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Positronium (Ps)

Positron
/
G- ©
* Bound state of an electron (e”) and a positron
(e”)
— Purely leptonic system (free from hadronic
uncertainties)

— The lightest hydrogen-like “atom”

— Bound state of particle and antiparticle -
Sensitive to new physics beyond the Standard
Model.

* Described by bound-state QED.

Electron




Two Spin Eigenstates of Positronium

T 57 -1(Triplet) Llfetlme 142 ns
T T Ortho-positronium (o-Ps)
e 6 Spin=1 The same quantum ‘

I number as photon /

o-Ps = 3y{(, 5y, ..)

Continuous spectrum

T S =0(Singlet) p-Ps Lifetime 125 ps

Para-positronium (p-Ps) k k
@cC) 7 | : 1
l Spin=0 Scalar particle < >

p-Ps = 2y (, 4y, ..)

Monochromatic 511 keV



Positronium Hyperfine Splitting
Energy difference (PS_H FS)

between two spin
eigenstates of the ground
state Ps - Ps-HFS

SINGLETS TRIPLETS LIFETIMES

23s, 1.44 usec
8.620(3)GHzZ  (3y DECAY)

Large value of Ps-HFS 203 GHz P, 13, oo1(‘+>G1-|z Zzpz 348 nsec
2°p (LYMAN-a
(cf. Hydrogen HFS 1.4 GHz) 18, 50(1) GHz 23; EMISSION)
|
1. Large spin-spin interaction ' g
2'sy 1233 607.22(1)GHz 1.00 nsec
= e — : (2y DECAY)
u=—ao (small mass) " ,
2m 2430(30)A\\ | | //
2. Contribution of Quantum \ |
oscillation in higher order ‘ B3s, 0-PS | 14181(%)nsec
correction i

0-Ps 0-Ps 203.3891 (7) GHZ

(ground state) HFS

p-Ps 1150 0.84meV 0.1251(2) nsec
(2y DECAY)

— Sensitive to new physics .




Discrepancy Between
Experiments and Theory

Mills et al., 1983
<

Experimental
average

Two independent
experimental results

are consistently

lower than theory.

Ritter|et al., 1984
O

Theory
(Kniehl et al., 2000)

Experimental average
203.388 65(67) GHz

(3.3 ppm)
O(o3) QED theory
203.391 69(41) GHz

(2.0 ppm)

203.385 203. 387 203. 389

H HFS [GHZ]
15 ppm (3.9 O) discrepancy

203.391 203. 393 203.395



Possible reasons for the discrepancy

* New physics beyond the Standard Model
: . : e’ e
— Weak interacting unknown particle \ /
— Sensitive to light particle (s-channel) X

(ex. O(MeV), o~102 pseudo scalar) / \
— 0-Ps is sensitive to extra dimensions € e’

: e . >
« Common systematic uncertainties in the previous t

experiments

— Underestimation of material effects. Unthermalized o-Ps
can have a significant effect especially at low material
density. cf. 0-Ps lifetime puzzle (1990’s)

— Non-uniformity of the magnetic field. It is quite difficult to
get ppm level uniform field in a large Ps formation volume.

e Mistakes in the theoretical calculations



1. Indirect Measurement



Experimental Technique
Indirect Measurement using Zeeman Effect

\

Direct

measurement
(T. Yamazaki)

V203 GHz 0 A
miXx

“““ Indirect
measurement

3GHz

Calculate A

In a static magnetic field,
the p-Ps state mixes with
the m,=0 state of o-Ps

(Annihilate into 2 y-rays).

Precisely measure the A .,
and calculate A, by the
equation,

1
A =5AHFS(\/1+4)C2 —1),

mix

'u,, B
X=gMB .

AHFS




Experimental Technique
Indirect Measurement using Zeeman Effect

e s s B s s B L s
Zeeman

transition
2r l+> (m;=0

2Y When a microwave field with a
frequency of Amix is applied,

3GHz  transitions between the m,=0

@ 0.9T and m,=t1 states of o-Ps are

3L

1F

— Eo-rsy >, [WU> (m,==1) ’ induced.
E i A 3y —> 2y-ray annihilation (511 keV
a HES monochromatic signal) rate
E, b 203 GHz increases.

—204r This increase is our

205 1 experimental signal.

