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ABSTRACT

In an experiment conducted at the Caltech 1.5 GeV electron
synchrotron, we measured the cross section for photoproduction of
eta mesons from deuterium. The measurement was performed by detect-
ing and measuring the energies of both photons from the n — 2y decay
mode using two totally absorbing lead glass Cherenkov counters. These
counters were placed symmetrically about the photon beam line in order
to best detect eta mesons photoproduced along the beam line. By
varying the placement of the Cherenkov counters and by varying the
synchrotron end-point energy, we were able to obtain information on
the forward and backward cross section for photoproduction over an
energy range from about 725 MeV to about 1225 MeV.

Within the framework of the impulse approximation, we expressed
our results as a sum of the differential cross section for eta photo-
production from protons plus that from neutrons. The unfolding of the
cross section was performed by finding the function that was the
smoothest (using a well-defined measure of smoothness) function that
fit the .data to within a given degree of accuracy (as measured by‘Xe).

The results show that for photon energy below 950 MeV, the
cross section for photopréduction from neutrons is about equal in the
forward and backward directions, and is about the same as the cross
section for photoproduction from protons. Above 950 MeV, & signif-
icant angular asymmetry is seen, and the neutron cross section shows

signs of reaching a minimum, then rising. These results are inter-
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preted in terms of contributing isobars.
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I. INTRODUCTION

A, Symmetry Considerations

At the time we decided to perform this experiment on
7y +d -7 + n + p, much information on the reaction y + p =1 + p
below 1.5 GeV photon energy was available or about to become available
(see especially reference 22 and references therein). The cross
section had been measured at a few angles to within about a ten percent
accuracy from slightly above threshold to 1.45 GeV with a density of
about one measurement every 15 MeV. A measurement of the polarization

(22)

of the recoil proton was being analyzed. Information was also
becoming available on cross sections for eta photoproduction from
protons at energies higher than the 1.5 GeV to which we were limited
at Caltech. But no measurements had yet been made on eta photopro-
duction from neutrons. Moreover, work had already begun on a

Y + p =N+ p experiment with kinematics such that the recoil proton
could not be detected. Merely replacing the hydrogen target with a
deuterium target allowed us to examine eta photoproduction from
"neutrons. As it turned out, a group at Frascati was also working on
7Y +n-1n+ na(gs) Their measurements gave cross sections at two
energies around 850 MeV and at center-of-mass angles -.4<cos(0) < .6.
We proposed to map out the cross section for the same reaction, but
at cos(6) ~ 1 and over the energy range from threshold to as high
an energy as we could successfully reach with the methods, equipment

and time available. The reader deserves an explanation of how such

information can be valuable.



We begin by writing down a general expression for photopro-
duction to lowest order in the electromagnetic interaction. Consider

the reaction
Y + a —>b.

The amplitude for this reaction to lowest order is of the form

Amplitude a:eu(b[j“(ﬁ)[a),

where e is the polarization four-vector of the photon (we use the
- p
notation x y“ = Sy = Xoyb —§i§§, j“(ﬁ) is the electromagnetic

current operator and ﬁkis the four vector photon momentum. Such
matrix elements are non-zero only if the isospin of b differs from

that of a by zero or one. From this observation, it follows that j

can be made up of no more than an isoscalar component plus an isovector

component. If we write ju = jV + ji = isovector + i1soscalar, then

vl
it is a matter of simple group theory to obtain certain relations for
) i (24) . (18)
photoproduction of pi mesons from nucleons. Following Walker,
we use the notation AV3 for the part of the amplitude corresponding

to ©N final states with I=3/2, gV

for the part corresponding to I=l/2
final states from the jV part of the current, and AS for the I=1/2
final states from js .

Then

y +p-ox +n: A" =Jl/3 T -./2/3 (AVl - AS) 3

y +pon +p: A° =./2/3 5 +.[l/5 (AVl - AS) )

IA.1l



- - 1 N,
y+n-gx +p: A =N"/3 AV 2/3 (AVl ’! AS),

y +1n -1 + n: Aon=A)2/3 NG +/Jl/3 (AVl + 85y .

