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I. PHYSICS 

We propose to study the antiproton-proton and antiproton-deuteron 

strong interactions at threshold by stopping antiprotons in a gaseous 

target. 

Investigations of the antiproton-nucleon strong interaction at 

threshold started long time ago with bubble chamber experiments and 

continued with counter experiments making use of liquid H2 (D2) targets. 

In bubble chamber experiments (1, 11) branching ratios for annihilation 

at rest in liquid into pionic and kaonic final states were measured (see 

e.g. tables 1 - 4), pN coupling to mesonic resonances was studied, evi-

dence of dominant annihilation from initial atomic S~wave orbitals was 

produced and evidence for pn quasinuclear/baryonium bound states was 

reported. Counter experiments concentrated on rare annihilation channels 

(e.g. pp+ e+ e-(12)) and on annih{lation channels with many neutrals 

(e.g. pp+ TIO TIO(l3, 14), pp+ y +anything (15) in the final state). Com-
+ parison of pp annihilation branching ratios into TIO TIO and into TI TI 

p::iinted to an inportant P wave annihilation component in the pp + 2TI 

channel and has cast doubt on the usual assumption of dominant S wave an­

nihilation in liquid hydrogen supported by bubble chamber data(l_6). Evi­

dence has been reported of detection of direct y transitions from initial 

pp atomic states to narrow states below threshold (quasinuclear bound 

states or baryonium states). Several counter experiments at present on 

the floor at CERN and at Brookhaven search for baryonium states produced 

in reactions at threshold of antiprotons stopped in liquid targets. All 

these experiment use liquid targets to get a viable rate of stopped anti-

protons. 

'_ Antiproton nucleon strong interaction at threshold (annihilation, 

elastic scattering, off shell charge exchange •.. ) are generally assumed 

to occur in atomic orbitals of the antiprotonic atom that forms when an 

antiproton is stopped inside the target. Direct evidence of formation 

of antiprotonic hydrogen and deuterium atoms has indeed been established 

by detecting the caracteristic radiative transitions to the 2P atomic 
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energy level in a recent experiment (17 ,18) where, for the first time, 

use was made of a gas target at room temperature. 

-
In experimental studies of pp and pd strong interaction at threshold 

-
performed so far the quantum numbers of the initial atomic state of pp 

-
and pn annihilation are not measured. Inferences on the angular momentum 

of the initial atomic state was possible only for special annihilation 

channels for which the initial state is restricted by selection rules 

(see e.g. table 5 (19)). Furthermore, poor solid angle, energy resolution 

and detection efficiency for detection of neutral particles limit the 

information on the final state in annihilation reactions, and no direct 

measuremeI_l.tsof the pp and pd S-wave scattering lengt~ and P-wave scat­

tering volume are available. 

We are therefore at present still far from a complete phenomenologi-
-

ca}'--picture of the NN interaction at rest. While the strong interaction is, 

of course, governed by the unknown underlying dynamics, the phenomenological 

picture also depends on details of the atomic cascade and thus on the tar-

get density. Indeed the balance between S and P atomic wave annihilation 

depends on the Stark mixing of atomic orbitals occuring in collisions of the 

antiprotonic atom with the molecules of the target medium (20), ·_and the rate 

of these collisions depends obviously on the target density. 

-
At threshold the strong NN interaction manifests itself by.shifting 

-
and broadening the Coulomb levels of pp and pd atoms, by causing annihi-

lation and by determining the annihilation pattern (branching ratios of 

annihilation final states for any initial atomic state depopulated by an-
- -

nihilation). Shift 6E and broadening r of the pp and pd Coulomb atomic 

levels are expected to depend strongly on the total spin state (hyperfine 

splitting due to the spin dependence.of NN forces) and on the existence 

in the.proximity of the threshold of resonances and quasinuclear pN bound 

states in the same spin !Otate . These effects are, of course, more 

pronounced in atomic states of low principal quantum nur:1ber n, because 

there, the overlap of the antiproton wave fucntion with the proton (deute­

ron) is higher. Shifts and broadening of the lS levels and broadening of 
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the 2p levels of pp (pd) atoms look measurable with present detection tech­

