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INTRODUCTION	


2	




Spin	
  Eigenstates	
  of	
  ground-­‐state	
  
Posiotronium	
  (Ps)	


o-Ps 
S


p-Ps 

e+	
   e-­‐	
  

=	
  1	
  (Triplet）	


ortho-­‐positronium	
  (o-Ps)	


e+	
   e-­‐	
  

S

=	
  ０	
  (Singlet）	


para-­‐positronium	
  (p-Ps)	


o-Ps　→　3γ	
  (,	
  5γ,	
  …)	


p-Ps　→　2γ	
  (,	
  4γ,	
  …)	


lifeYme	
  =	
  142	
  ns	


o-Ps 

2k


1k


3k


S


lifeYme	
  =	
  125	
  ps	


p-Ps 
2k


1k


3	
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  photon	
  decay	
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  photon	
  decay	


back-­‐to-­‐back	
  511	
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243 nm 
Ly-α	


Energy	
  Level	
  Diagram	
  of	
  Ps	


The spin-spin interaction and vacuum oscillation raises o-Ps	
  energy	
  
from	
  	
  p-Ps one by ΔHFS	
   = 203 GHz (>>hydrogen’s HFS 1.4GHz)	

No	
  established	
  method	
  to	
  treat	
  millimeter	
  waves	
  
à	
  How	
  was	
  ΔHFS	
  determined	
  so	
  far?	
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1.	
  Spin-­‐spin	
  interacYon	


2.	
  Vacuum	
  oscillaYon	
  



SoluYon	
  in	
  literature	
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Measure	
  the	
  Zeeman	
  shibed	
  levels	
  à ΔHFS	
  was	
  then	
  calculated	
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FIG. 2. Radiofrequency quenching of three-quantum annihilation. The

dotted curves indicate the theoretical position of the line without radiative
corrections.

ing is above that required for positronium formation, the amount
of positronium was doubled by the rf field.
Figure 2 shows the results of two typical runs obtained under

different experimental conditions. The ordinates represent a
parameter extracted from the data roughly proportional to the
amount of two-quantum annihilation. The solid curves are drawn
with the theoretical width with the location and height of the
peak fitted to the data. The height, corresponding to @=0.06,
is slightly less than expected but within the uncertainty of the
estimate; the observed width, although very uncertain, d'oes not
seem to be much larger than the theoretical value. From the
average of five runs like those shown in Pig. 2 we calculate the
hyperfine splitting d 8"/k=2.032&0.003' 105 Mc/sec. This com-
pares with the value 2.044&105 Me/sec calculated, from the
expression dW=7pP/3co given, by Pirenne' and Berestetskii. '
The dotted curves in Fig. 2 show the expected location of the
1ine for this value of hW'. First results of a new and fairly com-
plex experiment may always be affected by unsuspected systematic
errors but it seems very probable that the observed shift of—1200+300 Mc/sec is at least partly real. Both 68' and the
magnetic energy are subject to corrections of the order of a/x.
FerrelP has calculated some of the corrections to AW' and the
interaction with the field must be corrected at least by multiplying
po in the expression for x above by (1+a/2m). When all known
corrections are thus considered the line is shifted by about —4
gauss compared with an observed shift of —27+7 gauss. Other
corrections of comparable magnitude still remain to be calculated,
however.
Improvements in field homogeneity, higher rf power and pro-

vision for circular polarization will be used to extend our results
and to search for the structure of excited states. We wish to
thank Professor F. Bitter for permission to use the large magnet.
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Multiple Gamma-Ray Scattering in Lead
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R/ectricity Division, Kana/ Research Laboratory, Nashiegtoe, V. C.

(Received January 28, 1952)

S PENCER and Pano' have published solutions of the general
transport equation for the propagation of gamma-rays

through an infinite medium. Their method of solution depends

where 1P(r, u„)) represents those photons which have been
scattered at least once and the remaining term is the direct beam.
This separation leads to

(2l+1)—'f(l+1) (l—n) bE+I, „ I'(X)—l(i+m+ 1)bg I, „ I'(X) )
=—gg(l)bg '(X)+f, d) 'k(X, X')Pg(1—) +X')bg (X')

+Z, k(X, X;)S'&(1—@+X;), (3)
where the bg„'(X) now represent the moments of the photons
scattered at least once.
For the present experiment the distribution function for

scattered photons at a distance r, including photons arriving in
all directions, was computed using the first four moments bo„'(X).
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FIG. 1. Build-up factor in lead for a CoIIO point isotropic source as
measured by duPont 552 photographic film. The solid curve represents
the calculated build-up factor.

upon the fact that the moments bg„(X) of the photon distribution
can be found by a chainwise solution of a set of integral equations,
which for a point isotropic source are

(2l+1) gL(1+1)(l—gg)bg+g, g(X)—l(l+n+1)bg g, ~ g(X)7

=—gg())bg„(X)+f gled'k(X', X)Pg(1—X+X')bg~(X')
+source term. (1)

A knowledge of the bI (X} enables one to calculate the energy
distribution of photons as a function of the distance from the
source.
This approach was used with success by Spencer and Pano' to

explain the data of White' for the case of a point isotropic Co
source in water.
In the present work, calculations have been made by this

method to obtain the distribution function in lead in order to
check the consistency of the theoretical predictions with experi-
mental build-up factors measured in lead. A cylindrical pellet
(1 cm in diameter and 1 cm in length) containing 2.74 curies of
Co" was used as a source in the experiment. The scattering
medium was composed of antimony-hardened lead bricks; chemi-
cal analysis of the bricks showed an average of 2.89 percent
antimony present. Du Pont 552 x-ray film was used as a detector;
the blackening of this film per roentgen is known' ~ to be the same
for all photon energies from the Coso primary energies down to
approximately 0.2 Mev, The experimental build-up factor, defined
as the ratio of the total film blackening to that expected from
narrow-beam absorption coe%cient calculations, was measured at
various distances from the source; the results of two such runs
are shown in Fig. 1.
To simplify the source term for the numerical integrations

required in Eq, (1), the photons were separated into two c1asses
in the following manner:
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In	
  such	
  a	
  way,	
  ΔHFS	
  is	
  determined	
  with	
  accuracy	
  of	
  	
  about	
  a	
  few	
  ppm.	
  