IA.l

We write down the corresponding equations for photoproduction of etas.

PSS L Al

7 + P~ T+ P:

2

I A.2

V1

Yy +n— 1+ n: AUO = ASn + A ‘

Photoproduction of pions was historically studied first, and
has been and will continue to be known better than eta photoproduction.
But although eta photoproduction experiments are harder, in some
respects they are more rewarding. The special simplicity of equations
I A.2 arises from the fact that the final state can only be isospin 1/2,
rather than both 1/2 and 3/2. 1In the case of pion photoproduction, in
order to separate I=1/2 from I=3/2, two photoproduction amplitudes
must be known, and amplitudes are usually hard to extract from experi-
mental yields, which represent probabilities. The separation is
performed automatically when the final state is an eta-nucleon system.

Let us now extend our discussion of symmetries to SU(3) (see
for example reference 37). If we take the Fourier transform of jo
and integrate over all space we get the electric charge, Q, which in
the language of SU(3) satisfies Q = IZ + Y/2 = z-component of the
isospin + half the hypercharge. This operator, Q = jO(O), is the U-spin
zero member of an SU(3) octet of operators. If we assume jH(EB also

has U=0 (regardless of whether or not it is entirely octet) then



electromagnetic transitions cannot change U. As Lipkin(26) first
pointed out, the member of the 10% (anti-decuplet) isodoublet corre-
sponding to the proton has U-spin = 3/2, so cannot be photoproduced
from the U=l/2 proton. The member of the 10% isodoublet corresponding
to the neutron has U=1l, and can be photoproduced. One reason, then,
for our interest in photoproduction of I=1/2 states from neutrons is
the possibility of seeing evidence of a 10*. Remember that the inter-
mediate states of our experiment will all be I=l/2 non-strange baryons.
A 10%, or for that matter anything other than an octet, would be
surprising in our experiment because in any three-quark model of the
baryons, I=l/2 non-strange baryons must be members of octets.

If we move g little further along the path toward current
algebra, we can suppose that the electromagnetic current is not only
- a U=0 operator, but is a member of an SU(3) octet. We now can de-
compose the photoproduction amplitudes with respect to SU(3) repre-
sentations in the same way used in the derivation of equations
IA.1l and I A.2, but first we restrict ourselves to the case of
resonances in the intermediate state. The intermediate states of
photoproduction from nucleons must be limited to members of the
possible irreducible representations of

g X g = % + Bd + §f + 10 4 10% 3 ZTs

~

The restriction to strangeness = zero, isospin = 1/2 excludes the 1
and 10 from consideration. Then simple manipulation of SU(3)
Clebsch-Gordon coefficients at the photon vertex relates AS to AVl

and relates ASn to Avno Similar manipulation at the decay vertex



relates AVn to AVl and ASn to AS. The results, of course, depend on
the representation to which the resonance belongs. . Table I.1
summarizes the results. O§/(l-a&) is the D to F ratio at the photon
vertex when the intermediate state is in an octet, and a/(1-a) is the
D to F ratio at the decay vertex. ay and O can be expected to vary
from one resonance to another. When an octet resonance is pure
isovector (as Walker<18) obtains for the sil(lsss), the Di3(1520) and
the F15(1688)) then it means o& ~,75. When an octet resonance is
observed in photoproduction of pi mesons, but not in photoproduction
of etas, then for that resonance O = .75.

For those components of the amplitude that are in a 10% or
27, the ratios given in Table I.l are correct regardless of whether
or not a resonance dominates. Then equations I A.l and I A.2 can

have their 10% and 27 parts separated from their octet parts:

P Ji?% AVS _ J@%Z; (AXl - Ai + 2Ap7) ’

P TN I (ag" - AD +20,)
AR /’2; AL P (Azl + Ag t A - Ay
Al Agﬂ - Agn s 6A,,

no_  ,5M Vn
AV = Ae + A8 - AlO + 3A27 "

For each octet resonance, the components of the octet amplitudes
corresponding to that resonance still satisfy the relationships given

in Table I.l. From equations I A.3 we see, as pointed out earlier,



that the 10* does not contribute to photoproduction from protons. We
also see that the 27 component contributes more to eta photoproduction
than to pi photoproduction and contributes more to photoproduction

from protons than from neutrons.

