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The inclusive electroproduction of 30 MeV m.+ and vr mesons has been observed at a laboratory

angle of 90' for electron energies from 185 MeV (the kinematic threshold) to 235 MeV. Measure-

ments of the yield were performed and double differential cross sections for photoproduction were

obtained using virtual-photon theory. A significant discrepancy between experiment and distorted-
wave impulse approximation calculations was found. This is particularly surprising since these cal-

culations agree with the total cross sections for the H(y, m+)nn reaction from threshold to 20 MeV

above threshold.

I. INTRODUCTION II. EXPERIMENTAL RESULTS

The elementary photopion process on the proton,
y+p~m. ++n, has been extensively studied experimental-

ly,
' and is well understood theoretically, particularly

for energies from threshold through the b, (1236 MeV)
resonance. Photopion calculations for complex nuclei
make use of this elementary amplitude by use of the im-

pulse approximation (see, e.g. , Ref. 5). It is therefore of
interest to make a systematic experimental study of the
validity of this approach. The deuteron represents the
simplest test because of its low density and because of its
relatively well-known structure. In the past few years, the
total cross section for the H(l, m. +)nn reaction in the re-

gion of 1—20 MeV above threshold has been carefully
measured, relative to the elementary proton cross section,
and found to be in good agreement with impulse approxi-
mation calculations. ' In order to extend this test, we
have measured the double differential cross section for the
electroproduction of 30 MeV pions from deuterium. This
provides stricter control of the kinematical variables than
the total cross section measurements, and as a conse-
quence it is more sensitive to the details in the calculation
such as the final state interactions. The pion energy of 30
MeV, somewhat larger than in the total cross section mea-
surements, was chosen to be well below the delta region so
that the final state m-N interaction would be small
through most of the kinematic region explored. '

Valuable data were also obtained from the H(y, pm. )p
coincidence experiment performed at Saclay. The Saclay
experiment chose kinematics that emphasize the produc-
tion of the 6 resonance, i.e., strong final state interactions.
Data were also taken with quasifree kinematics that veri-
fies the accuracy of the basic distorted-wave impulse ap-
proximation (DWIA) model in the enery region explored
in the Saclay experiment. The calculations used in this
paper are based on the same model.

Our experiment was performed on the low energy pion
spectrometer at the Bates Linear Accelerator. ' The elec-
tron beam passed through a deuterium gas target pressur-
ized to 25 atm (Ref. 11) and cooled with liquid nitrogen.
The QD spectrometer was fixed at 90 (lab) and set to ac-
cept 25—33 MeV pions for all data runs. The pion
momentum was determined with a multiwire proportional
chamber that measured the position along the bend direc-
tion of the focal plane. Pions were distinguished from
other particles (mainly electrons or positrons) by measur-
ing the energy deposited in an array of three scintillators
and the light output of a Lucite Cerenkov detector. The
total energy resolution for the experiment was about 2.2
MeV (FWHM). Data for m. + and rr production were
collected at 13 electron beam energies ranging from 187 to
230 MeV. At the lowest beam energies, the spectrometer's
energy acceptance included a region in which pion pro-
duction from deuterium was prohibited by kinematics.
This provided a test of the particle identification and
background reduction procedures.

The background situation was somewhat better than
that encountered in Ref. 10 because the cross sections are
higher and the shielding was improved. A tungsten colli-
mator 2 cm thick effectively blocked the spectrometer's
view of the front and back target walls. Data runs with
an empty target produced pion count rates of only a few
percent of those measured with a full target. The number
of electrons surviving all cuts was estimated to be —10%
of the pions at the kinematic threshold, decreasing to
-3% at the highest electron energies. A Monte Carlo
calculation" determined the muon background to be only
a few percent.

A single target vessel was used for all data runs so that
conditions for deuterium, hydrogen normalization (dis-
cussed in the following), and empty target runs were
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essentially identical. The temperature and pressure were
monitored continuously and data were taken only when
conditions were stable. Microscopic heating effects were
checked by varying the peak current of the electron beam.
Yields varied by about 2% (consistent with expected sta-
tistical variations) for 50% changes in the peak current.