However,	
  ΔHFS	
  is	
  originally	
  derived	
  in	
  a	
  fundamental	
  way	
  for	
  free	
  Ps	
  

à	
  Can	
  we	
  directly	
  measure	
  ΔHFS	
  with	
  leading-­‐edge	
  technology	
  today?	
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•203GHz	
  radiaYon	
  induces	
  the	
  transiYon	
  from	
  o-Ps	
  to	
  p-Ps (M1)	
  	
  
•The	
  transiYng	
  p-Ps decays into 2	
  γ	
  rays	
  (511	
  keV)	
  in	
  125	
  ps	
  
àThe	
  2γ-­‐decay	
  raYo	
  becomes	
  the	
  Breit-­‐Wigner	
  curve	
  (mean	
  =	
  ΔHFS)	
  

	
   	
   	
   	
  	
  

o-Ps (τ =142 ns)	


p-Ps (τ =125 ps)	


•High	
  power	
  of	
  over	
  10	
  kW	
  is	
  required	
  because	
  of	
  short	
  lifeYme	
  of	
  Ps	
  
•Frequency	
  should	
  be	
  scanned	
  from	
  201	
  GHz	
  to	
  206	
  GHz	
  

à	
  Are	
  they	
  difficult	
  to	
  achieve	
  today??	
  

2γ
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Yes!	
  Millimeter	
  waves	
  are	
  sYll	
  very	
  difficult	
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☆High-­‐power	
  millimeter-­‐wave	
  spectroscopy	
  is	
  quite	
  unique	
  
	
  

Newly	
  developed	
  two	
  devices:	
  
	
  

	
  1.	
  A	
  millimeter-­‐wave	
  oscillator	
  of	
  over	
  100	
  W	
  (Gyrotron)	
  
	
  2.	
  A	
  resonant	
  cavity	
  accumulaYng	
  over	
  20	
  kW	
  (Fabry-­‐Pérot	
  cavity)	


= millimeter wave	




Experimental	
  setup	


Gyrotron	


Fabry-­‐Pérot	
  cavity	


gas	
  chamber	

Side View	


Top View	


neopentane	
  
1atm	


γ-ray detectors	
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MILLIMETER-­‐WAVE	
  DEVICES	
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SC 
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electron 
gun	


Gaussian 
converter	


RF  
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Gyrotron	
  oscillator	

electron	
  
beam	


millimeter	
  
waves	


A	
  gyrotron	
  is	
  a	
  high-­‐power	
  CW	
  
oscillator	
  of	
  millimeter	
  waves.	
  
	
  

The	
  electrons	
  thermally	
  emired	
  from	
  
the	
  gun	
  move	
  in	
  a	
  cyclotron	
  moYon	
  in	
  
a	
  magneYc	
  field	
  	
  

7 T	
 ωc =
eB
meγ

~ 200 GHz

In	
  the	
  RF	
  cavity	
  (an	
  open-­‐ended	
  cavity	
  
of	
  φ5mm),	
  electron	
  beam	
  couples	
  and	
  
excites	
  a	
  TE	
  modes	
  (〜ωc)	
  
	
  

à	
  cyclotron-­‐maser	
  resonance	
 10	




Developed	
  gyrotron	


11	


17
00

 m
m

	


collaboraYon	
  with	
  Fukui	
  University	


Output	
  radiaYon	
  is	
  
converted	
  from	
  a	
  
TE52	
  mode	
  to	
  
TEM00	
  using	
  
geometrical	
  opYcs	
  
	
  

E	


Output	
  power	
  is	
  limited	
  by	
  the	
  power	
  
supply	
  (CW,	
  18kV,	
  500	
  mA)	
  
	
  

àA	
  resonant	
  cavity	
  is	
  required.	
  

Tokyo	


Y.	
  Tatematsu,	
  et	
  al.,	
  	
  J.	
  Infrared	
  Milli.	
  
Terahz	
  Waves	
  33,	
  292	
  (2012)	


Power	
  =	
  100	
  –	
  600	
  W	
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Pin	


Pre	


standing-wave 
effective power = Peff	
 transmitted 

Fabry-­‐Pérot	
  cavity	


•A	
  Fabry-­‐Pérot	
  cavity	
  resonates	
  when	
  cavity	
  length	
  matches	
  λ/2	
  x	
  p	
  
	
  

•The	
  resonance	
  is	
  monitored	
  by	
  a	
  pyroelectric	
  detector	
  (PYRO)	
  through	
  
a	
  small	
  hole	
  (φ0.6	
  mm)	
  on	
  a	
  copper	
  concave	
  mirror.	
  	
  
	
  

•The	
  cavity	
  length	
  is	
  controlled	
  (<1µm)	
  with	
  a	
  piezoelectric	
  stage	
  
	
  

☆High-­‐reflectance	
  and	
  low-­‐loss	
  half	
  mirror	
  are	
  required	
  for	
  high-­‐Q	
  

à	
  I	
  designed	
  a	
  gold	
  mesh	
  mirror	
  as	
  an	
  efficient	
  half	
  mirror!	


concave	
  mirror	
half	
  mirror	


piezoelectric	
  stage	


156mm	


PYRO	




Gold	
  mesh	
  mirror	
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80	
  mm	


340	
  µm	


Frequency [GHz]
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•Thin	
  (1µm)	
  gold	
  film	
  is	
  evaporated	
  on	
  a	
  high-­‐
resisYve	
  silicon	
  base	
  (1.96mm)	
  with	
  water-­‐cooling	
  
	
  

•Using	
  CST	
  MW	
  Studio,	
  gain	
  (Peff/Pin)	
  is	
  opYmized	
  
to	
  have	
  small	
  frequency	
  dependence	
  (	
  <10%)	
  
(a=200µm,	
  g=140µm)	
  

frequency	
  [GHz]	


