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Discovery of Antiproton
  1955; E. Segré & O. Chamberlain 
  Lawrence-Berkeley Lab., Bevatron

Anti-proton detector, used by 
Lofgren's group, analyzed the 
beam from Segre's magnets. The 
small Cerenkov counters 
distinguished the anti-proton from 
a meson, the large one registered 
the annihilation of an anti-proton 
with a proton.

First annihilation star "Faustina" of an anti- proton found in film exposed by the 
Segre group, 1955. Segre's group pressed forward with the scanning of emulsion 
stacks in collaboration with a group under Edoardo Amaldi in Rome. The Rome 
team found the first annihilation star, whose visible energy (the combined energy of 
all ionizing fragments) amounted to above 826 MeV, an amount deemed 
appropriate for an explosion initiated by an antiproton. (The preceding information 
was excerpted from the text of the Fall 1981 issue of LBL Newsmagazine.)

Anti-proton detector used successfully 
in 1955 by Segre's group. M indicates 
bending magnets, Q indicates 
focusing quadrupole magnets, S 
indicates scintillation counters and C 
indicates Cerenkov counters to 
eliminate false counts 

反陽子の発見



p
_e-

++
He

antiproton electron

反陽子ヘリウム原子の精密分光



Delayed Annihilation Time Spectrum of Antiprotons

反陽子(3%)がヘリウム媒質中でのみ
長寿命(3μs)を示す

はじめはハイパー核の研究中に K‒ 中間子の
長寿命として観測。次いで π‒ でも確認。
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We fitted the spectrum by a function, in order to subtract the continuum part

from the whole spectrum. The shape of the continuum part resembles an exponential

function, however, it has more complex shape due to its structure (signals of π−µ−e

and several metastable cascade chains of pHe+are overlapped). So we took a small

fitting region (a few 100 ns) and used a sum of two exponential functions,

f(t) = N1 exp(−λ1t) + N2 exp(−λ2t), (4.1)

which fits the curvature of the spectrum better. A fixed time range (∼ 50 ns)

around the peak position was excluded from the fitting. An ADATS fitted by the

“double-exponential” function is shown in Fig. 4.2.

0 5000 10000 15000 20000 25000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

4960 4980 5000 5020 5040

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Plot around the peak

ADATS fitted by double-exponential function

Time / ns

Time / ns

A
n
a
lo

g
 V

o
lt
a
g
e
 /
 V

A
n
a
lo

g
 V

o
lt
a
g
e
 /
 V

Figure 4.2: ADATS fitted by a double-exponential function. two vertical lines in

the magnified spectrum (bottom) indicate the peak range, which is excluded from

the fitting.

Since the intensity of the antiproton pulses fluctuates shot by shot, the peak area

had to be normalized by the intensity of the pulse. We defined “total area” as the

integral of ADATS from a fixed timing (usually ∼ 1µs after the antiproton arrival)

to the end of the spectrum (Fig. 4.3) . The value “peak-to-total” can be defined as

the peak area divided by the total area. Using this normalized value, the amount

of laser-induced annihilations of the pHe+atom can be compared for a number of

antiproton pulses consistency.

As we used the analog method, spectra were recorded as digitized voltage of

analog signal and do not directly tell us the number of events. So we estimated
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ergies! and that his relativistic values with the Lamb shift are
precise within a computational uncertainty of 0.5 ppm "33#.
Also, his estimation shows that the contributions of higher-

order relativistic and QED terms to the energies are at least

one order of magnitude smaller than the Lamb shift "24#,
which justifies his values to the ppm accuracy. These theo-

reticians are currently working for even more accurate values

and further results are anticipated.

V. PRECISE DETERMINATION

OF ANTIPROTON CHARGE AND MASS

The excellent agreement between experiment and theory

has opened a possibility of deducing fundamental constants

of the antiproton by means of high-resolution spectroscopy

of the p̄He! atom. If we assume the CPT invariance be-

tween the properties of the proton and the antiproton, as the

theoretical calculations do, the agreement is a signature of

the excellence of theoretical treatments and calculation tech-

niques of the Coulombic three-body system including QED

corrections. On the other hand, if we take the calculation

results for granted, this in turn gives a stringent test of the

fundamental constants of the antiproton. In that sense, the

current work provides the best test ground of the Rydberg

constant "R$( p̄)#, charge ("Qp̄), and mass (Mp̄) of the

antiproton. From the agreement between the experimental

and the theoretical results with their errors taken into consid-

eration, we postulate the relation for the transition energies

(%E) of the p̄He! atoms

!%E th"%Eexpt!
%E

#
!& th"&0!

&0
$2%10"6

to deduce constraints on the fundamental constants.