niques (see table 6 and 7 and ref.(21- 35) for the pp case) if one manages 

to populate appreciably the lS and2P levels and to detect the feeding 

X-ray radiative transitions (K and L lines, QED transition energies are 

given in table 8). Moreover, by detecting X-ray transitions in coinci­

dence with annihilation products, it would be possible to separate indi­

vidually P wave and S wave annihilation events and even, depending on the 

hyperfine splitting of the lS levels and on the resolution of the X-ray 

detector, to separate S wave annihilation events of different spin states. 

We propose an experiment to measure in a gaseous target at ambient 

temperature and pressure p ~ 4 atm. : 

a) energies, widths and yields of K and L X-ray transition in pp 
-

and pd antiprotonic atoms; 
- -

b) ratios of pp and pd annihilations with charged particles in the 

final state (annihilation prongs multiplicity distributions). 

The main aim of this experiment is to detect radiative transitions to 
- -

the n = 1 levels of pp and pd atoms (K-lines) and to obtain the low 

energy pp (pd) complexe S-wave scattering a from the measurement of 

shift and width of the levels : 

LiE + i 
r 
2 

= 

We will try to resolve the ground state hyperfine structure and to 

measure liE and r of each hyperfine sublevel, by selecting K X-rays in 

coincidence with specific annihilation channels allowed only from one 

given initial spin state (e.g. pp K X-rays detected in coincidence with 

annihilation into neutral pions only must have populatetlthe singlet 11S0 

state).-

-The NN scattering length in a given spin and isospin channel i~,in-

fluenced by the existence of quasinuclear or baryonium states near thres­

hold in the same channel. Determination of scattering lenghts in the 
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pp and pd channels may therefore help to assign quantum numbers to baryo­

nium states establisheld in independent experiments or point to the 

existence of new baryonium states. 

At present only upper limits on the yield of the K lines are availa­

ble. These limits depend strongly on the assumption made on the width of 

the Klines and range from some 10-4 in liquid H2 (36,3~ to 10-2 in H2 

and n2 gas at 4 atm (17, 18). We plan to reduce substantially the X-ray 

background in the proposal experiment, so to be sensitive to a K lines 

yield below 10- 3 in gas at 4 atm. 

We intend to measure the annihilation width of the 2P level by com­

paring the intensity of the K X~ray line (2P-1S transitions) to the in-
c\ 

tensity of the L lines that populate the 2P level. In the previous expe-

riment S 142 performed at CERN with a gas target at 4 atm the yield of 

L X-rays was measured to be -5%, and a lower limit on the annihilation 

width of the 2P level was obtained from the number of possible K X-rays 
~ 

in the X-ray spectrum obtained requiring in coincidence a X-ray in the L 

X-ray energy region (17, 18). This coi.ucidence technique is extremely 

powerful in reducing background. The X-ray detector designed for the 

proposed experiment will optimize the detection efficiency and maximize 

the background rejection for X-rays in the L energy region so to allow 

systematic use of the L X-ray coi.ncidence technique. 

We intend to measure the multiplicity distributions of annihilation 

reactions with charged particles in the final state and to compare the 

results with the existing. ones in liquid targets. Furthermore we will 

be able to measure these distributions in coincidence with L and K X-rays. 

If the distributions of charged particle multiplicities for annihilations 

from P (L X-ray in col.ncidence) and S ( K X-ray in coi:ncidence) will turn 

out to differ significantly, this will provide an easy method to determine 

the ratio between S and P wave annihilation. 

The experimental approach of the proposed experiment (choice of gaseous 

target and of a 4n X-ray detector) and the design of the apparatus are 
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based on experience made during experiment S 142. 

The apparatus is designed with the aim of reducing by more than one 

order of magnitude the physical X-ray background produced by the p annihi­

lation prongs. 