Ga
in

	


reflectance	
  〜99.1%	
  
transmirance	
  〜0.6%	
  
loss	
  〜	
  0.3%	
  

Designed	
  gain	
  400	
  à	
  100W	
  input	
  means	
  40kW	
  effecYve	
  power	
  
AM,	
  et	
  al.,	
  	
  J.	
  Infrared	
  Milli.	
  Terahz	
  Waves	
  35,	
  1,	
  91	
  (2014)	


Simulation 
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Γ  and	
  Coupling	
  à	
  Obtained	
  Peff	
  is	
  inaccurate	
  (ΔPeff>>50%)	
  

àA	
  beUer	
  calibraVon	
  method	
  (ΔPeff	
  ~	
  20%)	
  is	
  required.	
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1.	
  Millimeter	
  waves	
  
from	
  the	
  gyrotron	
  

2. Divide the beam by a chopper 
(no frequency dependence)	


Concave mirror	


4. Monitored voltage Vtr 
 

C = Pin / Vtr [kW/V] 
 

àPeff = 2CVtr [kW]	


Vtr	


3. Temperature increase of water 
(46 cc) in a Teflon box 
à Power of millimeter waves Pin	


reflecYon	


EsYmaYon	
  of	
  Peff	

Transmired	
  power	
  samples	
  stored	
  effec$ve	
  power	
  
	
  

àcalibraYon	
  coefficient	
  C (accuracy ~ 20%)	
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Experiments	
  were	
  done	
  at	
  eight	
  different	
  frequencies	


16	
(*)	
  different	
  resonant	
  mode	
  TE42	
  (**)	
  Radius	
  was	
  expanded	
  during	
  the	
  measurement	
  

cavity	
  radius	
 f	
 Peff	


(*)2.453	
  mm	
 180.59	
  GHz	
 41	
  kW	


2.481	
  mm	
 201.83	
  GHz	
 22	
  kW	


2.475	
  mm	
 202.64	
  GHz	
 23	
  kW	


2.467	
  mm	
 203.00	
  GHz	
 21	
  kW	

(**)2.467	
  mm	
 203.25	
  GHz	
 21	
  kW	


2.463	
  mm	
 203.51	
  GHz	
 41	
  kW	


2.453	
  mm	
 204.56	
  GHz	
 20	
  kW	


2.443	
  mm	
 205.31	
  GHz	
 24	
  kW	


The	
  frequency	
  is	
  scanned	
  by	
  changing	
  the	
  RF	
  cavity	
  in	
  the	
  gyrotron.	
  
	
  

	
  à	
  Frequency	
  tuning	
  is	
  new	
  in	
  the	
  high-­‐power	
  millimeter-­‐wave	
  range.	
  



SETUP	
  FOR	
  PS	
  PRODUCTION	
  AND	
  
DETECTION	
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Gold	
  mesh	
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Cu	
  mirror	

LaBr3(Ce)	
  crystal	
  scinYllator	
  
	
  -­‐High	
  energy	
  resoluYon	
  (FWHM	
  4%@511keV)	
  
	
  -­‐Small	
  pileup	
  (decay	
  constant	
  =	
  16ns)	
  
	
  -­‐High	
  stopping	
  power	
  

22Na	
  e+	
  source	
  (1MBq)	


plasYc	
  scinYllator	
  (t0.1mm)	
  

203GHz	
  
radiaYon	


PMT	


e+	


e+	
 e-­‐	


γ 511keV	


γ 511keV	


Ps	
  producYon	
  assembly	
  &	
  γ-­‐ray	
  detector	


Ps	
  is	
  formed	
  with	
  e+	
  from	
  
the	
  source	
  and	
  e—	
  in	
  a	
  
neopentane	
  gas	
  molecule	
18	
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•	
  Large	
  background	
  is	
  found	
  in	
  N2	
  gas	
  
•	
  Ps	
  producYon	
  raYo	
  increases	
  with	
  stored	
  power	
  
	
  

Reason	
  
	
  Strong	
  E-­‐field	
  in	
  the	
  cavity	
  accelerates	
  positrons	
  
à	
  Probability	
  of	
  Ps	
  producYon	
  increases	
  à	
  Big	
  offset	
  for	
  the	
  signal	
  

CH3�
CH3� CH3�

C�

CH3�

InelasYc	
  scarering	
  with	
  
neopentane	
  drasYcally	
  
decelerates	
  positrons.	
  

201.8	
  GHz	




Photograph	
  
of	
  the	
  gas	
  chamber	


source & light-guide	


Fabry-Pérot cavity&LaBr3 (Ce)	


The silicon base for the mesh 
  - water-cooling 
  - window of the chamber 
  - light shielding 
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DATA	
  ANALYSIS	
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  window	
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signal: o-Ps (long	
  lifeYme	
  of	
  142ns)àp-Psà2γ	
  (back-­‐to-­‐back	
  511keV)	




Energy	
  cut	
  &	
  background	
  esYmaYon	
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Significant	
  signal	
  
	
  

(ON	
  –	
  OFF)	
  	
  
=	
  93.3	
  ±	
  14.4	
  mHz	
  

Back-­‐to-­‐back	
  and	
  energy	
  selecYon	
  of	
  511	
  keV	
  +3σ/-­‐2σ	
  
	
  	
  àenhance	
  “à	
  2γ”	
  events	
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Figure 3: (color on-line) Time spectra of the LaBr3(Ce) scintillator at
203.51 GHz and 67.4 kW, after the rejection of accidental events and the energy
selection. The solid lines show the results of fits to exponential functions. The
chosen time window is shown by the two dashed lines.

theoretical distribution of the electromagnetic field within the
cavity. We then obtain the relation between S/N and σ, and nu-
merically solve the equation S/N(σ) = (RON−ROFF)/ROFF. The
advantage of using S/N is that the least well constrained param-
eters used in the simulation (absolute source intensity, detector
misalignment, and stopping position of positrons) are canceled
out. We also measure S/N when the Fabry-Pérot cavity does
not accumulate millimeter waves, in which case S/N is consis-
tent with zero.

