
UCRL- 95365 
PREPRINT 

Received by OSTI 
OCT 1 41988 

NUCLEAR PHYSICS AT PEP - FIRST TES 
AND FUTURE PLANS 

K. Van Bibber, F. S. Dietrich, 
and S. 0. Melnlkoff 

Lawrence Livermore National Laboratory 

THIS PAPER HAS PREPARED FOR THE 
CEBAF - 1986 SUMMER UORKSHOP 

June 2 3 - 2 7 , 1986 
Newport News, VA 23606 

September. 1986 



NUCLEAR PHYSICS AT PEP -
UCRL—95365 FIRST TEST AND FUTURE PLANS 

K. Van Bibber, F.S. Dietrich, S.O. Melnikoff D E 8 7 0 0 0 5 9 9 

Lawrence Livermore National Laboratory 
P.O. Box 808, Livermore, CA. 94305 

ABSTRACT 
A test run of internal target nuclear physics at the PEP storage ring is 

described. The Time Projection Chamber (TPC -2r) detector) was used to de
tect the inelastically scattered electron and complete hadronic final state in the 
interaction of 14.5 GeV electrons with Dz, Ar and Xe gas targets. The data 
comprises mostly low-x low-Q2 events, but some deep inelastic scattering as 
well. The future possibilities of a dedicated nuclear physics program at PEP are 
outlined. 
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I. Introduction 

Nuclear physics with internal targets at storage rings is principally moti
vated by experiments either requiring the use of very thin targets, or for which 
only very thin targets are available. An instance of the former is the measure
ment of slow nuclear recoils1"4, and obviously of the latter are certain polarized 
targets, e.g. He and d for which realizable densities at present are only on the 
order of 10 1 5 ero~2. Such experiments may be performed with reasonable lu
minosities £. in virtue of the large stored currents possible at rings. Specifically 
regarding electron scattering experiments in the multi-GeV range, at present co
incidence measurements could only be performed at a handful of e+e~ facilities 
in the world until dedicated accelerators such as CEBAF are completed. This is 
so as the bunch structure in PEP for example more closely approximates a cw 
beam than that of the direct SLAC beam. 

This report describes a brief test run performed in February, 198fi at the 
PEP storage ring at SLAC with 14.5 CeV electrons and nuclear targets. This 
work originated from a few chance conversations with a number of Stanford 
graduate students who informed us that even at a base pressure in the in
teraction regions of 10~°, 20% of the events were beam-gas interactions, and 
not e+e~ physics! Subsequently contacts were made with the directors of the 
IPC -2-j group to sort existing data tapes for nuclear physics event, and after 
a brief study the decision was made to proceed with a proposal to SLAC and 
TPC -2~t for a dedicated run with a simple gas target. We are very grateful 
to Prof. Burton Richter, director of the Stanford Linear Accelerator Center, 
and Dr. Piermaria Oddone, spokesman for PEP-4 -PEP-9 for their extensive 
cooperation. 

The focus of the study from the physics perspective was the measurement of 
exclusive hadronic final states in deep inelastic scattering. Nuclear modifications 
of quark structure functions have been studied in inclusive e, /i scattering and in 
charge-changing v interactions. Nevertheless, much less has been learned from 
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hadronic final states, and the entirety of that has come from the y. work with 
limited statistics and resolution. A more immediate and practical aim of the run 
was to establish rates and backgrounds with a view to establishing a dedicated 
nuclear physics interaction region at PEP in the future. 

The report is outlined as follows. Chapter II will consist of a brtef discussion 
of the PEP ring and environment; chapter III concerns the TPC (PEP-4 ) de
tector, and the 2-y (PEP-9 ) spectrometers for small-angle tagging. Chapter IV 
describes how the nuclear physics run was carried out, and gives a very prelim
inary view of the data. Lastly, our plans for the future at PEP are summarized 
in Chapter V. 

II. The PEP Storage Ring 

The PEP storage ring became operational for high energy physics in 1981. 
The ring has a circumference of 2.2 km, and consists of six straight sections 
where the interaction regions (IR's) are situated, and six arcs. The straight 
sections are long, 130 meters, to assist cleaning up the synchrotron radiation 
from the last dipoles in the arcs and thus minimize the x-ray flux to the inner 
radius of the detector. Furthermore, the vacuum in the interaction region must 
be as good as possible for e+e~ physics. The straight sections minimize the 
synchrotron radiation hitting the walls, and are equipped with more than 3000 
liters/sec ion pump capacity. Typical base pressures of low-10 - 9 torr are limited 
by thermal outgassing of UHV construction material (300-series baked stainless 
steel, etc.). (By contrast, the synchrotron radiation load on the vacuum chamber 
in the arcs is approximately 40 watts/cm?, with the base pressure consequently 
being in the Iow-10~8 range.) 

