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Ant ipro tom'c hydrogen is a p o s i t r o n i u m - l i k e system, bu t its reduced
m a s s is l a rge r by a f ac to r "'n/"1? a n d n u c l e a r i n t e r a c t i o n s p l a y a
s i g n i f i c a n t role . Recen t e x p e r i m e n t s at C E R N have p r o v i d e d data w h i c h
a l l o w to test ou r u n d e r s t a n d i n g of the n u c l e a r forces a n d of the
a tomic e f fec ts w h i c h govern the cascade of a n t i p r o t o n hydrogen from
cap ture to a n n i h i l a t i o n .

l—lJl.1!0 "̂̂ !!0!'

The d i scovery of a n t i p r o t o n s in 1955 by C H A M B E R L A I N , S E G R E , W I E G A N D ,
and Y P S I L A N T I S /!/ was a great t r i u m p h for f i e l d theory a n d was h o n -
oured by the N o b e l p r i z e . Today a n t i p r o t o n beams of severa l 10 a n t i -
p ro tons can be stored i n the A n t i p r o t o n A c c u m u l a t o r at C E R N . The a n t i -
p ro ton beam can be ext rac ted and f u r t h e r a c c e l e r a t e d . I n c o l l i s i o n s
w i t h p ro tons at a center of mass energy of 540 G e V / c 2 p a r t i c l e jets
are obse rved r e v e a l i n g the f u n d a m e n t a l a n t i q u a r k - q u a r k s ca t t e r ing in
R u t h e r f o r d - l i k e e x p e r i m e n t s ; ene rge t i c e l ec t rons or m u o n s m a n i f e s t
the exis tence of the g a u g e p a r t i c l e s of weak i n t e r a c t i o n s . On the
o ther h a n d , the a n t i p r o t o n s can a l so be dece l e ra t ed to 600 MeV/c a n d
t r ans fe r r ed to the Low Energy A n t i p r o t o n R i n g ( L E A R ) . T h i s r i n g , in
ope ra t i on s i n c e the end of 1983, a l l o w s to store 10 a n t i p r o t o n s , to
acce le ra te or dece le ra te a n t i p r o t o n s to a l l momenta between 70 MeV/c
and 2000 M e V / c , to cool a n t i p r o t o n s i n phase space , and to extract
the p a r t i c l e s in to externa l beam l i n e s . T h i s o p e r a t i o n r e su l t s in
in t ense (>10 p/s) h i g h - q u a l i t y a n t i p r o t o n beams p e r m i t t i n g ex-
pe r imen t s w h i c h were u n f e a s i b l e before L E A R was b u i l t .

I n the i n i t i a l phase of the LEAR program there were three expe r imen t s
(PS171, PS174 and PS175) s ea rch ing for the charac te r i s t i c l i n e s of
antiprotom'c hydrogen atoms (protom'um) /2-4/. A n t i p r o t o n i c hydrogen
atoms are formed by s topp ing an t ip ro tons in H^> . The in tens i t ies of
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the l i n e s were expected to d e p e n d s t rongly on target dens i t y . S i n c e
the o p t i m u m c h o i c e of the ta rge t d e n s i t y was not k n o w n , d i f f e r e n t
d e n s i t i e s were used in these e x p e r i m e n t s . The e n e r g i e s of the l i n e s
are d o m i n a n t l y g i v e n by the C o u l o m b i n t e r a c t i o n be tween p ro ton a n d
a n t i p r o t o n ; the s t rong i n t e r a c t i o n l eads to an a d d i t i o n a l energy
s h i f t and a l i n e b r o a d e n i n g . The m e a s u r e m e n t of these s t r o n g i n t e r -
a c t i o n e f fec ts was the p r i m a r y m o t i v a t i o n of these e x p e r i m e n t s . The
s t rong d e n s i t y d e p e n d e n c e of the l i n e i n t e n s i t i e s i n d i c a t e s the
presence of i m p o r t a n t a t o m i c e f fec t s d u r i n g the cascade w h i c h deserve
in t e re s t on t h e i r own r i g h t .

