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Positronium: Ps

Ps is the bound state of e* and e-, and the lightest atom. Ps is a clean and

excellent target to study “Bound state”
Electron QED.

Positron l Furthermore Ps is particle- antiparticle
/ ; system, interesting for high energy
@ physicist.

higher multiplicity

B =1(triplet) orthopositronium (o-Ps) decay is suppressed
S o-Ps — 3y. (by, 7y..) by 10-.
so only 3 and 2 y decay
=0 (Singlet) parapositronium (p-Ps) is enough for study.

p-Ps — 2y, (4y, 6y...)

1/M(0-Ps)=142.05 nsec and this is slow, we have a good chance
to measure the decay rate directly and precisely.

It is good probe to study the higher order correction

of “Bound state QED”.



POSITRONIUM SPECTROSCOPY

Energy level of Ps state
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Accurate calculations of the Bound state QED are difficult and
has been developed recently.

Table 15 PhyS. Rep. 422(2005) 1.
Theory of the annihilation decay rate of ortho- and parapositronium (the 15 state)

Coninibution Decay rate of orthopositronium (ps—1) Decay rate of parapositronium (ps—1)

ro 121117 803250

QED1 —0.17230 —47 25

QED2 000111(1),[186] €—— 443(1),0187] €——

QED3 —0.00001¢2), [61,188] —0.08(4), [61,188]

Total 703956(2) 7989 62(4)

The leading contnbutions are defined above m Table 12 The decay rate of ortho/paraposiironium mto five/four photons 1s meluded into cormesponding
QED? terms.

o(a?) 100ppm level correction are calculated in 2000

Table 13

Theory of the 15 hyperfine interval in posimoniom

Term Fractional contribubon AFE (MHz) Eeferences

Ef tmet 1.000 000 0 204 386.6

QED1 a2 mcs —0.004 919 & —1005.5

QED?2 2Pt 0.000 057 7 118 [184]

QED3 a me —0.000 006 1(22) _126) E— [61,149,150,185]
Total 0.995 132 1(22) 203 391.7(6)

o(ad), 6ppm level correction, are calculated in 2001

—> Precision measurements with these accuracy are target of our study



[1] 0-Ps decay rate
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History of the measured decay rates of 0-Ps

QED O(a?)
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Before 1995, the measured decay rates
were significantly higher than the QED
calculation by about 1000ppm.

These results were consistent with each
other and not statistical.

This discrepancy was called
“0-Ps lifetime Puzzle”.

In 1995 we proposed the new method
to solve the common systematic problem
of the previous all measurements
(= non-thermalization problem).

We obtained the new result consistent
with the QED calculations and differ from
the old results.

After recognize this problem,
the accuracy of the experiment
becomes higher, and
we have a chance to validate O(a?)
prediction.



Pick-off annihilation (Material effect)

Ps is produced with B* source and materials(gas,SiO,,cavity wall). The
material is necessary to produce Ps (e provider), but it is also the source of
the background. Rarely the collided o-Ps annihilates into 2 y instantaneously
(Pick-off annihilation) It is inevitable effect, and should be correct.

)\’obs = )\’3)/ + )"pickojf
R DA B B

If the mean velocity of 0-Ps is constant e Neopentane
— the collision rate is proportional b

to density of the material. g | lsobutane
— Material effect, )\pickoﬁ . Is also 8 7so [

proportional to density of = Nitrogen

the material. g e

[}
. . .0

So A, is measured changing o S N S |
density, gnd extrapolate to “zero” density Density (mol/1)
and obtain )‘3v Phys. Rev.A40(1989) 5489

This is common method to all the experiments before 1995.



Non-thermalization problem

The produced positronium has kinetic energy (~1eV), and collides elastically
the material frequently. Ps looses the kinetic energy gradually, and the
energy becomes 1/30 eV (Thermalization process):

If 0-Ps is not well thermalized,

— the mean velocity is higher and
the collision rate is higher

— Ajickorf PECOMES higher.

