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Interaction of Ps with matters
has make Ps useful probe

Pick-off decay Spin-conversion
Decay of Ps with an electron on the 0-Ps’s spin-flip to short-lived p-Ps
material surface by paramagnetic centers
0-Ps Surface
T~ 142 ns o Pparamagnetic

centers
Can inspect porous structure such as ‘ Probe for surface
pore sizes and porosities p-Ps

~ 125 ps unpaired spin ,
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Ps In its excited state exhibits
another face

A
1 us
3y decay
L = 0 (S-state)
3 ms
T 3y deca
s -17} Y =1
3 L =1 (P-state)
.E 1ns > 100 us for any fine structures
O 2y decay _ 0 - 2y decay
> -
g - Lyman-a
o n=2 m AEF =51eV
GC) ............................................................. : A= 243 nm
L n=1 " =13.2ns
142 ns V
3y deca
125 ps v decay So far
—6.8 [- 2y decay mainly used
Total spin 0 Total spin 1

p-Ps o-Ps
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Ps In its excited state exhibits
another face

I
=
~

Energy (eV, not in scale)
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3 ms
3y decay

1ns
2y decay

125 ps
2y decay

Total spin 0
p-Ps

1 us
3y decay

L = 0 (S-state)

} L =1 (P-state)
> 100 us for any fine structures

142ns .
3y decay ¥

2y decay

Lyman-a
AE = 5.1eV
A= 243 nm

T = 3.2 nSs

Positron manipulation and

laser technologies
Can excite Ps efficiently

Total spin 1

o-Ps



Unexplained rapid decay and line
broadening have been discovered

Cooper et al., Phys. Rev. B 97, 205302 (2018) reported unexplained results
in excitation into the 2P state

Rapid decay after excitation Line broadening
Decay into y-ray immediately iy Frequency detuning (THz) 1
after the excitation ~ [ ' ! M araet angte (dew]
= 1.0} $ ¥ o .
5 . Yy % 45 |
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s | :
4 0.5 | i
© i I > |
N |
T | | 4
£ | : 'l
§ 0.0 i S -i ________ e
| b
243 244 | 245
, A (nm) 'l

1
J Cooper et al., Phys. Rev. B 97, R05302 (2018)

Doppler width Much wider
UV laser for excitation  ERTRSERTIREISII) reason?
5
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To be a new way as material probe
and Ps cooling for fundamental study

By understanding interactions between 2P-Ps and materials :

1. Use 2P-Ps as a new probe of material structure

In some materials, the unexplained
result was not observed i ‘
Another porous silica o Rt N
Cassidy et al., MgO smoke
Phys. Rev. Lett. 106, 023401 (2011) Gurung et al., Phys. Rev. A 101,
012701 (2020)

2P-Ps should respond some structures in material. Probe it!

2. Enable rapid Ps cooling combining with laser cooling

® Laser cooling on Ps in porous silica will be effective
Shu et al., J. Phys. B: At. Mol. Opt. Phys. 49, 104001 (2016)

® Breakthrough to Ps-BEC, precise spectroscopy
® Please refer talks by A. Ishida, R. Uozumi, Y. Tajima on August 31
womz @ SUppressing the unexplained results is necessary 6




Contaminants are trapping Ps?

In Cooper et al., Phys. Rev. B 97, 205302 (2018), contaminants on pore
surface were suspected

® In their nano pores, 1S 0-Ps

150f lifetimes were much shorter than
R predictions by RTE model
é) |
< 100F Wps 2 §=~0.18 — 0.19 nm |¥ps |
< |
% 50|
ST
o
i
0 L MR .1 L R .:.lo L R .1.0(_ ETTILLLLLLL] (;c. .I:;E;I:é.;i.z.é ............ >

Pore diameter (nm)
Cooper et al., Phys. Rev. B 97, 205302 (2018)

Not valid? Predicts pick-off decay rate quantitatively

® Ps has the wavefunction in infinite
squared well

® Ps has a large annihilation rate in the

09/03/2021 VIClnlty of the surface 7



Contaminants are trapping Ps?

