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The total cross sections relative to photoproduction oA' the proton have been measured for the reactions
' O(y, m+)' N and Be(y,m+) Li over the energy region from the production threshold up to 12 MeV over
threshold. A distorted wave impulse approximation calculation has been performed for the ' O(y, m+)"N
reaction and is seen to be 30% higher than the observed cross section from threshold to 10 MeV. The
Be(y,m ) Li reaction represents the first (y,sr+) measurement near threshold in which the cross section is

not dominated by the cP Z term in the production Hamiltonian.

NUCLEAR REACTIONS ' O(y, m-') N, Be(y, ~+)GLi, bremsstrahlung end point
energies to 175 MeV, measured o.(E); calculated o.(E), DWIA.

In a recent paper' we described a measurement
of the total cross section for the reaction "C(y, v')-
"B in the threshold region. In this communication
we report on the remainder of the threshold total
cross section measurements that have been car-
ried out at the MIT-Bates Linear Accelerator.
Many of the experimental and calculational details
are the same as those in Ref. 1, and these will not
be described at length here.

The yield of photopions for "O(y, v')"N and
'Be(y, v')9Li was measured using a bremsstrsh-
lung photon beam. The end point energy of the
bremsstrahlung spectrum was varied over the
region from below the meson threshold to about
20 MeV over threshold. Targets of CH„BeO,
and beryllium were employed and the resulting
photopion yields were analyzed to obtain the total
cross sections for "O(y, w')"N and 'Be(y, v')'Li.
The "0 total cross section is compared to a dis-
torted wave impulse approximation calculation
using a Helm model description of the nuclear
matrix elements taken from inelastic electron
scatter ing.

The experimental arrangement and beam para-
meters were as described in Ref. 1, except that
the photon beam diameter at the pion production
target was reduced to 1.9 cm. The methods of
data acquisition and data reduction were unchanged.
The z' were not detected directly, but instead, po-
sitrons from the decay scheme v'- p'+v„(mean
life 2.6 & 10 ' sec) and p, '-e'+ v, +v„(mean life
2.2 && 10 ' sec) were detected after the beam burst.

Since the data were taken with a bremsstrahlung
beam, the observed yield was the photon flux
above the threshold folded with the total cross sec-
tion. The yield Y(E,) is given by

Y(E,) = f ~(E)y(EE,)dE, ,
g~

where o'(E) is:the total v' photoproduction cross
section, P is the bremsstrahlung flux for an in-
cident electron beam with energy E„and E~ is
the photoproduction threshold. The number of
events detected is given by (aQ/4v) times the

. yield, where & is the detection efficiency and Q is
the solid angle. Data were taken at 20 end point
energies from 150 to 175 MeV. At each end point
energy, several measurements of the yield were
made for each of the three target materials Be,
BeO, and CH, .

Two sets of CH, and BeO targets were employed.
Most of the data were taken using two cylinders
approximately 7.5 cm in diameter, one filled with
BeO powder, the other with CH~ pellets. The BeO
powder had an areal density of 7.91 g/cm' and the
CH, pellets were 7.66 g/cm'. These densities
were measured using standard gamma-ray ab-
sorption techniques. The second set of targets
consisted of solid beryllium, CH2 and BeO. The
solid CH, target was 3.66 g/cm' and the BeO tar-
get was 3.66 g/cm'. These thicknesses were
measured directly and to check for consistency,
the direct measurements were compared to ab- .

sorption measurements.
It was suspected that water contamination might

be present in the BeO powder target. To measure
the H, O contamination a solid BeO target (con-
taining no water) was employed at energies of
161 and 170 MeV. This target, as well as the
solid CH, target, was placed at 45 relative to
the photon beam. Whereas the cylindrical diam-
eters of the powdered targets were chosen so that
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the attenuation of the exiting positrons were equal
for CH, and BeO, it was necessary to correct the
two sets of data from the solid targets for differ-
ent positron attenuation. The BeO powder was
found to contain 0.5% H, O by weight. We describe
our analysis below.

Data were taken at bremsstrahlung end point
energies of 161 and 170 MeV using both the solid
and powdered BeO and CH, targets. This permit-
ted corrections for solid-powder differences as
well as a determination of the water contamination
in the BeO powder. The values for the amount of
water contamination at the two different end point
energies agreed to within 3%, with statistical
errors of 17%. The water contamination per gram
per cm' was found to be (5.36 a1.56) X 10 '. This
small water contamination resulted in as much as
a 30% subtraction because of the large'H(r, tt')n
cross section relative to "0 and 'Be. However,
the internal consistency in the corrections at two
different energies gives one full confidence in the
subtraction procedure.