Fig.l shows the layout of the ring with the most recent experiments in the 
even-numbered regions. PEP normally runs at 14.5 GeV for high energy physics. 
The stored current is typically 20 mA per beam in a 3-bunch structure. Thus 
beam crossings occur at each IR every 2.4 ps. 

A detailed analysis of what limits the thicknesses of gas targets that may 
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be introduced into the PEP storage ring has been carried out by Spencer6. 
The only consideration of importance for compatibility of an internal target 
nuclear physics program with a high energy program going on simultaneously 
is the limitation of beam lifetime due to bremsstrahlung from the gas target. 
(The compatibility of internal target physics and synchrotron radiation research 
that will be carried on at PEP by SSRL has not been addressed yet; the low-
emittance lattice being developed for SSRL operation very likely will raise other 
issues, e.g. growth in phase space due to multiple scattering.) The storage 
lifetime as a function of gas pressure is given by: 

*lHz)RF-lh°z{z+iH 183 \ 
r I X \zwj 

«[>"**(«)(?)] 
(i) 

Some of the constants and variables that may not be obvious are: /(, the length 
of the target in the beam; ag = are

2, where r e is the classical electron radius; To, 
the time of revolution around the ring; and ( ^ ) is the RF capture bucket 

\ ' ' RF 
width of the ring. This last quantity can be a ±1%. 

Fig. 2 shows both the maximum permissible densities, and corresponding 
beam-gas luminosity Hhtam-ga* ror a variety of possible target gases spanning 
the periodic table. These values were based on an acceptable storage lifetime 
of 2 hours, and a beam current of 20mA. The highest attainable luminosities, 
10 3 3 , are for hydrogen and deuterium, the target densities here being limited to 
a few tens of nanograms / cm?. Heavy gases imply maximum target thicknesses 
of a few nanograms/cm2 \ rate considerations may dictate lower thicknesses yet. 
How one achieves and monitors such low prescribed densities will be briefly 
touched upon in Chapter V. 

Fig.l also shows the immediate future home of nuclear physics at PEP , 
IR-8, and where experiments will be conducted when longitudinally polarized 
electrons become a reality. IR-6 is the preferred region for polarization work, 
as some modifications to the lattice wili need to be made on either side of the 
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straight section (introduction of special dipoles and solenoids) and thus regions 
neighboring RF sections are excluded. Furthermore, introduction of a spin-
precessor 180° across from the IR is required in some schemes, necessitating an 
open region there too 6. 

III. The Time Projection Chamber 
The TPC -2T complex (cutaway perspective view, Fig. 3) is a marriage of 

two detectors representing different physics interests. The important features of 
each will be briefly described below. 

1. The Time Projection Chamber (TPC ) 
The principle of the TPC was first conceived by Nygren in 1974 r ' 8 . Fig. 4 

shows the TPC in schematic as it exists at PEP. The TPC is a 2 meter diameter, 
2 meter long volume of high-pressure gas (8.S atm. of Ar — Methane) with a 
central high voltage membrane nominally at -60 kV. The chamber is situated 
in a 1.3 T solenoidal magnetic field. Ionization along the tracks of charged 
particles drift towards either endcap with a speed of 16 ps per meter; passing 
through the gated grid, the track arrives at an array of 183 anode wires (per 
60° sector) in a time sequence obviously related to the dip angle of the track. 
Furthermore, since there are 18 cathode pad rows per sector from the inner to 
the outer radius of the TPC , the induced ionization on the pads provides both 
the azimuthal angle and magnetic rigidity of the particle. The highly redundant 
measurement of dE/dx along the track by the anode wires coupled with the 
momentum resolution (Ap/p) 2 = (0.06)2 + (0.006p)2 results in the best particle 
identification in any high energy detector today. 

As an integral detector, the TPC has inner and outer drift chambers for 
triggering purposes, 10Jfo hexagonal and pole-tip calorimeters (40 layers of Pb-
3-view stereo wire chambers), and muon identification. The principle interest of 
the TPC collaboration (PEP-4 experiment) is the study of e+e~ —• q'q annihi
lation. 

2. The 2-i Spectrometer9 
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The 2-> collaboration [PEP-9 experiment) studies hadron production from 
the fusion of two virtual photons. As the electron and positron scatter but do not 
annihilate, and these processes are strongly peaked at low-Q2, good small-angle 
tracking and calorimetry are essential. 

