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Abstract

Radiative Pion Capture in Light Nuclei by P. Trusi (Physik-
Institut der Universitit, Zirich, Switzerland) and H.W.Baer,
J.A. Bistirlich, K.M. Crowe, N. de Botton (Lawrence Berkeley
Laboratory, University of California, Berkeley, California
94720)

/

New results from a high-resolution measurement of the photon

spectra following radiative pion capture in 3He, 6 14N

Li and
are presented. The observed branching ratios to bound sﬁates
are compared with theoretical calculationé based on the im-
pulsé approximation. For the lp-shell nuclei excellent agree-
ment is obtained, when shell model wavefunctions and a Hamil-
tonian deduced from 'the fundamental process T p+ny are used.
For the 6Li(x-,7)6He(O+) and the 3He(n—,7)3H transitions we
also test predictions using PCAC and soft-pion techniques,
which are éqperia]ly relevant in comparisen to the experi-
mentaliy observed Panofsky-ratio in 3He. Transitions to
higher excited states in the giant resonances region and into

the continuum are also discussed.
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Photonuclear reactions have contributgd much to our knowledge
of nuclear.structure. The most recent addition to the electro--
magnetic probes is the nggative pion, where one observed the
radiative capture, m N(A,Z)»N*(A,Z-l) in a large range of nuc-
lei. The basic process, T p-»ny is through'its:inverse, pion
photoproduction near threshold sufficiently well known, that

| one may deduce from it an effective Hamiltonian for the inter-
"action, which can be used to calculate abéorption on bound,
single protons in nuclei‘via the impulse-approximation.

This Hamiltonian is given in the form [1}

Re.

‘H‘Qm l+——3 Z e SRS & (p C“\{Ag Lo ¥ B(d-;,) (g}zS )
+CQINED viDY(BxED+ E(,éﬁ)(iﬁ&} SQ.S'&)

where Sj and rJ are the nucleon spin and coordinate, ta(-)

the isospin operator changing a proton into a neutron, k and 8
are the photon momentun cad polarisaeticn, and q and (b \L) are
the pion momentum and wavefunction in the atomic orbit (n,l).

The constants are given from the appropriate combination of thres-
hold multipcle amplitudes EZ]. The transition rate bLetween the

initial (JiMi) and final (Jfo) nuclear stgtes is given

by : bk \ 48, a
Aueisty = <m%¢g‘h \<3 hg“r\g“\ M5 ()

The first term in the effective Hamiltonian has been shown theo-
retically [3] to introduce electric dipole transitions to known
collective T = 1 (J%=1",27) excitation modes in mass ~ 12 and -16
systems. These transitions were experimentally observed [4]

and qualitative agreement for the observed rates was found,

when wavefunctions were used, which were representatidns of

the SU(4) classification of giant resonances:. Peaks corres-
ponding to transitions to unresolved bound states in 128 and

1
6N were also seen in the photon spectrum from radiative pion



capture in 12C and 16O. For 12C the experimental branching ratio

is 0.091 1_0.009%‘h], whereas the theoretical calculation with

a nuclear wavefunction adapted to fit inelastic electron scat-
tering formfactors, B-decay ft-values and y-widths of the same
levels or their analogs in 12C yields 0.105 + 0.035% [5]. The
good agreément, though limited through inaccurate piohic X-ray
widths_and caéture schedules encouraged us to extend our measure-
ments to nuclei, where the separation of bound states is large
enbugh{ that they may be resolved with our instrument. Such

cases are 3He, 6Li and 14 3 6

N. The selection of “He and °Li is fur-
ther favoured by the fact, that ls-capture, for which calcu-
lations are felt to become less model dependent, gives the major
contribution to the branching ratios as Z becomes small. For

3He and 6Li we also aim at testing predictiohs (6] based on

PCAC and sbft pion theorems, which relate the radiative pion

' “capture matrixelement through the elementary particle treat-

ment of ruclei to axial formfactors, which may then be com-

pared tc the same guantities appearing in u-capture and f-decay.
This method essentially amounts to replacing the value of the
constant A in the effective Hamiltonian by (a/4x)1/2gA/gvfI(l+6)Cﬂ’
where a is the fine structure constant, )
gA/gv is ratio of the axial-vector to_vector.coupling constants
for the nucleon, fﬁ the pion decay constant and § is a correction

term discucssed in detail in reference [71.