In Cooper et al., Phys. Rev. B 97, 205302 (2018), contaminants on pore
surface were suspected

® In their nano pores, 1S 0-Ps

150f lifetimes were much shorter than
R predictions by RTE model
é) |
< 100F Wps 2 §=~0.18 — 0.19 nm |¥ps |
< |
% 50|
ST
o
i
0 L MR .1 L R .:.lo L R .1.0(_ ETTILLLLLLL] (;c. .I:;E;I:é.;i.z.é ............ >

Pore diameter (nm)
Cooper et al., Phys. Rev. B 97, 205302 (2018)

Not valid? Predicts pick-off decay rate quantitatively

® Ps has the wavefunction in infinite

1. test this hypothesis . _
2. study basic properties of these phenomena !0 rate in the

09/03/2021 VIUILIILY VI UIT ouUl1laus 8



Experiments at KEK-SPF

F

Upstream Gamma-ray. detector

(LaBr;(Ce) scintillator)

~

% Gamma-ray detector . Positron
e | N T :

-
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Upstream ?\\
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 Feedthrough for Cold finger A .
Ps converter [ I/ mounted hollder
Y o It Ps converter - = 5 |
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I

10 cm ﬁg?‘ El10cml| | h_lLﬂ_l_,

Figure 2.2: Drawings of the experimental chamber to excite Ps confined in the Ps converter.

Figure 2.1: Picture of the experimental setup.

® KEK-SPF can provide bunched slow positron beam
® Silica aerogel was used as a Ps converter and trap
® UV nano-second pulsed laser was synchronized

09/03/2021 9



Bunched positrons produce a lot
of y-rays detected with pileup

Enlarged

Height (V)

IIIIIIII 4(|)O T 6005
Time (ns)
R N ........................ ........................ } Enlarged
||| ........................ area
0 200 400 600

Time (ns)

Typical PMT waveform which detected y-rays
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We adopt the SSPALS method

2, 1 : — Measured
E Fitted (sum)
=2 I AT S
—~ ) 3 3 SRR N
2 T10' = Nee—
o . wid Nprompe = 1631 £5
Q Nyps = 413 +£9
£ 5 p-value = 0.30
> 107° = e S et S
© N
’I— Z N
> L e A e IR e
N~—" I e .......................... .......
10° & N
0 200 400 600
Time (ns)

Measured average waveform and fitted function

Averaged waveforms over bunches were analyzed with
a modeled function including Ps lifetime and intensity
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Lifetime of 1S o0-Ps agreed
with the RTE model prediction

In our aerogel :

/&~ 4 | —*— Measured (SSPALS) K <
(g_ —&—— Measured (Pulse-by-pulse) Q D - 50 nm, T~ 130 NS
— = = = ' Expected thermalization with L=34nm ’ > — |
O gt e 402 D T ‘ —]
g ) ! 1
QO : C | 1
— ] o
© ] o 2 |
> Dl oo _ ED % ool
© ; 5 701 3 E |
L B T=12974+08ns | @ =
4= : N &£ 0T
o : : o | — ETE |
% O i . . . i . . . i . . . i ® ¢ DLE
q 0 200 400 600 0 * *IFF
Time (ns) . B T/
Pore diameter (nm)
Thermalized ||fet|me was ~1 30 ns Cooper et al., Phys. Rev. B 97, 205302 (2018)
Agreed with other methods including Contaminants are much less
bulk-PALS measurement than the previous work
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Even with less contaminants,
excitation induced the enhance decay

Only UV laser
irradiation timing Laser irradiation timing

l'\:/:tet::u(;eud m()I_aser on - off) ( A) _ (B)

M| --ene-- Fitted (increased)

O . 005 - Fitted (decreased)

Height (V)
Height (V)

| With the laser (A)
- !1]
COr U |LY Without the laser (B)
107 ?:j}

L s N S R N B
0 200 400 600 0 200 400 600
Time (ns) Time (ns)

Waveform averages with / without laser Difference by laser irradiation
fitted by the following model

Laser excitation triggered enhanced decay into y-rays

09/03/2021 1 3



Quantitatively model the
enhanced decay

To quantitatively study the unexplained result, we modeled the enhanced
decay by the optical Bloch equation

Ps wavefunction : |¥(t)) = c;1(t)|1S) + c,(t)|2P), Pij = Ci ¢

~ d i
P = EQ(Plz —p21) —Tipn + (l"sp)pzz,

d d ., i . 1
= PR = g = EQ(PII — p2n)+ (l(wzl —wr) - E(rl +Ip )Plz,
d

i
L s = —L0(p12 = po1) - (T, .
3 P22 = 512 — p21) = ( p@)ﬁzz

I, is the enhanced decay rate of 2P Ps
By inputting laser parameters (pulse energy, wavelength),