B. Resonances and Exchanges

Some of the intermediate states that we might expect in eta
photoproduction are (from the Review of Particle Properties)(gs)
P]'_l(1470), Di3(1520), S]'j_(lSSS), D15(167O), F15(1688), si'l(rzoo), and
P£l<l780)' Other particles are expected to be too high in mass to
greatly affect this experiment. We will discuss these resonances one
by one.

Pil(l470), the Roper resonance, has not yet been shown to
appear in photoproduction. It is probably below threshold for our
reaction, but its mass is known very poorly. It was once suspected,
in fact, that the large cross section near threshold is caused by the
Roper. Althoughvit now seems pretty certain that the Sil dominates
near threshold, the tail of the Roper may be able to influence the
cross section even if the Pil is below threshold. The effect of the
Roper resonance must be suppressed by the angular momentum barrier.
As Levi Setti<52) points out, the effect of the angular momentum
barrier can be described qualitatively as follows: Maximum angular
momentum allowable in outgoing state = center-of-mass momentum of an

outgoing particle x maximum distance over which the strong interactions

can act (one or two fermis). From this point of view, we expect the



TABLE I.1l

SU(3) Derived Relationships for Resonances

Ratio

Representation of Resonance

8 10

27

~

5
A /
A

Sh|
A /
AL

3-400




tail of the Roper to start having an effect when the photon lab energy
exceeds 750 MeV (so that the eta has c.m. momentum of over 134 MeV/c
and the center-of-mass energy is over 1513 MeV). The interference of
the Pil with the Sil would cause a cos(©) term in the center-of-mass
cross section. Such a term is not observed in ¥y + p - N+ p (as of
this writing) up to a photon energy of 865 MeV. See, for example,
reference 21. If the Roper resonance were in an SU(3) 10%, this absence
of the cos(0) term would be easily explained by U-spin conservation, as
discussed in the previous section. But according to the quark model
as used by Faiman and Hendry(gs) (and later by Copley, Karl and
Obryk)fgg) the Pil should be produced even less frequently from neutrons
than from protons. If we see evidence of a Roper resonance in photo-
production from neutrons, it will at least contradict the version of
the quark model used by Copley, Karl and Obryk. Such evidence would
even suggest that the Pil is in a 10%, contradicting all models which
make baryons from three quarks.

We now turn to a discussion of the Dis(lSBO), observed promi-
nently in elastic pion-nucleon scattering (the "second resonance")
and in ¥y + N »N + ® . Although the angular momentum barrier should
strongly suppress the D!_ inx +p —=N+n, a D,.' term can be seen

13 L5

there as an interference with the nearby Sil' Such interference

produces a substantial cosz(@) term in the reaction = +p —» N+ n

(20)

at pion kinetic energy of 655 and 704 MeV. These energies corre-

spond to 805 and 855 MeV in eta photoproduction. But an experiment

(21)

conducted at Orsay found little or no cosg(e) dependence in

7Y +P — 1N + P when the photon energy varied from 750 MeV to 865 MeV.



In order to see whether such an interference term is to be expected in
7Y +n =271 +n, we must try to understand why none was seen with a
proton target.

Suppose an experiment is performed in which two unpolarized
particles collide to produce one or more outgoing particles. We have
in mind & cross section measurement or a measurement of the polarization
of a recoil particle. In the center-of-mass, the results of the experi-
ment must be independent of the azimuthal angle about the axis of the
two unpolarized incoming particles (the z-axis). It follows that the
interference between states of differing [JZ[ cannot contribute to the

results of such an experiment. For the D]

122 IJZ[ = 1/2 or 3/2. But

it is known from partial wave analyses of ¥ + P = x + N(l7’ 18, 19)

that in photoproduction from protons the Di3 is produced primarily in

a [J,| = 3/2 state. It follows that even if the D;, contributes as
large a fraction to the amplitude for y + p 2> n + p as 1t does to that
for = + P 7 + n, in the photoproduction case the Di3 will not inter-
fere with the J=l/2 states to produce a cosg(g) term. Similarly it
will not contribute to the recoil proton polarization. One way of
detecting the DiS in y + p 2 n +p would be to measure the polarized
photon asymmetry or the polarized target asymmetry. In either case,
only the interference between differing ]JZ} contributes to the
asymmetry.