The experiments were performed at the LBL-184" cyclotron. The
experimental set-up is shown in Figure 1. The heart of the
experiment is i80°-pairspectrometer using magnetostrictive-
readout wirechambers as detectors for the electron-~positron
pair}.The resoluti;h‘of this instrument is 2 MeV FWHM as
demonstrated by the width of the n;3He—>3H7 transition in
Figure 2. The acceptance reaches a maximum .value of 4.15%107°
near 130 MeV with a 3% radiation length gold converter and
decreases approximately linearly to zero at 50 MeV photon'
énergy. We used a 96% enriched 6Li—target, a liquid 3He—tar—

get cooled to 2°% and a liquid nitrogen target. The photon



spectra for 3He, 6Li and 14N are given in Figures 2,3 and 4.

We now turn to a brief discussion of the experimental results

for the transitions to bound states.

3He:

——

"The spectrum shows the transitions to the 3H'y—final state
(line at 135.8 MeV), to the.2H+n+y- and the p+n+n+y-continuum
with endpoint energies of 129.8 and 127.7 MeV, respectively
and the 3H+7ro final state with a uniform distribution of photon
energies between 53‘and 86 MeV from the decay KO—va.
The branching ratios for the three contributions in the above
order are 6.5 + 0.8 %, 7.4 + 1.7 % and 18.8.. + 2.3 %, leaving
67.3 + 3.0 % for the nonradiative absdrption modes H—3Hevp+n+n
and 2H+n in agreement with érevious measurements yielding
73.7 + 5.9 % (8]. For the determination of the Panofsky-ratio,
defined by '
(=3 —»3Hro)
P (R~ 3He — *H#)

one need not to know the absolute efficiency of the spectrome-

(3)

. . 3 . . .
ter, since we intersperse our "He-runs with calibration runs
with a H,

case however known to an accuracy of 1.5 % from previous ex-

-target, where the same quantity is measured in this

periments [9]. the corresponding photon enerqies‘being 129.4
.and 55 to 83 MeV. We find P(jHe) = 2.89 + 0.15 in disagree-
ment with an earlier measurement which found P(3He) = 2.28

+ 0.18 [10] . In order to relate the observed branching
ratios to transition rates calculated with help of expressions
(1) and (2), we need to divide the theoretical rates by the
total nuclear absorption rates, multiply with the fraction of
pions absorbed from a given orbit and then sum incoﬁerently
over all contributions from the different Bohr orbits. For
,3He the relevant quantities are not known, so one musc turn

to the Panofsky-ratio for the comparison between theory and
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experimenf.‘Theoreticel calculations. to date are incomplete in
the sense, that they only consider ls-capture, assuming that
2p-capture contributes little o} at least equally to radiative
and mesonic capture, and further consider enly the dominant
. term ih the effective Hamiltonian. An impulse approximation
calculatioh'for<mesonic capture uses an effective Hamiltonian

of the form

. H.;“, a“'\ (“’ 3 (,Q 033 Z 8(¢ () ¢ CV)L(’) %‘% : (q)

where (al—a3) is the differeece of the singlet-triplet pion-
‘nucleon scattering length and 9, is the n°-momentum. The resul-
-ting Panofsky-ratio is than conveniently expressed in terms of
the equivalent quantity in hydrogen (11].
PR = PUHY x Ao ”“3/0“\
_ . ‘ \F (‘* aﬁgaﬂw“)/aa

2 N(‘Q.,‘?\m,bz,ﬂas} (s)

w is.a kinematical factor and FV and FA are the vector and axial~
vector formfactors taken at the momentum-~transfers appropriate
for radiative and mesonic capture (W 1.108). with EV T 1 cne
can determlne F (q ) either from calculations using wavefunc -
tions for the 3He-3H mirror states (11,12] or with Fp (q ) from
its value at q = 0 as measured in 34 p-decay [13]. In the
1auhér case one takes usuaily the same variaticn with g as
the vector formfacter (14] . Both methods yield values
0.52 SFA(QZ)QV/QA‘ZS 0.55 and 3.0¢ P<3.3 in good agreement
with our experimental value. PCAC and soft pion te:hniques
have been applied to both processes with the result P=2.20.
[15:}, or to radietive capture only with charge -exchange cal-
culated in the impulse epprokimation obtaining P = 2. lO[Ea 161
Con51der1ng the uncertdinties in the formfactors end the lmpdlse—
approximation calculation of the mesonic capture a measurement of
the -total nuclear absorptloé rates or the n 3He scattering lencths
is needed as well as a calculation 1nclud1ng the full Hamil~ '
tonian for the radiative capture. pefore a dec151ve test on
the two contrlbuklons to the Panofsky-ratio can be carried out

t
1
L



. separately.