-206 - |_> (mZZO) =

2y —>This is the same
00 0z oa 06 08 M approach as previous

B [T] experiments. o



Our New Experiment

RF SG + - 3-tagging system and
GaN Amp. timing information

B (0.866 T)

“Large bore

superconducting
magnet

Waveguide

22Na
*High performance ) (700 kBq)
(fast and high energy /
resolution) y-ray RF Cavity

detectors

11



Our New Experiment

RFSG + *Large bore
GaN Amp. :
superconducting

Static magnetic field
B (0.866 T)

A

Large size - Uniform

Persistent Current mode
— Stable

12



Our New Experiment

" 3-tagging system and timing information

(1) Prompt suppression (- Next page)
(2) Necessary for material effect
estimation including Ps thermalization

D \V.0UV 1]

Thin (0.2mm) Plastic \
Scintillator

13



Prompt Suppression

High S/N |

Decay curve of Ps
1E 2y Backgrounds

- (In the previous
prompt peak experiments, these

events are also taken).

\I o-Ps decay curve \

COUNTS (/keV/ns/s)
o

10'25—
: \‘/
3l \
N e
=
10-4|.||g.||....h....I....I....I....I....I....I....I
0 100 200 300 400 500 600 700 800 900
TIME (ns)

Select the 0-Ps events (and Zeeman transition events) with
Timing window - About 20 times higher S/N
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Our New Experiment

RFSG + TRl\FA Car\::ctaze Q,=10,300
110 e B
GaN Amp. Filled with gas
2.9 GHz (iso-C,H,, 100%)
500 W CW —L

(700 kBq)

15



Our New Experiment

-LaBr;(Ce) scintillators x 6
-High energy (4%) and
timing (200 ps) resolutions,
short (16 ns) decay
constant.

*High performance (fast
and high energy resolution)
y-ray detectors

9 51t kev § 100MY

YA 1275kev 20ns
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Our Experimental Setup
24 Sep 09) @KEK

1%

Pr§>totype Run

= 7
e \ -
A K |
3 3 i
] A = [/
| . | | B { .
¥ 3 B . - ra
L4 A A " A Lol >~
w |
2 : | ( 7 K
q &
) SR (-

- Wavegunde

|| Large bore
superconducting magnet | JF Y

[
| W

|

Trigger rate ~ 3.6 kHz & Yl

DAQ rate ~ 600 Hz »’l

Cavity and detectors
at the center of the

2 i\ . magnet.




- z\:
/’“*'i’zu 5 &y .
Y W7 ' _—

RF Cavity

[B-tagging system ;
behind the cavity. |

e
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Analysis

iming Spectra —] ON Resonance RF ON

210" = ON Resonance RF OFF

S |

%10_2 TIMING WINDOW Suppress Prompt and Accidental backgrounds

E < » with a Timing window of 35 ns — 155 ns

5 .

S10°F | o Energy Spectra 511 keV
M* ~ 0.0016-

v

0.0014

0.0012

50 / 100 150
TIME (ns)
Short Component Long Component

(m,=0) (m, =+1) 0.0006

o_
—

0.001
0.0008

o
wllllllll I IIIIIII| I IIIIIII|
COUNTS (/keV/ns/s)

0.0004 A ccidental is subtracted

2y decay rate increases
0.0002 sing TW of 700—850 ns
........ Lo v b v by v by by v v g by o

because of the Zeeman
_r 50 200 250 300 350 400 450 500 550 600
transition. ENERGY (keV)
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Resonance Lines

Scan by Magnetic Field with the
fixed RF frequency and power.

Resonance Line at 1.350 1 amagat

- Fitted by

Prob

o
=)

2v/3y decay ratio is taken to be a
Zeeman transition amount.

X~ /'ndf 9.096/10
0.523

= theoretical
— line

~ calculated

- from
Hamiltonian

Zeeman Transition (A.U.)
©c o o ©
N w = N

o
—h

Zeeman Transition (A.U.)

0858 086 0.862 0.864 0.866 0.868 087 0872 0.874

MAGNETIC FIELD (T)

Ay = 203.368 3(55) GHz (27 ppm)

- Obtain the A in vacuum with density correction.

Resonance Line at

iSO

0.891 6 amagat

o
3]

o
=Y
T T 1T

o
V)

o
—h

o
»
T T T 1]

e
w
TT 1

x?/ ndf 1.933/4
Prob 0.7482

7111111111111111111111111111111111111111111111
0.861 0.862 0.863 0.864 0.865 0.866 0.867 0.868 0.869

MAGNETIC FIELD (T)

Ay = 203.379 3(70)
GHz (34 ppm)
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Result of the prototype run

Phys. Rev. Lett. 34, 246 (1975)

Phys. Rev. A15, 241 (1977,

Phys. Rev. A15, 251 (1977)
Phys. Rev. A27, 262 (1983,

Phys. Rev. A30, 1331 (1984)

This measurement
+ @ +

*Our system has
worked well.
*The result of the
prototype run is
consistent with
the previous
experiments and
the theory.

