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Muon as a sensitive local probe
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Muon in biology related studies: updates (~55 years)
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Electron transfer in proteins/DNA



Electron transfer in biomaterial: Electron labelled method

Cytochrome ¢

Pioneered by K. Nagamine and coworkers in 1984-85

* Pick up electron during slowing-down of injected u* . //
—> formation of Mu JOgIewe it g
* Thermalization of the Mu, and stops in electronegative
sites in the molecule
* Depending on the nature of the molecule/environment,
the electron brought-in by the p™ will,
» Localize to form a radical state,
» Motion (1-D, 2-D, 3-D) in material
» Hopping (one step/multi-step)
» Behavior depends on conditions (nature of
materials , field, temperature, humidity, etc.)

<100 keV

Tsukamoto T et al, Chem. Phys. Lett. 441 (2007) 136-142
Jianping L et al, SCIENCE, 310 (2005) 25

Torikai E et al, Physica B 374-375 (2006) 441443
Nagamie K et al, Physica B 289-290 (2000) 631-635
Nagamine K, Introductory Muon Science, (2007) Cambridge University Press, UK




Theoretical background of labelled electron method

Stochastic theory by Risch-Kehr (for polyacetylene), muon spin relaxation function

G(1) = exp(I" t)erfc(T" £)12
where, I' 1s RK relaxation parameter
I =/ (1+(2w,)"D,/ w?)?,
In the fast diffusion, D ,» @*/(2w,A)"?
I'= 0)04/ ZG)eD //2
D )= wy?/(2y,BT)"?independent on A,
I'" oc 1/B, 1D intrachain diffusion

No quantum theory on diffusion topology due
to 2D or 3D electron diffusion

—O0—0O—0O0—0O—0O—0O——Molecular chain

H+. DJ_T .
| wg 1
—(O0—0O0—"0O—"—0—"™0eO0
electron
A

w, muon-electron hyperfine coupling
D, interchain diffusion rate, D,intrachian diffusion rate
A electron spin flip rate

Temporal proposal, D, = v.B,
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Nagamine K et al, Phys. Rev. Lett. 53 (1984) 1763
Risch R and Kehr K W, Phys. Rev. B 46 (1992) 5246
Pratt FL et al, Phys. Rev. Lett. 79 (1997) 2855
Nagamine et al, Physica B 289-290 (2000) 631

Pratt FL, J. Phys.: Condens. Matter 16 (2004) 54779
Discussion with K Nagamine.



Hydration effect on electron transfter process
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K. Nagamine et al., Physica B 289-290 (2000) 631-635
A. D. Pant et al., JPS Conf. Proc. 8 (2015) 033007-5
Y. Sugawara, A. D. Pant, et al., JPS Conf. Proc. 2 (2014) 010310-5
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Electron transfer in single active center copper protein, PAz
A. D. Pant, T. Yamaguchi, et al., KEK Prog. Rep. (2019), 2020-4, 112-113
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MuSR 1n water before,
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S
0 A. D. Pant ef al. Phys. Rev. B

110 (2024) 104104

Collaboration with Prof. Kohzuma et al @ Ibaraki University
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Muon applications for hypoxia (low oxygenation)
detection in cancer research: O, detection
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O, detection 1n buffer solutions of proteins using muon

Relaxation of muonium in water in the presence of O,

. . Oy <7mmHg
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Chemical reactions

Mu + O, > MuO,
Both cause relaxation of Mu

PO, in tumors in human
body is heterogeneous,
less than 5 mmHg

Measurable partial pressure
by uSR = 0.3 to 300 (mmHg)

Sensitivity of MuSR
matches perfectly with O, in
hypoxic region (<10 mmHg)

A.D. Pant, et al., J. Phys.: Conf. Ser., 551 (2014) 012043

A.D. Pant et al., Nuclear Inst. and Methods in Physics Research, A 1011 (2021) 165561
uSR experiment performed in ARGUS, ISIS, RAL, UK
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Hb concentration [mg/L]

O, detection in Hb aqueous solution
Estimation using Hills Eq.

