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Photoprotons from Oxygen, Fluorine, Neon, anti Other Light Elements*

W. R. DODGE) AND W. C. BARBER
High Lrte-rgy Physics Laboratory, Stattford Uttiversity, Stamford, Catiforrtia

(Received April 2, 1962)

The (y,P) reaction in 0, 1', Ne, and C has been studied with electrons of energies up to 36 MeV. Survey
studies were made of the Al, Ar, and B (y,p) energy spectra. The reactions were initiated by electrons, and
not real photons, but it has been theoretically predicted and received partial experimental verification that
there is a one-to-one correspondence between electron- and photon-induced reactions, and that one can
assume, when analyzing electron-production yields, that the electron has associated with it a virtual-photon
spectrum, similar to the real-photon bremsstrahlung spectrum, The virtual and bremsstrahlung spectra
differ, however, in that the virtual-photon spectrum depends on the multipolarity of the induced transition
and the angle between the incident electron beam and the emitted disintegration product, while the brems-
strahlung spectrum does not. The electron production yields were analyzed with the use of the Ei virtual-
photon spectrum to obtain o-(p,p). The proton yields and corresponding cross section of 0, F, and Ne contain
more than two peaks or resonances, Neon exhibits the most interesting spectrum. It has a series of well-

resolved, evenly spaced peaks whose envelope has the usual giant-resonance shape. The peaks occur at
laboratory proton energies of 3.20, 3.70, 4.58, 5.80, 6.65, 7,75, 8.65, 9.40, and 11.40 MeV. The final-state
properties of the Ne protons from 4 to 10 MeV and the 0 protons from 9.2 to 12.4 MeV were determined to
within 20% by excitation experiments. Angular distribution measurements over a considerable region of
the giant resonances are presented for 0, F, Ne, and C.

I. INTRODUCTION
' 'T is generally conceded that the mechanism of photo-
- - nuclear reactions is essentially understood, yet a
number of important facets of these reactions still await
experimental con6rmation and quantitative theoretical
explanation. Among the unexplained facets is the "con-
tentious" subject' of gross structure in the giant reso-
nance in light nuclei, as conjectured from the p-nucleon
cross sections. This subject is nontrivial, since the
occurrence of gross structure other than that attribut-
able to a deformation of the nuclear shape from
sphericity, as evidenced by large quadrupole moments,
is embarrassing to the collective models of the nuclear
photoeRect, while the independent-particle models con-
tain an inherent mechanism for the production of
structure. ' While, in general, the two models have
mutually exclusive domains of validity, regions do
exist where both models claim applicability. As Spicer'
has pointed out, since the properties of the low-lying
states of elements in the region of 9 Z 30 are success-
fully described by the collective or strong interaction
models, the Danos-Qkamoto long-range correlation
model4 of the photonuclear effect must be applicable
to these elements. If the collective-model description is
correct in this region, the giant resonance should be
split into two peaks occurring at photon energies co,
and co& whose ratio is given by co,/co&= 0.911(a/b)
+0.089, where the ratio a/b (ct and b are the lengths of
the semimajor and semiminor axes of the assumed
spheroidally shaped nucleus) can be determined from
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f Now at the High-Energy Radiation Section of the National
Bureau of Standards, Washington 25, D. C.' D. H. Wilkinson, Ann. Rev. Nuclear Sci. 9, 1 (1959).' D. H. Wilkinson, reference 1, p. 18.' B. M. Spicer, Australian J. Phys. 11, 490 (1958)

' M. Danos. Nuclear Phys. 5 23 (1958).

the intrinsic quadrupole moment, In particular, using
values for the intrinsic quadrupole moments derived
from low-lying E2 transitions, ' the collective model
predicts co /&ov values of 1.3 and 1.4 for F and Ne,
respectively; hence, the predicted giant-resonance
splitting should be easily resolved. On the other hand,
recent theoretical studies show that Wilkinson's theory'
of the photonuclear effect with detailed shell-model

initial and excited states' ' can well parody the gross
structure previously seen in the 0 o (p,p). Furthermore,
although detailed photonuclear calculations have not
been made for F and Ne, the excited states of F" have
been calculated with the shell model using configuration
mixing. ' These elements should clearly be within the
domain of the shell model. "Thus, both models claim
to be applicable to the photonuclear effect in F and Ne.
Therefore, the occurrence of more than two or, if the
improbable assumption of nonaxial nuclear symmetry"
is made, three relatively la, rge peaks in o (y,p) would

confirm the independent-particle-model description of
the nuclear photoeffect while providing a severe censure
of the collective-model description. Noncommittal re-
sults might give some insight into the coupling mecha-
nism between the single-particle states and collective-
model states in the nuclear-model transition region.
However, except for the Oo. (y,p), experimental evi-

