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ABSTRACT

The exchange of plons by nucleons Inside the nucleus creates a population
of constltuent plons. The spectral function of thls population can be
measured in an (e,e’'n) experiment using quaslfree kinematics with excitation
above the nucleon resonance region. A longitudinal-transverse separation at
low four-momentum transfer helps distinguish pion creation on the nucleon from
knockout of the constituent pions. The momentum and binding energy distribu-
tions of the plons in the nuclear ground state can be inferred from the
coincidence measurement of the missing-momentum and missing-energy spectra.
The plon spectral function 1s connected thecoretically to the two-nucleon

potential and the low-energy plon-nucleus optlcal potential.



I. INTRODUCTION

Bound nucleons exchanging pions with their neighbors create a population
of virtual pions inside the nucleus. The number of pions (in excess of those
associated with free nucleons) is a theoretically calculable and an experi-
mentally measurable quantity. Recent calculat’.ionsl_3 of the pion density
give, for medium weight nuclel, one exchange pion present at any time for
every eight nucleons, and this density ls nuclear mass dependent.

The nuclear medium effects on the nucleon structure have recently been
demonstrated by the EMC effect‘; i.e., the structure function of the nucleon
embedded in the nucleus is different from that measured on a free nucleon.
One possible explanation is that there are more pions per nucleon in the
nucleus than in nucleon.

We propose to measure the number and spectral function of these con-
stituent pions with the reaction A(e,e’n) in quasifree kinematics detecting
pions near the directlon of the three-momentum transfer to the nucleus and
with pion energies near the energy loss of the scattered electron. The
analysis philosophy is similar to that used to extracting the bound nucleon
spectral function from (e,e’N) measurements. The experiment will be performed
in the excitation energy region above the nucleon resonances and at low four-
momentum transfer. These kinematlc varlables are chosen so that the contribu-
tions from the creation of plons on the nucleon and pions from the hadronizing
quarks would be minimized.

The measurement would be made first on hydrogen and deuterium (as a
benchmark of plions assoclated with free nucleons) and. then on a series .of
targets with increasing A. A longitudinal-transverse separation will be made
on the data to isolate the pion pocle term which dominates the longitudinal
cross section to further minimize the contributicn of plon creation on the

nucleon which is malnly a transverse process.

II. THEORETICAL ESTIMATES

The spectral function of the number of pions per nucleon in a nucleus is

given by

S,(p.E) = (¥|a’a |¥)/A (1)
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where ¥ is the nuclear ground state wave function and a;an is the number
operator for a pion of momentum p and total energy E. The density due to
exchange pions is obtained by subtracting the contribution of the pion cloud

around a free nucleon ¢,

p,(P,E) =S (p,E) - (w|a;an|w). (2)

The total number of these exchange (or constituent nuclear) plons is then

_ 3
Nn = [ pn(p,E) d’p dE. (3)

A calculation of these quantitlies has been made In Ref. 1 in which a
Hamiltonian fer the nNN and nNA interactions are used in a variation calcula-
tion for pn(p.E). Figure 1 shows a plot of the momentum density and Table 1
gilves the numbers of constituent pions as a function of atomic weight.

In Ref. 2 similar conclusions are reached by a different calculational
technique. The pion spectral function is computed from the response function

R(p,E) derived from the plon-nucleus optical potenttial

s (p,£) = 1 InR(B.E) (2)
(E + Eo)
where E; is the on-shell pion energy for momentum p. Figure 2 shows the

spectral functlon assoclated with the MSU pion-nucleus optical potential.5
A third theoretical approach to the plon momentum distribution is pursued
In Ref. 3 where the one pion exchange potentigl is used directly

v.__(p)
1 ope
p(p.E) = - 3 (¥|E—|¥). (5)

The conclusions are simllar to those of Refs. 1 and 2. The authors of Ref. 3
then use the pion distribution function to explain the EMC effect.

