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ABSTRACT 

The photon spectrum from radiative and charge-exchange cap

ture of pions in 3He was measured in a high-resolution pair - spectrom

eter yielding the new value of the Panofsky ratio P 3 = ( rr - + 3H e-+ 3H +rP )/ 
- 3 3 (rr + He-+H+y) = 2.68:i: 0.13. An impulse approximation analysis is 

presented which gives a value P 3 = 2.6. In addition, the branching 

ratios for the 3He + rro, 3H + y, and (2H + n + y and p + n + n + -y) chan-

nels are measured to be 17.8:i: 2.3, 6.6:i: 0.8, and 7.4± 1.0% re-

spectively. 
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The absorption of negative pions from atomic orbits around free 

protons proceeds almost exclusively via the charge-exc~ange reaction 

- 0 . -
IT + p- n+lT and the radiative capture reaction IT + p- -y+n. The ratio 

of the transition rates for these two processes, the so-called Panofsky 

ratio, 
1 

links pion-photoproduction at threshold to pion-nucleon scatter-

ing and provides a determination of the pion-nucleon coupling strength. 

The equivalent ratio for protons bound in nuclei has been observed only 

in 3He, where an earlier measurement by Zaimidoroga ~ <g., 2 yielded 

- 3 03/ -3 3 P
3 

;:: (IT + He- 'Ii + H) (IT + He- -y+ H) = 2.28 ±0.18. So h 
3,4 

me aut ors 

have regarded this quantity as a test case in the application of the PCAC 

hypothesis to soft-pion problems involving complex nuclei. Other au-

thors employ the impulse approximation (IA) directly and relate the 

. 3 1 
Panofsky ratio for He to H. By making this as sumption it has been 

shown St 6 that P
3 

depends primarily one parameter, viz., the 3He_ 3H 

2 1/2 rrns transition radius. The value (r)3 ;:: 1.4± 0.2F extracted from 
He 

P 3 ;:: 2.28 ± 0.18 disagrees with the value, 1.88 ± 0.05 F, determined 7 by 

electron scattering. In view of the importance of this quantity both to 

the study of the elementary particle approach to nuclei as well as the 

structure of the mass-3 system and possible 3-body forces it was 

thought desirable to remeasure this quantity and to study directly the 

3 
radiative breakup reactions IT - + He - d + n + -y and p + n + n + '{. 

The experiment was performed in the stopped- IT beam of the 

Lawrence Berkeley Laboratory 184- inch cyclotron. Details of the ex-

perirnental setup are given in Ref. 8. A IT- beam is brought to rest in 

a 9.S-cm-diameter, 12.7-cm-long Mylar flask (0.02 em wall thickness) 

filled with liquid 3He at 1. 9° K. A typical rate was 3X10
4 TT/ sec stopping 
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in the helium content of the target. The photons were detected in a 

1800 pair spectrometer employing three wire spark chambers. The 

energy resolution is 2 MeV (FWHM) at 130 MeV; the acceptance (Fig. 

1a) (conversion efficiency X D. n/4rr) was determined in a Monte Carlo 

calculation. 8 An independent calibration of the instrument was 

achieved with a hydrogen target. Since the relative efficiency at low 

energy was found to depend to some extent on the spark chamber per

formance and could vary by as much as 15-20%,9 a total of 15 hydrogen 

runs were taken during the experiment. Despite the changes in the 

relative efficiency we find a. constant value for the Panofsky ratio in 

3He when compared with hydrogen. 

3 -, . 
The He (1T , y) spectrum (Fig. 1b) exhibits the expected four 

photon channel s: ty with E = 135.8 MeV; dnyand pnny with, end-y , 
I 

point ene1rgies of 129.8 and 127.7 MeV respectively; and 

with a unliform dis tr ibution . between 53.1 and 85.7 MeV. 

