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Absiract

We propose to study the reaction *fe (7, v*) *H at momentom trans-
fers, ()%, ranging up to 20 fm—? using polarized photons with energies
between 300 MeV and 630 MeV. Both the differential cross section,
dor fdil,, and the photon asymmetry, X, will be measured. The broed
kinematic range spanned by the data will enable us to investigate a
prewsilabe breakdown of DWITA .ﬂ.ri!’dng from two-hoddy mechanisms and
peessible changes in clementary amplitudes, the influence of two-step
processes in the e mucleus, and the magnitude of D-state compo-
nents in the nuclear thres-hody wave function. OF these, the principal
focus will be on the possible breakdown of the nnpulse approxima-
tion arising from modifications of the Ej={A) amplitude in a dense
nueclear aystem. The Dewave admixture in the trinucleon wave Tone-
bion gives rise to a potentially large SDY interference contribution to
4. This contribution s approximately proportional to the Ej+A)
amplitude so the photon asymmetry E provides a sensitive measure
of the B+ (A) amplitade. However, the extraction of such effects wall
resquire a simultanesus, sceurate determination of the Tewaee admix-
ture, The contributions of each of these factors to the cross section
and to the photon asvimmetry have characteristic dependencies apaon
|_:l|!||:'|-l.|.'m SIFETEY, phl.}il.‘m p-l,:ll.-‘ru'i:f’.ﬂ.l‘.imh ancl p'im| SN .1.||,g|l:. Tsals1=
tion of a particular contribution will require simualtanecus analysis of
data over a broad kinematic range. As a result, the experiment will
reqgriire Le wnbgue combination of properties provided by the CLAS
detector and the Coherent 0 Source or the proposed Compton High
Intensity Photon Source, showld it become available,



1 Introduction

A principal goal of nuclear physics is to understand how nucleons and nu-
cleonic processes are affected by the presence of other nucleons in a nuclear
medinm. To study this question amplitudes for a process involving a nucleus
are compared to those for the corresponding process on a free nucleon. The
results of such comparisons can be sensitive to several distinet effects. In the
case of charged pion photoproduction these include the presence of meson-
exchange or other two-body currents in the nucleus, pion-nucleus rescatter-
ing, details of the nuclear wave function, final state interactions between the
outgoing pion and residual nucleus, and possible differences in the elemen-
tary amplitudes. The magnitude of the effect of each of these depends upon
the kinematics of a particular measurement and upon the observable being
measured: total cross section (o), differential cross section (do/d0}). photon
asymmetry (£}, ete. If the contributions for all but one of these effects are
known for a particular measurement, then that measurement can vield new
information aboul the remaining effect.

Ume question that can be addressed in this manner relates to the properties of
the nucleonic resonances. Total photoabsorption data from Fraseati[l] indi-
cate that execitation of the A resonance appears to be unaffected by whether
the nueleon involved is in a oucleus or not. By contrast, the higher reso-
nances such as the Dy which appear prominently in photoabsorption on the
proton are washed out completely in photoabsorption on & nuclens. This can
b understood qualitatively by noting that the A excitation is dominated
by the M+ spin-Hip amplitude whereas the higher resonances correspond ta
spatial excitations. The amplitude for Bipping the spin of one quark should,
to first approximation, be independent of changes in the spatial wave func-
tion whereas the amplitude for & quadrupole excitation, for example, should
be quite sensitive. It follows that if one wants to look for effects of the nu-
clear medium on the A excitation process one should look at the quadrupole
component, the E,. amplitude. The photon asymmetry, I, in the reaction
He (7, n*)3H is particularly sensitive to this amplitude; examining this am-
plitude is, therefore, the principal focus of the proposed experiment. Other
effects, such as the presence of meson-exchange or other two-body currents,
pion-nuclens rescattering, and final state interactions between the cutgoing



pion amd residual nucleus will alse be studied both for the need to control
thern in order to isolate the effect of the E;, amplitude as well as for their
W InErinsic interest.

The *He nucleus is an ideal target for such studies. It is the simplest nuclens
wherein the nueleons are bound tightly together and for which the nuclear
structure is relatively well understood, Precise, correlated three-body wave
functions can be obtained using, for example, the Faddeev approach cali-
brated to electron scattering and other data. There remains, however, a
significant uncertainty in the amplitude of the D-state in the Fbody ground
state. Inasmuch as this amplitude largely determines the magnitude of the
effect of the E;+(A) on the photon asymmetry it is crucial that it he de-
termined accurately. Fortunately, there are kinematic regions covered in the
proposed experiment where both the differential cross section and the pho-
ton asymmetry are very sensitive to the D-state and extremely insensitive to
the A. Thus, we will measure the De-state amplitude in this experiment; its
determination will constitute a second major focus of the work.

The situation with a "He target contrasts with the case of heavier nuclei where
the single particle wave functions are computed using the shell model, or
other similarly phenomenological model in which effective nuclear strueture
parameters are constrained by S-decay rates, electromagnetic form factors,
and other experimental observables. In these cases, nontrivial ambiguities
are inevitable, especially in magnetic transitions. In order to isclate reliably
the effects of interest from the effects of nuclear structure it is necessary to
know both the initial and final nuclear states, The most effective way to do
this is to require that the recoiling nucleons stay integrated as *He. Thus,
with respect to isospin the reaction is essentially an “elastic” or “iso-elastic”
process as opposed to an “inelastic” process wherein the *He is broken apart,

