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Measurements of the ratio of the deuteron to proton electric form factors were made for low q. The rms radius 
of the deuteron structure factor was found to be 1.9635 -+ 0.0045 fm, yielding an rms charge radius of 2.095 +- 
0.006 fm. 

Measurements have been made of the ratio of the 
elastic e-2H to e-lH scattering cross sections in the 
range of momentum transfers q2 = 0.05 - 0.5 fm -2 
in order to substantially improve upon the accuracy 
obtained earlier at the same laboratory by Bumiller et 
al. [ 1 ]. The major improvements were better statistics, 
the use of H 2 and D 2 gas targets in place of  CH 2 and 
CD 2 polyethylene targets and numerous improve- 
ments in accelerator stability and background. 

As in the earlier experiment the object was to 
yield information concerning the deuteron structure 
and the electric form factor of the neutron. Ratio 
measurements were made to cancel systematic uncer- 
tainties of the experimental apparatus. 

The accelerator produces a beam of energy up to 
105 MeV, which passes through the two-magnet 
achromatic deflection system, target chamber and 
secondary emission beam monitor, located near the 
target. The scattered electrons are analyzed by a 40 cm 
radius, 120 ° double-focussing spectrometer and de- 
tected by a 10 channel array of plastic scintillators. 
For these experiments, the four counters near the 
center of the ladder were employed, and calculations 
were made for ratios of D to H scattering for each 
counter individually. This eliminated the need to 
know the relative efficiency of each counter. The 
beam energy was changed for corresponding H and D 
runs so that the scattered electron had the same ener- 
gy to assure that the scattering geometry, spectrome- 
ter transmission and counter efficiency were the 
same for both hydrogen and deuterium scattering 
events. 

The gas target cell used in all runs was at a pressure 
of  13.4 kg cm -2 and at liquid nitrogen temperature. 

Approximately the same beam current was used in 
correspondirig H and D runs to insure that target heat- 
ing effects would be the same. The number of mole- 
cules per cm 3 in the ratio of densities of H and D was 
calculated using the virial coefficients for these gases 
[2]. The total variation in target properties contrib- 
uted less than 0.1% error to the ratio determinations. 
Thirty-three separate ratio experiments [3] were per- 
formed at nine values of q2, with several different val- 
ues of the energy and angle for a given q2. 

The ratio of the D to H elastic scattering yields the 
ratio of the corresponding cross sections, after appro- 
priate radiative, bremsstrahlung and ionization correc- 
tions are applied (see refs. [4 -6] ,  respectively). The 
ratio of such corrections differed from unity by less 
than 0.05%. From the ratio of the cross sections, the 
ratio GED/GEp was calculated, using a scaling relation 
to correct for the small (<  1%) magnetic contribution 
to the D cross section, neglecting the quadrupole con- 
tribution (<  0.05%), and assuming that the deVries 
[7] b' fit describes the proton scattering. Finally, the 
equation relating the experimental results to the im- 
portant physical quantities is 

GED/GEp = (GEN+GEp)(GEp) -1 CE(I --q2/8/l,lr2), 

(1) 

where CE(q2 ) is the deuteron charge structure factor 
determined from the deuteron wave function, and 
the term in the square bracket is the relativistic cor- 
rection of Casper and Gross [8] in the form quoted in 
ref. [9] ;Me is the proton mass (C E is equivalent to 
D C in ref. [1]). 

If  C E is assumed to be known, then the experimen- 
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Fig. 1. GEN versus q2 compared with the neutron-electron in- 
teraction slope of ref. [ 13]. Deuteron model LFI5 has been 
assumed in this plot. The solid line is the slope of GEN ob- 
tained from this experiment and the dashed line is that pre- 
dicted by the thermal neutron-electron interaction. For this 
graph we have assumed a = 0 and c = - 0.0036 as discussed in 
the text. 

tally obtained ratio GED/GEp may be used to calcu- 
late the neutron electric form factor, GEN. This was 
done for three boundary condition deuteron wave 
functions of Lomon and Feshbach [10], designated 
LF1, LF5 and LF15 which correspond to D state 
probabilities of 4.57%, 5.20% and 7.53%, respective- 

ly. The values of C E were furnished by Lomon [11 ]. 
For each wave function, the values of GEN were fitted 
to a polynomial of the form 

GEN = a + bq 2 + cq 4. (2) 

This equation was fitted with various assumptions in 
order to test the data. Table 2 contains the results ob- 

tained by setting a and/or c = 0. With c = 0, the small 
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Fig. 2. Extrapolation of the deuteron charge structure radius, 
rd, using the prescription of Schumacher and Bethe [9]. 

values of the intercept, a, give credibility to the con- 
sistency of the data with the physical requirement 
that a = 0. Our data do not determine c because of the 
small values of q2. 

In our subsequent analysis the value c = -0 .0036  
fm 4 was adopted, according to the results of the high- 
q experiment of Galster et al. [12], with a = 0. It can 
be seen that there is an effect on the slope of GEN, 
but these changes caused in b are well within the un- 

certainties of the data. For all fits, the value of b asso- 
ciated with deuteron model LF15 most closely ap- 
proximates the value 0.0189 -+ 0.0004 fm 2 obtained 
from thermal neutron-electron scattering by Krohn 
and Ringo [13]. 