T a b l e I s h o w s the b a s i c p r o p e r t i e s of p ro tom'um. F i g . 1 the energy
l e v e l s . D u e to the c h a n g e i n r e d u c e d m a s s , the b i n d i n g energy and

s P 0 F

F i g . 1 Ene rgy l e v e l s of
p r o t o n i u m

T a b l e I Bas i c Proper t ies of P r o t o n i u m

R e d u c e d mass ni = 1/2 m = 469 MeV

Rydberg cons tan t R s 1/4 m c^2 = 12.5 k e V

Firs t Bohr r a d i u s a = 4 h / m co = 57 fm

Lyman series ^^B' •••^ ° 9 '4 ' l l - l . - . . . 12-5 k e V

Balmer series L^.Lg. ...L. = 1 - 7 ' ?--^ • • • 3 - 1 kev

P a s c h e n series "a^B' •• '"»• = 0 '6 ' 1'0' • • • 1-4 kev

P r i n c i p l e q u a n t u m n = 3 0
n u m b e r of Bohr o rb i t
w i t h a ^ ( p p ) » a g ( H )
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t ransi t ion energies are larger by nearly a factor of 1000 compared to
ordinary hydrogen, the Bohr r ad i i c o r r e s p o n d i n g l y sma l l e r . The smal l
size of the system a l l o w s the strong in te rac t ion to p lay a ma jo r
role: the S and P wave a tomic l eve l s are s h i f t e d , and a n n i h i l a t i o n
leads to a ra ther l a r g e w i d t h of these states. In states wi th h i g h e r
a n g u l a r momenta the s trong in t e rac t ion is too weak to l ead to any
o b s e r v a b l e consequences .

2__IdenJfc^fJca_tJOJi_of_^]ie_l;ynnaJi_SeJ;j_e^

F i g . 2 shows the X-ray s p e c t r u m observed by PS171 i n c o i n c i d e n c e w i t h
a n t i p r o t o n s s t o p p i n g i n a \\y gas target at N P T . The l a rge p e a k at l ow
ene rg i e s is due to the u n r e s o l v e d B a l m e r series a n d some c o n t a m i n a t i o n
f r o m Argon f l u o r e s c e n c e at 3 K e V . At h i g h e r ene rg ies a c o n t r i b u t i o n
from the Lyman ser ies may be seen above a smooth b a c k g r o u n d f rom Brems-
s t r a h l u n g . The s o l i d l i n e r ep resen t s the c a l c u l a t e d B r e m s s t r a h l u n g s -
s p e c t r u m ( n o f i t ) . The data show the d i f f i c u l t i e s of protom'um spec-
troscopy e v e n u s i n g the e x c e l l e n t a n t i p r o t o n beams at L E A R : the y i e l d
of the B a l m e r ser ies is 10% per a n t i p r o t o n s top, bu t a B a l m e r X-ray
f e e d i n g one of the 2P l e v e l s is m o s t l y no t f o l l o w e d by r a d i a t i v e

xl03
F i g . 2 X-ray energy
spectrum of protom'um
in PS171. The solid line
corresponds to the fit
of the Balmer series and
the calculated Brems-
strahlung. The dashed
line represents possible
Lyman contributions

20.0
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emission of a Lyman-a line but by annihilation. The fraction of
protonium atoms emitting a Lyman-a line is 1:1000; hence the experiments
are forced to struggle against a high background produced in secondary
reactions. In pp annihilation charged and neutral pions are produced,
high energy y-rays simulate low-energy X-rays by Compton scattering,
negative pions lead to spectral lines of pionic atoms and to a
neutron background by nuclear disintegration. In addition Brems-
strahlungs-quanta are emitted in the sudden acceleration of charged
particles in the . a n n i h i l a t i o n process.