4. Result

Figure 4 shows the obtained result of cross-sections versus
frequency. Data at far off-resonance (180.56 GHz) demonstrate
the absence of fake signals. A clear resonance is obtained. The
data are fitted by a Breit-Wigner function of the angular fre-
quency ω

g(ω) = 3A
πc2

!2ω2
0
· 1
π

Γ/2
(ω − ω0)2 + (Γ/2)2 , (1)

where ω0 is 2π∆Ps
HFS, A is the Einstein A coefficient of this tran-

sition, and Γ is the natural width of the transition. Using the
decay width of o-Ps (Γo–Ps) and Γp–Ps, Γ is expressed by

Γ = A + Γp–Ps + Γo–Ps. (2)

Since A and Γo–Ps are much smaller than Γp–Ps, Γ is approxi-
mated by Γp–Ps. We therefore treat ∆Ps

HFS, Γp–Ps and A as the
three parameters to be determined in the fit.

Systematic errors are summarized in Table 2. The second
largest systematic is about the power calibration factor C. The
systematic error on C is from the measurement of the water
temperature (10%) and correction of the spatial distribution
(10%). This was combined with the variations of C observed
under different reflection conditions. The standard deviation of
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Figure 4: Measured reaction cross-section of the direct transition. The solid
line is the best fit (using only statistical errors) to a Breit-Wigner function.

this fluctuation is between 9% and 20% for the different gy-
rotron cavities. At each frequency, we propagate uncertainty of
C to the three fitting parameters.

The Stark effect due to the electric field of gas molecules in-
duces a shift in ∆Ps

HFS. This effect is estimated from the measure-
ments in N2 gas used in Ref. [16], assuming that it depends lin-
early on the number of density and the scattering cross-section
obtained in Doppler-broadening measurements [17]. The shift
is corrected (+460 ppm) and the amount of this correction is
conservatively assigned as a systematic error. A linear extrap-
olation is sufficient at the current experimental precision, how-
ever, as has recently been pointed out [18][19], the effect of
non-thermalized Ps distorts the linearity by around 10–20 ppm,
and may be problematic for more precise measurements.

We also estimate an uncertainty due to detection efficiencies
obtained using GEANT4 simulation. Since S/N is used to ob-
tain the cross-sections, only the relative efficiency between 2γ-
and 3γ-decays takes part in the uncertainty. Energy spectra of
beam-OFF events are fitted with the simulated spectra of 2γ-
and 3γ-decays, in which their ratio is taken as a free parameter.
This ratio is nothing but the pick-off annihilation probability of
beam-OFF events, given by fitting the time spectra. The life-
time of o-Ps decreases from 142 ns to approximately 131 ns
due to this effect (the pick-off annihilation probability is about
8%). Relative differences of the two pick-off annihilation prob-
abilities determined using these different methods are between
1% and 17% at the different frequencies, and are assigned as a
systematic uncertainty to S/N. These errors are propagated to
obtained cross-sections and then to the three fitting parameters.

The systematic errors discussed above are independent, and
are therefore summed quadratically to calculate the total sys-
tematic error. The obtained fitting parameters are listed in
Table 3. This is the first direct measurement of both ∆Ps

HFS
and Γp–Ps. These all are consistent with the theoretical predic-
tions [20][21][22]. The result is also the first step to the pre-
cise spectroscopy of energy levels in Ps by scanning millimeter-
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Table 2: Summary of the systematic errors.
Source ∆Ps

HFS Γp–Ps A
Power estimation 430 ppm 10.0 % 7.2 %
Stark effect 460 ppm − −
Monte Carlo simulation 280 ppm 5.5 % 3.0 %
Total 540 ppm 11.4 % 7.8 %

Table 3: Summary of results. The first error is statistical and the second is
systematic.

Parameter This experiment Theory
∆Ps

HFS [GHz] 203.39+0.15
−0.14 ± 0.11 203.391 91(22)

Γp–Ps [ns−1] 11.2+1.9
−2.3 ± 1.3 7.9894 76(13)

A [×10−8 s−1] 3.69 ± 0.48 ± 0.29 3.37

wave frequency.

5. Discussion

In this paper, we firstly demonstrate that ∆Ps
HFS can be directly

determined with the millimeter-wave spectroscopy. A conven-
tional method is using the Zeeman shifted levels caused by a
static magnetic field. In a static magnetic field (∼1 T), one of
the o-Ps states are mixed with p-Ps and the energy level of the
mixed o-Ps state rises by about 3 GHz compared to the original
state. This Zeeman splitting can be precisely measured by an
RF, being scanned by strength of the magnetic field. The value
of ∆Ps

HFS is calculated via the Breit-Rabi formula [23].
In the 1970s and 1980s, the measurements with the Zeeman

effect reached accuracies of ppm level [16]. It should be noted
that the obtained ∆Ps

HFS significantly differs by 13 ppm from the-
oretical predictions calculated in the 2000s [20]. It may be
due to underestimated systematic errors in the previous mea-
surement. For example, non-uniformity of the static magnetic
field is a candidate of the systematic uncertainty. Some in-
dependent experiments (using quantum interference [24], op-
tical lasers [25], and a new method using a precise magnetic
field [19]) have been performed. All of them are measurements
using the Zeeman intervals. It is of great importance to re-
measure ∆Ps

HFS using a method totally different from the previous
experiments. Determination of ∆Ps

HFS by directly measuring the
transition from free o-Ps to p-Ps is a complementary approach
to the measurements using the Zeeman effect.

We now discuss a way to achieve accuracy of 10 ppm level
for ∆Ps

HFS. Although the current accuracy of directly obtained
∆Ps

HFS is far from the observed discrepancy (13 ppm), such a pre-
cise direct measurement is feasible by producing Ps in vacuum
with a positron beam. A stable megawatt (MW) class gyrotron
is used to determine the power of millimeter waves precisely.