We see that the proposed (e,e’n) measurement allows us to check the
connectlon of the constituent pion spectral function to other fundamental
nuclear quantities: the nNN and mwNA vertex functions, the plon-nucleus optical

potentials, and the NN plon exchange potential.



III. EXPERIMENTAL APPROACH
III.1. Notation and Kinematics

We use the reaction e+p - e’+n’+n as an example to define the Kkinematics
of pion electroproduction (see Fig. 3). The four vectors in the laboratory

system describing the pion leptoproduction are defined as usual:

e = (Ee.ﬁe) = incident electron (6)
e’ = (Eé.ﬁe,} = gcattered electron {(7)
p = (mp.a) = target proton (8)
T o= (En’Bu) = produced pion (9)
n = (En,ﬁ;) = final neutron (or sum of final hadrons). (10)

By measuring in coincidence the scattered electron and the produced pion, it

is possible to identify the final hadrons by their missing  mass
Mi =(e-e' +p- m)2. We will also define the followling lorentz invariants
to describe the kinematics:
2
*

¥ = (e-e’)? = -Q°
= squared mass of the virtual photon; (11)
v = Ee - E; = energy loss of the electron; (12)
s =W = (7“E + p]z
= squared invariant mass of the 7.—N system; (13)
t = (7 -m)° |
= gquared momentum transfer onto the target nucleon. (14)
We have
Q® = 4 E_ E, sin’(e_r2) (15)
s =W = m: + 2mpv - Q% (16)

ITl.2. Super-Rosenbluth Separation

The cross section for the reacticn e+p » e’+n+X can be written in the

following way:



d‘o(q.V.Be.pn.B ) d'e (q,v,9 ,p_.,8 )

an - T e ™ P4 .
dQ dy 4dQ dp dQ dv dQ_ dp
e LSRR e T on
a* o {(q,v, Be,p‘t Bp q) d* L (q,v, 8P Gp q)
g ¢ + £ * cos 2¢ ¢ +
dQ dv dQ_ dp dQ dv dQ_ dp
e SIS e T oon

a’ o (q,v, 6, Py 8 )

P q
/2e(e+l) =+ cos ¢ {17)

dQ dv dQ_ dp
e mom

where q = [Be-ﬁe,[. ¢ is the angle between the pion production plane and the
electron scattering plane (see Fig. 3), and € is the polarization parameter of
the virtual photon, and is gliven by:

2 2 2
tan (ee/z)] . {18)

e = [1 + 2 _9__352__

The cross sections oT. aL. 0P and vI are due to the interaction of virtual

photons of the folleoewing types:

o unpeolarized transverse photons;
o longitudinal polarized photons;
vp: transverse linearly polarized photons;

o : interference of transverse and longitudinal polarized photons

oy and o, can be determined through the ¢ dependence -of the cross section.
With the finite angular acceptance of the spectrometers in Hall A, these
separations can be done in some kinematic regions. But in order to separate
o and L it is necessary to measure the cross section for different values of
€ with the same kinematic invarlants Qa. s, and t (see Table 2).

The separation of the longlitudinal cross section is necessary because the
knockout of constituent pions occurs mainly through the coupling of the
virtual photon to the charge of the pions (the pole term) which is a longi-
tudinal process. Pion production from the nucleon 1s mainly a transverse
process.

The longitudinal cross section for pion knockout in the quasifree

approximation 1is given by



d‘tL(q,v,e ,P_.8 )

e’ p“q

2.2
dQe ” dnn dpﬂ o-mp“Enfn (Q%) Sn(p.E] (19)
where ¢m is the Mottt cross section, pTI and Eﬂ are the momentum and total
energy of the detected plon, and fn(Qzl is the form factor of the pion. In
this approximation the initial momentum p and energy E of the pion are given
by the missing momentum and missing energy

-+ =
p_ = |g-p

- oy  E_=v-E. (20)

m
Thus a measurement of dAcL is easily translated to Sn(p,E) in the quasifree
approximation.

