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1. INTRODUCTION 

A time-like photon can be converted into a fermion-antifer- 
mion pair with positive energy or into a bound state of the 
same particles. If the photon energy in the radiative process 
a + b + y is much greater than the positronium mass, then the 
branching ratio for the atomic decay a + b + A2, is almost 
independent of the masses and kinds of particles a, b and 
equals ' ' : 

The radiative correction for the p value has been calcula- 
A tedl2'. 

The special case of a time-like photon conversion to an 
atom is realized in the no-meson decay into a photon and a 
positronium: 

Since two photons are emitted in the r0 decay, 

The positron in decay (2) is emitted mainly in the ground 
state (~~(1s) = 1.40-10-9), its spin equals 1. 

The possibility of ultrarelativistic A detection and of 
2e quantitative measurements with them was proved in  ref^.'^^". 

In those works and in the present experiment positronia were 
produced in the reaction p + C + A + X at 70 GeV proton 
energy. Calculations using the ~unpmodel show that 91% of 

1 the atoms are produced in decay (2); 6%, in the q + y + A2e 
decay; and the remaining 3%,in the decay%-of other particles. 
The photon and positronium energy spectra are practically the 
same in any of these decays. Therefore the measurement of A 

2e 



to photons ratio at some momenttun and angle range allows one 
to determine the p value and hence the branching ratio de- 
cay (2). 

A 

The bound state system emitted in decay ( 2 )  is ultrarelati- 
vistic: the positronium has y - 67 in the no-meson rest frame. 
The production rate for such processes has not been measured 
previosly. In the only hitherto investigated atomic decay 
K i  + v + A, 1 5 1 6 1  the bound state of a pion and a muon is 
emitted witg y 2 1.3 in the K Y  rest frame. 

In the present experiment 'the Aze atoms to photons ratio 
has been measlired in the 800-2000 MeV/c momentum range and 
the p value has been obtained. 

A 

2. APPARATUS 

Measurements were carried out at the relativistic posjtro- 
nium channel1 of the IHEP proton synchrotron (Serpl~kilov) . 
The scheme of positronium production and detection (Fig.1) 
was described in ref.I4/. A target made of 0.4 pm carbon film 
was inserted into the internal proton beam. Ultrarelativistic 
positronia resulting from proton-target interactions came 
into the channel at an angle of 8.4' to the protm beam. 

The $0 m long channel is connected to the accelerator va- 
cuum pipe without any partition in order to eliminate disin- 
tegration of positronium atoms in matter. The channel accep- 
tance angle is 3.8.10-' sr. The target and the initial part 
of the channel are protected against the dissipated magnetic 
field of the accelerator. 

A uniform, horizontally directed, magnetic field (clearing 
field) is applied along 23 m of the channel in order to remo- 
ve charged particles from the the channel, the field being 
normal to the channel axis and equal to 56 E. The ground state 
positronium atoms passed the clearing field without dissocia- 
tion into e' and e- if their momenta were less than 2.5 GeV/c. 
Excited atoms dissociated in this field and were not detected. 

The channel ended in a vacuum chamber placed between the 
poles of the spectrometric magnet SM (H = 4600 E ) .  

The SM fringing field destroyed the positronium atoms, the 
electrons and positrons being detected by two telescopes con- 
sisting of drift chambers (DC), scintillation (S) and gas 
threshold Cherenkov (C) counters. These electrons and positrons 
have a small effective mass and approximately equal momenta. 
For background suppression the multilevel hardware-software 
processor of ref.I4/ was used. It selected e+e- pairs by im- 
position of restrictions on the difference between coordina- 

Fig.1. The experimental layout: p - internal proton beam, T - film target, 
C - convertor, SM - spectrometric magnet, VC - vacuum chamber, DC - drift 
chambers, S S - scintillation counters, C C - gas threshold Che- 
renkov counters, PM - photon monitor. 

tes of the e+ and e- at the magnet entrance, on track devia- 
tions from the target direction in the vertical plane and on 
the particle momentum difference. 

A plexiglas convertor "0.6 mm thick (1.8.10-3 radiation 
length) was inserted in the channel while measuring the pho- 
ton flux. The convertor overlapped the channel cross section 
and served as source of e'e- pairs produced by beam photons. 
The photon flux in the channel was determined using the num- 

(. ber of detected e'e- conversion pairs. Having measured the 
ratio of the number of A2, to this flux normalized to the 
photon monitor (PM) readings one can obtain the branching ra- 

C tio of decay (2). The scintillation counter telescope placed 
at the channel axis was used as a PM. The photon beam inten- 
sity in the energy range 800-2000 MeV was 2.107 se~-'. 



