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The rate of posi t rom'um f o r m a t i o n has been increased by 2-3 orders
of m a g n i t u d e u s i n g recent ly d e v e l o p e d acce le ra tor based s l o w p o s i t r o n
sources . T h i s opens the p o s s i b i l i t y of i m p r o v e m e n t s of p r e c i s i o n ex-
p e r i m e n t s on the Ps atom as w e l l as new e x p e r i m e n t s on exc i ted states.
F i rs t ev idence for e n h a n c e d me tas t ab le Ps f o r m a t i o n is presen ted and
f u t u r e p o s s i b i l i t i e s are d i s c u s s e d .
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Thi r ty - s ix years a f ter the f i r s t p r o d u c t i o n of pos i t rom'um by D e u t s c h
it seems somewhat s u r p r i s i n g tha t our e x p e r i m e n t a l k n o w l e d g e of t h i s
system is res t r ic ted to the states of p r i n c i p a l q u a n t u m n u m b e r s n = l
a n d n=2 . T a b l e I s u m m a r i z e s the p resen t most p rec i se da t a .

T a b l e I P re sen t ly k n o w n v a l u e s of energy d i f f e r e n c e s and decay rates
i n pos i t rom 'um
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There exist no experiments at all for states above n=2, which would
be an interesting test case for a relativistic two-body system.
In view of the fundamental nature of the system more extensive and
more precise data would be highly desirable as a test for bound state
QED calculations. With the exception of the 1S-2S energy difference
measurement, which is limited in precision by the laser wavelength
measurement, all present experiments suffer from low statistics due
to the small number of Ps atoms. It seems therefore worthwile
discussing recent advances of increased Ps production and in parti-3cular methods to populate the metastable 2 S, state, which could
serve as a basis for excited state spectroscopy. While laser exci-
tation of states above n=2 from the ground state requires wavelengths
between 205 nm ( L g ) and 182 nm (ionization l i m i t ) , which are very
difficult to obtain with sufficient power, the corresponding wave-

qlengths range from 2 S, is 1310 nm ( H ) to 728 nm (iom'sation l i m i t ) .
Lasers with such wavelengths are commercially a v a i l a b l e .

2^JSj^w_PosUrgn_ProductK)n

Positronium atoms are formed in collision of low energy positrons
in gases or on surfaces. The most obvious way to enhance the Ps
formation rate is to increase the number of low energy positrons.

J. 00 COConventional sources use radioactive e -emitters like Na or Co.
The high energy positrons from these sources are stopped in thin
metal foils. A small number of them diffuses to the surface before
annihilation and is released into the vacuum with an energy of
about 1 eV due to the negative work function of metals for positron
emission. Extensive work has been done by different groups to im-
prove on 'the moderator efficiency. Using carefully cleaned single
crystal surfaces, about 1 out of 103 fast positrons is re-emitted
at low energies having an energy spread of about 0 . 2 e V . The total
amount of slow positrons depends on the radioactive source strength.
Taking up to 100 m C i , which can be handled decently in the labo-
ratory, low energy positron rates up to 10 s" are obtained
routinely. Apart from safety requirements the source strength is
limited by self-absorption inside the source material unless one
uses extended surfaces, which in turn reduces the beam brightness.
The main characteristics of such beams are that they are contin-
uous in time and have a spin polarization due to the natural
helicity of the particles. Higher intensities of slow positron beams
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require the use of high flux reactors or of electron accelerators.
The first approach has been made by LYNN et a 1 . /7/, who used a neutron
activated ^Cu source with half-life of 12.8h to obtain a high specific
activity of 600 Ci/g and produced a slow positron beam of 4 x 10 e /s.
The moderation of high energy positrons appearing in the bremsstrahlung
of electron accelerators has been investigated at first in Mainz /&/
and Livermore /9/. A picture of the present setup at Mainz is shown
in Fig. 1.