At the end of the proposed experiment, to be carried out at a conven­

tional low energy p beam (Kz3 e.g.), the apparatus would be well suited 

and tested for a first generation experiment at LEAR. A letter of intent 

for use of the proposed experimental apparatus at LEAR to search for 
- -

specific pp and pd annihilation channels in coincidence with atomic X-rays 

will be submitted at a convenient time. 

II EXPERIMENTAL APPARATUS 

The design of the present apparatus profits of the experience made by 

part of our collaboration with a previous one used in experiment Sl42 at 

CERN in 1976-78, and foresees substantial improvements 

a) in the technique of detection of the X-rays; 

b) in the identification of the p annihilation prongs; 

c) in the definition of the p-STOP trigger (that indicates that an 

incoming antiproton stopped in the useful volume of the gas target). 

The apparatus (fig.l) will consist of 
-

i) a p beam defining telescope 

ii) a system of plastic scintillators to make a fast selection of 

antiprotons likely to stop in the gas target 

iii) a gaseous Hz(Dz) target 

iv) an X-ray detector surrounding the gas target 

v) a concentric system of cylindrical wire chambers to detect the p 

annihilation prongs 

vi) a set of plastic scintillators to provide a fast timing of p anni­

hilations. 

All the components of the apparatus are contained in a cylindrical 
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pressure vessel (~ = 80 cm, length 120 cm) standing 5 atm pressure, apart 

the beam telescope and the annihilation plastic scintillators surrounding 

the vessel. The target gas is contained in a cylindrical volume (~ = 30cm) 

in the centre of the vessel. The surrounding region is filled with a 

proportional gas mixture at the same pressure of the target gas and 

contains the x-ray detector (XDC) and two concentric arrays of drift cham­

bers (IDC and EDC) used to detect the annihilation prongs. The separation 

between the two regions of the vessel is ensured in correspondence of the 

x-ray detector by a thin aluminized mylar tube (6 or 12 µm thick) which 

has good transission for pp (pd) x-rays down to energies -lKeV. 

p Stop trigger 

Beam particles entering the STOP volume are identified as antiprotons 

by TOF and dE/dx in a beam telescope including plastic scintillators out­

side the pressure vessel and Tl and T2. Antiprotons likely to stop in 

the STOP volume are at the end of their range and can be identified by their 

high energy loss in T2. Antiprotons with high energy loss in T2 that do 

not stop in the gas of the STOP volume, stop in T4 or stop in or traverse 

the XDC. In any case they deposit in T4 or in XDC much more energy than 
-pions from p annihilation can do. We will therefore use as p-STOP trigger 

the signal (BEAM TELESCOPE, T2H, T3, T4H, XDCH); the subscript H indicates 
-use of high discrimination thresholds excluding firing on.pions from p an-

nihilation. 

We intend to use in this experiment the same scintillators used as 

T counters in the previous experiment Sl42, with some little modifications. 

Use of the X-ray detector as veto counter for antiprotons was tested 

succesfully at the end of experiment Sl42. 

The peak of the p stop distribution will be placed in the center of 

the STOP volume by adjusting the thickness of a thin grafite moderator 

outside the pressure vessel. Most of the beam energy degradation will be 

done by a copper moderator located inside the pressure vessel against T2. 
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X-ray detection 

The X-ray detector (XDC) will be a cylindrical X-ray drift chamber 

( 38). 

The cylindrical XDC will be a one-gap multicell gas proportional and 

drift chamber. The chamber will consist of 128 drift cells corresponding 

to 128 sense wires stretched parallel to the target and chamber frame com­

mon axis and kept at ground potential (fig.2). The sense wires (~=20µm 

stainless stell) will be separated by intermediate wires stretched at the 

same radius (~ = lOOµm copper beryllium) and biased at a negative potential. 