Electrons (or positrons) and hadrons pass through a Cerenkov detector, 
Drift Chambers 1-5 (actually 15 planes of u, v, y chambers each resolving the 
left-right ambiguity, the anodes being twin sense wires closely spaced), a Time-
of-Flight Hodoscope, and Calorimetry. The latter consists of a segmented hexag
onal Nal array (20 - 100 mr), and a Pb-Scintillator sandwich shower counter 
(100 - 200 mr). Electrons or positrons scattered at wider angles may be seen in 
the Pole-Tip Calorimeter in the TPC itself. Momentum analysis is performed 
by a Septum magnet (Fig. 5) which provides a moderately large magnetic vol
ume, while being field-free on the beam axis. The North and South ends of the 
PEP-9 Spectrometer are symmetric. 

IV. Nuclear Physics with the TPC 

Described below are some details concerning the operation of the 
TPC during the test run in February, 1986, and a first look at the data taken. 

1. Experimental Details 
The most straightforward (and primitive) gas target was developed for the 

experiment, namely a gas bleed system which would introduce gas continuously 
into the straight section in the vicinity of the TPC . The target gas was therefore 
uniformly distributed throughout the entire region of the TPC -2f detector, the 
pressure profile diminishing at each pumping station as one moves from the cen
ter of the IR up and down the tunnel. The entire pressure bump extended over 
tens of meters in either direction. Nevertheless, in view of the diluteness of the 
targets (the maximum central pressures being (3.0)10 - 7torr for D2, (5.0) 1 0 - 8 

for Ar, and (2.5) 1 0 - 8 for Xe), the influence on the stored beam was negligible 
(compare Fig. 2). 

The low flow rates required (10 - 4 - 10 _ 5torr — liter/sec) to bring the 
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equilibrium pressure up to the desired levels was achieved with the gas injection 
system of Figure 6, designed and constructed at LLNL. The essential features of 
its operation is as follows. The Intermediate Volume (between V-6 and V-7) is 
charged with research purity grade gas at the delivery pressure of the regulator 
(usually 22 p.s.i). Valve V-6 is closed, and V-7 opened, allowing the gas to 
expand into the Control Volume. Valve V-9 is opened, presenting the Control 
Valve V-L with a pressure of approximately 90 torr. Valve V-L is a precision 
conductance that allows fine variations in the leak rate into the PEP ring at the 
4 m point through a 65' stainless steel line. 

Figure 7 shows a side view of the TPC -2-y detector in schematic for a 
nuclear physics event. The electron (or positron) scatters at small angles, usually 
into the Nal detector. The hadronic final state (usually protons and pions, with 
relatively fewer kaons or heavier nuclear fragments, e.g. deuterons) is identified 
either in the TPC, or in the 2~/ spectrometer. The interaction may occur 
anywhere along the beam pipe; however due to the angular focussing of the 
tracks due to fixed target kinematics, it is most desirable for the vertex to be 
somewhat upstream of the beam crossing point (z = 0), in order for hadrons at 
small angles to be detected with good momentum and dE/dx resolution. 

Four triggers were implemented for nuclear physics running. Three required 
a single tag in PEP-9 , i.e. E > 2GeV in the Nal, or E > lOGeV in the Shower 
Counter, with either (i) a hit in the TPC inner drift chamber, (ii) a tipple (an 
outside-in time ordering of hits on the TPC pad rows), or (Hi) a hit in the 
PEP-9 muon chambers which could result from a fast pion. The fourth trigger 
required high energy deposition (> 2GeV) in the Pole-Tip Calorimeter, to look 
for high-<22 deep inelastic scattering. As during the dedicated nuclear physics 
running, colliding beams were still provided in IR-2, the usual double-tag triggers 
designed to enhance 2-y physics were specifically disabled. 

Figure 8 maps the four-momentum transfer Q2 = —q2 = 4EE'Sin2^ and 
the Bjorken scaling variable xg. = Q2/[2Mv) as a function of the electron 
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(or positron) scattering angle 0 and final lab energy E'. (In the usual way, 

M is the nucleon mass, and u = E — E'.) The calculations are appropriate 

for E = 14.5GeK and the kinematical regions of x and Q2 accessed by each 

calorimeter is marked. 

With a circulating current of approximately 15 mA per beam, the event 

rate in the TPC - 2 T detector was 6 - 8 sec-1. The corresponding dead time was 

upwards of 50%. Independent data tapes are written for PEP-4 and PEP-9 . 

