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cooling and storing a minute number of antiprotons in ICE, a 9 order of magnitude
improved lower limit on the lifetime of antiprotons could be obtained [58].

This fundamental advance allowed CERN’s antiproton complex (figs. 4 and 5)
consisting of the antiproton production target, the Antiproton Accumulator (AA)
and the Antiproton Collector (AC) and the low energy antiproton ring (LEAR) -
and relying on the Proton Synchrotron which produces 26 GeV/c protons, to be
proposed [59] and rapidly built (AA start-up in 1980, LEAR began operation in
1982, AC from 1987 onwards).

The development of antiproton trapping and electron cooling techniques by
Gabrielse et al. [60] in 1986 at CERN’s dedicated antiproton experimental facil-
ity LEAR finally allowed carrying out precision experiments on trapped and cooled
antiprotons and working towards the study of antihydrogen atoms first at LEAR
from 1986 to 1996, and - since 2000 - at the unique Antiproton Decelerator (AD)
facility (transformed from the AC), which hosts all existing experiments requir-
ing trapped antiprotons. Confinement of antiprotons in ion traps for seconds (or
days) opened up major improvements in the determination of the antiproton’s mass,
charge, but also of its magnetic moment (although it took until 2012 to surpass the
precision achievable in antiprotonic helium transitions). Furthermore, the forma-
tion and trapping of antihydrogen atoms, precision spectroscopy of antihydrogen, or
precise measurements of the protonium energy levels without collisional broadening
could also be envisaged, prepared and - by 2014 - partly achieved.
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Fig. 4. Layout of the CERN accelerators in 1981. LEAR, still under construction in 1981, is also
shown [58]. From 2000 onwards, the AA was transformed into the Antiproton Decelerator, and
now houses at CERN all experiments worldwide relying on low energy antiprotons.

The first facility capable of producing antiprotons 
at CERN was the Proton Synchrotron; completed 
in 1959; meson spectroscopy with antiprotons 
(from 1965) and exotic atoms incorporating them 

stochastic cooling (proposed in 1968 
by S. van der Meer, published in 1972); 

successfully tested in the 
Initial Cooling Experiment (ICE) in 1978

Antiproton Accumulator (AA), Antiproton Collector (AC) and low energy antiproton ring (LEAR):

proposed and rapidly built:  AA start-up in 1980, LEAR began operation in 1982,  AC from 1987 onwards

Antiprotons at CERN: a short pre-history



beam parameters of the CERN facilities

PS

LEAR

AD

ELENA

low fraction of p among dominant π  background 
O(10-6), pulsed source (µs spills every 10 s)

_ _

continuous source (hour-long spills of 106 p/s) of
p @ momenta down to 100 MeV/c

_
_

pulsed source (200 ns spills every 100 s) of 
3x107 p @ 100 MeV/c

_

pulsed source (~200 ns spills every 100 s) of 
107 p @ 100 keV

_



physics at the AD
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space for future
 (anti)atomic 
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overview of AD facility
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overview of AD facility
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momentum range, MeV c−1 100–13.7 ejected beam population (total of all bunches) 1.8 × 107   [ 3.5 × 107 ]

kinetic energy range, MeV 5.3–0.1 number of extracted bunches 4c

machine tunes h/va 2.46/1.46 Δp/p of extracted bunches, (95%)d 2.5 × 10−3

circumference, m 30.4 bunch length at extraction, (95%), [m] / [ns]d 1.3 / 300      [ 200 ]

repetition rate, sb ≈100 emittance (h/v) at extraction, π µm, (95%)d 6/4     [1 / 2]

injected beam intensity 3 × 107 nominal (dynamic) vacuum pressure, Torr 3 × 10−12

aWith sufficient tuning range, e.g. to avoid resonances. bLimited by the AD repetition rate; the expected ELENA cycle length is ≈25 s.
c Less extracted bunches is an option leading to slightly larger emittances and momentum spreads. dPresent best guesses based on simulations.

[ AD values]

compensation 
solenoids for (now 
installed) e-cooler

electrostatic beam 
lines towards 
new/ existing
experiments

electrostatic beam 
lines towards 

existing
experiments

4 (experiments run in parallel) [1]

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5829171/#
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0266
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Exotic atom formation

• stopping of 
negatively charged 
particles in matter
• slowing down by 

ionization (normal 
energy loss)

• end when kinetic 
energy < ionization 
energy

• capture in high-lying 
orbits with n~!(M*/me) 

example: antiprotonic helium
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antiprotonic (and other exotic) atoms:
atomic physics processes (Rydberg states, cascades, binding energies, lifetimes)

nuclear physics processes: the deeply bound states' energy levels and lifetimes 
are affected by strong-interaction effects, which in turn provide the opportunity 
to study nuclear forces at large distances ("nuclear stratosphere") as well as 
isotope-related nuclear deformations

As the capture and subsequent de-excitation process occurs on time-scales of 
ps ~ ns, muons, pions, kaons, antiprotons, but also shorter-lived baryons, such as 
Σ  , or even potentially Ξ  and Ω , can form exotic relatively long-lived atoms 

Atomp
_

e-
p

N

_

e-

_ _ _



In (1970), the first x-ray transitions of antiprotonic atoms 
(p-81Tl) were detected and investigated by Bamberger

strong interaction effects may affect the lowest-lying bound states, shifting their energy 
level, modifying the lifetime of the state, and changing the transition probabilities (and 
thus the transition intensities) with respect to a pure QED reference value

_

antiprotonic atoms:

formation : inject antiprotons into gas/liquid/solid

n0 =    M*/me√ ~ 38 for pHe but: not stable against Auger emission, Stark mixing

 only        has metastable states ( τ ~ µs)pHe

spectroscopy : mainly fluorescence spectroscopy (resolution relatively poor)

 (possibly also       : K. Sakimoto, Phys. Rev. A 84, 032501)pLi



X-ray spectrum of the first antiprotonic atom to be observed: p -   TI obtained 
from 14 x 10  stopped antiprotons measured with a 10 cm  Ge (Li)-detector 

A. Bamberger et al., Phys. Lett. B 33 (1970) 233

Volume 33B. number 3 P H Y S I C S  L E T T E R S  12 October 1970 
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Fig. 2. Antiprotonic X-ray  spectrum of 81TI obtained from 14 ! 106 stopped antiprotons measured with a 10 em 3 
Ge (Li)-detector. 

s c o p e  (fig. 1). The  ~ e r e n k o v  c o u n t e r  ¢ r e j e c t s  
99 % of the inc iden t  p ions .  A n o t h e r  f a c t o r  of 1000 
fo r  the r e j e c t i o n  of fas t  p ions  i s  ob ta ined  by p u l s e -  
he igh t  d i s c r i m i n a t i o n  in the  p l a s t i c  s c i n t i l l a t o r s  
S1, $2, and S 3. H o w e v e r ,  i t  cannot  be  e x c l u d e d  
that  the r e a c t i o n  p r o d u c t s  due to the i n t e r a c t i o n  
of an a n t i p r o t o n  in the  l a s t  p a r t  of the t e l e s c o p e  
p r o d u c e s  a f a l s e  t r i g g e r .  F r o m  the pu r i t y  of the 
r ange  c u r v e  fo r  a n t i p r o t o n s  we e s t i m a t e  that  at 
l e a s t  90% of the t r i g g e r s  a r e  due to an t ip ro tons .  

The  v - r a y s  have  been  d e t e c t e d  wi th  t h r e e  
G e ( L i ) - d e t e c t o r s  of 4, 10, and 40 cm 3. The  y -  
s p e c t r a  in c o i n c i d e n c e  wi th  the a n t i p r o t o n  t r i g -  
g e r  have  been  r e c o r d e d  in m u l t i c h a n n e l  a n a l y s e r s .  
The  c a l i b r a t i o n  s p e c t r a  of 57Co and 192Ir  s o u r c e s  
w e i g h t e d  wi th  the t i m e  s t r u c t u r e  of the i n c o m i n g  
b e a m  have  b e e n  r e c o r d e d  s i m u l t a n e o u s l y  wi th  
the an t i p ro to n  s p e c t r u m  by rou t ing  the a n a l y s e r s .  

X - r a y  s p e c t r a  p r o d u c e d  by s topping  a n t i p r o -  
tons  have  b e e n  o b s e r v e d  in s e v e r a l  e l e m e n t s  b e -  
tween  p h o s p h o r u s  and tha l l i um.  Fig .  2 shows  the 
X - r a y  s p e c t r u m  ob ta ined  by s topping  14 ! 106 
a n t i p r o t o n s  in a T1 t a r g e t  of 4 g / c m  2 t h i c k e n s s  
and an a r e a  of 8 cm ! 10 cm.  Al l  s t r o n g  l ines  
in th is  s p e c t r u m  can be  iden t i f i ed ,  on the b a s i s  
of t h e i r  e n e r g y ,  as  an t i p ro ton i c  X - r a y  e x c e p t  
fo r  the two g roups  of l i ne s  at about  74 and 84keV 
o r i g i n a t i n g  f r o m  the e l e c t r o n i c  X - r a y s  of l e a d  
and tha l l i um.  In fig. 2 a l s o  the e n e r g i e s  a r e  i n -  
d i c a t e d  at  which  the  s t r o n g e s t  p ion ic  X - r a y s  
wou ld  be  expec t ed .  None of t h e s e  l i nes  can  be 
c l e a r l y  i den t i f i ed  in the s p e c t r u m .  