6Li: N

The solid line in Figure 3a represents a fit to the speciruﬁ
containing the foliowiné contributions: a) Two lines at 134
and 132.2 MeV corresponding to the 6He—ground state (Jn=o+)
and the first excited state at 1.8 MeV (JE22+), b) a‘conti-
nuum coﬁponent assogiéﬁed with quasifree capﬁure into '
4He+ri+n and'SHe+h final states, c) excitations at 119, 112
and 105 MeV described by Breit-Wigner forms. Evidence for
these resonances is still staﬁistically weak. The upper end
of the spectrum separating the contributions to the‘bOUnd
states is shown in Figure 3b. In Table I we compafé our
experimeﬁtal reéults for the branchiné ratios to.the theo-
"retical calculations using the impulse—appfoximétion

[5, 17] (IA) and the elementary pdrticle treatment [6].'We
fiad that the IA combined with shell model wavefunctions ad;
justed to fit reactions involving the same transitions and
tre nuclear radius givesexcellent agreement with the ex-
perimental rate (an average of all IA calcula£ions) excluding
the one by Vergados and Baer, where the p-éhell harmonic
’oécillator shell parameter was adjusted to fit energy calcu-
“lations), gives R(tﬁédr.) = 0.319 + 0.044 compared to R(exp.)
= 0.306'i_0.035 %, with the error in the ﬁheoretical number
reflecting_qnly the uncertainties in ‘the pionic X~-ray data.
Since in these calculations all terms'in the Hamiltonian were
" considered aﬁd 2p-capture, which is shown to contribute about
'30% to the total rate, is_propefly aqcounted‘for, we feel that
thié transition is a-convincing test case to establish radiatiVer
pion capture as a new tool for nuélear structure information
[18,19] . The soft pion cglculations; though valid only for
ls~capture yield values about 20% higher than the IA. The cal-
culations differ only in secondary éspects, such as the treat-

ment of the distortion of the picnic wavefunctions due to strong
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interaction and nuclear size, values of the formfactors, which
are either taken from u-capture or from S-decay. The highest
value in Table I was obtained with a 35% additional correction
to the soft-pion amplitude from q - contribuﬁions, nuclear
intermediate states etc.. Our measurements in 6Li as well as
in 3He indicate, that the corrections to the soft-pion ¢
amplitude are certainly smaller than estimated so far [7].
-The good agreement with IA calculations further indicates

that exchange contribution maybe neglected. -

14N:

The high neutron separation energy for the l3C+n+y-fina1 state
(8.2MeV) and the high excitation energy of the first excited

~ state in l4C (6.1 MeV), permits one to completelyvresolve the
transition to the 14C ground state (E = 138 Mev) he
corresponding ﬁ-decay matrixelement, glven by the dominant part
cf the effective llamiltcuian for cur xecacticn taken at

q2¥0, exhibits the well known anomaly; log ft = 9 instead of 3
for an allowed Gamow-Teller transition, ascribed to a fortuitous
cancellation. For radiative pion capture we have q2=o.98mi and
also the additional terms in the Hamiltonian, so we would ex-
pect the fortuitous cancellation to be removed to some ex-
tent. Indeed Vergados [?Ol using shell-model wavefunctions
pradicts a branching ratio of 0.C077%, indicating that the re-
duction in the matrixelement is only a factor of 6 to 8 instead
of 1000 if we compare to the 6Li—+6He-transitiqn. Though the
spectrum shows this transition to be present the evaluation of
the branching ratio is complicated by the uncertain contri-
butions from in—flight capture background. Aséuming no in-
flight background at all we get an upper limit of 0.CC8%,
assuming a constant background normalised to events above
E7—14o MeV we find 0.004 + 0.003% for the branchlng ratio in
reasonable agreement with the theoretical calculatxon. Just
above the break-up threshold the photon spectrum is domina-

,_ted by a peak corresponding to an excitation energy of 7.2 MeV.
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3 -

.

