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•  Expected	
  performance	
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Positronium	
  (Ps)	

Positron 

Electron 

－	

+	


•  Bound	
  state	
  of	
  an	
  electron	
  (e-­‐)	
  and	
  a	
  positron	
  
(e+)	
  
– Purely	
  leptonic	
  system	
  (free	
  from	
  hadronic	
  
uncertain[es)	
  

– The	
  lightest	
  hydrogen-­‐like	
  “atom”	
  
– Bound	
  state	
  of	
  par[cle	
  and	
  an[par[cle	
  →	
  
Sensi[ve	
  to	
  new	
  physics	
  beyond	
  the	
  Standard	
  
Model.	
  

•  Described	
  by	
  bound-­‐state	
  QED.	
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Two	
  Spin	
  Eigenstates	
  of	
  Positronium	


o-­‐Ps	
  S


p-­‐Ps	
  

e+	
   e-­‐	
  

=1(Triplet）	


Ortho-­‐positronium	
  (o-­‐Ps)	


e+	
   e-­‐	
  

S


=０(Singlet）	


Para-­‐positronium	
  (p-­‐Ps)	


Spin=1　The	
  same	
  quantum	
  
number	
  	
  as	
  photon	


Spin=0　Scalar	
  par[cle	


o-­‐Ps　→　3γ	
  (,	
  5γ,	
  …)	


p-­‐Ps　→　2γ	
  (,	
  4γ,	
  …)	


Life[me	
  142	
  ns	


o-­‐Ps	
  

2k


1k


3k


S


Con[nuous	
  spectrum	
  	


Life[me	
  125	
  ps	


p-­‐Ps	
  
2k


1k


Monochroma[c	
  511	
  keV	
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Positronium	
  Hyperfine	
  Spli4ng	
  	
  
(Ps-­‐HFS)	


o-­‐Ps	


p-­‐Ps	


(ground	
  state)	
  HFS	
  
0.84meV	


Energy	
  difference	
  
between	
  two	
  spin	
  
eigenstates	
  of	
  the	
  ground	
  
state	
  Ps	
  	
  →	
  Ps-­‐HFS	
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Large	
  value	
  of	
  Ps-­‐HFS	
  	
  203	
  GHz	
  
	
  	
  	
  	
  	
  (cf.	
  Hydrogen	
  HFS	
  	
  1.4	
  GHz)	
  	

1.  Large	
  spin-­‐spin	
  interac[on	
  

2.  Contribu[on	
  of	
  Quantum	
  
oscilla[on	
  in	
  higher	
  order	
  
correc[on	


€ 

µ =
e
2m

σ (small	
  mass)	


e+	
  

e-­‐	
  

e+	
  

e-­‐	
  

o-­‐Ps	
 o-­‐Ps	

γ*	


→	
  Sensi[ve	
  to	
  new	
  physics	




HFS [GHz]
203.385 203.387 203.389 203.391 203.393 203.395

Experimental
average

Theory
(Kniehl et al., 2000)

Mills et al., 1983

Ritter et al., 1984

Discrepancy	
  Between	
  	
  
Experiments	
  and	
  Theory	


Two	
  independent	
  
experimental	
  results	
  
are	
  consistently	
  
lower	
  than	
  theory.	


Experimental	
  average	
  	
  
203.388	
  65(67)	
  GHz	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (3.3	
  ppm)	
  

O(α3)	
  QED	
  theory	
  
203.391	
  69(41)	
  GHz	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (2.0	
  ppm)	


15	
  ppm	
  (3.9	
  σ)	
  discrepancy	
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Possible	
  reasons	
  for	
  the	
  discrepancy	


•  New	
  physics	
  beyond	
  the	
  Standard	
  Model	
  
– Weak	
  interac[ng	
  unknown	
  par[cle	
  
–  Sensi[ve	
  to	
  light	
  par[cle	
  (s-­‐channel)	
  
	
  	
  	
  	
  (ex.	
  	
  O(MeV),	
  α~10-­‐8	
  pseudo	
  scalar)	
  
–  o-­‐Ps	
  is	
  sensi[ve	
  to	
  extra	
  dimensions	
  

•  Common	
  systema[c	
  uncertain[es	
  in	
  the	
  previous	
  
experiments	
  
–  Underes[ma[on	
  of	
  material	
  effects.	
  Unthermalized	
  o-­‐Ps	
  
can	
  have	
  a	
  significant	
  effect	
  especially	
  at	
  low	
  material	
  
density.	
  	
  cf.	
  o-­‐Ps	
  life,me	
  puzzle	
  (1990’s)	
  

–  Non-­‐uniformity	
  of	
  the	
  magne[c	
  field.	
  It	
  is	
  quite	
  difficult	
  to	
  
get	
  ppm	
  level	
  uniform	
  field	
  in	
  a	
  large	
  Ps	
  forma[on	
  volume.	
  

•  Mistakes	
  in	
  the	
  theore[cal	
  calcula[ons	
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e-­‐	


e+	


e+	


X	
  

t	




1.	
  Indirect	
  Measurement	




3GHz	


Experimental	
  Technique	
  
Indirect	
  Measurement	
  using	
  Zeeman	
  Effect	


Precisely	
  measure	
  the	
  Δmix	
  
and	
  calculate	
  ΔHFS	
  by	
  the	
  
equa[on,	
  	


€ 

Δmix =
1
2
Δ HFS 1+ 4x 2 −1( ),

x = ʹ′ g µB B
Δ HFS

.

In	
  a	
  sta[c	
  magne[c	
  field,	
  
the	
  p-­‐Ps	
  state	
  mixes	
  with	
  
the	
  mZ=0	
  state	
  of	
  o-­‐Ps	
  
	
  (Annihilate	
  into	
  2	
  γ-­‐rays).	
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!HFS

!mix

!"# "mz$0#

!%&#, !'(# "mz$)1#
!*# "mz$0#

0.0 0.2 0.4 0.6 0.8 1.0
"207

"206

"205

"204

Ep"Ps
"203

0, Eo"Ps

1

2

3

4

B $T%

E
$GHz

%

203	
  GHz	

Calculate	
  ΔHFS	
  	
  
from	
  Δmix	


Indirect	
  
measurement	


Direct	
  
measurement	
  
(T.	
  Yamazaki)	




Experimental	
  Technique	
  
Indirect	
  Measurement	
  using	
  Zeeman	
  Effect	
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!HFS

!mix

!"# "mz$0#

!%&#, !'(# "mz$)1#
!*# "mz$0#

0.0 0.2 0.4 0.6 0.8 1.0
"207
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"205

"204

Ep"Ps
"203

0, Eo"Ps

1

2

3

4

B $T%

E
$GHz

%

3GHz	
  
@	
  0.9	
  T	


203	
  GHz	


Zeeman	
  
transiDon	


When	
  a	
  microwave	
  field	
  with	
  a	
  
frequency	
  of	
  Δmix	
  is	
  applied,	
  
transi[ons	
  between	
  the	
  mZ=0	
  
and	
  mZ=±1	
  states	
  of	
  o-­‐Ps	
  are	
  
induced.	
  