In tab le  1 the e n e r g i e s  of the X - r a y  t r a n s i t i o n s  
s e e n  in 81T1 a r e  c o m p a r e d  wi th  the  c a l c u l a t e d  
v a l u e s  $. The  v a c u u m  p o l a r i z a t i o n  and f in i t e  s i z e  
e f f e c t s  have  b e e n  inc luded ,  and c o r r e c t i o n s  fo r  
the f ine s t r u c t u r e  sp l i t t i ng  have  been  app l i ed  
when  n e c e s s a r y .  F o r  the c a l c u l a t i o n s ,  the an t i -  
p r o t o n  m a s s  has  b e e n  a s s u m e d  equa l  to the p r o -  
ton m a s s .  F r o m  the a g r e e m e n t  b e t w e e n  the  m e a -  
s u r e d  e n e r g i e s  and the c a l c u l a t e d  ones  f o r  the 
f i r s t  s e v e n  t r a n s i t i o n s  of t ab le  1, the m a s s  of the 
a n t i p r o t o n  could  be  d e t e r m i n e d  to be  rnO = 
= rnp J: 0.5 MeV wi th  a con f idence  l e v e l - o f  68%. 
T h i s  c o r r e s p o n d s  to a r e l a t i v e  e r r o r  in the m a s s  
d e t e r m i n a t i o n  of the a n t i p r o t o n  of 5 ! 10-4.  

The  r e s o l u t i o n  of the  Ge c o u n t e r  has  b e e n  d e t e r -  
m i n e d  f r o m  the c a l i b r a t i o n  s p e c t r a .  The  width  of 
a l l  a n t i p r o t o n i c  l i ne s  a g r e e s  wi th  the r e s o l u t i o n  
of the s y s t e m  e x c e p t  fo r  the l ine  c o r r e s p o n d i n g  
to the n = 10 -~ n = 9 t r a n s i t i o n  which  is  b r o a d e n e d  
T h i s  can  be  e x p l a i n e d  by the f ine  s t r u c t u r e  s p l i t -  
t ing of the a n t i p ro ton i c  s t a t e s ,  wh ich  a m o u n t s  to 
1.4 keV a s s u m i n g  a m a g n e t i c  m o m e n t  equa l  to 
that  of the p ro ton .  The  b r o a d e n i n g  due to n u c l e a r  
a b s o r p t i o n  can  be  n e g l e c t e d  a c c o r d i n g  to c a l c u l a -  
t ions  of the a n t i p r o t o n i c  a b s o r p t i o n  us ing  a p u r e l y  
i m a g i n a r y  po t en t i a l  wi th  a s c a t t e r i n g  l eng th  of 
0.8 fm.  With this  po ten t i a l  the i n t e n s i t i e s  of the 
o b s e r v e d  X - r a y  t r a n s i t i o n s  in o t h e r  nuc le i  a r e  

We appreciate the help of Dr. M. KrelI who adapted 
his programme for pionic atoms [2] to antiprotonic 
atoms. 
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lowest level reached 
before annihilation



It subsequently took several more years for more precise measurements of  the transitions in 
antiprotonic atoms p-Pb and p-U to result in improved measurements of antiproton parameters: 
the anomalous magnetic moment in 1972 [Fox].

J. Fox et al., PRL 29 (1972) 193

P. Robertson et al., Phys. Rev. C 16 (1977) 1945

Comparison between the measured and calculated transitions allowed the authors to give:

• 68% CL upper limit on any mass difference between protons and antiprotons of (|mp 
−mp̄ | < 0.5 MeV)

  (relative precision of 5×10−4 )

• Only a consistency check on the equality of the magnetic moment of the proton and of the antiproton 
could be provided, the (limited) accuracy of the measurements precluding any quantitative statement at 
the time.

_

Further measurements, still at Brookhaven [Robertson], of the fine structure splitting continued to 
improve the knowledge of the antiproton mass mp = 938.229 ± 0.049 MeV_

_ _



Antiprotonic oxygen: difference spectrum of p -  O and p -  O   

H. Poth et al., Nucl. Phys. A 294 (1978) 435

_ _16 18
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I n t he case o f oxygen cascade , s t rong chem i ca l e t %c t s we r e obse r ved . The r esu l t s
o f t he r e l a t i ve i n t ens i t i es o f t he l i nes , norma l i zed t o t he i n t ens i t y o f t he 5 ~ 4 t r ans i -
t i on , a r e g i ven i n t ab l e 2 f or C160s and ZHZ

16 0 ( co l umns 2 and 3) . The i n t ens i t i es
o f , f or examp l e , do = 3 t r ans i t i ons d i f f e r by as much as a f ac t or o f t wo . I n t he
case o f ZH 2 16 0 t he i nne r l eve l s o f t he ene rgy l eve l scheme (1 < n - 1) appa r en t l y a r e
much mor e s t rong l y popu l a t ed t han i n CO z . One s t r a i gh t f orwa rd exp l ana t i on wou l d
be a t r ans f e r o f t he an t i pro t on be t ween t he deu t e ron and t he oxygen a t om , wh i ch
popu l a t es pr e f e r en t i a l l y t he i nne r l eve l s . I n sp i t e o f t he l a rge d i f %r ences i n t he
cascades , t he Y l P va l ue f or 16 0 i s t he same f or t he measur emen t s i n CO Z and ZHZO .
Th i s behav i our i s , o f cour se , expec t ed and g i ves add i t i ona l con f i dence i n t he me t hod
o f de r i v i ng t h i s r a t i o f rom t he measur ed da t a . I n co l umn 4 o f t ab l e 2 , t he r e l a t i ve
i n t ens i t i es o f t he ZHz 1 "O X- r ay cascade a r e g i ven . W i t h i n t he expe r i men t a l e r ror s
t hese numbe r s co i nc i de w i t h t he r e l a t i ve i n t ens i t i es o f 16 0 , g i ven i n co l umn 3 ; t h i s
shows t ha t t he de - exc i t a t i on process i n sHZ 16 0 and ZHZ 1 "O i s i den t i ca l .

18
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I n t he case o f oxygen cascade , s t rong chem i ca l e t %c t s we r e obse r ved . The r esu l t s
o f t he r e l a t i ve i n t ens i t i es o f t he l i nes , norma l i zed t o t he i n t ens i t y o f t he 5 ~ 4 t r ans i -
t i on , a r e g i ven i n t ab l e 2 f or C160s and ZHZ

16 0 ( co l umns 2 and 3) . The i n t ens i t i es
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Con t r i bu t i ons t o t he t o t a l e r ror f or t he 4 - . 3 t r ans i t i on w i d t h i n x ' 60 ( i n eV)

4 ~ 3 p - D2 ' 60

de t ec t or 1

de t ec t or 2

Auge r e l ec t ron , r espec t i ve l y . The ca l cu l a t i on o f I ' x and T " ° " i s s t r a i gh t f orwa rd ,
bu t a t t en t i on has t o be pa i d t o t he f ac t t ha t t he movemen t o f t he p - N sys t em a round
i t s common c . m . g i ves a non - neg l i g i b l e con t r i bu t i on Z t ) . Th i s c . m . cor r ec t i on
enhances t he r ad i a t i on and Auge r w i d t hs by t he f ac t or

' ) F t t ed on l y t o t he . da t a o f ` 60 / ' °O .

C -
C

M+n t pZ~12
M+m~ '

whe r e M i s t he nuc l ea r mass and mp t he an t i pro t on mass . I n t he nuc l e i d i scussed
he r e , Z~n can be pu t equa l t o Z t o a good approx i ma t i on Z1 ) . I n t ab l e 4 , co l umn 3 ,
a l so t he l ' � P va l ues f or P , C l , K , Sn , I , and Pr a r e l i s t ed . They a r e ca l cu l a t ed f rom

T~ 4

Compa r i son be t ween measur ed and ca l cu l a t ed ( i n br ac t e t s ) s t rong i n t e r ac t i on e f ï eds

Nuc l eus

1

Las t obse r vab l e
t r ans i t i on

2

l ' ,P ( eV)

3 4

N 4 ~ 3 0. 1310 . 03 205170 3150
(0 . 10) (144) ( - 31)

' 60 4 - . 3 0. 6410 . 11 320 f 150 - 124136
(0 . 62) ' (480) ' ) ( - 111)~

' °O 4 - + 3 0. 8010 . 12 5501240 - 189142
(1 . 05) ' ) (659) ' ) ( - 167) ' )

P S ~ 4 1 . 1410 . 25
(1 . 42)

S 5 ~ 4 3. 0410 . 70 6501100 - 60 140
(2 . 20) (673) ( - 79)

C I 5 ~ 4 8. 0 12 . 2
(6 . 77)

K 5 ~ 4 26 . 8 17 . 0
(24. 3)

Sn 8 - y 7 3. 1 11 . 8
(41 . 53)

I 8 ~ 7 9. 9 17 . 7
(22 . 6)

Pr 8 ~ 7 24 . 7 156. 9

! ' d l ' � � d ! ' ~° d I ' � ~ , d ! ' � � , d f

300 83 150 30 100 200

348 66 l 50 l 40 100 238

H. Poth et al., Nucl. Phys. A 294 (1978) 435
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br , � , = 240 f 100 eV ,

b l / ' s l = _p . 34 f 0. 20 .