All of our analysis to date has been performed with the PEP-9 code OASIS. 

Figure 9 shows the excellent particle identification of the TPC bases on mo

mentum and dE/dx. Ambiguities remain at the cross-over points resulting from 

the relativistic rise in energy loss, e.g. forn — K separation. The distribution 

of the origin of tracks with respect to the coordinate along the beam direction, 

z is shown in Figure 10. The sharp peak [a « 6cm) is due to e+e~ physics and 

the underlying continuum is due to beam-gas nuclear physics. Fiducial cuts are 

made in software at ±15cm and ±80cm, however events are accepted within the 

beam-crossing region if they contain at least one proton. An actual distribu

tion of events in x,Q2 (Figure 11) for e* single tags manifests the kinematic 

boundaries associated with the maximum angle of the Nal and Shower Counter 

calorimeters. (Note the sparse region corresponding to smaller angles in the 

Shower Counter due to deterioration of the scintillator there.) 

2. Atlas of Events 

It is worthwhile looking at a representative sample of nuclear physics events, 

both to see the variety of physics in e — A interactions at 14.5 GeV as well as to 

appreciate what kind of information the TPC provides (and does not provide). 

The figures that will be presented are essentially those available as run-time 

graphics (including color-coding of the tracks according to particle type!). 

a. Quasielastic Scattering 

Figures 12 and 13 show a top and endcap view respectively of quasielastic 

e — p scattering in i0Ar. The scattered positron is detected in the North Shower 
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Counter (13.0 GeV, Bc, = 6.5°), and the recoil proton (pp = 1.765GeV/c) is seen 
in the TPC. While the energy resolut.on of the Shower Counter presently is 
somewhat poor, the high x,Q2 (0.84,2.4(GeV/c)2) is corroborated by the angle 
and momentum of the proton. The endcap view shows that the proton has 
punched through not only the superconducting coil and hexagonal calorimeter, 
but also two layers of iron in the muon identifier. 

b. Delta Eleetroproduction 
Figure 14 displays the event d[e, e'A) with the A identified by the invariant 

mass of the subsequent decay A -* px~. While the large momentum (p& = 
1.8 GeV) and backward angle of the A is somewhat surprising, it should be 
noted that its transverse momentum is roughly balanced by the scattered e + . 
The spectator proton is not observed; although there is some energy deposition 
in the North Pole Tip Calorimeter (which could be hit near its inner radius 
without leaving a track in the TPC ), it is more likely that it ranged out in the 
beampipe. 

c. Associated Strangeness Production 
The excellent particle identification and missing mass resolution of the 

TPC are evident in the event of Figure 15, 4 0Ar(e, e'XK+). The pit~ has nearly 
the invariant mass of the A. (For events with separated vertices (er^ = 7.89cm) 
the energy losses in the beampipe wall are not treated correctly except with 
specialized programs which track the decay partners back to the secondary ver
tex.) The error perimeters (2c in the momentum and lifetime plane) all lie on 
their expected loci and are well away from any crossover points. The K+ is not 
seen to decay in this event (CTK± = 370.9cm); in many events however the kaon 
track will show a kink indicating the decays K —> )iv,K —»jrir". 

d. Deep Inelastic Scattering 
A deep inelastic scattering event with a i0Ar nucleus appears in Figure 16. 

Here Q2 = 3.7(GeV/c)2 and x = 0.44. Nothing other than the tag (inelastically 
scattered electron) appears in PEP-9 , whereas the TPC shows a 2w+2ir~p 
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hadronic final state. In terms of the fragmentation variable xp = p»/pmax, 
where pn is for each observed hadron the component of momentum along the 
direction of the three-momentum transfer q. Only 47% of the three-momentum 
transfer is accounted for in this event, although xp = 0.23 for one n+. In a 
wire hit plot two further tracks are evident, which were not picked up by the 
analysis routine, as they crossed the TPC at too shallow an angle for tracking 
and identification. 

e. Massive Target Fragmentation of Xe 
A spectacular example of target fragmentation is seen in Figure 17, resulting 

from electron scattering with an energy deposition of 10 GeV in a Xe nucleus. 
The event corresponds to absorption of a nearly real photon (Q 2 = 0.07, x = 
0.004). Two noteworthy features of the event are (i) that most of the particles 
are emitted at very wide angles (as 90°), and (ii) the large d/p ratio (see figure 
18). The number of deuterons is large even regarding that of the four tracks 
out of range on the momentum-dE/dx plot (starred on the radial and endcap 
view), three are protons and one is a kaon. 