→	
  2γ-­‐ray	
  annihila[on	
  (511	
  keV	
  
monochromaDc	
  signal)	
  	
  rate	
  
increases.	
  
	
  This	
  increase	
  is	
  our	
  
experimental	
  signal.	


→This	
  is	
  the	
  same	
  
approach	
  as	
  previous	
  
experiments.	


3γ	


2γ	


2γ	




Our	
  New	
  Experiment	
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B	
  (0.866	
  T)	


RF	
  Cavity	
  

W
av
eg
ui
de

	
  

800	
  mm	

・Large	
  bore	
  
superconduc[ng	
  
magnet	


22Na	
  
(700	
  kBq)	
  

・β-­‐tagging	
  system	
  and	
  
[ming	
  informa[on	


・High	
  performance	
  
(fast	
  and	
  high	
  energy	
  
resolu[on)	
  γ-­‐ray	
  

detectors	


RF	
  SG	
  +	
  
GaN	
  Amp.	
  



Our	
  New	
  Experiment	
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・Large	
  bore	
  
superconduc[ng	
  
magnet	


800	
  mm	


StaDc	
  magneDc	
  field	
  
B	
  (0.866	
  T)	


RF	
  SG	
  +	
  
GaN	
  Amp.	
  

Large	
  size	
  →	
  Uniform	
  
Persistent	
  Current	
  mode	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  →	
  Stable	




RF	
  SG	
  +	
  
GaN	
  Amp.	
  

Our	
  New	
  Experiment	
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22Na	
  
(700	
  kBq)	
  

・β-­‐tagging	
  system	
  and	
  [ming	
  informa[on	


B	
  (0.866	
  T)	


β+	


(1)	
  Prompt	
  suppression	
  (→	
  Next	
  page)	
  
(2)	
  Necessary	
  for	
  material	
  effect	
  
es[ma[on	
  including	
  Ps	
  thermaliza[on	


75	
  mm	


Pb	
  Shield	


Thin	
  (0.2mm)	
  Plas[c	
  
Scin[llator	


22Na	
  (inside)	
  



TIME (ns)
0 100 200 300 400 500 600 700 800 900

C
O

U
N

T
S

 (
/k

e
V

/n
s

/s
)

-410

-310

-210

-110

1

m_h_time_ew2_n380_x460

Entries  1005103

Mean    135.5

RMS     229.9

m_h_time_ew2_n380_x460

Prompt	
  Suppression	


Decay	
  curve	
  of	
  Ps	


Select	
  the	
  o-­‐Ps	
  events	
  (and	
  Zeeman	
  transi[on	
  events)	
  with	
  	
  
Timing	
  window	
  	
  →	
  About	
  20	
  [mes	
  higher	
  S/N	
  	
  

2γ	
  Backgrounds	
  
(In	
  the	
  previous	
  
experiments,	
  these	
  
events	
  are	
  also	
  taken).	
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High	
  S/N	


accidental	


prompt	
  peak	


o-­‐Ps	
  decay	
  curve	




Our	
  New	
  Experiment	
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RF	
  Cavity	
  
TM110	
  mode,	
  QL=10,300	
  
Filled	
  with	
  gas	
  
(iso-­‐C4H10	
  100%)	
  

β+	


128mm	
  

B	
  (0.866	
  T)	


22Na	
  
(700	
  kBq)	
  

Ps	


RF	
  SG	
  +	
  
GaN	
  Amp.	
  
2.9	
  GHz	
  

500	
  W	
  CW	

W
av
eg
ui
de

	
  



RF	
  SG	
  +	
  
GaN	
  Amp.	
  

Our	
  New	
  Experiment	
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B	
  (0.866	
  T)	


22Na	
  
(700	
  kBq)	
  

・High	
  performance	
  (fast	
  
and	
  high	
  energy	
  resolu[on)	
  	
  

γ-­‐ray	
  detectors	


γ	


γ	

Ps	


-­‐ LaBr3(Ce)	
  scinDllators	
  x	
  6	
  
-­‐ High	
  energy	
  (4%)	
  and	
  
Dming	
  	
  (200	
  ps)	
  resoluDons,	
  
short	
  (16	
  ns)	
  decay	
  
constant.	
  

20	
  ns	
1275	
  keV	


511	
  keV	

100	
  mV	


22Na	

40	
  mm	


50	
  mm	




Our	
  Experimental	
  Setup	
  	
  
Prototype	
  Run	
  (2	
  Jul	
  –	
  24	
  Sep	
  ’09)	
  @KEK	


Waveguide	


Large	
  bore	
  	
  
superconduc[ng	
  magnet	
  	
  

Cavity	
  and	
  detectors	
  
at	
  the	
  center	
  of	
  the	
  	
  
magnet.	
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Trigger	
  rate	
  ~	
  3.6	
  kHz	
  
DAQ	
  rate	
  ~	
  600	
  Hz	
  



Center	
  of	
  the	
  Magnet	


Waveguide	
  (RF)	


RF	
  Cavity	


γ-­‐ray	
  detectors	


β-­‐tagging	
  system	
  
behind	
  the	
  cavity.	
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200	
  mm	




TIME (ns)
0 50 100 150 200

C
O

U
N

T
S

 (
/k

e
V

/n
s
/s

)

-410

-310

-210

-110

m_h_time_ind_ew7_la0_n150_x1400

Entries  19415

Mean    17.67

RMS     41.48-1)
3

TIMING SPECTRA at 0.8658169 T (LaBr

TIMING WINDOW

Analysis	


Short	
  Component	
  
(mz	
  =	
  0)	


Long	
  Component	
  
(mz	
  =	
  ±1)	


ON	
  Resonance	
  RF	
  ON	
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Timing	
  Spectra	

ON	
  Resonance	
  RF	
  OFF	


Suppress	
  Prompt	
  and	
  Accidental	
  backgrounds	
  
with	
  a	
  Timing	
  window	
  of	
  35	
  ns	
  –	
  155	
  ns	


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

C
O

U
N

T
S

 (
/k

e
V

/n
s

/s
)

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

offoff

Entries  1001

Mean    293.5

RMS     107.4-1)
3

ENERGY SPECTRA at 0.8658169 T (LaBrEnergy	
  Spectra	
 511	
  keV	


2γ	
  decay	
  rate	
  increases	
  
because	
  of	
  the	
  Zeeman	
  
transi[on.	


