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ABSTRACT 

The deuteron magnetic form factor B(Q2) has been measured at momentum 

transfers Q2 = 1.21, 1.49, 1.61, 1.74, 1.98, 2.23, 2.48, 2.53, and 2.77 (GeV/c)2 

at the Stanford Linear Accelerator Center by detecting electrons backscattered 

at 180’ in coincidence with recoiling deuterons at 0’. The data for B(Q2) are 

found to decrease rapidly from Q2 = 1.2 to 2 (GeV/c)2, then rise to a secondary 

maximum around Q2 = 2.5 (GeV/c)2, in qualitative agreement with impulse 

approximation calculations. 



The elastic electromagnetic form factors of the deuteron at high momen- 

tum transfer have long been of interest for the information they contain on the 

short range nucleon-nucleon interaction and the transition from nucleon to quark 

degrees of freedom. Models1 based on the impulse approximation predict a min- 

imum in the magnetic form factor somewhere between four-momentum transfers 

Q2 = 1.5 and 2.5 (GeV/c)2. P re rc ions for the diffractive shape of the magnetic d’ t’ 

form factor are sensitive to the high momentum components in the deuteron wave 

function,2,3 choice of nucleon form factors,4 isobar contributions,5 the contribu- 

tions of isoscalar meson exchange currents,5,6 relativistic effects,2g7-10 and the 

role of six-quark clusters. 7y8J1-13 Perturbative QCD predicts7p14 a smooth falloff 

of the cross section, with no diffractive feature. To provide new information that 

will help distinguish between the various models, we have measured the deuteron 

magnetic form factor from Q2 = 1.21 to 2.77 (GeV/c)2, more than doubling the 

range in Q2 of the available data. 

The cross section for elastic electron scattering from the deuteron can be 

written as 

da dE’ 
dn = 4Essin’;f) [A(Q2) COST + 13(Q2) sin’(i)], 

where E and E,‘, are the incident and scattered electron energies, and 19 is the 

electron scattering angle. The structure function A(Q2) is a combination of 

the charge, quadrupole, and magnetic form factors, and has previously15 been 

measured out to Q2 = 4 (GeV/c)2. The magnetic form factor B(Q2) has been 

measured16 out to Q2 = 1.3 (GeV/c)2. The predictions of most calculations and 

extrapolation of previous data show B(Q2) b ecoming more than two orders of 

magnitude smaller than A(Q2) at higher Q2. For this reason we decided to make 
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our measurements close to 180°, where the contribution from A(Q2) is small. The 

anticipated low count rates dictated the use of thick targets, high beam intensity, 

and a large solid angle. The resulting loss in energy resolution made it necessary 

to detect the recoiling deuterons at 0’ to separate elastic and inelastic scattering. 

Figure 1 shows a layout of the spectrometer system17 that was built in End 

Station A at the Stanford Linear Accelerator Center. Electrons from the new 

Nuclear Physics Injector were accelerated to between 0.7 and 1.3 GeV, with 

an energy spread limited by slits to f0.4%. The maximum beam intensity was 

5 x 1011 electrons per 1.6 psec long pulse, at a maximum repetition rate of 150 Hz. 

The electron beams were transported through dipole magnets Bl, B2, and B3 to 

the target, then deflected by dipole B5 into a heavily shielded dump located in 

the End Station. Both dipole B2 and the dump were remotely moveable. 

The electrons scattered near 180’ were focused by quadrupoles Ql-Q3 and 

momentum analyzed by dipoles B3 and B4. The electron spectrometer had a solid 

angle of 20 msr for a 20 cm long target and a momentum acceptance of f4%. 

The angular and momentum resolutions were typically f10 mr and &0.5% re- 

spectively. The electron momenta El, for eo! elastic scattering were from 0.41 to 

0.54 GeV/c, while the recoil momenta P,I ranged from 1.1 to 1.9 GeV/c. The 

0’ recoil spectrometer used quadrupoles Q4-Q6 to focus and dipoles B5-B8 to 

momentum analyze the recoil nuclei. The momentum acceptance was &2% and 

the solid angle was about 6 msr, large enough to match completely the electron 

arm solid angle for elastic kinematics. The momentum resolution of the recoil 

spectrometer was f0.5%, and the angular resolution f10 mr. The entire beam 
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transport system up to the detectors was under vacuum and was heavily shielded 

on all sides. _ 

The target system contained liquid deuterium, liquid hydrogen, and empty 

cells of lengths 5, 10, 20, and 40 cm. The liquids were pressurized to two atmo- 

spheres and pumped at high velocity through the cells to heat exchangers cooled 

to 21 K with liquid hydrogen. Beam-induced density changes were measured to 

be less than 1%. 