20338

203.39 AHFS (G HZ)

Ps-HFS obtained from the Prototype Run:
Ay =203.3804 +0.002 2 (stat., 11 ppm)
+ 0.008 1 (sys., 40 ppm) GHz



Systematic Errors

Source ppm in A

Magnetic Non-uniformity 21
Field — Offset and reproducibility 4
Detection L NMR measurement 2
Efficiency — Methoc e
estimation L Statistics of MC simulation 17
Q, value of RF cavity
RF System — RF power
RF frequency
Material _<> Thermalization of Ps <20
Effect Gas density dependence 7

—

Quadrature sum 40

22



Prospects & Current status

* Magnetic Field: Compensation magnets
— O(ppm) magnetic field uniformity (Done = )
 Material Effect: Measurements at various pressures
of gas - Estimate the Stark Effect (Final measurement)
Precisely measure the Ps thermalization
(Now taking data = )

* RF System: The experimental environment
(temperature) control - Almost cleared.

e Statistics: 85-day prototype run achieved 11 ppm. A
measurement with a precision of O(ppm) is expected
within a few years.

* Detection efficiency: Will be carefully studied and
will be estimated by real data.

- O(ppm) systematic error. (Not yet)

23



Compensation Magnet

2 rlng c0|Is
\ N,

!A.
%

* 2 ring-coils are rolled on
the cavity flange.

- They make the opposite
field and reduce the
gradient.

Magnetic Field distribution (Horizontal)
(O is the center of the cavity)

1
o

.......................................................................

DIFFERENCE FROM MEAN (ppm)

0 30 40 50
X POSITION (mm)

0.9 ppm (RMS) uniformity in the Ps
formation volume (10.4 ppm w/o coils)

— Itisinstalled in the final run setup.



Material Effect on Ps-HFS

Spin-spin interaction between e* and e
—>Depends on their distance

Electric field of surrounding materials
—>Changes the distance of e* and e of Ps
>Shift of Ps-HFS (Stark Effect)

G 0 Short distance

—>Large Ps-HFS

6_ Long distance

—>Spin interaction is small
>Small Ps-HFS

25



Material Effect Estimation in Previous

Experiments

Stark Effect on Ps-HFS
oc Collision rate with materials
= (Material Density) x (Cross Section) x (Ps velocity)

< Gas density dependence

—>1f the velocity of Ps 0.40 _ , ,
in the previous experiment>

is constant, the
effect is just

Estimated Stark Effect

proportional to the = -33ppm/amagat
material density. %
Ritter et al., 1984
>Linear extrapolation ot §\%

method is used in \{
all the previous %\l

. . a 1 ! \i |
experiments with 0,37) | i } =

0 1 2 3
this assumption. N, GAS DENSITY (amagat = atm @ OOCZZ

Ps-HFS - 203(GHz)
F’%
\.L




Ps Thermalization Problem

Formed o-Ps has a kinetic energy of about 1 eV.

0-Ps deposits its energy to the room temperature
(1/30 eV) by collision with surrounding materials
(the thermalization process).

If it takes much time to thermalize, the
material effect ( oc collision rate) is not
proportional to material density.

In fact, it affects seriously (“o-Ps lifetime
puzzle” (1990’s)).

—>Ps thermalization effect can be a
serious systematic error in Ps-HFS
measurement.

27



Material Effect Estimation including
Ps Thermalization Effect

(0 o)_
DBS:(13.0x10-%6cm? , 2.07eV) T

ACAR:(37x101ecm?, 2.07eV) ] R .......

RF Freq. =2.32GHz,
RF Mag. Field =10Gauss

O(c®Inc) QED

Ps THERMALIZATION

NjEAR FIT

N, GAS DENSITY(amagat)

inear FiT ol BT VS- Rev. 5 30, 1__??_1.__(_1._999 ................ |
203.386] g I | T bl L

L ; | 0. 1 1.5 2 2.5
wozsal /L | N, GAS DENSITY (amagat)

- Ph s. Rev. A 30‘ 1331 (1 984) ‘ .

e e 0(10) ppm uncertainty from

Ps thermalization effect
28



How to Measure Ps thermalization?

