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SZARCH FOR THE REACTION “9Ca(n¥ yy) AT T, = 50 MeV AND CRITICAL OPALESCENCE”

¥, D. Cooper, H. RBaer, R. D. Bolton, R. L. Burzan, F. H., Cverna, M. B. Johnson,
e S« P. King, W. W. Kinnison, M. Leitch, ard R. Wiringa, Los Alamos XNational
Tztoratory, Los Alamos, NM 87545; Gh. Gregoire, University of Louvain; and
R. E. ‘ndercon, Universlcy of WNorth Carolina.

ABSTRACT

ke have searched for the inclusive process L‘°Ca(1T+,TT) at T, = 50 MeV in
crder to look for nuclear critical opalescence in the double radiation capture.
The reactior &sppeared to offer several advantages over others:, including the
nigh nuclest transparency of 50 MeV picns in a relatively heavy nucleus and the
longitudinal coupling of the captured pion to the nucleue. The coincident
v=vavs vere certected in the arms of the LAMPF %t cpectrvieive, which consist of
tive converters and multi-wire proportional chacbers to locate the direction
the thotons as well as totel absorption leac gless counters to measure their
LTCTRY . Backgrounds fror the beam were reduced by demanding a positive
eture of interactinn In the target from four arravs of 10 scintillatoere each
tefcre and after the target. Data were acquired for momentun transfers of 140
eV o and 280 MeV/c and over the lowest 125 Mel o0f excitation of the final

T ¢nretical estinmates of the free cross secticn p(n™ ,yy)n are 23 nt/sré in
ex; e rimental acceptance, a result which nas been successfully lirked to the
eosurec lgf(t',YY) stopping rate. Bcing an  inclusive experiment at large
~emeatam transfer, {1t was c¢xpected that the “UCa(“+.YY) cross sectien  would be
e weltiple of  the free cross sectione DUBA estimates of the cross section
vt heon vade inoa relativistic momentum spece treataent. These  calculations
‘udicrte the cross section should be 100 nb/sre.
e preliminary result for 140 MeV/c showe nho signal for the reaction at a
corfidence limit of 32 np/er“, The discrerancy hetween the calculations and
o wenrurement  poesiblyv o zuppests o more complex  reaction nechanism Jor
'n=f'ight radiative capture than for stopped capture.

Vovk supported by the D50 Deparrment of FEnergy.
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SEAKCH FOR THE REACTION “OCa(n¥,yy) AT T, = 50 MeV AND CRITICAL OPALESCENCE™

M. D. Cooper, H. Bzer, R. D. Bolton, R. L. Burman, F. H. Cverne,
M. B. Jackson, N. S. P. King, W. W. Kinnison, M. Leitch, and R. VWiringa,
Los Alamos National Laboratory, Los Alamos, NM B7545.

Gh. Gregoire, University of Louvain.

R. E. Anderson, University of Ncrth Carolina.

Critical opalescence is the premature onset of plon-like behaviur 1in real
nuclei induced by the proximity of a pion-condensed state at rvoughly twice
nuclear matter densitv. The neture of the precursor of the condensed 'state 1is
ttat the pion fileld, which 1s ealwayes present around nuclei, 1s enhzrced by
zediur correcticns, The enhanced field introduces a sp.n-isorpir correlation
arong the nucleons. Since the densitv is below criticality, the range of the
pion fleld is still fairlv short and onlv modest effects iIin real nuclel are
ey ected, This thcoreticelly rpredictec rphenomencn Is maniferted by enhanced
crose sections for processes involving virtual piens of low cnergy anc momenta

LR '

nesr TI0 YeVie.'

Tre inclusive hOCE(T‘,zT) reaction at 50 MeV appeaved tc be & rood
condidate o uee fn oa search fer this  phenomencr Yecauvse aof: (1) the large
atoziec rmese of “UCa, (2} the high nuclear transparency of S0-MeV piere, (3) the
lenpftudinal coupling of the plon Interaction with the nucleus, (4) the ability
tc reach 3U6=Me\/e¢ momentum transfer, and (°) the use of many [inal states to
rezove uncerzainties in nurlear wave functions.