Such events however are rare (only three with M > 12). Figure 19 displays 
the charge balance in the TPC only for each target. This data suggests that 
most of the particles observed result only from the struck nucleon. The argu
ment is as follows: in an ideal detector that would see even particles of very low 
momentum, scattering from a proton(neutron) would result in a charge balance 
(E(g,)) of 1(0) independent of final multiplicity, so long as there was no intranu
clear cascade or large energy deposition to the target spectator. The probability 
of interacting with a nucleon is given in the most naive quark-parton model by 
the weighted sum of squares of u, d quark charges in the nucleon. Summing over 
the protons and neutrons in the target nuclei results in an expected charge bal
ance of 0.6 for d and 0.51 for Xe. The actual values are 0.58 for d, and 0.93 for 
Xe. While this is by no means constitutes firm evidence, it at least leaves open 
the possibility that there is a target spectator a majority of the time. One could 
contemplate experiments where conventional particle-gamma spectroscopy on 
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the target spectator is performed in coincidence with detecting the inelastically 
scattered electron or other particles in the jet regime from the struck nucleon. 
This would be of obvious importance in measuring e.g. fjj for nucleons within 
specific nuclear shell states, in view of the controversy surrounding the impor
tance of nuclear binding effects10. 

3. Bose-Einstein Correlations in JT*** 
As an example of analysis that is important to do for leptoproduction with 

nucleon and nuclear targets, we discuss Bose-Einstein correlations in like-sign 
pion production. Briefly, quantum statistics imposes correlations (anticorrela-
tions) between identical bosons (fermions) at small relative four-momenta. The 
correlation function, which thus exhibits an enhancement (depletion) at small 
relative momenta, reflects the space-time evolution of the emitting source. 

The basic ideas are summarized in Figure 20. It is recalled that in the Young 
experiment, there exists one source and one detector (i.e. there is only single-
photon detection at each point on the plane of observation). An interference 
pattern results because there are two indistinguishable paths, and thus two 
amplitudes for a photon to be emitted from the source and arrive to a particular 
point on the screen. 

In the prototype treatment of Bose-Einstein correlations, there are two 
point sources and two detectors that detect identical particles in time coinci
dence. Now there are two amplitudes for producing a coincidence; a direct and 
a crossed diagram (l - t o,2 -* 4, and v.v.). If the sources and detectors are 
sufficiently separated that the amplitudes are indistinguishable, they will inter
fere, and the coincidence probability will oscillate in the angular separation of 
the detectors. For a realistic source, extended in space and with a finite lifetime, 
what results is a correlation function: 

PUNCORR(n,P2) l ) 

which shows a maximum at q = pj — p% = 0 and falls off in a smooth way 
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(depending on the form of the source) to an asymptotic value of 1 for large 
q. Here p\fl are the four-vectors of the identical bosons, and PBE(pi,P2) and 
pUNGORR{pi,P2) are the two-boson densities with and without the incorpo
ration of quantum statistics. (How one determines an experimental density 
without the influence of Bose-Einstein statistics will be discussed later.) As an 
example, a space-time source of the form; 

S{r,t)ot.c-Tl'2<'3e-t/T (3) 

results in a correlation function: 

where q, q0 are the three-momentum and energy of q. 
(Bose-Einstein correlations are referred to variously under several names. 

Originating in long-baseline radio astronomy around 1950, it is also known as 
the Hanbury-Brown/Twiss effect after the original workers. It is typically called 
HBT in relativistic heavy ions, and GGLP (Goldhaber-Goldhaber-Lee-Pais) in 
particle physics. It is frequently termed intensity interferometry, and second-
order interferometry.) 

Figure 21 shows Bose-Einstein correlations in like-sign pion production both 
from e+e~ -* qq jets (coincidentally from the TPC Collaboration at 'PEP u ) , 
as well as from pp and pp interactions from the ISR 1 2 at y/a = 63GeV. 

The e+e~ data are plotted in (i)(a),(i)(b) against q? and q0, the variables 
conjugate to the size and lifetime of the emitter, respectively. The variable 
qT is the component of the three-momentum difference transverse to the sum 
momentum of the two pions, and for this plot a cut has been imposed of qe < 
0.2GeV. The variable q0 is the magnitude of the energy difference between the 
pions, and a cut here has been made of gj> < 0.2GeV/c. The approximately 
Lorentzian shape of the distribution in q0 is noteworthy. The characteristic 
source sizes (Fig. 21, (ii),(iii)) derived from the work are surprisingly small -

-13 -



about 0.65/m. Furthermore, subdividing the data in angle between the jet axis 
and pion pair momentum gives evidence for an elongated source with a major-
to-minor axis ratio of 2 or 3 to 1. This is consistent with a string or flux-tube 
picture of quark hadronization, at least qualitatively. The pp, pp experiments 
(Fig. 21 (iv)) showed no difference between them in source size, and found sizes 
not greatly bigger than those in e+e~ production, here typically 1.1/m. 