3. IDENTIFICATION OF A2e DISSOCIATION PAIRS 

The absence of track detectors before the spectrometric 
magnet is a specific feature of the experiment. Therefore all 
detected particles are assumed to be emitted from the target 
placed at the channel axis. This assumption was adopted in 
spatial reconstruction and momentum calculaticn. 

In the data processing a restriction was imposed on the 
quantity 

where 51 = AX = XI - X2 is the difference between the positron 
and electron X-coordinates at the magnet entrance, E2 = AY = 

= Y1 - Y2 is the difference between the Y-coordinates at the 
exit membrane of the vacuum chamber, 53 = A01 (E4 = be2) is 
the positron (electron) deviation in the vertical plane from 
the target direction, oi is the Ei distribution parameter equ- 
al to a half of the interval containing 682 of events. The <i 
values for pairs from A2, dissociation differ from zero becau- 
se of e and e+ multiple scattering in the elements of the 
experimental apparatus, the finite precission of coordinate 
measurements in the drift chambers and errors in evaluating 
the magnetic field topography. The difference befween the Y -  
coordinates is calculated at the exit of magnet for excluding 
errors caused by multiple scattering in the vacuum chamber 
membrane. The oi values characterizing the resolution of the 
experimerltal setup were obtained by Monte-Carlo ~imulation'~' 
of the corresponding €,i distributions. 

The e'e- pair emission point was also required to be loca- 
ted in the beam cross section at the magnet SPI entry. 

The distributions of events over E defined as E = 2(pl - 
-p2)/(p1 + p2) are shown in Fig. 2 for different criteria im- 
posed on the value of r, here pl and p2 are the e' and e- 
mome~ta in the lab frame. The pairs from the k2, dissociation 
in the SM field should form a narrow peak near E = 0 with the 
standard deviation oE= 0.014 in accordance with the Monte- 
Carlo calculation. To obtain the number (NA) of positronium 
atoms an interval of 0.06 over E containing an exress ofelrents 
over the background was chosen.The quantity NA represented the 
difference between the total number of events in this interval 
and the number N of background events under the peak. The va- 
lue of Nf was cafculated by a quadratic polynomial approxima- 

Fig. 2. The event distributions over 
E for different r cutoffs. The ar- 
rows show boundaries for the peak and 
the ranges used for background appro- 
ximation, the smooth line is the back- 
ground fittfng: a) rs 4.5, NA = 281f 

+ 48; b) r 23.9, NA = 277 +40; 
c) r 5 2.0, NA = 124% 16. 

tion of the distribution nver E in two intervals of E near the 
peak, each being 0.10 wide. The obtained number of atoms was 
stable against changes in the histogram bin width, the polyno- 
mial power adopted in the background fitting, and the inter- 
val widths used for the background approximation. 

NA, as a function of r, is shown in Fig. 3. In subsequent 
calculations the value NA = 277+40 (o, = 0.015 + 0.003) obtai- 
ned for r < 3.9 was used; the positronium losses should be 
less than 1%. 

The distribution of the num- 
ber of atoms over the beam .......... 
cross section was checked to 
be uniform and the momentum 

Fig. 3. The number of detected posit- 
ronium atoms and photons as function 
of r; + - number of atoms, - - number 
of photons, solid line - number of 
photons with the background substrac- 
tion. The last two bulks of the data 
were normalized in order to make the 
photon data comparable with the data 
for atoms. 



spectra of atoms and photons were shown to be identical within 
the measurement accuracy. The procedure of calculation of the 
number of atoms has revealed no event excess where there sho- 
uld be none, for example: in the distribution over E of the 
number of e'e- pairs from the photon conversion during the 
run with the inserted convertor and in the event distribution 
used for the search for atoms, if any one of the <i values ex- 
ceeded 3.oi. 

4. MEASUREMENT OF THE PHOTON FLUX 

For measuring the photon flux a run with the inserted con- 
vertor was performed. To select the conversion pairs the quan- 
tities ti were used in the same manner as for A2, identifica- 
tion. The corresponding values of oi were obtained by the 
Monte-Carlo method, and they were in agreement with experimen- 
tal ones'" ' . 