Tven in the absence of anv observable precrurror phenomenon, the mearurement
of this reaction presentrs several interesting challenpges. Some of the processes
contriltiting to the croes section Inveolve understanding plon absorption far off
the mass shell. Additionally, the role of the delta resenance mast bhe accounted
for {n the radlative capture, a phenomenon usually ipnored in the interpretation

of stoppiug experimentr.
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The experiment needed a calculation of the expected cross sections to aid

in planning the experiment, and as a first step in the data interpretation. The
experiment p. nsed was to measure the double differential cross section
d20/dqdx for th. rocess L'OCa(Tr+,2Y) in the region of quasi-elastic dominance.
The range of mom ntum transfer q was from 1.0 to 2.0 m;, and the range of the
photon energy-sharin, parameter x = (EI_EZ)/(E1+EZ) was from -0.65 to 0.65. The
reaction was supposed to be most sensitive to critical opalescence for x = 0 and
qQ = 2.2m,.

In response to the need for a detailed calculation of tle L‘OCa(11+,21')
reaction and the medium modifications, a two-part theoretical effort was
undertaken. The goals of this effort were (1) to calculate the cross section
for L'OC.-a(1'-+,2Y) using the distorted wave impulse approximation (DWIA) for
one-nucleon processes, and (2) to include the medium modifications to the
propagators.

This report gives a summary of the formalism that has been developed to
meet the first part of our requirements. It has Dbeen incorporate& into a
computer program that takes a few hours to compute a cross section. Some
remaining theoretical uncertainties, such as the role of the delta and the
inclusion of the Pauli principle remain to be sorted out.

The starting point for the calculation is the fundamental N + Nyy matrix

element, which we denote hy

<prkROImpg> (M

for incident nucleon p and pion g, outpoing nucleon p’, and photons k and k',
There are 18 one-nucleon graphs included in Eq. (1), and the direct terms are
illustrated in Fig. 1. These matrix elements follow closely the development of
Cnmmnrnta,z using pseudovector coupling and the tree approximation. They differ
in the following respects:

1. Mapnetic photon coupling is not included

2. ‘The incident particles are n? and neutron
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Fig. 1

The one-nucleon Feynman graphs. All excepc f are included in

the DWIA matrix element. Each graph leads to two ferms due
to photon exchange.

3. Pho:zons are coupled to neutrons via an cffective charge
4. The m-nucleon vertex has a form factor exp(-Q?2/A?) included (Q* 1s the

square of the pion three momentum that attaches to the nucleon).

To imbed the matrix element in finite nuclei, we define m" as

172
<plkk’ m’ | 1K H )

<p’kk’ > —_—
p Im|pq ( ZEkEp

3

x

W @O¥ @G s -5 -9 . (2)
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The kinematic variables are i1llustrated in Fig. 2. The initial nuclear state wI
1s characterized by a binding energy -¢ and monentum B, and is normalized to one

nucleon. The distorted pion wave wk(ﬁ), where K is the incident momentum, is
given as

- 3
V(3 = @M - k) + (_quz)__

N _ (o) _ 28 + 1
{6(q = K) E Py(cos Bq) [ ¢ ‘(KD T ]
+q_ﬂ_2i 121 Py (cos eqmﬁl) (K,q) } . (3)

The values for wk(ﬁ) are obtained from the program PIPIT,? a momentum—space
optical-model program, using the mw-nucleon form factor exp(-QZ/Az). The
narameters of the optical potential are adjusted to fit 50-MeV elastic nt-40cs

Yy

scattering data. All three terms of Eq. (3) contribute suhstantially to m’.
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Fig. 2

The graph corresponding to m" for a nucleus, showing the
distortfon that puts the pion off the mass chell. The
inftial nucleon is almo off the masn shell.
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The triple differential <cross section, which is needed for comparison to

experiment, is givan by

do (1 - x%) 1 3s, M o, Wy 3
= by f d — . _= E(w > 0
Fmaiex (T T 10 S P E P £ (5] mter > 0
4 , 2
X L I<p Kk’ Im” 1IK>| (4)

nucleon spins
photon polarizations

In Eq. (4) the sy=bols have the following definitions:

E. -E
1 2
X z Energv~-sharing parameter ———— ,
L+
1 2
E; are photon energies.
£ £ Incident pion vrlocity
gp' (') = Factor thet ex:-ludes the occuried stztes forbidden by the Pauli
F
crircinle
Wy T 5, + B for phetons produced fro= en initial neutron In state 1
- - L
Ny ¢ NXumber ¢f ncurrons in state 1
It {s uvseful here Lo delineate the winemztics vused to evaluate Eg. (1).
They are
4+, , .
G,q Argunents of integratlion representing the pion’s off-shell

momentum and the final nucleon’s momerntunm

Eé = Vp'Z + M7 final nucleon on the mass shell



-7-

E: Given incident plon energy, cff the mass shell
x,ﬁ.,ﬂz Measureé energv-sharing parezeter and photon angles
- -E+E_-El
" P
" 1 +x w K’ = l - x w
2 2
3 = p’ + K+ £’ - § off the mess shell

.

In crder to rzke the czlculation tractable, =& hes been taken to be
indepenient of I; Ll(p) has been chosen zs the Fourier transforz of a bound

s-stzte woods-Saxon wave functiorn of average binding energy,
gy

T fc melieveé ther rthe momenti= ccxrosition of - ané d-state wave functions is

ciziler enough sc thet this is nct a severe approximatiion. It remzins to Dbe
ctecrecd.

T-e integraztions -« cone numericelly using Mente larlo techrnicues. With
e atcve arprexizition, & cross sectiorn for one velive of x, L., &né 92 can. be

ca.culazed 1o abour 10N &sccuracy usizg & f¢w hours of VaY CPU time.

T.cre are tvr other aprrexizetions Implicir in Zq. (4). The firer is¢ that
z tirzle form for ;P'r(?') existe. Ia ruclear =metter, it is just a theta
funeticr, Ir & finite nucleus, it hes a diffuse edge at 'r, whick is still
~¢ing eiucled. Tre other is that plene weves are an adecuate descripticn oi the
fizel stzte wher the dintegral din p’ is cut cff br p'r oand @(cy > 0). 1t is
expected thet it will be a good cescription in the region of momentu=m trarnsfer
v>ere the nucleer response function, as measured in electron scattering, is
dominzted by quasi-free scattering. The electron-scattering data for “Cca show

this tc be largely true for @ > 0.5 =, and this is whers the calculations will
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The results of these calculations for q = 0.7 and 2.0m“ are shown in Fig. 3
along with the wvalues for p{rn ,yvy)n of Ref. 2. The curves reflect typical
infared divergences near x = 2], but are more filled 1in near x = 0 iIn the
nuclear ease. The results for “Ca are 3 to 4 times the hydrogen predictions.
Preliminary results predict that the opalescence phenomenon fills in the curves
near x = 0.

‘ During July and August 1981, five weeks were devoted to measuring the “Oca
(ﬂ+,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
LAMPF m{ spectrometer.6 As the reaction is expected to have a very small cross
section, random backgrounds were expected to be trouble. The preparations for
three anticipated problems worked very well. Shielding for the required close
geometry protected the counters adequately. Two photon beckgrounds from n0

decay were completely eliminated by placing the detectors inside the
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Fig. 3

The relative cross sections for the (n,yy) reaction on
Calcium at q = 0 7 and 2.0 m_ Yased on the calculations in
the text. Also shown are the croes section from hyirogen
from Ref. 2. The primarv effect of critical opalescence
would be to fi1l1l in these distributions near x = 0,
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kinematically forbidden region for nd decay. Randoms from two photons produced
by two different pions in the target were rejected by a target hodoscope
designed to observe multiple particles over a large beam spot. The result of
this apparatus was complete elimination of cosmic ray coincidences beyond the
measurable limit and a random background from the beam correspond. g to a
singles flux of seven high-energy photons per second.

The beam hodoscope performed remarkably well. It consisted of 40
sciutillation counters wiich were approximately 1.5-mm thick by 8-~mm wide by
100-mm long. Short-light guides connected the scintillators to 3/4" Amperex
1911 photomultiplier tubes. No rate effects wore noticed up to 108
particles/sezon. average. Individual counters were characterized by better than
99,.5% efficiency, 15% pulse height resolution and l.5-ns time resolution. The
gap between counters was aluvays less than 38 um.