Scattered particles were detected in the electron arm using a threshold gas 

Cerenkov counter filled with Freon-12 at atmospheric pressure and a forty seg- 

ment lead glass shower counter of 15 radiation lengths. This detector package 

was > 98% efficient for detecting electrons, while rejecting essentially all of the 

large flux of pions. The particle trajectories were measured with > 97% efficiency 

using six planes of multiwire proportional chambers (MWPC). Two scintillator 

arrays provided fast timing. 

Particles were identified in the 0’ recoil spectrometer using time-of-flight 

(TOF) between two scintillator arrays placed 7 meters apart. Eight planes of 

MWPC were used to reconstruct particle tracks with an efficiency of > 98%. 

The principal background was a large flux of protons from d(r,p)n. Very clean 

proton-deuteron separation using TOF was achieved in all cases. Time-of-flight 

between the electron and recoil arm scintillators was used to identify electron- 

recoil coincidences. 

The optical properties of the spectrometers and their solid angles includ- 

ing radiative effects were evaluated using a Monte Carlo computer programls 

which simulated the entire system. The program traced particles from the tar- 

get to the detectors using detailed field maps that were made of each magnet. 
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The effects from ionization loss, multiple scattering, finite target length, detector 

resolutions, limiting apertures,. and radiation by the electrons were taken into 

account. The predicted vertical focusing properties of the electron spectrometer 

were verified by taking special data using a set of small apertures between the tar- 

get and Q3. Elastic ep scattering, which has a clear elastic peak and a large cross 

section, was measured at each beam energy. The ep data were used to verify the 

predicted momentum acceptances and dispersions in each arm, to calibrate the 

field settings versus momentum, and to check the solid angles as calculated by the 

Monte Carlo. Excellent agreement was found between cross sections measured 

using the electron arm only and those measured requiring an electron-proton co- 

incidence. The results were found to be independent of the target length used, 

and in excellent agreement with previous ep elastic measurementslQ in the same 

Q2 range. 

Data were taken in two running periods: one in May-July 1985 and one in 

April-June 1986. The 20 cm long target was used for all the data points except 

for Q2 = 1.21 (GeV/c)2 (10 cm target) and Q2 = 2.48 (GeV/c)2 (40 cm target). 

The electron-deuteron elastic signal was identified using TOF to identify ed co- 

Incidences, and kinematic cuts to isolate the ed elastic events from background. 

Plots of the number of observed ed coincidences versus total percentage missing 

momentum (6~1 + 6~) for two values of Q2 are shown in Fig. 2. The missing 

momenta for the electrons and deuterons are defined as 6~1 = (Ekl - E’)/E:, 

and Sp = (P,r - P)/P,l. Clear ed elastic peaks can be seen centered around 

(b + sp = o), as well as a substantial number of background events with large 

missing momenta. Comparison with Monte Carlo calculations and an extrapo- 

lation of measured cross sections 2o show the background counts to be consistent 
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with contributions from d(-y,r’)d, where one of the photons from the r” decay 

pair-produces in the target to make the detected electron. The elastic counts 

were separated from background using a two-parameter fit of the Monte Carlo 

predictions for each of the processes (dot-dashed and dashed curves in Fig. 2). 

Even in the worst case (Q2 = 2.23 (GeV/c)2) the background contribution to the 

elastic peak region was small. 

After isolating the ed elastic coincidences from the background events, cor- 

rections were made for deadtime (2 to 5%), detector inefficiencies (6 to 12%), 

and absorption of deuterons in the target and recoil detectors (9 to 20%). End- 

cap contributions and random ed coincidence rates were found to be negligible 

in most cases. A subtraction was made for the calculated contribution of A(Q2) 

due to the finite angular acceptance of the electron spectrometer. This correction 

was largest at Q2 = 1.98 (GeV/c)2, where the ratio B(Q2)/A(Q2) becomes less 

than 0.002. The results for B(Q2) are shown in Fig. 3 and listed in Table I. 