Primary ionizationelectrons produced in a cell by X-ray absorption or by 

ionizing particles will drift radially towards the sense wire under the 

action of a radial electric field obtained by biasing at a high negative 

potential the aluminized mylar membrane that acts as a cathode surf ace for 

all 128 cells. The mylar membrane will be kept in a stable position and 

a good smooth cylindrical shape by appliing an overpressure of - 1 torr 

on the target gas side. A stability of the overpressure of better than 

0.1 torr at all working pressures will be obtained using the gas regulation 

system of past experiment Sl42. This condition is sufficient to avoid gain 

and drift velocity changes due to unwanted movementsof the membrane. A 

6 µm thick membrane has a transparency T > 40% for normal incident X-rays' 
-with energy exceeding 1.7 KeV (all pp 1 lines satisfy this condition) and 

satisfies reliability requests (one 6 µm membrane has operated for longer 

than 1 year without damage in experiment S 142). 

The 128 sense wires will be grouped in 64 pairs (U pairs) connected 

at the downstream end of the chamber. Each sense wire will be connected 

to a charge preamplifier installed on the upstream frame of the XDC and 

immersed in the proportional gas mixture. 

X-ray identification and charge division technique will be applied 

on each U pair. Discrimation against backgound from p annihilation prongs 

will be performed: 

1) by pulse-shape analysis following the technique used in exp.Sl42 
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( 39) that is based on the fact that pulses due to X-rays are 
. 

short because of the strongly localized energy deposition; 

2) by discarding X-ray candidate pulses located in XDC cells for 

which adjacent XDC cells and/or IDC cells have fired. 

Energy and drift time calibration of the XDC will be performed following 

the techniques indicates in ref. 39 using tagged X-ray sources (Mn54 and 

_beam induced Ar fluorescence). Charge division calibration could be per-

formed by rotating the vessel by 90° in vertical position,and shooting 

into the middle of the chamber cells minimum ionizing pions with an horizontal 

bending magnet otherwise used to share the beam line with a second user. 

The XDC will provide the following information : 

a) energy of the X-rays (from amplitude of linear pulse obtained by 

adding the signals of the amplifiers connected to the U pair of 

sense wires; expected energy resolution is < 20% FW HM at 5.5 

KeV) 1 

b) complete three dimensional localization of X-ray absorption points 

(~ from U cell number and charge division, that defines which of 

the two sense wires of a given U fired; z from charge division; 

r from measurement of the drift length in the radial direction 

of the primary electrons produced when an X-ray is absorbed in 

one cell. 

Information b) can supplement information a) quite efficiently as the 

absorption length of low energy X-rays (for which the amplitude resolution 
.6.E 1 E ex: :E.) depends strongly on the X-ray energy and this is is poor as 

reflected in the drift time distribution. As an example consider that the 

La pp line (L7 KeV) has a mean free path in Ar at 1 atm of - ?mm ( -2mm 

at '.4 atm) and the L00 pp line (3 .1 Kev) has a mean free path of - 30 mm 
'"i°; 

in 1 atm Ar (1V8mm at 4 atm) and an accuracy of lmm in drift distance mea- ··-

surement can be obtained without major effort. 



- 10 -

Annihilation vertex and prongs multiplicity 

The Internal Drift Chamber (IDC) and External Drift Chamber (EDC) 

will be used to detect the p annihilation prongs and reconstruct the 

annihilation vertex. The EDC will consist of two staggered layers of 

sense and field wires to allow to resolve the left-right ambiguity. 

The IDC and EDC will be similar in conception to the chamber described 

in ref .. 39 . The chambers will consist of 64 cells and 128 cells respec-

tively corresponding to the sense wires (~ = 20 µm stainless steel) biased 

at a positive high voltage, alternating with field wires biased at negative 

voltage and sandwiched between cylindrical cathode surfaces defined by 

cathode wires set at ground potential. The sense wires will be grouped in 

U pairs as in the XDC. Charge division and drift time measurement will 

allow to determine the intercept of p annihilation prongs with the cylin­

drical surfaces containing the sense wires. An accuracy ~z - ± 1 cm and 

~(R~) ~ ± lmm are aimed at. Left right ambiguity in the IDC will be resolved 

by use of the XDC information. 