The current statistical accuracy is limited by the use of the
22Na source in atmospheric pressure. Since positrons emit-
ted with continuous kinetic energy are randomly scattered by
gas molecules and widely spread in the gas chamber, only a
few kHz o-Ps is currently formed inside the Fabry-Pérot cav-
ity (beam size is approximately 20 mm in diameter). Using a
high-intensity positron beam (intensity of 7×107e+/s [26]) and

a Ps converter (conversion efficiency is around 20–50% [27])
in vacuum, the rate of produced o-Ps will be approximately
1×104 kHz. The size of the power region can be widened by
factor of five (diameter is 100 mm) to collect 67% of o-Ps emit-
ted from the surface of the Ps converter with kinetic energy of
about 1 eV. A power of the millimeter waves will be increased
by factor of 25 to compensate the decreased energy density as
discussed later. If we measure for one month at one frequency
point, total amount of available o-Ps will increase by at least
four orders of magnitude. This improvements will lead to the
statistical error of 5 ppm within one year.

Since the transition from o-Ps to p-Ps will be measured in
vacuum, the Stark effect (460 ppm at 1 atm neopentane) and the
problematic non-thermalization effect of Ps (about 10–20 ppm)
will be totally eliminated. All possible systematic uncertainties
related to the use of gas (pick-off effect, gas density, spatial dis-
tribution of density and temperature) in previous measurements
will be zero. Furthermore, the direct measurement in vacuum
has an advantage over an measurement with the Zeeman effect
in vacuum. The latter measurement will be suffered from the
motional correction in the Breit-Rabi formula by a few ppm be-
cause Ps in vacuum has much more kinetic energy (about 1 eV)
than that in gas (meV if Ps is well thermalized). Consequently,
the direct measurement in vacuum is the most promising way to
cross-check the systematic uncertainty of measurements in gas.

The most difficult systematic error to be solved is the un-
certainty (20 %) of the power estimation. The current ac-
curacy is limited by the use of the Fabry-Pérot cavity whose
gain is difficult to obtain precisely. Instead of storing radia-
tion in the Fabry-Pérot cavity, using a megawatt (MW) class
gyrotron [28][29] will enable us to precisely monitor the real
power with a calorimetric water-load. A load capable of over
1 MW (continuous wave) has been already developed [30]. If
the real power of 1 MW is absorbed at a dielectric loss coat-
ing on the load, temperature of a water flow (480 liters per
minute) increases by 30 K. Since the tolerance of a calibrated
resistance thermometer (Pt100) is ±0.03 K [31], the systematic
uncertainty due to the temperature measurement can be 0.14%
at each frequency. This uncertainty will contribute to the hyper-
fine interval by 3 ppm. A MW class gyrotron is also required
to widen the beam size as already mentioned above. Since mil-
limeter waves will propagate through a over-sized corrugated
waveguide in a HE11 mode, the beam size is easily controlled
by concave mirrors. This is another advantage of millimeter
waves over RF used in the measurements with the Zeeman
effect whose cavity size is almost uniquely determined by its
wavelength.

In this first measurement, a systematic error comes from the
Monte Carlo simulation to obtain detection efficiencies. The
simulation is used because the effective power in the Fabry-
Pérot cavity cannot be precisely controlled (Table 1). The gain
of the Fabry-Pérot cavity inevitably has frequency dependence
(over 10%) determined by the structure and the material of the
two mirrors. Without the simulation, the amount of the tran-
sition signal cannot be interpreted to the reaction cross-section
to obtain the Breit-Wigner curve. However, the real power of
the MW class gyrotron can be easily adjusted with precision of
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Table 2: Summary of the systematic errors.
Source ∆Ps

HFS Γp–Ps A
Power estimation 430 ppm 10.0 % 7.2 %
Stark effect 460 ppm − −
Monte Carlo simulation 280 ppm 5.5 % 3.0 %
Total 540 ppm 11.4 % 7.8 %

Table 3: Summary of results. The first error is statistical and the second is
systematic.

Parameter This experiment Theory
∆Ps

HFS [GHz] 203.39+0.15
−0.14 ± 0.11 203.391 91(22)

Γp–Ps [ns−1] 11.2+1.9
−2.3 ± 1.3 7.9894 76(13)

A [×10−8 s−1] 3.69 ± 0.48 ± 0.29 3.37

wave frequency.

5. Discussion

In this paper, we firstly demonstrate that ∆Ps
HFS can be directly

determined with the millimeter-wave spectroscopy. A conven-
tional method is using the Zeeman shifted levels caused by a
static magnetic field. In a static magnetic field (∼1 T), one of
the o-Ps states are mixed with p-Ps and the energy level of the
mixed o-Ps state rises by about 3 GHz compared to the original
state. This Zeeman splitting can be precisely measured by an
RF, being scanned by strength of the magnetic field. The value
of ∆Ps

HFS is calculated via the Breit-Rabi formula [23].
In the 1970s and 1980s, the measurements with the Zeeman

effect reached accuracies of ppm level [16]. It should be noted
that the obtained ∆Ps

HFS significantly differs by 13 ppm from the-
oretical predictions calculated in the 2000s [20]. It may be
due to underestimated systematic errors in the previous mea-
surement. For example, non-uniformity of the static magnetic
field is a candidate of the systematic uncertainty. Some in-
dependent experiments (using quantum interference [24], op-
tical lasers [25], and a new method using a precise magnetic
field [19]) have been performed. All of them are measurements
using the Zeeman intervals. It is of great importance to re-
measure ∆Ps

HFS using a method totally different from the previous
experiments. Determination of ∆Ps

HFS by directly measuring the
transition from free o-Ps to p-Ps is a complementary approach
to the measurements using the Zeeman effect.

We now discuss a way to achieve accuracy of 10 ppm level
for ∆Ps

HFS. Although the current accuracy of directly obtained
∆Ps

HFS is far from the observed discrepancy (13 ppm), such a pre-
cise direct measurement is feasible by producing Ps in vacuum
with a positron beam. A stable megawatt (MW) class gyrotron
is used to determine the power of millimeter waves precisely.