The distinctive feature of PS171 is its capability to practically
eliminate all these sources of background. This is achieved by a
gaseous detector of very low mass. Compton scattering is correspon-
dingly reduced, and solid material in which pions may stop is well
separated from the target. The main source of background is the
Bremsstrahlung. Energy and angular distributions of Bremsstrahlung
can be calculated absolutely /5/, the agreement with the data is very
good demonstrating the low background level which was achieved /6/.
Bremsstrahlung can be avoided by triggering events in which
protonium annihilate into neutral particles only. The residual
background can then be eliminated by requiring that two X-rays should
be observed in coincidence /7/.

F i g . 3 X-ray spectrum of
protonium. The energy of
the more energetic X-ray
of two coincident X-rays
is shown. The peak at
8.5 keV is due to Lyman
a lines ( P S 1 7 1 ) . The line
shape theory of ERICSON
and HAMBRO /8/ is used
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Fig . 3 shows the energy spec t rum of X-rays for w h i c h a less
energe t ic X-ray is observed in co inc idence . The pp a tom is requi red
to a n n i h i l a t e into neu t r a l pa r t i c l e s only. This a n n i h i l a t i o n mode
occurs w i t h a rate of 4 %. The K peak is c l ea r ly seen. A n u m b e r of
checks conf i rm th i s i n t e r p r e t a t i o n : the d i s t r i b u t i o n of X-ray ener-
gies observed in co inc idence w i t h the K peak shows the f u l l B a l m e r
ser ies , the d i s t r i b u t i o n of X-ray c o n v e r s i o n po in t s demons t r a t e s t ha t
the X- rays o r i g i n a t e out of the target , a n d gas a n a l y s i s e x c l u d e d the
presence of c o n t a m i n a t i n g l i n e s . Hence the i n t e r p r e t a t i o n of the
observed peak as K l i n e w i t h at most very few b a c k g r o u n d events is
u n a m b i g u o u s .

PS174 uses a c o n v e n t i o n a l gas target of v a r i a b l e t e m p e r a t u r e i n
order to c h a n g e the H? dens i ty . E x t r e m e l y l o w pressures were a c h i e v e d
in e x p e r i m e n t PS175. An i n v e r s e cyclot ron was used to decelera te
a n t i p r o t o n s to very low m o m e n t a , and a n t i p r o t o n s c o u l d be s topped
w i t h h i g h e f f i c i e n c y at Hg p re s su res as l o w as 30 m b a r . S i ( L i ) s o l i d
state detectors (PS174, PS175) a n d gas s c i n t i l l a t i o n p r o p o r t i o n a l
c h a m b e r s (PS174) record the X- ray energy s p e c t r u m a s s o c i a t e d w i t h
a n t i p r o t o n s s t o p p i n g in the target . F i g . 4 shows the data of PS174
recorded w i t h two gas s c i n t i l l a t i o n p r o p o r t i o n a l c h a m b e r s at 0 .25 a n d
0.92 t i m e s the gas d e n s i t y at n o r m a l t empera tu re and p res su re /9/ .

F i g . 4 X-ray spectrum of
protonium ( P S 1 7 4 ) . The solid
line corresponds to the best
fit taking into account the
shape of the background from
Dg runs ( d a s h e d ) and two
Voigtian functions

1B 12 11
ENERGY (kcV)
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\\y a n d Dp were used as target gases . Due to the h i g h e r a b s o r p t i o n
p r o b a b i l i t y the y i e l d of the Lyman se r ies of pDn is n e g l i g i b l y s m a l l ,
bu t the da ta can be u s e d to i d e n t i f y the s h a p e a n d the s ize of the
b a c k g r o u n d for the data t a k e n w i t h H g . The da ta demons t r a t e c l e a r l y
the e x i s t e n c e of the K l i n e .

The data sets g a t h e r e d w i t h S i ( L i ) de tec tors /10,11/ h a v e a worse
s i g n a l - t o - b a c k g r o u n d r a t i o b u t the r e s u l t s are c o n s i s t e n t w i t h the
da ta s h o w n a b o v e (see F i g . 6 ) . H e n c e one can c o n c l u d e tha t the same
l i n e is seen in d i f f e r e n t da ta sets.