Reconstruction of the annihilation vertex will ensure that p annihila­

tion did occur inside the target (pp annihilation, e.g. and not·annihila..: 

tion in the mylar membrane or in the counter gas mixture). The efficiency 

of reconstruction of the annihilation vertex is limited by the solid angle 

coverage QEDC of the EDC (QEDC ~ 60%). 

III COUNT RATE ESTIMATES 

In the K23 ·separated beam one can stop - 600 antiprotons/burst in a 

liquid hydrogen target when -3.10 12 protons hit the external production 

target. Hence we expect to stop - 1 antiproton/burst in a gaseous hydrogen 

target at 1 atm. This value is supported by stop figures obtained in ex­

periment S'l42. 

Within one PS period C-4.10 18 protons on the production target) we 



expect the following count rates 

Stop in 4 atm gas 

L X-rays emitted 

L X-rays detected 

K X-rays emitted 

- 11 -

L-K X-ray coincidences detected 

L-K X-ray coincidences detected 
and no charged particle emitted 

H2 

4.106 

2.5.10 5 

10 5 

5.10 3 

1.6.10 3 

50 

D2 
4.106 

2.5.10 5 

1.2.105 

250 

100 

3 

This estimate is made with the conservative assumption r d /r 
ra 2P 

0.02 (0.001) for antiprotonic hydrogen (deuterium) 

IV REQUESTS 

= 

We plan to have the apparatus operational in the second half of 1980. 

We request three PS periods (- 10 19 protons on the production target) 

for final in beam tests of the apparatus and for a measurement of the K 

X-ray energy of antiprotonic hydrogen and the hyperfine splitting of its 

ground state. 

We need access to the experimental area for installation of the ex­

periment at least one month before getting beam time. We would like to 

install the experiment on the floor at the end of the 1980 PS shut-down 

or during running in of the Antiproton Accumulator. We would like to share 

the beam with a second user by means of an horizontal bending magnet lo­

cated at the end of the beam line. 

In addition we would like to require CERN support for development and 

construction of the XDC counter, support for installation of the proposed 

experiment and access to the Electronics pool. 
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TABLE 1 

Rates of pp annihilations at rest in liquid hydrogen with charged 

,, . 
,. 

prongs. 

-pp .. 0 prongs 

-pp -2 prongs 

pp - 4 prongs 

.. ·-

pP - 6 pron::• 

P? - non-pionic 

+ - ~ 
'II' ,,. 

+ -,,.• 'II' -.. 
+ -xo .. 

11' 11' 

+ + - -11' -:r 11' 01'. 

Y+ 1r•1r -1r'-'::it 

• •:r--:r-x' :r .. 
+ • + - - -'If 11' 'II" 'Ir ~ 1T 

+ + • - - -'II'' 11' 11' 11' 1f ll' 'If 

• + + - - -x= 1f ll' 11' 11' .. 1T 

n otc. 

% % 

3.2 

0.32 42.6 

7.8 --
.. ·- ·-34.S .. ·-·--

5.8 43.8 

13.7 

21.J 

1.9 3.8 
.. .. . .. 

l.6 ... .... 

0.3 

.. ·4.5 

.. ! 
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TABLE 2 

(from C. Baltay et al., Phys.Rev.Lett._!2 (1965) 532 ) 

Rates for two-body annihilations of antiprotons at rest in liquid 

hydrogen. 

Channel 

_+ __ -,, ,, 
K+K­

I(+K-/-::'T.-

J{ /:i.l{ 1 e ;,. J>: ./1.::. 2 t• 

K /1;2° 
"=-p• 
,.vpr1 
p.;1/(J b 
pJwoc 
p0pf; . 

K°F';~ 
}\ =~0'1 d• 
K±~K-::;.~ 

Kc'.'f'·'. 