The current statistical accuracy is limited by the use of the
22Na source in atmospheric pressure. Since positrons emit-
ted with continuous kinetic energy are randomly scattered by
gas molecules and widely spread in the gas chamber, only a
few kHz o-Ps is currently formed inside the Fabry-Pérot cav-
ity (beam size is approximately 20 mm in diameter). Using a
high-intensity positron beam (intensity of 7×107e+/s [26]) and

a Ps converter (conversion efficiency is around 20–50% [27])
in vacuum, the rate of produced o-Ps will be approximately
1×104 kHz. The size of the power region can be widened by
factor of five (diameter is 100 mm) to collect 67% of o-Ps emit-
ted from the surface of the Ps converter with kinetic energy of
about 1 eV. A power of the millimeter waves will be increased
by factor of 25 to compensate the decreased energy density as
discussed later. If we measure for one month at one frequency
point, total amount of available o-Ps will increase by at least
four orders of magnitude. This improvements will lead to the
statistical error of 5 ppm within one year.

Since the transition from o-Ps to p-Ps will be measured in
vacuum, the Stark effect (460 ppm at 1 atm neopentane) and the
problematic non-thermalization effect of Ps (about 10–20 ppm)
will be totally eliminated. All possible systematic uncertainties
related to the use of gas (pick-off effect, gas density, spatial dis-
tribution of density and temperature) in previous measurements
will be zero. Furthermore, the direct measurement in vacuum
has an advantage over an measurement with the Zeeman effect
in vacuum. The latter measurement will be suffered from the
motional correction in the Breit-Rabi formula by a few ppm be-
cause Ps in vacuum has much more kinetic energy (about 1 eV)
than that in gas (meV if Ps is well thermalized). Consequently,
the direct measurement in vacuum is the most promising way to
cross-check the systematic uncertainty of measurements in gas.

The most difficult systematic error to be solved is the un-
certainty (20 %) of the power estimation. The current ac-
curacy is limited by the use of the Fabry-Pérot cavity whose
gain is difficult to obtain precisely. Instead of storing radia-
tion in the Fabry-Pérot cavity, using a megawatt (MW) class
gyrotron [28][29] will enable us to precisely monitor the real
power with a calorimetric water-load. A load capable of over
1 MW (continuous wave) has been already developed [30]. If
the real power of 1 MW is absorbed at a dielectric loss coat-
ing on the load, temperature of a water flow (480 liters per
minute) increases by 30 K. Since the tolerance of a calibrated
resistance thermometer (Pt100) is ±0.03 K [31], the systematic
uncertainty due to the temperature measurement can be 0.14%
at each frequency. This uncertainty will contribute to the hyper-
fine interval by 3 ppm. A MW class gyrotron is also required
to widen the beam size as already mentioned above. Since mil-
limeter waves will propagate through a over-sized corrugated
waveguide in a HE11 mode, the beam size is easily controlled
by concave mirrors. This is another advantage of millimeter
waves over RF used in the measurements with the Zeeman
effect whose cavity size is almost uniquely determined by its
wavelength.

In this first measurement, a systematic error comes from the
Monte Carlo simulation to obtain detection efficiencies. The
simulation is used because the effective power in the Fabry-
Pérot cavity cannot be precisely controlled (Table 1). The gain
of the Fabry-Pérot cavity inevitably has frequency dependence
(over 10%) determined by the structure and the material of the
two mirrors. Without the simulation, the amount of the tran-
sition signal cannot be interpreted to the reaction cross-section
to obtain the Breit-Wigner curve. However, the real power of
the MW class gyrotron can be easily adjusted with precision of
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Fig. 5. Summary of !HFS measurements from past experiments and this work. The 
circles with error bars are the experimental data (a–[4], b–[5]), the hatched band is 
the average of the previous experiments (a and b), and the dotted band is the QED 
calculation [6–8].

quadratic Zeeman effect, and smaller correction to g factor are 
negligible.

The systematic errors discussed above are regarded as inde-
pendent, and the total systematic error is calculated to be their 
quadrature sum. When the non-thermalized Ps effect is included, 
our final result with the systematic errors is

!HFS = 203.394 2 ± 0.001 6(stat.) ± 0.001 3(sys.) GHz. (16)

A summary plot of !HFS measurements is shown in Fig. 5. Our re-
sult favors the QED calculation within 1.2 s.d., although it disfavors 
the previous experimental average by 2.6 s.d.

6. Conclusion

A new precision measurement of Ps-HFS free from possible 
common uncertainties from Ps thermalization effect was per-
formed to check the Ps-HFS discrepancy. The effect of non-
thermalized o-Ps was evaluated to be as large as 10 ± 2 ppm in a 
timing window we used. This effect might be larger than 10 ppm if 
no timing window is applied, since it depends on timing window. 
Including this effect, our new experimental value results in !HFS =
203.394 2 ± 0.001 6(stat., 8.0 ppm) ± 0.001 3(sys., 6.4 ppm) GHz. It 
favors the O (α3 lnα−1) QED calculation within 1.2 s.d., although it 
disfavors the previous measurements by 2.6 s.d.
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Appendix A. Time evolution of parameters at various gas density

Time evolution of some parameters: ρ00(t), v(t)/c, Γpick(t), and 
!HFS(t), at several gas density using our final fitting results are 
shown in Figs. A.6–A.9. The graphs are drawn at the static mag-
netic field strengths of the nearest data points to the centers of the 
resonances at 0.129, 0.881, and 1.358 amagat gas density. Fig. A.6

Fig. A.6. Time evolution of ρ00.

Fig. A.7. Time evolution of Ps velocity normalized by c.