we can calculate Ps decay probability
Estimated by fitting measured waveform

09/03/2021 1 4




There should be
Inhomogeneous broadening

e \leasured

= == == = |ntrinsic resonance Reproduced
B E : { Vot = 20ns I :. ot — 70 ns
(- ! \ 1 _ ................ L. .. 'l ........... ' :
% [ f I R ' o Natural
— : L 1\ linewidth
o 57 0.5 [ e N from decay
-B\ L L ’ :
3 0:' P N T (TR 0:. R S N (R
_g 242 243 244 242 243 244
e Wavelength (nm) Wavelength (nm)
Q- — 1 T H 1
= [ , + t=310ns @ Much broader width than Doppler
é [ 2 R (0.5 nm) was also observed
» 5 AR ® Also broader than natural linewidth
o 0.5 [~y R T e ® |n order to explain both of the prob.
- and width, there should be a large
ol S Inhomogeneous broadening

242 243 24
09/03/2021 Wavelength (nm)



Distribution of Stark shift
can cause inhomogeneous broadening

OH

R o sio. / R=Si(CHy) Strong
Si” TSi_
oH_ 0 0o 9 o0 o4
Sig sio Sio g Si
/ “si 0 O o0 &9\
0 0 . . Si o
/ Si o SipSioO \
R—Si0OSi o o O sio si'R
(\)\ SiOSi 0 si O Si OSi o Polarized to Weak Inside
o) o / . .
80 Goeos Sy form electric field < > apore
R (o) o . . .
N0 o O Field strength distribute
07870 om against distance from surface
R
Structural diagram of silica grain 0.02 eV = 1 nm of 243 nm
Y. Kataoka, PhD thesis (2007) N
> - H H
- : L 1,69 i gqy 4 [op \ T
® Electric field shifts Ps energy, then =t 129F12R) 4
resonant wavelength 2 5 § 5 5
® Field distribution cause broadening —1.70 g —
® Field inside aerogel pore can be 5 ; 5 5
strong enough to cause the observed I S B i | ¥
broadening T ;

0 100 200 300 400
09/03/2021 EII field (kV/cm) 16



Enhanced decay rate had positive

correlation with kinetic ene

rgy

- _ _ .
- [ T T T T 1 T o ol I £ O O S S O S
1.5 - At the center of the resonance S 8000 ¢ (£ o et e i s Sl
I l : : : — 6000 |-veeee i 5 O r R Sl vl e
- -
- 4,,' ________________ . [~+—Measured
2000 - . | — Best estimation
5 5 5 By optical 0 A ;;'Pvcertai.ntxy. I
0l Ly Bloch eq. 0 005 01 015 02
0 100 2 300 400 Ps kinetic energy (eV)
t (ns)
imi N : : :
Laser timing £ 5000
~ 6000
® Because Ps gradually slow downto 2 B
oW é
aerogel temperature, energy ks O 4000 [t fl s T
dependence can be measured o X S —— Measured
® Enhanced decay rate in several THz 2 4 20007 —__ Best estimation
. . . . © -z _ _ , Uncertainty
varied with Ps kinetic energy c 9 =7 i T
R 0.04 0.06 0.08
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Ps kinetic energy (eV)
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Decay rate was in the order of
the classical collision rate

~ 3
2 . —— Best estimation
© i
- i
O - Uncertainty
2 o
6 -
O -
C_U L
Q -
a  1r
(_U L
- O :
® Collision rate was = B
estimated by kinetic o 0 - & i i i
energy and pore size 0 005 01 015 02

® Enhancement at Ps kinetic energy (eV)

0.06 - 0.07 eV

09/03/2021 1 8



Small binding energy for n=2
can lead large decay probability

34 :
\@L et &e”
,‘ —3.8eV
_6.8 eV Psnzl//xé

In vacuum In bulk silica

For silica, Ps in n=2 would not be more
stable than dissociated state in the bulk

This would explain almost unity decay
probability of 2P Ps

09/03/2021

>

SN

o) ~ 0.060 eV

c A

O -

T O v /\

= 0

S N

° 5

o v .
In pore In bulk silica

Energy dependence would have
information on surface potential

More theoretical / experimental
studies to test these models
are necessary
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Summary

® Unexplained results for interaction between 2P Ps and materials were
found. We conducted basic studies.