Rate 

(:::.2 =o.3):qo-" 
(1.1 0oO.l)XlO-~ 

0.3:} ::· U.C:2J 
(o.~Js~.1 L ~- rn-s 

(O.Gl = c::o~0 ) >: 1 o-3 

(2.0 ±\J.-i) x 10-2} 
{l.-1 =o.::)x10-~ 

(2.2 = 1.'7) >: iu-3 

(7.0 =:l.0)>:10-:;" 
(3.S ±:1.(~)XlO-J 

(1.2 '~ 0.:!) X 10-3 

(0.02 ±0.E.i >: io-3 

(1.3 i0.;:;,1x10-> 

(2.0 "'o .. 1i;qo-· 



- 17 -

TABLE 3 

( from R. Armenteros and B. French, in High Energy Physics, Vol.4, 

(1969), (Academic Press Inc., New-York, edt.E .. H.S. Burhop ) p.286) 

Contribution of pion states to pp,knnihilation at rest in liquid 
I 

hydrogen. 

Percentage of all annihilations•· 

Final state 
Resonant 

intermediate state Crcsti et al. Baltay et al. 
(1963) (1966b) 

multi7T0 3.20 ±0.50 

TT++ 7T- 0.33 J: 0.04 0.32 ±0.03 

TT+ + 7T- + TTo 5.4 :!:0.7 7.8 :!:0.9 
porro 

3.4 _[: 0.7 
1.4 ± 0.2 

p±rr+ 2.7 ± 0.4 

TT++ TT-+ nm0 (m > I) 34.5 ± 1.2 
;l 

2TT+ + 2TT- 5.4 .L: 0.3 5.8 ±0.3 
- - ·~ -· ·-·-· Ai±TT+ 

'---?POTT± 
-1.8 

porr+TT- -3.6 5.8 + 0.3 
-1.3 

po po <0.6 0.4 ± 0.3. 

2TTo + 2TT- + TTo 22.6 ± 0.7 18.7 ±0.9 
WTT+1T- 5.2 ± 0.3" 3.8 ±0.4" 

wpo 0.6 ± 0.3 0.7 ± 0.3 
Po TT+ TT- 7To 

13.6 ±0.3 
7.3 ± 1.7 

p±7T+1T+7T- 6.4 ± 1.8 
TJ7T+1T- 1.9 ± 0.6• 1.2 ± 0.3• 

T/Po 0.22 ± 0.11• 

27T+ + 27T- +nm0(111 > 1) 21.3 ± 1.1 

3-ri+ + 37T- 1.7 ± 0.2 1.9±0.2 

37T+ + 37T- + 7T0 1.7 ±0.2 1.6 ± 0.3 
w + 27T+ + 2TT- 1.3 ::!::0.3 
TJ + 27T+ + 27T- 0.6 ± 0.2•. 

37T+ t 37T- + mrr0 ( m > I) 0.3 ±0.I 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~· 

•Included in the percentage values for a given final state arc those from resor.ant inter-
mediate states. In addition, the rates for the production of p 0rr+7T-, w0rr+7T-, ·arid rJ°rr+rr­
includc the contributions from events where the 7T+7T- were the decay products of a p0 

meson. 
•The following branching fraction has been used: (w-.. all)/(w-+ 7T+7T-rr0 ) = 1.14. 
•The following branching fraction has been used: (11-+ all)/(TJ -+7T+7T-rr0 ) = 3.5. 

i 

- . ··-·---·-·-
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TABLE 4 

( from R. Armenteros and B. French, in High Energy Physics, Vol.4 

(1969), (Academic Press Inc., New-York, edt.E.H.S. Burhop) p.383) 

Rates of pn annihilation at rest into pions in liquid deuterium. 

Final state 

7T- + nmo 

(m =I, 2, ... ) 

7T- + 7To 

27T- + 7T+ + 1117To 
(111=0, I, 2, ... ) 

37T- + 27T+ + 1117T0 

(111=0, I, 2, ... ) 

37T- + 27T+ 

37T- +27T+ +7T0 

47T- + 37T+ + 11m0 

(m=0,1,2, ... ) 

Intermediate 
resonant state 

p+ + 27T­
po +7T- +7To 

p- +7T+ +7T­
A,o + 7To 

. WO+ 1T-

'1)0 + 7T-

Percentage of all annihilations• 

Bettini et al. 
( l 967) 