As density becomes lower,

— elastic collision rate decreases

— the non-thermalized o-Ps increases

— Ajickort ECOMES higher.

This was common/serious systematic error
before 1995, it turns out that this make
“0-Ps lifetime Puzzle”

Pickoff effect is a function of time(thermalize is taken into aacount), and
Aoickori(t) IS directly measured using the energy spectrum.

)\’obs = )\’3)/ + )\’pickoﬁ‘(t)



[1] Setup

Aluminized mylar

Plastic scintillato

for t

(t=200 xm, d=10mm)

(t=25pmm)

rigger

Trigger 1/2—inch PMT

/

Anti—trigger 1-inch PMT
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Light guide
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Pb shield (t—omm) is used to measure time spectrum

L, YA Glass beaker Time resolution 0=1ns (E>150keV)
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VAP scintillator @ Ge semiconductor detecor
(S0mm><Somn>< 33m) is use to measure pick-off
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Silica Aerogel
or

Ps-Assembly

Y2 inch PMT
for trigger

1inchPMT
for anti-trigger

=
7

Plastic Scintillator
(200um)

silica powder
(0.03g/cm3)

Anti-trigger is
used to select
the event

In which positron

stop in aerogel

Plastic scintillator for anti-trigger (1mm)

™S

Vacuum vessel (glass 0.5mm)



YAP (YAIO5:Ce) Scintillator

Nal and GSO are slow system and there
Is slow component, which makes pileup.

YLSO is fast, but this is radio active itself
due to natural abundance '76Lu

YAP(YAIO,:Ce) is used.

atomic number

39 <--- Small

density 5.37 g/cm3

emision peak
light output
decay constant

-

370 nm
40% of Nal (large vyield)
30 ns (small slow compo.)

50*50*33mm crystal
We used 4 crystal

Pulse Shape recorded

with FADC
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[2] Pickoff ratio

>~ 0.02
)(") -
< C
$0.018—
2 -
~N |
RUN I (powder) 0.016—
> .
Q) - C
& 600001 o-Ps spectrum.__ 0.014 -
© C . A B
S = normalize -
& 50000 < > 0.0121
g M B
S 40000F o 0.01
- 3y spectrunj - i
30000 (MC) 0.008]- t
200001 : - i
- pick-off 2y~ /! 0-0081 | | | | ! !
10000 100 200 300 400 500 600
ok e RUN II time (ns)
470 480 490 500 510 520
RUN II energy (keV) A I
pickoff (t) 3y

Energy spectrum of the y

is measured by Ge semiconductor detector It takes much time that

* 0-Ps —3ydecay is continuous spectrum  Ps thermalize well.

* Pickoff is 2y decay and monochromatic ~ The non thermalized Ps was
peak is observed at 511keV the common/serious systematic

So we can separate the pickoff decay, problem before 1995.

and A .. (0)/A, 1s determined



[3] Time spectrum Time spectrum between *

emission and y detection

10° g .
£ ¢ 0 10 by YAP scintillator.
S 4ot £10% i '
8 E St Good time resolution of 1.2nsec
c r prompt peak 0 4orl . _
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Decay rate can be obtained without extrapolation.



[4] Systematic errors

Source of the Contributions

For RUN I (ppm)

For RUN II (ppm)

TDC module related error

Integral Non Linearity < 415 < +15
Contamination of pile-up events

for Base ent < +10 < +10
Pick-off Correction

3~ subtraction +89 +91

Ge detector efficiency +33 +28

YAP scintillator efheiency +64 +19
Other Sources

Zeeman effect —5 -5

Three-photon annihilation —91 —33

Stark effect —3 —4

Total

—147 and +116

—104 and +99

33keV
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Main systematic error
comes from the
3y-2y separation:

Uncertainty of the normalization of

3y contribution is about 1% and it is origin of the
error. This uncertainty makes asymmetry of the
obtained pickoff spectrum, and we can check
this distribution with the reference (measured
with 514keV monochromatic y)



[5] Result

The result is

Ay, =7.0401=0.0006(stat.)* 8-888; (sys.) us™

1

without O(c’ QED prediction
correction with O(c?) correction

S

(total error 150ppm)

Phys.Len. B357475 (199%) | This shows the history of the
measured decay rate after 1995.
Phys.Rev.Lett. 90, 203402 (2d02) Red/blue lines show O(a?) and
) o O(a) calculation, respectively.
Phys.Lett. B572,117 (2003) This result is most accurate and
— consistent with last three 3 results.