Againvshell-model wavefunction and IA with the Hamiltonian of
equation (1) predict a dominant transiticn of strength 0.12% to
the J% = 27 _state at 7.01 Mev [20] to be compared with thes ex~—
" perimental value of 0.094 + 0.024 %..

We now turn to a brief discussion of transitions into the giant

resonance region and into the continuum. Though a reasonably good,

average description of the continuum can be obtained with a
simple pole model [21), which assumes quasifree capture on a
proton, with average excitations of the recoil nucleus vary-
ing from O to 5 MeV (see curves in Figures 2,3.and 4), it
cannot be considered a satisfactory prescription.to subtract the
nonresonant background under the transitions to higher excited
states. Until a‘meaningful unified model treating resonances and
quasifree capture is formulated only qualitative statements can
be made. We find however again clear manifestation of collective

excitation in 14C around 20.5 MeV (22.8 MeV in 14N).

In 6Li only the peak around 112 MeV (about 23 MeV in 6He) could
e identified z2s an analcg of states seen in 6Li and 68e 1el.
For 3He we findm statistical conclusive evidence for excitations
in the A = 3 system. However the deviations from the simple pole
model (Figure 2b) suggest a broad peak around 10 -~ 15 MeV exci-
tation energy. Where a similar anomaly was found in the
2H(p,y)BHe capture reaction [2z1 , but without detailed con-
siderations of the final state interactipns between the out-
going neutron and the recoil nucleus, which is seen to modify

the spectrum considerably in the 4He and ZH_case, a definite

conclusion cannot be reached.
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Table I Ccaparison of experimental and theoretical capture rates for 6Li(x-,y)sﬂo (0*;9.'.)

. (15) -—X—x@ X (2p) . XY(ZP) R(x__'Y)a)

Y 15 -1 )‘a( . Y 10 -1 )\a(2p) References

(*10" " sec ) %) (10" “sec ) (%) (%)

1.46 + .22 .50 + .08 4.12 + .62 .18 + .06 .31 + .07 Roig, Pascual IA (17}

1.51 + .15 .51 + .06 5.26 + .06 .23 4+ .06,  .3& + .07 McGuire,Werntz 1a [5)

2.08 .70 + .05 4.32 » .19 + .05 .32 + .08 Vergadoa,Pasr IA (17)

1.40 .47 + .03 4.44 .52 + .14 «30 + ,05 Vergados,Baer JIA (17}

2.3 + .5 .78 + .18 | L Le2 4+ .11 Delorme EP  [61)]

1.86 + .18 ' .63 + .08 (.25 + 0N pagcual,Fujii Ep  (6d)

1.9 + .4,-.2 .64 +.14,-.08 (+2¢ +.08,-.07)®) puicher,Eisen. EP (<)

1.65 .56 + .04 (.23 + .06\ Griffiths,Kim EP (e}

| | | .306 + .035 This zxperimeh:;;

N e A, (2p) . | |

a) R(Jf $Y) =}::—(mxiws +szwp \18]

where Ews = .40 + .09, pr = .60 + .09

A, (18) = 2.95 x 10'7 sec™?, X (2p) = 2.28 x 10'% gec”!
‘ +.20 a +.61

b) ls-capture only

.-'FI._



Figure captions:
Figure 1l: The electron-positron pair spectrometer and range-
telescope geometry. The trigger for an event was

7l x 2 x 3 x TS x (AxB); x (AxB)y , i # k, k+l

" Figure 2: Photon spectrum from radiative pion capture in "He. .
The solid line is a pole model calculation [21}.

The ims trumental line shape causes the peak in

the spectrum to appear 2 MeV lower than thevphoton

energy. We therefore indicate break-up thresholds

and the position of the 3He(n',y)3H (g.s.) line

shifted down by 2 MeV. .

a) Complete Spectrum

b) Enlarged view of the upper end of the spectrum

Figure 3: The 6Li(n—,7) photon spectrum in the 50 - 150 MeV
' region. Solid line: Fit described in the text

Shecrt.dazhed line: DPcle model with cemplcte kinc-
matics 21 _
Dash-dot-line: 5He + n + Y phase-space, normalised
to same number of photons as pole model
Long-dashed line: Pole model of Dékhno and Pro-
' koshkin (21] |

Figure 4: The 14N(w',7) nhaton spectrum keilween 50 and
150 MeV. _ B,
Solid line: Pole model (21}
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