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Experiments
at JAEA (JAERI)

mainly by Me
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Preparation ot para-H,
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p-H, 9as(99.8 %) is produced
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Substitutional

ENDOR study of H atoms in solid H,

(Electron-Nuclear spin DOuble Resonance)
T. Kumada, et al,, Chem, Phys Let+ 288 755-759 (1998)

Interstitial
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Electron Spin Echo of H in HD and D,

T. Kumada, et al., J. Chem Phys

H in solid HD H in interstitial sites
o

Ampitmede Ja.

H in substitutional sites -

10974-10978 (1999).

Fregquency s MHZ

Fregquency /MHz

All H and D atoms are also in
substitutional sites of solid HD and D,



Monte-Carlo study of H atoms in solid H,

P. Li and V, Voth, JCP 100. 1785 (1994)

Pair potential ‘Distribution H, around H
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Trapping sites are homogeneous

+ ESR lineiidéh No anisotropy in H atom
Very slow spin-lattice relaxation
Superhyperfine interaction = VYes!

4[ HinpH, <0 006nT
J\/H and D in HD 0,21 0T == f’c‘,f“z'ffm*{ea* 257

*H/\/" Hand D inD,  0.12 mT )h\
# =05 nT, ; H=4.1 mT
/\/\‘_b H,=0. 08 mT at X-band Hi=0.7 mT at 25T

\/\/ ;

« ESR spin flip-flop satellite line

Narrow enough for Solid Effect 15
Index
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Radiolysis of solid hydrogens

T.Miyazaki el al .Radiat. Phys. Chem, 3& 501 (1990

Bulk recombination
HD:p-H,:0-H,:0-D,:p-D,
= 100: 12: 38 : 33: 17
—_—
Enhance T,

Spoil DNP

< 3 ppm

® O
@ . i
®Q. H(D) atoms remained

High yields of H <= Less bulk recombination

J-': l, _'ﬁ Ortho-H, Para-D,
@" | =] j =
Enh&ﬂEE TTT (75 %) [33 @)
Para—Hz HD 0r+ho-D_,_
L L =4 lH: s, "p"]l =0 &
J "'0 (25 %) (100 %) (66 %)




How about higher dose rate?

£ -2l 5k Heating by ~-rays
s T &
&0 - v

-1

_ Enhance Bulk recombination

=20
2.2 ay g6 1K
A. S Iskovskikh et al . JETP &4, 10851934

‘Nagoya: H in HD : 5 ppm

Solem : H in HD : 100 ppm

o

Collins: H in HD: 300 ppm with o-H, and p-D, at -3 %

Index
1. Experimental Setup (p-H, n-H, HD,D,)
2. Trapping sites All in substitutional
3 Linewidth Narrow enough for Solid Effect
4. Radiolysis By-products o-H,, p-D,
5.

Spin relaxation
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ESR Intensity

=

P O

Narrow ESR |inewidth

P O

We need high T,, 7 and low T, !

Lk

Lower T,, 1 in highly purified HD

&

How about T,, ! in this case?

41

I, in solid p-H,

T. Kumada et al_, JCP 116, 1109 (Z00Z)

[0-H,]=0.1% 0.8% |

500 10000 10 20 300.0 0.5 1.0
Recovery time /s
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I, in solid HD
o1t p-H,
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T7,, (H) at DNP condition

A S, Iskovskikh et al . JETP b&, 1085(1984)

7

£

increases with 4,

T,. is independent of [H] (Not shown)

&€

7;, >> 10° s at DNP condition

25

Solem added 0,, 7,.(H) = 100 ms > 0.1 ms

Crystal + Spin + Zeeman
Field Anisetropy

Differential

"Q% \=4\ Tio " = 1 GHz

'i';;f..ng = .“J HHz)

1) 1000 il ]

Vacuum . For H
'- T ’ Absorption
L s
e . W 9

'_—““*\E\ +—— Spin Anisotropy to Molecular Axis —e
T. Kumada et al,, JCP 117, 10133 (2002

For proton

0, enhance both 7, /(H)and 7,7 —> Spoil DNP
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Summary on DNP with H atom

Trapping sites Excellent
Linewidth Excel lent
Radiolysis By-product o-H, and p-D,

Spin relaxation T,, >> 1000 s in purified HD

\

DNP in highly purified HD is impossiblel!
Only “poor” polarization with “poor” purity

27

How about CH, ?
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Sample

Deposition rate

4 mmol / 1 h

UV illumination

Mercury lamp 10 min
CH;1 = CH, + |

+CH; produced in p-H, ‘
~ 10 ppm (0. 001 %)

1000 ppm isolated in solid p-H,
M E Fajardo and S. Tam, JCP108. 4237(1998)

Deposition on cold substrate at Z K for IR study

1. [guest] = 1000 ppm,
Z. Millimeter thick,
3. Optically transparent,

0



Linewidth of CH; in solid HD

CHy in p-H, (AH = 0, 0Z mT) Linewidth (mT)
' H  CHy(CDy)
{  p-H, <0.006 0 0Z
{‘ ] D, 0.1Z  0.1Z  Superhypertine
" " | w021 () Suerhyperfine
1
Free rotation | Should be 0.27 mT in HD at 2.5 T

320 332 324 326 328 330
Magnetic Field f mT

Narrow enough for solid effect !

il

Microwave power saturation
of CH; in solid p-H,

210} /7
vy
3
= 5 i
& CH_and H in UV-irr. p-H_-CH_I-DI
LLl 3 2 3

800 0.05 | 0.10 | 015

H /T

0.Zms < 7,,(CH) < 10 ms, 7,,(H) =5 s
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 Promising
 High yields with mercury lamp
« No o-H, p-D,

o
» Check points ﬁf -
| atoms > enhance 7,,7
May be (CHsl),—"y ZCH,tI,
[f not, use CH,N,CH, "™ , ZCH; + N,
33
*CHs
Ml 5 CH; 41
Too much |ines? d 0 o
i Frequency : B.01044 GHz
- X5 e
380 380 ' 3200 220 . H;.D . HJEJ:I' . EElI.I'.I

N (4S)
NO > N + 0 but small cross section
By-product: 0 atom and N{+3/Z) < N(*1/2)

‘NHZ
Not observed in UV-illuminated NH; in solid H, > Why?

