂﬁéova, Physical Review Research, 013384, 2020

M. V. Ivanov, T-C. Jagau, Guo-Zhu Zhu, E. R. Hudson and A.l. Krylov, PCCP, 22, 2020

G.-Z. Zhu, D. Mitra, B. L. Augenbraun, ... J. M. Doyle, E. R. Hudson, Nature
Chemistry, 14, 995, 2022



JKcnepmMeHTarbHble NCCnegoBaHUA C nasepHo-
oxnaxagaembiMu morekynamu (2019)

> [1ByXaTOMHbIE MOSEKYnbI

— SrF (Yale, USA)
> 3D MOT

— YO (JILA, USA)
> 2D MOT

— CaF (Imperial&CUA, GB,USA)
> White laser slowing
> 3D MOT

— BaH (Columbia, USA)

> Laser cooling + coherent
dissociation

— TIF (Yale, USA)
> Molecular beam cooling

RaF (CERN, Switzerland)

 ISOL spectroscopy; proof-
of-principle

* MHoroatomMHble MOMNEKYIbI
— SrOH (Harvard, USA)

« 2D cooling; bichromatic
optical force slowing

— CaOCHj;
» Proof-of-principle

— YbOCH;(Caltex&Harvard,
USA)



QkcnepuMeHTarnbHble nccnegoBaHns ¢ na3epHo-

oxnaxgaembiMn mosiekynamm (2022)

Physics World reveals its top 10 Breakthroughs of the Year for

) + 0
2 A —— 5

Physics World is delighted to announce its top
10 Breakthroughs of the Year for 2022, which
span everything from quantum and medical
physics to astronomy and condensed matter.
The overall Physics World Breakthrough of the
Year will be revealed on Wednesday 14
December.




[lpeun3noHHbIE N3MepeHna MmaTpulbl PpaHka-
KoHOoHa

UYucno 1000 10000 100000 1000000

dooTOoHOB

OK-dghakTop

0.90000
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0.99990 0.904833  0.367861 0.0000453 O

0.99999 0.99005 0.904837 0.367878  0.0000453




[1Ipeyn3noHHLIEe n3MepeHna akTopoB PpaHKa-
KoHOoHa

Table 4. Franck-Condon factors and branching ratios
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-
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(11027)° : 1700 -
14017 0.0004
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. 0005
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14411_| 0.0017 0.0017
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From: Fluorescence branching ratios and magnetic tuning of the visible spectrum of SrOH , D-T.
Nguen, T. Steimle, A. Kozyryev et al, J. Molec. Spectroscopy, 347, 2018
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Recent experiments have successfully laser cooled a variety of molecules, including diatomic, linear triatomic, and symmetric top species. Laser
cooling and trapping can require repeatedly scattering more than 10,000 photons per molecule, so all potential losses above the level of 1 part in

10° must be identified and repumped to mitigate losses. Here, we use optical cycling to measure vibrational branching ratios of polyatomic

molecules, achieving relative intensity sensitivities at the 107 level. The apparatus described can be adapted to probe any laser coolable
molecule simply by tuning two laser wavelengths. Using CaOH, YbOH, and CaOCHs as examples, we discuss how these high-precision

branching ratio measurements allow us to infer values for Renner-Teller and (pseudo)-Jahn-Teller parameters in polyatomic molecules.
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ON THE HIGH SENSITIVITY OF THE POPULATION OF VIBRATIONAL LEVELS

Preparation Probing

Beam
source

Fig. 2. (Color online) Principal experimental scheme for measuring of variation of photon flux with laser-coolable mole-
cules/molecular ions.
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" CBs3b Bapuauum 3aceneHHoctn A(N) ¢
Bapuaumen rnotoka gortoHos N

A _ N In(FCy) 2 = kO,
A(N) N N

A(N)

~ 107 suggested we obtain

and thus, even if

In(FCy.5) ~ —0.01 so FC,, shall be ~0.989 (with
K = —11.5). As mentioned above, such closure of opti-
cal cycling loop can be reached only in laser-coolable
molecules.

KoHaoHa — nyTb K CTaHOApPTy UHTEHCUBHOCTMN?

Now we can estimate accuracy of photon flux mea-
surements with the scheme proposed above. In the
proposed scheme, the accuracy of the photon flux
measurement 1s directly connected with the accuracy
of population distribution determination on vibra-
tional levels, which, as we suggest, has to be close to
accuracy of determination of associated FC-factors.