�

(1) .

I f ruP ~ r x+r~°~ , as i s t he case he r e , t he b l l l s l can be r e l a t ed t o t he r e l a t i ve
d i f f e r ence i n t he uppe r w i d t h by 81 / l s l = - br� P / 16r �p .

The da t a show t ha t t he i so t ope e f f ec t s seen f or t he f i r s t t i me i n s t rong i n t e r ac t i on
i n an t i pro t on i c a t oms a r e s t a t i s t i ca l l y s i gn i f i can t and r ema r kab l y l a rge .

4. Campa r i aoa be t ween da t a and ca l ca l a t i o~

Aposs i b l e ansa t z f or t he s t rong p - N i n t e r ac t i on i s an op t i ca l po t en t i a l o f t he f orm

whe r e P i s t he roduced p - nuc l eus mass , ~ ! i s t he nuc l eon mass , mP i s t he an t i pro t on
mass , pP ( r ) and po ( r ) a r e t he d i s t r i bu t i ons o f pro t ons and neu t rons i n t he nuc l eus ,
and A~ and A~ a r e comp l ex numbe r s wh i ch desc r i be t he e f f ec t i ve i n t e r ac t i on
be t ween t he l ow- ene rgy an t i pro t on , and t he pro t ons and neu t rons o f t he nuc l eus.
S i m i l a r ansä t ze we r e t r i ed f or p i cn i c and kaon i c a t oms and we r e ab l e t o r eproduce
t he gross f ea t ur es o f t he da t a sa t i s f ac t or i l y . I n bo t h cases a r e l a t i on be t ween A°~ and `
t he f r ee sca t t e r i ng amp l i t ude A cou l d be f ound z2 - Z ' ) .

To de r i ve sh i f t s and w i d t hs o f t he l eve l s f rom t he op t i ca l po t en t i a l , t he expr ess i on
f or Ys , i s i n t roduced i n t o t he D i r ac equa t i on and i n t egr a t ed nume r i ca l l y . QED
and o t he r cor r ec t i ons we r e compu t ed i n pe r t urba t i on t heor y . The nume r i ca l
i n t egr a t i on o f t he equa t i on y i e l ds t he comp l ex ene rgy va l ue E - i 2 r . o f t he l eve l s
as a f unc t i on o f t he pa r ame t e r s A~ , APôt , and t he d i s t r i bu t i ons pp , po . As f or kaon i c
a t oms , i t t urns ou t t ha t on l y t he t a i l s o f t he nuc l ea r d i s t r i bu t i ons g i ve i mpor t an t
con t r i bu t i ons .

The i dea beh i nd t he ana l ys i s o f t he da t a pr esen t ed he r e i s t o ga i n i n f orma t i on
on t he ¢N i n t e r ac t i ons t ak i ng p l ace i n nuc l e i . The ana l ys i s i s sp l i t i n t o t wo pa r t s
( a ) The ansa t z , as i n t roduced above , i s shown t o be use f u l f or t he nuc l e i unde r
i nves t i ga t i on . Hy ad j us t i ng t he pa r ame t e r s o f t he ansa t z so t ha t t he da t a a r e
r eproduced , a l eas t - squa r es f i t va l ue f or t he sum (A~ +A~ ) i s deduced f rom
nuc l e i w i t h po ( r ) x pv ( r ) . (b ) The s t rong i n t e r ac t i on e f f ec t s i n 160 / 1s0 a r e s i g_
n i f i can t l y d i f f e r en t . Th i s d i f %r ence i s a l mos t comp l e t e l y due t o t he t wo add i t i ona l
neu t rons o f 1 s0 . Thus t he 160 / t s0 da t a a r e used t o ge t an i ndependen t va l ue f or
Apt and , t oge t he r , w i t h t he r esu l t f rom ( a ) , a l so f or A t e . For bo t h pa r t s o f t he
ana l ys i s a r e l i ab l e i npu t f or t he pro t on and neu t ron r ad i a l dens i t y d i s t r i bu t i ons
i s needed . For 160 , 1s0 and S t hese d i s t r i bu t i ons we r e de t e rm i ned as desc r i bed

be l ow.

analyze p-N interaction in terms of optical potential
_

ρ18
n

ρn
16

ρ18
n ρn

16/

ρ18
p ρp

16/

r [fm]

p-atoms test essentially the large-r region of nuclear density
_

derive shifts / widths of the atomic levels

compare with measurement      ρn(r), ρp(r) distributions

(only visible in last observable transition of the cascade)

H. Poth et al., Nucl. Phys. A 294 (1978) 435



Probing the diffuse neutron halo at the nuclear surface with p

A. Trzcinska et al., Phys. Rev. Lett. 87 (2001) 082501
A. Trzcinska et al., Hyperfine Interact (2009) 194:271–276 

nuclear physics: the PS209 experiment
_

Neutron density distributions can be sampled in (heavy) nuclei by correlating 
measurements of their:

• antiprotonic x-ray cascade (annihilation radius, energy shifts)
• with a radiochemical determination of the same nuclei (annihilation on n / p)

after they have been exposed to antiproton capture and annihilation (and are 
consequently one mass unit lighter).

The PS209 experiment at LEAR investigated a range of 34 different 
nuclei, from 40Ca to 238U via both techniques

If proton distributions are constrained to the values from electron scattering or 
muonic x-ray measurements, then the neutron density distribution is best 
reproduced in terms of a half-density radius compatible with that of the proton, 
but a significantly larger diffuseness in the case of neutron-rich nuclei.
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Exotic atom formation

• stopping of 
negatively charged 
particles in matter
• slowing down by 

ionization (normal 
energy loss)

• end when kinetic 
energy < ionization 
energy

• capture in high-lying 
orbits with n~!(M*/me) 

example: antiprotonic helium
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metastable states formed (PS205, ASACUSA) 
  
laser-spectroscopy of transitions becomes possible (huge gain in precision w.r.t. 
X-ray spectroscopy for precision determinations of the p mass, charge and µ)→

antiprotonic helium: 

_

M. Hori et al., Science 04 Nov 2016: Vol. 354, Issue 6312, pp. 610-614
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Antiproton parameters determined by different techniques
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first ever measurement of spin flips on a single trapped antiproton were carried
out by the ATRAP collaboration [78] in a specially-prepared Penning trap that
adds a finely tuned magnetic bottle gradient to the trap’s axial B field. High
resolution measurements of the resulting axial frequency shifts (stemming from the
interactions of the cyclotron, magnetron and spin moments with �B) allowed the
ATRAP collaboration to improve the sensitivity on the comparison of the proton
and antiproton magnetic moment by three orders of magnitude from the best exotic
atom measurement to 4.4 ppm (table 1).

quantity year value rel. precision method ref.

|mp �mp̄| 1970 < 0.5 MeV 5⇥ 10�4 p̄-Tl [8]

|mp �mp̄| 1977 < 0.05MeV 5⇥ 10�5 p̄-Zr and p̄-Y [25]

mp̄/mp 1990 0.999999977(42) 4⇥ 10�8 trapped p̄ [74]

mp̄/mp 1995 0.9999999995(11) 1⇥ 10�9 trapped p̄ [66]

(q/m)p̄/(q/m)p 1999 -0.99999999991(9) 5⇥ 10�11 trapped p̄ [63]

(µp � |µp̄|)/µp 1972 (�0.04± 0.1) 3⇥ 10�2 p̄-Pb [79]

(µp � |µp̄|)/µp 2009 (2.4± 2.9)⇥ 10�3 10�3 p̄-He [70]

µp̄/µp 2013 -1.000000(5) 5⇥ 10�6 trapped p̄ [78]

5. Antihydrogen

Antihydrogen formation in traps was proposed already in 1986 [60]. Several pro-
duction processes mixing antiprotons (p̄) with positrons (e+) or positronium (Ps)
are possible:

p̄+ e+ + e+ ! H̄ + e+ (4)

p̄+ Ps ! H̄ + e� (5)

p̄+ e+ ! H̄ + � (6)

Unfortunately, these processes require high positron densities (three-body forma-
tion), production and transport of positronium towards trapped antiprotons, or
have a very low cross section (radiative formation). In 1994, before the positron
accumulation technique based on radio-isotope decays developed in 1989 by the
group of C. Surko [80] had become advanced enough that the required numbers of
positrons were routinely available for antihydrogen production in Penning traps to
be attempted, an alternative route was proposed by members of the PS202 exper-
iment [81] to produce antihydrogen atoms in flight, using the interaction between
the antiprotons stored in the LEAR ring and a jet-gas target consisting of Xe atoms.
The production process of antihydrogen is then:

p̄Z ! p̄��Z ! p̄e+e�Z ! H̄e�Z (7)
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accumulation technique based on radio-isotope decays developed in 1989 by the
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the antiprotons stored in the LEAR ring and a jet-gas target consisting of Xe atoms.
The production process of antihydrogen is then:
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Δ(mp,mp), Δ(qp,qp)  < 5 × 10−10 (90% CL) 

CPT tests: going from atoms to traps
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G. Gabrielse et al., PRL 65 (1990) 1317
G. Gabrielse et al., PRL 74 (1995) 3544

G. Gabrielse et al., PRL 110 (2013) 130801
G. Gabrielse et al., PRL 82 (1999) 3198



protonium (and deuteronium)the simplest antiprotonic atoms: 

• inject p into hydrogen (gas, liquid); it will replace the electron
  of the hydrogen atom at a radius of ~ 5 x 10 cm

• the resulting protonium will have a large angular momentum
   and a principal quantum number n of √mp/2me ~ 30

• during de-excitation, (n,l) QN are reshuffled
  → annihilation dominantly from l = 0 (possibly high n)

_

• density-dependent Stark mixing → cascade to low (n = 1..3)
  states only in low-density hydrogen gas (low stopping power) 

-9

G. Reifenröther and E. Klempt, Nuclear Physics A, 503 (1989) 885

https://www.sciencedirect.com/science/journal/03759474


36 D. Gotta / Protonium X-ray spectroscopy

Figure 1. Pressure dependence of the line yields of the L series in antiprotonic hydrogen. The data are
from PS171 [17] (1000 mbar), PS174 [18] (125, 250, 920, 2000, 10000 mbar), and PS175 [19] (16, 30,

60, 120, 300 mbar). The cascade calculation [19] (lines) used the code of [14].