The carliest experimental study of the *He (v, =4 ) 3 reaction was performed
in the 1960's [2] at the University of Ilinois with 180 MeV to 260 MeV pho-
tons produced by bremsstrahlung radiation, The measured cross sections
were found to be generally well described by impulse approximation. How-
ever, when examined in detail, the cross sections were observed to lie from
25% to 60% below the simple theory. The discrepancy was attributed to
inaccurate wave functions and & suppression of pion production in nuclear



matier.,

Another experiment was performed using a bremsstrahlung beam at Saclay
in the 1970's [3]. The differential cross section could be described at small
momentum transfers by the impulse approximation with Faddeey wave fune-
tions. However, as the momentum transfer was increased to above 6 fm—2,
a discrepancy between the data and a caleulation using the distorted-wave
impulse approximation (DWIA) appeared. A complete calculation with a
novel two-bady contribution was required to give a full deseniption [4] of the
data. Significantly, this two-body formalism predicts that at higher photon
energies, such as 400 MeV and above, the two-body contribution constitutes
almost the entire cross section.

subsequently, the measurement was repeated at Saclay but this time using
a positron-annihilation photon source which provided quasi-monochromatic
photons [5]. In addition to the iso-elastic process, two-body and three-body
break up channels were also studied. The energy of the photon beam was
from 210 MeV to 450 MeV. The angles at which pions were detected ranged
from 20° to 72°, corresponding Lo momentum transfers from 0,28 fm™? to
3.0 fm~%. For the data at higher momentum transfer calculations inchd-
ing the two-step charge-exchange process, *He (v, #") "He(#?, =) °H, gave a
better description.

The experiment was also performed at Bonn using the bremsstrahlung beam
of the 500 MeV synchrotron [6]. The recoiling nuclei were detected in coin-
cidence with the produced pion permitting a clean isolation of the iso-elastic
process. The cross sections in these measurements were found to be lower
than the theoretical caleulations, indicating that the understanding of the
reaction is incomplete.

Theoretical work on this reaction was initially performed within the frame-
work of the plane-wave impulse approximation(PWIA) [7, 8], These cal-
culations were followed by DWIA caleulations [9) which included the pion
rescattering contribution. Later calculations by Laget [10] explicitly included
both real and imaginary components in both the My, and E\; multipoles,
Most recently, Kamalov, Tiator and Bennhold [11, 12] {KTB) have carried
out a general study of polarization observables for this reaction. These cal-



culations, which include the A and higher resonances (S, Py, Py, Dy,
Fis, and Dga), were performed within a newly developed coupled-channels
framework [9] which can consistently describe elastic 7% and coherent =0
photoproduction as well as elastic and charge-exchange pion scattering from
*He, The KTB calenlation suceessfully reproduced the cross section of the
e (7, 7%) M data [6, 11, 13, 14 over a wide range of photon energies and
momentim transfers. The most attractive parts of the caleculation are the
single polarization observables £ (photon asymmetry), T (target polariza-
tion asymmetry) and P (recoil polarization asymmetry). These polarization
observables contain interference terms of the various reaction amplitudes in
different combinations and may be more sensitive to small amplitudes of
interesting dynamic effects. With a polarized photon beam much more infor-
mation on the dynamics of the system can be extracted than is possible with
unpolarized beams. The calculations show that the photon asymmetry T is
very sensitive to details of the trinucleon wave function (such as D-state com.
ponents) and the Ey. amplitude of the delta, Consequently, a study of the
He (7, %) *H reaction will enable us to access important issues inaccessible
using unpolarized photons.

Until recently, the full capabilities of the photon as a probe of nuclear sys-
tems have not been realizable due to technical limitations. While high fluxes
of high energy, unpolarized photons have been available from a variety of
bremsstrahlung sources, similar fluxes of linearly polarized photons have not.
During the last few vears linearly polarized photon beams obtained from both
bremsstrahlung and Compton backscattering sources have become available.
Unfortunately, in the case of bremsstrahlung sources the polarization is sig-
mﬁcal‘lt- only for a relatively narrow range of photon energies at about l ti
3 of the maximum photon energy. In addition, the degree of pnlanmtmn is
often modest = 506, although this can be increased significantly (approach-

ing 85%) at the expense of energy range and tageing efficiency, Existing
and most planned Compton backseattering sources are operated as parasitic
operations at synchrotron light sources [15). Consequently, while they have
the very desirable properties of high polarization at the highest photon ener-
gies, very high tagging efficiency, and a broad range of energies at which the
polarization is significant, their fluxes are very limited by constraints on how
many electrons they can remove from the rings. Also, the energy resclution
of these beams s poor, ranging from about 5.5 MeV at LEGS to 15 MeV at



[}

GRAAL.

We plan to perform measurements of the differential eross sections and pho-
ton asymmetries in Hall B using either the coherent bremastrahlung source
currently under development[16] or the proposed Compton backscattering
facility [17], should it become available. We will use the liquid *He tar-
get designed by the Saclay group [18] and the CLAS detector. The CLAS
will permit detection of #%°s emitted in a wide angular range. With the
anticipated momentum resclution, the iso-elastic peak will be clearly sepa-
rable from the two- and three-body break up channels. At higher energies
and backward =7 production angles, it will also be possible to detect the
recoiling *He. This will completely suppress all other backgrounds under
those kinematic conditions where the cross section is smallest, The excel-
lent track reconstruction properties of the CLAS will enable us to use a long
target, thereby maximizing the luminosity and counting rate. Significantly,
the small transverse dimensions of the 5§ beam will enable us to use a tag-
get with a small transverse extent, thereby minimizing the material through
which reaction products must pass and minimizing the degradation of track
reconstruction capabilities that results from multiple scattering,

These technologies are ideally suited to this measurement. The combination
of photon beam, detector, and target makes Hall B at JLAB the only place

where this experiment 1s feasible.



