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ABSTRACT 

The cross section for y + d -+ P" + d has 
at 6, 12, and 18 GeV for t between -.15(GeV/c) 

pen measured 
and -1.4(GeV/c)2. 

From these measurements the total and differential p"-nucleon 
cross sectionshave been determined together with 7,2/4x. 
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The differential cross section for the reaction y + d -+P" + d has been 

determined at the Stanford Linear Accelerator Center by measuring the yield 

of recoil deuterons as a function of missing mass with the SLAC 1.6 GeV/c 

spectrometer. Data were taken for incident photon energies of 6, 12, and 18 

GeV and for values of the four-momentum transfer t from -.15(GeV/~)~ to 

-1.4(GeV/c)2. 

By comparing the results of this experiment with our earlier measure- 

ments(l) of PO-photoproduction on the proton we have extracted both the diff- 

erential and the total PO-nucleon cross section together with the PO-gamma 

coupling constant. Previous determinations (X+,5) of these quantities from 

forward PO-photoproduction on complex nuclei have been subject to large sys- 

tematic errors (6) caused by the dependence of the extracted values on both 

the nuclear parametersand the phase of the elastic P" -nucleon scattering ampli- 

tude. The present determination has the advantage that the deuteron wave 

functions are well known in the range of momentum transfers important to this 

experiment and the results are insensitive to the phase of the P"-nucleon 

scattering amplitude. 

The cross section for elastic PO-photoproduction on deuterium can, ex- 

cept for small corrections due to the finite PO-mass, be treated as an elastic 

scattering process. Therefore, since elastic fld scattering (7,8) is well des- 

cribed by the Glauber theory (9,N , we would also expect the same to be true 

for elastic PO-photoproduction. This theory predicts the PO-photoproduction 

cross section for small [tl -values to be given by the impulse approximation, 

that is, an isovector photon produces a P 0 -meson by interaction with only one 

nucleon and the struck nucleon then rescatters and transfers half of its mom- 

entum to the spectator nucleon in order for the deuteron to remain bound. 

The cross section for small values of It[ can therefore be written as: 
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In this expression So(q/2) and S2(q/2) are quantities proportional to 

the deuteron charge and quadrupole form factor and are defined as: 

03 
so($) = 

s 
dr [u'(r) + w2(r)] . j,($ r) 

0 

Se@ = 
/ 

odr 2w(r) [u(r) - L w(r)] j2(z r) 
% 

0 

Here u(r) and w(r) are the radial wave functions for the S and D-states of 

the deuteron (11). It is clear from this expression that, apart from project- 

ing out the isovector part of the photon, a measurement of PO-photoproduction 

on deuterium at small [t[ -values does not tell us anything new. However, 

since the contribution to the cross section from the single scattering term 

is proportionalto the deuteron form factor, it will decrease rapidly with 

increasing It] and for large momentum transfers the cross section will be 

dominated by the double scattering term. Here the incident photon first 

produces a p” on one of the nucleons, and the struck nucleon recoils with 

momentum +d2 + E perpendicular to and 2& parallel to the direction of the 

incident photon. The longitudinal momentum transfer 2A,, = mz/2k results 

from the photon converting into a PO. The produced p” subsequently scatters 

elastically off the second nucleon with a momentum transfer of +d2 - 2. 

After the collision the deuteron will recoil with a total momentum of 
-f 
q + 2&, and a relative momentum of 2; + 22,, between the two nucleons. In 

order for the deuteron to remain bound there must be a momentum transfer of 

z + "a,, bet w e en the nucleons where g can vary from 0 to 2k. Hence the second 
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scattering term will be proportional to the cross section for photoproducing 
0 aP on a single nucleon multiplied by the elastic P 0 -nucleon cross section. 

Therefore in the region It/ >_ .7(GeV/c)2 th e cross section can be written as: 

- g(g) i- correction 

yN+ PN PN-+ PN terms 

The constants K. and K2 are to a good approximation given by: 

k 

KO = 23-c 
J 

A dA So (m) e(A+B)A2'2 

0 

k 

K2 = 2~ 
s 

A dA S2 ( /ti (A+B)d/2 A f A,, ) e 

Here So and S2 are the form factors as defined above. A and B are the 

slopes of the p"-photoproduction and the P" -nucleon scattering cross section 

and are approximately equal. 