5 G. Rakavy, Nuclear Phys. 4, 375 (1957).
6 D. H. Wilkinson, in Proceedings of the 1954 Glasgow Conference

on ÃNclear end Meson Physics (Pergamon Press, New York,
1955), pp. 161-167.' J. P. Elliot and B. H. Flowers, Proc. Roy. Soc. (London)
A242, 57 {1957).

G. E.Brown, L. Castillejo, and J.A. Evans, in Contribltions to
the Xarlsrlhe Conference, l960 {Erstes Physikalisches Institut der
Universitat Heidelberg, Heidelberg, 1961),p. 84.

e B. H. Flowers and J. P. Elliot, Proc. Roy. Soc. (London)
A229, 537 (1955)."D. H. Wilkinson, Physica 22, 1149A (1956);and Phil. Mag. 3,
567 (1958).

"A. S. Davydov and G. F. Filippov, Nuclear Phys. 8, 237
(1955); 12, S8 (19S9).
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clence for the gross (y,p) energy structure has been
statistically inconclusive. " "

Consequently, a search for (p,p) energy structure
with which the predictions of the collective and inde-
pendent particle models could be compared was made
in 0, F, and Ne. In addition, survey searches were
made for (p,p) energy structure in Ar and 8, and a C
energy spectrum, needed in the CF2 target F experi-
ments for C background subtraction, was obtained.
Angular distributions of the protons from the prominent
peaks in 0, F, Ne, and C were measured. The relation-
ship between photon and proton energy was determined
for the major 0 and Ne peaks by excitation of the pro-
tons as a function of electron energy. All target ele-
ments contained the naturally occurring ratios of
isotopes.

In these experiments the direct effect of the electron's
transition electromagnetic field produced the reaction
and not real photons. However, a direct correspondence
between electron- and photon-induced reactions has
been predicted by calculations that employ the Mitiller
potential" "to describe the electron's transition electro-
magnetic field. According to virtual-photon theory,
the direct effect of the electron's transition 6eld may be
considered as spectra of virtual photons which depend
on the multipolarity of the induced reaction. The elec-
tron-production yields may be analyzed with these
virtual-photon spectra in analogy to the analysis of
photoproduction yields with a real bremsstrahlung
spectrum. The virtual-photon hypothesis and spectra
have received partial experimental confirmation. ""
where

Therefore, we describe the electron-production process
as a (p,p) reaction, even though the square of the four-
vector momentum transferred to the nucleus may be
different than zero, as in the real-photon case. Further-
more, since the three-momentum transfer may be in
other than incident-beam directions, although nearly
forward directions predominate, the virtual-photon
spectra are expected to have a slight dependence on the
angle between the emitted disintegration product and
the primary electron beam, and consequently, electron-
induced angular disintegrations are expected to be
slightly more isotropic than real-photon-induced re-
actions. This effect for E1 transitions has been ex-
amined theoretically by Bosco and Fubini. " They
assume explicitly the classical E1 approximation (kR
(&1, where k is subsequently defined and E. is the radius
of the interaction region) and implicitly the equality
of the matrix elements of the current operator between
initial nuclear and final nuclear-nucleon states which are
perpendicular and parallel to the three-vector mo-
mentum transfer. Their result, which contained several
printing errors, was not integrated over the scattered
electron directions. They showed essentially that the
E1 differential electron-disintegration cross section is

given by

d'o 2zr P (E)=—p p 'cr(F)N + -N q q (1)
dQdQ, e, q'

if the E1 photodisintegration cross section is given by

do„s/dQ, = (2zr/c)p, [cr(E)+P(E) sin'e, j, (2)

g2 k' 2p k
N, ;= 2p;p, +-', (k' —k(p)b +(k,k, p,.k, p,k—,) 1———+

2rrt'(k(P —k')' ks' ko'

k,k;
+ — [2(p k)s —2ks(p k)+rs(ks —kss)ksj

ko'

and 0, is the angle between the real-photon direction and the relative momentum of the emitted particle q. This
is equivalent to

dso. p, ps e &d +zd" 2nt'kp P(E) 2[(cd'p —cdy') q$ 1 (k q)'-—ks'qs
+

dQ dQ ~ o m'ks' L ks' —k' (k(P —k')' q' (k(P —k')' 2 (k(P —k')
(3)

where kp=cd cd is the energy and k= y —y' is the momentum transferred to the disintegrating system; the un-
primed quantities refer to initial- and the primed quantities to final-state electron variables. Upon integration
over scattered-electron directions, we obtain