2. Protonium experiments

2.1. PS171 – ASTERIX

For low-energy beams, with a 1 bar hydrogen target of almost 1 m length and
160mm in diameter full overlap with the range of the longitudinal and transversal
range straggling was achieved. The gas volume was surrounded by a cylindrical X-ray
drift chamber (XDC) covering 90% of the solid angle. Tracking chambers around the
XDC and inside a magnetic field allowed charged particle identification for the meson
spectroscopy, which was the main aim of the experiment.

The advantage to use only gaseous detectors close to the stop volume is to keep
low the background originating from the annihilation products. The possibility to
clean the spectra by suitable trigger conditions on final states, timing cuts, and the
selection of the conversion point of the photon yielded an almost background free
X-ray spectrum [16,17]. Restrictions were the fixed gas pressure and the modest
energy resolution of the order of 25%.

2.2. PS174

Using a cryogenic target of 50 cm length and a diameter of 25 cm, an equivalent
hydrogen pressure between 0.2 and 10 bar s.t.p. could be adjusted. With two gas-
scintillation proportional counters covering 2% of the solid angle and having an energy
resolution of 10% at 6 keV, a peak-to-background ratio of 0.5 was achieved for the
Kα transition in antiprotonic hydrogen [20].

Although superior in energy resolution, the peak-to-background ratio was less sat-
isfying for the X-ray spectrum measured with a Si(Li) detector [18]. The background
mainly stemmed from multiple hits of the low-energy part of the electromagnetic show-
ers produced by the final-state particles in the surrounding materials and, therefore,

protoniumthe simplest antiprotonic atoms: 

D. Gotta, Hyperfine Interactions 118 (1999) 35–43

PS171

PS174

PS175
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(iv) a position along the beam axis between - 2 5  
cm (upstream) and + 20 cm (downstream). 

After application of these cuts 480 000 events were 
retained with exactly one X-ray, 9000 events with two 
coincident X-rays, and 110 events with three coinci- 
dent X-rays. Fig. 4a shows the X-ray energy spectrum 
of all events. The prominent peak at low energies is 
due to the L X-ray series ( E =  1.73-3.11 keV). The 
M lines (E=0.5-1 .3  keV) are detected with much 
lower efficiency and contribute to the low-energy tail 
of the L,  line without being resolved. The structure 
in the region between 7 and 13 keV is interpreted as 
the unresolved K lines sitting on some background. 
To make the signal more visible the scale of fig. 4a 
has been enlarged by a factor of 100 for energies above 
4 keV. Since the detection efficiency (40-10% be- 
tween 7 and 13 keV) is comparable to that of L lines, 
this low yield shows the dominance of annihilation 
over radiative transitions from the nP levels. 

The main sources of background are 
(i) internal bremsstrahlung (with an energy de- 

pendence 1/E, important below 10 keV), 
(ii) argon fluorescence (line at 2.98 keV), 
(iii) Compton scattering (giving a distribution 

slowly decreasing with energy, important above 5 
keV). 

Only events with charged particles in the final state 
can generate internal bremsstrahlung. Since we re- 
quire no hits in the two innermost MWPCs, brems- 
strahlung is only associated with events where all 
charged particles escape detection in the MWPCs 
through the end regions of the target and the XDC. 
Also, charged particles traversing the end regions of 
the XDC ( I zl > 35 cm) without leaving reconstruct- 
able track image deposit energy close to the mylar foil 
and can give rise to X-ray like pulses and argon fluo- 
rescence. However, both background contributions 
originate from the ends of the XDC and are strongly 
reduced by requiring the fiducial z region - 2 5  cm 
~<z~< 20 cm. 

The interpretation of the structure in the K line re- 
gion is greatly facilitated by considering events with 
two coincident X-rays. They allow, in particular, se- 
lection of the K ,  line out of the K series by requiring 
an L X-ray in coincidence with it. The background 
under the K lines is not correlated to the plb atomic 
cascade and hence is strongly reduced in the coinci- 
dence spectrum. Fig. 4b shows the coincident X-ray 
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Fig. 4. (a) X-ray energy spectrum of all events. The dominant  
signal at 1.5-3 keV is due to the L series from the p~ atom. The 
region above 4 keV is scaled by a factor of  100. (b)  X-ray energy 
spectrum of  events containing two coincident X-rays. Only the 
X-ray with the higher energy is histogrammed. The region above 
2.5 keV is scaled by a factor of  20, displaying the K~ line over a 
small background. (c) X-ray energy spectrum of  events contain- 
ing two coincident X-rays. Only X-rays coincident with an X-ray 
in the K~ region (6.4-10.4 keV) are histogrammed. The struc- 
ture at low energies is the full L series o f  the p~ atom. 
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quantitatively with those derived from the inclusive 
X-ray spectrum. 

(iii) We observe triple coincidences of M-L~-K~ 
X-rays. Their rate is in agreement with expectations 
from the observed number of  M - L ,  and L~-K~ dou- 
ble coincidences. The energy pattern of  M, L,~, and 
I ~  lines of  the Pi) atom is unique and cannot be faked 
by other exotic atoms. 

The observed I ~  peak is noticeably broader than 
the energy resolution of our detector at 8.7 keV, in- 
dicating substantial hadronic broadening of the 1S 
state. The interpretation of this broadening is com- 
plicated by the possible splitting of the singlet and 
triplet components of  the ground state. Annihilation 
into only neutral pions in coincidence with a K~ X- 
ray picks out the singlet state (jPC= O- ÷  ) because of 
C-parity conservation, so we expect a large contribu- 
tion from the singlet state to the observed K ,  line. 
However, neutral annihilations involving neutral 
kaons or radiative decays may proceed from the trip- 
let state as well; their relative contribution is un- 
known but small. 

Since the broadening is much larger than the pre- 
dicted singlet-triplet splitting [ 1 ] we have fitted the 
I ~  peak to a single line. The line shape of atomic 
transitions into a broad state calculated by Ericsson 
and Hambro [ 11 ] was used. The shape function was 
multiplied by the energy-dependent detection effi- 
ciency and convoluted with a gaussian (describing the 
detector resolution). The known experimental reso- 
lution at 8.7 keV (a--- 1.00 + 0.17 keV ) was imposed. 
The complete X-ray spectrum of fig. 4c was fitted us- 
ing the minimization program MINUIT [ 12 ]. In ad- 
dition to the K~ line, the following contributions were 
taken into account: 

(i) two gaussian functions representing the ob- 
served L ,  and the argon fluorescence line; 

(ii) the energy spectrum of X-rays accompanied 
by argon fluorescence; 

(iii) the spectrum of inner bremsstrahlung [ 13 ] 
from charged pions escaping detection outside the 
XDC. 

The Compton background was found to be negli- 
gible. The fit result is shown in fig. 7. We obtained 
for the energy and the width of the 1S level 

E(K~ ) =8 .67+0.15  keY,  

F ( I ~  ) = 1.60+0.40 keY. 

:1~1 O0 

5 l o  , 2 o  
[b e v ' ]  

Fig. 7. K~ line of p~ atoms with only neutrals in the annihilation 
final slate and fit to the line. 

A value of 1.04 was obtained for z2/Nf. The error of  
the energy measurement comes from the statistical 
error ( _ 70 eV) and the error in energy calibration 
( _+ 125 eV). We note that the energy dependence of 
the detection efficiency shifts the observed peak po- 
sition towards lower energies. Without a strong-in- 
teraction shift the K~ line energy would be 9.37 keV. 
Leaving the experimental resolution as a free param- 
eter, the fit gives a resolution of 1.2+0.2 keV and a 
width within the error quoted above. 

It is necessary to stress the dependence of the fitted 
K~ line position on the correct theoretical line shape 
for such a substantially broadened 1S level, The large 
width of the K~ line is not caused by gain variations 
of the detector, since the width of the L,~ line (a=0.26 
keV at 1.73 keV), observed under the same condi- 
tions in coincidence with M X-rays, is compatible 
with the nominal detector resolution at that energy. 