3__EIle£3^_sl!l.f.fc_aIld_wld.tl!_o.f-.tIle-Gj20yIld_State_of_P^o^t^n_[um

The l i n e s h a p e of the L y m a n a r a d i a t i o n as o b s e r v e d in the detec tor
is i n f l u e n c e d by s eve ra l e f f e c t s :

1. The s t r ong i n t e r a c t i o n l e a d s to a f i n i t e w i d t h of the IS s tate
w h i c h is d e s c r i b e d by a L o r e n t z i a n l i n e s h a p e . The h y p e r f i n e s p l i t t i n g
is e s t i m a t e d to be 200 e V . T h e r e f o r e two l i n e s w i t h u n k n o w n f r a c t i o n a l
i n t e n s i t i e s are expec ted . S i n c e the l i n e w i d t h is m u c h l a r g e r t h i s
s p l i t t i n g is no t t a k e n i n t o a c c o u n t .

2. The e l e c t r i c d i p o l e m o m e n t is not c o n s t a n t over the l i n e . T h i s
e f fec t r e q u i r e s a s p e c i a l l i n e s h a p e theory w h i c h was d e v e l o p e d by
E R I C S O N a n d H A M B R O /8/. Not t a k i n g t h i s e f f ec t i n t o a c c o u n t l e a d s to
an a p p a r e n t s h i f t of the p e a k to h i g h e r ene rgy .

3. The d e t e c t i o n e f f i c i e n c y over the l i n e spec - c rum is not c o n s t a n t as
a f u n c t i o n of ene rgy . For g a s e o u s targets it f a l l s w i t h i n c r e a s i n g
energy r e s u l t i n g i n an a p p a r e n t s h i f t of the o b s e r v e d p e a k to l o w e r
e n e r g i e s .

4. The f i n i t e de tec tor r e s o l u t i o n l e a d s to an a d d i t i o n a l b r o a d e n i n g
of the 1 i n e .

N e g l e c t i n g p o i n t 2 a n d 3 leads to the w e l l k n o w n V o i g t f u n c t i o n
w h i c h is u s e d by PS174 a n d PS175. However , PS171 f i n d s a l a r g e depen -
dence of the f i t r e s u l t s on l i n e s h a p e theory and on the energy de-
p e n d e n c e of the de t ec t i on e f f i c i e n c y ; the re fore the data of PS171
are f i t t ed w i t h a c o n v o l u t i o n of a l l f o u r e f fec ts . The f i n a l resu l t s
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Table II &E,g, I,,, and l y p of protom'um

Expen'ment

PS171
PS174 a
PS174 b
PS175

Theory

R i c h a r d and Sai'm'o
Houssanam

Energy shi f t
AE^(keV)

-0.70(15)
-0.73( 5)
-0.75( 6)
-0.66(13)

-0.73
-0.75

W i d t h
r^(keV)

1.60(40)
1.13( 9)
0.90(18)
1.13(23)

0.94
1.00

W i d t h
r g p ( H e V )

45(10)
40(11)

26
27

of all three experiments are presented in Table II and compared to
two recent theoretical results /12,13/. The agreement between experi-
ment and theory and in between the different theoretical models is
rather good.

Very likely the essential ingredients for an understanding of
the strong interaction effects are the Coulomb potential, v exchange
and a n n i h i l a t i o n . The annihilation suppresses the central part of the
protom'um wave function with a large contribution to the binding energy.
This leads to less binding even though the nuclear interaction is basi-
cally attractive. The theoretical models use the same TT exchange po-
tential amd phenomenological annihilation potentials fitting low-
energy cross-sections; since short range interactions ( i n which
different One-Boson-Exchange models differ) are suppressed by annihi-
lation, all models give very similar results.