® Understanding them will lead to new way to use Ps as a material probe,
and breakthrough on Ps cooling for fundamental physics study

Laser irradiation timing

/>\ —— Measured (Laser on - off
= Fitted (surn() ) (A) - (B) oy 3 . :
5 E | <eeenm- Fitied (increased) : . : ; T : . % - — Best estimation
g 0.005 H Fitted (decrease d) : : 1 " t, = 70 ns E |
! I PN N o s || |uncertinty
i o Natural = TN
L » . . 8 L \
| [ linewidth 5 | / \SS
I w_’_,__, 05 -_ ........ ........... frrnennen .................. frOm decay § 1 ;
0 200 400 600 ; : N ~ Y
Time (ns) Y ol SR S Py I O N T T
Difference by laser irradiation Wavelength (nm) Ps kinetic energy (eV)
fitted by the following model
Enhanced decay was Inhomogeneous Very efficient dissociation

observed even in aerogel, broadening
which had less contaminants
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We used a silica aerogel

Porous silica sample as a positron-to-Ps converter
Also for Ps trapping

%w%mm

grain size

2-3nm
Silica aerogel

(from Japan Fine Ceramic Center)

I7O7 N OEEETFRHEFEERDOS

Good points
® High Ps productivity by its high porosity
® High transparency for UV laser

09/03/2021 2 2



1S Ps’s Lifetime agreed with RTE
Contaminants are much fewer

We measured Ps lifetime using Na-22 In our aerogel :
. D=50nm,t~130ns
%) 107 ¢ / ndf 272 /259 I
S | Prob 0.2769 N T ‘ —
= 108 L .| 0Oconst 2906e+06 = 2.128e+04 E ¥
s | | 1ite
IS | 2_flatBG -0.0004975 = 21.4031925 @
8 10 m i ‘?—;100—
© : ~ Ps prod. ~ 35% £ |
10* \ ko)
1l St S g oo _
A °© = ETE 1
0 200 400 600 o_ A
Time (ns) 0 1 10 100
Pore diameter (nm)
Bulk PALS measurement Cooper et al., Phys. Rev. B 97, 205302 (2018)

® Lifetime of 1S o0-Ps was much longer than the previous work
® Contaminants are expected to be much fewer
» We can test the hypothesis

09/03/2021 2 3
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Table 2.4: Measured specification of the OPO laser.

Pulse energy Im] <==Lyman-oh'+2EMT 35
Pulse time duration 2ns—5ns == RS EERE

Line width (FWHM) 0.021nm, 1.1 X 102 GHz <= $ L\ {R1E
(ZBD Ry 75 —1t8D1/4)

Beam diameter 6 mm

Repetition 10 Hz

t

L —J —BH4 LT —%% 40 Hz THRKICES
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Figure 1.3: Dependence of the pick-off decay rate on mean free path for various temperatures of
Ps.
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Figure 2.22: Simulated laser field. (Left) timing profile. (Right) Frequency spectrum. The
power profile and spectrum can be obtained by squaring the field amplitudes to be compared
with the measured pulse time duration and the band width.
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Figure 2.23: Example of density matrix by the model calculation of the Ps excitation.
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Figure 3.5: (Left) Correlation between filtered pulse peak heights and energy deposition estimated
by integrating raw waveforms. (Right) Energy spectra. Good enough linearity and resolution
were achieved.
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Figure 3.7: (Left) Timing spectrum of the filtered pulses’ peak. (Right) Correlation between
heights and timings. The timing resolution was as good as that evaluated by the raw waveforms.
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Figure 4.1: Timing (left) and energy (right) spectra of annihilation y-rays from Ps excited in
vacuum. An intensity of the very slow component after around 1000 ns increased by the laser
irradiations. The decay mode of the slow component was confirmed to be the 2y mode as

expected.
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Figure 4.2: Timing spectrum by irradiating only UV laser on Ps in vacuum. The increase of the

2020/01/20 delayed component was not observed.
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Figure 4.7: Energy spectra of y-rays emitted around the laser irradiation. Because the total
absorption peak of 511 keV y-rays was clearly observed for the enhanced decay by the UV laser,
it was assumed that the decay of 2P-Ps was fully in the 2y mode.
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Figure 4.14: Timing spectra measured at different accumulations of the radicals. More radicals
were accumulated during the wavelength scan, and they quenched o-Ps to reduce N,ps; and
increased I'y,, by around 25 %.
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Figure 4.15: Decreases of the pick-off decay rates by energy selective 2P-Ps decay. (Left) Pick-off
decay rates for various #7.. (Right) Example of the timing spectra. The spectrum was obtained
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Figure 4.17: Comparisons of the resonance spectra and the timing dependence of I;. Both
results agreed at later #7,, and the same tendency of the dependence of I', on the kinetic energy
was observed. Disagreements could be explained by inevitable systematic errors from the
extrapolation in the pulse-by-pulse analysis.
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