Pe'Po zd +zd cd cd +cd 3 cd

X—2 cr(X&,')+ P(Lz')+ X——2———P(E) sin'0,
m ko 'V6 — COCO GD G04) 2 co

"%.K. Stephens, A. K. Mann, B.J.Patton, and E.J.Winhold, Phys. Rev. 98, 839 (1955).
'z A. E. Sven Johansson and B. Forkman, Arkiv Fysik 12, 359 (1957).
"U. Hegel and E. Finckh, Z. Physik 162, 142 (1961).
'z G. C. Thomas and N. W. Tanner, in Contribzztzons to the Karlsrzzhe Conference, 1960 (Erstes Physikalisches Institut der

Universitat Heidelberg, Heidelberg, 1961), p. P6 { ost deadline paper)."E.Guth and C. J. Mullin, Phys. Rev. 76, 234 1949)."R.H. Dalitz and D. R. Yennie, Phys. Rev. 105, 1598 (1957); and elsewhere in the same article."K.L. Brown and R. Wilson, Phys. Rev. 93, 443 (1954).' R. I.. Hines, Phys. Rev. 105, 1534 {1957).
20 B.Sosco and S. I'ubini, Nuovo cimento 9, 350 (1958).
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background from fast (N,p) events occurring in the
scintillators.

The initial electron energy was calibrated both by
(p, zz) threshold measurements" and by measurement;s
of the energy of elastically scattered electrons with the
proton spectrometer. The latter method assumes that
the magnetic field configurations for the detection of
40-Mev electrons are the same as those for the detection
of 5.81-MeU 0. particles and differ only in magnitude.
The threshold and elastic scattering methods of deter-
mining Eo agreed within 2%.

The method of spectrometer energy calibration with
the use of the Cm'44 5.81-MeV o.-particle source has been
described previously. "- The momentum spectra of the
Cm"' cx particles used for the energy calibration are
shown in Fig. 1. The values of AE/E(=2hp/p) are
the full width values at half-height.

In order to monitor the performance of the secondary-
emission beam-current monitor and the stability and
reliability of the counting equipment, signal runs were
intersticed with 0.003-in. Al target runs. These Al runs
checked the integrated stability of the above compo-
nents to within the 1.7%counting statistics of a standard
Al run. No deviations of SEM performance were meas-
ured during these runs nor in the absolute SEM
calibration measurements (within 0.3%) using a Fara-
day cup made 71 days apart. Deviations of 7.5% in the
Al yield were observed after angular distribution meas-
urements were made (see Results and Discussion
section) and subsequent data (0-energy spectrum below
9.2 MeV) were corrected for this deviation. The abso-
lute SEM response as a function of electron energy is
shown in Fig. 2.

The quantity (AE/E)BQC, needed for absolute
cross-section derivations, " where C is the number of
electrons-per-unit monitor response, was obtained from
the photodisintegration of D by assuming Whetstone
and Halpern's" cross sections and angular distributions
and from the directly measured quantities AE/E, AQ,

and C. The spectrometer solid angle 60 was measured
experimentally and the spectrometer energy acceptance
d E/E was calculated from energy calibration formulas
and the known spatial separation and width of the
scintillators. The measured solid angle 60 subtended by
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FIG. 2. S.E.M. response as a function of electron energy.

each counter and hE/E for each counter, along with
the relative counter eKciencies (AE/E)dQ obtained
directly and from thick Al-target data, are shown in
Table I. The D(y,p) value of (AE/E)AQC was 10%
higher than the synthesized value. The value obtained
from direct measurements (4&&10' sr-electrons-per-unit
monitor response) was used in our cross-section
determinations.