Accidental	
  is	
  subtracted	
  
using	
  TW	
  of	
  700—850	
  ns	


High	
  S/N	

TIME	
  (ns)	




Resonance	
  Lines	
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MAGNETIC FIELD (T)
0.858 0.86 0.862 0.864 0.866 0.868 0.87 0.872 0.874

)
!
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"
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R
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2
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2
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RESONANCE LINT at 1.3501 amagat

MAGNETIC FIELD (T)
0.861 0.862 0.863 0.864 0.865 0.866 0.867 0.868 0.869

)
!

 -
 

"
T

R
A

N
S

IT
IO

N
 (

0.1

0.2

0.3

0.4

0.5

0.6

 / ndf 2#  1.933 / 4

Prob   0.7482

 / ndf 2#  1.933 / 4

Prob   0.7482

RESONANCE LINE at 0.8916 amagat

Fiyed	
  by	
  
theore[cal	
  
line	
  
calculated	
  
from	
  
Hamiltonian	


Resonance	
  Line	
  at	
  1.350	
  1	
  amagat	

Resonance	
  Line	
  at	
  
0.891	
  6	
  	
  amagat	


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

ΔHFS	
  =	
  203.379	
  3(70)	
  
GHz	
  (34	
  ppm)	


→　Obtain	
  the	
  ΔHFS	
  in	
  vacuum	
  with	
  density	
  correc[on.	


Scan	
  by	
  Magne[c	
  Field	
  with	
  the	
  
fixed	
  RF	
  frequency	
  and	
  power.	
  

2γ/3γ decay	
  ra[o	
  is	
  taken	
  to	
  be	
  a	
  
Zeeman	
  transi[on	
  amount.	


Ze
em

an
	
  T
ra
ns
i[
on

	
  (A
.U
.)	


Ze
em

an
	
  T
ra
ns
i[
on

	
  (A
.U
.)	




 (GHz)HFS!

203.372 203.374 203.376 203.378 203.38 203.382 203.384 203.386 203.388 203.39 203.392

mg

#19
Phys. Rev. Lett. 34, 246 (1975)

#20
Phys. Rev. A15, 241 (1977)

#21Phys. Rev. A15, 251 (1977)

#14Phys. Rev. A27, 262 (1983)

#13
Phys. Rev. A30, 1331 (1984)

This measurement

Result	
  of	
  the	
  prototype	
  run	

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

Ps-­‐HFS	
  obtained	
  from	
  the	
  Prototype	
  Run:	
  
ΔHFS	
  =	
  203.380	
  4	
  ±	
  0.002	
  2	
  (stat.,	
  11	
  ppm)	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ±	
  0.008	
  1	
  (sys.,	
  40	
  ppm)	
  GHz	
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203.38	
 ΔHFS	
  (GHz)	

203.39	




Systema[c	
  Errors	

Source	
 ppm	
  in	
  ΔHFS	


Non-­‐uniformity	
 21	


Offset	
  and	
  reproducibility	
 4	


NMR	
  measurement	
 2	


Method	
 18	


Sta[s[cs	
  of	
  MC	
  simula[on	
 17	


QL	
  value	
  of	
  RF	
  cavity	
 6	


RF	
  power	
 5	


RF	
  frequency	
 5	


Thermaliza[on	
  of	
  Ps	
 <20	


Gas	
  density	
  dependence	
 7	


Quadrature	
  sum	
 40	
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Magne[c	
  
Field	


Detec[on	
  
Efficiency	
  
es[ma[on	


Material	
  
Effect	


RF	
  System	




Prospects	
  &	
  Current	
  status	

•  Magne[c	
  Field:	
  Compensa[on	
  magnets	
  
	
  →	
  O(ppm)	
  magne[c	
  field	
  uniformity	
  (Done	
  →	
  )	
  
•  Material	
  Effect:	
  Measurements	
  at	
  various	
  pressures	
  
of	
  gas	
  →	
  Es[mate	
  the	
  Stark	
  Effect	
  (Final	
  measurement)	
  

	
  	
  	
  	
  Precisely	
  measure	
  the	
  Ps	
  thermaliza[on	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (Now	
  taking	
  data	
  →	
  )	
  
•  RF	
  System:	
  The	
  experimental	
  environment	
  	
  
(temperature)	
  control	
  →	
  Almost	
  cleared.	
  	
  

•  Sta[s[cs:	
  85-­‐day	
  prototype	
  run	
  achieved	
  11	
  ppm.	
  A	
  
measurement	
  with	
  a	
  precision	
  of	
  O(ppm)	
  is	
  expected	
  
within	
  a	
  few	
  years.	
  	
  

•  Detec[on	
  efficiency:	
  Will	
  be	
  carefully	
  studied	
  and	
  
will	
  be	
  es[mated	
  by	
  real	
  data.	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  →	
  O(ppm)	
  systema[c	
  error.	
  (Not	
  yet)	
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Compensa[on	
  Magnet	
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MAGNETIC FIELD DISTRIBUTION

D
IF

F
E

R
E

N
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E
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M
 M

E
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N
 (

p
p

m
)

Magne[c	
  Field	
  distribu[on	
  (Horizontal)	
  
(O	
  is	
  the	
  center	
  of	
  the	
  cavity)	


・	
  2	
  ring-­‐coils	
  are	
  rolled	
  on	
  
the	
  cavity	
  flange.	
  
・	
  They	
  make	
  the	
  opposite	
  	
  
field	
  and	
  reduce	
  the	
  
gradient.	
 →	
  It	
  is	
  installed	
  in	
  the	
  final	
  run	
  setup.	


0.9	
  ppm	
  (RMS)	
  uniformity	
  in	
  the	
  Ps	
  
forma[on	
  volume	
  (10.4	
  ppm	
  w/o	
  coils)	


2	
  ring	
  coils	


RF	
  cavity	




Electric	
  Field	


Material	
  Effect	
  on	
  Ps-­‐HFS	

Spin-­‐spin	
  interac[on	
  between	
  e+	
  and	
  e-­‐	
  
→Depends	
  on	
  their	
  distance	
  

Electric	
  field	
  of	
  surrounding	
  materials	
  
　　　→Changes	
  the	
  distance	
  of	
  e+	
  and	
  e-­‐	
  of	
  Ps	
  
　　　　　　　　　→Shi|	
  of	
  Ps-­‐HFS（Stark	
  Effect）	
  

↑	
 ↓	

Ps	


Short	
  distance	
  
→Large	
  Ps-­‐HFS	


↑	
 ↓	

Ps	


Long	
  distance	
  
→Spin	
  interac[on	
  is	
  small	
  
→Small	
  Ps-­‐HFS	
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Material	
  Effect	
  Es[ma[on	
  in	
  Previous	
  
Experiments	


→If	
  the	
  velocity	
  of	
  Ps	
  
is	
  constant,	
  the	
  
effect	
  is	
  just	
  	
  
propor[onal	
  to	
  the	
  
material	
  density.	
  