4.__Ii!e-lp_s.b]:oIla_In^eI:a£tl.^Jl_wld.tjl

The data of F i g . 2 demonstrate that the 2P level has a strong inter-
action width r^p exceeding the radiative width r . by about two
orders of magnitude. These data can, however, not be used to determine
r?p since the fraction of neutral annihilation of the hyperfine
levels of the 2P and IS levels is not known. An average r , , p can be
obtained by not triggering on specific annihilation modes. F i g . 5
shows the Balmer series. F i g . 6 the Lyman series of PS174 taken with
a solid state S i ( L i ) detector at two different tiy gas densities. The

217



10 12 1 4 1 6
ENERGY (k»V)

F i g . 5 a n d 6 X-rays f rom protom'um ( P S 1 7 4 ) , S i ( L i ) de tec to r . B a l i n e r
s e r i e s ( l e f t ) a n d e v i d e n c e for the L y m a n se r i e s are s h o w n as
a f u n t i ' o n of H p gas d e n s i t y

d e t e c t i o n e f f i c i e n c y at these l o w e n e r g i e s is a s t e ep ly r i s i n g
f u n c t i o n ; it was c a l c u l a t e d by M o n t e C a r l o t e c h n i q u e s . From t h i s the
s t rong i n t e r a c t i o n w i d t h of the 2P l e v e l s w e i g h t e d w i t h the ( u n k n o w n )
f r a c t i o n a l p o p u l a t i o n s of the 2P l e v e l s were d e t e r m i n e d . The r e s u l t
is a l s o s h o w n i n T a b l e I I . The l a rge s t rong i n t e r a c t i o n w i d t h of the
2P l e v e l s is p r o v o k e d by the t u n n e l e f f e c t ; the p r o t o n i u m wave
f u n c t i o n may t u n n e l t h r o u g h the c e n t r i f u g a l b a r r i e r i n t o the r e g i o n
of s t rong i n t e r a c t i o n i n w h i c h a n n i h i l a t i o n is e x t r e m e l y s t rong . T h i s
s i m p l e p i c t u r e is c a p a b l e of a q u a n t i t a t i v e d e s c r i p t i o n of r,,p.
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5. Cascade

Fig . 6 shows that the X-ray i n t ens i t i e s depend s t rongly on the
densi ty of the H, target. W h e n ant i 'protons are s topped i n Hg they
are cap tu red i n to h i g h Rydberg states of protom'um: the Hg m o l e c u l e
d issoc ia tes and the e lec t ron of one H atom is ejected by A u g e r emis -
s i o n . The subsequen t cascade r e su l t s from a c o m p e t i t i o n of dens i ty
dependen t a n d dens i t y i n d e p e n d e n t effects : in c o l l i s i o n s pp atoms

12exper ience h i g h e l ec t r i c f i e l d s t rengths of 10 V / m l e a d i n g to a re-
s h u f f l i n g of states w i t h d i f f e r e n t a n g u l a r m o m e n t a ; the C o u l o m b in ter -
ac t ion between p and a t o m i c e l ec t rons may l ead to ex te rna l A u g e r ef fect
r e s u l t i n g in a d e - e x c i t a t i o n of the pp a tom; r a d i a t i v e t r a n s i t i o n may
occur , and a n n i h i l a t i o n f rom protom'um states w i t h a n g u l a r m o m e n t a 0
or 1 may s top the a t o m i c cascade. R e c e n t l y , we have c a l c u l a t e d these
processes /14/. R e s u l t s of the c a l c u l a t i o n s are shown in F ig . 7. The

F i g . 7 Cascade
of protonium in
H,) gas. The data
are from PS171,
174 and PS175.
The solid line
represents an
absolute calcu-
l a t i o n , the dot-
ted lines two ex-
treme variations
of the calculated
Auger effect

10 - 10 • 1 10
PRESSURE lotml

10 — 10 • i io
PRESSURE (otm)
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good a g r e e m e n t be tween the e x p e r i m e n t a l r e s u l t a n d the c a l c u l a t i o n -
w h i c h uses no f i t p a r a m e t e r - d e m o n s t r a t e s the good u n d e r s t a n d i n g of
the a t o m i c p h y s i c s i n an t ip ro tom'c h y d r o g e n a toms .
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