At this point in our reasoning, the question is whether |JZ| =1/2

can be expected when the DiS is photoproduced from neutrons. According

to Copley, Karl and Obryk,(gg) the answer is yes. From their use of a

quark model, the cancellation of the [JZ] = 1/2 that occurs in photo-
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vk
13

But consider, on the other hand, the argument of Bietti.

should not occur in photoproduction of the Dig g

(30)

production of the D
He

concludes from current algebra considerations that

E2Vl
a) —= = 2.7, and
M V1
2=
S
b) E,_ ~ O.

Eg% and Mg% are parts of the electric dipole and magnetic quadrupole

moments that contribute to AVl in equation I A.l. ES

o 15 & part of

the electric dipole that contributes to AS. Subscript "nt" denotes
a part of the amplitude corresponding to a state of angular momentum

j = nts and parity -(-l)no The D!_ is then contained in "2-" multi-

13

poles. From equation I A.l, the statement that DiS is not photo-
produced with Ile = 1/2 is equivalent to the statement that there is
no component of AVl—AS corresponding to such a state, which implies
that

V1 S V1

g _ oi2- P2 Po. 2.7
I V1 B
M-y M-y 1 M’Z/ V1
M
oL
(18)

(see Walker's paper for definitions allowing one to relate the

condition ]JZ| = 3/2 to relations between multipoles). Thus both
Ez_ and Mg_ are small, and Di3 is produced primarily through the

isovector current. From equation I A.1l it follows that if AS is zero

45 *

as small a fraction of [JZI = 1/2 from a neutron target as from a

for production of the D! then the DiS should be produced with just
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proton target. Our confidence in Bietti's work is encouraged by the
phase shift analysis of Walker,(18> who finds that the Di3 is indeed
produced primarily by isovector current and that the lJZ| =1/2
component of the Di3 is small for both proton and neutron targets.
Copley, Karl, and Obryk recognize the contradiction between Walker's
results and their theory, but point to more recent experimental evidence
from DESY contradicting Walker's conclusions.(Sl) Walker himself

admits that his fits based on photoproduction from neutrons "must be

w(18) Measurement of the cosg(e) term in eta

regarded as tentative.
photoproduction from neutrons would supply valuable evidence for re-
solving the above discussed theoretical and experimental contradictions.

(23)

The Frascati experiment in which the ¥ + n = 1 + n cross section
was measured at center-of-mass angles -.4 < cos (0) < + .6, combined
with our results at cos(®) =~ %1, can give a crude estimate of the
cosg(Q) term at energies appropriate for observing Sil - Di3 inter-
ference.

Next we discuss the S;, . Both the reactions X +P N +n
and ¥ +p. - 1N +Pp show a strong enhancement in the cross section near
threshold. In the former reaction, references 33 and 34 made it clear
that the S-wave dominates. It is plausible, then, that the similar
behavior of ¥ + p = 1M + p near threshold is also explained by Sil
dominance. This view is supported by the phase shift analyses of
references 35 and 36, where it is found that a dominant Pil would be
inconsistent with the data. See also Appendix F.

Over a rather small energy range, the Frascati group finds

approximately the same cross section for » + n -»1n + n as for
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Y + P71 + P. Suppose our more complete explcration of the energy
range near threshold supports the belief that near threshold AnO is

dominated by an Sil of about the same magnitude as appears in An+. Then

by the symmetry considerations of the previous section, the Sil is

verified to be in an SU(3) octet. It is hard to say much about the

value of « for the Sil because the effect of phase space depends so

strongly on the poorly known Sil mass and width. But if O were near

.75, we pointed out in the previous section that the amplitude for
decay into the eta-nucleon system would be small compared to that into
the pl-nuclcecon syutem.  Becoause Lhe phasce space Lo Lhe clba-nuceloeon
system is so much smaller that that for the pi-nucleon system, O near
.75 would imply decay almost exclusively into a pi-nucleon state. The
large Sil enhancement near threshold of ¥ + p =1 + p and of

T+ D -1 + n excludes this possibility, and it is even likely that
the majority of the Sil decays are into an eta-nucleon state (see the
baryon references given in the Review of Particle Properties<25)). As
mentioned previously, Walker(lB) tentatively finds that AS/AVl is small,
so that for this resonance 0& is near .75.