2 Physics Motivation

The most important quantity to be measured is the polarized photon asym-
metry, defined by

. { 1 } der jdT — deor fa)l
T T AR [dofdftt  da il |

where the superscript L (|) refers to photons linearly polarized perpendicular
(parallel) to the reaction plane and F is the polarization of the incoming
photon beam. In a very simple model based on an harmonic-oscillator S-
shell nuclear wave function, the photon asymmetry for e (9, 74 *H and a
nucleon process p{¥, 7% |n can be related simply by

(*He) = Z{p).

However, this is true only for a naive model in which only the S-wave com-
ponent in the He wave functions is considered. In a realistic model, the
D-wave component can drastically affect this equality. The most extensive
calculation of this quantity for the reaction *He (7, 2%)*H has been carried
out by Kamalov, Tiator, and Bennhold [11]. In calculating £ a trinucleon
wave function in momentum space is used, It is dominated by the S-state
arplitude (905 while the D-state contributes about 8%. If only the major
S-wave components and the lowest pion-nucleon 5 and p-waves in the am-
plitude ¢, 5 are considered, the photon asvmmetry can be expressed in terms
of the v+ N multipoles Ey and My as

waintf

B = gt [ Mio(@U2Mye + M1 = 30 Q| Wa, (1)

where Wy 15 a kinematic factor, fom = 38 = My + My, Msp(Q) are
nuclear form factors, 5 and L are the spin and orbital angular momentum of
the nucleon pair inside the trinucleon system, # is the pion emission angle,
and .J is the angular momentum transfer in the scattering process, with J = 0
for non-spin-fip and J = 1 for spin-flip processes,

When the Dewave component iz ineluded, additional controbuations to the
photon asymmetry arise, one important part coming from the interference



between the 5- and D-state components. The KTH theory offers an explicit
expression for this contnbution at #, ., = 90 in terims of the elementary
il tipales:

Rsn(90°) = ekt Min (Q) My (Q) [20kREn,. £, (2)
—'.|'2|Eu+|2 = ["H-'! + 'Ti}lfemlzl“‘"r.d.

()

where ¢ and & are the momentum of the pion and photon respectively and
€} is the momentum transfer. The SD interference term contains a large Ey,
multipole, which dors not exist with an S-wave function alone. Therefore,
an enhancement of D-state contribution will lead to a modification of the
photon asymmetry. The first term in the square brackets in equation 3
gives an interference of Fy, and E,; multipoles due to the presence of a D-
state component. This interference will increase the sengitivity of the photon
asyvmmetry to the E2H(A) transition. 1t should e noted that this effect is
rather small in the differential cross section due to the large background
produced by the Eyy and My, multipoles,

The Eyy appearing here is that for charged pion production. It is, of course,
mitich larger than that for 7° production and is the reason that we use charged
pion production to study A properties rather than the more commonly used

77 production.

Figures 1 and 2 show the differential cross sections at # = 90° and § =
120* for photon energies up to 630 MeV from a caleulation in which the
contributions from different components are compared [12]. The reaction is
dominated by S-wave at low energies, E, < 450 MeV. As the photon energy
increases, the contribution of the D-state component in *He becomes larger,
for E; = 560 MeV and 8 = 00°, D-state component increases the cross section
by almost an order of magnitude. At backward angles, the effect of D-state
component starts at lower energies and becomes ) above 450 MeV. One can
also see that the effect By, multipole on the cross section is generally small.

The KTB theory predicts that the sensitivity of the photon asymmetry to
the E2(A) transition is enhanced when using the full wave function in con-
trast to using only the S-state components. Figures 3 and 4 show the energy
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Figure 1: Calculated energy dependence of the differential eross section at
8 = 90F. The solid (dashed) curve was caleulated with (without) D-state
components in the three-body wave function and the full production opera-
tor. The dash-dotted (dotted) curve was caleulated with (without) D-state
components in the three-body wave funetion but without the E;, (A) multi-
pole in the production operator,
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Figure 2: Caleulated energy dependence of the differential cross section at
# = 120", The solid (dashed) curve was calenlated with {without) D-state
components in the three-body wave funetion and the full production opera-
tor. The dash-dotted {dotted) curve was caleulated with [without) D-state
components in the three-body wave function but without the By (A) multi-
pole in the production operator,
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dependence of the photon asymmetry from the same calculation at #, = 90°
and #; = 120°, Obviously, the D-wave components and the Eyo(A) multi-
poles cause a drastic change, At 8, = 90°, involving the D-wave shifts the
todde of photon asyvmmetry from 300 MeV down to 430 MeV and the ENErEy
for maximal asymmetry 580 MeV down to 500 MeV, However, the effect of
the £, (4) multipoles is not large enough to be observed experimentally, At
#e = 1207, the effece £\ (A} multipoles is large enough to be extracted in
the region from 400 MeV (o 500 MeV.

The KTB theory uses a coupled-channel calculation to account for the fi-
nal state interaction (FSI). The largest contribution of the two-step process
(v. 7" }{7" 7] comes from the coherent non-spin-flip transition in the {4, =°)
channel with subsequent spin-flip transition in the (7= =) channel. There-
fore, the spin degrees of freedom in the pion-nuclear interaction significantly
affect polarization observables in charged-pion photoproduction at backward
angles.

In examining the disagreement between the experimental and theoretical
cross sections, Kamalov et al[4] developed a two-body mechanism which
reproduces the cross section data [3, 5, 14]. PWIA works well for low mo-
menturm transfers, but as Q% increases to 6 fm™? the agreement worsens and
it cannot be recovered by including pion rescattering. The introdouced two-
body mechanism, arising mainly from the sovector magnetic components
of the two-body operator, raises the cross section by up to two orders of
magnitide, Figure 5 shows the theoretical predictions at 400 MeV, One can
see that at 120° the cross section is enhanced by a factor of 10 when the
twichody mechanism is included.