16.4 ±0.5 

-::;0.1 

59.7 ± 1.2 

1.57 ±0.21 
(0.63) 
(0.94) 

21.8 ±2.2 

(8.7) 

(3.3) 
(0.41 ±0.08) 

(0.25) 

(23.4 ±0.7) 

(l2.0 ±3.0) 

(0.39 ±0.07) 

Anninos et al. 
(1965) 

(0.9 ±0.4) 
(5.9 ±I.I) 
(3.9 ±0.8) 

(0.5) 
(0.38 ±0.15) 

(0.2) 

•All resonant rates are included in those given for the corresponding final state. Resonant 
rates have been corrected to also take into account their decays into neutral particles. 
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TABLE 5 

(19) Selection rules for pp and pn annihilation into pions only. 

SELECTION RULES FOR pp--+ m7T (m s 5)0 

State JP c I G z.,.o -;;+rr- 377° 17+17-17° 477° 77+17- + 27To 27T+ + 27T- 51To 1T+1T- + 37To z..-+z7T-7T0 

1So o- +1 
0 +1 x x z z z z z 
1 -1 x x z z 

3S1 1- -1 
0 -1 x z x x z z x 
1 +1 x x z x x 

'P1 1+ -1 
0 -1 x x x x z z x 
1 +1 x x x z x x z z 

lpo o+ +'1 
0 +1 x x z z z 
1 -1 z z x x z z z 

3pl 1+ +1 
0 +1 x x z z z z z 
1. -1 x x z z z 

3p2 2+ +1 
0 +1 z z z z z 

-1 z z z z z 

•From Lee and Yang (1956). X means strictly forbidden, i.e., by P and C conservation. Z means forbidden by G parity conservation. 

SELECTION RULES FOR pn ..... m1T (m :5 5)" 

State JP I G 1T-1To 27T'.: +1T+ 1T- + 27To 27T- + 1T+ + 7To 1T- + 31To 3rr- +27T+ 27T- + 1T+ + 2rr0 7T- + 4rr0 

1So o- 1 -1 x 
3S1 1- 1 +1 z z z z z 
lpl 1+ 1 +1 x z z z z z 
lpo o+ 1 -1 z x x z z 
3p1 1+ 1 -1 x z z 
3p2 2+ 1 -1 z z z 

i 

•From Lee and Yang (1956). X means strictly forbidden, i.e., by P or C conservation. Z means forbidden by G parity conservation. 
i~ I 
I-



- 20 -

TABLE 6 

Expected shifts and widths (~E + 1 f/2) of the lS levels of pp 

atoms 

i 1s 0 i 3s 1 Ref. 

(0.53 + 0.15i)KeV (0.6 + 0.15i)KeV 23 

(0.59 + 0.36i)KeV (0.96 + 0.3li)KeV 27 

(0.43 + 0.050i)KeV - 34 

(0.50 + 0.68i)KeV (0. 75 + 0.50i)KeV 35 
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TABLE 7 

Expected strong interaction width f2p of the 2P level of pp atoms 

and fractional Ka x-ray yield from 2p state (frad is the 2P level 

radiative width, f rad = 0.00037 eV) 

r 2P(eV) r d/(r2 + r d) Ref. -
ra P ra 

o. 009 0.04 21 

0.037 0.01 33 

0.013 0.03 34 

0.022 0.02 35 

--------·----- --- ---
0.00005 0.88 25 

0.0005 0.42 25 

0.0100 0.04 25 
. 

>- 0.004 < 0.1 exp. 8142 -
17,18 
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TABLE 8 

-
QED transition energies in pp and pd atoms (eV) 

- -
pp pd 

K L M K L M 
series series series series series series 

--
9.368 1 735 607 12491 2313 810 

11.103 2 342 888 14804 3123 1184 

11. 710 2 623 1040 15989 3498 1388 

11. 992 2 776 1133 16192 3701 1511 

. . . . . . 

. . . . . . 
12 491 3 123 1389 16655 4164 1851 
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