Recall that for pion photoproduction off protons it is well
established that for the D], the [JZ|= 1/2 amplitudes nearly vanish.
From the point of view of Copley, Karl and Obryk, this fact is a
consequence of the near cancellation of two quantities. In the approx-
imation that the S!. is produced at the same energy as the D'S, exact

1L 1

cancellation for the DiS would imply that the ratio of isoscalar to

isovector contribution to the Sil is



13

N S -y
T = % ° Tene -18
AVl AVn tan 6 - 16

where O is the.mixing angle between the S with total quark spin 1/2

11
and the Sll with total quark spin 3/2. The quark model experts have
not yet been able to decide what the mixing angle should be. Faiman

(28) (29) preferred 700.

and Hendry suggested 5505 Copley, Karl and Obryk
In either case, AST]/AVTl is small.

From what has been said so far, both quark model and experiment
agree that the Sil is produced primarily in an isovector interaction.
But in that case, we would expect y + d # 7n + d near threshold because

(38)

deuterons are isoscalars. Anderson and Prepost, however, find that
the cross section for y + d - n + d is not zero, and in fact is large
enough to be consistent with production entirely by an isoscalar inter-
action. This result favors an S mixing angle near 900, and contra-

11
dicts Walker. Furthermore, as Faiman and Hendry(gg)

point out, © near
90O implies the existence of an unacceptably large 811(1700).

In our experiment, not only do we hope to improve on the accuracy
of the Frascati results, but we may have a handle on the relative sign
between A" and Ano (if the sign is positive, the reaction is mainly
isoscalar; if the sign is negative, the reaction is mainly isovector).
The eta can be photoproduced from either the proton or the neutron in
the deuteron. But the final states for the two processes contain the
same particles, so they can interfere. Constructive interference would

indicate positive relative sign between A" ang Ano, and destructive

interference would indicate negative relative sign. We will later
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analyze this experiment in terms of the impulse approximation, but we
can already see qualitatively that the interference should appear only
in forward eta photoproduction. For backward photoproduction, the
nucleon from which the eta was photoproduced would be moving rapidly
down the beam line while the spectator would be moving relatively
slowly in the lab. The final states with the proton as spectator could
then be distinguished in principle from those with the neutron as
spectator, and the two kinds of final states would not interfere. We
will therefore look for evidence of an enhancement or depression in

the forward cross section.

We have completed our discussion of the possible (known) inter-
mediate states near threshold. The D15(167O) lies in the upper part of
the energy range covered by this experiment. Its absence from photo-
production from protons was first predicted by Moorhouse(4o) as a
consequence of a quark model. Ecklund and Walker<39) did find possible
evidence for a D15 in positive pion photoproduction from protons, but
its amplitude was small. We can expect a larger amplitude for pion
photoproduction from neutrons, but it is possible that the D to F

ration for the D is such as to prevent its decay into the eta-nucleon

15
channel. This effect occurs for the F15°
The Fls(l688) is not observed in ¥ + P =1 + P, but it is seen

(43)

in vy + 1>—>no + P. Heusch, Prescott and Dashen used SU(3) arguments

corresponding to certain entries in Table I.1l to conclude from these

facts that the F15 must be in an octet and must have .515 a < 1.0.
0

For our purposes, we need only note that the F15 is photoproduced from

-+

neutrons far less frequently than the FlS is photoproduced from protons,

(53

)
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contradicting the result of reference 18, which had the F._ photoproduced

15
primarily by an isovector interaction. Because isospin conservation at

the decay vertex implies that the amplitude for Fg -7 + n is equal to

S
that for FIS -1 + p, the F15 should be even harder to see in eta
photoproduction from neutrons than it 1s in eta photoproduction from
protons.