Recently, Gomesz et l.[19] performed a new calenlation of the meson ex-
change eurrents (MEC) mechanism in nuclei starting from the vN — xa N
amplitude. In their model, one of the pions is produced off-shell from one
nucleon and is absorbed by another nucleon. Their results showed that the
cross section at large momentum transfers is dominated by the two-body cur-
rent and that the MEC's produce important effects in the photon asymmetry
in the A resonance region. For 300 MeV photons, the photon asymmetry
can be increased by a factor of two around 50° to 120°,
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Figure 3: Calculated energy dependence of the photon asymmetry at 8 = 9)°,
The solid (dashed) curve was caleulated with [without) D-state components
in the three-body wave function and the full production operator, The dash-
dotted (dotted) corve was calenlated with (without) D-state components
in the three-body wave function but without the E\ (A} multipole in the
production operator,
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Figure 4: Calculated energy dependence of the photon asymmetry at § =
120°. The solid (dashed) curve was caleulated with (without] D-state com-
ponents in the three-body wave function and the full production operator,
The dash-dotted (dotted) curve was caleulated with (without) D-state com-
ponents in the three-body wave function but without the £y (A) multipole
in the production operataor,
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In summary, potentially rich physics is contained in the combination of pre-
cise cross section and photon asymmetry measurements. With a polarized
photon beam and a large acceptance detector it will be possible to study this
physics by measuring the cross section and photon asvmmetry over a wide
range of encrgies and angles. The cross section data at all energies and angles
will enable us to determine the effects of distortions, two-body currents, and
multi-step processes. The photon asymmetry and the cross seetion data at
forward to middle angles will enable us to determine the D-state contribu-
tions. The photon asvmmetry data at more backward angles will provide a
determination of the Ej+(A) amplitude in a nuclear system. It is expected
that by the time this experiment is performed the E;+ amplitude on the free
nucleon will be precisely known, Our results then will provide a sensitive
measure of the effect of the nuelear medium on the A



3 Experimental Approach

The proposed experimental study of photon asymmetry in e (5, 775 ' will
require a polarzed photon source, a large acceptance detector with good
resolution, and a eryogenic liquid * He target. This section will be devoted
to & discussion of the photon source, the CLAS detector, the target, and a
Monte Carlo simulation of the experiment.

3.1 Photon Beam, *He Target, and Detector

Two options for the ¥ source are under consideration. The first choice is
the Coherent Bremsstrahlung Source (CBS) which is eurrently under devel-
opmment; the second cholee i the proposed Compton High Intensity Photon
source (CHIFS). The former has the distinct advantage of having already
been approved and funded. The latter promises a higher figure of merit for
this experiment and a generally higher quality beam, The CBS is expectad
to produce polarizations in excess of T5% over a restricted range of energies;
photons are still generated across the entire energy range but the rest are
unpolarized. The concentration of §'s in a narrow range necessitates adjust-
ing the svstem, crystal orientation and/or electron beam energy, for each
energy across the range to be covercd in the experiment. As a result, thess
changes represent lost measurement time. However, they do introduce two
advantages. First, the photon polarization can be kept high for all photon
energies unlike the case of the CHIPS with which the polarization for the
lowest photon energies would be significantly lower than 75%. Second, the
time spent measuring at each energy setting can be varied to equalize the
precision of the measurement, for all energies,

The target to be used is the liquid "He target designed and constructed by
the Saclay group [18]. The target cell is 20 em long, is nominally 4.3 em in
diameter, and 15 constructed of 170 um mylar foil. Because of the very small
asize of the § beam the diameter will be reduced to between 1 em and 2 em.

The CLAS detector will be used in this measurement. Its features include
large acceptance, charged particle tracking, momentum mapping, and parti-
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Figure 6: Typical simulated event of v*He — 4 **H from SDA with E, =
0 Mel', 8, = 90°,

cle identification by TOF. It covers almost all of the kinematic region con-
taining the physics that this experiment is intended to explore. The trigger
for this experiment will consist of & coincidence between the tagging spec-
trometer and & start counter placed around the target. This start counter
is composed of three pieces of plastic scintillator each 3 mm thick [20]. Fig-
ure 3.1 shows a typical event from an SDA simulation for E, = 500 MeV
and 8, = 90F,

The = will be detected by the start counter and then will be tracked by the
three regions of drift chambers, where its momentum and its charge will be
determined. Finally, it will be detected by the TOF counter. In general, it
will not be possible to detect the recoiling *H, but when the photon energy
is above 450 MeV, some higher energy *H's (Ex > 60 MeV) can reach the
TOF counter and be identified, Particles (=7, 7%, p. and d} emerging from
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other reaction channels also will be identified and measured. These data will
permit the examination of issues related to the two- and three-body breakup

channels (not addressed in this proposal] as well as being useful in rejecting
background events.

Figure ¥ shows the angular distribution of the pion momentum in the labora-
tory system. The approximately vertical dotted curves are the corresponding
center mass emission angles. One can see that in the energy range of interest
for this experiment, the moment lie between 200 MeV /e and 700 MeV fe.
With the CLAS detector, data will be acquired for center mass angles be-
tween about 107 and 1307,

3.2 Resolution

Crver most of the kinematic range, identification of the iso-elastic reaction
channel will rely solely upon the detection of a single 7. The missing mass
associated with the undetected recolling nucleons will determine whether the
reaction that produced the 7% was an iso-elastic or inelastic process. The
thresholds for two-body and three-body disintegration of *He are 6.78 MeV
and .48 MeV, respectively, s0 a missing mass resolution of about 5 MeV is
required. For photon energies between 200 MeV and 630 MeV, the resultant
pion momenta range from 220 MeV /o to 630 MeV /. At these momenta the
CLAS has a momentum resolution of about 1.0% (FWHM).