Use o-Ps’ pick-off 2y <pick-off> _ .
annihilation Surrounding Material
o< cross section of

collision (O)
x material density
x 0-Ps amount (t)

x v(t) (immediately

U annihilation)
O v(t)

pick-off (2y decay) G + /1 @

0-Ps (3y decay) 511keV back-to-back 2y

oC

29



Measurement of Ps Thermalization
Experimental Setup

&8

30



2v/3y Ratio

« 2v/3y ratio is obtained by 1-month run
* The more i-C,H,, pressure, the faster the Ps thermalization

o I

I— 0.09|__ .............................. ................. ..............................................................................................
Already _ é —T {{ ¢ { { *
thermalized — 0.08— { ....... { ................................................................. { _______________________

o B : } {

~ [ | :

0 007 | | |

r | Silica aerogel (0.03g/cc)
0.06:— ....... 5 ................. .................. ................. ................ + I C H10 (1 Oatm) |
L . ; ; :

Thermalization 0.055 S|I|ca aerogel (O 03g/cc)

(Slowing down of Ps) + | C H, 10 (O. 16atm)

0.04__ ............. ................. ................. L .......... _ ....... ; ........ ........ { ........ _T ................. .....
L : : : i ® :
: Prellmmary :

0.03_|'"| """ 1|'|||1|'|||||'1l|1|'1l|||1l|||'1f|||1l|||1

0 50 100 150 200 250 300 350 400

TIME (ns)
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Method of Material Effect Correction to Our Data

1. Measure the Ps thermalization parameters precisely.
2. Fit the obtained HFS data with nonlinear function
including Ps thermalization effect (in the final run).

’IFT | | O(o3lnc) QED
gw 203.39k __________________________ E— E— E—
= ety Ps THERMALIZATION

2 ........................................................................................

0 1 1 1 I0.5I 1 1 1 1 1 1 1 1-5 1 1 1 2 1 1 2-5 1 1 1
N, GAS DENSITY (amagat)
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Conclusion of my part

There is a 3.9 o discrepancy in the ground state Ps-HFS
between the experimental results and the QED prediction.

The prototype run has been performed.

Our new experimental setup uses 3 new methods.

1. Superconducting magnet (->Good uniformity of
magnetic field in large volume)

2. P-tagging system and Timing information (> Correct
treatment of Ps thermalization effect)

3. High performance y-ray detectors (- High statistics)

The preliminary value of Ps-HFS with an accuracy of 41 ppm
has been obtained from the prototype run.

A new result with an accuracy of O(ppm) will be obtained
within a few years which will be an independent check of
the discrepancy.
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Members (Direct Measurement)

Department of Physics, Graduate School of Science and
International Center for Elementary Particle Physics (ICEPP),
the University of Tokyo

T. Yamazaki, A. Miyazaki, T. Suehara, T. Namba, S. Asai,
T. Kobayashi

Department of General Systems Studies, the University of Tokyo
H. Saito
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T. Idehara, I. Ogawa, Y. Urushizaki

Institute of Electronics of Bulgarian Academy of Science

S. Sabchevski
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Fitting the Energy Spectra

RF Cavity Source

(22Na 700 kBq)

| h

"There is a region where RF is supplied
and a region where RF is not supplied.
*Ps can be formed and decay in both
region.

*When RF is OFF, 2y/3y decay ratio does
not depend on the region.

— B Region
N Wherle IZ SFF t = OFF S3yMC,0ut +@SZyMC,0ut)
' ectrum =
s.upp - P : ion without RF
(in) Normalized
by livetime. Aorg S3yMC,in +@92yMc,in)

Plastic
Scintillator

RF is not supplied ON

here (out)

Ayrr s Apy 3y decay prob.

p . T 2v/3y decay ratio
S3yMC , SzyMc MC spectra

Region with RF
“When RF is ON, 2y/3y decay ratio

changes only in the “in” region.

g SOFF) S3yMC ,out +@92yMC ,out)
Spectrum

Region without RF

@( 5 3yMC in @SzyMc Jin )

Region with RF
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Fitting the Energy Spectrum by Monte
Carlo Simulation (RF-OFF)

SOFF = AOFF(S?))/MC out +@g2yMC out) + AOFF(S3)/MC in +@2yMC,in)