For a fixed N-N excitation energy, the yield was found
to be a slowly varying function of the pion energy and
could then be considered to be a constant over the energy
acceptance of our spectrometer. Thus the individual spec-
tra could be combined without loss of information into a
single yield distribution for 30 MeV pions as a function of
incident electron energy. This procedure has been careful-
ly checked. "

To obtain an absolute normalization, the deuterium gas
was replaced with hydrogen and the differential cross sec-
tion for the reaction p(y, tr+)n was measured with a 230
MeV electron beam. These elementary production data
were then normalized to the calculations of Blomqvist and
Laget, which give a value of 8.5 pb/sr for the production
of 30 MeV pions at 90' lab angle (consistent with previous
experimental data ). This technique minimizes experi-
mental uncertainties in target thickness, detector efficien-
cies, solid angle, etc. The systematic uncertainties in tar-
get thickness, beam intensities, etc., were estimated to be
11%. This was combined with a 10% uncertainty in the
theoretical hydrogen cross section to give a total estimated
systematic error of 15% in the absolute normalization of
the experimental results. This error is not included in any
of the figures discussed in the following.

The normalization procedure already described was
used in the computations of yields, but was verified in two
ways. An absolute determination of the differential cross
section for p(y, m.+)n at 192 MeV photon energy was
made from our normalization data. The spectrometer
solid angle was measured with elastic electron scattering
from Al and the gas target thickness was calculated
from the measured temperature and pressure. The result
is 5% less than the Blomqvist-Laget value with an es-
timated error of +20%. To prove that the gas target
geometry suppressed background particles, hydrogen data
were also taken with a solid target (CH2). After subtract-
ing the yield from carbon obtained in a separate measure-
ment, the cross section was found to be 3% larger than
the Blomqvist-Laget value.

The raw data include pions from both electroproduc-
tion and photoproduction processes. The number of pho-
toproduction events was calculated independently'
and subtracted from the total. Since about 30% of the
events were due to photoproduction, the additional error
introduced in this subtraction was only a few percent.
The entire procedure for obtaining yield values is
described in greater detail in Ref. 14. The electroproduc-
tion yields for this experiment are shown in Fig. 1.

The electroproduction yields have been converted to
photoproduction cross sections through the use of virtual
photon theory. This common method of interpretation
views the interaction of the electron with the nucleus as
the exchange of a single virtual photon. If the cross sec-
tion for a virtual photon is the same as that for a real
photon, the electroproduction yields at beam energy Eo
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can be related to a sum of photoproduction cross sections
at photon energies k, through the virtual photon spectrum
N„

F(E TO) =f N, (Eo,k) (k, T„)dQdT '
k

The spectrum of Dalitz and Yennie' has been in common
use since the late 1950's and we use it here. Very recently,
theoretical work by Tiator and Wright' showed the
Dalitz- Yennie virtual photon spectrum to be an average of
about 5% larger than their more exact calculation for n. +

production from hydrogen within a few MeV of the end
point with approximately the same kinematics as this ex-
periment. The 'H and ' C data' taken at Mainz support
the Tiator-Wright calculation. We have verified that the

Electron E nergy ( Me& )

FIG. 1. Electroproduction yield data in the laboratory system
for this experiment. The yield is measured for 30 MeV pions
detected at 90 lab angle as a function of incident electron ener-

gy. The m.+ data are shown in part (a) and the m. data in part
(b). An insert in each figure shows an expanded view of the
data and calculations near threshold. Only relative errors are
shown; the estimated absolute error is +15%. In each part, the
dashed line gives the results of calculations with no FSI. In part

(a), the dot-dash and solid lines show calculations with nn FSI
for a zero range force and the complete Yamaguchi interaction,
respectively. In part (b), the dot-dash curve is a calculation with
zero range strong interaction and full Coulomb interaction for
the outgoing pp pair.
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FIG. 2. The photoproduction cross sections determined from
this experiment are plotted for m. + and n. as a function of pho-
ton energy in the laboratory. The crosshatched band defines the
region in which the cross section curve will most likely (within 1

standard deviation) be. Absolute normalization errors (estimat-
ed to be +15%) are not shown. The cross section calculations
corresponding to the most accurate yield calculations in Fig. 1

are shown with the same meaning for symbols. The calculations
have had the experimental resolution folded in.

III. COMPARISON WITH THEORY

The data were compared to a photoproduction DWIA
calculation" based on the work of Dressier et al. ' This
calculation uses the amplitudes of Blomqvist and Laget
to describe the elementary production mechanism. The
deuteron wave function and the final state N-N interac-
tion were fixed by using an S-wave Yamaguchi' sepa-
rable potential to describe the N-N interaction. The po-
tential parameters were fit to the deuteron's binding ener-

Tiator-Wright spectrum would not change any of the con-
clusions of this work.