To a first approximation the correction terms can be neglected (they 

cii-c of 2ourse included in the final analysis) and the PO-nucleon differen- 

tial cross section can be written as: 

gw) 4n 3 yd-+pd 

PP-+PN = (K; + +;, ' $+P+) 
YP-+3? 

Since K. and K2 are well defined quantities, the ratio of the elastic 

PO-photoproduction cross section on deuterium to that on the proton directly 

determines the PO-nucleon differential cross section for 'c[tl >, .T(GeV/c)*. 

It is clear that this determination of the PO-nucleon cross section is inde- 

pendent of the Vector Dominance Model. Furthermore, since we are using only 

our own data, systematic errors due to the acceptance of the spectrometer or 
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the shape of the P" used to extract the cross section will cancel. Assuming 

the cross section for photoproducing a P" is proportional to the elastic 

PO-nucleon scattering cross section we can define a constant of proportion- 

ality (7;/4rr) as: 

fg( t/v 
Y;lii, = f da 

PN---+PN 

E(t/4)7p--Pp 

Using the above expression for the P -nucleon differential cross section we 

have: 

7p = 

g(t) 
a3-t 3 

. yd ---t pd 

(K; + 1 Kg, 
2 

gw+) 
YP-PP 

Thus YE/&~ is determined from the measured PO-cross section without 

extrapolating to t=O. However this ratio will be affected by the systematic 

uncertainties. 

The experimental arrangement was similar to that used in our earlier 

experiments on photoproduction on hydrogen (1). The beam was prepared by 

modulating the grid of the electron gun of the accelerator with a high volt- 

age signal. The resulting electron beam consisted of bunches about 5 nsec 

wide spaced typically 53 nsec apart within the usual 1.6~psec-long beam 

pulse. The momentum analyzed electron beam was focussed onto a .03 radia- 

tion length aluminum radiator and the produced photon beam passed through 

several collimators and sweeping magnets before impinging on the hydrogen 

target. The beam was stopped in a Secondary Emission Quantameter which 

served as the primary beam monitor. The intensity of the photon beam was 

also measured by a Cerenkov monitor located in front of the target. For 
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ItI > .4(GeV/c)2 a conventional liquid target was used. For smaller Itl- 

values the liquid target was replaced by a high-pressure, low-temperature 

gas target(12). 

The angle and momentum of the recoil deuteron were determined by the 

SLAC 1.6 GeV/ c spectrometer; The trigger counters consisted of a range 

telescope, a lucite threshold Cerenkov counter to veto III'S, and eight hodo- 

scope counters. The ratio of protons to deuterons incident on the counters 

was typically 1000 to 1, making it difficult to achieve a clean separation 

by using pulse height and range only. However, since the photons arrive in 

well defined bunches at the target, particles with the same mass will arrive 

simultaneously at the top of the spectrometer. Therefore by timing and gat- 

ing the trigger system relative to the modulating signal the deuterons can 

be selected. With this time-of-flight criterion deuterons and protons could 

be separated cleanly using only the two first trigger counters. Fig. la 

shows a time-of-flight spectrum for 18 GeV and ItI " .5(GeV/c)2 gated with 

deuteron biases in the two trigger counters. The deuterons are cleanly 

separated from the pions and the protons. Since the experiment consists of 

measuring a step height on a smoothly varying background, a small residual 

amount of protons and pions under the deuteron peak does not change the 

results of the experiment. 

The spectrometer focuses F and 9 onto a focal plane normal to the 

particle trajectory. For a fixed photon energy deuterons corresponding 

to a given missing mass will fall along a straight line over the small p-9 

acceptance of the spectrometer. With the hodoscope properly aligned, data 

were collected by keeping the recoil momentum of the deuteron fixed and 

measuring the yield as a function of the production angle in the laboratory. 

Since, for a given photon energy, there is an approximately linear relation- 
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ship between the laboratory angle of the recoil deuteron and the missing mass 

squared, the onset of p"-photoproduction will show up as a step on the yield 

curve('). Fig. lb shows a yield curve for an incident photon energy of 
2 

18 GeV and t = -.s(GeV/c) . The prominant step in, the yield curve is due to 

P" and w production. The resolution is not sufficient to separate the two 

reactions and the w contribution was therefore subtracted assuming the ratio 

of w to PO-photoproduction to be 1 to 9 (1-31 . The PO-contribution was ex- 

tracted from this yield curve using the same fitting procedure as we used 

earlier to extract the P 
0 -cross section on the protpn. The important quan- 

tity in determining the P O-nucleon cross section is the ratio of the 

PO-photoproduction cross section on deuterium to that on protons for the 

same value of momentum transfer. This ratio is rather insensitive to assump- 

tions made about the background as well as the P" -shape provided they are the 

same in the two analyses. 

