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Electron capture

(A, Z)+e = (A, Z—-1)+ v,
G

bound
v Typical contributions of atomic shells
ef to decay rate
y (e0)
7| o K~ 90%
/ o L ~10%
€ K o M ~ 1% )
Kinematics
o B, ~ Qpc ~ 1MeV
o Nuclear recoil Ty < 60eV
EC from K shell ° lpn| = lpv| ~ Ey )
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Recoil force from neutrino radiation in EC

Angular distribution

dw(n,) w

————+=—(1+BP 0
a0~ an (LT BPncost)

o B is the asymmetry coefficient

o P is the nuclear polarization

@ 1) incorporates effects of m,,

o w = In2/T, is the total decay
rate

Force acting on a radioactive
sample

dw(n,)

F:—N'p,,/dQ-n,,~ 70

First study of the effect:
C. DeAngelis+ PRC 86, 034615 (2012)

More detailed force calculation:
A. L. Barabanov & OT

PRC 99, 045502 (2019)
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.86.034615
https://doi.org/10.1103/PhysRevC.99.045502
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Calculation of recoil force

Angular asymmetry (allowed transitions)

Ji
, Jr=Jdi+1
Ji+1
B={-1, Jr=Ji—1
14+ 2T (T v 1) ¢
- 2% Iy =J#0
(Ji +1)(1+¢€7)
£ = gvMp
~ gaMgr

Effect of m, on angular distribution

¢ Plalt=(0)]?

= ~ 1 1 <m,,c
2 pvaBual=(0)2 — 2\ By
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B In2lgc E,,

= = —YIpcPa
3 T1/2 (6] 3 ¢

@ Ipc is the relative transition probability

@ « is the source activity

B[T]

F,=—-m T[K]
f _ ﬁo IEC In2 .

" 9T /2

C=B(J; +1)/J

- f
By
MaC UN
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Force measurement

Idea (C. DeAngelis+, 2012)

Attach sample to cantilever

Force is determined from Hooke’s
law: z = F/k

Can measure F > Fpin ~ 10712 N
(k=0.2N/m)

High nuclear polarization is required
P~ 100% (/LBO ~ k‘BT)

Source activity required o > 1 GBq

In practice Bo S10T, T~ 1K
=P<1%

Required sample mass could be
larger than cantilever mass

00000

Typical commercial Si single cantilever.
(A. Suter, 2004)

V =125 x 35 x 4pum®, k= 40N/m

V2kksT

Fmin =
Q
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https://www.sciencedirect.com/science/article/abs/pii/S0079656504000330
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Use of magnetic resonance force microscopy

Possible improvements:
@ Increase recoil force (due to higher P)

© Reduce measurement threshold

For lowering the threshold, one can use MRFM J

Hi (1) cosfo(f)] y! b .

(b} 100nm thick

shaft
tumthick "

mass loading

F. = M.VB(z)
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Use of magnetic resonance force microscopy

Static measurement Resonance
o Constant field By e Constant field By
+ oscillating field b(¢)
e z=F/k o z=FQ/k, Q< 10°
@ F > Frin~ 10712 N o F > Frin~ 10719 N
e Polarization P ~ 100% e Polarization P ~ 0.1 — 1%
o Activity @ > 1 GBq @ Activity « ~ 1 MBq
o For 19bm =4-10""¢g J For 119Sbm =7-10"12 g )

k= Bwt?/41?
Fuin = V2kkpT/Q
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Optimal source isotopes

Selection criteria
o J, #£0
e Decay from ground state
o Allowed transition to a single state with Igc > 0.98
e Force parameter
fo=F/m>10"" N/g
e Force fluctuations are small:

2> 100
Ve

Heating power due to secondary radiation should be small

9/20



Electron capture
o]