Theoretical corrections to this simple scheme will have to be made to
account for pion-nucleus interaction in the final state. Glauber multiple

scattering theory is reliable for pions above 2 GeV/c in nuclei.

IIl.3. Choice of Kinematics

We will make the following kinematic cholices:
(1) Choose an electron energy loss above the nucleon resocnance region to

minimize the number of plons created on nucleons by the virtual photon:
v 2 2.0 GeV. (21)

(2) Choose a low value of the Tour-momentum transfer to avoid suppres-
slon of the cross section due to the pion form factor. However, due to the
limitation on the smallest angle that the spectrometer Iin Hall A can have

under the current design plan (amin = 12,.5°), we have chosen

Q% = 0.55 (Gev/c)> (22)

With these kinematlie constrains, the two kinematlc settings for making a
Rosenbluth separation of the longitudinal cross section from other components
of the cross sectlon, assuming a2 maximum incident electron energy of 4 GeV,
are listed in Table 2.

It is obvious from Eqs. (2) and (3) that two-dimensional spectral func-



tion over a wide range of pion momentum p and energy E is needed. An estimate
of these ranges can be made based on the thecoretical predictions, as shown in

Figs. 1 and 2. They are:
range of p: 0 - 1 GeV/c (23)
range of E: O - 0.3 GeV. (24)

For a given electron kinematics, p and E (which are equal to the missing
momentum and missing energy as defined in Eq. (20)} can be varied by changing
the observed pion momentum IBHI and its detection angle with respect to the
direction of the three-momentum transfer a. As. can be seen from Fig. 4, Em

changes more rapidly by changing P, while keeping Bp q (the angle between Bn
T

and 3) fixed. On the other hand, Py, changes more rapidly by varying &

P.d

while keeping IBnI fixed. To cover the ranges of p and E as given by Egs.
(23) and (24), cross section measurement would have to be made over a variable
range of

plon angular range 6 = 25° (25)

P d

pion momentum range: 15%. (26)

1V. EXPERIMENTAL SETUP

We propose to use the dual spectrometers in Hall A to detect the scat-
tered electrons and coincident charged plons. Three liquid cryogenic targets
(Hz, Dz, and “He) will be required together with a number of solid targets
that span the periodic table (e.g., C, Al, Fe, Ag, and W). The only special
requirement of thls measurement is the need for good particle ildentification
in both the electron and hadron spectrometers. Table 3, to be discussed in
the next section, shows that large numbers of unwanted particles will be found
in each spectrometer at the two kinematic settings. Both spectrometers will
need a gas Cerenkov detector and a shower counter (at least for the electron
arm) in addition to the time-of-flight information in order to identify
particles.

The angular acceptances of both spectrometers in Hall A are %1.72°
horizontally and *3.72° vertically. To cover the plion angular range of about
25° and the momentum range of about 15% (see Eqs. (25) and (26)), we need
approximately eight settings of the pion angle and two settings of the



magnetic fleld at each angle of the hadron spectrometer in order to sample the

two-dimensional plon spectral functlion.

Y. COUNTING RATE ESTIMATES

Tables 2 and 3 show single-arm and coincident cross sections estimated
from models of nuclear reaction at high excitatlon energy6 and from measured
H(e.e’n+) Cross section.7 The counting rates are then calculated based on the

following Hall A dual spectrometer parameters:

AQ = 7.8 msr
Ap/p + 54

L=1-10" em %™,

The value of L is limited by the estimated singles total counting rates to be
less than about 2-10% counts/sec (see Table 3), which is about a factor of
five less than the expected maximum singles counting rate of 10 counts/s.

The coincident counting rates and the true to accldental background ratic
{of identified particles) are found to be quite acceptable (see Table 2).

