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The spectrum of high-energy y rays fol-
' 16wing the absorption of negative piohs in 4He has
' _b‘één investigated. The observed shape of the spec-
- trum and the measured total capture rate [("0.704:!:0.066)
><-1015 sec'1] agree well with theoretical predictions,
' assuming that the pions p'i'oce‘ed througH exbitation
of states in 4EH with J" =2” at 3.4, J" =17 at 5.4, and
’;ITTV= 17 at 7.4iMéV relative to fhe-3H +h threshold, and
r(gelk T

. -taking ant.'ope:r'a-tor ~ for'the calculation of the

nuclear matrix elements,

A study o‘f the iarocess.v'-ﬁi?‘;He - 4=H>:< + v prdviées useful informa-
tion in two areas, which have recéi§ed conside.rable attention from the
theorists 1n ,Ifeucent.i;ye%ajz.rij:sj'i’-‘-the réaction mechanisms involved when the
ab-sorption of ¥ ina ‘hucleus results in the emission of a high-energy
Y ray, and‘th‘_eb exéit‘ed states of the A = 4 system. Our previous results
for the same process from a carbon ta.rg‘et:1 revgaled that it pfoceeds

partly via the excitation of collective states in the residual nucleus,
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as svas predlcted theoretlcally. for doubly closed mtclel such as - 2C and .
These states are the members of the 15~ d1mens1ona1 ‘repre-
sentatlon of the spln 1sosp1n group SU(4) The'SU(4)vfo'rma1ism was also
applled to the A = 4 systemr and led to the predlctlon of a group of
negative parlty states w1th excitation energles between 20 and 30 MeV. 4.5
These levels were observed6 in the react;ons conventlo’n_ally stu'd1'ed,
such as 3He(n n), H(p,p),' H(p,.n),. a’nd 3H(n n). ;Sinee thes'e..sta‘tes

are in general qulte W1de, a rather 1nvolved phase sh1ft ana1y51s of scat-
tering and polar1zat1on data is requ1red which is further comphcated by

the presence of T =0 states, so that sometimes several solut1ons con-

sistent with the data are obtained. For rad1at1ve p1on capture the matrix

elements for 1s capture are gwen by the operator 'r( v) r’ as can be
shown e1ther in the 1mpu1se approx1mat10n or by us1ng PCAC. 7-10 Only
T =1 states (the AT =-1 analogues of the 4He sta_.t_es) occur, which

makes an analysm of the reaction ve fy straightfbl_‘svai'd.

» Our »tjaxperimenta‘l setup is .shown_i.n Fig. 1 Thev details of the _‘
high;'resotﬁtien pair speetfometer emploﬂ}:red to mea‘_sure the Y-ray spec-
trum have been described elsewhere. . The energy resolution as deter-
mined from a ealibration experiment vtrith_ a hydrogen target was 2 .MeV
fwhm at EY =129 I\./f:[eV,v' ahtl the .maximumvacc'eptarvlc"e 2.2X 10’-5 at EY - 120
MeV. | | | | B

The vr' he'am:.eva the 1 84-inch c_y'clotron at the Lawrence Radiation B
Laboratory in 'Berkeley 'vv.va_._sstOpped in a 120-:liter liquid helium Dewar
with a 43-cm-diam flask. In order to compute the yield of y rays per

pion stopped in the helium a number of corrections were applied. The

muon and electron contamination of the beam were measured by time-
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of -flight techniques. The number of pions stOpped in the walls was com-
puted from the range curves and from runs with an empty Dewar. In
addition, the absolute rate had to Be corrected for fhe loss due to the
conversion and scatteri'né 6£ the emitted y rays in the helium and‘bin the
walls of the target. Since the same Dewér filied with hydroge’n"Wals usedv
in the calibration experiment, the accuracy of the corrections could be.
chcck_ed independently'by‘cdmparison with the known capture fovr hydrogen. “

The experimental spectrum aft.erv40% background from the container has

been subtractedis shown in Fig. 2. It has not been corrected for the

energy-dependent efficiency. The total number of events obta_ihed in

about 90 hours of beam time is 4240, corresponding to 1.8X1010 pions

stopped in the target. The observed ratio of the radiative to the total

-2

pion capture rate is (1.28+0.13)X 10 Neglecting pion capture from the

LIPRL for the total nuclear cap-
ture rate from the 1s state, we obtain a value for the fadiaﬁive pion cap-
ture rate of (7._04ﬂ:0.66)><1014 sec;_i..

The expé‘rirncntal gspectrum does not exhibit any struéture due to
isolated resonances, which is n.'o1_: surprising, since the known T =1
states are wide and overlap ea‘ch ;)fher. (It should be note‘d that a calcu-
lation with noninteracting 3H.ny_ 'final state does produce a peak in the spec-
trum, but much broader than fhat observed; for example, a simple pole
model assuming protozil‘exf:h'an‘g.eiz produces the dot-dashed curve shown in
Fig. 2. The energy at which ma#imum yieid is observed corresponds to
an excitation energy measured relative to the 3H + n threshold, ~ 3.7 MeV,

close to the JT =27 level at 3.4 MeV deduced from p‘hase-shift analysis. 13

This suggests that the shape of the spectrum of radiative pion capture is
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dom1nated£ by trans1t1ons to th1s level. As sumlng that only the 2" and the
two 1 levels around 5.1 and 7.4 MeV contrlbute to the capture rate, we

can compute the shape of the'spectrum from R- matrlx expressmns and
correct for exper1mental resolution. The method of calculation used is

as follows:: Inte_grated over all possible directions. of fhe outgoing partieles;

the rate for _xf'adiative_ pion capfui'e from a 1s state is given by

AJ_

dA 3 4 Z /2 . f , ) 2
3 - 16vz 7 -——mR &, 2“ § (rx ot Ak g 11451192

(1)
Here we have removed the pion wave funétion from the matrix element,

té,king an 'a\:rerag'e value of

¢ = (1//™) (‘Zam")3/2R1/2, w*i'th”R = 0.717. 44 (2)
The width I3 fnel gives the strength of the cdupling ‘o‘f the neutron to the
resonance J'f" \’ and is defined in terms of the reduced width

J. . J. -
f e % = (2P 0] M2y L

(Pk,ns .ns' .