→Linear	
  extrapola[on	
  
method	
  is	
  used	
  in	
  
all	
  the	
  previous	
  
experiments	
  with	
  
this	
  assump[on.	
  

Stark	
  Effect	
  on	
  Ps-­‐HFS	
  
∝Collision	
  rate	
  with	
  materials	
  
=	
  (Material	
  Density)	
  ×	
  (Cross	
  Sec[on)	
  x	
  (Ps	
  velocity)	


Ps
-­‐H
FS
	
  -­‐	
  
20
3(
G
H
z)
	


N2	
  GAS	
  DENSITY	
  (amagat	
  =	
  atm	
  @	
  0oC)	


<	
  Gas	
  density	
  dependence	
  	
  
	
  	
  	
  in	
  the	
  previous	
  experiment>	


Es[mated	
  Stark	
  Effect	
  
　　　　　　　=　-­‐33ppm/amagat	
  

Riyer	
  et	
  al.,	
  1984	


0	
 1	
 2	
 3	
0.37	


0.40	
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Ps	
  Thermaliza[on	
  Problem	

Formed	
  o-­‐Ps	
  has	
  a	
  kine[c	
  energy	
  of	
  about	
  1	
  eV.	
  

o-­‐Ps	
  deposits	
  its	
  energy	
  to	
  the	
  room	
  temperature	
  
(1/30	
  eV)	
  by	
  collision	
  with	
  surrounding	
  materials	
  
(the	
  thermaliza[on	
  process).	
  

If	
  it	
  takes	
  much	
  [me	
  to	
  thermalize,	
  the	
  	
  
material	
  effect	
  (	
  	
  	
  	
  	
  	
  	
  	
  collision	
  rate)	
  is	
  not	
  	
  
proporDonal	
  to	
  material	
  density.	
  

In	
  fact,	
  it	
  affects	
  seriously	
  	
  (“o-­‐Ps	
  life[me	
  
puzzle”	
  (1990’s)).	
  

→Ps	
  thermaliza[on	
  effect	
  can	
  be	
  a	
  	
  
serious	
  systema[c	
  error	
  in	
  Ps-­‐HFS	
  	
  
measurement.	
  

€ 

∝
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(σm	
  ,	
  E0)=	
  
DBS:(13.0×10-­‐16cm2	
  ,	
  2.07eV)	
  
ACAR:(37×10-­‐16cm2	
  ,	
  2.07eV)	
  
RF	
  Freq.	
  =2.32GHz、	
  
RF	
  Mag.	
  Field	
  =10Gauss、	
  
Sta[c	
  Mag.	
  Field	
  =0.78Tesla	
  
QED	
  theore[cal	
  calcula[on	
  
from	
  Kniehl	
  et	
  al.	
  (2000)	
  

Material	
  Effect	
  Es[ma[on	
  including	
  	
  
Ps	
  Thermaliza[on	
  Effect	


 GAS DENSITY (amagat)2N
0 0.5 1 1.5 2 2.5

 (G
Hz

)
HF

S

203.365

203.37

203.375

203.38

203.385

203.39

 / ndf 
2

 19.15 / 18

Prob   0.3826

Constant  0.0005554! 203.4 

Slope     0.0008239! -0.006804 

 / ndf 
2

 19.15 / 18

Prob   0.3826

Constant  0.0005554! 203.4 

Slope     0.0008239! -0.006804 

m_g

) QEDln3O(

LINEAR FIT

FIT WITH Ps THERMALIZATION

Phys. Rev. A 30, 1331 (1984)

Our Prototype Run

 GAS DENSITY (amagat)2N
0 0.1 0.2 0.3 0.4 0.5

 (G
Hz

)
HF

S

203.384

203.386

203.388

203.39

203.392

 / ndf 
2

 19.15 / 18

Prob   0.3826

Constant  0.0005554! 203.4 

Slope     0.0008239! -0.006804 

 / ndf 
2

 19.15 / 18

Prob   0.3826

Constant  0.0005554! 203.4 

Slope     0.0008239! -0.006804 

m_g

) QEDln3O(

LINEAR FIT ACAR

DBS

Phys. Rev. A 30, 1331 (1984)

Δ
H
FS
(G
H
z)
	


N2	
  GAS	
  DENSITY(amagat)	

O(10)	
  ppm	
  uncertainty	
  from	
  
Ps	
  thermaliza[on	
  effect	
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How	
  to	
  Measure	
  Ps	
  thermaliza[on?	

•  Use	
  o-­‐Ps’	
  pick-­‐off	
  2γ	
  

annihila[on	
  

•  pick-­‐off	
  (t)	
  
∝	
  cross	
  sec[on	
  of	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  collision	
  (σ)	
  
×	
  material	
  density	
  
×	
  o-­‐Ps	
  amount	
  (t)	
  	
  
×	
  v(t)	
  

<pick-­‐off>	
  

↑	
↑	
 ＋	
 ↓	


↑	
↑	
＋	
 ↓	

⇒
	
o-­‐Ps	


Surrounding	
  Material	


σv(t)	
  
	
  	
  	
  	
  	
  	
  	
  	
  pick-­‐off	
  (2γ	
  decay)	
  
	
  ∝	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  o-­‐Ps	
  (3γ	
  decay)	


＋	
↑	


511keV	
  back-­‐to-­‐back	
  2γ	


⇒
	


(immediately	
  	
  
annihila[on)	


€ 

σ ⋅ v(t)
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Measurement	
  of	
  Ps	
  Thermaliza[on	
  
Experimental	
  Setup	


30	


80
0	
  
m
m
	




Time (ns)
0 50 100 150 200 250 300 350 400

 ra
tio

 / 
3

2

0.03

0.04

0.05

0.06

0.07

0.08

0.09

2γ/3γ	
  Ra[o	

•  2γ/3γ	
  ra[o	
  is	
  obtained	
  by	
  1-­‐month	
  run	
  

•  The	
  more	
  i-­‐C4H10	
  pressure,	
  the	
  faster	
  the	
  Ps	
  thermaliza[on	
  

Silica	
  aerogel	
  (0.03g/cc)	
  	
  
+	
  i-­‐C4H10	
  (0.16atm)	


TIME	
  (ns)	


Preliminary	


Silica	
  aerogel	
  (0.03g/cc)	
  	
  
+	
  i-­‐C4H10	
  (1.0atm)	


Already	
  	
  
thermalized	


Thermaliza[on	
  
(Slowing	
  down	
  of	
  Ps)	


2γ
/3
γ	
  
RA

TI
O
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Method	
  of	
  Material	
  Effect	
  Correc[on	
  to	
  Our	
  Data	


32	


 GAS DENSITY (amagat)2N
0 0.5 1 1.5 2 2.5

 (G
Hz

)
HF

S

203.365

203.37

203.375

203.38

203.385

203.39

 / ndf 
2

 19.15 / 18

Prob   0.3826

Constant  0.0005554! 203.4 

Slope     0.0008239! -0.006804 

 / ndf 
2

 19.15 / 18

Prob   0.3826

Constant  0.0005554! 203.4 

Slope     0.0008239! -0.006804 

m_g

) QEDln3O(

LINEAR FIT

FIT WITH Ps THERMALIZATION

Phys. Rev. A 30, 1331 (1984)

Our Prototype Run

1. Measure	
  the	
  Ps	
  thermaliza[on	
  parameters	
  precisely.	
  
2.  Fit	
  the	
  obtained	
  HFS	
  data	
  with	
  nonlinear	
  func[on	
  

including	
  Ps	
  thermaliza[on	
  effect	
  (in	
  the	
  final	
  run).	