Fig. A.8. Time evolution of pick-off annihilation rate.

shows the time evolution of one component ρ00(t) of 4 × 4 den-
sity matrix ρ of Ps spin states. The 2γ annihilation rate is mainly 
proportional to this function. The graphs are drawn with RF-ON 
condition, and the shape depends on the microwave power. At 
low gas density, the measurements were performed with low mi-
crowave power to avoid discharge. Fig. A.7 shows the time evo-
lution of the normalized Ps velocity v(t)/c. It shows that the 
thermalization takes much time at low gas density. Kinks where 
σm changes because Ps energy across the 0.17 eV threshold are 
shown. Fig. A.8 shows the time evolution of the pick-off annihi-
lation rate Γpick(t). It shows the nv(t)0.6 dependence and the Ps 
thermalization is clearly seen. The ‘pick-off technique’ originally 
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  beam	
  for	
  berer	
  staYsYcs	
  (x104)	
  
– Well	
  collimated	
  beam	
  can	
  improve	
  fracYon	
  of	
  positrons	
  exisYng	
  
in	
  the	
  Fabry-­‐Pérot	
  cavity	
  [108	
  Hz	
  >>	
  103	
  Hz	
  from	
  22Na	
  source	
  
(1MBq)	
  ]	
  

–  Positron	
  beam	
  and	
  Ps	
  converter	
  are	
  available	
  in	
  KEK	
  
•  Ps	
  is	
  formed	
  in	
  vacuum	
  to	
  eliminate	
  gas	
  effects	
  
–  Efficient	
  Ps	
  converter	
  (a	
  material	
  in	
  which	
  e+	
  is	
  converted	
  to	
  Ps	
  
extracted	
  into	
  vacuum;	
  such	
  as	
  heated	
  alumina	
  efficiency=50%)	
  

–  No	
  stark	
  effect	
  and	
  non-­‐thermalizaYon	
  effect	
  of	
  Ps	
  
•  MW-­‐class	
  gyrotron	
  
–  No	
  Fabry-­‐Pérot	
  cavity	
  à	
  Much	
  berer	
  power	
  esYmaYon	
  (0.3%)	
  
by	
  temperature	
  increase	
  of	
  water-­‐flow	
  for	
  cooling	
  power	
  dump	
  

– Well	
  controlled	
  power	
  (<1%)	
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EsYmated	
  future	
  uncertainYes	
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Table 4: Expectation of the improved uncertainties.
Source ∆Ps

HFS
Statistics 5 ppm
Power estimation 3 ppm
Power control 4 ppm
Frequency stability < 1 ppm
Power stability 4 ppm
Doppler shift 1 ppm
Total 8 ppm

better than 5% for all frequency points by controlling an attenu-
ation factor. The signal rate is approximately proportional to the
power within 5% variation and can be normalized by the power.
The normalized signal rate, albeit not a true Breit-Wigner func-
tion, can be used to determine the mean value without the sim-
ulation. The expected systematic uncertainty of this normaliza-
tion is 4 ppm.

The other possible systematic uncertainties which may ap-
pear in the ppm level measurement are discussed below:

1. Frequency uncertainty contributes only 50 ppb because
frequency of the gyrotron can be very monochromatic
(better than 10 kHz [32]). We can also trace the frequency
drift by precision of 1 kHz with the heterodyne detector.

2. A temporal fluctuation of the power (1.5% [33]) from the
stabilized gyrotron contributes by 4 ppm.

3. The incident angle of the positron beam will be rotated to
correct the Doppler shift (a few ppm). The precision of the
corrected value can be 1 ppm.

Estimations of future systematic errors are summarized in
Table 4. There are no uncertainties due to material effects or
static magnetic fields. Instead, the systematic errors related to
the millimeter-wave power are dominant in the direct measure-
ment. The estimated uncertainty is better than 8 ppm, which
is enough to investigate the disagreement of 13 ppm between
measured ∆Ps

HFS and theoretical calculations.

6. Conclusion

We firstly measured the Breit-Wigner resonance of the tran-
sition from o-Ps to p-Ps with the frequency-tunable millimeter-
wave system. Both ∆Ps

HFS and Γp–Ps of free Ps were directly and
firstly determined through this resonance. We described feasi-
bility to improve the accuracy for examination of the displace-
ment of ∆Ps

HFS between the previous experiments and the theoret-
ical calculations. Direct determination of ∆Ps

HFS is totally com-
plementary to the measurement with the Zeeman effect. Both of
them would be required to conclusively solve the long-standing
problem on the ground-state hyperfine structure of Ps.

Acknowledgements

We would like to express our sincere gratitude to Dr. Daniel
Jeans for useful discussions. This experiment is a joint research

between Research Center for Development of Far-Infrared Re-
gion in University of Fukui and the University of Tokyo.
This research is supported by JSPS KAKENHI Grant Num-
ber 20340049, 22340051, 20840010, 21360167, 23740173,
24840011, 25800129, and 11J07131.

[1] A. Rich, Rev. Mod. Phys. 53, 127 (1981); S. G. Karshenboim, Phys.
Rep. 422, 1 (2005). T. Namba, Prog. Theor. Exp. Phys. 04D003 (2012).

[2] S. Asai, S. Orito, and N. Shinohara, Phys. Lett. B 357, 475 (1995); O.
Jinnouchi, S. Asai, and T. Kobayashi, ibid. 572, 117 (2003); Y. Kataoka,
S. Asai, and T. Kobayashi, ibid. 671, 219 (2009); R. S. Vallery, P. W.
Zitzewitz, and D. W. Gidley, Phys. Rev. Lett. 90, 203402 (2003).

[3] A. H. Al-Ramadhan and D. W. Gidley, Phys. Rev. Lett. 72, 1632 (1994).
[4] R. Ikeda, et al., Plasma and Fusion Research 9, 1206058 (2014); M.

Toda, et al., J. Magn. Reson. 225, 1 (2012); K. J. Pike, et al., J. Magn.
Reson. 215, 1 (2012).

[5] T. Yamazaki, et al., Phys. Rev. Lett. 108, 253401 (2012).
[6] Y. Tatematsu, et al., J. Infrared Milli. Terahz Waves 33, 292 (2012).
[7] CST Microwave Studio 2011, CST Computer Simulation Technology

AG, http://www.cst.com
[8] A. Miyazaki, et al., J. Infrared Milli. Terahz Waves 35, 1, 91 (2014).
[9] M. Deutsch and S. C. Brown, Phys. Rev. 85, 1047 (1952).