In the off line data analysis, several additional
corrections were applied to the data: (i) Pion
yields and the quantameter values were corrected
for photon flux attenuation in the target, (ii) dead
time and accidental coincidence corrections were
applied, (iii) the solid angle-efficiency factor was
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FIG. 2. The 9Be(y, m')~Li yield per equivalent quan-
tum. The solid curve is a fit as described in the text.
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corrected to include loss of the photopions from
the target faces. Muon loss from the targets was
neglected as the correction for the two cylindrical
targets was of the order of 10 4. The contribution
of the carbon to the CH, yield was also neglected,
as it was found to be less than a 1% correction. '

We define the yield per equivalent quantum per
nucleus as
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FIG. 1. The ' O(y, 7t+)' N yield per equivalent quan-
tum. The solid curve is the result of a fit as described
in the text.

a„=a„(p/k)(1 —b„(u), (3)

where a„=201 pb, b„=0.0063 MeV ', p is the pion
momentum, k is the incoming photon momentum,

y'(E, ) y'(Eo)
E.Q. (1/Eo) f~o p(E, Eo)EdE '

where the quantameter charge is proportional to

f, 'g (E, E,)EdE. The yields per equivalent quan-
tum per nucleus for Be and ' 0 are given in Fig. 1
and Fig. 2. The solid line in each figure is the re-
sult of a polynomial fit as explained below.

The CH, data were used to determine the energy
calibration as well as the solid angle-efficiency
factor. The hydrogen (y, 7r') cross section in the
c.m. system near threshold is well known' and can
be parametrized as
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and (d is the photon energy above threshold. o„
was folded with the bremsstrahlung spectrum,
g [see Eq. (1)j to produce a yield as a function of
electron lab energy E,. A two parameter le@st
squares fit of the calculated yield to the experi-
mental yield provided the solid angle-efficiency
factor to +5% and the absolute energy scale to
+50 keV. Using the solid angle-efficiency factor
and the absolute energy scale, the yields for "0
and 'Be were then determined. The "0yield was
determined by subtracting the normalized Be yield
from the BeO yield.

The total cross section was obtained by assuming
that the cross section could be parametrized by a
polynomial 'of the form

20,0—

I 5.0

I 0.0

0
b

5.0

eriment

g(E E ) —PC (E E )J (4)
2=1

where E, and E~ are energies in the laboratory
frame. This polynomial was used to generate
yields using Eqs. (1) and (4), and the yield was
fitted to the observed yield to determine the best
values of the C&. Least squares fits were per-
formed for N= 2, 3, 4, 5 and the fit with the best
normalized chi-square was chosen for the "0
data. It was necessary to use the 3rd order poly-
nomial fit to the 'Be yield since a fluctuation in
the Be yield curve at E0=161 MeV caused unphys-
ical behavior of the higher order polynomial-gen-
erated cross section.

The total cross section obtained from the "0-
(y, m')"N yield as discussed above is shown in
Fig. 3. Also shown is a distorted-wave impulse
approximation (DWIA) calculation that was car-
ried out using a Helm model description for the

nuclear matrix elements as discussed in Ref. 1.
'The Helm model parameters for "0were ob-
tained from Graves et al.' The contribution to the
calculated total cross section of each of the "N
states included in the calculation is shown in
Fig. 4. One can see that the dominant contribution
in the first few MeV is the 2 member of the "N
ground state quartet. This is not surprising as
this is. a simple spin flip transition from the p, &,
to d», shell and merely shows that close to
threshold the production is dominated by the mo-
mentum independent 0' q term in the production
Hamiltonian.

The DWIA calculation for "0gives a total cross
section that is on the order of 30/p higher than the
experimental values over the first 10 MeV. This
represents considerably greater disagreement
with the calculation than was found for "C(y,v').
This may arise from uncertainties in the Helm
model parameters for "0, or it may be due to a
failure of the model itself. Since the "C data were
quite insensitive to the parameters in the pion-
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FIG. 4. The contribution of the separate states in '6N

to the total calculated cross section. These were cal-
culated in the DNA as described in the text.

FIG. 3. The measured and calculated total cross
sections for O(y, 7r') N. Ez is the pion threshold
energy and E is the bremsstrahlung end point energy.
The shaded region represents the statistical uncertainty
on the cross section. The systematic error is an addi-
tional 5%.
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nucleus optical potential, these were not varied in
the present calculation for "O. In both sets of
data, one notes a change in slope of the total cross
section relative to the calculated one in the energy
region 10-12 MeV above threshold. Since this dif-
ference appears jn both ' C and "0, jt probably
signals the onset of quasi-free production or some
other channel not included in the calculation.

The 'Be total cross section is shown in Fig. 5.
We note that the 'Be(y, w')'Li —, - —, transition is
not a simple spin flip transition to the ground
state of 'Li and, as such, represents the first
(y, m') measurement in the threshold region where
the cross section is dominated by the momentum
dependent terms in the production Hamiltonian.
No calculations are available for comparison with
these data.
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FIG. 5. The measured total cross section for the
9Be(y, z') Li reaction. The shaded region represents
the statistical error on the cross section. The system-
atic error is an additional 7%.
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