— . . |

§ 0.7 Reglon W|thout RF """"""""""""""" Reglon with RF
T . . . . . | = data
S 06 E— SZyMC,out
2 0.5f +S5,Mcin
Z T S
8 0 4 m— 23yMC,out
o I +S3.Mcin
0.3 MC sum
i
01_I 1L 1 1 | 1 11 | | 1 1 1 | | L 1 1 1 | | 1 1 | L 1 1 1 | 1 1 1 | | L 1 1 I—i 1 1 1 | |_
150 200 250 300 350 400 450 500 550 600

ENERGY (keV)
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QC/J
2

COUNTS (/4keV/s)

© © o ©

Fitting the Energy Spectrum by Monte
Carlo Simulation (RF-ON)

AOFF(SS)/MC out +@s2yMC ,out) + AON(S?))/MC in +®2yMC in)

g*{,ﬁ* Region Wlthout RF

hARITTE e B

b o o N

FITTING RANGE

J< g g 5 >| Reg|on with RF

— ata

— S2\(MC,in
— SByMC,in
SZyMC,out
SByMC,out

MC sum

150 200 250 300 350 400 450 500 550 600
ENERGY (keV)
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Magnetic Field Measurement

= Measured the magnetic
e 11eld at 310 points in the RF
cavity using NMR probe.

100 mm

Made the map of
the magnetic field.




Non-Uniformity of the Magnetic Field

Magnetic field distribution on Y=0
plane. (O is the center of the cavity)

Z (AXIAL) POSITION (mm)

60 -40 -20 O 20 40 60
X POSITION (mm)

*Non-uniformity of the magnetic field is serious systematic
uncertainty.

* Non-uniformity in the RF cavity is 23.1 ppm (RMS).

41

Difference from mean value (ppm)



Weight 1. RF

Power distribution

Energy distribution of RF magnetic field
“rr1 (TMy;, mode)

Y POSITION (mm)

(o2
o

40

20

(=)

-20

-40

-60

0.8

0.7

.6

'/ N
L{ )
\ /4

5

4

60 -40 20 0 20 40 60
X POSITION (mm)

Uniformity gets better to
14.2 ppm (RMS)

After weighting the RF
magnetic field power

(J / m3)

Magnetic field distribution on Y=0 plane
(O is the center of the cavity)

S -

20

L]

Difference from mean value(ppm)

ENERGY DENSITY

Z (AXIAL) POSITION (mm)

o
a
=)

N
o

-20

m, [

60 -40 20 0 20 40 60
X POSITION (mm)

)
S

Y
o
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Weight 2. Positron Stop Position

e* stop position distribution

__(Geant4 MC simulation) and e* stop position weight

40— ;:}: ............... émwmmmmén 1600
20__ ..................... ............ - 'r ........ 1200 Magneﬁc ﬁeld distribuﬁon on Y:O plane

1000

(O is the center of the cavity)

800

After applying the RF power

|

Z (AXIAL) POSITION (mm)

Number of stopped e*(A.U.)

Z (AXIAL) POSITION (mm)

X POSITION (mm)

o

N
o

Uniformity gets better to 10.4 ppm_
(RMS) (21 ppm in HFS) 60 40 20 0 20 40 60
>This is the final systematic error. X POSITION (mm)

S
o

[
CERE:. T 600 w0 U

L _ K : : 400 0
-40_ _- : ...... N 200

SN sl | 20 .

60 -40 20 40 60

&
o
&
Q
=
I
>
c
(©
Q
-
-
@)
S
-10 %
Q
o
c
Q
| -
Q
=
()

1
jry
a

N
o
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Stability of the magnetic field

MAGNETIC FIELD (ppm)

-t
N
[

o
)

0.6
0.4
0.2

o

-0.2F
-0.4F
-0.61

-0.8

—h
[

20-

09

20-

21

h

21-

09

21-

21

h

22-

09

22-

21

h

23-

09

23-

21

h 24-09h
TIME
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Compensatlon Magnet

}f'/ oy

\4
;\\l \
A \\» Clock

/ Generator &
\ NMR

2 ring coils

= Current
1 Supply

B i v 5
A l- r
— - | wom
& ~- 8- =
. £

Magnetometer Oscilloscope




Compensation Magnet

MAGNETIC FIELD DISTRIBUTION

~ 50

N W B
o O O

Z (AXIAL) POSITION (mm
S

-50 -40 -30 -20 -10 O

L =

10 20 30 40 50
Y POSITION (mm)

o) (o2} (o]

'b o N
DIFFERENCE FROM MEAN (ppm)

1
=
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Solution to o-Ps lifetime puzzle

O(o?) QED prediction _J

without O(ao2) correction —p

Ps thermalization was
not considered. There
was a discrepancy

between experimental
values and theoretical
calculation.