In spite of the paucity of statistics in the present run, the Hanbury-
Brown/Twiss effect is evident in our data even with just a few hundred jr±7r± 

events per target gas, although it is unrealistic to expect an definitive quantita
tive analysis. (Note that typical published reports on pion interferometry work 
with a data sample of many tens of thousands of like-sign pions.) Nevertheless, 
it should be mentioned that Bose-Einstein correlations in leptoproduction from 
nuclear targets should be expected to reveal two additional facets not contained 
in e+e~ or pp production, and therefore are important to pursue in the future. 
First, within the language of the string model of hadronization, it might be ex
pected that the nuclear medium might change the value of the string constant 
due to color screening; this might be reflected in different source dimensions for 
the fast pions resulting from the fragmentation of the struck quark. Second, 
there will be a component of the pions, lower in energy, due to excitation of the 
target spectator. 

A very preliminary analysis of BE correlations in like-sign pion events has 
been performed for the data of the February run. All events with two or more 
like-sign pions were sifted from the data set, and every event was manually 
scanned to ensure that there were indeed at least two distinct TT+ or two dis
tinct ir~. Scanning is essential, as occasionally the pattern recognition program 
will break a single track either as it crosses a sector boundary or the central 
membrane, and thus a single pion will give rise to two tracks extremely close in 
momentum, i.e. q w 0, the worst place such a problem could occur. The uncor-
related density pUNCORR(pi,P2) was formed by combining pions from different 
events. This is one of two usual methods for deriving the uncorrelated density, 
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the other by using IT+TT~ pairs. There are two advantages of event mixing over 
jr+jr - pairs. First, with unlike-sign pions, care must be exercised in the low-q 
data to remove residual correlations due to resonance decay, e.g. w —> 3jr. Sec
ond, since the number of combinations of pions one can make from event mixing 
is enormous, the contribution to the statistical error in R from the denominator 
can be made trivially small. This is important for a small data sample as in the 
present case, where the statistical error in pB {puVz) ' B substantial. 

The ratio R is displayed for all three targets in Figure 22. The variable it 
is plotted against is q = y/[—{pi — P2)2]> as there were too few events to either 
do a fit to a two-dimensional surface, or to make cuts in g0 or qr- (There are 
less than 200 like-sign pions in each sample, perhaps half of the total data for 
each target.) Nevertheless, the rise at low-g (< O.lGeV/c) is evident in each 
case. The results are sufficiently encouraging that work is underway to select, 
all the nuclear physics events collected during the high-field running, 1984-1986 
due to beam-gas events from the residual vacuum, mostly CO, COi- It may 
be estimated that the total number of events collected parasitically exceed the 
statistics of our dedicated gas injection run by an order of magnitude. 

V. Future Plans 
We want to discuss briefly our vision of what a permanent dedicated nu

clear physics IR wouid be like at PEP, and some physics that would be ideally 
accomplished there. 

In our discussions with the SLAC management, it seems most appropriate 
for the near term that further nuclear physics experiments take place in IR-
8 (previous DELCO region). The first round experiments contemplated will 
involve both polarized and unpolarized targets, but with unpolarized electrons 
only. The introduction of longitudinally polarized electrons in PEP for nuclear 
physics experiments is s raightforward6 but will involve some modification to 
the lattice on either side of the nuclear physics IR, and possibly at the antipodal 
point of the ring. For these reasons, IR-6 would be ideal as there are no RF 
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accelerating sections adjoining it in the straight section, and IR-12 (the region 
180° across from it) is presently unoccupied. Nevertheless, upgrading PEP for 
polarized electrons will not be trivial, and should be considered some years away. 