The charge-to-mass ratio Qp̄ /Mp̄ of the antiproton is

known with a high precision of 10"9 to be the same as that

of the proton from a measurement of the cyclotron frequency

in a trap experiment at Low Energy Antiproton Ring

'LEAR!, CERN by Gabrielse et al. "34#. This provides an
extremely severe constraint as

"(Qp̄

e
"

(Mp̄

Mp

"$1%10"9,

but does not mean that the charge and the mass were deter-

mined with that high precision. A poor constraint is known

for Qp̄ 'and Mp̄) only to such a precision that

!Qp"Qp̄!/e$2%10"5 "35#, from an x-ray measurement of

antiprotonic atoms "36# that has determined the antiproton’s
Rydberg constant to a precision of 5%10"5. The relation

between the precision of the transition energy and that of the

p̄ charge and the mass is written in the following equation

"35# if we neglect a small correction due to the finite mass of
the heavy nucleus:

%E)R$' p̄ !*
Mp̄e

2Qp̄
2

2'4+,0!
2-2

)Qp̄
3# Qp̄

M p̄
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M p̄

$ 2
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and thus

(%E

%E
#

(R$' p̄ !

R$' p̄ !
#3

(Qp̄

e
#3

(Mp̄

Mp

'2!

since the value Qp̄ /Mp̄ is precisely known "34#.
In our case, the p̄He! atom is a three-body system and the

relation above may not be rigorously applied, but a similar

equation should be used in order to set a new limit on the

antiproton charge 'and the mass! from the achieved precision
of the p̄He! transition energy. Very recently, Kino et al.

have performed energy calculation "37# with p̄ charge and
mass that simultaneously deviate slightly from their original

values 'i.e., the values for the proton!. The simultaneous de-
viation ensures the required condition that the charge-to-

mass ratio Qp̄ /Mp̄ be constant. Note that no deviation is

added to the helium nucleus and the electron. Their results

FIG. 5. Experimental values of the vacuum wavelengths for

transitions (39,35)→(38,34) and (37,34)→(36,33) compared with
recent theoretical values "24,29,32,33#, which agree within the pre-
cision of a few ppm when the relativistic corrections and the Lamb

shift are taken into account. The so far known precision of the

antiproton Rydberg constant '50 ppm! is comparable to the discrep-
ancy in the figure between the nonrelativistic calculations and our

experimental value, while the error of the present measurement of

0.5 ppm 'upper figure! is by far better than that. Note that the ppm
scale applies to both transitions.
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反陽子の質量を精密に決定



反陽子の質量の精密測定研究
2006年：精度 2 x 10 

– 9（パルス増幅、光コム）
陽子と電子の質量比の決定へ

2006年：精度 3 x 10 
– 9

!p3He! thermalized to T " 10 K. The spin-averaged tran-
sition frequency !exp was determined by fitting this profile
with the theoretical line shape (solid line) obtained from
the optical Bloch equations which describe the evolution of
the !pHe! state populations during laser irradiation. The
small remaining chirp [e.g., similar in magnitude to the
dashed line in Fig. 2(c)] introduced a time dependence to
!pl#t$ when performing the Bloch equation integration. In
this we took transitions between all hyperfine and magnetic
substates into account, using the theoretical values for their
splittings (precision <1 MHz) and dipole moments [12].
Doppler broadening, laser power broadening, and colli-
sional dephasing effects were also included. The !exp
values of !p4He! resonances [Fig. 3(b)], which contain
four intense, non-spin-flip lines [indicated by arrowed pairs
as in Fig. 3(c)] and four weak, spin-flip ones were similarly
obtained. The ac Stark shifts caused by the laser interacting
with !pHe! are estimated to be %1 MHz, due to the small
scalar (&3 to 2 a.u.) and tensor [#0:1–2$ ' 10&3 a:u:] terms
of the dynamic polarizability for these transitions [13].

All transitions heretofore accessible to our precision
laser spectroscopy involved a daughter state with a short
Auger lifetime, the natural width "n ( 20 MHz [14,15] of
which would ultimately limit the achievable precision on
!exp to around )10&9. We have now extended our studies

to include one !p4He! transition #36; 34$ ! #35; 33$ be-
tween two metastable states with "n ) 100 kHz. This
implies an ultimate precision of )10&12, although our
present experiments are Doppler rather than natural-width
limited. To measure this transition we developed the fol-
lowing three-laser method [Fig. 4(a)], which also utilizes
the above cw pulse-amplified laser: (i) An additional dye
laser (Lambda Physik Scanmate, E in Fig. 1) pumped by a
355-nm Nd:YAG laser (D) first irradiated the !pHe! with a
3-ns-long pulse at " " 372:6 nm. This depleted the popu-
lation in state #35; 33$ at t1 by inducing the transition
#35; 33$ ! #34; 32$ to a short-lived state, and thereby pro-
ducing the first peak in Fig. 4(b). (ii) At t " t2, the cw
pulse-amplified laser tuned to #36; 34$ ! #35; 33$ at " "
417:8 nm equalized the population in the parent and
daughter states. (iii) Another 372.6-nm dye laser (F)
pumped by the same Nd:YAG laser after a 100-ns-delay
probed the increased population of #35; 33$ at t " t3 result-
ing from the transitions stimulated by the 417.8-nm laser
pulse, and produced an annihilation peak at t " t3. The
profile of the #36; 34$ ! #35; 33$ resonance obtained by
plotting the intensity of this peak against the frequency of
the 417.8-nm laser is shown in Fig. 3(c).