The extracted step heights were corrected for counter inefficiencies, 

loss of deuterons in the target or in the counters due to breakup of the 

deuteron, and the change in the Ap/p acceptance caused by the energy loss of 

the deuterons in traversing the target. These corrections were typically 

15%. In addition to the momentum dependent errors we also have a 3% uncer- 

tainty in the acceptance of the spectrometer and a 2% uncertainty in the 

calibration of the beam monitors. 

In computing the errors on the data points we assumed a systematic un- 

certainty of -f; 3% of the non-resonant background under the PO-step. The 

quoted error on the points is this systematic error added in quadrature with 

the statistical errors. 

The measured cross sections are plotted versus t for 6, 12, and 18 GeV 

in Fig. 2. The observed t-dependence is the characteristic one for an 
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elastic process on deuterium. It consists of a single scattering region 

where the cross section decreases rapidly with increasing It 1, a flattening 

out around t = -.5(GeV/c)2 where the interference terms and the contributions 

from the D-state in deuterium are important, and then finally for 

ItI 2 .7(GeV/c)' a region where the cross section is dominated by contribu- 

tions from the double scattering terms. The solid line is a least squares 

fit to the data including the interference term between the single and double 

scattering amplitude. The fits were based on the following assumptions: 

(1) The PO-photoproduction cross sections were taken from our earlier 

measurements (1) on hydrogen, assuming the contribution of isovector exchange 

could be neglected. Recent measurements(14) at Cornell have shown this to be 

justified for photon energies above 6 GeV. We further assumed for the fit 

shown that the PO-nucleon elastic scattering cross section and the PO-photo- 

production cross section have the same t-dependence. For this t-dependence 

we used our published quark-model fit (1) as well as a least-squares fit to 

the proton data of the form Ae Bt + Ct* . This last fit was done independently 

at each photon energy. The differences between these two fits produced a 

change in the extracted P 0 -nucleon total cross section of less than .5mb for 

12 and 18 GeV. At 6 GeV the change,was about 3mb. This large variation is 

caused by the large errors on the P” -photoproduction data at 6 GeV. The 

final fits were all done with the quark fit. 

(2) We used the Hamada-Johnston 05) wave functions for the deuteron. 

These wave functions fit the static properties of the deuteron as well as the 

elastic electron-deuteron cross section. Other wave functions(16) give the 

same answers to good accuracy. The reason for this is that the wave func- 

tions only have to be known for ItI less than .6(GeV/c);! and for such values 

of the momentum transfer all realistic wave functions look more or less the 

same. To evaluate the integrals for K. and K2 the hydrogen data for It[ less 
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than .6(GeV/c)2 were fitted to the form N e Ad leading to a value of 

A=62 .5(GeV/c)-2. This uncertainty in A produced a 1% change in K. and a 

5% change in K2. Due to the finite PO-mass, K. varied from .188mb -1 at 6 GeV 

to .192mb -1 at 18 GeV while K2 = .072mb -1 was nearly independent of energy. 

(3) In the fit only data with ItI 2 .T(GeV/c):! were used. The reason 

for this is that for ItI 2 .4(GeV/c)2 th e single and double scattering ampli- 

tudes are approximately equal, hence the interference term is important and 

we need to assume a P 0 -nucleon phase in order to compute the cross section. 

Also the contribution from the less-well-known D-state of the deuteron has a 

maximum here. By using data in a region where the double scattering term is 

dominant these undertainties can be avoided. The fit, extrapolated to smaller 

t-values, assuming a 7% D-state probability and a real-to-imaginary-part of 

the PO-nucleon amplitude varying from -.2'7 at 6 GeV to -.16 at 18 GeV, seems 

to represent the data reasonably weil except in a region around It] = .5(GeVjc)2. 

However since the theoretical uncertainties are the largest in this region, 

this discrepancy can probably not be used to determine the phase of the 

PO-nucleon amplitude or the D-state probability. 