W-Foils e* -Acceleration-Grid

F i g . 1 Target and moderator setup for slow positron production at the
Mainz Linear Accelerator

While the moderation process does not differ from that of radioactive
sources, the number of particles as well as the time structure of
the beam depends on the accelerator. Since the intensity of the brems-
strahlung is approximately proportional to the atomic number Z and the
cross-section for pair production scales as Z 2 , high Z materials of
high melting points like tantalum are suited best as targets. The
maximum efficiency of a target-moderator combination, defined as the
number of slow positrons per fast electron, depends on the electron
energy and the target's thickness: if for a given energy the target
is too t h i n , only a fraction of the beam is used for positron pro-
duction. On the other hand in thick targets many of the positrons
annihilate before they reach the surface. The optimum thickness is
roughly two radiation lengths, which is the distance in which a rela-
tivistic electron beam energy is reduced to 1/e of its initial v a l u e .
Data from different groups (Mainz, Livermore, Tsukuba, GieBen) in-

ti *dicate that total slow positron fluxes of more than 10 e /s are
obtained almost routinely.
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Equally important as the source strength is the time structure.
Accelerators may be continuous in time or may have a pulse structure,
which sometimes can be varied according to the requirements of the
experiment. Figure 2 shows as an example the time structure of the
400 MeV LINAC at Mainz.

IP

02A

<I>=70llA
.^-2-

•——05-3 5]1S ——•
,M

80-400 MeV

1 A •

1A • < I > =1 V-A

Time

F i g . 2 P o s s i b l e modes of o p e r a t i o n of the M a i n z L I N A C

L o n g p u l s e s of u p to 3.2 us as w e l l as s i n g l e shot o p e r a t i o n s w i t h
p u l s e d u r a t i o n r a n g i n g f rom 1 to 10 ns are p o s s i b l e . In p a r t i c u l a r
the s i n g l e p u l s e m o d e w i t h 100 Hz r e p e t i t i o n rate is very s i m i l a r to
the t ime s t r u c t u r e of c o m m e r c i a l l y a v a i l a b l e h i g h power l a s e r s . T h i s
can be of a d v a n t a g e i n l a se r e x c i t a t i o n of p o s i t r o m ' u m atoms as
d i s c u s s e d b e l o w . I t s h o u l d be p o i n t e d ou t tha t the t i m e s t r u c t u r e is
on ly p a r t i a l l y p re se rved in s l o w pos i t r on b e a m s . S l o w p o s i t r o n beam
t r a n s p o r t over d i s t a n c e s of s eve ra l meters is a necessary r e q u i r e m e n t
because of the h i g h r a d i a t i o n a n d b a c k g r o u n d l e v e l at a cce l e r a to r
t a rge t s . D u e to the i n i t i a l energy s p r e a d , shor t p u l s e s are sp read ou t
in t i m e , i n p a r t i c u l a r if the t r a n s p o r t system uses m a g n e t i c g u i d a n c e
f i e l d s and c o n t a i n s b e n d s . In prac t ice we h a v e o b t a i n e d 40 ns
e - p u l s e s , s t a r t i n g f r o m 10 nsec acce l e r a to r p u l s e s a f te r a beam
t r a n s p o r t over 20 mete rs .

i—^^QMIl^-SJtate^^^^on^y^P^odJU^t^on

S l o w pos i t rons i m p i n g i n g on me ta l or m e t a l - o x i d e sur faces at energ ies
r a n g i n g u p to a few h u n d r e d eV may fo rm p o s i t r o n i u m a toms. The p roba -
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bility depends strongly on the surface temperature. While in experi-
ments using radioactive sources as positron emitters, in general
clean and well defined crystal surfaces have been used to obtain a
maximum positrom'um y i e l d , the high flux of slow positrons at electron
accelerators facilitate substantially the experimental setup. Untreated
metal surfaces show the same temperature dependence of positrom'um
formation as previously observed with single crystals ( F i g . 3 ) , and
even with somewhat reduced efficiency compared to single crystals
positrom'um intensities of several 107 s~1 are obtained.
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T e m p e r a t u r e d e p e n d e n c e of Ps f o r m a t i o n on un t r ea t ed meta l
s u r f a c e s ( f r o m ref. 16)

The energy distribution of positrom'um atoms emitted from metal
surfaces has been investigated by MILLS /10/. The main part has a
mean kinetic energy of about one eV and is formed when a positron
diffuses from the inside of the target material to the surface,
is emitted into the vacuum by the negative work function of the
me t a l , and catches a surface electron. A second part of the Ps atom
has lower energies and arises from thermal desorption of positrons
bound in a potential well at the surface by the image force. The
activation energy E^ for this process is a delicate balance between
the binding energy E^ of the positron at the surface, the work
function $_ of the target material and the binding energy 1/2 Ry of
the Ps atom /II/:

1/2 Ry.