The use of the beam hodoscope 1s illustrated by two 1dealized events in
Fig. 4. Figure 4 is a scale drawving of the hodoscope arrangement of the active
area of the counters about the target and the solid rectangles are' struck
counters. FicLre la displays a promising candidate where a pion disappears in

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

_, b
Wmlal v WCmlany
=T =] =]
CALTIVUM TaRGHY
——————————————| [=———_ = ==}
W lan v LR 1§ - Viaf 1Omial v
80Tmy [TIEY
100 vitm 3 g O view
i H
»
e —x——m— e
CALCHM YaRGEY
g ———————— = === __————]
L RL | R | L RL ] y Yo"
100, 0110w, 01 10m 100
Oy Wa (ARLHS THaAN SOTTON +
Fig. 4

ldealized events in the target hodoscopes that illustrate its
principle of operation.
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through about 10 ns earlier. Figure 2b protrays a rejected accidental where two
pions interact in the target and each produce one photon in a famma armm.
A Monte Carlo simulation of the hodoscope completely characterized the

erformence with the added assumption that 2% ¢f the events fired neighboring

ol

counters. The quality of the agreement is reproduced in Table I. The entries
are probability of producing a pattern of n particles upstream and m particles
do-nstream for a pgiven trigger of the Y detector. The agreement 1s excellent

except for very rare off-diagonzl events.
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TABLE 1 (a)
MEASURED DATA OXN PROBABILITY OF HIT COMBINATIONS

Upstream Particles

m\" 1 2
0 4.74 x 1074 0
Downstream 1 0.8836 0.0455 9.95 x 1074
Particles 2 0.0545 0.0118 5.68 x 1074
3 0.0013 0.0011 1.45 x 1074
TABLE I (b)
NONTE CARLO RESULTS ON PROBABILITY OF HIT COMBINATIONS
lpstream Particles
AL 1 2
0 4.45 x 1674 0 0
Downstream 1 0.8793 0.0504 2.02 x 10~¢
Particles 2 0.0538 0.6132 g.75 » 0%
3 5.46 x 107 % 0.0010 1.46 x 10~%

Information from the hodoscore wizs analvzed with a2 tracking aleorizhrm,
which utilized Dboth the tize anc amplitude information from the counters to
‘édentify interacting and non-interacting track-. New tracking algorithms 1u the
-ulti-wire proportionzl counters of the vy-detccters were very effective in
elizinating cosmic ray showers.

Data was taken at centra! rozentum transfers of 140 and 80 MeV/e with a
resclution (FWHM) of 35 Melle. T™e data 1is norm: li:cc kv a cospavison of
p(:-,no)n cross sections at T.- = 140 MeV. The connection between the two
zcasyrenents is made vith Monr: Carlo similations. The relative tiuing spercium
berveen the two photonrs dur to chérge exchange from hvdrogen is shown in Fig. 5.
The Jominent source of Dbackground rewaining from the Ca targect were Jrom an
interacting beam particle and two asvnchronous photons coming through the

shielding.
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Fig. 5

The relative timing distribution for p(n ,70)n at
Ty- = 140 MeV. The events plotted pass all cuts on the Ca
data, and the peak corresponds to events with coincidences
between buth Y detectors and the beam hodoscope. By
contrast, no peak could be identified for the (w,YY) process.

The preliminary result for 140 MeV/c shows no signal in the comparable
relative timing spectrum at a level roughly 100,000 times smaller than the
hvérogen charge exchange. This places an upper llmit on the cross section with
a sensitivity of 20 nb/sr?.

The discrepancy between the calculations and meesurements 1is problematic.
Quasi-elastic processes pgenerally show up with substantially greater cross
sections 1n nuciei than off of nucleuns. However, no (n+,Yy) was observed 1in
“0cs down to a levei of the hvdrogen predictions. One possibility is that the
hydrogen cross section requires a more conplex reaction mechanism for the
in-flight radiative capture than fcr the stopped capture. The role of the
delta, which 1is wusually neglected in stopping radiative capture, may be

important here.
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