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RADIATIVE PION-CAPTURE IN '?C

, - " +
James A, Blstlrlich Kenneth M. Crowe, Anthony S. L. Parsons » P. Skarek , and
: © P, Truoelt

Lawrence Radiation Laboratory, University of California
» Berkeley, California 94720

The spectrum of hlgh energy gamma rays follow1ng the capture
of negatlve pions in C was measured with high resolution. The
'observed structure in the giant resonance regioﬁ is the first
: difect'experimental proof of the influence of collective excita-
tions in_radiatiye pion cépture;a This supports recent theories

concerning the analogy between this prdcess aﬁd muon capture,

Using thévhypothesis of partially conserved axial current (PCAC) it can be

1

shown that the matrix elements for fadiative pion capture, i.e. the'ﬁrocess
T N(A,Z) ~ yN(A,Z;l), are Iihked to the axiai matrix elements appearing in the
weak interacfions of ﬂ captgre.and-B decay. In the limit of vanishing pion
mass, thevtwb amplitudes are propoftional.' fhe formal analbgy in the impulse
approximatibn_between the effective Hamiltonians in the axial part of the u
capture and radiative T capturez), allows one to transfer the well established

3)

theory for Y capture to the latter process. It was realized™’ that in order.
to explain the total capture rates, U capture must proceed predominantly
through the excitatiohs of collective states in the residual nucleus, namely

the T, = -1 analogous states to the giant resonances seen in photo-absorption

and inelastic electron séattering.v The excitation of these collective states’

* Now at Rutherford Laboratory, Chilton, Didcot, Berkshire, England
+ Permanent address: CERN, Geneva, Switzerland
t Now at Physics Department, UCLA, Los Angeles, California



has been inferfed in'ﬂ—capfure on '®0 4 by observing the nuclear rays from

the de—excitatiqn of the residual nucleus. In the éase.of pion capture, an
energetic Y ray is emitted instead of a heutrino. PfeaiEtionss) based on the
assumptions mehtioned earlier show a consideraBle fine structure in these spec-
tra. The da£é6).available'do not' allow a significant check to be made on the
predictioné,;mainly‘due to insufficient resolution. :The only direct test of
the analogy.of7tﬁe.m;£rix elements, by-combaring e aﬁd ﬂ- capture rates in

7)

®Li to the °He ground state ’, confirmed the theoretical estimates, but within
an error of approximately 25%.

8)

In our éxﬁeriménf we have ﬁeasured.the high—eng;gy,Y spectruﬁ from 7w
absorption iﬁ'éarbon using a Y ray pair—spectrometer_&ith ~vo1,5% resolutioﬁ.
The’experimentai_sét¥hp isléhbwn'in Figure l; A ﬁ_.beamvffom the 184 inch Cy-
clotron was étdpped in a 2.5.cﬁ cérboh farget; Tﬁe Speétroﬁeter was piaéed to
detect Y réys_éf:900 to the incident T direction. ff consisted of two 46 em X
91 cm C*magﬁeté combined witﬁ é.cﬁmmgn‘péle tip to give an analysing aréa of
218 cm iﬁiléngth and a 33 cm gép; A field of 10 KG was achieved and was measu-
red to an accuracy of O;ZZ.throughout thevvolume; The Y rays wére converted

in a 3% radiafi&n—léngfh gola foilvat 109 cms from fhe target. The directions
of electron-positron palrs at enfry and exit were measured using six arrays of
four gap spafk chambers as shown in Figure 1. To minimize multiple scattering
and energy lo$s.the spark chambefs were constructed of low maés matérial

(20 mg per gap)g). Tracks were recorded photdgraphically and have begn measur-
ved on semifautomatic measuring machines. The trigger for aﬁ event was a stop;
ped pion and é.éoincidence between any two non—adjaéent pairs of counters out
of the six moun&ed in front of the magnet. (See Figure 1.) In the analysis

an iterative tracking procedure was used to obtain the best-fit momenta to the

orbits of the electron and positron.
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In order to check the calculated resolutlon and eff1c1ency of the spectro-
-meter, we performed a calibration experlment using 11qu1d hydrogen. The re-
actlon T p > ny with plons at rest glves a monochromatlc Y ray of 129.4 Mev.
This prov1des a measurement.of the resolution as well as an independent cali-
bration‘of>the”energp‘scale; The spectrum of vy rays produced in charge exchange
(mp » nn® > nyy) serves as a check on the low energy end of the efficiency
curve, The resultlng spectrum is shown in Figure 2 together with the energy
dependent effic1ency as obtained from a Monte Carlo calculatlon, this included
for electrons or positrons below 25 MeV the energy dependent efficiency observ-
ed in the data, We find a Panofsky Ratio of 1 44 + .16'in'agreement with the
accepted value of 1.53 +..05. The absolute yield of the two reactlons agrees
with the expected one within the statistical error of 10%. The resolution at