— b .‘.W >
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deoxy

1000} -, Fraction of deoxyHb deoxyHb k" At25°C, k=13, n=2.62

sool |\ Using Hills Equation total k" + pn* p = partial pressure of O,

"1 Assumption, (I, m and r are numbers of corresponding molecules)
600+ —— oxyHb concentration
- deoxyHb concentration 10, +m Hb = r oxyHb + (m —r) deoxyHb + (I-4r) O,
4001 —— Oxygen concentration in tumor
Mu interaction with (m-r)deoxyHb
200} .
) Mu interaction with free molecular O,
or ‘4l 0 T

0.0 25 50 75 10.012515.017.520.0 Fgstimated relaxation rate of Mu in solution
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A

Communication with Prof. JS Schultz
Ryp,(Mu) + R,(Mu) Hill AV, J. Physiol. 40 (1910) iv-vii.
Goutelle S et al, Fundam. Clin. Pharmacol. 22 (2008) 633-648

Behaviors of muon and its species in water, buffer, O,, biomolecules,-:-? 12
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MuSR in water/ice
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Muon in biology related studies: updates (~55 years)

1976: Percival
Mu 1n water

1981: Percival
Missing fraction
1n water

1968:
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Muon in water/ice

. Cox et al
Percival group

} 200K
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Leur?g et aI, ChemiC. | PhySiC.S 121 (1988) 393-403 Existence of both HZO_Mu+_HZO and HMuO
Percival et al, Chemical Physics 32 (1978) 353-367 S. Cox, et al., Hyperfine Interact. 65 (1991) 993
Physica Scripta 1992 (1992) 292; Hyperfine Interact. 86 (1994) 747
We do not found MuH fraction in ice !! HMuO signal not reported pSR in ice

Physica B 350 (2004) e451-e454, r



Experiment Set-up

—

overview
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Muon method

Muon spin rotation, relaxation and resonance (uSR) method

Local f|e|d e+ /Backward

() s _~Forward B 1 S"'l'
%___‘ L ° o4 TF
Su v 0.0 :
0 1 2 3 4
sample 04 Time
% 02
Ut et + v, + v, Forward Backward 3 0-0\/\/\/\/
/ counter counter 2 32
m. ~1/9m, 20/m 0.
il p e
Spin polarived (100%) Counts detectefl by counters I
p, ~ 31wy, N(8,t) = N, exp (——) [1 4+ AGx(t) cos(6 — wyt)]
Asymmetric decay to e* T
Muonium, Mu = p*e- Asymmetry,
Mu, 100 ti ensitive Nz(t) — a Ng(t MUON
Mu, light isotope of H where, P(t) is polarization function, d 5
’ o 1s balance parameter between the two detectors, g

- A, 1s initial asymmetry at t=0, e
A.D. Hﬂhel_r’ etal., Nat. Rev. Ng and N; are backward and forward counts, respectively. Text book
Methods Primers 2, 4 (2022) 17




PHYSICAL REVIEW B 110, 104104 (2024)

Formation and structure of MuOH in ice studied by muon spin rotation

Amba Datt Pant®,!-2" Akihiro Koda®,? Burkhard Geil,? Katsuhiko Ishida®,"> Rajendra Adhikari®,* Kazuaki Kuwahata®,’
Masanori Tachikawa,” and Koichiro Shimomura @ !-2
!nstitute of Materials Structure Science, High Energy Accelerator Research Organization, 1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
2Muon Section, Materials and Life Science Division, J-PARC center, 2-4 Shirane Shirakata, Tokai-mura, Naka-gun, Ibaraki 319-1195, Japan
3Institut fiir Physikalische Chemie, Universitiit Géttingen, Tammannstrasse 6, 37077 Géttingen, Germany
“Department of Physics, Kathmandu University, Dhulikhel, Kavre 45200, Nepal
SGraduate School of Nanobioscience, Yokohama City University, Yokohama, Japan

® (Received 19 April 2024; revised 22 August 2024; accepted 28 August 2024; published 11 September 2024)

The behavior of muons in water and ice is investigated by measuring spin rotation and relaxation of positive
muons in water at 140-300 K, where we successfully observe oscillation in the zero-field spectra of muons in
ice. The oscillation is attributed to the spin—dipole interactions between the muon in MuOH and neighboring
protons and to hyperfine transitions of triplet states of axially symmetric anisotropic muonium in ice. The Mu—H
distance in MuOH exceeds the H-H distance in H,O by 5% 1n ice.