A further analysis of the data, proposed by Schu- 
macher and Bethe [9], uses the same experimental 
data to obtain the rms structure radius, r d, defined by 

CE(q2 ) = 1 - ~ q 2 / 6  + ... ; (3) 

Table 1 
Average GED/GEp and GEN obtained using various deuteron models. 

q2(fm -2) GED/GEp GEN(LF 1) GEN(LF5) GEN(LF 15) 

0.05 0.9690 ± 0.0015 0.0002 ± 0.0015 0.0002 ± 0.0015 0.0000 ± 0.0015 
0.10 0.9431 -2_ 0.0010 0.0037 ± 0.0011 0.0037 ± 0.0011 0.0033 ± 0.0011 
0.20 0.8892 -+ 0.0012 0.0027 ± 0.0013 0.0028 ± 0.0013 0.0020 ± 0.0013 
0.25 0.8687 ± 0.0030 0.0070 ± 0.0034 0.0070 ± 0.0034 0.0061 ± 0.0034 
0.30 0.8463 ± 0.0016 0.0076 -+ 0.0019 0.0076 ± 0.0019 0.0066 ± 0.0019 
0.35 0.8259 ± 0.0023 0.0093 ± 0.0027 0.0094 -+ 0.0027 0.0082 ± 0.0027 
0.40 0.8044 -+ 0.0016 0.0084 ± 0.0020 0.0084 ± 0.0020 0.0070 ± 0.0020 
0.477 0.7756 ± 0.0020 0.0098 -+ 0.0025 0.0099 ± 0.0025 0.0083 ± 0.0025 
0.50 0.7678 -* 0.0018 0.0106 ± 0.0023 0.0107 ± 0.0023 0.0090 ± 0.0023 
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Table 2 
Slope of GEN as determined by fitting GEN to the function GEN = a + bq  2 + cq  4. 

26 November 1973 

Type of fit Model a b (fm 2) c(fm 4) 

Linear, intercept fitted LF1 0.0003 ± 0.0010 0.0208 ± 0.0040 0 
LF5 0.0003 ± 0.0010 0.0210 ± 0.0040 0 
LF15 0.0002 ± 0.0010 0.0177 ± 0.0040 0 

Linear, intercept zero LF 1 0 0.0218 ± 0.0022 0 
LF5 0 0.0220 ± 0.0022 0 
LF15 0 0.0185 ± 0.0022 0 

Quadratic, c assumed LF 1 0 0.0232 ± 0.0022 -0.0036 
LF5 0 0.0232 ± 0.0022 -0.0036 
LF15 0 0.0198 ± 0.0023 -0.0036 

n-e interaction [ 13 ] 0.0189 ± 0.0004 

Schumacher and Bethe noted that different wave func- 
tions yield different values of  b using the same experi- 
mental data set. A value o f t  d is also associated with 
each wave function. If  these values of  b are plotted as 
a function of  the corresponding r d, the points ob- 
tained from various wave functions lie on a straight 
line. Then, if the value of  b is required to agree with 
the thermal n-e scattering experiment, the value of  r d 
is determined. By this procedure, r d = 1.9635 -+ 
0.0045 fm is obtained, and a similar interpolation 
procedure for the effective range yields # = 1.751 +- 
0.014 fm. The accuracy of  our data is not sufficient 
to determine the sign of  the shape term in the effec- 
tive range expansion [14]. Our result is between the 
two possibilities and the error flags overlap them. 

From the value o f r  d, the rms charge radius may 
be found from 

re h2 = rd 2 + r2p -- 6b. (4) 

This yields rch = 2.0952 +- 0.0060 fm using the values 
r d = 1.9635 fm and rp = 0.805 + 0.011 fm from 
Hand, Miller and Wilson [15]. This changes the theo- 
retical value of  the Lamb shift, as quoted by Erickson 
[16] to 1059.283 + 0.024 MHz, compared with the 
experimental value 1059.28 -+ 0.06 MHz. The change 
produced by the new value for rch is not very large, 
but more significant is the fact that the contribution 
to the error in the frequency due to the error in rch 
is only 0.0026 MHz, which is a significant reduction 
from the corresponding value 0.050 MHz quoted ear- 
lier by Erickson and Yennie [17]. 

Finally, it can be noted that a different calculation 
of  rch may be made if one of  the wave functions is as- 
sumed to be correct, and the interpolation procedure 
is not used; LFI ,  5 and 15 yield 2.1036 -+ 0.0052 fm, 
2.0960 --- 0.0052 fm and 2.0954 -+ 0.0052 fm, respec- 
tively. These, as well as the value quoted earlier from 
the interpolation calculation, are so close that, in a 
limited sense, the quoted value of  reh may be consid- 
ered to be model independent. 

The authors would like to thank Professor Earle 
Lomon.for furnishing values of  deuteron structure 
functions. We have also benefited greatly from advice 
and discussions with Dr. Clifford Schumacher, whose 
ideas are incorporated throughout this article. 

The late Professor F. Bumiller made major contri- 
butions to the earlier part of  this work. 
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