002 trr , rr...... y 

There is a 

suggesti~n of a broad peak corresponding to 10- to 15 MeV excitation 

in the 3J system (Fig.1c), although the st~tistical evid~nce for the state 

, d b Ch I 11.. I· 'Th b k h propos'e yang et ~. 1S 1nconc us 1ve. e two rea up c an-

nels cannot be separated from each other, but their separation from 

the ty re~ction can be achieved reliably by shifting the hydrogen line 

by 6.35 MeV and normalizing to 3He events above 130 MeV. Separa-

I 
tion of the small contribution (-:-4"/0) which the breakup reactions make 

I 
to the charge-exchange peak (E < 90 MeV) was performed with a pole-

, y 

modeI8 •1? calculation (Fig. 1 c). Comparing (Table I) results with 

ones obta!ined in Ref. 2, we find that the difference in the Panofsky 

ratio steins mainly from difference in the charge-exchange yields, 
I 

since the radiative yields agree very well. This seems under-

·' .. i 
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standable, since the small kinetic energy of the recoil triton (190 keY) 

may cause difficulties in observing them in diffusion chambers. This 

point is discussed by the authors in Ref. 2. 

Analyses of radiative 1T - capture in light nuclei are.in general 

complicated by the fact that a large fraction of pions gets captured 

from the 2p Bohr orbit. 
3 The Panofsky ratio in He, however, appears 

to be very nearly independent of 2p- state capture. Estimates 3 for the 

fraction (pions captured)/pions making 2p-+ 1 s x-ray trans ~tion) range 

up to 55%. However Ericson and Figureau
3 

estimate that only 0.1% 

and 0.03% of pions captured from the 2p orbit undergo charge exchange 
, 
(CEX) and radiative (REX) capture, respectively. Thus the measured 

Panofsky ratio should be given quite accurately by the relative 1 s-

capture CEX/REX matrix elements. 

- 12 
The transition rates in the IA are given for radiative 1T capture 

by 

A (is) 
'( 

IMI2 1 = 2J .+1 
1 

3 and for charge - exchange by 

A (1 s) 
.,p 

1 q 2 ( w ,( m \)2 2' 2 
= 41T ~1T A 1- m

3
:m

1T
) 1 + m:I<j>1T(o)1 IMo I, 

2 
1M I o 

1 
"-. 2J. +1 

1 

d~L 
q 

with 
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3 1 [fl = c = 1; m3 = mass( He); mn = mass( H); (w ,q ) = 11" four momen-
o 0 0 

turn; k, ; = photon momentum, polarization]. It is assumed that the 

. I . 
pion wave function may be taken out of the matrix element and replaced 

by its value at the origin with a small correction3 for the extended charge 

distribution 1<1> (0)1
2 

= (0.97/1I")(Z am )3 (1 +m/m f3, where a = 1/137. 11" . 11" n 

The value of C is determined by pion photoproduction cross sections at 
I 

threshold and has the value13 
C =411"1E (+11"-) 1 = 411" (3.15±O.06) X 10- 2/m . 

o 11" 

A · 1 d h N· . . 1 d· 1 . 1 h 13 b 1S re ate to t en: Isospm smg etan trIp etscattenng engt s y 

A = (411"r.J2/3) la1 - a31. 

For radiative capture, 1 M 12 is related to the axial form factor s of 

the rnass-3 system and the nucleon and the Gamow-Teller matrix element 

. 3 3 (-) - 3 14 
MGT = (H 1 j~ 1 'Tj O"j I He) by 

( 

F 3
He 

- 3
H 

2 )2(F n_. p. (0)\.2 
M 12 = ~ 1 M 12 A (q) _____ A I 

3 GT 3H 3H F n-+p'( 2)i 
FA e - .(0) / . A q;, 

I I ' 

The GT matrix element has the value 1 MGT 12 = 3 if 3He and 3H are 

exact mi~ror states with totally space-symmetric wave functions, 

whereas ~'he experimental value is IMGTI2 = 2.84±0.06 measured
15 

in _ 1-- 3
H

e+3H 3
He 

-+ 3
H 

. 
(3 decay. A value of FA (0.474)/F A (0) = 0.80 [Ref. 3] is 

found frdrn linear extrapolation of I-L-capture (4-momentum transfer, 

2 J -2 
q = 0.27 F ) to 1I"-capture in good agreement with 0.776 ± 0.016 based 

I . 

on the as
1

sumption14 FA (q2)/F A (0) ::: F M(q2)/F M(O), where F M(q2) is 

the 3He -+ 3H magnetic form factor determined us ing 3He and 3H elec-

tron scattering data. 7 13 For the nucleon the latter procedure gives 
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n-p / ·n-+p . FA (0.474) FA (0)::: 0.948. Combining the last two results with 

the expe'rimental value for I MGT 12 gives A'Y( 1 s) ::: 3.41 Xi 0 15 sec - 1 . 