Typical uncertainty in FC-factor measurement in
laser-coolable molecules is about 1% (see, e.g., [13]
for corresponding measurements on radium mono-
fluoride molecule), and taking uncertainty 1n
dA(N)/A(N) measurements ~1% and x ~ 10 (see esti-
mates above) from Eq. (4) we obtain sensitivity to pho-
ton flux variation 8N /N ~ 0.1%. For state-of-the-art
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KBa3u PENATUBNCTCKNE NIAMUTTIBTOHNAHDbI

1) Bpeuta-llaynu

2) PerynsapHoe npubnuxeHue Hyrnesoro nopsigka

. 1 ] )
z=(c0 - Pl ‘_ljrjﬁ p)+V =(F-pw(d-p)+V, (24)

-

e B Boipazkennn (24) ppejen 1Tak Hasbipaemblil PTIHI-dbaktop w =

1/(2—-V/&).
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OCHOBHble pe3ynbTaTbl padoThl

1. Bnepsble npeanoxeHbl noaxoabl Ans naeHtTudpukauymm asyx- n
MHOIMOaTOMHbIX  MOJSIEKYST  MEPCNEKTUBHbLIX AnA  Jla3epHOoro
oxnaxgeHua. [lpeonoxeHa knaccndukauma HecBA3bIBAOLWMX
MOMEKYNSAPHbIX OpbMTanen/cnMHOpPoOB AN Takux MOMeEKyn.

2. NpenckasaHo 1 BNocneacTBum aKkCrnepumMeHTasnbHO
NOATBEPXKOEHO CYLLECTBOBAHME KBA3M3aMKHYTbIX LIMKIOB
NOrNoLWEeHNA/M3Ny4yeHnsa B Mornekyne MoHodTopuaa pagus
(RaF), uTo ykasblBaeT Ha BO3MOXXHOCTb €€ fla3epHOoro
oxnaxaeHusa. PaccunTtaHbl 3Heprnn Bo30Yy>XaeHUs, MOCTOSIHHbIE
CBEPXTOHKOW CTPYKTYpbl, P-HEYeTHbIN napaMeTp MOSIEKYIISIPHOM
cBepxToHKoun cTpykTypbl W, P, T- He4yeTHbIn napameTtp W,
CKansapHOro aneKkTpoH-A4epPHOro B3anmMoaencTeuns onsa
HU3KOMeXaLmx aNeKTPOHHbIX COCTOAHUM Monekynbl RaF.
TeopeTnyeckme 3Ha4YeHns1 IHePrmn Bo3byKOEeHNS HaxXoaaTcH B
OTIIMYHOM COrflacun C NonyYEeHHbIMU MO3XKe SKCNepUMeH-
TanbHbIMW OAHHbBIMMW.

3. MNpeackasaHa BO3MOXHOCTb MPAMOro fla3epHOro oxsfaxaeHus
ANs onpefeneHHbIX KIaccoB MHOMOAaTOMHbIX Mosiekyn. ns
OLIEHKM NEePCNEKTUBHOCTM OXSTaXOeHUs Npu NOMOLLK NasepoB
BbIMOMHEHbI pacyeTbl ANEKTPOHHOM CTPYKTYPbI 1151 MONEKy
CaOH, CaNC, CaCH3, MgCH3 u xuparnbHon Monekynbl
MgCHDT. lNpegnoxeHa TpexaToMHas nasepHo-oxnaxgaemas
Morekyna moHorngpokecnga pagusa (RaOH) ana akcnepMmeHToB
no noucky P- n T- HeyeTHbIX 3pdekToB. BbINONHEHbI pacyeTsl
MOMeKynsapHbIX P- n T- HeYEeTHbIX CBOMUCTB 4S9 AaHHOMU
MOJEKynbl.