In modeling the experiment to obtain a better determination of the missing
mass resolution, it was assumed that the energy distribution of the photons
has an gaussian shape with an FWHM of 2 MeV. The azrimuthal angle ¢,
in laboratory systern was randomly generated across the full range of 2n
and the pion momentum was fixed by the iso-elastic kinematics. The SDA
codde [21] was used for the Monte Carlo simulation. The two-body break
up events were generated separately using the model described in [13]). This
model assumes quasi-free photon absorption process on a proton in the target
micleus. Accordingly, the cross section has the same general features as that
for 7% photoproduction on a free nueleon but is shifted and spread by the
binding energy and Fermi motion in 3He.
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Figure 7: Pion momentum angular distribution in the laboratory frame for
E, from 300 MeV to 700 MeV. The approximately vertical dotted curves are
the corresponding center mass emission angles.
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Figure & shows the moementum spectrum for pions produced st 40.6% by
photons with an energy of 338 MeV. A clear separation between the iso-
elastic peak and the broad quasi-free peak can be seen. As a comparison,
the spectrum at the same energy and angle from the Saclay data of d'Hose
ef al. [13] is shown in figure 9.

Figures 10 and 11 {12 and 13) show momentum spectra for pions prodoced
by 350 MeV (450 MeV) photons and emitted at 90° and 120°. From the
spectra, one can see that at forward angles, the elastic peak is getting closer
to the bump of the two-hody break up. The two peaks can be well separated
with the CLAS detector for polar angles of 30°. For backward scattering, the
requirement on momentum resolution s less severe,

Figure 14 shows the simulated missing mass spectrom corresponding to an
incident photon energy of 450 MeV and a pion emission angle of 907, From
these Monte Carlo simulations it was determined that the resolution is ade-
quate to separate the isg-elastic peak from two-body and three-body break
up processes. In the experiment, it will be necessary to group the data into
bins in the polar angle &, of at least 1° in width. The effect of this binning
on our ability to separate iso-elastic [rom inclastic channels depends upon
the dependence of pion momentum on pion angle. This dependence is shown
in figure 15 where, in most cases, the derivative of the momentum to angle is
less than 1 MeV/*. Polar angle bin widths of a few degrees will be possible

at larger angles.

3.3  Acceptance

In order to evaluate the solid angle acceptance, iso-elastic events correspond-
ing to each photon energy were generated and distributed uniformly over a
polar angle range from 10° to 120° With photon energies between 300 Mel
and 650 MeV this angular range corresponds to a G range from 0,08 fm~ to
2 fm~*. The acceptance obtained from SDA is listed in table 4. Figure 16
shows the acceptance ag a function of pion momentum. Figure 17 shows the
dependence of ¥ on ¢.m. pion emission angle for different photon energies,
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3.4 Recoil Detection

As deseribed earlier, the principal particle to be detected is the charged pion.
When the =% is emitted in the forward direction the kinetic energy of the
recoiling *H is too low to be detected. However, when the 7% s emitted
at backward angles it will be possible to detect the recodling 7. The main
problem in detecting the recoiling W is its larger energy loss which will
prevent it from reaching the TOF counter.

Table 1 lists the layers of material {compogition, distance to target center,
thickness, and density) inside the CLAS[22] (including the Cerenkov detec-
tor). Table 2 (3) lists the evolution of the energy of a *H nucleus with an
initial kinetic energy of 90 MeV (G0 MeV) as it passes through the CLAS with
(without) the Cerenkov detector in place. In general, the threshold energy
for a "H to be detected by the CLAS with the Cerenkov detector is about
&5 MeV, corresponding to a momentum of 700 MeV fe. The largest encrgy
less pecurs in the Cerenkov detector so if it is removed then the treshold 34
energy can be reduced to about 55 MeV. In addition, if the air gaps could be
replaced with helium bags, then the energy losses and, hence, the threshold
W energy would be further decreased. Figure 18 shows the dependence of
the *H kinetic energy on the 7% emission angle for different 7 energies. In
order to detect a significant number of 3H's, the ¥ energy must be greater
than 450 MeV without the Cerenkov counter or the polar angle is larger
than 45 degree. If the Cerenkov detector is in the way of the recoiling *H
the photon energy must be higher than 550 MeV in order for the *H to have
enough energy to be detected by the TOF counter.

The principal advantage to be gained by the detection of a recoiling nuclear
product will be the suppression of backgrounds, especially when the 5 energy
is highest and the cross section is the smallest. The detection of & recoiled
proton o deateron will mdicate the event 15 from an nelastic process.



Layer | Itern | Material | Distance | Thickness Dhensity
[crn] |em| |g/cm?]