Collisions between !pHe! and helium atoms cause the
transition frequencies ! to shift linearly with target density

TABLE I. Transition frequencies of !pHe! and its density shifts: experimental (with 1# errors) and theoretical values.

Transition Transition frequency (MHz) Density shift ('10&18 MHz cm3)
#n; ‘$ ! #n0; ‘0$ Experimental Korobov [15] Kino et al.[14] Experimental Bakalov et al.[17]

!p4He! #40; 35$ ! #39; 34$ 445 608 558(6) 445 608 568.6 445 608 592 &8:3#3$ &6:45
#39; 35$ ! #38; 34$ 501 948 752(4) 501 948 754.9 501 948 782 &4:2#2$ &3:96
#37; 35$ ! #38; 34$ 412 885 132(4) 412 885 132.0 412 885 143 &3:8#2$ &3:22
#37; 34$ ! #36; 33$ 636 878 139(8) 636 878 151.6 636 878 120 &1:4#1$ &1:39
#36; 34$ ! #35; 33$ 717 474 004(10) 717 474 001.2 717 473 893 &0:59
#35; 33$ ! #34; 32$ 804 633 059(8) 804 633 058.1 804 633 026 &0:4#1$ &0:21
#32; 31$ ! #31; 30$ 1 132 609 209(15) 1 132 609 223.5 1 132 609 194 0.41

!p3He! #38; 34$ ! #37; 33$ 505 222 296(8) 505 222 280.1 505 222 260 &4:1#2$ &4:58
#36; 34$ ! #37; 33$ 414 147 508(4) 414 147 508.0 414 147 512 &4:0#2$ &3:83
#36; 33$ ! #35; 32$ 646 180 434(12) 646 180 407.7 646 180 389 &1:7#1$ &1:61
#34; 32$ ! #33; 31$ 822 809 190(12) 822 809 170.7 822 809 199 &0:4#1$ &0:34
#32; 31$ ! #31; 30$ 1 043 128 609(13) 1 043 128 579.6 1 043 128 649 0.3(1) 0.26
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FIG. 5. Experimental !exp (circles with 1# errors) vs theoretical !th (triangles [14] and squares [15]) transition frequencies.
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243401-3[16]. We measured the shifts in ten transitions using the
above Scanmate dye lasers at densities ! ! 2" 1018–3"
1021 cm#3, and determined the gradients d"=d! (Table I).
The results agreed with ab inito quantum chemical calcu-
lations [17]. The in vacuo values "exp$! ! 0% were ob-
tained by correcting the experimental results using a shift
between !" ! #14 and 1 MHz corresponding to density
!& 2" 1018 cm#3. The experimental 1 standard devia-
tion (1#) error #exp ! 4–15 MHz (Fig. 5) was the qua-
dratic sum of the statistical one associated with the above
fitting (3–13 MHz), and systematic ones #syst arising from
the chirp (2–4 MHz), collisional shifts (0.1–2 MHz), and
the harmonic generation (1–2 MHz).

The "exp values agree with previous experiments [4,16]
within the order-of-magnitude lower precision of the latter
[Fig. 6(a)]. They are compared with two sets of theoretical
values "th [14,15] in Fig. 5, both of which include QED and
nuclear-size (!Enuc ! 2–4 MHz) effects. Values from
Ref. [14] scatter within 7–8# of "exp. Those of Ref. [15],
the only calculation claiming precision #th ! 1–2 MHz
commensurate with #exp, agree within <1" 10#8 with
the four highest-precision measurements in "p4He', and
$36; 34% ! $37; 33% in "p3He'. Four of its "p3He' frequen-
cies were &2# below our "exp values. Concerning
Ref. [14], unpublished results from the authors have re-
cently moved by 3–100 MHz from those in Table I. We
therefore use only the Ref. [15] values in the following.

The mass ratios between the proton, 4He and 3He nuclei,
and electron Mp=me ! 1836:152 672 61$85%, M$=me !
7294:299 536 3$32%, and M3He=me ! 5495:885 269$11%
[7] and other Committee on Data for Science and
Technology (CODATA) 2002 constants were first used
[15] to calculate "th (Table I). These ratios increased by
3–6 ppb between the 1998 and 2002 compilations due to
improved measurements of me and M3He [7]. We next de-
termined the antiproton-to-electron mass ratio as the value
M "p=me ! 1836:152 674$5% which results in "th$M "p=me%
values that agree best with experiment, i.e., which mini-
mizes the sum #("th$M "p=me% # "exp)2=#2

exp over the 12
transitions. This is consistent with the above proton value
[Fig. 6(b)]. Here #exp is mostly statistical. When we

changed Mp=me by 3 ppb, the resulting 3–5 MHz change
in "th was comparable with #exp. The error 5 on the last
digit of Mp=me is the quadratic sum of 4 (the minimization
error) and the systematic ones 3 (arising from #syst) and 2
(from #th). We can also set a new upper limit % "p on any
CPT-violating difference [18] between the antiproton and
proton charges (Q "p, Qp) and masses using the values of "th

and "exp in Table I and the equation [1,4] % "p ! $Qp '
Q "p%=Qp & $Mp #M "p%=Mp ! $"th # "exp%="exp&. Values
for & ! 2:5–6:1 were estimated [14] by increasing Q "p