Unlike the pairs from the A2, dissociation, the conversion 
pairs exhibit a wide distribution over E and, hence, another 
probability of hitting the detectors. However these probabili- 
ties are equalized by imposing the 1 E 1 5 0.1 cutoff. The ntun- 
ber (No) of detected e'e- pairs was obtained as a function of 
r for this cutoff (see Fig. 3). In the r > 4 region the number 
of converted photons should be constant. The observed small 
increase in this number was caused by conversion of secondary 
photons on the channel pipe. To exclude this addition to a 
primary photon flux the function No(r) was approximated by a 
straight line in the r > 5 region and then the No(r)values we- 
re correspondingly decreased within the whole range of r. 
The obtained values were used for calculations of the photon 
flux I . 

To Ycaiculate Iy the coherent and incoherent cross sections 
of pair production were computed in the high energy approxima- 
tion for different photon energies and the E cutoff in accor- 
dance with ref.lg'. Nonrelativistic Hartree-Fock form factors 
and incoherent scattering functions'10/ were used. The cnlcu- 
lation accuracy reached about 1%. The total cross section was 
weighted over the photon spectrum in the 800-2000 MeV energy 
range. The conversion probability was found to be equal to 
(5.73 + 0.17).10-5 at ( € 1  6 0.1 cutoff. 

5. RESULTS 

To calculate the positronium atoms-to-photons ratio the 
quantities NA and No were used under the condition that 1-3.9 
(see the Table). 

Table. Results of measurements 

Kind of event Number of events Monitor counting 

A2e 277 + 40 (6.76 + 0.2lj.109 

protons 1366 + 42 3.85-lo5 

The following corrections should be made to these numbers 
in order to obtain the branching ratio p . 

IT Some of the produced positronia are broken up by interac- 
tion in the target matter1"/. Taking into account the forma- 
tion time of the positronium'll' one finds that (99.2+0.4)% 
of the atoms leave the target. If the formation time is ncg- 
lected, this value would decrease by 17%. 

When atoms pass the clearing magnetic field, oscillati- 
onsI7' occur between the singlet and triplet state of the 
atoms. Some of the positronia annihilate because the singlet 
state decay length is comparable with the channel length, 
(89.1 f 0.8)% of the atoms reach the spectrometric magnet. 

For additional background supression a beam intensity cri- 
terion was imposed, (96 + 3)L of the atoms survived subsequ- 
ently. 

The ratio of the probabilities for the detectors being 
hit by a conversion pair and by a posjtronium dissociation 
pair is (0.98 + 0.02). The detectors efficiency in recording 
e'e- pairs cancels out in the NA/ly ratio. 

The measured, and corrected in this way, NA/Ny ratio norma- 
lized to the monitor data allows one to obtain the branching 
ratio p,(lS) for positronium atom prodaction in the IS state 
for radiative decays of elementary particles: pA(lS) = 
= (0.76 ? 0.12).10 '. Only 83% of the yositronia are produced 
in the ground sta:e and hence the total relative probability 
of a time-like photon conversion into a positronium is p~ = 
= (0.92 + 0.ih).10-9, which coincides with the theoretical 
value (1). IJsing the obtained p~ and relation (3) for the 
branching ratio of decay (2) one has 

This value is in good agreement with earlier experimental es- 
timati~n/~/. 
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TepBZKIe HMnynbcOB 800-2000 M3B/c. OnpeaeJIeHa OTHOWTeJIb- 
H a H  BepOFITHOCTb P (1 S) = (1,84 ' 0 , 2 9 ) .  10-9 paCnaaa no 
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PaCnaaaX 3JIeMeHTapHblX YaCTkiq. 
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Decay i n t o  a Photon and a Pos i t ron ium Atom 

The r a t i o  of t h e  p o s i t r o n i u m  u l t r a r e l a t i v i s t i c  atoms 
(A2e) number t o  t h e  photon number i n  t h e  momentum i n t e r -  
v a l  800-2000 ~ e V / c  h a s  been measured i n  P C - i n t e r a c t i o n s  
a t  E = 70 GeV and a t  t h e  a n g l e  o f  8.4O i n  t h e  l a b  f rame 
The [ ranching r a t i o  p, = (1 .84 t 0 . 2 9 ) . 1 0 - 9  f o r  t h e  no 
decay i n t o  a photon and A2, h a s  been o b t a i n e d .  The p a r a -  
meter p, is de te rmined  by t h e  c o n v e r s i o n  p r o b a b i l i t y  p~ 
of a t i m e  l i k e  photon i n t o  A-2, i n  r a d i a t i v e  decay o f  
e lementa ry  p a r t i c l e s .  
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