New experiments considering
Ps thermalization effect salved

1

the o-Ps lifetime puzzle

Phys.Rev.Lett. 40,737 (1978)

Phys.Rev.Lett. 40,737 (1978)

IPhys.Lett. A69,97 (1978)

H

J.Phys. B11,743 (1978)
— e+

Phys.Rev.Lett. 49,525 (1982)

Nuovo Cimento 97A}410 (1987) Phys.Rev.Lett. 58,1328 (1987)

—e—i

Phys.Rev. A40,5489 (1989)

H—e—H

Phys.Rev.Lett. 65,1344 (1990)

—e—i

Phys.Lett. B357,475 (1995)

Phys.Rev.Lett. 90,203402 (2002)

HEo—H

Phys.Lett. B572,117 (2003)

Phys. Lett. B 671, 219 (2009)

7.02 7.03 7.04 7.05 7.06
Decay rate (u sec™)

7.07
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Measurement of Ps Thermalization

Experimental Setup (Overall)
Timing; START by Plastic
Scintillator & STOP by Ge detector |

Stop e* in Silica aerogel and form
Ps

Source is inside the vacuum
chamber.

Change thermalization condition
by changing the gas and its
pressures.

lg. N, et Tag Bl with plastic
scintillator
Tank >

Ge detect . Y-ray

Aerogel (SiO,, 0.03g/cc) chamber
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Ps Thermalization Experimental Setup (+-System)

* Source:?’Na (30kBg. Ti foiled)

* [3*:Detect by Plastic Scintillator
(200um thick)

* The scintillation lights are guided
through light guides into two
R329s.

—>START is made by coincidence
signal of them.

400F

350

300

Light Guide
Light Guide

250

200

Source Holder

_ Plastic Source
9 5 10 15 20 25 30 35 40 Scintllator ®10mm
Plastic Scintillator Energy (P.E.)

150

100

50—

Yuichi Sasaki
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Ps Thermalization Experimental Setup

(Aerogel, Vacuum Chamber)
 Silica Aerogel:0.03g/cc

(High Ps formation fraction.

Effect from aerogel is measured
independently.)

* Vacuum Chamber:Oxgen-free Copper
$130mmx100mmxtl.5mm

] Source Holder
Plasti

o 30mmx60mm

60mm
< ¢ >

60mm

Aerogel

Yuichi Sasaki
50



Ps Thermalization Experimental Setup
(y-ray Detector)

* Ge detectors (Ortec GEM 38195-P-plus series)

* Timing Correction is performed by cutting the slow
components using triple threshold.

< Measurement with Silica aerogel (0.03 g/cc) +i-C,H,, (0.16 atm) >

Energy Histogram Timing Histogram
(after correctlon)
i 10 : ‘ ; l ;
106 E_, A N Rt SRS E | Entrles 1982825
- LT = 135 9  LifeTime : 135.91 =0.28 ns
- : : : : : : 1P i Coefficient: 9.76 =0.00
B . — - U SRS S— - + O 3 ns  Constant: 144.35 102 ns”
- : : : : : : - | | %2 :254.11 /292
: : : : : : 100> — e Probability : 94.67 %
oo 1
! E E : EnergyCut : 400keV ~ 500keV
Energy Resolutlon | 10 ‘ ‘ | ‘
B F»V\/-H.M-Z--»24ke»\/---@~--1»275ke\/- ....... - k S N .
200 400 600 800 1000 1200 C l | | | l | | | l | | | l | | | l | | | l | | | l | | | l | l
Energy (keV) 0 200 400 600 800 1000 1200 1400

time (ns)
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Estimation of o-Ps and pick-off annihilation

1, Make energy spectra at
each time.

2, 0-Ps (3y) is normalized at
continuous Compton-free
region (480—500 keV)

3, pick-off spectrum
= data
— 0-Ps spectrum

(count pickoff events in 508
—514 keV)

4, Correction of o-Ps, Pick-off
by MC simulation

v(t)

oC

pick-off (2y decay)

o-Ps (3y decay)

50

40

60 C.F. = 347.2- 3.8 (480keV~500keV) t
=> 16781.1-181.7 (Normalized) T
P.E. = 157.8+ 3.4 (508keV~514keV) ﬂ
=> 739.9+ 15.8 (Normalized) 1

2/ /3y =4.4e-02+1.1e-03 +

30 +*/NDF(Prob.) = 3.4 / 3 (33.0%)
Area = 159.3- 3.5, = 1.2: 0.0 +

0-Ps+pick-off

Time = 100ns~125ns

pick-off

<Gausian Fit Results>

20—

3y Spectrum
(Simulation)

T T

520

. ENERGY
0-Ps normalization
region (keV)
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ACAR

Angular Correlation of Annihilation Radiation

| 5840 mm '
slits l
e* source =

detectors

Fig. 1. One dimensional angular correlation apparatus having three pairs of long (800 mm) Nal(TI) scintillation
detectors. Adjacent pairs are separated by 13 milliradians.