and M "p by 1 ppm under the constraint on Q "p=M "p against
Qp=Mp of <9" 10#11 [19] and noting the change in "th.
The average value of % "p over 12 transitions was $#3*
14% " 10#10, which implies that the antiproton charge and
mass agree with the proton’s to a precision of 2" 10#9 at a
confidence level of 90%. The precisions of these determi-
nations were partially limited by the differences between
"th and "exp in "p3He'.
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(London) 416, 233 (2002).
[3] D. J. Jones et al., Science 288, 635 (2000).
[4] M. Hori et al., Phys. Rev. Lett. 91, 123401 (2003).
[5] S. D. Bergeson et al., Phys. Rev. Lett. 80, 3475 (1998).
[6] K. S. E. Eikema et al., Phys. Rev. Lett. 76, 1216 (1996);

Phys. Rev. A 55, 1866 (1997).
[7] P. J. Mohr and B. N. Taylor, Rev. Mod. Phys. 72, 351

(2000); 77, 1 (2005).
[8] M. S. Fee, K. Danzmann, and S. Chu, Phys. Rev. A 45,

4911 (1992).
[9] I. Reinhard et al., Appl. Phys. B 63, 467 (1996).

[10] V. Meyer et al., Phys. Rev. Lett. 84, 1136 (2000).
[11] A. V. Smith and M. S. Bowers, J. Opt. Soc. Am. B 12, 49

(1995).
[12] V. I. Korobov, Phys. Rev. A 73, 022509 (2006).
[13] V. I. Korobov (private communication).
[14] Y. Kino, H. Kudo, and M. Kamimura, Mod. Phys. Lett. A

18, 388 (2003); (private communication).
[15] V. I. Korobov, in Proceedings of the EXA05 International

Conference on Exotic Atoms and Related Topics, edited by
A. Hirtl, J. Marton, E. Widmann, and J. Zmeskal (Austrian
Academy of Sciences Press, Vienna, 2005).

[16] M. Hori et al., Phys. Rev. Lett. 87, 093401 (2001).
[17] D. Bakalov et al., Phys. Rev. Lett. 84, 2350 (2000).
[18] R. J. Hughes and B. I. Deutch, Phys. Rev. Lett. 69, 578

(1992).
[19] G. Gabrielse et al., Phys. Rev. Lett. 82, 3198 (1999).

(a) (b)
Ref. 16

Ref. 4

This work

Frequency  -412880  (GHz)
5.1 5.2

CODATA 98

CODATA 02

This work  p
–

Mass ratio  -1836.1526
6.5 7.0 7.5        x 10-5

FIG. 6. (a) Frequency of the "p4He' transition $37; 35% !
$38; 34% measured in this and previous [4,16] experiments.
(b) Proton-to-electron [7] and antiproton-to-electron mass ratios.

PRL 96, 243401 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
23 JUNE 2006

243401-4

2001

2003

2006

CODATA
との比較



p
_e-

++
He

antiproton electron

反陽子ヘリウム原子の精密レーザー分光による
反陽子の質量の精密測定研究
反陽子ヘリウム原子のマイクロ波分光による　
反陽子の磁気モーメントの測定研究
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3.3 Time of flight (TOF) analyzer

3.3.1 The strategy of the measurement of the ionization

To identify the ionization event, we developed a TOF analyzer and measured the

TOF difference between the scattered antiprotons and the electrons emitted from

He atoms in collisions. As shown in Sec. 3.1, the reaction rate expected to ∼ 10−4

is very low. For efficient detection of the electrons, we separated the electrons from

the antiprotons. Figure. 3.9 shows the schematic drawing of the separation. The

antiprotons collide with the gas jet target and hit on a MCP (MCPp̄). The annihila-

tion products (pions) generated from the antiprotons are detected by a scintillation

counter (SCI) which is located around the MCPp̄. The signals from the scintilla-

tion counter are used to identify the antiprotons. On the other hand, the emitted

electrons are guided to the side of the antiproton beam and are detected by another

MCP (MCPe). For the low energy antiprotons, it is difficult to collect the most

antiproton beam emitted electron

He gas jet target

magnetic field

electric field

detector: scintillator (SCI)

pion

detecor:MCP (MCPe)

detector:MCP(MCPp)

Figure 3.9: The schematic drawing of the separation of emitted electrons

and antiprotons.