In summary, we conclude that the strong broaden- 
ing of the K~ line is due to the hadronic interaction, 
and it contributes a shift and width to the ground state 
of  the p~ atom of 

A E + i F / 2  = [ - 0 . 7 0 (  15 ) +i0.80 (20) ] keV.  

These values are in agreement with the results of 
models for the pp interaction at low energies [ 1 ] and 
the energy shift agrees with preliminary results from 
other LEAR experiments ~t. 

~ For reviews of preliminary results, see e.g. ref. [ 14]. 
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strong interaction: broadening and shift 
of the s and p states of the pp atom
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nP → 1S

QED predictions for the energies of Kα = 9.37 keV

splitting between the spin singlet and triplet (1S0 and 3S1) sublevels and the difference of their hadronic 

nD → 2P

3→2

2→1
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Fig. 2. Energy spectrum of X-rays emitted by protonium atoms formed in H, gas at NPT and annihilating 
into two charged pions and neutral particles. The peak at low energies is due to the Balmer series of 

the pp-atom. The solid line represents an absolute bremsstrahlung calculation. 
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Fig. 3. Energy spectrum of X-rays emitted by protonium atoms. An X-ray enhancing trigger is used. 
The line represents a fit taking into account the Balmer series of the yjp-atom, the bremsstrahlung, (solid 
line), contributions from the Lyman series of the pp-atom (dashed tine), and a (small) constant 

background. 
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Antiprotonic Hydrogen: From Atomic Capture to Annihilation 69 
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Ftg Y X-ray spectrum of protonium (Cold gas experiment using a gas 
scintillation proportional detector) The solid line correspond to the best fit 
taking into account the shape of the background from D, runs (dashed) and 
two lines for ( K ,  and K ,  X-rays) 

cade. At low gas pressure contamination lines show up due to 
imperfect gas tightness of the target. The data obtained by 
using the GSPD have a better signal/background ratio (Fig. 9). 
They show unambiguously the presence of the Lyman series 
of antiprotonic hydrogen [ 131. 

3.3. The inverse-cyclotron experiment 
The third experiment uses a very clever trick to stop anti- 
protons at very low densities [14]. Antiprotons enter an 
inverse cyclotron and lose some energy in moderation foils. 
During their circular path in H, they continue to lose energy, 
focussing is provided by the cyclotron magnetic field and its 
gradient. The path in H, can thus be made very long and the 
gas density correspondingly very small. The antiprotons 
spiral inwards until they come to rest in the center of the 
cyclotron where they form protonium atoms. The atomic 
transition lines are observed in Si(Li) detectors (Fig. lo). The 
three experiments give compatible results [6]: the K,  X-ray 
transition is shifted by (-0.72 i 0.04)keV and broadened 
to a strong interaction width of (1.11 f 0.07) keV. 

200 1 

Fig. 10. Energy spectrum observed by the inverse cyclotron collaboration. A 
strong K ,  line is seen above a smooth background. 
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Fig. 11. Cascade of protonium in HL gas. The data are from the three 
experiments and Ref. [3]. The solid line represents an absolute calculation, 
the dotted lines two extreme variations of the calculated Auger effect. 

4. Protonium atoms: Interpretation 
4.1. The atomic cascade 
The results of the three experiments on line intensities are 
summarized in Fig. 1 1. All line intensities depend crucially on 
target density. The solid line represents the results of a cas- 
cade model which was developed recently by G. Reifenroether 
and the author [15]. In this model the trajectories of pp atoms 
colliding with hydrogen atoms are followed by the Classical 
Trajectory Monte Carlo Method applied to the three-body 
system p, p, H atom. During the collision the electric field as 
a function of the collision time is determined (Fig. 12) as well 
as the local electron density. These calculations are carried 
out for some values of principal and orbital angular momen- 
tum quantum numbers and then interpolated for any value of 
(n,  I ) .  The knowledge of the electric field strength allows to 

H ~ atom 

.- _r_- 

Ftg 12. Collision process between the pp atom and a hydrogen atom The 
pp starts with a center-of-mass velocity z, and an impact parameter b The 
nearest distance between pp and H is rmin. which result in a maximum electric 
field E,,, 
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Charged particles accelerated in the annihilation emit inner bremsstrahlung 
radiation with a sizeable yield in the X-ray energy region below 10 keV

3D → 2P 2P → 1S

M. Augsburger et al. / Measurement of strong interaction parameters 61

Figure 1 presents the measured spectra for antiprotonic hydrogen and deuterium.
The total number of Lα events detected is about 2 × 106 for hydrogen and 106 for
deuterium.

Table 1 shows the calculated electromagnetic energies for the Balmer and Lyman
transitions in antiprotonic hydrogen and deuterium [4]. For the Kα transition, the
difference between the measured energy and the calculated electromagnetic energy is
the strong interaction shift ε1s.

3. Results

The three CCDs chips have been analysed separately. For the detection efficiency
calibration, we have done a measurement with a 4 mbar nitrogen target. At this
pressure, the stopping efficiency of the antiproton beam is the same as in 20 mbar
hydrogen. The intensity of each transition in the pN system is the same (circular
transitions). In the case of antiprotonic hydrogen, a spin averaged analysis has first
been performed to determine the repulsive shift ε1s and the width Γ1s of the Kα

transition. The results obtained for each CCD were statistically compatible and were,
therefore, averaged (weighted mean):

ε1s = −706.4 ± 18.2 eV, Γ1s = 1054 ± 65 eV.

Approximately 20000 Kα X-rays have been recorded. Thus, taking into account the
detector efficiency, we deduce that only 1% of the 2p level population reaches the
ground state. Our results are compatible with the weighted mean of those obtained
by the preceding LEAR experiments PS174 and PS175 (ε1s = −730 ± 20 eV and
Γ1s = 1122 ± 57 eV) [5–7].

Figure 2. Expanded view of the antiprotonic hydrogen spectra from one CCD. The solid lines show a fit
to the spin averaged Kα line, the dotted curves are from a fit to the triplet/singlet splitting.

M. Augsburger et al., Hyperfine Interactions 118 (1999) 59–62

ε1s =−706.4±18.2 eV, Γ1s =1054±65 eV

caveat: internal bremsstrahlung!
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D. Gotta / Protonium X-ray spectroscopy 41

Figure 4. Line shapes of the Lα transitions in antiprotonic hydrogen and deuterium (from [33]). The solid
lines shown in the p̄H spectrum correspond to the prediction of [11] taking into account the experimental

resolution. For the hyperfine pattern of p̄D see text.

3.3. The 2p multiplet in antiprotonic hydrogen

The results from various calculations for the pure electromagnetic interaction [28,
35,36] are differing by up to 12 meV for the mean energy of the Lα transition and up
to 20% for the hyperfine level splitting. In common to all calculations is the large value
for the electromagnetic splitting of more than 200 meV for the 2 3P0 hyperfine state.
As a matter of fact, the line profile of the 3d–2p transition in antiprotonic hydrogen
exhibited a shoulder at the high energy side, which was interpreted as the 2 3P0 state.
The 3 close-lying components 2 3P2, 2 3P1, and 2 1P1 were not resolved (figure 4).

The 2 3P0 state plays a particular role. A strong and attractive interaction, result-
ing in a large hadronic shift and broadening of the order of 100 meV, is mandatory
for meson-exchange models used for the construction of the real part of the NN
potential [8,9,11]. The large attraction was confirmed by the experimental result of
ε(2 3P0) = (+140 ± 25) meV and Γ(2 3P0) = (130 ± 50) meV, where the value of
+203 meV [28] for the electromagnetic splitting of the 2 3P0 state has been used.
The measured mean shift of the group (2 3P2, 2 3P1, 2 1P1) was compatible with zero
and the mean broadening of the order of the spin-averaged 2p-level width Γ2p as
predicted [31,33].

3.4. The 2p multiplet in antiprotonic deuterium

For p̄D, the results of the two calculations for the electromagnetic hyperfine
splitting differ much more than for p̄H. In one case, the electromagnetic interaction
dominates the splitting of the 2p level and the 3d–2p line shape should form ap-
proximately a “doublet” structure formed by the sub-states (4P3/2, 4P1/2, 4P1/2) and
(4P5/2, 2P3/2, 2P1/2) [35]. The other calculation predicts much smaller separations of
the sublevels [28]. It is then sufficient to describe the line shape by one Lorentzian
only, which is found to be in much better agreement with experiment.

D. Gotta, Hyperfine Interactions 118 (1999) 35–43

In pD because of the more frequent 
annihilation from p levels as compared to pH, 
no clear evidence was found for the ground 
state transition (1% of 2p population in pH)  

So: the direct measurement of the 2p-level 
width was the only possibility at all to 
determine hadronic effects in pD.