1 target | L' He 0 10| 0.064
2 call mylar 1.0 0.017 1.59
3 pipe | C-fiber 9.5 .1 1.63
1 gap air 8.5 0.8 ] 1.29 =« 10~
] start. | scint. 1003 0.3 1.052
i gap air 10,6 B0.4 | 1.20 % 107
7 reg. 1 | mylar 100 00025 1.39
B reg. 1 | Ar-COy 100 15 | 1.57 = 1077
9 reg. 1 | mylar 115 00025 1.39
10 gap air 115 40 | 1.29 » 102
11 reg. 2 | nylon 155 00016 1.13
12 reg. 2 | Ar-C0y 155 a0 | 1.57 = 1079
13 reg. 2| nylon 185 0ol 1.13
14 gap air 185 65 | 1.29 » 10-%
15 reg. 3 | nvlon 250 0.0016 1.13
16 reg. 3 | Ar-COy 250 60 | 1.57 = 1077
17 reg. 3 | nvlon 10 0016 1.13
14 gap | air 310 B0.0 | 1.20 % 10-3
19 Cer | CyFyq A0 T0.0 | 1.29 = 1077
20 Cer |CH 470 1.0 1.03
21 gap air 471 20.0 | 1.20 = 1077
| 22 TOF | scint. 520 5.0 1.032

Table 1: Material in the path of a particle in the CLAS.
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Layer | Material dE;dx AE E.. | TOF

(MeV/iem] | [MeV] | [MeV] s
1 L He 16425 | 1.6425 | B8.3575 | 0.0000
2 mylar 234211 | 0.3982 | 87.0593 | 0.1353
3 C-fiber 274491 | 2.7449 | 85.2144 | 1.3126
4 air 00215 | 0.0172 | 851972 | 1.3126
5 scint 18.7302 | 5.6190 | 79.5782 | 1.4270
fi air 0.0231 | 2.0616 | 77.5166 | 1.4704
T mylar 25,9399 | 0.0648 | T7.4517 | 14.4214
8 Ar-CiOy 0.0281 | 04218 | 77.0299 | 14.4214
] mylar 202260 | 000656 | TE.O644 | 166009
10 air 0.0236 | 0.9425 | T6.0219 | 16.6008
11 nylon 22,2027 | 0.0355 | TH.9864 | 22.4489
12 Ar-00 00286 | 0.8585 | TH.1278 | 22.4489
13 nvlon F2H008 [ 00360 | THO918 | 26,8500
14 air 0.0241 | 1.568]1 | 73.5238 | 26.8509
13 nyvlon 22T | DU036T | TEAETO | 36.5169
16 Ar-CCyy 0.0295 [ 1.7719 | T1.7151 | 36.5169
17 nylon 23,348 | 0.0374 | T1GTTT | 45.5386
18 air 0.02532 | 2.2645 | 69,4132 | 45.5386
19 CyFyp 0.2135 | 14,9477 | 54,4655 | 60.9935
20 CH 37T.0572 | 37.0572 | 1T.4084 | 82.0492
21 alr | 00822 | 2.3839 | 15.0244 | 82,3728

Table 2: Energy evolution of a *H nucleus with an initial energy of 90 MeV
in the CLAS with the Cerenkov detector. AE is the energy loss in each
layer and E,., is the energy remaining after leaving the layer. The energy of
the *H nucleus as it leaves the air (Layer 21) and enters the TOF counter,
15.02 MeV, is well above the threshold energy (3 MeV) required to trigger
the TOF counter.



Layer = Material dE/dx AE Eres TOF

[MeV/em] | [MeV] | [MeV] s
1 L He 23220 | 23220 | 57.6780 | 0.0000
2 - mylar 33.1542 | 0.5636 | 57.1144 | 0.1678
3 C-fiber 396371 | 3.9637 | 53.1507 | 1.6449
4 air 0.0319 | 0.0255 | 5331251 | 1.6449
5 seint 28,6045 | 26083 [ 44.5168 | 1.7964
6 air 00377 | 3.3724 | 41.1444 | 1.8555
7 mylar 43,5820 | 0.1000 | 41.0354 | 19.4500
8 ATCOy 0L.0467 | 0.7007 | 40.3347 | 19.4800
9 mylar 44.1551 | 0.1104 | 40.2243 | 22.4661
10 air 0.0403 | 16130 | 38.6105 | 22 4661
11 nylon 38,8020 | 00622 | 38.5482 | 30.5969
12 ArCOy, 0.0495 | 14846 | 37.0636 | 30.5969
13 nylon 40,2331 | 0.0644 | 369992 | 36.8138
14 air 00438 | 2.8496 | 34.1496 | 36.8188
15 nylon 42,9153 | 0.0687 | 34.0810 | 50.8541
16 ArCOy 00550 | 3.3512 | 30.7298 | 50.8541
17 nylon AG.0387 | 0.0751 | 30,6547 | 64.5022
18 air 0.0580 | 11,0283 19.62&4!54.51]22

Table 3: Energy evolution of a *H nuclens with an initial energy of 60 MeV
in the CLAS with the Cerenkov detector.
laver and £, is the energy remaining after leaving the laver. The energy of
the *H nucleus as it leaves the air {Layer 21) and enters the TOF counter,
19.63 MeV, is well above the threshold energy (3 MeV) required to trigger

the TOF counter.

AE 15 the energy loss in each
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Figure 18: Recoil kinetic energy dependence on @, for different E.'s.
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3.5 Ewvent Rate and Precision

The time required to obtain a good measurement of the asvmmetries can be
estimated starting from the cross section and asvmmetry at 90%and 120° in
the ¢.m. frame as shown in figures 1 and 2. In these estimates the liguid * He
target is assumed to be 20 em long and to have a density of 0.065 g/em®.

The fAlux distribution and polarization for the Coherent Bremsstrahlung Source
was obtained using the code of Jones [23). The maximum tagged photon flux
on target was determined by requiring a trigger rate of not more than 1500 Hz
in the CLAS. A collimation angle of one half the characteristic angle was cho-
sen to give good polarization over a reasonable energy range. A total of 300
howrs of beam time with a beam energy of 1.6 GeV will be required. The
time will be split among the three settings with 20 hours spent at the first
setting, 160 hours spent at the second setting, and 120 hours spent at the
third setting.