The S;l (1700) may appear in our experiment as an angular
asymmetry caused by its interference with the Pil(l780). In the frame-

(40)

work of the quark model, Moorhouse has predicted that if the mixing

angle of the S.. resonances is small, the S£1(1700) will be absent in

11
photoproduction from protons and present in photoproduction from
neutrons.

The le(l780) is seen clearly in the reaction ® + p— 7N+ n
as a bump in the cross section and as an interference between its low
energy tail and the high energy tail of the Sil(lSSS).(go) This
resonance seems to appear (somewhat less clearly) in y + p =1 + p,(42)
so the angular asymmetry from such an interference could appear in our
data.

We conclude this part with a brief discussion of the possible
t-channel contributions. Charge conjugation limits us to such states
as the po, w, @ and B°(1235). Assuming the usual w-§ mixing angle
(sing(e) = 1/3) and assuming the electromagnetic current transforms

under SU(3) like a U = zero member of an octet, the vector meson-photon-

pseudoscalar meson coupling constants can be related:
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where we have neglected n—xo mixing. Since the ¢ doesn't couple strongly
to the nucleon, p exchange is expected to dominate the eta photoproduction
exchanges, and it contributes only to AVﬂ . Dar and Weisskopf(4l) argue
more carefully, come to a similar conclusion (ignoring the B(1235)), and
successfully predict the high energy behavior of eta photoproduction

from protons. Similar success should be anticipated when their methods
are applied to ¥ + n =1 + n. Our experiment, howéver, covers only
energies within the resonance dominated region. Although t-channel
exchanges can produce interference effects at our energies, we will

say no more about this topic because we don't believe we can relisbly

estimate such effects.
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II. EXPERIMENTAL METHOD

A. General Considerations

Because it was our intention to learn about photoproduction off
neutrons in the forward and backward directions, we were faced with
certain serious experimental difficulties. The non-existence of free
neutron targets required the use of nuclei with more than one nucleon.
The deuteron is the simplest such nucleus, and has the special virtue
of being loosely bound. But even in the deuteron there is considerable
Fermi motion of the individual nucleons. The effect of this Fermi
motion was, of course, a decrease in our kinematical resolution.

Another problem associated with photoproduction of etas from
neutrons is the detection of the recoil particle. Since we were
especially concerned with forward and backward angles, the recoil
nucleon tended to be going down the beam line where it was very
difficult to separate from the general background. A spectrometer is
useless when the recoil particle is a neutron, and even for protons
a spectrometer can't help if the recoil proton is moving too slowly
to leave the target, as can occur in forward photoproduction.

In this experiment we ignored the recoil nucleon and concen-
trated on detecting the eta from its n — 2y mode of decay. If we
could measure exactly the energy and direction of each decay photon,
we would thereby be measuring the four-momentum of each such photon,
and if the two photons came from a particle decay, we would know the
four-momentum of the particle. The invariant mass of the two photon

system would determine whether or not the event was an eta decay.
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In practice it is difficult to accurately measure both the
energy and direction of photons in the energy range associated with
this experiment. We found that the accuracy of our measurement was
barely adequate for determination of the number of etas among the
events detected at a given experimental setting, and was not adequate
for determining the momentum of individual etas.

Figure 1 shows the layout of the experiment. A beam of
bremsstrahlung photons with endpoint energy somewhere between 700
and 1250 MeV was collimated, scraped, and magnetically swept clean
of charged particles before passing through a liquid deuterium target.
Some of the photons participated in nuclear reactions, including
photoproduction of etas, but most passed through the target unaffected,
and the beam energy was absorbed in an ion chamber and in the lead
and cement that shielded the rest of the apparatus from the ion
chamber.

In order to detect etas through their two photon decay mode,
each photon had to pass through lead apertures, then through a veto
counter, then go into & totally absorbing Cherenkov counter. The
veto counter served to eliminate the background from charged particles.
It also served to veto showers assoclated with photons converting in
the lead aperture. The two Cherenkov counters with their vetoes,
apertures, and shielding (both against radiation and magnetism) were
placed symmetrically on either side of the beam upon rails on a
platform. The summed signal from each Cherenkov counter was pulse

height analyzed and the time between the signals from the two counters
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was measured. The resulting three numbers were stored on magnetic
tape by a PDP-5 on-line computer.