129 MeV is 2.0 MeV fwhm and agrees with the calculated value obtained from the

Monte Carlo program when measurement errors are included.

The hranching ratio.forrradiative w—capture (about 2/) comblned with the ‘
acceptance of the spectrometer 11m1ted our data sample for carbon to 6500 events
obtained in ~ 30 hours beam time. The resultlng, uncorrected spectrum is d1s—_
played in Figure 3a. There are three clearly resolved peaks around 124, 119
and 117 MeV superimposed on a continuum which extends to the low energy cut off
of our spectrOmeter. The energies of the obseryed peaks, when corrected for
energy loss in the converter and the spark chambers, correspond to Y energies
124.7, 120.3 and 117.0 Mev. The highest peak can be associated with a transi-
tion to the 2B éround state (EY = 125.0); This level has its analogy in the
T=1, J= l+ level at 15.1.MeV in '2C. The other tmo peaks can he interpreted
as the AT = -l‘analogous states to the excitations at 19.5 and the giant-reson-
ance at 22.5 MeV, as seen in inelastic electron scattering on Carbonlo) and

phothbsorption, In order to compute the capture rate to these different states,



‘the shape of the non-resonant background has to be known.

8)

In an earlier‘baper we' have shown that nelther 31mple phase~space with a

lanY final state nor the Fermi gas model can reproduce the shape of the spec-
trum at lower Y energies; We have uséd a pole modell ) to describe'the direct
emission process, ‘which was recently proposed as a competing mechanism to the
resonance absorptlon.' The capture occurs on an 1nd1v1dual proton in the nucle—
us andgis-descrlbed by'the granh shown in Figure'3a; ‘The calculation contains,
besides the normalizatiOn.another free parameter, the Q ualue of the_?zc >

1pgx 4 p vertex point.  We have chosen a value of 17.3 MeV, corresponding to

the !!B ground state.

We have obtained parameters for the'three;peaks-and the continuum by simul-
taneously fittlng to the data a function glven by the pole model plus three
non—lnterferrlng Brelt—ngner resonances. The free parameters are the energies,
widths and amplltudes of the peaks, and the normallzatlon of the continuum.

" Before fitting;'the experimental resolution has been folded'into'the theoreti—
cal curve and'aliowance has‘been madeufordthe etficiency and for an in-flight
background (& 10%). This backgroundvhas been estimated using data taken at

40 MeV pionvkinetic‘energy (see Figure 3b) and normalized assuming events above
130 MeV arise from 1n—f11ght plons. In Figure 3c we show the data with the
pole model predlctlon subtracted and the best fit to the three peaks. The para-
meters of theApeaks are given in Table 1, the overall X for the best fit is
150 for 103 degrees of freedom (70 §.EY<S 126 MeV). It should be emphasized
that we cannot discount the possibrlity of the pole model being wrong and that
further structure exists below 117 MeV. A more sophisticated approach to the
description;of the continuum would include a more complete treatment of the ini-

12)

tial state of the proton in the nucleus .