4. BbinonHeH pacyeT P- HeyeTHbIX napameTpoB MOSEKYNAPHOMN
cBepxToHKkon CcTpykTypbl W,, P T- He4deTHbix napametpoB W,
CKamnspHOro 31eKTPOH-94epHOr0 B3aMMOLENCTBUA B paMKax
KBa3NpPEnaTUBUCTCKONO pPerynsipHoro npubnmxeHuss HyneBoro
nopsiaka B NONSAPHbIX OBYXAaTOMHbIX MOSIEKYaxX C OCHOBHbIM ) 4/
coctosgHneM. [lokaszaHo, 4TO CylleCTByeT KayeCTBEHHOE MU
XopolLlee KOnmyecTBeHHOe corflacne pesynsratoB pacyeToB A4
AaHHOro KBa3npensaTUBUCTCKOrO NpnBNUXeHNs C
MNONHOPENATUBUCTCKUM  YETbIPEXKOMMOHEHTHBIM  pacyeToM C
raMnIisTOHNaHoOM Aunpaka-KynoHa. [MpooeMoHcTpupoBaHa
cTeneHHas 3aBUCUMOCTb P- n T- HeyeTHbIX CBOMUCTB OT 3apsaja
TSXKENnoro saapa B MOMAPHbIX  ABYXaTOMHbIX MOreKkyrnax c
OCHOBHbIM ), COCTOSIHUEM B pacdeTax B pamkax
KBa3NpPEnsaTUBUCTCKONO pPerynsipHoro npubnmxkeHuss HyneBoro
nopsagka.

5. BbINOMHEHbI pacyeTbl B3aUMOOEWCTBUS aKCMOHOMNO4OBHOM
nerkon TEMHOW Matepun ¢ xmpasibHbIMU Mornekyrnamu. [lokasaHa
NepCneKTUBHOCTb XMparibHbIX MOJSIEKYST C TSXKelbiIMWU aToMaMu
OS5 MoncKa JaHHOro Buaa TeMHOW MaTtepumn.
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FIG. 1. E rimental scheme for the production and study of radioactive molecules. Radioactive radium isotopes
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target. Radium monofluoride cations (RaF1) were produced by passing tetrafluoromethane (CF4) gas through the activated

target at 1300 “C. Molecular ions were extracted from the source, mass-selected, and injected into a helium-filled radio-
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7 Robert Berger
Statement on T. Isaev's contribution to our joint works
To: Timur Isaev
Reply-To: Robert Berge

To whom it may concern,

The statement below prepared by Dr. Timur Isaev describes very well our

collaborative work and the original contributions to it by Dr. Isaev. | should stress, moreover, that the importance of his contribution
to the whole field of laser cooling of polyatomic molecules and the enormous dynamics it could develop in the very recent past can
hardly be overestimated.

Yours sincerely,

Robert Berger

1) Contribution to theory of electronic structure of laser-coolable di-
and polyatomic molecules

Dr. Timur Isaev initiated the research activity on laser-coolability of

di- and, especially, polyatomic molecules studied in collaboration with
Prof. R. Berger. R. Berger suggested to compute electronic structure
enhancement factors (W_a) of nuclear spin-dependent parity violation in
radium monofluoride (RaF), upon which T. Isaev formulated the idea, that
transitions between non-bonding molecular orbitals shall lead to
"parallel" potential energy curves (and thus to quasi-diagonal
Franck-Condon matrix), which is an essential prerequisite for creation

of quasn-closed optlcal cooling loops in molecules Then T. Isaev




“Statement on 1. Isaev's contribution to our joint works” from Prof. R. Berger

subsequently denoted as Class Il orbitals (or molecular orbitals
non-bonding due to symmetry). Later in discussions with R. Berger
another class of non-bonding orbitals - dubbed Class | orbitals (or
molecular orbitals non-bonding due to destructive interference) was
proposed. T. Isaev performed subsequently detailed study of the
electronic structure for RaF (including calculations of parity-violating
properties in RaF within a quasi-relativistic framework), which

confirmed this molecule as a promising candidate for laser cooling.
These findings were then reported in [T. A. Isaev, S. Hoekstra and R.
Berger, "Laser-cooled RaF as a promising candidate to measure molecular
parity violation", Phys. Rev. A, 82(5), 052521 (2010), T. A. Isaev

and R. Berger, "Lasercooled radium monofluoride: a molecular all-in-one
probe for new physics", preprint at http://arxiv.org/abs/1302.5682

(2013), T. A. Isaev et al. "lon neutralisation mass-spectrometry route

to radium monofluoride", preprint at hitp:/arxiv.org/abs/1310.1511
(2013)].

Later T. Isaev initiated the research work on a search of laser-coolable
polyatomic molecules. He expressed the basic idea of chemical
substitution as a way for obtaining laser-coolable polyatomic molecules.
Initially he considered substitution of halogens in laser-coolable
diatomic by the functional group OH (and similar). Then R. Berger
proposed pseudohalogens as other suitable replacements. In this
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