Typical values for E^ are 2-4 e V , while E ranges from 0.2 eV to
1 eV depending on the crystal face and the surface contamination.
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4. Exc i t ed State Pos i t rom'um F o r m a t i o n

In 1975 CANTER et a 1 . /12/ discovered that about 1 out of 10' Ps
atoms emitted from solid surfaces is in the metastable 2 S, state.
Although this number is small it was sufficient to allow first ex-
periments on the fine structure of the n=2 state / 5 , 6 / . The stronger
sources now available at accelerators may lead to intensities of
metastable Ps atoms which are comparable to the number of ground
state Ps in earlier experiments. In a first attempt our group has
tried to observe fine structure transitions on n=2 Ps in a setup at
an electron accelerator and found a good signal-to-noise ratio in the
observed L count rate following a microwave induced fine structure
transition /13/ ( F i g . 4 , 5 ) .

Microwaves

F i g . 4 Experimental setup to observe L photons after microwaveinduced fine structure transitions of n=2 Ps

8.40 8.50 8.60 8.70 8.80 8.90
Frequency [GHz]

F i g . 5 2 S, - 2 Pp resonance. The L -detector count rate differencewitn and without microwaves,"normalized to the total countrate, is plotted against the microwave frequency. Runningtime was 5 min per data point
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Although the resonance is shifted by Zeeman- and motional Stark-
effects due to a residual magnetic field of about 75 6 in the tran-
sition region, the results are promising and lead to the expectation
of improved precision in future excited state experiments.

A disadvantage of this simple approach to create n=2 Ps is the
fact that thermal activation from surface states, as in the case of
ground state P s , is energetically not possible because of the small
binding energy of n=2 Ps. Thus only the fast component (about 1 e V )
of n=2 Ps exists, which may lead to transient time problems in spec-
troscopy.

A different approach, which could further increase the number of
n=2 Ps and at the same time preserve the slow velocity component is
the optical excitation from the ground state into 2 S , . A direct„ „ i
two-photon I S , - 2 S, transition at 243 nm does not lead to n=2
population since the strong required laser power immediately leads to
ionisation of n=2 Ps by a third photon. It should be pos s i b l e , how-
ever, to excite the allowed transitions to the n==3 and n=4 levels
from the ground state at 205 nm and 194 n m , respectively. From the
branching ratio of the excited states one finds that 12% of the ex-

'scited atoms end up in the 2 S, state in each case. The required wave-
lengths are commercially available with the kW output power from Raman
shifted excimer-pumped dye lasers, e . g . The time structure of many
accelerators of several ns pulse width and 100-1000 Hz repetition
rate fits particularly well to the time structure of those lasers
(see F i g . 2 ) . Although the short pulse width of accelerators is not
completely preserved in the positron time structure, as mentioned
above; one can anticipate intensities of about 10 n=2 Ps atoms per
second in the near future.

5^ Possible Experiments

Accelerator based slow positron sources, which produce 2-3 orders of
magnitude higher intensities of Ps atoms than radioactive sources,
could be used to improve earlier experiments on Ps and could make
possible the spectroscopy of higher excited states. Most obvious
would be a remeasurement of the fine structure splitting in n=2 Ps.
The good signal-to-noise ratio should allow to reduce the microwave
power to avoid power broadening and to obtain the natural linewidth
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of 50 M H z . A l t h o u g h it is d i f f i c u l t to es t imate the f i n a l p r e c i s i o n
of those e x p e r i m e n t s , the need for h i g h e r - o r d e r cor rec t ions above
the p resen t ly c a l c u l a t e d a S R cor rec t ion is i n d i c a t e d .

I n c r e a s e d m e t a s t a b l e n = 2 Ps rates s h o u l d a l l o w laser e x c i t a t i o n
to h i g h e r s tates, i n p a r t i c u l a r h i g h l y exc i ted Rydberg states. The
s i g n a t u r e of s u c h a t r a n s i t i o n c o u l d be the r e d u c t i o n of L c o u n t s ,
if a n=2 f i n e s t r u c t u r e t r a n s i t i o n is d r i v e n s i m u l t a n e o u s l y .