Welcompare our subtracted spectrum w1th predlctlons bp Kelly and Uberalls)
who computed thelmatrlx.elements using two different partlcle—hole models13 14)
for the nuclear 1evels 1nvolved We have divided their capture rates by the
measured’total'capture rates and weighted them by the'relativenprobability for
abSorption from”a'ls orbit and a 2p orbitls); For both models the total theo-
retical capture rates with exc1tat1on of partlcle—holelstates agree w1th the
experlmental values w1th1n the errors. The theoret1ca1 spectrum for the first
model 3), folded w1th the experlmental resolut1on and eff1c1encv is given in
Figure 3c. The agreement malnly with regard to the pos1t10ns of the domlnant
states is poor. Slnce for the alternatlve model of Lewis and Walecka 14) the
widths are not glven, we compare in Table l the experlmental rates with the
theoretlcal predlctlons | The locatlon of the levels in thiS'case is predicted
well. The experimental errors quotedlare statistical.’.Possible.systematic
errors arise from the inefficiencies rn the spark chambers, determination of
the number of.pions'stopped in the target and'the'eValuatiOn of the product of
efficiency and solid angle. An estimate of these errors and the comparison with
the calibration run set an upper limit of about 10% for the combination of all
these quantitiesl The uncertainty‘about the shape of the non-resonant back-
ground could, of course, produce a larger effect. The capture rates for the
level aroundtl9bMeV dlsagree by 30%; for the giant-dipole-region they agree very
well. It should be mentioned that the rescattering terms and quadrupole excita-

R . A . 1
tions in the above theoretical capture rates have been neglected 6).

Since the .threshold for '*B > 1'B + n lies 3.4 MeV higher than the '°B
~geound state, the measured capture rate to this state is free of any uncertalnty
in the contrnuum subtraction. Since the u capture rate has been measured the
form factors for inelastic electron scattering are known and the ft—value for

the B decay to the 2c ground state has been measured, this transition is well
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suited for a check of the rélation between these different processes in an.al-

most model indepehdent'ﬁayl?)g QAvtheoretical calculatiqnfseems, therefore,

highly desifaﬁlei,

The generaiiqualitative_agfeement between theory_aﬁd experiment at the
present state is gratifyihg. It can be concluded, that thé expected analogy |
between U and:ﬂ captufe is indeed fulfilled, and that rédiative pion abosrption

does offer a powerful tool to study the collective éicitations in nuclei.

The ahthdrSIWish to express their gratitude to their industrious scanners
and the assistance of the Cyclotron crew under James Vale. One of us, (P.T.),
gratefully agknowledges the support of the Swiss. Institute for Nuclear Research

and the Lawrence Radiation Laboratory during his stay in Berkeley.

This work Wés supported in part by the Atomic Energy Commission.



1)

' 'REFERENCES AND FOOTNOTES -

M. Ericson, A. Figureau, NUCl.'Pﬁys. B3, (1967) 609

M. Pietschmaﬁn,‘L. R. Fulcher, J. M. Eisenberg, Phys.'Rev. Letters 19,
(1967) 1259 : -

. D. Grlfflths, C. W. Kim, Nucl. Phys. ,v(l968)"309_.

2

3)

4)

5)
6)

7
- 8)

9)

10)

11)

- 12)

13)

14)

15)

16)

a) A. Fujii, D. J. Hall, Nucl. Phys. 32, (1962) 102
b) J. Delorme, T. E. O. Ericson, Phys. Letters 21, (1966) 98
c) D. K.’Anderson,_J. M. Eisenberg, Phys. Letters 22, (1966) 164

L. L. Foldy, J. D. Walecka, Nuovo Cim. 34, (1964) 1026

F. N. Kaplan, R. V. Pyle, L. E Temple, G. F. Valby, Phys Rev. Letters 22,
) (1969) 795 '

F. J.erlly; H. Uberall, Nucl. Phys. All8,a(1968) 302 - 312
H. Davies;LH, Muirhead, J. N. Woulds, Nucl. Phys. u(1966) 673

J. P._Deﬁtsch L. Grenacs, P. Igo—Kemenes, P. Lipnik, P..C. Macq, Phys
Letters 26B, (1968) 315

Preliminary results ére given in the Proc of the IIIrd Int Conf. on High
Energy Physics and Nuclear Structure,‘New York (1969)

G. Schnurmacher et 'al, nucl. Instr. and Meth (1968) 89

T. W. Donnelly, J. D. Walecka, I. Sick, E. B. Hughes, Phys. Rev. Letters
21, (1968) 1196 '

L. G. Dakhno, Yu D. Prokoshkin, Sov. J. Nucl. Phys. 7, (1968) 351
D. K. Anderson, Bull. Am. Phye. Soc. 15, (1970) 56? |

M. Kamimura, K. Ikeda, A. Arima, ﬁucl. Phys..égi, (1967)'129

F. H. Lewis, J. D. Walecka, Phys. Rev. 133, (1964) B849 |

Taking the weighted average of all experlmental measurements for.the widths
of the 2p - 1s - pionic transition, we obtain: T, = 3.12 + .16 MeV.
(See R. Kunselman, Thesis, University of Callfornlg Berkeley, (UCRL 18654)
unpublished) Averaglng the yield for this transition gives .076 * .009,
leading to F 1.03 * .12 eV and relative probabilities for the capture
from the 1s aRd the 2p level of .123 + ,014 and .887 t .014, respectively.
(M. Koch et al, Phys. Letters 29B, (1969) 140) .