(3)
The propagator of the resonan_ces‘,is defined in the _ﬁsu'a_,l manner15 as

4 | i\
(A ))\)\' = 6 AN! (E)\-E)"f A)\)\I R T ,2‘- " : (4)

Formula (1) is derived from the R- matnx expressmns for the ex-
pansion of the scattered wave function within the range of nuclear forces,
and its validity is 11m1ted by the necess1ty for the ground state wave func-
t1on to cut off the 1ntegra.t10n within this range. For the sake of consistency -

with Refs. 13 and 16, the d + nn channel with a threshold at E)\ = 110.4 MeV A

has been ignored.
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The axial vector reduced matrix elements are given by

1 . —-— M ‘ '. e N
(T My l‘Ang_Ji‘MQ = (1/q)jdr(V-JJ_(qr)YJJ) (T M, IjA(x) vl}J.iMi} ,
(T M, IA %l;r M, )= jdr JJ(q )Y J(J t'j"A(‘f)l'JiMiy ,

{JfoIJA(r)I_JiMiWﬁJn\iari;pf BT T o (5)
In vthe simplest shell -model 'p‘i,Cture, there is one si':avtev ‘with T =

" =27, two states with T =1, J" =1 . 4.5 Introducmg the parameter

", ' x for the configuration mixing for 3P1 and P1 ,fo:'the two 1~ states
) y 'as in Réf.‘vivé,_ we have

127,4> = '13':1?;2>; -!1f, (xl P > + !3P >)/(1+ 2 1/2

117,2> =(-11p > +x|3P1>')/(1+x2)i/2. R | (6)

-1

Harmonic oscillator wave functions give

3 el || ny _ wa 2 3¢ mag }_'Qa. 2
("P, 1A% 110) -d_—-z—; F ) (7P, 1A 10) -——m F (@),

(‘P 1A ag||o> o U
We take a = 1/ '\/ me = 1.38 F, as suggested by the 4He charge
) radius. For a channel radius 4 F the Wigner 11m1t for the reduced neu-

tron w1dth of a s1ng1e resonance is 5.5 MeV. She‘ll-model calculations
suggest a value of x = - 1.25, 2,17, 18 whereas énalysis of 3He + p scat-
tering19 implies x = - 0.3. The reduced widths for the indi\}idual states

are then obtained from the appropriate formulas in Ref. 16, and only
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the actual resonance ehergy remains to be flxed The p081tlon of the
‘peak depends prlmarlly on the energy of the 2 level ‘and we get a good
f1t for ER = 3 4 MeV, in good agreement with results from the analysis
of neutron scattenng on tritons. 13 Th1s corresponds to an energy of
excitation ~. 24 MeV in 4He, somewhat lower than the 2 energy from the
charge- 1ndependent analysis of the H(p,n) He react1on (~ 24.8 MeV)
We used ER 5.1 MeV for the lower 1” sta.te13 and ER 7.5 MeV for
the upper. 16 The results of th1s calculatmn are represented by the
dashed (x = - 0 3) and the sol1d (x = - 1.25) curves in Fig. 2.

After folding the theoretical curve with ekpe rirnehtal resolution and
eff1c1ency and norma11z1ng to the data, we obtaln, for the best f1t (for
99 deg of freedom, since we take 70 < EY = 120) x = 96 for x = - 1.25
and XZ = 109 for x = -~0 3. The accuracy of our data does not allow one
to rule out e1ther of the two chou:es for x. Even more-stnkmg than the
close prediction of the shape of the spectrum is the fact that the absolute
rates, 0. 718X1015 ec™? for x = - 1.25 and 0.693 X 1015 ¢ for
X = - O 3 agree with the measured one within the exper1mental errors.
The uncertainty in the experimental value for the radiative capture rate
has a contrih'ution from the total absorption rate, since it is not a mea-
sured but is an extrapolated value from higher eleme_.nts. This‘contri- .
bution is not included in our quoted error.

'I‘he Lawrence Radiation Laboratory members of this collaboration
express their thanks to Carl Werntz for joining them'in the interpretation
- of their data by contributing his theoretical calculations. The industrious

-efforts of our scanning crew and the help of the Cyclotron crew under

James Vale are gratefully acknowledged.
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FIGURE LEGENDS

Fig. 1. Experimental layout.

Fig. 2. Energy spectra of y rays from w~ vcapture_ in -4He.

gram: data in 0.5-MéV bins.’
Solid curve: R-matrix pi‘edictions with x = - 1.25, _
Dashed curve: R-matrix predictions with x = -‘-. 0.3.

Dot-dashed curve: ‘pole-model predictions.
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respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or :

B. Assumes any liabilities with respect to the use of, or for damages

 resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro- -
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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