Using these assumptions each energy was fitted independently and the 

total PO-nucleon cross section and the PO-gamma coupling constant as deter- 

mined from the fit are all listed in Table I. Also listed in Table I is a 

prodiction from the quark model: Go = $oT(nfp) + aT(~-y)). The error 

quoted on the P" -nucleon cross section is the statistical error only; in 

addition we have a systematic uncertainty of 2 2mb. These values are in 

reasonable agreement with the values determined from the experiments (2,3,4,5) 

on complex nuclei and indicate a P 0 -nucleon total cross section a few mb 

larger than the quark model prediction. The value for the PO-gamma coupling 

constant is independent of energy and is given by 7;/4n 2 (.68 * .03) plus a 
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maximum systematic error of f .15. This value is also in good agreement 

with the values determined from the earlier experiments, and favors a 

coupling constant somewhat larger than the value determined from colliding 

beam experiments. 

The Glauber theory contains several approximations; for example, the 

internal motion of the nucleons are neglected (1-7). We have made a fit to 

the data including the internal motion and found that this leads to a change 

in the P O-nucleon total cross section of less than lmb. However since the 

Glauber theory contains several approximations, it might not be beneficial 

to correct only for one of them. Thus our quoted values do not include this 

correction. 

It is desirable, because of the apparent similarity between n-nucleon 

and p 0 -nucleon scattering (1) , to compare the p"-photoproduction cross sections 

on deuterium with the elastic rrd cross sections. In such a comparison, de- 

fects in the Glauber theory could be expected to influence both processes 

similarly, and we should be able to extract a value largely independent of 

cyste-&tic uncertainties. We have compared our data at 6 GeV with Ir-d data 

of M. Fellinger, et al. (7) at 5.5 GeV. From this comparison we find a 

PO-nucleon cross section a few mb larger than the Jrd cross section, in good 

agreement with the direct computation. A comparison at higher energies with 

the data of F. Bradamante, et al. (8) is not meaningful since they quote large 

systematic errors. Furthermore these data, when scaled to 5.5 GeV, are in 

bad agreement with the measurements of M. Fellinger, et al. Also the high 

energy Ird data seem to indicate large inelastic contributions to the double 

scattering amplitude, in contradiction to our finding. 

In Fig. 3 the differential cross section for PO-nucleon scattering is 

plotted versus t for 6, 12, and 18 GeV. In this fit no assumption was made 
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on the slope of the p"-nucleon cross section. For comparison the ~r-p differ- 

ential cross sections O-8) are indicated for the different energies. The a- 

greement between these two cross sections is remarkably good, and there is 

no evidence that the slope of the P 
0 -nucleon cross section is very different 

from that of elastic R-nucleon scattering. 
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FIGURE CAPTIONS 

Fig. 1: For a bremsstrahlung end-point energy of 18 GeV and a four-momentum 

transfer t = -0.5(GeV/c)2, shown are: 

a) the time-of-flight spectrum of particles in the 1.6 GeV/c spec- 

trometer gated with deuteron biases in the counters; 

b) the observed yield of deuterons as a function of decreasing 

laboratory angle. 

Fig. 2: Cross sections measured in this experiment at 6, 12, and 18 GeV are 

plotted as do/at in pb/(GeV/c)2 versus ItI in (GeV/c)2. The solid 

lines were produced by the fits described in the text. The corres- 

ponding values of uT(PoN) are shown. 

Fig. 3: The differential PO-nucleon scattering cross sections as derived from 

this experiment are plotted versus It]. Only the experimental error 

is shown. In addition there is a theoretical uncertainty on the 
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order of 10% which could change the slope as well as the absolute magnitude 

of the cross section. For comparison, the solid lines represent fl-p elastic 

scattering results from Ref. 18 at 7, 13, and 17 GeV incident energies. 

TABLE I 

Energy Energy 

GeV GeV 

6 6 

12 12 

18 18 

"T "T ; bTb+d + '&-P)) ; (uTCrr+P) + (JTKP)) 

mb mb mb mb 

.61 .61 f f .06 .06 28.6 28.6 f f 1.4 1.4 26.9 26.9 

-70 -70 t t .04 .04 28.5 28.5 f f .8 .8 25.4 25.4 

.70 .70 +, .03 27.6 * .6 +, .03 27.6 * .6 24.6 24.6 
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