DOI: 10.1103/PhysRevB.110.104104
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. ZF spectra in water/ice
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Wang et al., Physica B 350 (2004) e451-e454
Fig. 1 shows the temperature dependence of the
zero field relaxation rates A; obtained by using an
exponential decay function _ dm == T
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Fig. 1. The temperature dependences of the zero field relaxa-
tion rate A;.

= (h \
55 —

Brewer, J. H., et al, PRB 33 (1986) 7813-7816
Kadono, R., et al. PRL 100(2008) 026401.
Sugiyama, J.,, et al. PRB 82 (2010) 214505.

T A(t) = Fy, (1) + Fs(t)

Alt) = Fuy () + Fageq(t)

A(t) = Fy (t) + Fagi(t)

Need of new model !

Where,
Fuu®) = Ay, exp(-y, t)
Fis(t) = Aig exp(-Lis t) Gig(t)

19



TF 2.3G spectra in water/ice
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Fiz. 3. Muon asvmmetry in 2n H.O crystal at 263 K oriented
A(I) = D(I) + M{I) with its c-axis parallel to the ficld of 10 G. The two-frequency
muonium signal was fitted by eq. (3).

D(t) =Ape 0" cos(wpt + op)

M(t)= %AMe"““‘{co_s [(mM —18) e+ éMI

—Fcos{(cam'-!—%S)r—i—c;»M]}.'_- e

Two diamagnetic muon states in solutions of manganous
nitrate hexahydrate in acetone and in methanol

A(t) = Fui(t) + Flua(t) + Fau(t)

Fi(t) = Ay exp(—Auit) cos(wyit + ¢,)

Fyu(t) = An exp(—Anut)[cos(wiuit + dmu)
+ cos(wnuzt + @)

Proposed model 20




Mu signal: T dependent spectra in water
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Field dependent Mu spectra at 270 K

Proposed model
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Phys. Rev. B 110, 104104 (2024)

Anisotropic Mu + dia.muon2 + dia.muonl
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Asymmetry

Zero-Field (ZF) in water/ice
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Breit-Rabi
diagram for
anisotropic
Mu in ice
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Contribution of each muon species in1ce  PrB 110, 104104 (2024)
0.20r
I ZF 270K —— Fumu .
ey . \
: X H ,j':"/ \\‘\:\‘\ o Ff-‘[l
E“ § L‘uc-‘:"-o ’:_“-"""“‘\'\‘\ —_— flt Hzo'Mu+'H2O
T 0.10f X Tb E"/b 5 Obs e' H20-Mu-H,0
= ) _
a rrl; o “l" . . &
< 0.05} e e 5l Anisotropic Mu
Sa - ..i-*:_-_{.:i!r:_-:l'_;!. }
I T Mu
0.00} LS DN <~ ﬁ%) longer
_I [ T R Y T T T A T T S [ T TR T NN T Z||-SI S?/S:telm 270 K MUOH
o 2 4 6 8 10 12 Solid water Liquid water
MuOH =33.7(4)%  Time [us] , ,
H,0-Mu*-H,0 = 29.0(5) % Mu-H in MuOH found.longer than H-H in H,O by 5%
Anisotroopic Mu = 17.5(6) % PIMD and quantum simulation also support the result

Provides new insights into uSR 1n water, help to understand the muon in biology



Summary

v

ENERNERN
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New insights into uSR in water

Weak TF and ZF uSR study performed 1n liquid and frozen water
Direct observation of MuOH from time spectra in frozen water
Anisotropic Mu, MuOH, and another diamagnetic muon (H,O-Mu"-
H,O) species observed in ZF and weak TF puSR in frozen samples

uSR 1n water will help to understand muon 1n biology, systematic study
In progress

Space for biology expt. to establish fundamentals of muon in biology
and further applications, cancer research, medical/clinical fields

Thank you for your attention !



	Slide 1: Muons and Life Sciences
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6: Electron transfer in biomaterial: Electron labelled method
	Slide 7: Theoretical background of labelled electron method
	Slide 8
	Slide 9: Electron transfer in single active center copper protein, PAz  A. D. Pant, T. Yamaguchi, et al., KEK Prog. Rep. (2019), 2020-4, 112-113
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17: Muon method
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26