Thi ¢ .
'S measurement | combined value of these 4 results

«l—> (common systematic of our method)
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Decay rate (1 sec)

&
>

consistent with O(a?) calculation
and differs from O(a) by 2.60

This is first test of O(a2) for the 0-Ps decay rate




[2] Hyper Fine Splitting



[1] Principal of the HFS measurement(the old method):

% (Ei S ) (O 0‘ In the static magnetic filed,
Ho = +9 unbBo w the states of (S=1 M=0) and S=0
' are mixed (Zeeman effect).
The energy shift of the new state

6.0 : :
o | AE'= lA[\/H x> -1]

4.0 M=0_~] 2
2.0 / x=2gu.H,/A
3SI

F o v is proportional to the HFS
0]
W The Zeeman shift(AE’) is measured
S with microwave(GHz), and
O interpreted into HFS(A) with the yield
of the static magnetic field.
0.0 | 4.0 I B|.D I

Magnetic Field (kG)



Set up in Phys. Rev. A30 1331

2.3GHz RF is stored in Cavity

and the static magnetic field are
applied and scanned.

0-Ps(M=x1) -> S=1 M=0 -> S=0 -> 2y

\ Number of back-to-back 2y event
S~ & | KXY\ A increase at resonance:
-H\I-H“"m g\-\ﬁ -J:' E;]fm:;(;:cmsmu.
CA\:O\"HVE,// Mlcnc?w:vif" = AGNETC seLo - I: ; E.:llk
N N é |
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Pl |
2 esl b
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O(a?) calculation r /
Phys. Rev.A30(1984) 1331 - ?;Ioo I ?7|00 73|uo I ?eioo 5000
i —e— Ho ()
Phys. Rev.A27(1983) 262 ]
b | . - As | have already mentioned,
Theory the theoretical calculation is
o improved recently,
203 385 203 390 203 395

3.50 discrepancy is observed.

Hyperfine interval in positronium [MHz]
Phys. Rep. 422(2005) 1



Av- 203 (GHz)

[2] Systematic problems in the old methods:

(1) Material effect and non-thermalized o-Ps

As the same as the measurements of 0-Ps decay rate, material(gas)
Is used to make Ps, and the produced Ps collides these material.
Close to the material, the Ps feels the electric filed produced with the
material, and the energy-level shifts due to Stark effect(10ppm order).

This material should be corrected, and the same extrapolation method was
used.

0.40 Changing density, the
measurements are
performed and extrapolate

039 %\% % to zero density.
: M}%\‘% } But as th J
- - ut as the same as decay
\} rate measurements, there
| %.\]\\ is systematic problem
0375 1 ' 2 I ~3 of the unthermalized o-Ps.

NITROGEN DENSITY (amagat)



[2] uniformity of the magnetic field.

Uncertainty of the magnetic field

makes the systematic error on the HFS
directly. Since 0-Ps decay space is widely
spread in cavity, the uncertainty

of uniformity of the magnetic field is crucial.

Right figures show the shift of the magnetic
Field and look complicated,this was
significant systematic error in the previous
measurement.

Large Volume and accurate magnetic
filed are developed recently for NMR.

y linches)

y (inches)

/2 r

174}

-4t

=/2

172

174}

z:0" plane

1 3§ 1 »
I i o I 1 =-$2 [ L]
2 & Oppmd

x (inches)

-lraf -

=-1/2

% {inches)



[3] Our New method(s): (1) Conventional Zeeman
RF(2.8GHz)

| 500W
B v

T Cavity
T™110

Naiueq 00

Scintillator

Our new method to determine t=0,
at which Ps forms.