The charge -exchange matrix element I Mo ,2 is related to the 

vector-form factors and Fermi matrix element by14 

1 X .974, 

applying the CVC hypothesis to both nucleon and mass-3 form factors. 

3 
The Panofsky ratio for He expressed in terms of the same quan-

tity for hydrogen is 

m + m - k1 n IT 

Inserting the experimental value
1 

Pi::: 1.533 ±0.021 yields 

P
3

(::: 3.421Mo ,2/ IMI2) ::: 2.63, in good agreement with our measured 

value P
3 

::: 2.68± 0.13. 

Since Pi appears in the evaluation of the experimental value for 

P
3 

as well as in the theoretical expression, our result is independent 

of the particular value for Pi chosen, and can therefore be considered 

a direct test of the IA in s -wave pion-nucleus interactions. The good 

agreement with the IA calculation has to be contrasted with the poor 

agreement with recent values for P 3 obtained by current-algebra 

methods. Ericson and Figureau3 obtain values between 1.9 and 2.1, 

depending on whether the CEX cross section is calculated in IA or in 

the soft-pion technique. In this calculation the electric -dipole amplitude 

"., ,. 
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IE (1T-)1 in the nucleon case gets replaced by the soft-pion value 
0+ 

.J a./41T (1/ f
1T

) (gAl gy). When the eleITlentary aITlplitude is applied to 

. 4 
the nuclear case, corrections for P -ITleson exchange, incoherent 

rescattering, and nuclear interITlediate states are included. The cor

rections have the effect of increasing the radiative rate to 4.43 Xi 0
15 

-1 
sec and thereby reducing P 3' It would appear therefore tHat these 

corrections are sITlaller than estiITlated. Other calculations along 

these lines, 13 where, however, terITlS first order in ITl,/ITl
n 

are ne

glected, give values for the radiative rate around 2.3 Xi 015 sec -1. 18,19 

We wish to thank Professor N. StrauITlann and Dr. G. Nixon 

for clarifying discussions of previous theoretical work. 
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TABLE I. Results for - 3 
stopped- 'IT absorption on He 

1 
and H. 

Rb RC 
Na Final 

state -y (% ) (% ) 

3H 'lT° 6273 ± 82 17.8± 2.3 15.8±0.8 2 

3H -y 5580 ± 157 6.6±0.8 6.9±0.5 
2 

dn-y+pnn-y 5331 ± 137 7.4± 1.0 [3.6±1.2]d,2 

0 1 n 'IT ( H) 2355±49 65.6±11.1 60.5±0.3 1 

1 n -y ( H) 3860 ± 62 42.4± 4.4 39.5±0.3 
1 

dn [68.2 ± 2.6]. 
2 

15.9± 2.3 

2 pnn 57.8± 5.4 

P3(3H~)e 2 . 68 :t: O. 1 3 
£ 

2.28 ± 0.18 2 

P (1H)e 
1 . 

1.54± 0.26 1.533 ± 0.021
1 

B g 
3 1.12± 0.05 

C h 10.3 ± 1.3 
2 

3 10.7± 1.2 

a Raw nUIl1.ber of events in spectrum. b This experiment. 

cPrevious experiment. ddn-y only. epanofsky ratio. fP3 = Pi 

N (3H 'lT°) N (n-y) 2 
(=1.533±0.02t) X Y 3 ,X Y X(1-f), where f =(5.3±2.0)X10-

N (H-y) N (n 'ITo ) 
-y' -y 

is small correction for difference in photon detection efficiency for 

3He and t H . g 0'[ 'IT- + 3He~ (dn-y +pnn-y)] /0'[ 'IT- + 3He ~ 3H +-y]. h Ratio 
o£ nucleon ejection modes to radiative absorption. 
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FIGURE CAPTION 
I I 

Fig. 1. (a) Hydrogen spectrum and pair, spectrometer acceptance. 

(b) 3He spectrum, 50-150 MeV. 

(c) 3He spectrum in region where the breakup channels 

dominate. The curve is a pole model calculation8 ,10 

(.6 = 6.8 MeV) with complete kinematics incorporated. 
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