_

_

_

_
“A re-measurement of the Lyman transitions 
with the forthcoming generation of CCD 
detectors is desirable and should be able to 
improve the accuracy by a factor of 5. Such an 
experiment requires a continuous antiproton 
beam of the order of 105/s, which, however, 
will not be available in the near future.”
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FIG. 3. (color online) a) Level scheme of the relevant states
of H� and H at 5 T. The continuum of H is marked in gray
with the possible ionizations from the excited states. The
ml, ms states and �E are labeled and the binding energy
(BE) of H�. The three lasers are shown with the 121 nm
and 366 nm laser driving �� and �+ transitions, respectively.
The solid lines represent the addressed states. b) Excita-
tion e�ciency ⌘L versus 366 nm laser parameters for a beam
waist of wL = 1 mm and Gaussian intensity pulse shapes
Ii = Ii,max exp(�4 ln 2(t � Ti)

2/⌧2
i ) for i = 1064, 121, 366

with peak intensity Ii,max, FWHM intensity pulse duration
⌧i and pulse delay Ti with respect to the 121 nm; I1064,max =
2.5 MW/cm2, I121,max = 755 W/cm2, ⌧1064 = ⌧366 = 10 ns,
⌧121 = 16 ns and T1064 = �20 ns. c) Lasers intensities ver-
sus time for I366,max = 0.12 MW/cm2 and T366 = �5 ns. d)
Populations of the bound electronic levels and of dissociated
H from eq. 3 versus time with an insert showing the H(30d)
state resulting in ⌘L = 0.163 at 100 ns.

atomic populations given by:

ṄH� = ��pd NH� ,

Ṅ1s = A2p N2p + �pd NH� � �1s2p (N1s �N2p),

Ṅ2p = �A2p N2p + �1s2p (N1s �N2p)

��2p30d (N2p �N30d)� �pi,2p N2p,

Ṅ30d = �A30d N30d + �2p30d (N2p �N30d)� �pi,30d N30d,

Ṅpi = �pi,2p N2p + �pi,30d N30d. (3)

Here A2p = 6.3⇥108 s�1 and A30d = 2.6⇥105 s�1 are the
Einstein A coe�cients from the H(2p) and the H(30d)
state, respectively, and �pd is the photodetachment rate
of H�. Because the decay of H(30d) populates a lot of
levels with a negligible probability of reaching H(2p)
within the considered time, we neglected this part. �1s2p

is the 121 nm laser excitation rate for the four tran-
sitions H(1s)|ml = 0,ms = ±1/2,mi = ±1/2i !H(2p)
|ml = �1,ms = ±1/2,mi = ±1/2i and �2p30d

is the 366 nm laser excitation rate for
H(2p)|ml = �1,ms = ±1/2,mi = ±1/2i !
H(30d)|ml = 0,ms = ±1/2,mi = ±1/2i, because we
have used circular polarized light. Npi is the population
lost due to photoionized H. ⌘L is then defined as the
population transfer e�ciency from H� to H(30d) by
⌘L = N30d/NH� at t = 100 ns. This parameter is
maximized scanning over the laser intensities and pulse
delays, see Fig. 3 b). Figure 3 c) shows the result, where
the time depending populations of the states are plotted
in Fig. 3 d). Here we find that ⇠ 16% of the H� are
excited to H(30d) mainly limited by the Lyman-alpha
laser power and width.

B. Pn limitations from crossed fields in Penning
traps

The precedent discussion deals (especially the Pn cross
section formation and Pn radiative lifetime and annihi-
lation) with Pn in |nlmi state. Unfortunately the Pn
is formed in a complex electric and magnetic field envi-
ronment. Indeed, formed Pn will be exposed to the trap-
ping magnetic field but also to several electric fields: time
constant electric fields (due to the trapping potential in
axial Eax and radial Erad direction) but also time vary-
ing electric fields (from stochastic Coulomb collision with
p, p̄, e

�
,H�

,H⇤ as Ecol) and a motional field Em = v⇥B.
It is beyond the scope of this article to study in detail the
e↵ect of the external fields and we will simply give sim-
ple argument in order to estimate the modification of its
internal states and especially concerning its annihilation.
The Hamiltonian for Pn in E and B fields is expressed as
H = H0 +HZeeman +HDiamagnetic +HStark and is dis-
cussed in the appendix V (the formulas are also valid for
H and Ps because of the reduced mass). Neglecting sec-
ond order magnetic interactions (HDiamagnetic = 0), Pn
has no first order Zeeman e↵ect (HZeeman = 0) and the
Hamiltonian eigenstates are thus the Stark eigenstates
(assuming a quantization axis along the electric field):
|nkmi =

P
l
|nlmiClm

n�1
2

m+k

2 ,
n�1
2

m�k

2

where C
jm

j1m1,j2m2
is

the standard Clebsch-Gordan coe�cient producing, up

to the first order a level shift of �E
(1)

St
= 3

2
nkm Ē (see

eq. 7) [51]. This formula can be use to estimate the
annihilation lifetime of the Stark states because of the
s or p annihilation rate ⌫a(ns) = 5.3 ⇥ 1018n�3 s�1,
⌫a(np) = 4.3⇥ 1014n�3 s�1 [4]. Rates from higher values
of lPn ones such as the ⌫a(nd) ⇡ 1010n�3 s�1 are negligi-

ble (rate varies about as n�3(R⇤/a
(Pn)

0
)2l [52].) In a very

rough estimation we can assume that the Clebsch-Gordan
coe�cient is on the order of 1/n and that the Stark eigen-
states contains more or less all l � m quantum numbers
and thus that the annihilation rate for a Stark eigenstate
with m = 0 is roughly given by ⇠ ⌫a(ns)n�1 and for
a m = 1 state by ⇠ ⌫a(np)n�1 whereas for m = ±2
the radiative transition rate into p-states is larger than
the d-state annihilation rate (see Fig. 2 e). The first net

_ _

• co-trap H  (or D ) and p
   in a Penning trap

__

• photo-ionize H

• laser-excite H → H*(30)

• charge-exchange reaction:
  H*(30) + p → pp(n) + e

_ _

_

_

_
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FIG. 2. a) Formation cross section to produce Pn from p̄ with
H(n=1) using the Langevin cross section and with H(n=2)
and H(n=30) using eq. 1 versus the collision energy. The
red dots show the findings for H(n=2) from [30] and the or-
ange curve the fit using the values c1 = 6.3 ⇥ 10�4 a.u. and
c2 = 6.9 a.u. The plot includes the ionization thresholds
(right axis) and probability distribution function (PDF) for
a Maxwellian at 100 K (left axis). b) Radiative lifetime of
100  nPn  1200 for di↵erent lPn states including black
body radiation at 10 K. c) nPn distribution resulting from p̄
capture by either H(n=20) with hnPni = 735, H(n=30) with
hnPni = 1288 or H(n=40) with hnPni = 1825 integrated over
collision energies for 100 K using fit parameters in [23]. d) lPn

distribution corresponding to Pn formation from H(n=30). e)
For initial Pn(n=300) and di↵erent lPn, with all mPn statis-
tically populated, the time before annihilation occurs is cal-
culated in a field free environment. Similar, f) shows the
annihilation time for initial Pn(n=1000) and di↵erent lPn for
a perturbation electric field of Ep =1 V/cm using ⌫St,x from
eq. 4.

A. H� excitation to Rydberg H

To create Rydberg H from ground state H� and to
calculate a value for ⌘L, several laser excitation paths
are possible [44], where we concentrate on a scheme us-
ing single photon excitations and a Lyman-alpha laser.
First a pulse laser at 1064 nm photodetaches H� from
the ground state to the H(1s) state, overcoming the bind-
ing energy of BE=0.7542 eV [45]. The photodetachment
cross sections is given by �1064 = 4⇥10�17 m2 [46]. Sub-
sequently, a laser at 121 nm excites the atoms to the
H(2p) state, from where, a third laser at 366 nm ad-
dresses the H(2p)!H(30d) transition.

Figure 3 a) sketches the relevant levels of H and H�

in the Paschen-Back regime at B=5 T showing the
uncoupled basis |n, l, s,ml,msi for each state, where
the level splitting is �E = µBB(ml + 2ms). Thus
for ml = �l, .., 0, .., l and ms = ±1/2 the splitting
caused by a change of �ml = ±1 or �ms = ±1/2 is
�E =11.2 GHz. For the 121 nm we will use specifica-
tions that have been achieved in [47] of a laser energy of
190 nJ at a pulse duration of 16 ns, which results in a
linewidth of �⌫L ⇡ 27 MHz. For the other two lasers
we will fix the pulse duration to typical 10 ns giving
linewidths of ⇡ 44 MHz. The H transitions get Doppler
broadened at the plasma temperature, which gives at
Tp=100 K a transition FWHM of �⌫D,121 = 17.9 GHz
and �⌫D,366 = 5.9 GHz. Because this broadening is
larger than the hyperfine splittings between mi = ±1/2
states of �EHF = 1.3 GHz for the H(1s) and of 55 MHz
for the H(2p), all mi hyperfine substates are addressed.

Additionally the influence of crossed E and B fields on
H have to be considered, which Hamiltonian is discussed
in the appendix V. For this case of E ? B, the energy
spectra of H have been experimentally studied in [48] and
theoretically in [49, 50]. In first order perturbation of the
fields the level shift is then �E

(1) = ml(
1

2
B̄ + 3

2
nĒ) (see

eq. 7). For H(2p) in ml = �1 the radial trapping field of
typically up to 104 V/m (see sec. II B) thus causes a level
shift of ⇠0.5 MHz, which is smaller than the contribution
from the magnetic field and can be neglected compared
to the Doppler line broadening for plasma temperatures
>1 K.