[10] S. Marder, et al., Phys. Rev. 103, 1258 (1956); W.B. Teutch and V.W.
Hughes, Phys. Rev. 103, 1266 (1956).

[11] K. Iwata, R.G. Greaves, T.J. Murphy, M.D. Tinkle, and C.M. Surko,
Phys. Rev. A 51, 473 (1995); K. Iwata, R.G. Greaves, and C.M. Surko,
Phys. Rev. A 55, 3586 (1997).

[12] A. Miyazaki, Ph.D. thesis, the University of Tokyo, 2014, p. 51.
[13] D.R. Lide, Jr. and D.E. Mann, J. Chem. Phys. 29, 4, 914 (1958); D.R.

Lide, J. Chem. Phys. 33, 5, 914 (1960).
[14] K. Wada, et al., Eur. Phys. J. D 66, 108 (2012).
[15] A. Agostinelli et al., Nucl. Instrum. Method Phys. Res., Sect. A 506,

250 (2003).
[16] A. P. Mills, Phys. Rev. A 27, 262 (1983); M. W. Ritter, et al., Phys. Rev.

A 30, 1331 (1984).
[17] M. Skalsey, et al., Phys. Rev. A, 67, 022504 (2003).
[18] S. Asai, et al., AIP Conf. Proc. 1037, 43 (2008).
[19] A. Ishida, et al., Phys. Lett. B, 734, 338 (2014).
[20] B. A. Kniehl, and A. A. Penin, Phys. Rev. Lett. 85, 5094 (2000); K.

Melnikov and A. Yelkhovsky, Phys. Rev. Lett. 86, 1498 (2001); R. J.
Hill, Phys. Rev. Lett. 86, 3280 (2001); M. Baker, et al., Phys. Rev. Lett.
112, 120407 (2014); G. S. Adkins and R. N. Fell, Phys. Rev. A 89,
052518 (2014).

[21] B. A. Kniehl, and A. A. Penin, Phys. Rev. Lett. 85, 1210 (2000); K.
Melnikov and A. Yelkhovsky, Phys. Rev. D. 62, 116003 (2000).

[22] P. Wallyn, et al., Astrophys. J. 465, 473 (1996).
[23] M. L. Lewis and V. W. Hughes, Phys. Rev. A 8, 625 (1973); J. M. An-

thony and K. J. Sebastian, Phys. Rev. A 49, 1 (1994).
[24] V. G. Baryshevsky, O. N. Metelitsa, and V. V. Tikhomirov, J. Phys. B:

At. Mol. Opt. Phys. 22, 2835 (1989); V. G. Baryshevsky, et al., Phys.
Lett. A 136, 428 (1989); S. Fan, C. D. Beling, and S. Fung, Phys. Lett.
A 216, 129 (1996); Y. Sasaki, et al., Phys. Lett. B 697, 121 (2011).

[25] D. B. Cassidy, et al., Phys. Rev. Lett. 109, 073401 (2012).
[26] K. Wada, et al., Eur. Phys. J B 66, 37 (2012);
[27] P. J. Schultz and K. G. Lynn, Rev. Mod. Phys. 60, 701, (1988); P. Sfer-

lazzo, et al., Rev. Phys. Lett. 60, 6, (1988). A. P. Mills Jr., (1981). Ex-
perimentation with Low-Energy Positron Beams, Positron Solid State
Physics: Proceedings of the International School of Physics ”Enrico
Fermi”, Course LXXXIII, Varenna, 14-24 July (pp. 432-509), Elsevier
Sci. Ltd.

[28] G. Dammertz, et al., IEEE Trans. Plas. Sci. 27, 2 (1999).
[29] K. Sakamoto, et al., Nucl. Fusion 49, 095019 (2009).
[30] R. Lawrence, et al., IEEE Trans. Plasma Sci. 27, 2 (1999).
[31] JCSS calibration, Japan Electric Meters Inspection Corporation,

http://www.jemic.go.jp/e/cs/03.html
[32] T. Idehara, et al., Rev. Sci. Instrum. 74, 2860 (2003).
[33] I. Ogawa, et al., Fusion Engineering and Design 53, 571 (2001).

6

•Uncertainty	
  from	
  the	
  magneYc	
  field	
  can	
  be	
  the	
  largest	
  systemaYc	
  
uncertainty	
  for	
  the	
  Zeeman-­‐type	
  measurement	
  in	
  vacuum	
  
•Instead	
  of	
  the	
  magneYc	
  field,	
  systemaYc	
  uncertainYes	
  from	
  
millimeter	
  waves	
  can	
  be	
  dominant	
  in	
  the	
  direct	
  measurement.	
  

	
  àThey	
  are	
  complementary	
  with	
  each	
  other.	




Conclusion	

•  Though	
  Ps	
  is	
  a	
  good	
  system	
  to	
  study	
  QED,	
  its	
  hyperfine	
  
structure	
  has	
  never	
  been	
  directly	
  measured	
  because	
  of	
  
difficulYes	
  regarding	
  the	
  use	
  of	
  millimeter	
  waves.	
  

•  We	
  developed	
  new	
  millimeter-­‐wave	
  devices:	
  gyrotron	
  
and	
  Fabry-­‐Pérot	
  cavity;	
  ΔHFS	
  was	
  firstly	
  measured	
  with	
  the	
  
direct	
  transiYon	
  method.	
  

•  value:	
  
	
  

•  p-Ps	
  decay	
  width	
  was	
  also	
  measured	
  
•  value:	
  
•  arXiv:1403.0312	
  
•  PhD	
  thesis:	
  hrp://www.icepp.s.u-­‐tokyo.ac.jp/papers/ps/
thesis/doctor/miyazaki_thesis.pdf	
  
	
  (It	
  will	
  be	
  published	
  by	
  Springer	
  Thesis	
  in	
  one	
  year)	
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ΔHFS
Ps = 203.39−0.14

+0.15 (stat.) ± 0.11 (syst.) GHz

Γp-Ps =11.2−2.3
+1.9 (stat.) ± 1.3 (syst.) ns−1


