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The photoproton cross section of C12 was measured from 20.2 to 22.4 MeV using monochromatic gamma 
rays from the T3(^>,y)He4 reaction. The energy of the gamma ray was varied by changing the energy of the 
incident protons. The gamma rays were monitored by a 3-in.-diam by4-in.-long sodium iodide crystal. A 2-in.-
diam by J-in.-thick anthracene crystal was used for both the irradiated sample and the proton detector. The 
protons originating in the anthracene crystal were identified by a pulse-shape discrimination technique. 
The peak energy of the giant resonance was found to be equal to or greater than 22.4 MeV and the cross 
section at 22.4 MeV was found to be 13 mb. The cross section curve showed structure at 20.57,20.95, and 21.38 
MeV, with integrated cross sections of approximately 0.3,0.6, and 1.2 MeV-mb, respectively. The cross-section 
curve also suggested structure in the vicinity of 20 and 22 MeV. The energy dependence of the (y,po) cross 
section differs from that of the (y,n) reaction. 

INTRODUCTION 

TH E photonuclear disintegration of C12 has been 
the subject of many investigations because it is 

a self-conjugate, semimagic, light, stable, even-even 
nucleus and many theoretical calculations have been 
made of its levels. The review article by Hayward1 

summarizes most of the work done until 1962. 
Yield curves of the photoneutron reaction using 

betatron x rays on C12 exhibit the peak of the giant 
resonance at about 23 MeV and also fine structure 
indicating individual levels in the carbon nucleus. 
Recent improvements in experimental techniques2"-6 

have extended the data on the fine structure in the 
Cl2(y,n) reaction. Since such structure is assumed to 
be caused by discrete levels in the highly excited C12 

nucleus and since B11 and C11 are mirror nuclei, similar 
structure is expected in the (y,p) reaction. However, 
most results of the studies of (y,p) and (p,yo) are 
reportedly smooth7"10 though they suggest unresolved 
structure in the giant resonance region. 

Such structure was suggested in the nuclear emulsion 
work on C12(7,^).n Also, total nuclear absorption 
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B 

measurements using monochromatic gamma rays 
indicated detailed structure in C12.12 

Consequently, we have developed further the use 
of monochromatic gamma rays, particularly the 
T3(^>,7)He4 gamma rays, to measure the (7,^0) cross 
section in C12 directly. The disadvantage involved in 
the use of monochromatic gamma rays from the 
T3(^>,7)He4 reaction is the relatively small number of 
photons available. This was overcome by using an 
anthracene crystal both as sample and detector and 
discriminating against electron pulses. 

EXPERIMENT 

Protons from the terminal ion source of the University 
of Pennsylvania National Science Foundation tandem 
accelerator were used to bombard a thin tritium-in-
zirconium target and produce monochromatic photons 
by the T3(^,7)He4 reaction. The proton energy was 
varied from about 700 keV to about 4 MeV with a 
maximum beam current of 30 JUA. Proton energies were 
measured by nuclear magnetic resonance (NMR) 
measurement of the field strength of the analyzing 
magnet which was calibrated with the threshold 
energies of T30,?*)He3, Li7(>,^)Be7, and C18(p,n)W* 
reactions. 

The tritium targets consisted of tritium gas adsorbed 
in zirconium, which had been evaporated on to a thin 
platinum backing.13 The thickness of the target for 
1.1-MeV protons was determined by measuring the 
T3(^,^)He3 neutron yield in the forward direction with 
a "long counter" as the proton energy was varied 
through the neutron threshold. This curve was com­
pared with curves obtained by numerical integration of 
the thin target results of Jarvis el al.u for various 
assumed target thicknesses. The variation of target 
thickness with proton energy was obtained from stop-

12 E. E. Carrol and W. E. Stephens, Phys. Rev. 118, 1256 
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FIG. 1. Response of the 4- by 6-in. Nal crystal 
to collimated 20.5-MeV photons. 

ping power curves.15 Target thicknesses of 40 and 100 
keV (at 1.1 MeV) were used. 

The energy of the tritium gamma rays is determined 
by 

Ey={Q+Ep(l-Mp/Ma)} 
X {1 - LQ+EP(1 - Mp/Ma)~]/2M^} 

X l l + c o s O C ^ M ^ 2 ) 1 ' 2 } , 

where Ep and Mp are the kinetic energy and mass of 
the incident proton, Ma is the mass of the helium 
nucleus, and c is the velocity of light. The Q value is 
19.812±0.011 MeV.16 @ is the angle the photon 
direction makes with the incident proton beam. 