This	
  Method	
  will	
  reduce	
  the	
  systema[c	
  
error	
  from	
  the	
  Ps	
  thermaliza[on	
  effect	
  
to	
  O(ppm).	




Conclusion	
  of	
  my	
  part	

•  There	
  is	
  a	
  3.9	
  σ	
  discrepancy	
  in	
  the	
  ground	
  state	
  Ps-­‐HFS	
  

between	
  the	
  experimental	
  results	
  and	
  the	
  QED	
  predic[on.	
  
•  The	
  prototype	
  run	
  has	
  been	
  performed.	
  
•  Our	
  new	
  experimental	
  setup	
  uses	
  3	
  new	
  methods.	
  
	
  	
  	
  	
  	
  1.	
  Superconduc[ng	
  magnet	
  (→Good	
  uniformity	
  of	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  magne[c	
  field	
  in	
  large	
  volume)	
  	
  	
  
	
  	
  	
  	
  	
  2.	
  β-­‐tagging	
  system	
  and	
  Timing	
  informa[on	
  (→Correct	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  treatment	
  of	
  Ps	
  thermaliza[on	
  effect)	
  
	
  	
  	
  	
  	
  3.	
  High	
  performance	
  γ-­‐ray	
  detectors	
  (→High	
  sta[s[cs)	
  
•  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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Backup	
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Region	
  with	
  RF	


Fi4ng	
  the	
  Energy	
  Spectra	

RF	
  Cavity	
 Source	
  

(22Na	
  700	
  kBq)	


Plas[c	
  
Scin[llator	


LaBr3	


LaBr3	


Region	
  
where	
  RF	
  
supplied	
  
(in)	


RF	
  is	
  not	
  supplied	
  
here	
  (out)	


・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,	
  2γ/3γ	
  decay	
  ra[o	
  does	
  
not	
  depend	
  on	
  the	
  region.	
  

・When	
  RF	
  is	
  ON,	
  2γ/3γ	
  decay	
  ra[o	
  
changes	
  only	
  in	
  the	
  “in”	
  region.	


€ 

SOFF = AOFF S3γMC ,out + βS2γMC ,out( )

€ 

+AOFF S3γMC ,in + βS2γMC ,in( )
Region	
  without	
  RF	


Region	
  with	
  RF	


€ 

SON = AOFF S3γMC ,out + βS2γMC ,out( )
Region	
  without	
  RF	


€ 

+AON S3γMC ,in + ΓS2γMC ,in( )

OFF	
  
Spectrum	


ON	
  
Spectrum	


　,　　　	
  	
  	
  	
  3γ	
  decay	
  prob.	
  
　,	
  	
  　　　	
  	
  2γ/3γ	
  decay	
  ra[o	
  
　,	
  	
  　　　	
  	
  MC	
  spectra	


€ 

AOFF

€ 

AON

€ 

β

€ 

Γ

€ 

S3γMC

€ 

S2γMC

Normalized	
  
by	
  live[me.	
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Fi4ng	
  the	
  Energy	
  Spectrum	
  by	
  Monte	
  
Carlo	
  Simula[on	
  (RF-­‐OFF)	


m_h_data_la0

Entries  9002

Mean    293.5

RMS     107.4
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FITTING RANGE

€ 

SOFF = AOFF S3γMC ,out + βS2γMC ,out( ) + AOFF S3γMC ,in + βS2γMC ,in( )
Region	
  with	
  RF	


data	
  
S2γMC,out

+S2γMC,in	
  
S3γMC,out

+S3γMC,in	
  

MC	
  sum	


Region	
  without	
  RF	
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Fi4ng	
  the	
  Energy	
  Spectrum	
  by	
  Monte	
  
Carlo	
  Simula[on	
  (RF-­‐ON)	


m_h_data_la0

Entries  9002

Mean    309.4

RMS       120
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Entries  9002
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FITTING RANGE

€ 

SON = AOFF S3γMC ,out + βS2γMC ,out( ) + AON S3γMC ,in + ΓS2γMC ,in( )

data	
  
S2γMC,in	
  

S3γMC,in	
  
S2γMC,out	
  

S3γMC,out	
  

MC	
  sum	


Region	
  without	
  RF	
 Region	
  with	
  RF	




Magne[c	
  Field	
  Measurement	


40	


Measured	
  the	
  magne[c	
  
field	
  at	
  310	
  points	
  in	
  the	
  RF	
  
cavity	
  using	
  NMR	
  probe.	


100	
  mm	


200	
  mm	


Made	
  the	
  map	
  of	
  
the	
  magne[c	
  field.	
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Mean y 
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RMS y   34.94

m_h_B

Non-­‐Uniformity	
  of	
  the	
  Magne[c	
  Field	


D
iff
er
en

ce
	
  fr
om

	
  m
ea
n	
  
va
lu
e	
  
(p
pm

)	


・Non-­‐uniformity	
  of	
  the	
  magne[c	
  field	
  is	
  serious	
  systema[c	
  
uncertainty.	
  

