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The hydrogen isomers

Discovery: Eucken, 1912; Mecke, 1924: Bonhoeffer and Harteck, 1929.

Contest for explanation: Einstein and Stern, 1913.

Heisenberg Nobel prize in physics, 1932:
"for the creation of quantum mechanics, the
application of which has, inter alia, led to the
discovery of the allotropic forms of hydrogen"

Isomers of H,

Ortho H, Para H,
I=1;J=1,3,5... [1=0;J=0,24...

Physics: VY= (Prs o Prore (P



Spin isomers of polyatomic molecules

Isomers of CHgF

Ortho CH5F Para CH;F
1=3/2; K=0,3,6... I=1/2; K=1,24,5....
3 1
C C
Isomers of 4 isomers:

C,H
24 Ag’ BBg’ Blu’ BZu

Landau, Lifshitz,Quantum Mechanics



Enrichment

J=1 170.6 K

H, (by cooling,1929):

Y =Qpe@roe® o 204 K

J=0

NMR enhancement

Liquid hydrogen storage

Enrichment of heavy isomers



Contest for enrichment

Deep cooling: Bonhoeffer and Harteck, 1929.

Fast evaporation: Curl, et al., 1966.

Light-Induced Drift: Chapovsky, et al., 1983.

Selective photodissociation: Schramm, et al., 1989.

Selective adsorption: Tikhonov and Volkov, 2002.

Separation in molecular beam by magnetic field: Alexandrowicz, et al., 2011.
Separation in molecular beam by electric field: Kupper, et al., 2014.

Chemical synthesis: Zhivonitko, Kovtunov, Chapovsky, Koptyug, 2013.



Enrichment by Light-Induced Drift (LID)

Gel'mukhanov, Shalagin, 1979

CH4F (by Light-
Induced Drift):

Laser

Chapovsky, et al., 1983 Chapovsky, Hermans, Hougen, Oka,
Ann. Rev. Phys. Chem. 1999 Science, 2005



Enrichment by LID

Inst. of Automation and
Electrometry, RAS

Inst. of Chemical Kinetics
and Combustion, RAS

Leiden University,
The Netherlands

Lille University, France
Toyama University, Japan

Shandong University, China




Enrichment and relaxation of B¥CH;F isomers

Principle of the setup

separation tube

=

valve

valve closed

A A

v v

test tube

7 =100 sec.

1010 gas collisions

Isomer relaxation on the wall ? No pressure dependence.



Standard relaxation model

H, ( 1 month ), CH3F ( 100 sec)

| ortho > | para >




Anomalous isotope effect and pressure dependence
13CH,F: Y13=(0.85+ 0.06 ) min-Y/Torr

12CH,F: Y1,=(1.1+0.1) hour “}/Torr

Y13/ Y12 =46 £5

Chapovsky, Sov. Phys. JETP, 70, 895 (1990)



Quantum relaxation

Wigner, 1933. Curl, et al., 1967 Chapovsky, PRA, 1991
f — - i\ (Hy+hV)U =EU P =Sp(pP)
Vmn JE— 0 }é TY 7 A -
m — " " a — —3“ ,p] + S
& — — J Special representation:
2S00 =25y =0; a € ortho
| ortho > | para > . ,
. Saa = =1 paats « € para
Hy+ hV d i
E Z Pac = 2Re Z 'ipf.wﬂ[’fr.ﬂm
* Counterintuitive process e aco,a'ep
* Unusual pressure dependence d”j“fho s
* Similar processes in physics T | V|2
: Y= 5 aﬂg (Ira' - H'ra"x}
* Analogy with spectroscopy | =+w: |

* No such process in H,



HYPERFINE INTERACTIONS

VAN N

VAN N\ VAN
H = Hy + Hgt + Hgr + Hgg

VAN N\ VAN N\ N N\ N\
Hyr + Hepr + Hcer Hyy + Hyr + Hyc + Her
A (m)
0 cilj %HHF

H,,, does not
conserve the total

H AN N A ¢)) .
Vsr IF 17 s TFH spin of 3 protons

Selection rules

FH
VSS



13CH,4F

0|V
"_ZFJ‘LQ Wa+Wa)

Close level pairs in 13CH4F:
9,3-11, 1 (131 MHz)
20,3 - 21,1 (351 MHz)

Experiment:

v13/P = (122 £ 0.6) - 102 s~ /Torr

Theory:
"}1:3/P = 155-10"3 5_1/}'“0.},.},

Anomalous isotope effect

Level energy (cm™)
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CoH,

21V
_Z }laal Wo+Wy)
[ —|—wa&;
Close level pair in C,H, :

1,23,10 - 1,21,11 (46 MHz)

Experiment: Sun, et al. Science, 2005

v = (55+£0.8) x 107~ /Torr
Theory: Chapovsky, et al., JPCA, 2013
v =52x 107" /Torr

Spin-spin interaction ~60 kHz

ij

“~(1.,4) #(1) 7(4) p(1.4) (1,4) - (1,4)
Ves ' =Puy ILVIVTSY: TV =6, —3n) " n

Spin-rotation contribution ?
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Enrichment by chemical synthesis