The gamma rays were monitored by a 3-in.-diam by 
4-in.-long Nal crystal placed with its front face at 
25.71 in. from the tritium target, its axis forming an 
angle of 96° with the proton beam. This monitor 
crystal was calibrated against a collimated 4-X 6-in. 
Nal crystal in a manner described previously.17 The 
response of this large crystal to 20.5-MeV gamma rays 
is shown in Fig. 1, where the assumed extrapolation to 
zero is shown as a straight line. 

A 2-in.-diam J-in.-thick anthracene crystal was used 
for both irradiated sample and proton detector. It was 
placed beside the target and 8.7 cm away. The photo-
protons were identified by pulse-shape discrimination. 
The circuit developed by Daehnick and Sherr,18 with 
slight modification, gave the best over-all performance 
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National Research Council, Washington 25, D. C. (1960), Part I, 
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FIG. 2. Pulse-height distribution of the pulses from the anthra­
cene crystal. Upper set of points is taken without discrimination. 
Lower set of points shows the effect of using the discriminator. 

for our purpose. The success of the discrimination is 
shown in Fig. 2. For the identification of the proton 
peak, the anthracene crystal was calibrated by taking 
the spectra of the recoil protons produced by neutrons 
from the D(d,n)Re\ T(J,^)He4, and B n ( ^ ) C 1 2 

reactions. The gain of the electronic system was kept 
constant by repeated check calibrations with Co60 

gamma rays and Po a particles. 
The photoproton spectra at 20.4 and 22.2 MeV are 

shown in Fig. 3. The background in the photoproton 
spectrum is apparently due to fast neutrons from 
nuclear reactions in the surrounding material. The 
background shape was determined empirically by using 
the Li7(^>,y)Be8 gamma rays as shown in Fig. 4. At 
higher proton energies, the spectrum is poorly resolved 
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FIG. 3. (a) Discriminated pulse-height distribution from anthra­
cene with 20.45-MeV photons showing the photon peak, (b) The 
same 22.23-MeV photon energy showing increase in background. 
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due to the pileup of neutrons from the T3(^,^)He3 

reaction. The background determinations at these 
energies are performed at each proton energy by placing 
the anthracene crystal at different angular positions, 
in such a way that the neutron flux, entering the crystal, 
is the same but the gamma-ray flux is reduced as shown 
in Fig. 4. 

The energy spread of the gamma rays within the 
anthracene crystal was estimated, from the Doppler 
spread and the target thickness, to be 30 to 45 keV up 
to 22 MeV and about 55 keV above 22 MeV. 

RESULTS 

An accurate absolute determination of the photo-
proton cross section was made at 20.45-MeV gamma-ray 
energy with good statistics and simple geometry. This 
cross section was measured to be (2.49±0.2) mb. 
Measurements at other energies are compared to those 
at 20.45 MeV after corrections for geometry, absorption, 
proton escape wall effects, spurious counts, etc. 

(MeV) 

20.57 
20.95 
21.38 

TABLE I. 

fadE 
(MeV-mb)a 

0.31 
0.56 
1.17 

(eV) 

19 
32 
71 

a The integrated cross section from 20.2 to 22.4 MeV is found to be: 

<rint=y^o
22

2
4

<r(E )dE =(16.2 ±2.5) MeV-mb. 

Figure 5 shows the result of these measurements of 
the C12(Y,^o)Bn cross section in millibarns as a function 
of photon energy in the range 20.2 to 22.4 MeV. Also 
indicated are the resolution trapezoids deduced from 
the Doppler angle and target thickness. Occasional 
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FIG. 4. Discriminated pulse-height distribution from anthracene 
showing the effect of different combinations of gamma rays and 
neutrons. 

points have vertical lines indicating the uncertainty 
due to statistics and background subtraction. 

The cross section at 22.4 MeV, near the giant reso­
nance peak, is found to be <T22A== (13.2±1.6) mb. Three 
weak resonances have been resolved at (20.57±0.04) 
MeV, (20.95±0.03) MeV, and (21.38±0.03) MeV. If 
a reasonable continuum is assumed, these levels can be 
construed to have widths at half-maximum of (120±30), 
(155±30), and (280±30) keV, respectively. The 
integrated cross sections of these resonances and radia­
tive widths are estimated to have the values given in 
Table I. 