Recoil force Force measurement Applications Summary
000 0000e0 [e]e] [e]e]
Pure Gamow—Teller transitions to ground state
AX; —AXy Ty /2 p/un | Qoec,keV fn,N/g
JT = J}r Iogc, % Ej, keV Eyo,keV Mmin; 8
163gy — 163Ho | 75.0 min | +0.557 1211 8.0-1079
5/27 — T/2~ 99.89 0 1164 1.3-1012
1357 — 135Ba 19.5 h +3.70 1207 4.1-107°
5/2t — 3/2% 98.1 0 1175 3.6-10712
165y — 165Ho | 10.36 h | +0.643 377 3.1-10-10
5/27 —7/27 100 0 332 3.2-10" 11
131Cs — 131Xe 9.69 d +3.543 355 9.5-10711
5/2t — 3/2F 100 0 325 7.5-10"11
1Ge — "1Ga 11.43d | +0.547 233 1.6-10711
1/2= —3/2~ 100 0 223 6.3-10710
55Fe — 55Mn 2.74y +2.7 231 1.2-10712
3/2- —5/2~ 100 0 225 8.6-10~9
179Ta — 1T9Hf 1.82y +2.289 106 1.4-10713
7/2T —9/2% 100 0 71 7.0-1078
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g|ectron capture I;Z-:Ooil force gcgg% g..ea-uremen: ggphcations Souommary ggc(!(gg
Mixed transitions to ground state
AX; = AX; T2 n/uN m,g N o, MBq
JT = J}T I.gc, % Er keV Qnec,keV | Eyp,keV fn,N/g
37TAr — 37Cl 35.01d +1.145 1.0-10710 | 1.6-10!2 0.37
3/2t — 3/2% 100 0 814 811 7.5-10" 11
POy 9T 330d 4.47 1.0-107°2 | 1.2-10'3 0.30
7/27 = T7/2” 100 0 602 597 1.7-1011
"Be — "Li*,"Li 53.22 d —1.399 1.0-10710 | 8.6-1012 1.29
3/27 = 1/2~ 10.44 477.6 384 384 1.6-10711
3/27 —3/2~ 89.56 0 862 862 3.0-10710
S51Cr — Sly* 5ly 27.70 d —0.93 1.0-107° | 1.2-10'3 3.42
7/27 —5/2” 9.93 320.1 432 427 3.0-10712
7/27 = 7/2” 90.07 0 752 748 4.7-107 1
65Zn — 65Cu*,%5Cu | 243.9d +0.769 1.0-1077 | 9.3.104 30.50
5/27 —5/27 50.04 1115.6 236 228 5.8-10713
5/27 — 3/2 48.54 0 1352 1344 3.3-10712
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Possible applications

B dw(n,)

e Neutrino mass:
F 2\ 2
Mgl_ (mVC ) . SF~10710
F(m, =0) Qrc

e BSM physics: extra terms in dw(n,)/dQ
Example: Lorentz violation

d
ek B (1 5 0 )
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Possible applications

dw(n,)
F=-N-p, [dQ)-n, —%
P /ﬂ ™0
o Relative capture probabilities Pk, Pr,...: 1o E
PxE,x + PLE,; = E,(=pyc) 0s
Pg+Pr=1 RS Es
B”(lO =
o Fermi and Gamow-Teller mixing: -
= gvMp
gAMGT -10 _.5 0 l5 10
&
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Summary

o There is a recoil force caused by neutrino emission in EC
o Formula for the force is obtained for allowed nuclear transitions
e The force can be measured with micromechanical devices

Applying methods of magnetic resonance force microscopy
increases sensitivity

Information about weak interactions, atomic and nuclear structure
can be probed

The proposed experiment can complement existing experiments
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Thank you!
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Electron capture

Main process

(A, Z)+e = (A Z—-1)+ve
—_——

bound

Secondary processes

Vef @ Atomic de-excitation: X-rays + Auger e~
£ <O @ Nuclear de-excitation: v + internal
/ L conversion e~ )

e / K Competing processes
o Bt decay (4,2) = (A, Z - 1) +e" +ve
o Radiative EC
(A, Z)+e = (A Z—-1)+ve+7y
@ Internal ionization
(A, 2)+e” - (A, Z—1)+ve+e”

V.
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Calculation of recoil force: details

Z(LM ‘JM Z|aM =

M;

2
27 ~ pEdQ2
dwnEC ny Zdwnz n,/ = ? Z <anMf|Zh](Ue’O-D)|JZ> W
cMypoeoy J
N GrVyg —iBvnefi . . . N
hi(oe,00) = =L e h T (gaj(0e,00)0; +igy ja(oe,00)) 7

V2

(o, ()aig (2) = Qars, GO ey, P =L () = 37 Miars, (7))

Jx (Uea UV) = Wl (UV)'Y4'YX(1 + '75)716(‘76)1/’96 (0)

euv(ow)
we(oe) ) E+m,c?
wlo) = ( o) = B [ ap
0 2F mﬁﬁu(‘%)
~ Je M
(ndyMy| 32, 0jqTi—|JiMi) = ;j S Colhg Mar

(nJpMy| 32, 75| JiMs) = 5JfJ15MfM1 Mp
18/20



Magnetic resonance force microscopy

] z
R [ %
BE}ﬂ
Cantilever
RF coil /San'lple
_ H,(t) cose(?)]
Resonant slice ( b)

F, = M,VB(z)
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Magnetic resonance force microscopy

Cyclic adiabatic inversion

B, A
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