From this we see that after the 1064 nm addresses the
three H� states separated by 22.4 GHz with approxi-
mately the same cross section, all four mi H(1s) hyper-
fine states get populated. Then, due to Doppler broad-
ening at 100 K the 121 nm laser addresses all H(1s) sub-
states. To find the overall transfer e�ciency, we can cal-
culate the cross sections and the excitation and photoion-
ization rates using standard expressions for the radial
wavefunctions of H and their overlaps for bound-bound
and bound-continuum transitions (see appendix V). The
excitation rates include the Doppler broadening at the
plasma temperature. Both the 121 nm and 366 nm laser
can cause photoionization from the excited states. The
photoionization rates for the 121 nm laser from H(2p),
�pi,2p, is calculated from the sum of the rates coupling
to the l = 0 and l = 2 continuum states. Similarly, the
photoionization rate from H(30d) caused by the 121 nm
and the 366 nm laser as �pi,30d constitute of the sums
of the individual photoionization rates that couple to the
continuum states with l = 1 and l = 3. The e↵ect of
the laser interaction with the H� and H atom can then
be semiclassically described as solutions to a set of Ein-
stein rate equations for the time dynamics of the involved

5

FIG. 3. (color online) a) Level scheme of the relevant states
of H� and H at 5 T. The continuum of H is marked in gray
with the possible ionizations from the excited states. The
ml, ms states and �E are labeled and the binding energy
(BE) of H�. The three lasers are shown with the 121 nm
and 366 nm laser driving �� and �+ transitions, respectively.
The solid lines represent the addressed states. b) Excita-
tion e�ciency ⌘L versus 366 nm laser parameters for a beam
waist of wL = 1 mm and Gaussian intensity pulse shapes
Ii = Ii,max exp(�4 ln 2(t � Ti)

2/⌧2
i ) for i = 1064, 121, 366

with peak intensity Ii,max, FWHM intensity pulse duration
⌧i and pulse delay Ti with respect to the 121 nm; I1064,max =
2.5 MW/cm2, I121,max = 755 W/cm2, ⌧1064 = ⌧366 = 10 ns,
⌧121 = 16 ns and T1064 = �20 ns. c) Lasers intensities ver-
sus time for I366,max = 0.12 MW/cm2 and T366 = �5 ns. d)
Populations of the bound electronic levels and of dissociated
H from eq. 3 versus time with an insert showing the H(30d)
state resulting in ⌘L = 0.163 at 100 ns.

atomic populations given by:

ṄH� = ��pd NH� ,

Ṅ1s = A2p N2p + �pd NH� � �1s2p (N1s �N2p),

Ṅ2p = �A2p N2p + �1s2p (N1s �N2p)

��2p30d (N2p �N30d)� �pi,2p N2p,

Ṅ30d = �A30d N30d + �2p30d (N2p �N30d)� �pi,30d N30d,

Ṅpi = �pi,2p N2p + �pi,30d N30d. (3)

Here A2p = 6.3⇥108 s�1 and A30d = 2.6⇥105 s�1 are the
Einstein A coe�cients from the H(2p) and the H(30d)
state, respectively, and �pd is the photodetachment rate
of H�. Because the decay of H(30d) populates a lot of
levels with a negligible probability of reaching H(2p)
within the considered time, we neglected this part. �1s2p

is the 121 nm laser excitation rate for the four tran-
sitions H(1s)|ml = 0,ms = ±1/2,mi = ±1/2i !H(2p)
|ml = �1,ms = ±1/2,mi = ±1/2i and �2p30d

is the 366 nm laser excitation rate for
H(2p)|ml = �1,ms = ±1/2,mi = ±1/2i !
H(30d)|ml = 0,ms = ±1/2,mi = ±1/2i, because we
have used circular polarized light. Npi is the population
lost due to photoionized H. ⌘L is then defined as the
population transfer e�ciency from H� to H(30d) by
⌘L = N30d/NH� at t = 100 ns. This parameter is
maximized scanning over the laser intensities and pulse
delays, see Fig. 3 b). Figure 3 c) shows the result, where
the time depending populations of the states are plotted
in Fig. 3 d). Here we find that ⇠ 16% of the H� are
excited to H(30d) mainly limited by the Lyman-alpha
laser power and width.

B. Pn limitations from crossed fields in Penning
traps

The precedent discussion deals (especially the Pn cross
section formation and Pn radiative lifetime and annihi-
lation) with Pn in |nlmi state. Unfortunately the Pn
is formed in a complex electric and magnetic field envi-
ronment. Indeed, formed Pn will be exposed to the trap-
ping magnetic field but also to several electric fields: time
constant electric fields (due to the trapping potential in
axial Eax and radial Erad direction) but also time vary-
ing electric fields (from stochastic Coulomb collision with
p, p̄, e

�
,H�

,H⇤ as Ecol) and a motional field Em = v⇥B.
It is beyond the scope of this article to study in detail the
e↵ect of the external fields and we will simply give sim-
ple argument in order to estimate the modification of its
internal states and especially concerning its annihilation.
The Hamiltonian for Pn in E and B fields is expressed as
H = H0 +HZeeman +HDiamagnetic +HStark and is dis-
cussed in the appendix V (the formulas are also valid for
H and Ps because of the reduced mass). Neglecting sec-
ond order magnetic interactions (HDiamagnetic = 0), Pn
has no first order Zeeman e↵ect (HZeeman = 0) and the
Hamiltonian eigenstates are thus the Stark eigenstates
(assuming a quantization axis along the electric field):
|nkmi =

P
l
|nlmiClm

n�1
2

m+k

2 ,
n�1
2

m�k

2

where C
jm

j1m1,j2m2
is

the standard Clebsch-Gordan coe�cient producing, up

to the first order a level shift of �E
(1)

St
= 3

2
nkm Ē (see

eq. 7) [51]. This formula can be use to estimate the
annihilation lifetime of the Stark states because of the
s or p annihilation rate ⌫a(ns) = 5.3 ⇥ 1018n�3 s�1,
⌫a(np) = 4.3⇥ 1014n�3 s�1 [4]. Rates from higher values
of lPn ones such as the ⌫a(nd) ⇡ 1010n�3 s�1 are negligi-

ble (rate varies about as n�3(R⇤/a
(Pn)

0
)2l [52].) In a very

rough estimation we can assume that the Clebsch-Gordan
coe�cient is on the order of 1/n and that the Stark eigen-
states contains more or less all l � m quantum numbers
and thus that the annihilation rate for a Stark eigenstate
with m = 0 is roughly given by ⇠ ⌫a(ns)n�1 and for
a m = 1 state by ⇠ ⌫a(np)n�1 whereas for m = ±2
the radiative transition rate into p-states is larger than
the d-state annihilation rate (see Fig. 2 e). The first net

• (detect fluorescence & annihilation (π± , π0))

S.Gerber, D.Comparat, M.D., in prep.



complex systems: heavier antiprotonic atoms

• established method: capture in gas/solid;
  Stark mixing upon collisions, practically immediate 
  annihilation, from high-n s-states

• proposed method: trapped anion together with 
  antiprotons, photo-detachment of electron,  
  excitation into a Rydberg state, lifetime O(ms), 
  possibly even trappable (large dipole) ... 

→ spectroscopy of Rydberg antiprotonic atoms

→ clean cascade (vacuum → no Stark mixing)

→ controlled annihilation (à la ASACUSA pHe)
_



example: Cs as a source of antiprotonic Cs:  (Cs p)*
_+_

proposal by F. Robicheaux to form a beam of (Cs p)*
by passing a neutral beam of Cs* through trapped p

_

variant: co-trap Cs and p-

_

_

measurements with pulsed-formed antiprotonic atoms:

→ pulsed formation of a thermal (Cs p)* “beam”
_+

passage through e+ → thermal (H)* “beam”
_

generally: pulsed formation of beams of pp*, pd*, Ps*, ...
__

(in addition of course to pulsed formation of beams of H*)
_

J. Robicheaux, J. Phys. B 43, 015202 (2010)
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Schematic overview

Physics goals: measurement of the gravitational interaction between
matter and antimatter, H spectroscopy, ...

_

measurements with pulsed-formed antiprotonic atoms: AEgIS

passing these neutral beams of antiprotonic atoms through gratings 
(optical gratings required for Rydberg atoms ?) allows testing the WEP 
for a range of matter - antimatter systems (purely antimatter, purely 
leptonic, purely baryonic, ...)

or intense 
thermal source

pp* beam

pd* beam

pCs* beam
_

_

_

Ps* beam

• these beams are long-lived
• annihilations can be induced
  spectroscopically
• sensitive probes for inertial
  sensing
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Figure 1. Orders of magnitude relevant for gravitational experiments

with antihydrogen. The scale on the bottom gives the spread of vertical

velocities, 1 σ =
√
kT/m, which corresponds to the temperature axis

in the middle. The height kT/2mg to which antihydrogen atoms can

climb against gravity is shown on the upper scale.