For a given eta momentum, the position of the counters on the
rails was chosen so as to maximize the counting rate. Some useful
kinematic facts for determining the appropriate setting and for
separating etas from the background follow.

Let 6 be the half-angle between the two decay photons, and
let dn/de be the density of photon pairs for a given eta velocity, B.

7'2 = 1-52. Then(l)

dn cos 6

L 5By sinte d 7" sing - 1

When the etas we wished to detect were expected to have
velocity B, the photon detectors were separated by half-angle such
that %% was large -- i.e., sin 6 = 1/7, or cos 6 = B. The photon
detectors were symmetrically placed because we were interested in
photoproduction along the beam line.

Call El and E2 the energies of the two photons detected.
The background contamination from detection of two photons from such
processes as Y + Z —>ﬁ0 + Z

7+2 —>ﬂo+ Y + Z
Y+ = 2y + 7
Y+7Z - 21°+ 2 -4y + 7

y4Z ety e + 2,

with bremsstrahlung of the electron and positron,limited severely
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our ability to obtain the eta yleld at each setting. Etas were,

however, separable from the background by virtue of the equation

m = 2sin 6 ElE2

"1

where m 1s the invariant mass of the photon pair, and is the eta
mass when the event comes from eta decay. Detaills of the background
subtraction will be covered later in the section on data analysis.

The physical layout of the experiment was such as to permit
6 to be varied from below 35° to about 102°. If we neglect Fermi
motion, for each incoming photon energy, k, there is associated an
ets velocity B for forward eta production, and with that velocity is
associated an optimal 6 = arccos(f). Similarly there is an optimal 6
for backward photoproduction. Table IT.1 shows the optimal © as s
function of k for forward and backward produced etas.

As we collected data, we saw that the background became
large compared to the eta signal for the more extreme forward and
backward angles physically allowed by our layout, so we collected

data only for 6 values between 35° and 97°.
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TABLE ITI.l

Optimal Counter Half-Angles, 6, for Detection
of Etas Produced by Photons of Energy, k.

k(MeV) » Forward Backward
709 64 65
785 57 78
750 52 77
175 49 80
800 46 82
850 42 86
900 39 88
950 36 91
1000 34 93
1050 32 94
1100 30 96
1200 -V 98
1300 25 100
1400 p% 101

1500 22 103
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B. The Primary Beam

The incident photon beam was bremsstrahlung produced on a
1/32" tantalum radiator by electrons from the Caltech 1.5 GeV
synchrotron.

The synchrotron was run at energies from below 710 MeV
(threshold for eta production) up to about 1250 MeV, with energy
monitored and regulated by measuring the synchrotron magnetic field
during the dump.<2’3>

In each dump there were around lOll electrons hitting the
radiator, causing about .5x106 photons per MeV to pass through the
target. Often, unless the beam was unusually stable, these numbers
would vary by typically a factor of two from one dump to the next.
At energies below 925 MeV the dump was generally about 60 ms in
length, while above 925 MeV it was stretched out to around 150 ms.
The longer dump had the advantage of allowing fewer accidental coin-
cidences in our logic, but could only be achieved by operating at
one cycle per second, rather than two, resulting in a lower overall
intensity. Furthermore, at some energies the magnetic field had a
slope during the dump. This slope caused a slope in end point
energy, and the resulting uncertainty in energy was proportional to
the dump length. I should add, however, that for most runs the
error in the synchrotron end point energy was mainly caused by the
.5% uncertainty in the calibration of the beam energy meter. (3)

The size and shape of the beam spot at the target was

determined by the primary collimastor downstream from the tantalum
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radiator. The diameter of the circular beam was measured (by placing
photographic film in the beam) to be .76 * .02" at the position of
the target. Two scrapers were used to clean off the spray from the
primary collimator, and the beam was then swept clean of charged
particles by a magnet upstream of a lead wall with an aperture. The
hole in the wall was l.4" in diameter, compared with a beam width

at that point of about half that amount, so the wall served only to
stop the particles swept out of the beam.