They correspond to extremely small cross sections, e.g., da/d!2 = (2.2 f 1.2) x 

10m41 cm2/sr at Q2 = 2.23 (GeV/c)2. 

The new data for B(Q2) join smoothly onto the previous data and show 

that the magnetic form factor of the deuteron continues to fall rapidly above 

Q2 = 1.2 (GeV/c)2. The ratio B(Q2)/A(Q2) 1 a so continues to decrease. A shal- 

low diffraction minimum beginning around Q2 = 1.8 (GeV/c)2 and a secondary 

maximum around Q2 = 2.5 (GeV/c)2 can be seen. Comparison with a few repre- 

sentative predictions is made in Fig. 3. The results of a typical parton model7 are 

shown as the dot-dashed curve. These models are expected to work best at high 

Q2. In our Q2 range they predict a smooth fall-off with no diffraction feature, 

and so can be ruled out by the present data. Much better qualitative agreement 
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is found with impulse approximation calculations. They predict a minimum in 

B(Q2) somewhere between Q2 .= 1.5 and 2.0 (GeV/c)2, with the height of the 

secondary maximum decreasing as the position of the minimum moves to higher 

Q2. The principal uncertainty is in the choice of deuteron wave function. The 

results for the Paris wave function are shown as the solid line.2j7jQ It can be 

seen that the minimum occurs at too low Q2 compared to the data. Agreement 

can be improved by modifying the impulse approximation in various ways. The 

dashed curve5 includes isobar strengths adjusted to fit A(Q2) and B(Q2) at low 

Q2, meson exchange currents, and six quark states. The main uncertainty in this 

calculation is the size of the p7r7 coupling constant, which controls the size of 

the meson exchange currents. A different way of treating exchange currents is 

in the Skyrme model,“l which was used to predict the dotted curve in Figure 3. 

Finally, still using the Paris wave function but now treating it relativistically, one 

calculation2 produces a curve almost indistinguishable from the dotted one. We 

conclude that the non-relativistic impulse approximation alone is not sufficient 

to describe our new data, but that the inclusion of other effects can bring this 

basic approach into reasonable agreement. Our new data for B(Q2), combined 

with previous data for A(Q2) and nucleon-nucleon scattering data, will place se- 

vere constraints on the exact mixture of high-momentum components, nucleon 

form factors, meson exchange currents, isobar admixtures, and treatments of rel- 

ativistic effects and six-quark states used in the description of the short-range 

electromagnetic properties of the deuteron. 
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FIGURE CAPTIONS 

1. Experimental layout in End Station A at SLAC. 

2. Observed ed counts versus the sum of electron and deuteron missing 

momenta at two values of Q 2. The curves are normalized missing momen- 

tum distributions from Monte Carlo calculations: ed elastic (dot-dashed); 

contributions from d(y, r”)d (dashed); sum (solid). 

3. Results for B(Q2) f rom this experiment (solid circles) including both sta- 

tistical and systematic errors, and previous data for B(Q2) (open cir- 

cles, Ref. 16) and A(Q2) ( o p en squares, Ref. 15). The theoretical curves 

for B(Q2) from Refs. 2, 7, or 9 (solid), Ref. 5 (dashed), Ref. 21 (dotted), 

Ref. 2 (indistinguishable from dotted curve) and Ref. 7 (dot-dashed) are 

described in the text. 
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TABLE I 

Values of four-momentum transfer Q2, number of incident electrons Nine, ob- 

served ed elastic counts Ned (corrected for inefficiencies), calculated counts NA(Q2) 

from A(Q2), and results for B(Q2). The errors on both Ned and B(Q2) are 

dominated by the statistical error on the number of counts and the systematic 

uncertainty on the background separation. 

Q2 Nine Ned NA(Q2) B(Q2) 
( GeV/c)2 x 1018 x 10-s 

1.21 0.71 44f8 2.8 126f24 

1.49 1.85 44f8 4.1 36f7 

1.61 3.16 2757 4.5 12.2 f 3.6 

1.74 10.4 17f8 8.5 1.7 f 1.5 

1.98 12.7 8.2f4.6 4.2 0.8 f 0.9 

2.23 20.5 9.9f4.0 3.0 1.1 f 0.6 

2.48 22.3 16f8 2.1 1.5 f 0.8 

2.53 11.0 6.0f 3.0 0.7 1.9 f 1.1 

2.77 12.3 1.3 f 1.3 0.4 0.3 f 0.5 
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