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

O	
X	
  Z	
 Magne[c	
  field	
  distribu[on	
  on	
  Y=0	
  
plane.	
  (O	
  is	
  the	
  center	
  of	
  the	
  cavity)	
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Weight	
  1.	
  RF	
  Power	
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Energy	
  distribu[on	
  of	
  RF	
  magne[c	
  field	
  
	
  (TM110	
  mode)	


42	


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

Z
 (

A
X

IA
L

) 
P

O
S

IT
IO

N
 (

m
m

)

-40

-20

0

20

40

m_h_B_RF
Entries  40401

Mean x   1.362

Mean y  -2.308

RMS x   38.36

RMS y   33.76

-40

-30

-20

-10

0

10

m_h_B_RF
Entries  40401

Mean x   1.362

Mean y  -2.308

RMS x   38.36

RMS y   33.76RF POWER WEIGHTED MAGNETIC FIELD (ppm FROM MEAN VALUE)

D
iff
er
en

ce
	
  fr
om

	
  m
ea
n	
  
va
lu
e(
pp

m
)	


EN
ER

G
Y	
  
D
EN

SI
TY
	
  (J
	
  /
	
  m

3 )
	


A|er	
  weigh[ng	
  the	
  RF	
  
magne[c	
  field	
  power	


Uniformity	
  gets	
  beyer	
  to	
  
14.2	
  ppm	
  (RMS)	


Magne[c	
  field	
  distribu[on	
  on	
  Y=0	
  plane	
  
（O	
  is	
  the	
  center	
  of	
  the	
  cavity)	




Weight	
  2.	
  Positron	
  Stop	
  Posi[on	
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A|er	
  applying	
  the	
  RF	
  power	
  
and	
  e+	
  stop	
  posi[on	
  weight	


Uniformity	
  gets	
  beyer	
  to	
  10.4	
  ppm	
  
(RMS)	
  (21	
  ppm	
  in	
  HFS)	
  
→This	
  is	
  the	
  final	
  systema[c	
  error.	


Magne[c	
  field	
  distribu[on	
  on	
  Y=0	
  plane	
  
(O	
  is	
  the	
  center	
  of	
  the	
  cavity)	
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Stability	
  of	
  the	
  magne[c	
  field	


TIME
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Compensa[on	
  Magnet	
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2	
  ring	
  coils	


Current	
  
Supply	


Clock	
  
Generator	
  &	
  
NMR	
  
Magnetometer	
 Oscilloscope	




Compensa[on	
  Magnet	
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Present Measurement

) QED prediction2O(

) correction2without O(

Solu[on	
  to	
  o-­‐Ps	
  life[me	
  puzzle	


Ps	
  thermaliza[on	
  was	
  
not	
  considered.	
  There	
  
was	
  a	
  discrepancy	
  
between	
  experimental	
  
values	
  and	
  theore[cal	
  
calcula[on.	


New	
  experiments	
  considering	
  
Ps	
  thermaliza[on	
  effect	
  solved	
  
the	
  o-­‐Ps	
  life[me	
  puzzle	
 Phys.	
  Ley.	
  B	
  671,	
  219	
  (2009)	


O(α2)	
  QED	
  predic[on	
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Measurement	
  of	
  Ps	
  Thermaliza[on	
  
Experimental	
  Setup	
  (Overall)	


•  Timing;	
  START	
  by	
  Plas[c	
  
Scin[llator	
  &	
  STOP	
  by	
  Ge	
  detector	
  

•  Stop	
  e+	
  in	
  Silica	
  aerogel	
  and	
  form	
  
Ps	
  

•  Source	
  is	
  inside	
  the	
  vacuum	
  
chamber.	
  

•  Change	
  thermaliza[on	
  condi[on	
  
by	
  changing	
  the	
  gas	
  and	
  its	
  
pressures.	
  

e+	

β+	
  source	
  (22Na,	
  30	
  kBq)	


Tag	
  β+	
  	
  with	
  plas[c	
  
scin[llator	
  

Ps	
  forma[on	

γ-­‐ray	
Ge	
  detector	
  

lq.	
  N2	
  
Tank	


Aerogel	
  (SiO2,	
  0.03g/cc)	

Vacuum	
  
chamber	
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hc_ps1_energy
Entries  6130677
Mean    11.94
RMS     7.148

Energy (P.E.)
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hc_ps1_energy
Entries  6130677
Mean    11.94
RMS     7.148

Ps	
  Thermaliza[on	
  Experimental	
  Setup	
  (β+-­‐System)	


Yuichi	
  Sasaki	


•  Source：22Na	
  (30kBq、Ti	
  foiled)	
  
•  β+：Detect	
  by	
  Plas[c	
  Scin[llator	
  

(200µm	
  thick)	
  

•  The	
  scin[lla[on	
  lights	
  are	
  guided	
  
through	
  light	
  guides	
  into	
  two	
  
R329s.	
  

→START	
  is	
  made	
  by	
  coincidence	
  
signal	
  of	
  them.	
  

Li
gh
t	
  G

ui
de
	


Source	
  Holder	


Li
gh
t	
  G

ui
de
	


Source	
Plas[c	
  
Scin[llator	
 φ10mm	


5mm	


Plas[c	
  Scin[llator	
  Energy	
  (P.E.)	


PS1	
  
PS2	


49	




Source	
  Holder	


Ps	
  Thermaliza[on	
  Experimental	
  Setup	
  
(Aerogel,	
  Vacuum	
  Chamber)	


Yuichi	
  Sasaki	


•  Silica	
  Aerogel：0.03g/cc	
  
（High	
  Ps	
  forma[on	
  frac[on.	
  
	
  	
  	
  Effect	
  from	
  aerogel	
  is	
  measured	
  

independently.）	
  
•  Vacuum	
  Chamber：Oxgen-­‐free	
  Copper	
  
φ130mm×100mm×t1.5mm	
  

Aerogel	


Source	
Plas[c	
  Scin[llator	


60
m
m
	
 φ60mm	


30mm×60mm	
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Ps	
  Thermaliza[on	
  Experimental	
  Setup	
  
(γ-­‐ray	
  Detector)	


•  Ge	
  detectors	
  (Ortec	
  GEM	
  38195-­‐P-­‐plus	
  series)	
  

•  Timing	
  Correc[on	
  is	
  performed	
  by	
  cu4ng	
  the	
  slow	
  
components	
  using	
  triple	
  threshold.	
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<	
  Measurement	
  with	
  Silica	
  aerogel	
  (0.03	
  g/cc)	
  +	
  i-­‐C4H10	
  (0.16	
  atm)	
  >	


time (ns)
0 200 400 600 800 1000 1200 1400

210

310

410

510

610
Entries : 1982825

 0.28 ns!LifeTime : 135.91 
 0.00!Coefficient : 9.76 

-1 1.02 ns!Constant : 144.35 

 : 254.11 / 2922 
Probability : 94.67 %

FitRange : 30ns ~ 3000ns
EnergyCut : 400keV ~ 500keV

Entries : 1982825

 0.28 ns!LifeTime : 135.91 
 0.00!Coefficient : 9.76 

-1 1.02 ns!Constant : 144.35 

 : 254.11 / 2922 
Probability : 94.67 %

FitRange : 30ns ~ 3000ns
EnergyCut : 400keV ~ 500keV

htemp
Entries    1.113764e+08
Mean    357.1

RMS     277.9

Energy (keV)
200 400 600 800 1000 1200

310

410

510

610
htemp

Entries    1.113764e+08
Mean    357.1

RMS     277.9

Energy	
  Resolu[on	
  
FWHM=2.2keV	
  @	
  1275keV	


Timing	
  Histogram	
  	
  
(a|er	
  correc[on)	


Energy	
  Histogram	


τ	
  =	
  135.9	
  	
  
	
  	
  	
  ±	
  0.3	
  ns	




Es[ma[on	
  of	
  o-­‐Ps	
  and	
  pick-­‐off	
  annihila[on	

1,	
  Make	
  energy	
  spectra	
  at	
  

each	
  [me.	
  