Equation (1) must be inverted to derive photoproduc-
tion cross sections. This was done with a least structure
unfolding method. " The unfolded photoproduction cross
sections are shown (with statistical errors only) in Fig. 2.
Because the energy resolution of the apparatus was -2.2
MeV, it is unlikely that the sharp structure predicted at
threshold in the theory (see Fig. 4) could be unfolded.
Therefore, the data were unfolded with the resolution left
in and the calculations were folded with the experimental
resolution to give the most accurate comparison of data
with the calculation.

gy and the N-N scattering length and effective range. No
pion-nucleon final state interactions were included in the
calculation.

A diagram of the kinematic variables relevant to this
calculation for H(y, tr)NN is shown in Fig. 3(a). In the
center-of-mass system, a photon of momentum k is ab-
sorbed on a single nucleon and produces a pion of
momentum q. The relative momentum of the two nu-
cleons is p in the initial state and pf in the final state.
Figures 3(b) and 3(c) show the distributions of some of the
variables for 30 MeV pions produced at 90' in the labora-
tory. The struck nucleon receives a momentum transfer

Q = —,
'

( k —q ), as seen by the center of mass of the NN

system. Although Q is small for all the data of this mea-
surement, the relative momentum of the two final nu-
cleons (pf) rises dramatically as k increases. For a fixed
pion energy and angle, the magnitude (but not the direc-
tion) of pf is fixed by the photon energy.

If there is no N-N final state interaction, the final

momentum of the struck nucleon pf ——p'+Q. Since the
final state nucleons are not detected, the calculation of the
cross section involves an integral over the direction of the
vector pf. For a plane wave final state system, this in-

tegral maps directly to an integral over the struck
nucleon's momentum p '. In this case, the integral covers
the range

I pf —Q I

&p'&
I pf+Q I. This range is illus-

trated in Fig. 3(c). If this region is compared to the deu-
teron wave function in Fig. 3(d), we see that for
k —k, & &~30 MeV, production of a 30 MeV pion involves
the higher momentum components of the deuteron wave
function and one expects the cross section to be small and
decreasing for large photon energies. Although this argu-
ment applies only if there are no final state interactions
(FSI's), calculations show it to be true with FSI's as well. -'

Since the relative N-N momentum is small near
k =k,t„we can expect significant effects from the strong
S-wave nucleon-nucleon interaction. Also, the repulsive
Coulomb force between the outgoing protons may be ex-
pected to suppress the production of negatively charged
pions.

The photoproduction calculation already described was
compared with the tr+ electroproduction data by folding
it with the virtual photon flux and the spectrometer's
resolution function. The results are shown in Fig. 1(a)
with three treatments of the final state N-N interaction.
The solid line shows the "full" calculation which uses
Yamaguchi wave functions, the dash-dot line shows a cal-
culation using a zero-range N-N interaction, and the
dashed line is a plane wave calculation. All three neglect
contributions from ~-N rescattering. An insert in the
same figure shows an expanded view of the region near
threshold.

A similar calculation was performed for the
H(e, tr )ppe' data. This required the substitution of the

elementary production amplitudes and treatment of
the Coulomb final state interactions. The ~-p Coulomb
interaction was estimated with the Sornmerfeld suppres-
sion factor to be only a 3% correction and therefore was
neglected. However, the p-p Coulomb force gives large
effects, particularly when the kinematics require the two
protons to have small relative momenta. Thus the p-p
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FIG. 3. Kinematics for the photoproduction calculations of
this paper. Part (a) shows the diagram that is calculated with
the momentum of each particle in the center of mass system.
Part (b) shows the momentum transfer to the struck nucleon ( Ql
and the relative momenta of the two nucleons in the final state
(Pf) as a function of the photon momentum above threshold.
In part (c), the kinematically allowed momenta for the struck
nucleon for the calculation with no FSI are plotted as a function
of the photon energy above threshold. Part (d) shows the deu-
teron wave function used.
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Coulomb force counteracts the strong N-N S-wave attrac-
tion and reduces the spike in the cross section at the
minimum photon energy.