Zhivonitko, Kovtunov, Chapovsky, Koptyug, 2013
para-H, + C,H, -> C,H,

a) A a 150°C reactor V: ;4
b

ﬂt)L_

° b 0
i e

CFs 3.75 35 3 25
bubbling 'H NMR spectra + chemical shift, ppm



Level-crossing resonances

3411.40

H = H, 0T H Stark T+ RV 3411.35
|V 12 o 341130 | ;
N = Z _ | t.‘u.lgl {H o+ W o) (I’;
[* 4+ W T 341125 -
5 93)
“osa1120 | 1
13CH,F (level crossings)
341115 -
Chapovsky et al., S
PhyS.ReV. Lett1996 0 200 400 600 800 1000 1200
Phys.Rev.Lett.1997 0.06
0.05 - -
Spin-spin interaction: 69 kHz ~
"o 0.04 - 7
One adjustable parameter: I’ g 0.03 - :
% 0.02 - :
o
0.01 .
000 ) I " | ‘ [ N [ ) [ "
0 200 400 600 800 1000 1200

Electric field (V/cm)



-1

Conversion rate 7, (s )

01

=
[V
1

o
|
<

Level-crossing resonances

13CH,4F Cacciani et al., Phys.Rev.A, 2004
B
, 203-211
l; C
\J
| ¥|'
L
TEUl) ’.ﬂl hl\l ‘\' '\ i 'nl i\ .ﬂ' T ]

600 3000 10000
Electric Field Strength F (V/cm)

Measurements of the hyperfine interactions in 13CH;F.  Off-diagonal terms.



Future experiments

Optical enrichment of spin isomers

Applications:
New access to weak interactions in molecules

NMR signal enhancement by nuclear spin isomers



Optical enrichment

I'ichov, Hermans, Shalagin, Chapovsky, 1998

p)ot = —il[G+ V. pl+ S %

(]

Poce — 2Re E 'ipmﬁl’fnfn

aEo aco.n’ep
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Coherent optical control

Chapovsky, PRA, 2001

dﬁf (_)IL = —1 [CT —+ I . I,{J] -+ S E Z Poa = 2Re Z '3.1'9(.1(.1’{’(_1’(.1

ED aco.n’ep
5 ——
) 8
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Q
.'I O
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i
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H = Hy+hG +hV



Coherent control by bichromatic field

Chapovsky, Wilson-Gordon, 2015

_ _ : -~ Pt a
i ~ Ia - o T A . T
d P / [) t = —i [(T + TL . ’O] + S a Poaa — 2Re E 1 me“L a'o
= aco.a’ep
Enrichment of para molecules
6 4 6
S 4 ©,=50MHz il Q, =-50 MHz
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New access to weak interactions in molecules

Chapovsky, J. Phys. B., 2001

1.4
mG K A
m
S S e V =30 Hz
T 2
T o
5
optical =
excitation S
IE 2.4 _
— Yy #%0 00 0 100 200
— _ Vmw Frequency, Q (MHz)
m'—"““—--—-—-—-p.— k' !
ortho para Rabi frequency: 50 MHz
Q. =100 MHz

I'=2 MHz



Performed investigations

Enriched isomers: 13CH,F, °CH,F, *3CCH,, C,H,, CH;OH

Relaxation in gaseous phase: y~P; Y ~1/P
Level-crossing resonances

Relaxation by surfaces

Relaxation by oxygen

Relaxation under permanent electric field
Relaxation under alternating electric field
Temperature dependence

Theory for symmetric and asymmetric tops

Theory for the optical enrichment



Verification of the isomer quantum relaxation

IAE SB RAS, Novosibirsk, Russia

Leiden University, The Netherlands

University Paris 7, France
Lille University, France

Toyama University, Japan

Shandong University, China
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v =52x 107" /Torr

Spin-spin interaction ~60 kHz
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Enrichment by chemical synthesis

Zhivonitko, Kovtunov, Chapovsky, Koptyug, 2013
para-H, + C,H, -> C,H,

a) A a 150°C reactor V: ;4
b

ﬂt)L_

° b 0
i e

CFs 3.75 35 3 25
bubbling 'H NMR spectra + chemical shift, ppm



Level-crossing resonances
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Measurements of the hyperfine interactions in 13CH;F.  Off-diagonal terms.



Future experiments

Optical enrichment of spin isomers

Applications:
New access to weak interactions in molecules

NMR signal enhancement by nuclear spin isomers



Optical enrichment

I'ichov, Hermans, Shalagin, Chapovsky, 1998
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Coherent optical control

Chapovsky, PRA, 2001
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Coherent control by bichromatic field

Chapovsky, Wilson-Gordon, 2015
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New access to weak interactions in molecules

Chapovsky, J. Phys. B., 2001
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Performed investigations

Enriched isomers: 13CH,F, °CH,F, *3CCH,, C,H,, CH;OH

Relaxation in gaseous phase: y~P; Y ~1/P
Level-crossing resonances

Relaxation by surfaces

Relaxation by oxygen

Relaxation under permanent electric field
Relaxation under alternating electric field
Temperature dependence

Theory for symmetric and asymmetric tops

Theory for the optical enrichment



Verification of the isomer quantum relaxation
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