2,	
  o-­‐Ps	
  (3γ)	
  is	
  normalized	
  at	
  
con[nuous	
  Compton-­‐free	
  
region	
  (480—500	
  keV)	
  

3,	
  pick-­‐off	
  spectrum	
  	
  

	
  	
  	
  	
  	
  =	
  data	
  

　　−	
  o-­‐Ps	
  spectrum	
  
	
  	
  	
  	
  	
  (count	
  pickoff	
  events	
  in	
  508

—514	
  keV)	
  
4,	
  Correc[on	
  of	
  o-­‐Ps,	
  Pick-­‐off	
  

by	
  MC	
  simula[on	
  

energy [keV]
460 470 480 490 500 510 5200

10

20

30

40

50

60
Time = 100ns~125ns

 3.8 (480keV~500keV)!C.F. = 347.2 
 181.7 (Normalized)!=> 16781.1 
 3.4 (508keV~514keV)!P.E. = 157.8 
 15.8 (Normalized)!=> 739.9 

 1.1e-03 ! = 4.4e-02  / 32

<Gausian Fit Results>
/NDF(Prob.) = 3.4 / 3 (33.0%)2

 0.0! = 1.2  3.5, !Area = 159.3 

real ge1 sub 100ns_125ns

o-­‐Ps+pick-­‐off	
  

3γ	
  Spectrum	
  
(Simula[on)	
  

o-­‐Ps	
  normaliza[on	
  
region	


pick-­‐off	
  

ENERGY	
  
(keV)	


v(t)	
  
	
  	
  	
  	
  	
  	
  	
  	
  pick-­‐off	
  (2γ	
  decay)	
  
	
  ∝	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  o-­‐Ps	
  	
  (3γ	
  decay)	
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ACAR	
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Angular	
  Correla[on	
  of	
  Annihila[on	
  Radia[on	


Phys.	
  Rev.	
  A	
  52,	
  258	
  (1995)	
  
J.	
  Phys.	
  B	
  31,	
  329	
  (1998)	
  
J.	
  Phys.	
  B	
  36,	
  4191	
  (2003)	




DBS	
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Doppler-­‐Broadening	
  Spectroscopy	


Phys.	
  Rev.	
  Ley.	
  80,	
  3727	
  (1998)	
  
Phys.	
  Rev.	
  A	
  67,	
  022504	
  (2003)	




Ps	
  thermaliza[on	
  func[on	
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Graph

Gas	
 E0	
  (eV)	
 σm	
  (Å2)	


N2	
 2.07	
  +0.04	
  -­‐0.03	
 13.0	
  ±	
  0.5	


iso-­‐
C4H10	


3.1	
  +1.0	
  -­‐0.7	
 146	
  ±	
  11	
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Weight	
  Func[on:	
  	
  
Transi[on	
  Probability	




GAS DENSITY (amagat)
0.9 1 1.1 1.2 1.3 1.4

 (
G

H
z
)

H
F

S
!

203.365

203.37

203.375

203.38

203.385

GAS DENSITY DEPENDENCE

#13
Phys. Rev. A30, 1331 (1984)

This measurement

Gas	
  Pressure	
  Dependence	


Our	
  results	
  of	
  the	
  
prototype	
  run	


The	
  pressure	
  dependence	
  is	
  not	
  clarified	
  by	
  our	
  results	
  of	
  the	
  
prototype	
  run,	
  but	
  it	
  is	
  consistent	
  with	
  the	
  previous	
  experiment.	
  
	
  	
  →	
  Apply	
  a	
  correc[on	
  of	
  -­‐33	
  ppm/atm	
  (Riyer	
  et	
  al.,	
  1984)	
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過去の実験と、考えられる系統誤差	


「磁石の神様」V.	
  ヒューズらの	
  
　　　　　実験セットアップ(80年代)	


系統誤差1.	
  	
  	
  磁場の非一様性	
  

　　磁場の不定性がそのまま	
  
　測定結果の主な系統誤差に。	
  
　　一方、ポジトロニウムの	
  
　生成領域は数cmに及ぶ。	
  
　→	
  大きなサイズでppm精度での	
  
　　磁場制御は非常に困難。	
  

系統誤差2.　物質の効果	
  

　　ポジトロニウム生成には、物質	
  	
  
　(ここではガス)が必要不可欠だが、	
  
　物質は、HFSの値をずらしてしまう。	
  
　　過去の実験では、物質の効果	
  
　の評価が、十分でなかった可能	
  
　性がある。	
  

RFキャビティーにガスを入れて	
  
β+線からポジトロニウムを生成	


マグネット	
  
コイル	


NaI(Tl)シンチレータで	
  
Back-­‐to-­‐backに測定	
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RF	
  キャビティー	


128mm	
  

x	
  

y	
  

z	
  
axial	
  

radial	
  

1.  共振周波数：
2856MHz	
  

2.  共振モード：TM110	
  
3.  RF耐圧：500W	
  [CW]	
  
4.  側面厚(Cu)：2.0	
  mm	
  
5.  Q=14700	
  

周波数	
  [Hz]	


[dB]	


透
過
パ
ワ
ー
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RF	
  AMP	


フィードバック制御で	
  	
  
十分安定 σ	
  =	
  0.17	
  %	

キャビティー透過の瞬間値	
  [dB]	


Signal	
  Generatorで2856MHzのRFを出力、	
  
GaN　AMPで	
  +50dBの増幅をする。	
  
キャビティー内には、 409	
  W	
  入る。	
  

59	




β-­‐tagging	
  system	

• 　プラスチックシンチレータを使って、
線源から放出されたe+をタグ。	
  
• 　シグナルは、ファインメッシュ
PMTで両側読み出し。	
  
• 　この時刻をポジトロニウム生成
時刻(t=0)とする。	
  

奥の中心に22Na	
  

15	
  mm四方、厚さ0.2	
  mmの
プラスチックシンチレータ	


アクリルで外に光を取り出す。	


・	
  2つのPMTのシグナルを
コインシデンスする。	
  
・ 十分な光量(~10p.e.)が
得られることを確認。	


キャビティー	


線源	
  
(22Na	
  700	
  kBq)	


PMT	


PMT	


Ps	


プラスチック
シンチレータ	


e+	


γ	


γ	


75	
  mm	


キャビティー
の蓋	
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ガンマ線検出器	
  (1)　~LaBr3~	


20	
  ns	
1275	
  keV	


511	
  keV	


LaBr3(Ce)シンチレータ	
  
　（直径1.5インチ、長さ2インチ）	
  
　　　　　を	
  6	
  個 使用	
  

UVTライトガイドで光を導き、	
  
ファインメッシュPMTで、	
  
磁場中での読み出しを行う。	
  

・ 速い立ち上がり	
  
・ 遅い成分がない	
  

22Na	
 22Na	


100mV	


高い時間分解能	
  
200	
  ps	
  FWHM	
  @	
  511	
  keV	


高いエネルギー	
  
                分解能	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4	
  %	
  FWHM	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  @	
  511	
  keV	
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γ-­‐ray	
  Detectors	
  ~UVT	
  Light	
  Guides~	


boke

Entries  292885

Mean     1487

RMS      1159

ADC CHANNEL
0 1000 2000 3000 4000 5000 6000

C
O

U
N

T
S

 (
A

.U
.)