超低速反陽子ビームの生成と
原子衝突実験
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低エネルギー反陽子ビーム
–– 原子衝突過程の優れたプローブ

ionization :  1–1000 keV
p̅ + A → p̅ + A+ + e–

原子物理の単純な系でも衝突過程はまだ理解が足りない！

Collision Dynamics
重い電子
負電荷の陽子
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(under collisional environment)

by injecting a 200-ns-long pulse of 4! 107 antiprotons
into a cryogenic target, containing either 4He (of purity
99:9999%) or 3He (99:997%) gas, at temperatures T "
5:5–6:2 K and pressures P " 0:2–0:4 bar [corresponding
to an atomic density ! " #2$ 5% ! 1020 cm$3]. By de-
tecting the charged pions produced in the annihilation with
Cherenkov counters, a delayed annihilation time spectrum
(the spectrum of intervals between an antiproton arrival in
the target and its annihilation) could be obtained. The
atoms were irradiated by a resonant laser pulse at time t1,
which induced transitions between adjacent pairs of meta-
stable and short-lived states, thereby forcing the annihila-
tions of the antiprotons populating the metastable member
of the two [11]. This superimposed a sharp spike on the
delayed annihilation time spectrum [see Figs. 2(a)–2(c)].
A dye laser pumped by a Nd:YAG laser was used
to produce laser pulses with wavelengths of " "
287:4–726:1 nm, bandwidths of 3 GHz, pulse lengths of
5 ns, and power densities of 4–40 mJ=cm2. This was
enough to saturate typical transitions with dipole moments
of 0.03–0.3 D, and maximize the intensity in the annihila-
tion spike at t1. By varying the timing of the laser pulse
between t1 " 0:3 and 16 #s and measuring the spike
intensity at each t1, the population P#n;‘%#t1% (i.e., the
number of antiprotons populating the parent state at t1,
normalized to the total number of antiprotons stopped in
the target) could be obtained. The experimental back-
ground consisted mostly of pions stopping in the material
around the target and undergoing $ ! # ! e decay [13],
the contribution of which was estimated using Monte Carlo
simulations.

Measurements were made for the 12 transitions in
p 4He&shown in Fig. 1, and eight transitions in p 3He&

(excluding the one at " " 670:8 nm which could not be
detected). The 529:6-nm and 625:6-nm transitions in
p 4He& are between metastable states and usually cannot
be observed; here we resolved them at target densities ! "
2! 1021 cm$3, where the resonance daughter state
#37; 34% common to both transitions became short-lived
due to collisional effects [14]. Similarly, the 524:2-nm
and 620:5-nm transitions in p 3He& were measured in
3He targets at ! " 1! 1021 cm$3, where the lifetime of
the state #36; 33% was shortened to %' 60 ns [15]. The

population in the state #38; 36% in p 4He& was probed by
irradiating the atoms with two successive laser pulses, the
first inducing the transition #38; 36% ! #37; 35% at " "
528:8 nm and the second (10 ns later) the transition
#37; 35% ! #38; 34% at 726:1 nm. The resulting annihilation
spike thus contained antiprotons which populated both the
#38; 36% and the #37; 35% states. We derived the primary
populations P#n;‘%#t " 0% by extrapolating the measured
population evolutions to t " 0. These were relatively
insensitive to density between ! " 2! 1020 and 2!
1021 cm$3. The statistical and systematic experimental
errors on P#n;‘%#t " 0% varied between (5–20)% and
(15–30)%, respectively, depending on the transition. The
estimated primary populations differ from those of pre-
vious experiments [9,10] by a factor of 3–5, primarily due
to the new information at early (t < 1:8 #s) times.

The state #40; 35% in p 4He& [see Fig. 3(a)] was found to
have a primary population of #0:10( 0:02%%. This popu-
lation decreased with a 1-#s time constant, which indicates
that very few metastable atoms occupy the region n ) 41
in the v " 4 cascade. The population in #39; 35% decreased
with a lifetime of 1:9 #s; this value (which is longer than
the %#39;35% " 1:4-#s lifetime of that state [14]) results
when the antiprotons initially occupying #40; 36% deexcite
into #39; 35%, and thus increase the population in the latter
state. The corresponding lifetimes of #38; 35% and #38; 36%
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were still longer ( ! 2:2 !s), due to spontaneous deexci-
tation from "39; 36# and "39; 37#. The populations in
"37; 34# and "37; 35# decreased with 3-!s-lifetimes, and
had downward-bending profiles at early times caused by
the large feeding from "38; 35# and "38; 36#.

In contrast, very small primary populations were found
in p 4He$ states with n % 36. These populations increased
[see Figs. 3(g)–3(l)] as antiprotons deexcited from higher,
initially populated states, reaching a maximum at progres-
sively later times tmax with decreasing n. The longest-
living antiprotons were found in the lowest metastable state
(33,32) in the v & 0 cascade; since antiprotons captured in
the n! 38 regions made 6–7 radiative transitions before
reaching this state, a significant population ( ! 0:01%)
could be observed even at t1 & 16 !s. The primary pop-
ulations in the states "37; 36# and above in the v & 0
cascade were estimated by fitting cascade models on the
population evolution of the state "36; 35#.

In p 3He$ atoms [see Figs. 3(m)–3(t)], the population in
the state "38; 34# decreased with a 1:0-!s lifetime which
(being similar to the theoretical state lifetime of ""38;34# &
1:0 !s [16,17]) indicates that the populations in the region
n ' 39 in the v & 3 cascade are very small. The last
transition "39; 34# ! "38; 33# in the v & 4 cascade at # &
670:8 nm was searched for, but could not be detected,
which shows the populations in this cascade are also
negligible. The largest populations [P"n;‘#"t & 0# ! 0:3%]
were found in the states "36; 34#, "36; 35#, "37; 34#, "37; 35#,
and "37; 36#. In contrast to the p 4He$ case, significant
primary populations were detected even in low-n regions,
with the lowest metastable state in the v & 1 cascade
having a value of P"34;32#"t & 0# & "0:06( 0:02#%. The
lowest state "32; 31# in the v & 0 cascade had, on the other
hand, a negligible primary population. The populations in
states which were not directly observed were estimated by
fitting cascade models on the population evolutions of the
measured states.

