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:E.~1.CHFOR THE REACTION ‘°Ca(n+,yy) AT Tn = 50 !fe\’#.SDCRITICAL OPALESCE!iCE*

!:.D. Cooper, H. u%er, R. D. Bolton, R. L. 9ur-zan,F. H. Cverna, Y. B. Johnson,
,-.., S. ?. King, W. W. Kinnison, M. Leltch, ard R. Kiringa, Los Alamos Xactonal

Laboratory, LOS Alarnos,?01 875~i5; Gh. Gregoire, ~niversity of Louvain; and
X. E. ‘nderson, l!niversiiyof North Carolina.

ABSTRACT

Ke have searched for the incl’~siveprocess 40Ca(rr+,yy)at Tfi= 50 MeY in
crder to look for nuclear critical opalescence in tt.edouble radiation capture.
The reactiorl ~ppeared to offer several adv~n~ages over o~hetS, including the
“r,ig?,rluclt:rtransparency of 50 };eVpicns in n :ela::vely heavy nucleus End the
lo>gitu?inal coupling of the captured piGr to the nucleuF. Tne coincident
.R-~a::sL:eredetected in the arm of the LAWF Y.cE~I?CtIuiilelkL, which cor?sist of
~~ti.:e converters and aulti-xire proportional chazbers to locate the direction
c:. :“:le~:)otonsas well as tctel absorption leac glass counters to aeasure their

,-...1.r:>’. lk.ckgroun?s froz the. bean were reduced tiy demndlng a poslt~ve
.-.,~.tureof ir,~eractionin the target frcm fou~ arrays of IQ sc~ntillators each~:,.-,.

‘r~fc:c ana afL:r the target. Data were acquired for E’)OC)~TILm transfers of 140
“e”:z Zr,ti280 ?le\’/cand over [he lowest 125 ?le~ of excitation of the final
S:atc.
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The ex~eriment needed a calculation of the expected cross sections to aid

in plenning th~ experiment, and as a first step In the data interpretation. The

Experiment pi ~sed was to measure the double differential cross section

‘°Ca(m+,2y) in the region of~rocess quzsl-elast;c dordnance.d2a/dqdx for th~

The range of mow,Introtransfer q was from 1.0 to 2.0 En, and the range of the

photon energy-sharin} parameter x = (E1-E2)/(El+E2) was from -0.65 to 0.65. The

reaction was supposed to be most sensitive to critical.opalescence for x = O and

q z 2.2mfi.

In response to the need for a detailed calculation of tile 40Ca(m+,2y)

reaction ~nd the medium modificatlonE, a two-part theoretical effort was

undertaken. The goals of this effort were (1) to calculate the cross section

t ‘°CS(m+)2Y) using~ or the distorted wave impulse approximatiol~(iXJIA)for

one-nucleon processes, and (2) to include the medium modifications to the

propagators.

TrIis report givrs a summary of the formalism that has been developed to

neet the first part of our requirements. It has been Incorporated into a

computer program that takes ?. few hours to conpute a cross section. Some

re,mainin~, tlleoretic.al uncertainties, such as the role or the delta and the

:nclusion of the Pauli principle remain to be sorted out.

The starting point for the calculation is the fundxnental :X + NYY na’.rlx

<]~’kk’lmlpq> (!)

II
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Fig. 1

The one-nucleon Feynman graphs. All excepc f are included in
the IJWIA matrix element. Each graph leads to two terms due
to photon exchange.

3. Pho:ons are rrmplecl co neutrons via on effective charge

4. me n-nucleon vertex has

square of the pion three

To imbed thr nvitrlx ●lement

a form factor exp(-Q2/A2) included (Q2 is the

momentun that actachcB to the nucleon).

In finite nuclei, we define m’ as

d3~ < ‘kk’lmlPq
<p’kk’lm’lfK) E I*T jm~ P >( + )“2

(1)
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The kinematic variables are illustrated in Fig. 2. The initial nuclear state $1

~6 characterized by a binding energy -c and monient~ P, and is normalized to one

nucleon. The distorted pion wave $k(~), where K is the ir.cidentmomentum, is

given as

The values for IJk(~) are obtained from the program PIPIT,3 a momenttm-spacti

optical-model program, u~ing the n-nucleon form factor eyp(-Q2/A2). The

parameters of the optical potential are adjusted to fit 50-?feV elastic ~+-4 o c=

scattering data. 4 All three terms of Eq. (3) contribute substantially to m’.

(kli) k’,r)

?

d ‘ (EF,FI\

/
b\

/
\ t

IQ(M-C,=) \PION(Ew~ ~z+fn~,=)
\

FiR. 2

The grnph corresponding to m’ for n nucleu~, Bhrmln~ tl]e

distortion that putR the pfon off the nw~~ GhelJ. me
inltlal nuclpon im alao off the nman nhc]l.
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The triple differential cross section, ~“hichis needed for co~?zrlsor.to

experiment, IS glvzn by

In Eq. (4)

x

c
-r

x z l<p’kk’lm’111012 . (4)
nucleon spins

photon polarizations

the s)=bols have the following defiriitions:

El - 52

= Ener~-sharing parameter ~—— ,
-1 + ‘2

Ei are phoror,energies.

= Incident Fion I-’’lociry

: Factor :fiet ex. ludes the occu~ied s~~tes forbidden by the ?auli

~T*

‘I

E’
P

Arpuments of integration representing the pion”~: off-shell

m “F’ i + ~; finnl nuclean on the mass shell

I
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Given incident pion energy, cff the -ss shell

%easti~e~energy-sharing pzrzzeter antiphoton angles

=E+EY -E.
?