The effect of the combined nuclear and Coulomb p-p
final state interactions was calculated using a numerical
solution to describe the outgoing p-p wave function for a
zero range N-N interaction. The resulting photoproduc-
tion cross sections were then folded with the virtual pho-
ton flux and the spectrometer's resolution function to give
the electroproduction yield shown in Fig. 1(b). The re-
sults with no final state interaction are also shown.

It can be seen that the calculations for both rr+ and m

production predict yields which have a larger slope than
the data for electron energies up to 210 MeV, indicating
theoretical cross sections which are larger than those im-
plied by the experimental yields. Around 210 MeV, the

experimental yields increase faster than the theoretical
curves, indicating that the theoretical cross sections are
too small in this region.

The data can also be compared to the theoretical cross
sections by unfolding the experimental yields [see Eq. (1)].
Figure 2(a) shows the unfolded experimental cross sec-
tions for m+ production as the crosshatched area. The er-
rors represented are statistical only. For the best compar-
ison with the data, the calculations shown in Fig. 2 have
been folded with the experimental resolution (FWHM
=2.2 MeV). The theoretical calculations without this ef-
fect are shown in Fig. 4(a). In the first 5 MeV above the
minimum photon energy, the plane wave calculation is
below the data. Inclusion of the N-N final state interac-
tion with Yarnaguchi wave functions enhances the cross
section, but the results lie well above the data. Final state
interactions have a small effect for photon energies more
than 10 MeV above threshold. The results of a zero range
N-N interaction calculation are shown to give an indica-
tion of the sensitivity to the range of the nuclear force.

Figures 2(b) and 4(b) show the unfolded m data and
the results of the calculations discussed earlier. Then.
calculation in Fig. 2(b) (using a zero range force and
Coulomb wave functions) has even larger discrepancies
with respect to the data than is seen in the m+ case. This
can also be seen in Fig. 5, which shows the m /~+ cross
section ratios. The solid line represents the ~ calcula-
tion divided by the separable potential m. + calculation. A
better agreement with data is obtained when the ratio is
calculated in a more self-consistent manner using a zero
range N-N force in both the m and m+ calculations.
This effect may be fortuitous since the Coulomb suppres-
sion of the short range p-p wave functions is expected to
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The energy dependence of experimental yields and un-

folded cross sections for H(y, rr+ ) for —90' lab pion angle
have been presented. The yields are certainly more accu-
rate because they are directly related to the raw data. The
cross sections have unfolding errors that clearly grow with

photon energy, but are very difficult to estimate we
choose to present only statistical errors. Gn the other
hand, cross sections are much easier to interpret and are
more directly related to the relevant physics. We have
tried to show that an analysis from either form of data
would give similar conclusions.

We have seen a theoretical model which has been suc-
cessful in describing photoproduction total cross sections
for m. + production from deuterium near threshold fail to
produce the same agreement with the data from this ex-
periment. There is a large disagreement near the kinemat-
ic minimum where final state N-N interactions are impor-
tant, and a lesser problem above the quasifree peak where
ht e calculations predict a sharper dechne than is exhibited

by the data. Since the previous successes of the impulse
approximation have been used to justify this form of cal-
culation in other (y, rr) reactions, it is important to deter-
mine whether this experiment represents a true failure of
the impulse approximation or if the disagreements are
only the results of the other approximations used in this
particular calculation. To this end, a more complete cal-
culation is in order. A better deuteron wave function,
with inclusion of the D state and associated angular
momentum algebra, should be used. Since the elementary
production amplitude is a slowly varying function of the
struck nucleon momentum, the amplitude has been fac-
tored out of the integral over the struck nucleon momen-
turn. While this decreases the amount of numerical com-
putation, it may also add to the error.

The calculations discussed here have neglected the final
state m. interaction. Calculations similar to the ones al-
ready described but incorporating both the N-N and ~-N
final state interaction were recently performed for the
kinematics of this experiment by Laget ' with results
that are within a few percent of those neglecting the n.-N
final state interaction which we presented. Th
model h

e same
mo e as been applied to recent Saclay inclusive pion
photoproduction data for deuterium in the 5 re ion The
agreement of the calculations with this new data is good
on the quasielastic peak, but they note a discrepancy simi-
lar to the one reported here when the pion energy is at the
kinematic limit. Although this discrepancy is not as large
as the one reported in this paper, these newer data are also
not as sensitive to the NN interaction.
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