Information obtained from the delayed annihilation time
spectrum of p 4He$ (undisturbed by laser stimulation and
measured at LEAR) [18] was also incorporated into the
overall picture afforded by the laser studies. The spectrum
(Fig. 4) showed that ftrap & "3:0( 0:1#% of the antipro-
tons survive for more than 15 ns. In the p 3He$ case,
measurements gave a value of "2:4( 0:1#% [19].

In Fig. 5, the distributions of primary populations (char-
acterized by the n and v values) are shown. Nearly all the
metastable p 4He$ atoms lie in the region n & 37–40, with
the n & 38 states containing the largest population. This
appears to support the estimate n0 ! 38 given by Eq. (1).
The primary populations of p 3He$ atoms were distributed
over a lower range of n values between 35 and 38, which is
compatible with the estimation n0 ! 37. The sums of the
individual populations in all the measured p 4He$ and
p 3He$ states were "3:5( 0:8#% and "2:5( 0:8#%, re-
spectively, which account for the observed fractions of
delayed annihilations described in the previous paragraph.

By energy conservation, the binding energy Bn of
the populated atom is equal to I0 ) TpmHe="mHe $mp# $
Te, I0 being the ionization potential of helium ( !
24:6 eV), Tp and Te the laboratory energies of the incom-
ing antiproton and ejected electron, and mHe and mp the
helium and antiproton masses. Several theoretical calcula-
tions [20–25] (two such results are shown in Fig. 5) predict
that Te is small with respect to I0. Only antiprotons Tp *
I0 will be captured into the n0 ! 37–38 states having bind-
ing energies Bn ! I0, whereas the more energetic antipro-
tons (Tp ! 25 eV) are captured into much higher (Bn ! 0)
regions with n values exceeding 50. The calculations pre-
dict that ftrap & "12–25#% of the antiprotons should be
captured into p 4He$ states (see Table I), with most of
them in states above n ' 41.
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FIG. 4. Measured delayed annihilation time spectra of p 4He,
compared with simulated spectra for cases where the states are
populated up to nmax & 39 (dashed lines), 40 (solid lines), 41
(dot-dashed lines), and 50 (dotted lines).
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were still longer ( ! 2:2 !s), due to spontaneous deexci-
tation from "39; 36# and "39; 37#. The populations in
"37; 34# and "37; 35# decreased with 3-!s-lifetimes, and
had downward-bending profiles at early times caused by
the large feeding from "38; 35# and "38; 36#.

In contrast, very small primary populations were found
in p 4He$ states with n % 36. These populations increased
[see Figs. 3(g)–3(l)] as antiprotons deexcited from higher,
initially populated states, reaching a maximum at progres-
sively later times tmax with decreasing n. The longest-
living antiprotons were found in the lowest metastable state
(33,32) in the v & 0 cascade; since antiprotons captured in
the n! 38 regions made 6–7 radiative transitions before
reaching this state, a significant population ( ! 0:01%)
could be observed even at t1 & 16 !s. The primary pop-
ulations in the states "37; 36# and above in the v & 0
cascade were estimated by fitting cascade models on the
population evolution of the state "36; 35#.

In p 3He$ atoms [see Figs. 3(m)–3(t)], the population in
the state "38; 34# decreased with a 1:0-!s lifetime which
(being similar to the theoretical state lifetime of ""38;34# &
1:0 !s [16,17]) indicates that the populations in the region
n ' 39 in the v & 3 cascade are very small. The last
transition "39; 34# ! "38; 33# in the v & 4 cascade at # &
670:8 nm was searched for, but could not be detected,
which shows the populations in this cascade are also
negligible. The largest populations [P"n;‘#"t & 0# ! 0:3%]
were found in the states "36; 34#, "36; 35#, "37; 34#, "37; 35#,
and "37; 36#. In contrast to the p 4He$ case, significant
primary populations were detected even in low-n regions,
with the lowest metastable state in the v & 1 cascade
having a value of P"34;32#"t & 0# & "0:06( 0:02#%. The
lowest state "32; 31# in the v & 0 cascade had, on the other
hand, a negligible primary population. The populations in
states which were not directly observed were estimated by
fitting cascade models on the population evolutions of the
measured states.

Information obtained from the delayed annihilation time
spectrum of p 4He$ (undisturbed by laser stimulation and
measured at LEAR) [18] was also incorporated into the
overall picture afforded by the laser studies. The spectrum
(Fig. 4) showed that ftrap & "3:0( 0:1#% of the antipro-
tons survive for more than 15 ns. In the p 3He$ case,
measurements gave a value of "2:4( 0:1#% [19].