The s p e c i f i c f e a t u r e of shor t p u l s e s of s l o w p o s i t r o n s c o u l d be
used to m a k e a n e w d e t e r m i n a t i o n of the O r t h o - P o s i t r o m ' u m l i f e t i m e .
At p resen t the mos t a c c u r a t e e x p e r i m e n t a l d e t e r m i n a t i o n of t h i s
q u a n t i t y d i f f e r s by 10 s t a n d a r d d e v i a t i o n s f rom the t h e o r e t i c a l v a l u e ,
w h i c h r ep re sen t s the o n l y s e r i o u s d i s c r e p a n c y i n l o w energy Q E D (see
T a b l e I ) . A new e x p e r i m e n t , w h i c h uses shor t p u l s e s of m a n y Ps-a toms
a n d obse rves the decay of the e n s e m b l e , w o u l d d i f f e r s u b s t a n t i a l l y in
Ps rate and c o n s e q u e n t l y in the e l e c t r o n i c s e t u p f rom e a r l i e r s i n g l e -
even t e x p e r i m e n t s a n d c o u l d h e l p to d e c i d e w h e t h e r the d i s c r e p a n c y is
d u e to so fa r u n o b s e r v e d s y s t e m a t i c effects i n the e x p e r i m e n t s
or w h e t h e r the theory needs i m p r o v e m e n t .

F i n a l l y the h i g h Ps rate c o u l d be used to i m p r o v e on the s ea rch
for rare or f o r b i d d e n decays of g r o u n d state Ps. T a b l e I I s u m m a r i z e s
the p r e s e n t v a l u e s of s u c h decay modes a n d t h e o r e t i c a l p r e d i c t i o n s .

A s e r i o u s d r a w b a c k in p r e c i s i o n spec t roscopy on Ps is the h i g h ve-
l o c i t y of 2-10 cm/s at i n i t i a l e n e r g i e s of a b o u t 1 e V , w h i c h e a s i l y
l e a d s to t r a n s i e n t t i m e b r o a d e n i n g . T h u s f i n a l l y l a s e r c o o l i n g of Ps
may be r e q u i r e d to o b t a i n s m a l l e r u n c e r t a i n t i e s . A r o u g h e s t i m a t e in -
d i c a t e s tha t s u c h e x p e r i m e n t s are i n fact p o s s i b l e : The s ca t t e r i ng of
a 243 nm p h o t o n f rom the Ps a tom reduces its v e l o c i t y by an a m o u n t of
Av = h k /m = 10 cm/s . T h u s a b o u t 20 s c a t t e r i n g processes are needed
to cool a 1 eV Ps a tom to very low t e m p e r a t u r e s . The m i n i m u m t ime re-
q u i r e d for t h i s process is 20 t imes the a v e r a g e l i f e t i m e of the f i r s t

0

exc i t ed 2 P s ta te , w h i c h is 3.2 ns . The total c o o l i n g t ime of 64 ns
takes a b o u t h a l f the l i f e t i m e of the Ps g r o u n d state (142 n s ) . A l t h o u g h
the recoi l l i m i t e d f i n a l t e m p e r a t u r e w i l l be by a fac tor of ( M ( a t o m ) /
m ( P s ) ) • •'' 200 h i g h e r t h a n tha t o b t a i n e d in heavy a tom c o o l i n g , it
w o u l d be a s u b s t a n t i a l progress to h i g h p r e c i s i o n e x p e r i m e n t s .
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Table I I Expe r imen ta l and theoretical va lues of rare decay modes
of S i n g l e t [\r) and T r i p l e t (il.,.) pos i t ron iu in

Decay Expe r imen t Theory

^(3^) 1 a(^-9).4 1

^(2 ) 1133(20) 9ir 1115

-s—3- 0 .274(a / i r ) 2 = 1.5 • 10'6w
-1—1 0 .177(a /7 r ) 2 = 0.96 • 10'6w
-s—1 <2.8-10"6 /14/ 0, i f C c o n s e r v e dw
^^ 6—!—-' <8-10 •- /15/ 0, if C c o n s e r v e d
W

i^-^JiIl0"!!^^!"6!1.6!

The experiments of the Mainz group were performed by R . Ley, K . D .
Niebling and A . Schwarz and were supported by the Deutsche Forschungs-
gemeinschaft. The author enjoyed conversations about the subject with
A . R i c h , V . Telegdi and C . Westbrook during the symposium on " T h e
Hydrogen Atom" at P i s a , 1988.
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