@) e O
vacuum N, 2.8amagat
(silica aerogel) &, (silica aerogel)
B=1.56T .'?f B=1.56T K
B=1.16T B=1.22T .ﬁ.
T=5.1ns 'f’— ,\.jl T=4.6ns .’_/—\Q_“\

L]
B=0.81T 2
7=9.6ns /a"'

']
B=0.55T ,c._‘\
L )
.

Phys. Rev. A 52, 258 (1995) ot St | O x
J. Phys. B 31, 329 (1998) &&. 55 e

J. Phys. B 36, 4191 (2003) I

P; (units of 10'3mc) Pz (units of 10‘3mc)

T=19ns

coincidence counts
coincidence counts

Figure 1. ACAR data for silica aerogel (a) in vacuum and (b) in 2.8 amagat of N;. The full and

broken curves indicate the broad component and the p-Ps component, respectively. The data are
normalized to the broad component intensity. The magnetic flux density and the mean lifetime of

0'-Ps, 7, are indicated in the figure. The mean lifetime of p-Ps, 7pps, is also indicated for the case 53
of no magnetic field.



DBS

Doppler-Broadening Spectroscopy

To

_“,pm —

) sh1 1ds
~—y v
m:;"

/ Lucxte ~
I/ tight guide 5

n’{a ) Y'*) Magnet
i&ﬁf ( 'S e

Pole
- S F
scintillator Ml Y 2 aces

Gas
Chamber

]

FIG. 2. Experimental apparatus. Positrons from 2Na decay pass
through a thin scintillator and enter a gas chamber. A magnetic field
confines the trajectories near the axis. Positrons that stop in the gas
can form Ps. Annihilation 7y rays are detected 1n a Ge crystal.

10000
94.7 eV /Channel ____ Total Fit
..... Wide
<o 1000 5 %X Narrow
g Background
N . S 2y tail
O 100 !
g )
3 i y N
- Y A
'/." :. Ve
8 10 = /i ,‘. \ e .
r ,/ ; .\:‘-‘.:—--_-q. > -
- / \"” ==
1 Hva I 1 ~‘{' !
505 510 515 520

FIG. 3. Typical thermalization data. The Doppler-broadened
511-keV photopeak is resolved into two Gaussians, a step back-
ground, and a 2 tail. The first three components are shown con-
voluted with the intrinsic detector resolution; the 2 tail 1s also
convoluted with the narrow Gaussian.

Phys. Rev. Lett. 80, 3727 (1998)
Phys. Rev. A 67, 022504 (2003)
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Ps thermalization function

dEaw(t) 8 | 2 20,n [ Eay(t) b
dt —/2mps ( Eav(t) - §I‘BT> (3\/ 37 M +a( kpT )

14+ Ae "\ "3 8 [2 20,1
Bt = (1545w ) St 0= 522 T
Weight Function:
VEo — /3ksT " .
A=l V27 Transition Probability
VEo + ékBT g 0.0018¢
o z
2 0.0012
207+004003 13.0+0.5 IE‘_: 0,001\
E 0.0008_ ...............................................................................................................................................
iso- 3 1 .|.10 146 + 11 g [ 00 i i
' -0.7 - & 0.0004F ............................ .............................. .............................. .............................
C4H10 0.0002F ............................ .............................. .............................. 44444444444444444444444444444
T —TT 300 400 500

TIME (ns)
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Gas Pressure Dependence

203.385

Ayes (GH2)

203.38

203.375

203.37

203.365

...............................................................................................................................

" Our results of the /V T

"""""""""""""" prototype run """""""""

1 | 1 1 1 1 | 1 1 1
0.9 1 1.1 1.2 1.3

]
1.4

GAS DENSITY (amagat)

The pressure dependence is not clarified by our results of the

prototype run, but it is consistent with the previous experiment.