-310

-210

-110

1

10

210

boke

Entries  292885

Mean     1487

RMS      1159

boke

Fine	
  mesh	
  PMT	
  
（located	
  parallel	
  
to	
  the	
  magne[c	
  
field）	
  

Bend	
  the	
  light	
  by	
  90	
  
degrees	
  with	
  UVT	
  
light	
  guide.	


Adhere	
  the	
  4	
  parts	
  
(To	
  reduce	
  the	
  loss	
  
of	
  light	
  yield)	


22Na	


w/o	
  LG	
  
(1275	
  keV)	
UVT	


NOT	
  UVT	

LaBr3	
  Scin[llator	


Change	
  of	
  light	
  yield	
  with	
  light	
  
guides	


Light	
  yield	
  with	
  
UVT	
  light	
  guide	
  is	
  30	
  %	
  of	
  that	
  
without	
  light	
  guide.	
  
(only	
  7	
  %	
  with	
  NOT	
  UVT	
  light	
  guide)	
  

PMT	


LaBr3	
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Angle	
  (θ)	
  dependence	
  of	
  	
  
Timing	
  Resolu[on	


↓　Timing	
  Difference	
  without	
  
magne[c	
  field（1.5	
  inch	
  +	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2.0	
  inch	
  coincidence)	


FWHM	
  293	
  ps	
  @	
  511	
  keV	


Without	
  
magne[c	
  field	


No	
  change	
  in	
  0°.	
  

511	
  keV	
  back-­‐to-­‐back	
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FWHM	
  @	
  511	
  keV	




UVT	
  Light	
  guides	


Wavelength	
  of	
  the	
  LaBr3	
  
scin[lla[on	
  light	
  is	
  
λ=380	
  nm.	
  

We	
  use	
  UVT	
  
(Ultra-­‐Violet	
  Transmi4ng)	
  
light	
  guide.	
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Spectrum	
  of	
  LaBr3	
  
Scin[lla[on	
  light	


Light	
  
transmission	
  
of	
  Light	
  guides.	




Light	
  guide	
  length	
  dependence	
  of	
  	
  
light	
  ayenua[on	
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LG	
  was	
  not	
  
glued	
  perfectly.	
  	


① Loss	
  by	
  total	
  Reflec[on	
  
condi[on.	
  

② Loss	
  by	
  absorp[on	
  
(small	
  contribu[on).	
  

Half	
  at	
  20	
  cm,	
  but	
  it	
  
seems	
  to	
  be	
  almost	
  
constant	
  at	
  this	
  length.	
  

①	


①+②	
 ②	




LG	
  Binding	
  Angle	
  dependence	
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0	
  cm	
  

20	
  cm	
  

・ At	
  20	
  cm,	
  there	
  is	
  
no	
  clear	
  dependence	
  
on	
  the	
  binding	
  angle.	
  
・ Small	
  effect	
  by	
  
binding	
  LG.	
  

Miss	




Fine	
  Mesh	
  PMT	


67	


The	
  Fine	
  Mesh	
  PMT	
  
contains	
  Kovar	
  	
  
(Alloy	
  mainly	
  of	
  Fe,	
  
Ni,	
  and	
  Co.	
  	
  
Ferromagne[c)	
  and	
  
affects	
  the	
  magne[c	
  
field.	
  

From	
  the	
  
measurement	
  
at	
  KEK,	
  	
  
A	
  few	
  cm	
  from	
  
the	
  center	
  	
  
	
  	
  →	
  100	
  ppm	
  
10	
  cm	
  
	
  	
  →	
  	
  	
  10	
  ppm	




低速陽電子	
  (Slow	
  Positron)	


アクシデンタル	


1275	
  keVの高さで	
  
Normalize	


アクシデンタルを引いても、	
  
511	
  keV	
  が残ってしまう。	
  
(RF	
  ONもOFFも同じに見える)	
  

・ ガス中で、陽電子は、ガス分子との衝突を繰り返し、エネルギーを失う。	
  
・ エネルギーを失ってほぼ止まった後、陽電子の多くは、遅くなったまま生き続け、
Psを生成したり、対消滅したりせず、~180	
  ns	
  の寿命を持つ	
  →	
  低速陽電子	
  
・ タイミングカットをかけて、アクシデンタルを引いても、低速陽電子が対消滅す
るときの2γが、大きなバックグラウンドとなる。	
  
・	
  2008年末のテスト測定では、これが大きな問題となった	
  (30—400	
  ns	
  タイミング
ウィンドウのなかで、アクシデンタルを引いた後のイベントの、60	
  %を、低速陽電
子が占めていた)。	
  
・ イソブタンなどのガスは、低速陽電子の寿命を短くする、クエンチャーの能力が
ある。	
  →	
  今回の測定では、イソブタンを混ぜ、バックグラウンド除去に成功した。	


低速陽電子があると･･････	


アクシデンタル	
  
の引き算	
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Table	
  of	
  Scin[llator	
  Proper[es	


ScinDllator	
 Density	
 RefracDve	
  
index	


Photons	
  
per	
  MeV	


Emission	
  
Maximum	


Decay	
  
Constant	


RadiaDon	
  
Length	


g	
  /	
  cm3	
 nm	
 ns	
 cm	


NaI	
  (Tl)	
 3.67	
 1.85	
 38000	
 415	
 230	
 2.59	


CsI	
  (Tl)	
 4.51	
 1.79	
 59000	
 565	
 1000	
 1.86	


LYSO	
 7.25	
 1.81	
 32000	
 420	
 40	
 1.15	


YAP	
  (Ce)	
 5.55	
 1.93	
 19700	
 347	
 28	
 2.7	


LaBr3(Ce)	
 5.08	
 1.9	
 63000	
 380	
 16	
 1.88	
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2γ崩壊確率	
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タイミングウィンドウ による	
  
2γ崩壊確率の違い。	
  
タイミングウィンドウ によっ
て	
  
BG	
  を減らすことができる。	
  
(図はQL=14700の理論値)	
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