The polarized photon asymmetry £ is

e 1 [dofdftt — dojdi
T B | do/dt 4 do/doH

where the superscripts L and || refer to photons polarized perpendienlar and
paralle] to the scattering plane. Since data will be taken for all values of
the angle ¢, the asymmetry is determined by fitting to the complete angular
distribution.

The estimated precision of the data for pion emission angles of %" and 1207
is listed in tables 4 and 5. The solid angle was obtained by integrating over
10¢bins around the nominal value for &, and over the full ¢, acceptance.
The photon energy was binned in 40 MeV intervals. A 3% systematic un-
certainty in the acceptance and normalization was added in quadrature to
the statistical uncertainty in computing the error bars for the measurements
of the cross section. A 5% systematic uncertainty in the beam polarization
was similarly included in the error bars for the photon asymmetry. Projected
results are shown in figures 19 through 22 for the differential cross section
and the photon asymmetry for plon emission angles of 90%and 120°.



At

~ Ey I, | P defdil | Acp [ Counts ¥ AT |
[MeV] | (kHz] | [%] | [nb/sr] | [%] K] '
320, 3720, 0.6000 | 57540 3262 | 0.520 | 0.0295
360, | 2600. | 0.8300 | 113.00 4.60 | 0.593 | 0.0387 |
400, | 4240, | 0.8400 | 31.06 2.11 | 0.366 | 0.0410 |
400, | 941, | 0.5200 | 3106 0.47 | 0.366 | 0.1271 |
440. | 1853, | 0.7300 | 13.40 3.25 | -0.171 | 0.0350 |
480. | 3266. | 0.8200 | 747 3.23 | -0.667 | 0.0451
320. | 1131. | 0.6000 | 5.7 0.87 | -0.720 | 0.087G |
s60. | 1997. | 0.7400 | 5.28 1AL | -0.449 | 0.0556 |
600. | 2620. | 0.6500 | 4.57 160 | 0.007 | 0.0543 |

EEEREZEEIE

Table 4: Projected event rates for 8. = 90° | A photon energy range of £20
MeV centered on ES and a range of scattering angles corresponding to £5°
in the c.om, frame was assumed, Incident photon Auxes and polanzations
were those determined for the Coherent Bremsstrahlung Source.

The precision of the cross section measurements will be limited mainly by
the systematic error to about 4%. The precision of the photon asymmetry
measurements will be limited by the systematic 0 at low energies but by
statistics at the higher energies. With thia precision it will be possible to
distinguish the contributions of the £, multipole and the Dewave, By com-
bining the data taken at all energies and angles we estimate that we will be
able to extract the Ey, multipole with an uncertainty of 15% and the D-
state with an uncertainty of about 5%. These extractions will necessarily be
model-dependent but with the large amount of data over such a wide range
of kinematics to constrain fhe Gt this dependence should be minimal.

The experiment could also be performed with the proposed Compton High
Intensity Photon Source {(CHIPS) which would feature high fluxes, low hack-
grounds, high and much more precisely determined polarization. With a
4.8 GeV electron beam and a 2.4 eV laser, it would be able (o deliver at least
the 3 = 107 photons per second on target within the energy range of interest
reguired to obtain a total event rate of about 1.5 kHz. The cross section
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E, L | Pedefdaft | Acp | counts E AL
[(MeV] | [kHz] | [%] | [nb/sr] | [®] (K]
320, [ 37X, [ 060 ] 11680 | &5 6.81 | 0,382 | 00544
360, | 2600. | 0.83 | 11.51 &5 0.49 | 0,441 | 0.0803
400. | 4240. | 0.84 1.44 010 | 0.351 | 0.1723
400 | 941, | 0.52 144 0.02 | 0351 | 0.5879
440. | 1853, | 0.73 .83 0.19 | -0.087 | 0.1409
430, | 3266, | 0.82 I.14 (.46 | 0.001 | 0.0804
520, | 1131, | 0L60 1.36 019 ) 078 | 01707
H60. | 1997 | 0.74 1.48 0.37 | 0.261 | 0.1004
G00. | 2629. | 0.65 0.79 0.26 | -0.019 | 10,1349

Bl -

Table 5: Projected event rates for @, = 120° . A photon energy range of £20
MeV centered on E, and a range of scattering angles corresponding to +5°
in the c.m, [rame was assumed. Incident photon fluxes and polarizations
were those determined for the Coherent Bremsstrahlung Source.
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Figure 19: Projected differential cross section measurements at &, = 907 for
300 hours of beam from the Cobherent Bremsstrahlung Source.
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Figure 21: Projected photon asvmmetry measurements at 8, = 907 for 300
hours of beam from the Coberent Bremsstrahlung Source.
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Figure 22: Projected photon asymmetry measurements at &, = 1207 for 200
hours of beam from the Coherent Bremsstrahlung Source.
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measurements with the CHIPS would also be limited by the 3% systematic
uncertainties of the detector system. However, the precision of the photon
asvimrnetry messurements, shown in figures 23 and 24, would be about three
times better than the results obtainable with the CBS. This would enable us
to extract the E;, [A) with an uncertainty of less than 10% and the D-wave
with an uncertainty of less than 5%. Consequently, if the CHIPS is bilt, it
would be the better choice but the physics goals are attainable using either
SO0ITCE,

3.6 Additional Accessible Physics

In addition to the reaction upon which this proposal is based, data on several
different channels will simultanecusly be available:

e (5,74 )nd
WHe (7, 75 n)d
He (7,2 n)pn
He (7,7 d)n
e (7, 7+ nd)

He (F, 7" )ppp

HHe (T, p)d
He (7, d)p
He (. p)pn

(3)

First, there are the two- and three-body break-up channels, where meson-
exchange currents and possibly off-shell effects may play significant roles [5].
Second, there is the conjugate process, r~ photoproduction. Unlike the =+
case, no ise-elastic peak in the momentum spectrum ean exigt. In addition
to their intrinsic interest, these data could be useful in fixing the location
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Figure 23: Projected photon asymmetry measurements at 8, = 90° for 300
hours of beam from the CHIPS,
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Figure 24: Projected photon asymmetry measurements at &, = 120° for 300
hours of beam from the CHIPS.
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of the quasi-Tree peak and could help us to remove the contributions of the
break-up channels from the so-elastic #F production data.