1+X=— U k’==u
2 2

= $’+t+t’ - ~ off the mass shell

crc!er to -ke the calculation tractable, c’ hzs been tzken to be

;Xdepe:ient Gf I; :I(p) has 5een chosen zs the Fourier transfo~k of a bound

S-S:ZCE :.:oo15s-SZXOF, .--ave function of zverage binding energy,
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The results of these calculations for q = 0.7 and 2.0rnn are shown in Fig. 3

along with the values for p(n-,yy)n of Ref. 2. The curves reflect typical

infared divergences near x = ~1, but are more filled in near x - 0 in the

40Ca are 3 to 4 times the hydrogen predictions.nuclear ease. The results for

preliminary results predict that the opalescence phenomenon fills in the curves

near x = O.

During July and August 1981, five weeks were devoted to =asuring the ‘°Ca

(’m+,2y)reaction at the Low Energy Pion Channel at LAMPF. About three weeks of

this time were devoted to data taking. The two photons we detected using the

LA?PF no spectrometer. 6 & the reaction is expected to have a very small cross

section, random backgrounds vere expected to be trouble. The preparations for

three anticipated problems worked very well. Shielding for the required close

geometry protected the counters adequately. Wo photon backgrounds from no

decay were completely eliminated by placing the detectors inside the

T“msoMgv -

w

-10 60 Lo

x

FIR. 3

The relative cross sections for the (II,yy) reaction on

Calcium at q = O 7 and 2.0 ❑m >ased on the calculariws in
the text. ~SO shown are the crocs section from hylrogen
from Ref. 2. The primary ●ffect. of critical opalescence
would be to fill in these disrributione neur x - 0.
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kinematically forbidden region for n0 decay. Randoms

by two different pions in the target were rejected

desfgned to observe multiple particles over a large

this apparatus was complete elimination of cosmic ray

from two photons produced

by a target hodoscope

beam spot. The result of

coincidences beyond the

❑easurable limit and a random background from the beam correspond. :g to a

singles flux of seven high-energy photons per second.

Ihe beam hodoscope performed remarkably well. It consisted of 40

sciiltillation ceunters w’lich were approximately 1.5-mm thick by 13-mmwide by

100~m long. Short-light guides connected the scintillators to 3/4” Amperex

1911 photomultiplier tubes. No rate effects kcre noticed up to 106

particlesfse:on, average. Individual counters were characterized by better than

99.5% efficiency, 152 pulse height resolution and 1.5-ns time resolution. The

gap between counters was always less than 38 vm.

The use of the beam hodoscope is illustrated by two idealized events in

Fig. 4. Figure 4 is a scale drab’ingof the hodoscope arrangement of the active

area of the counters about the target and the solid rectangles are ~truck

counters. Fig~re la displays a promising candidate where a pion disappears in

the target and is in time with both y-rays. Another extraneous particle goes

Catclllu1A.(.I 1

Fig. 4

idealized ●vents In the target horoscopes that illhGtrate its
principye of operation.
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through about 10 ns earlier. Figure 2b protrays a rejected accidental rhere two

pions interact in the target and each produce one photon in a qamciaam.

A Yonte Carlo simulation of the hodoscope completely characterized the

perfomznce with the added assumption that 2% of the ~vents fired neighboring

counters. l%e ~uality of the agreement is reproduced in Table I. The entries

are probability of producing a pattern of n particles upstream and m particles

do:9strean for a given trigger of the y detector. The agreement is excellent

except for very rare off-diagonzl events.
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TABLE I (a)

MEASURED DATA 0S PROBABILITY OF HIT COMBINATIONS

Upstleam Particles

Fl\n 1 2 3

0 4.74 x 10-4 0 0

Downstream 1 0.8836 0.0455 9.95 x 10-4

Particles 2 0.0545 0.0118 5.68 x 10-4

3 0.0013 0.0011 1.45 x 10-4

TABLE I (b)

KO!iTECARLO RESLITS OS PROBABILI~ OF HIT CO!4BINATIONS

~~streamparticles

In\* 1 2 3

0 4.45 a lC-4 o @

Downstream 1 o.e793 0.0504 2.02 x 10-L

P&rticles 2 0.0538 0.0132 ~.75 x i~-~

3 5.46 X l@-L 0.0010 1.46 X 10-L
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Fig. 5

The relative timing distribution for p(n-,mc)n at

Tfi- 01140 MeV. The events plotted pass all cuts on the Ca
data, and the peak corresponds to events with coincidences
between both Y detectors and the beam hodoscope. BY
contrast, no peak could be identified for the (n,yy) process.

“1%e preliminary result for 140 MeV/c shows no signal In the comparable

~elative timing spectrum at a level roughly 100,000 times smaller than the

hydrogen charge exchange. ‘his places an upper llmit on the cross section with

a sensitivity of 20 nb/sr2.

The discrepancy between the calculations and measurements is problematic.

Quasi-elastic processes generally shw UP with substantially greater cross

sections in nuciei than off of nucleons. However, no (n+,YY) was observed in

UOC3 down to a level of the hydrogen predictions. One poss~bility is that the

hydrogen cross section requires a more complex reaction mechanism for the

in-flight radiatfve capture than fcr the stopped capture. ‘fhe role of the

delta, which is usually neglected in stoppinR radiative capture, may be

importnnt here.
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