1. Conceptual Design of IR-8 
A preliminary conceptual design of what a dedicated nuclear physics in

teraction region would look like is shown in Figure 23. While in the longer 
term one may contemplate the acquisition or construction of a comprehensive 
Ait detector (e.g. a IPC), we are beginning from the point of view that the 
first experiments will be performed with a conventional multi-arm magnetic 
system of mode.jte solid angle and resolution. This follows both from the na
ture of the physics (two- or three-particle coincidence measurements such as 
(e.e'JV), (e,e'jr), (e,e'K+K~) where the fixed target kinematics focusses the 
scattered electron and hadrons to forward angles), and from practical consider
ations (the availability of existing magnets, drift chambers, etc.). The central 
piece of the system is most of the PEP-9 spectrometer, which cannot be used 
by TPC-2*f for future running as the high-luminosity upgrade for PEP de
mands that the final quadrupoles be brought close in, right to the ends of the 
TPC proper. A septum spectrometer system (Figure 5) is attractive for stor
age ring physics in that it provides a field-free region 'or the beam axis, and a 
transverse magnetic field elsewhere (solenoidal magnets are notoriously poor for 
momentum analysis of Bmall-angle tracks). The PEP-9 magnets may be used 
back-to-back, and in fact differing from Figs. 23, 5, it will be advantageous to 
make the yokes actually contiguous, with a new coil winding only around the 
nose-piece. (At present, the J Bdl for the magnets is nowhere near the design 
value, both due to the magnets being only one meter deep, and to half of the 
amp-turns being outside the region of interest (Fig. 5).) Particle identification 
will be accomplished by a combination of TOF and magnetic rigidity. Sepa
ration between e, T will be done by Cerenkov detectors (not shown on two of 
three arms), and calorimetry (either Pb-scintillator sandwich or Pb-glass). Ulti
mately, two movable magnetic arms could be instrumented, one small solid angle 
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spectrometer bending in the horizontal plane, and a big magnetic volume with 
a large vertical acceptance, bending in the vertical plane. The inner shielding 
wall for IR-8 is 27' from the beam axis rather than 21' as is true for the other 
IR's and as drawn. This provides greater angular range for a pivoting arm. 

For unpolarized targets, the FNAL warm gas jet imget concept looks at
tractive from the viewpoint of simplicity and cost. In recent years, it has been 
used both at FNAL and the Brookhaven AGS by the Purdue group; its design 
and performance have been reported by Stringfellcv13. The FNAL target is at 
present on sight at LLNL for profiling studies using Rutherford elastic scattering 
from low energy cyclotron beams. One of the principal objectives is to design 
de Laval nozzles (which form the supersonic jet) which can produce targets of 
thicknesses in the 1-10 ng/em2 range, or about an order of magnitude smaller 
than those used in the p — A studies. 

One issue that will be new to storage ring physics will be precise determi
nation of integrated beam-gas luminosity. An interesting option that needs to 
be studied is the monitoring of M0ller electrons (beam electron-atomic electron 
scattering). 

2. Measurement of the Pionic Sea via (c,e'ir) from Nuclear Targets 
An example of one of the first experiments that should be performed at 

PEP is virtual photoproduction of pions from nuclear targets in quasielastic 
kinematics. The motivation of this experiment derives from the nuclear struc
ture function anomaly (EMC effect). Figure 24 summarizes the experimental 
situation showing for both the electron scattering data from SLAC and the new 
EMC muon data, the ratio of a(A)l{Aa(Di)). Shortly after the original EMC 
data, Llewlyn-Smithwargued that by falling short of the energy-momentum sum 
rule (in the nucieon sector only) empirically by about 5%, the high-z depletion 
for iron was reproduced. If the missing momentum were to appear in an increase 
in the pionic sea for nuclei (as might be expected due to the OPE contribution 
to the nucleons' binding), then the low-a; rise in the ratio of a(A)/(Ac(D2)) 
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would be explained as well. (Subsequently, the effects of nuclear binding were 
discussed10quantitatively' from a shell-model basis.) Pursuing the question of 
the low-z range, Pirner and coworkers reanalyzed pion electroproduction data 
from a hydrogen target in terms of a pionic distribution function of the nucleon, 
finding a pionic component of approximately 3% in the proton, carrying 0.6% 
of the nucleon's momentum15. They urged that a similar study be conducted 
ror nuclear targets. 

Specifically, what they advocate is summarized in Figure 25. Coincidence 
electron scattering where one particle is detected along with the scattered elec
tros is sensitive to four independent structure functions: ai (longitudinal), 
o<r (transverse), op (transverse-transvprn interference), and oj (longitudinal-
transverse interference). The interference terms may be isolated just at one 
beam energy, by the e' — jr angular correlation, whereas a Rosenbluth separation 
is necessary to isolate the longitudinal component. 