Since we wanted to measure a cross section, we had to
accurately know the number and energy distribution of the photons
passing through our target. The energy distribution was calculated
by means of a program written here, BPAK I.<4)

To measure the total beam energy, an ion chamber was used in
conjunction with an integrator of a type developed by R. Littauer.(s)
In such an integrator, the charge from the ion chamber goes into a
capacitor. The capacitor is placed across an input amplifier (which
effectively amplifies the capacitance). When the capacitor reaches
a certain voltage, an approximately equal charge of opposite sign
is dropped on that capacitor from a precision capacitor which has been
charged to a standard voltage. One full charge of the precision
capacitor is defined to be a "bip" (beam integrator pulse). The
amount of charge in a bip was measured at least once, and usually
more than once, per day. This measurement was performed by dumping

200 pulses into the integrator input from another precision capacitor

(of known capacitance) that was charged to a carefully measured



25

voltage. Typically, one bip would equal roughly 2){10-7 coulombs,
with the exact number measureable for a given run to within better
than .5%. Given the number of bips in a run, we were able to
determine the total charge that had come from the ion chamber.

In order to find the integrated beam energy corresponding
to that charge, we compared the ion chamber with a Wilson quanta-

<6’7) A Wilson quantameter contains nearly all the beam

meter,
energy, numerically integrates the ionization produced in the showers,
and compensates for shower loss through the sides. Arguments will
soon be given for expecting totally absorbing Cherenkov counters to
give light pulses proportional to shower energy. Similar arguments
apply to the charge produced per shower in a Wilson quantameter.

The charge per MeV can be theoretically calculated at least as well
as it can be measured, and is independent of the energy of the
photons producing the showers. For the dimensions, materials, and
gas temperature and pressures in the quantameter we used, the
calibration constant was 5.78 * .18x1018 MeV/couloub.

The calibration of the ion chamber used to monitor our
experiment was performed relative to the quantameter for several
synchrotron endpoint energies. A thin ionization chamber was placed
before the quantameter and the number of bips from the quantameter
was measured for a certain amount of beam passing through the thin
ion chamber (as measured by thin ion chamber bips). This procedure
was repeated with the quantameter replaced by our ion chamber and

with the same amount of beam through the thin ionization chamber.
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The ratio between the charge from our chamber and that from the
quantameter for the same integrated beam gives us the information we
need to know to get our calibration constant. Unlike the Wilson
quantameter, our ion chamber had a calibration constant that varied
with synchrotron endpoint energy. This calibration constant is
shown in Table II.2, where U is the number of MeV that must go into
the chamber from & bremsstrahlung spectrum of endpoint energy E to

produce one coulomb of charge.

TABLE II.2

Ton Chamber Calibration Constant

E, 1T (MeV/coulomb )
650 Sil.L
750 5840
880 5849
1000 60.0
1100 60.7

From what has been saild above, it follows that one bip

corresponded to about l.2xlOl5 MeV. For use in analyzing our

data, we standardize the bip to l.2132x1015 MeV.
The calibration constant of our ion chamber was taken several

times during our running, for the chamber had a slow leak and had to
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be refilled every few months. In the several months between re-
fillings the calibration constant declined 1 to 2%, as compared

with a 3% uncertainty in the theoretical values used to determining
the quantameter calibration constant. In order to correct for the
gradual change of the calibration "constant," for each run we
corrected the calibration constant by assuming that it fell linearly

with time between fillings.

C. The Deuterium Target

Shown in Figure 2 is the condensing deuterium target used
in this experiment. According to formulae given in Reference 16,
hydrogen at a typical Pasadena pressure of 750 mm Hg boils at 20.2OK,
while deuterium at the same pressure boils at 23.50K, and at 20.2°K
has a vapor pressure of only 243 mm Hg. By letting deuterium into
our target at about atmospheric pressure, it could easily be made
to condense by surrounding the target with liquid hydrogen. At the
- temperature of the liquid hydrogen, deuterium has a density of
0.171 g em ™.

The hydrogen was allowed to boil off an