— Apply a correction of -33 ppm/atm (Ritter et al., 1984)
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RF AMP

RF-in ,'!‘

Coupler SF104
10 @—%ﬁ—m
2856MHz "

Signal Generator G2856MHzMRFZEH 71 |
GaN AMPT +50dBDIEEET 5,
FvETFs—RNIZIE, 409W AB,

= Mean -0.0003525
- RMS 0.007655
B 72 I ndf 4356717
3 Constant 4417 £271
10 = Mean  -0.0004199 + 0.0000385
- Sigma 0.007604 = 0.000030
20 > / =
wE Jq4—b |fE) T
B -
L THAR] 17 %
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S B-tagging system
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HTiEEHEES (1) ~LaBr,~
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yra Detectors ~UVT Light Guudes~

COUNTS (A.U.)
=

—h

10"

102

1073 -

10 cm

Adhere the 4 parts
(To reduce the loss

of light yield)
NOT UVT w/o LG
i (1275 keV)
*Na y

0 1000 2000 3000 4000 5000 6000
ADC CHANNEL

Bend the light by 90
degrees with UVT
light guide.

~ Fine mesh PMT
o

(located parallel

to the magnetic

field)

LaBr; Scintillator

Change of light yield with light

& ouides

Light yield with

UVT light guide is 30 % of that
without light guide.

(only 7 % with NOT UVT light guide)
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RESOLUTION (ns)

Angle (6) dependence of
Timing Resolution

FWHM @ 511 keV

=}‘E= 511 keV back-to-back

0.65F
0.6 B 1 .5inch | Timing Difference without
005:_ B2 0inch magnetic field (1.5 inch +
0455 2.0 inch coincidence)
0.45— Without pmt1_511keV_pmt2_511keV
0350 Magnetic field TIMING SPECTRUM | | o G
0.3c [ o — ¢ RMS 125.2
i 2 [ 2indf 203143
025 () o 10 Constant 1692+ 13.9
0.2:\7J . ] B Mean  20.67:+0.86
10 0 10 20 30 40 50 310 _ Sigma 1244+ 0.6
1 THETA (deg) £ 1o
No change in 0°. /:/W 11
2 -
D | d ey v b by b U DN L
3 -600400200 0 200400 600800
FWHM 293 ps @ 511 keV O TIME DIFFERENCE (ps)
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PERCENT TRANSMISSION

UVT Light guides

Spectrum of LaBr,

.. Scintillation light

r—

Wavelength of the LaBr,
scintillation light is
' A=380 nm.

100

=SSO

= SO

80

18mm UVT

¢ We use UVT

| |

[ 18mm COMMERCIAL
SHEET STOCK

| (Ultra-Violet Transmitting)

60/
/

light guide.

40 /
20

Light

transmission

350

of Light guides.
4uu 45U UV
WAVELENGTH (nm)

64



Light guide length dependence of
Ilght attenuation

Relative light output

82 - "511kev —+— |(1) Loss by total Reflection
1173keV
81 (DN — 1275keV % condition.
1333keV

g ®@ g M

(2 Loss by absorption

0 5 10 15/ 20 (small contribution).
LG length [cm]

LG was not Half at 20 cm, but it
glued pertectly. .o s to be almost
constant at this length.



RELATIVE LIGHT OUTPUT

0.8

0.6

LG Binding Angle dependence

- : Ocml ffffff 511keV %}H 4 = At 20 cm, there is
o no clear dependence

20 cm  1275keV % on the binding angle.
T A SISV LT« Small effect by

X

binding LG.

Miss
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Fine Mesh PMT

The Fine Mesh PMT

~N
P )L contais o
[ > (Alloy mainly of Fe,
il | wanaco
/ Ferromagnetic) and
\ affects the magnetic
\ field.

ELECTRON
? ELECTRON
(_)

From the
measurement

the center
- 13 um - 100 ppm
10 cm

FINE-MESH TYPE - 10 ppm
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KR [55EF (Slow Positron)
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Table of Scintillator Properties

Density | Refractive | Photons Decay Radiation
index per MeV Constant Length

------

Nal (T)  3.67
CsI(TI)  4.51
LYSO 7.25

YAP (Ce) 5.55
LaBry(Ce) 5.08

1.85
1.79
1.81
1.93
1.9

38000
59000
32000
19700
63000

565
420
347
380

1000
40
28
16

2.59
1.86
1.15
2.7
1.88
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2v AR 1R ffE =2

WITH TIMING CUT 35--155 ns
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