This is of the essence in this problem as only longitudinal photons can couple 
to the pion, which is spin-0. The bottom half of Figure 25 shows in fact that only 
<7£ (dominated by the t-channel diagram) has an angular distribution which rises 
steeply towards the pion pole. Thus in the kinematic regime of that experiment, 
the interpretation of pion production in terms of quasielastic knockout of pions 
considered as partons of the nucleus seems validated. It is also significant that 
for the deuterium target the ir+/ir~ ratio is nearly 1 at low-|t|, whereas for 
pions resulting from the coupling of virtual photons to quarks, this ratio would 
be 4 (These limits obviously arise from counting the squares of parton charges 
£<?? either at the hadron or quark level.). We are presently studying whether 
such an experiment could be done solely with the septum spectrometer. Here 
the gas jet target would be close up to the magnet such that the spectrometer 
would subtend a large enough solid angle to detect both the electron and pion 
over a large kinematical region. 
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FIGURE CAPTIONS 

1. Overview of the PEP storage ring. 
2. Maximum density and corresponding luminosity for various gases as tar

gets in the PEP ring. A circulating current of 20mA is assumed, as well 
as a minimum storage lifetime of two hours. 

3. Cutaway perspective view of the entire TPC —2T detector. The detector 
is symmetric about the beam crossing point. 

4. Different views of the TPC : 
a. The TPC proper, perspective view; 
b. The TPC endcap. The cathode pad rows underneath the anode wires, 

used for track position and momentum information, are not shown. 
5. View of one of the PEP-9 septum magnets along the beam axis. 
6. The LLNL gas injection system. The gas compositon is monitored at two 

points, one on the gas system (RGA1), and the other on the ring (RGA2). 
7. Side view of the TPC -2*i detector, with a nuclear physics event repre

sented by the scattered electron being detected in the Nal calorimeter, 
and final state hadrons in the TPC. Most of the triggers resulted from 
electron (positron) tags in the Nal array (20 — lOOmr) or shower counter 
(100 - 200mr). 

8. <52 and x as a function of Eti and 8ei of the scattered electron for the 
nuclear physics run. 

9. dE/dx vs. momentum plane showing the excellent particle identification 
of the TPC detector. For this plot vertex cuts appropriate to nuclear 
physics have been made. 

10. Track distribution in the TPC detector during the nuclear physics run. 
The beam crossing vertex peak is prominent as the run took place during 
colliding beam conditions. 

11. Actual distribution of events in x, <32 plane. 
12. Top view of a quasielastic scattering event. 
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13. Endcap view of the event of the previous figure. 
14. Delta electroproduction from deuterium. The invariant mass of the pir~ 

is slightly less than the peak of the A resonance. 
15. Associated strangeness production from an i0Ar target. 
16. A deep inelastic scattering event from an argon nucleus. 
17. Massive target fragmentation in a Xe nucleus. 
18. dE/dx vs. particle momentum for the event in the previous figure. Of 

the four particles off the scale in dE/dx, three are protons and one is a 
kaon. 

19. Histograms of total event charge in the TPC for d, Ar, Xt targets. 
20. Schematic diagrams: 

a. Young interference experiment; 
b. Prototype Hanbury-Brown & Twiss effect; 
c. Bose-Einstein correlation from an extended source. 

21. Bose-Einstein Correlations from: 
i. e+e - -> qq jets in the TPC u in: 

a. 9r (for q„ < 0.2 GeV) and in; 
b. qffor q? < 0-2 GeV/c). 

ii. From the TPC work, aa a function of event multiplicity: 
a. the source radius; 
b. the chaoticity parameter. 

Hi. The radius parameter derived from the TPC work, subdividing the 
data in various angular bins with respect to the jet axis. The dashed, 
solid and dotted lines correspond to the assumption of an ellip
soidal source with transverse dimension r and longitudinal dimension 
Kr, K = 1,2,3. 

iv. r as a function of q? for pp, pp collsions at the ISR. 
22. Very preliminary Bose-Einstein Correlations in e — A interaction (this 

work) for d, Ar, Xe targets. Only about half of the data is used in each 
sample. 
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23. Conceptual design of the future Nuclear Physics Interaction region IR-S. 
24. Data from EMC, BCDMS and SLAC on the scaled ratio of cross sec

tions in deep inelastic regime as a function of x. (This is not equal 
to F^(x)/(AF^r(x)) except with specific assumptions about the ratio 
R = aL/aT). 

25. Two diagrams: 
a. (Top) diagram and definiton of variables for the coincidence measure

ment (e,e'jr); 
b. (Bottom) the distribution in \t\ for the four independent cross sections 

for pion electroproduction from hydrogen. Only oj, shows a steep rise 
towards the momentum transfer direction. 
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