Unfortunately, coherent or elastic #° photoproduction will be difficult to
measure with anv precision. The recoiling *He’s will have energies too low to
b detected in the CLAS, The electromagnetic shower counter will be able to
detect the two =" decay photons but the missing mass resolution is expected
to be about 40 MeV, inadequate to isolate elastic events from the two- and
three-body photodisintegration channels,

The two-body photodisintegration of *He has been studied both experimen-
tally and theoretically [24] at lower photon energies. It was found that the
meson exchange contribution s very important and that the cross section
is very sensitive to the details of the muclear model. The fit to the data is
significantly improved when Dewave components are added to the wave func-
tions. The currently proposed experiment. would extend the available data
to higher photon energies.

The three-body photodisintegration of *He has been studied experimentally
at Saclay [25). It was predicted that three-nucleon absorption would play
a significant role in the momentum region between the quasi-free and the
WHe (+, pid peaks where the cross section was systematically underestimated
by caleulation, The experimental data were largely limited by bremsstrahlung
contamination in the 5 beam, The proposed CHIPS 5§ source would not. have
this problem and the higher quality data may make it possible to clarify this
ambiguity.

3.7 Related Experiments

There are twe approved experments in Hall B 0 on photon induced reac-
tions on He: PR 93-044 and PR 91-014. There is no overlap between the
experiment proposed here and these two proposals, First, the two currently
approved experiments will use only unpolanzed photons; no polarzed ob-
servables will be measured. Second, they plan to run at significantly higher
energies, K, = H00Mel. Moreover, the physics foci of these experiments,
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strange production and three-body break up, are very different from those
of the experiment proposed here. A third Hall B experiment, E-89-017, pro-
poses to study the electroexcitation of the A in *He but it also will not involve
anyv polarization measurements and will focus instead on the QF evolution of
the production amplitudes.

3.8 Choice of Facility

The proposed experiment requires the unique combination of capabilities
offered by the CLAS detector and a F source in Hall B. The cross sections
are small and measurements over a wide range of pion production angles are
required so the broad acceptance of the CLAS is crucial. It is necessary to
identify iso-elastic events by reconstructing the missing mass accurately so
the relatively high precision of the CLAS detector is also required. Finally,
the simplicity of the fAnal state of prime interest (*H 4 7+), of which only
the wF usnally will be detected, requires that background levels be kept very
loww.

We plan to parform the experiment with the Coherent Bremsstrahlung Source
as we have determined that it is adequate for our needs and its construction
alveady has been approved and Tunded. Should the proposed, but neither
approved or funded, CHIPS become avallable we would uwse it instead as it
wollld enable us to perform a higher precision messurement with the same
amount of beam time.

Few ather sources of linearly polarized photons either currently exist or are
planned]15]; none are suitable for this measurement.

o LEGS: The maximum photon energy at LEGS is approximately 480 MeV
with the new frequency doubled laser, insufficient for this experiment,
In addition, the energy resolution of the 4 beam is about 5.5 MeV,
Unless the iso-elastic channel s identified by detecting the recoiling 7H
this resolution, coupled with the low resolution of existing detectors
at LEGS, is inadequate. The idea of performing the experiment at
LEGS using recoil detection was evaluated but the combination of low
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4 flux and thin target required o allow the PH's to escape resulted in
prohibitively low counting rates,

GHAAL: The maximum 7y energy at GRAAL will be about 1.1 GeV but
the energy resolution will be even worse than at LEGS, about 15 MeV.
The flux will be comparable to that at LEGS so attempting the mea-
surement using H detection would suffer from the same prohibitively
low rates.

Spring-8: The planned energy resolution is about 20 MeV with fluxes
comparable to those of LEGS and GRAAL.

TUNL/DFELL: The maximum energy of this facility will be about
200 ey

Mainz: The maximum electron energy at Maing is about 850 MeV and
linearly polarized photons are produced by coherent bremsstrahlung
from a diamond. The polarization of v s with energies above 500 MeV
(where the amall cross sections make a high fgure of mernit imperative)
produced by an 830 MeV beam are much too low to be useful for the
propesed expenment.,

Bonn: The + energy resolution is 10 MeV and the flux is comparable
to LEGS. Accordingly, the need for recoil detection at all kinematics
would necessitate the same thin targets and the same prohibitive event
rates as at LEGS,
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4  Summary

We are requesting 300 hours of beam time for a measurement of eross sections
and asymmetries for the reaction *He(7, #*)*H at photon energies between
300 MeV and 630 MeV, The broad kinematic range to be spanned by the data
will enable us to aceesg a rich body of physics related to the interaction of
photons and pions with nuelel and, most importantly, possible modifications
of the properties of the A in a dense nuclear svstem. It will also enable
ns to measure the D-state component of the 3-body wave function. The
measurements require the wnigue eombination of capabilities promised by
the CLAS detector and the Coherent Bremsstrahlung Source; they cannot
be performed at any other existing or planned facility.
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