For each pion angle and momentum setting, the coincidence data will be
further subdivided into p, and E; bins. To reach a total of at least 200 K
counts at each spectrometer settlng, we will need roughly 1 hour of beam time
for high £ kinematics, and about 5 hours of beam time for low ¢ kinematics
(see Table 2 for counting rate estimates). Thus, a total beam time of about
100 hours (1x16 + 5x16) for the 2C target is needed. The running time for
other targets is expected to be comparable. We, therefore, request a total of
800 hours of beam time for thls proposal to take data for 8 nuclear targets as

listed in Sec. IV.

VI. POSSIBLE RELATED MEASUREMENTS

The experimental setup can also be used for other deeply linelastic
scattering measurements such as (e,e’p) and (e,e’X) that test different

aspects of high energy, low four-momentum transfer nuclear reactions.



VII. CONCLUSION

The proposed measurement of the deeply-inelastic quasifree (e,e’ut)
reactlon ls a good candidate for early scheduling in Hall A. It does not
require high resolution on the missing mass spectra; it has relatively large
coincident counting rates; and, because this kind of experiment has never been

performed on nuclei, it carries the potential for surprise.



10

Table 1

Number of constituent pions per nucleon

versus atomic welght from Ref. 1

A N“
0.024
0.09

27 0.11

56 0.12

208 0.14




1

1

Table 2

Counting Rate Estimates for 12C(e.e’u+) with Hall A Spectrometers
Q% = 0.55 (GeV/c)?, q = 2.13 GeV/c

v =2.00 GeV, W = 2.02 GeV
high € = 0.78 low € = 0.52
E =4 GeV E = 2.9 GeV
e e [4]
6 =15.1°, 8 =14.1° [ 8 = 26.5°, @_ = 10.9°
e q e q
dole, e’n) 1,271 0.212'1]
(ub/GeV-sr?)
dole, e’ ) 2.56 0.71
(ub/GeV~sr)
dole, ') 7.33 5,63
(ub/GeV-sr)
N, (571 [2] 3.994.10% 5.001-10°
N, (571 [2] 1.138-10° 8.739-10%
N, (s-1)12] 1.55-10° 1.16-10!
t/al3] 1.71-10° 1.33-10!

[1]
(2]
(3]
(4]

Z times proton de (an underest imate)

AQ = 7.8 msr, Ap/p = 2 5%, L =

2 ns resolving time

1-10° em”

2 -1
s

This angle will be covered by the finite acceptance of the hadron

trometer positicned at 6,,, = 12.5°.
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Table 3

Single-Arm Signal and Background Counting Rates on Carbon

high £ = 0.78 low € = 0.352
E = 4 Gev E =2.9 GeV
e e
e =15.1°| 8 = 14.1° g = 26.5° g = 10.9°
e q e q
p=20GeV/c| p=x2 GeV/c |p = 0.9 GeV/¢c} p = 2 GeV/c
Particle e n+ T e n+ T
Signal
do
(ib/GeV-sr) 2.56 7.33 7.33 0.71 5.63 5.63
] Particle T P e T P e
Bkgd
do
(ub/GeV-sr) 5.74 7.05 3.20 25.3 6.12 31.5
Signal 0. 45 1.04 | 2.32 0.028 0.92 | 0.18
Background
N(total) 2] .
5 1.295 2.321 1.700 1.832 1.824] 5.764
(107 counts/s}

{1] Major background only

(2] AQ = 7.8 msr, Ap/p = * 5%, L = 1-107 em2 s'. . _
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FIG. 1. The function 4nmnp? [ pn(p,E]dE versus p from Ref. 1. This plot

shows the momentum spectrum of constituent pions for a nucleus with a Fermi

momentum of 1.33 fm~!.
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FIG. 2. The function 4mp? pn(p,E) versus E from Ref. 2. This plot shows
the energy spectrum of the constitutent pions for various values of the pion

momentum (here called q) in the nuclear ground state, Nn = 0.13.
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FIG. 3. Kinematics of the electroproductlion of pions for the reaction
ple,e’n)n in the laboratory system.

(e,e'n) Kinematics
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FIG. 4. E, versus p, for the kinematic variables indicated.