22Na 3 source (1MBq)

Is used, e* pass through

thin plastic scintillator,

making trigger signal.

Positron stops in Gas,

N, 0.5-2 atm, and makes

Ps.

High power 500W RF (2.8GHz)
are stored in Cavity (TM110):

High static magnetic field is
applied:

(Not yet decided, but we will
discuss with KEK next Monday:
the magnet system has

large bore, high accuracy,
developed for the medical NMR.)



Y detectors: The RF cavity are covered
by 8 y-detectors:

LaBr, Scintillator 2 Ge detectors are used
Ge Detec. ad
to measure thermalization
processes, this method is
already well established.

e RF Cavity

6 LaBr, detectors are set
In back-to-pack position
to detect 2y decay.

LaBr; Scintillator

Ge Detec.
LaBr; Scintillator



Ge semiconductor detector:

We can measure precise energy spectrum as a function of time
(1) thermalization processes can be measured: (ZFLH D EL &D)
(2) We have good chance to separate Zeeman resonance from

pickoff annihilation: (Due to Fermi motion: pickoff spectrum

has wide width. 2.6keV.)
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These data are our old data, not with this setup



LaBr; Scintillator
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High Energy resol
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40nsec Fast
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We can use strong
source
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be tagged with energy
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[4] Our New method(s): (2)203GHz direct transition

Prof. Idehara(U. Fukui) are developing GYROTRON which provides
powerful and high
frequency RF source:

Power > 100 W
Frequency 203+-1GHz
stable < 1-10 ppm

W Y

Tunable frequency-system
and high stability are

new challenge of the
GYROTRON.

Test system of GYROTRON



Central Ps assembly is formed with
203GHz Fabry-Perot type Cavity (not yet designed)

1.5mm

mlrrnr y detector are
\ the same, no static
/
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applied.

a2

): magnetic field is

/ e e
Plastic scintillator mf\

Changing RF 203+-1 GHZ, uz&mgt_

FWHM=0.63GHz, which is determined by

We can measure the resonance, directly. mf\
First observation of “mm wave” transition. /A A

p-Ps lifetime
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[5] Time schedule

2008 2009 2010 2011

ﬁ y detector

ﬁ 3GHz Cavity

Zeeman method run
Magnet el > Target accuracy
a few ppm

GYROTRON I
Design ﬁ Direct transitionT 5 get accuracy

203GHz Cavity method run- 100 ppm

—>
LHC start SUSY 4_.

Higgs



Conclusion

(1) Precise measurement(150ppm) of the o-Ps decay rate
has been performed and we obtained:
+0.0007

— -+ -1
A,_p, =7.0401 = 0.0006(5tat.)_0.0009 (sys.) us
This result is consistent with the last three measurements,
and the combined value is

A,_p, =7.0401+0.0007(total.) us™
It is consistent with O(a?) calculation and differs from O(a) by 2.7c

(2) 3.50 deviation was found out in Hyper Fine Splitting from
O(a3) calculation.
There are two possible systematic errors in the previous
measurements (Thermalization and Magnet uniformity)
We propose new measurements overcoming them.



«Stark Shift

We know the charge distribution
of the power and aerogel:

A;, o Flux Factor o |y(r=0)|2

A 2
ﬁ=E2&=248'
A‘By |(p0| 0

(E, =5.14x10°V / cm)

1. Charge
3x10-° C/g(measured)
1%x10-"ppm very small effect

2. dipole moment (Si-OH)
p=1.7%10-18 esu-cm
density of dipole OH 0.44/nm?2
dipole filed = 3ppm

R
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- 0 s
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si o ©O 0 &9
Osigsigsio
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i si_ ©

o o o]
Si . . Si_
Si 0 si O Si o/ R
. O o
Si __ o o o~ Si
/ — H— N
Si OH

SiO, grain

r+0.1nm->300nm

Both can be smaller than accuracy of decay rate measurements:
and consistent with the material correction on the HSF measurement.
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