Antihydrogen atoms in a magnetic trap can be cooled further using laser

radiationon the strong1S–2P transition [15–17]which is at 121.6 nmwavelength in

the vacuum-ultraviolet spectral region. Producing laser radiation in thiswavelength

range at Lyman-α is a considerable challenge. Using a pulsed Lyman-α source,

laser-cooling of ordinary hydrogen atoms in amagnetic trap has been demonstrated

down to temperatures of 8mK [29]. Recently we have build the first continuous

laser source for Lyman-α radiation which might eventually improve laser-cooling

of trapped antihydrogen atoms [30, 31]. Nevertheless, there are limits for laser

cooling, one of which is due to the finite selectivity of the cooling force in velocity

space. This “Doppler limit,” kBTDoppler = h̄γ /2, is related to the natural linewidth,

γ = 2π · 99.5MHz, of the transition. For antihydrogen, TDoppler = 2.4mK. The

other limit is due to the photon recoil, kBTrecoil = h̄2k2/m, where k = 2π/λ. Laser

cooling of antihydrogen is thus eventually limited to Trecoil = 1.3mK [15]. Note

that these limits are fairly high, compared to those for other (alkali) atoms which

are common for laser cooling. This is due to three reasons. First hydrogen is a

very light atom, second the cooling transition is at a rather short wavelength and

third the cooling transition is rather strong, i.e. it has a large natural linewidth.

Nevertheless, laser-cooling of antihydrogen will certainly help a lot, in particular

for CPT tests. But for experiments in antimatter gravity the corresponding vertical

heights in the range of meters might still be somewhat too large to be practical.

1S→2P laser cooling: cw Lyman-α source
Eikema, Walz, Hänsch, PRL 86 (2001) 5679

current lowest p 
temperature (4.2K)

(light atom, short wavelength)

for gravity measurement
gravityspectroscopy

current lowest H 
temperature (0.5K)

_ H atoms in trap @ 8 mK
using pulsed Lyman-α 
I.D.Setija et al., PRL 70 (1993) 2257

_

gravity tests with antiprotonic atoms require ultra-low temperatures

interaction time



cooling of H+
_

formation of H+(binding energy = 0.754 eV)

J.Walz and T. Hänsch, Gen. Rel. and Grav. 36 (2004) 561

Roy & Sinha, EPJD 47 (2008) 327

Ps(2p)+H(1s) → H+ + e-

_

_
_

sympathetic cooling of H+

e.g. Be+ → 10 μK

photodetachment at ~6083 cm-1

gravity measurement via “TOF ”

_

GBAR experiment

TOD

measurements with pulsed-formed antiprotonic atoms (and ions):

cooling of p

AEgIS experiment
_

Warring et al, PRL 102 (2009) 043001

Fischer et al, PRL 104 (2010) 073004 

P. Yzombard et al., Phys. Rev. Lett. 114, 213001C2

La
_

_

sympathetic cooling of p to sub-mK
_

Note: beam experiments have a 
weak dependence of gravity 
measurement on (transverse) 
temperature (→ flux into gravity-
sensitive detector) as long as 
flight times are ~ ms or longer

_Ps(2p) + p     → H + e-
_



measurements with trapped antihydrogen atoms:

cooling of (trapped) H

ALPHA-g experiment

on 1s-2p transition (121 nm)

_

CW → low power → time

open trap → H atoms released, look
at asymmetry between atoms flying
towards the upper, and the lower
half of the apparatus

“... cooling the anti-atoms, perhaps with lasers, 
to 30 mK or lower, and by lengthening the 
magnetic shutdown time constant to 300 ms, we 
would have the statistical power to measure 
gravity to the F=±1 level ...“

FH<110_

ALPHA collaboration, Nature Communications 4, Article number: 1785 (2013)

_

intermediate step towards atomic 
fountain and high precision test of 
gravity with trapped H

_



AEgIS experiment
_
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Development of nuclear emulsions with 1 Pm spatial  
resolution for the AEgIS experiment 

M. Kimura on behalf of the AEgIS collaboration. 
Albert Einstein Center for Fundamental Physics, Laboratory for High Energy Physics, University of Bern 

Contact e-mail: mitsuhiro.kimura@lhep.unibe.ch  

The goal of the AEgIS experiment (CERN AD6) is to test the Weak 
Equivalence Principle (WEP) using antihydrogen       . The gravitational sag 
of a    beam will be measured with a precision of 1% on 'g/g by means of  
a moiré deflectometer and a position sensitive annihilation detector. The 
required position resolution should be a few Pm to achieve the 1% goal. 

 The AEgIS experiment  

Nuclear emulsions are photographic film with extremely high spatial 
resolution, better than 1 Pm. In recent experiments such as OPERA, large 
area nuclear emulsions were used thanks to the impressive developments 
in automated scanning systems. For AEgIS, we developed nuclear 
emulsions which can be used in ordinary vacuum (OVC, 10-5~ -7 mbar). 
This opens new applications in antimatter physics research. 

Nuclear emulsions  

Experiments with emulsions under 
high vacuum have not been 
performed so far. We therefore tested 
their behavior in respect to such 
conditions. Water loss in the gelatine 
can produce cracks in the emulsion 
layer compromising the mechanical 
stability (Pm level needed). Therefore 
we developed glycerine treatment to 
avoid this effect. Glycerine can 
efficiently prevent the elasticity loss 
in the emulsion (see fig. 3). 

 Emulsion in high vacuum 

Emulsion properties after glycerine treatment 

  Since the glycerine treatment changed the composition of the emulsion 
layer, we investigated : 
• The detection efficiency per AgBr crystal with 6 GeV/c pions 
• The background in terms of the fog density 
  (the number of noise grains per 103 Pm3) 

Fig. 3. Emulsion films after 3.5 days in the 
vacuum chamber without glycerine 
treatment (A) and with treatment (B).  

Fig. 4. Left: Crystal sensitivity vs. 
glycerine concentration.  
Right:  Fog density vs. glycerine 
content for films kept in vacuum 
for 3.5 days (square), compared 
to atmospheric pressure(dots). 

Fig.1 Left: Schematic view of the AEgIS detectors. Right: 'g/g vs. number of  
particles for a position sensitive detector resolution of 1 Pm (red) and 10 Pm (blue).  

Fig. 2. Left: AgBr crystals in emulsion 
layers observed by SEM.  
Right: A minimum ionizing track (MIP) of 
a 10 GeV/c  pion� 

We performed exposures with stopping antiprotons in June and December, 
2012.  The emulsion detector consisted of sandwiches each made out with 
10 films on five double sided plastic substrates (68 x 68 x 0.3 mm3) .  

  Exposure of nuclear emulsions to stopping antiprotons 

The 3D tracking and annihilation vertex reconstruction were performed at 
the University of Bern. Annihilation stars were observed together with 
tracks from nuclear fragments, protons, and pions. From the measured 
impact parameters a spatial resolution of ~1 Pm on the vertical position of 
the annihilation vertex can be achieved. 

Fig. 5. Left: Schematic view of  the  
detector setup. 
Upper right: Emulsion holder. 
Lower right: Emulsion detector attached to 
the vacuum flange by a crossed bar frame.  

Fig.6. Left: A typical antiproton annihilation vertex in the emulsion layer.  
Middle: Definition of the impact parameter.  
Right: Impact parameter resolution with a window of 20 Pm stainless steel (SUS). 

We irradiated emulsion films with antiprotons passing through a small 
moiré deflectometer. The simulation below shows as an example the 
expected interference pattern at the emulsion layer, generated by a pair of 
gratings (12 Pm slit, 40 Pm pitch, separated by 25 mm). The antiproton 
data is being analyzed and preliminary results are encouraging. 

Proof of principle using a miniature moiré deflectometer 

1 Pm 

Reference 
C. Amsler et al.,  ‘A  new  application  of  emulsions  to  measure  the  
gravitational force on antihydrogen’.,  JINST  (in  press), arXiv:1211.1370.  

Glass-based films with highly sensitive emulsions 

Annihilation products from annihilating               
     will be isotropically distributed. Since 
MIP tracks at large incident angles 
reduce the track finding efficiency in our 
automatic scanning system, we are 
presently investigating new emulsions 
with increased sensitivity. They were 
developed at Nagoya University (Japan) 
and then coated onto glass substrates in 
Bern. Glass is well suited for highest  
position resolutions thanks to its superior 
environmental stability (temperature and 
humidity), as compared to plastic. 

Fig.8. A 10 GeV/c pion track in the reference  
film (A) and in a highly sensitive one (B). 

Tab.1. Comparison between the reference 
 films (OPERA) and the new emulsions 
(Nagoya University). 

100 Pm 

1 Pm 

10 Pm 

Fig. 7. Left: Holder of the miniature moiré deflectometer. 
Right: Simulated intensity distribution of reconstructed vertices  
with position resolutions of 1 Pm (red) and 10 Pm (blue).  
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antiprotonic atoms (and molecules?): ground state for H, in Rydberg states for others:

tests of the WEP: wide range of systems feasible (including purely 
baryonic and leptonic systems, mixed and pure antimatter systems)

spectroscopy: “straightforward” to produce any antiprotonic
atom from the corresponding anion, in a long-lived Rydberg 
state. Rydberg transitions can be precisely probed; QCD-
affected levels however are very difficult to access (other than 
through fluorescence)

wide range of systems feasible, wide range of approaches

ELENA extends the armory (antihydrogen ions, high rates,
novel antiprotonic systems amenable to study)

_

• AD extraction @ 100~500 MeV/c remains possible in DEM
• ELENA pulsed beams, 107/pulse@100 keV

• continuous extraction from traps feasible, not yet developed