DISCUSSION 
The photoproton cross section curve shown in Fig. 5 

can be compared both with the inverse process, 
Bn(^,7o)C12, and the electrodisintegration yielding 
protons, C12(e,^)Bu. Gove, Litherland, and Batchelor9 

have measured the proton capture gamma rays from 
19 to 26 MeV. Using the principle of detailed balance, 
a curve calculated for the inverse C12(Y,^0) from their 
data rises to a maximum cross section of 12 mb (based 
on the absolute measurement of Huus and Day19) at an 
energy of about 22.5 MeV in a fairly smooth fashion. 
Their thin targets were estimated to be of the order of 
20 keV thick for 10-MeV protons and their points were 
about 50 to 150 keV apart. More recent work10 at 
Argonne shows somewhat more detail. Alias' curve is 
plotted in Fig. 6 together with our results. The com­
parison shows excellent agreement with respect to 
energy but only partial agreement in the degree of fine 
structure and absolute magnitude at the higher energies. 
In comparing absolute magnitudes it must be remem­
bered that the present (y,po) results are directly 
measured total cross sections, whereas the (p,yo) work 
measures the differential cross section at a given angle 
and the total cross section is calculated on the basis of 
observed angular distributions. 
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FIG. 5. Cross section of the C12(y,^0) reaction 
as a function of photon energy. 

19 T. Huus and R. B. Day, Phys. Rev. 91, 599 (1953). 
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FIG. 6. Comparison of the C12(7,^o) with the inverse 
Bn(^>7o) reaction. 

The electrodisintegration measurements7 are quite 
similar to the inverse ( ,̂7o) results. The peak differen­
tial cross section is 1.03 mb/sr at 76° and 2^= 6.05 
MeV. Using their measured angular distribution at 
Ep= 5.90 MeV, Dodge and Barber calculate a total 
cross section of 9.6 mb with an uncertainty of about 
15%. Again, interruptions in the smooth curve occur 
at a number of places, suggestive of unresolved detail. 

It is interesting to note that the early C12(y,p) work11 

done with nuclear emulsions and bremsstrahlung had 
suggested structure in the giant resonance at 21.5 and 
20.8 MeV. More recent work20 using a solid state 
detector and 31-MeV bremsstrahlung shows faint 
indications of similar structure. Similarly, the total 
photon absorption cross section12 shows resonances at 
20.6 and 20.9 MeV. 

Since the (7,^) and (y,n) reactions result in the 
mirror nuclei B11 and C11, it would be expected that, 
except for the Coulomb differences, these reactions 
would be similar. A number of experiments have 
indicated structure in C12(y,n) in this region.21,3 The 
most recent measurements of Geller and Muirhead6 are 
not yet published. Their cross-section measurements 

20 K. O. Hermann and J. A. Scheer, Z. Physik 170, 162 (1962). 
2 1M. I. Thorson and L. Katz, Proc Phys. Soc. (London) A77, 

166 (1961). 

FIG. 7. Comparison 
of the C12(T,^O) with 
C»(7,»). 
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are not absolute and so their results have been normal­
ized to the measurements of C12(7,^)Cn, using mono­
chromatic gamma rays.22 A comparison is made in 
Fig. 7 of the Geller and Muirhead C12(y,n), lower solid 
line, with the present results in C12(Y,^0), upper solid 
line. 

The Cl2(y,n) cross section is roughly one-half as 
large as the C12(7,^) and shows somewhat different 
structure. Since the energetics favor the proton ejection, 
the penetration factor would enhance the emission of 
protons. But this penetrability factor is only about 
1.623 to 1.3.24 The remaining enhancement is ascribed 
to the mixture of neighboring T=0 states into the T= 1 
states in C12 with which we are presumably concerned.24 

The detailed comparison afforded by Fig. 7 indicates 
that the ratio of protons to neutrons varies from about 
1.2 to over 3. This suggests that the individual excited 
states of C12 involved here may have different1*24 and, 
in some cases, much larger admixtures than would be 
needed to account for the average ratio. 

The radiative widths estimated in Table I are smaller 
than the single particle Weisskopf widths of about 
5 keV. However, the last one is not much smaller than 
2% of the Weisskopf widths which is the value* that 
Wilkinson25 regards as realistic for an El transition. 
The smallness of the others may be the result also of 
the T=0 mixing. 
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