In Fig. 5, the distributions of primary populations (char-
acterized by the n and v values) are shown. Nearly all the
metastable p 4He$ atoms lie in the region n & 37–40, with
the n & 38 states containing the largest population. This
appears to support the estimate n0 ! 38 given by Eq. (1).
The primary populations of p 3He$ atoms were distributed
over a lower range of n values between 35 and 38, which is
compatible with the estimation n0 ! 37. The sums of the
individual populations in all the measured p 4He$ and
p 3He$ states were "3:5( 0:8#% and "2:5( 0:8#%, re-
spectively, which account for the observed fractions of
delayed annihilations described in the previous paragraph.

By energy conservation, the binding energy Bn of
the populated atom is equal to I0 ) TpmHe="mHe $mp# $
Te, I0 being the ionization potential of helium ( !
24:6 eV), Tp and Te the laboratory energies of the incom-
ing antiproton and ejected electron, and mHe and mp the
helium and antiproton masses. Several theoretical calcula-
tions [20–25] (two such results are shown in Fig. 5) predict
that Te is small with respect to I0. Only antiprotons Tp *
I0 will be captured into the n0 ! 37–38 states having bind-
ing energies Bn ! I0, whereas the more energetic antipro-
tons (Tp ! 25 eV) are captured into much higher (Bn ! 0)
regions with n values exceeding 50. The calculations pre-
dict that ftrap & "12–25#% of the antiprotons should be
captured into p 4He$ states (see Table I), with most of
them in states above n ' 41.
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FIG. 4. Measured delayed annihilation time spectra of p 4He,
compared with simulated spectra for cases where the states are
populated up to nmax & 39 (dashed lines), 40 (solid lines), 41
(dot-dashed lines), and 50 (dotted lines).
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lines) calculations are shown.
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反陽子のトラップと蓄積

1 AD shot あたり
120万個の反陽子を真空中(10–10 Pa) にトラップ
数 shot の蓄積により最大 1000 万個 !!!
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FIG. 3: (A)-(D) The annihilation position of extracted an-
tiprotons along the transport elements for the rotation time
of tr=0, 60, 120, and 200 s. (a)-(d) The PSD images of ex-
tracted antiprotons for tr=0, 60, 120, and 200 s. The rota-
tion frequency was 247 kHz with its peak-to-peak amplitude
Vr = 0.56 V. The coolant electron plasma, which coexisted
until it was removed from the MRT before application of the
rotating field, had an initial radius of 3.4 mm.
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FIG. 4: The transport efficiency εexp of antiprotons as a func-
tion of the rotation time tr for f = 247 kHz.

FIG. 5: Simulated antiproton annihilation position along the
transport elements (A) ap̄ = 3.40 mm, (B) ap̄ = 0.25 mm,
and (C) a superposition of two Gauss distributions with
ap̄ = 0.25 mm and ap̄ = 4.0 mm. The position-dependent
detection efficiency of the track detector was taken into ac-
count. Simulated antiproton beam profiles at the PSD. (a)
ap̄ = 3.40 mm, (b) ap̄ = 0.25 mm and (c) ap̄ = 0.25 mm and
ap̄ = 4.0 mm.

value of εexp = 0.08. This agreement is another indica-
tion that the antiproton cloud has expanded to the size
of the electron cloud of 3.40 mm from its initial size of
ap̄ = 1.95. The simulation showed that the antiproton
within a radius of 1.2 mm from the central axis in the
MRT can be transported to the PSD. In fact, the ob-
served well-focused PSD image in Fig. 3 (d) was best
reproduced at ap̄ = 0.25 mm, as shown in Fig. 5 (b).
However, the distribution of the shoulder around the an-
nihilation position of 100 cm in Fig. 3 (D) was not re-
produced with the simulated distribution in Fig. 5 (B).
Moreover, the transport efficiency in the simulation ex-
pected εsim ∼ 1, while the experimental value was only
0.45 at most. Combining these contradictory observa-
tions, it is concluded that the antiproton cloud in the
MRT consists of two components. In fact, Figs. 3 (D),
(d), and εexp = 0.4 can be compared quite satisfacto-
rily with Figs. 5 (C), (c), and εsim = 0.4, the result
of our simulation assuming two components: 45% with
ap̄ = 0.25 mm and 55% with ap̄ = 4.0 mm.

Figure 6(a) shows the transport efficiency εexp as a
function of the rotation frequency from −250 kHz to

0 s

60 s

120 s

200 s

0.5 mm diam.
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10 ‒ 1000 eV の単一エネルギービーム

再加速も可能 (upto 30 keV)

30~70万個の反陽子

10~30秒間の連続ビーム引き出し

2 µs のパルス引き出しも可能

超低速反陽子ビーム
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3.3 Time of flight (TOF) analyzer

3.3.1 The strategy of the measurement of the ionization

To identify the ionization event, we developed a TOF analyzer and measured the

TOF difference between the scattered antiprotons and the electrons emitted from

He atoms in collisions. As shown in Sec. 3.1, the reaction rate expected to ∼ 10−4

is very low. For efficient detection of the electrons, we separated the electrons from

the antiprotons. Figure. 3.9 shows the schematic drawing of the separation. The

antiprotons collide with the gas jet target and hit on a MCP (MCPp̄). The annihila-

tion products (pions) generated from the antiprotons are detected by a scintillation

counter (SCI) which is located around the MCPp̄. The signals from the scintilla-

tion counter are used to identify the antiprotons. On the other hand, the emitted

electrons are guided to the side of the antiproton beam and are detected by another