For '°0 it has been shown that the corrections from the rescattering terms
can be as much as 40% (R. Guy, J. M. Eisenberg, Nucl. Phys. B1l, (1969)
601) and that the quadrupole excitations are quite important (3. D. Murphy

et al, Phys. Rev. Letters 19, (1967) 714)



-8 .

17) L. L. Foldy, J. D. Walecka, Phys. Rev. BL40, (1965) 1339

-



. *APIN G° S1 91eds AJusuo
93} JO UOIeIqI[ed 9y} Ul I0IId dDIjewalshs arqissod 93 tATuo sauo HduSmSmum a2y} @2ae pajonb saoxas 11V (°
\ ‘D7 @ouva9yayg (p
QN 9ou219J9y (O

: S (9 *399) ‘e 3° sewaeqg (q
.o«ouﬂm.ﬂwmwmwoﬂmvo&mnﬂwﬁammo mv coﬁo%?& m.HHduo@D@sm>®HH®MAm

RN o TF 09T : ‘ o | TV
5 YT LR A | | - | |
yTT" F TLS°T | - , A S ____  woTInqIIIU0) BT0g
e 7E0* F LOY €20° ¥ €9€° D o  s@3Bl§ - ITOH - 9TOIIIR
‘ S00° F LSO° o (_2) €22
800" ¥ TLT® < L00" ¥ 680 o (D eeT |
. 200" F 920" ST0" # 89T" (L) 9'Te | gUez 61°8 €1° 7 60°1 TI° ¥ 06°9TT
€T0° % 9¥T* |  LTI0® % G6T° (2 TU6T | 66T 08 AT E S0* F S¢°0ZI
600° ¥ £60° | (T T'ST | y'sT ve 80° ¥ T€" S0* ¥ 69Tl
. ...HowSu | B + dxco Aw *109Yy3y sdxa *dx? . |
t303 ‘uy | ©303 ‘uy (aow] | o [aeR] | [a%K] rdxa - cdxe
(2] TpeL Cny | .E PRL Ty WO a0, CE | el [asw]
d : . Amm . AUN . d . Aw>m .

Qmous.pmdodemou._mu.m.@o?uomn.ogo.«muoumgdummgmoﬂwnooﬁ-vc.m H.mwcoguwmxm .maam.H.



FIGURE 1:

FIGURE 2:

FIGURE 3a:

3b: .

3c:‘
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" FIGURE CAPTIONS

Experimentéi‘Layout.' The mirror system for photography'of the spark

chambers and details of the magnet coils are omitted for clarlty

The trigger for an event wae LIRS “2 X n3 x ﬂ X ﬂ x A .x B, x Ak

x Bk’ ; # k,’ k + 1

Enérgy Spectrum'of Y-rays from T _ Cepture.in Hydrogen. The insert

shows the eff1c1ency computed from the Monte Carlo propram. The

smooth curve was used in the ana1y31s.

Uncorrected Energy Spectrum of y-rays from ul Capture in Cafbon.
The smooth curve is a fitted function uSing three Breit-Wigners '

plus a pole - model for the continuum in which allowance is made for

-the -efficiency and an in-flight background. _The contrlbutlonvof

the pole model beneath the peaks is also shown.

Energy Spectrum for Pions with a Mean Kinetic Energy of 40 MeV.

The smooth curve is hand drawn and is used for subtraction of 1n—:

fllght background for stopped pion data.

:SpectrUm'With the Pole Model Subtracted. .The smooth curve is the

best fit and the deshed curve is the prediction by Kelly and Uberall
(Ref. 5) using the Arima model for the giant resonant states_(nof—
malized fot'the,number of captured pions and folded with the experi-
mental resoiution énd.efficiency). '
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