See “Photochemistry of small molecules” H Okabe, Wiley 1?1&



Conclusion for DNP of solid HD

* Use CH; instead of H atom
* Arrange set up for isolation of CHsl
+ Use CH;N,CH; and so on, if | atoms spoil DNP

» Use other photoproducts, if 7,,(CH;) is
still long

35




Goal of our study . L.\

Determination of mesoscale structure
0f polymers using DNP and SANS

2006 2007 2008 2009

Build up DNP system for |aboratory
Jer-

Synthesize polymers designed for DNP

Build up DNP system for SANS

Contact me if you are interested in our project!
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Tunneling diffusionby H + H, > H, + H
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d[H]/dt = -#¢ [HT ] 1}

oo I I I L
1} 200 400 G600

Time atter y-irradiation / min

* physical exchange model
(17 KPa) << P20 MPa! = No

o e i) &0 =0 120

* H 4 Hz + Hz 4 I.I1 Angle [ degres
k{!; i?’a; = ﬁ'i’ﬂ i?’a; = Yes {ee. Mo P effect on D+ DH > D, + HD

H atoms in solid H, diffuse by the H + H, tunneling reaction below § K

T. Kumada, Phys. Rev. B 68, 052301—1-4 20035



Effect of surrounding environment on HtH,—>H,tH

" - E - ..-. -

» Decay of H atoms in solid H, Dol e Fema
o o L]
_E ozl & L] Hin o-H
i on *
s ®
2 ",
%  Hinp-H e
5 z -
2] 0=

a 100 200 300 00 S00
Time ! min

in solid n-H, W

in s0lid pH, Qe

« Tunnel ing reaction

We should know the local environment around reactants.

T. Kumada et al, J. Low Temp. Phys. 122, 265278 (2001}
T. Kumada et al, J. Chem. Phys 116, 1109—-1119 bi

Radiolysis of gaseous H,

P. C. Souers, Hydrogen properiies for {fusion energy, Univ. California {1986

Carcuraten Rantation Davace Eveses in Hy Gas BoMeaarDED wiTs One 16 17 (100 ke
ELFCTRON THAT Loses avy 175 Exeror
———————_—  — L _— T ]

MNumber ion

r_‘Ts Products of events p.iirs Hz_ +HE%H3_ +H
| LHf+e-9ﬂ{3H
Hy+H
P

14000 H atoms

lonization H" + ¢
H® +¢" +H
HH +¢7)

Excilntion Hy* = H; + he
H,* -+ 2H
Hy*—H*"+H
H:'—‘EH'

Arom production

NOTE: There is mo further reaction or recombination ef the iadistion damage products.

60 keV: H-H dissociation
Radiation energy 100 keV >

40 keV: The others
40



ty2a - Lifetime of H in solid HD

12 o .o D 0.0 No decrease in [D] + [H]
Wy o = H s
o No recombination within Z h
:ua- (Hl = 3ppm, 4.2 K 1
b ena, D] waw> 103 for -3
0 1 1
T stoge e/ t 2w = 1 h for [HI1=100 ppm

T Mivazaki et al. , JCP 93, 3352(1989)

41

Radiolysis of H,

P. C. Souers, Hydrogen properiies for {fusion energy, Univ. California {1986)

Carcinatep Hantamion Davace Evests iy Hy Gas Bosasaroen wits Oxe 16 07 (100 keVy
ELFCTRON THAT Loses avy 175 Exeror
o= — - — ]

Processes Froducts 5’1:?:1: p:l:s Hz_ 'i'Hz%H]_ +H
lomization H," +¢ i L 1
- Bl T ﬁ" H
7t
Excitation Hy* = Hs + he 1788 \
H,* -+ 2H 740
H,* < H® + H 5.14} hs /
H,® —2H* 28 ¥

Atom preduction ]ﬂﬂﬂﬂ H atoms

NOTE: There is mo further reaction or recombination ef the iadistion damage products.

60 keV: H-H dissociation
Radiation energy 100 keV =

40 keV: The others
41



Sample Cell

Double Layered Pipe
Mfacuum Inside)

Helium Guide ‘ \E-] n

=

L]

o

=

[ui]

=

e

p-Hz Solid HL ; H
ESR Cavit 1?‘
LT
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D atoms in solid Dz produced by discharge
| 8, Iskovskikh et al , JETP b4, 10851985

~—— 7
3 Vil
g d Advantage
g . (D] = 3000 ppm
J_ 7 in solid D,
g
Disadvantage
H, HD > H, P, HD(]:1:2)
%)

Generation of [
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ESR Linewidth

Sweep rate: § nT/'s =

Ial

Solid Place Produced by A KD AH(T K) [
WO Hlyazaki — 0.21  0.27 :
Kumada X-ray 0 27 0.217
UV 0.28 Ji i
Collins Tritium 0.3 03 L/\_JL
Solem X-ray |8 Z.0 _ —
P, Miyazaki ¥-ray 0.12 0.12 "
Kumada X-ray 0 12 0. 217 % !
oV 0.13 l.
Shevtsov Discharge 0.12 0.12 ! ‘ i
JJL

Solem probably overestimated the Width, . . cerumres e oo o 50 e oo
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