MCP (MCPe). For the low energy antiprotons, it is difficult to collect the most

antiproton beam emitted electron

He gas jet target

magnetic field

electric field

detector: scintillator (SCI)

pion

detecor:MCP (MCPe)

detector:MCP(MCPp)

Figure 3.9: The schematic drawing of the separation of emitted electrons

and antiprotons.
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e– = sideMCPe 
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生成する反陽子原子はガスジェットで偏向する！
(速度 : 1 µs / 1 cm)

(a few mm : 運動量保存)
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3.4 Time of flight (TOF) analyzer

3.4.1 Concept and geometry of the TOF analyzer済
As was shown in Sec. 3.1 the reaction rate of ionization of He atom by antiprotons

is very low. Therefore rigorous indenifications of ionization events were needed to

distinguish from background noises and to ensure the enough statistics for ionization

events. For this purpose we measured a TOF difference between the antiprotons and

the electrons emitted from He atom in collisions.

Figures 3.11 and 3.12 shows the schematic figure of the TOF analyzer seeing

from top and side, respectively. The TOF analyzer consists of several electrodes,

two coils, two MCP PSDs and plastic scintillatiors. The gas jet target is also shown

in the figure. The collision region which is defined as the crossover area between the

Figure 3.11: The fine structure of TOF analyzer (seeing from the top)
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反陽子 電子

B E

検出器系
• 弱磁場 & 弱電場により電子を横方向に引き込む
• 反陽子の軌道への影響は十分小さくできる
• 反陽子と電子を前方および横の MCP で分けて検出
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Figure 1.3: The theoretical and experimental single ionization and antipro-

tonic capture cross sections of a He atom by antiprotons. The symbols and

lines are same as shown in Fig 1.1 and Fig 1.2.

1.3 Structure of subsequent chapters

Chapter 2 describes the production of the ultraslow antiproton. Chapter 3 describes

the apparatus for ionization experiments with ultraslow antiprotons. Chapter 4

describes the apparatus for ionization experiments with several keV antiprotons.

Chapter 5 describes the results of ionization experiments. Chapter 6 describes a

conclusion.
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Antihydrogen Production in Flight  (PS210 experiment at LEAR)
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Probability ~ 10 –19

( Z = Xe )

11 – 2 = 9  antihydrogen atoms
in the speed of light annihilated in 20 ns

Dec. 1995
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FIG. 2 (color). (a) Electrodes for the nested Penning trap.

Inside is a representation of the magnitude of the electric field

that strips � atoms. (b) Potential on axis for positron cooling of

antiprotons (solid line) during which � formation takes place,

with the (dashed line) modification used to launch � into the

well. (c) Antiprotons from � ionization are released from the

ionization well during a 20 ms time window. (d) No � are
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next figure.

P H Y S I CA L R EV I EW L E T T ER S

ATRAPProduction of Cold Antihydrogen



13



Mass  [eV]
-1810 -1510 -1210 -910 -610 -310 1 310 610 910 1210

Energy  [GHz ]
-1210 -910 -610 -310 1 310 610 910 1210 1510

HFSν  HH-
1s-2sν  HH-

0K-0K

pp-
nn-

+-e-e

Mass/energy CPT limits

6

absolute precision (left edge)

measured quantity (right edge)
= relative precision (length)



p  e
+

Sextupole
Lens

Microwave 
Cavity

H Det.

H LFS

H HFS

RF frequency

H
 c

o
u

n
ts

Cusp Trap

r

Du

Dou Dod

Dd

Cu Cd
Cm

Co

z 

カスプトラップによる
反水素原子生成

基底状態超微細構造
（反陽子の磁気モーメント）

ASACUSA



p  e
+

Sextupole
Lens

Microwave 
Cavity

H Det.

H LFS

H HFS

RF frequency

H
 c

o
u

n
ts

Cusp Trap

r

Du

Dou Dod

Dd

Cu Cd
Cm

Co

z 

カスプトラップによる
反水素原子生成

基底状態超微細構造
（反陽子の磁気モーメント）

ASACUSA

p e

sextupole 1 microwave
cavity

sextupole 2

antihydrogen
detector

+and trap
recombination

Measurement principle

11

H! atoms from superconducting Paul trap

Sextupole #1 polarizes beam: only low-field seekers pass through;
high-field seekers are defocused

Radio frequency resonator at 1.42 GHz to flip the e+ spin

Conversion from low-field seeker to high-field seeker

Sextupole #2 analyzes spin: only low-field seekers pass through

Counts in antihydrogen detector will vary with RF frequency
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反物質科学
原子物理学の新たな分野の開拓
様々な物理分野の知識が必要な境界分野
原子衝突、原子核、素粒子、高エネルギー加速器
物理、レーザー、プラズマ物理

中規模の人数による国際的共同研究
CERN では「小さい」規模の研究

Unique experiments, Dream for the future