A description of the targets is given in Table II.
The gas-target cells used in the Ar, 8, 0, and Ne
experiments were cylinders, 1.875 in. in diam by 2.0 in.
in height, with 0.00025-in. 301 stainless-steel walls,
gold-silver soldered to thicker stainless-steel ends
which contained inlet and outlet ports. Two of these
cells, one containing the signal gas and the other H2
for background measurements and both inflated to
approximately equal pressures to ensure nearly identical
shapes, were mounted on the spectrometer vertical-
transport mechanism, with the cylinder axis contiguous
with the scattering-chamber axis and perpendicular to
the electron-beam direction. Alternation of the roles of
the target and background chambers conhrmed the
similarity of the two chambers, and, hence, the validity

TAN&.E I. Solid angle and Alj„/1~ „c1eterminations.

Counter

2
3

5
6
7

Mean values

1.23
1.34
1.50
1.74
1.94
1.89

BOX 10' with
Pb baNe

8.1
8.5
8.7
8.7
8.7
9.5
8.7~0.4

10.0
11.4
13.1
15.1
16.9
17.9

0.59
0.67
0.77
0.90
1.00
1.06

(aI „/P.„lan
t ~J.'„/I' )&& X10'

X105 Norm. to No. 7

(~l:.,/r:„)~n
X10

T'rom Al data

0.45
0.57
0.74
0.90
1.00
1.06

AQ ratio with ancl
without Pb baNe

0.80+0.06
0.78~0.05
0.75&0.05
0.80~0.04
0.71~0,04
0.83~0.04
0.78+0.04

'LTnbaNecl
QQX 10 2

1.01~0.06
1.09~0.06
1.16~0.06
1.09&0.05
1.22~0.06
1.16~0.05
1.11~0.08

"A. Whetstone and J. Halpern, Phys. Rev. 109, 2072 (1958).
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TABLE II. Description of targets.

Element

0
F
Ne

Ar
B

C

Al

Talget

Og
CF2
Ne

Ar
B2H6

CH

Isotopic
composition

(%)
(99.8) 0"
(100) F'9

(90.9) Ne"
(0.3) Ne"
(8.8) Ne"

(99.6) Ar4'

(18.7) B'0
(81.3) B"
(98.9) C"
(1 1) Cis
(100)AP'

Supplier and purity (/o)

Linde Co. MSC grade (99.99)
~ ~ o (100)

Linde Co. MSC grade (99.99)

Linde Co. corn'1 grade (99.99)
Bios Labs (unspecified)

A. D. Mackay' (100)

Com'l Al foil

Actual
target

thickness
(mg/cm')

6.29
2.55
3,66

4.79, 6.34

3.54

20.6

Average
absolute
pressure
(lb/in. ')

27.8
~ ~ ~

25.2

16.8, 22.7
27.2

Target
thickness
at NTP

(rng/cni'-)

~ ~ ~

2.31

4.56

a Linde Company, Division of Union Carbide Corporation, 22 Battery Street, San Francisco, California.
b Bios Laboratories, Incorporated, 17 West 60th Street, New York, New York.
e A. D. Mackay, Incorporated, 198 Broadway, New York, New York.

of the background subtraction method, to within 2%%u~.

The wall thickness of the chambers was determined
indirectly by measuring the energy loss of the Cm'"
u particles in the chamber walls. At spectrometer angles
smaller than approximately 45' or larger than approxi-
mately 135' the spectrometer could "see" the portions
of the target walls that were struck by the beam. The
hydrogen-filled target served to evaluate this back-
ground. In order to restrict the region "seen" by the
spectrometer, a lead ba8e with an opening 0.880 in.
wide by 1.975 in. high was placed in the spectrometer
entrance port 8.95 in. from the scattering-chamber
center. The spectrometer solid angle with the bafQe in
place was about 20% less than with no bafne, but the
great reduction in background (a factor of 5 in some
cases) afforded by the bafne made its use desirable.
The e6ective gas-target length was measured for a
spectrometer angle of 76' by means of the n-particle
source. The source was masked to a 0.06-in. vertical
slit, and the counting rate was measured as a function
of the displacement along the beam direction of the
source from the scattering-chamber center. The result-
ing "profile" was approximately trapezoidal. The length
of a rectangle of the same area and height as the meas-
ured trapezoid was 1.01&0.03 in. The effective target
thickness at other angles is discussed in Sec. III B.

In most experiments counts were recorded simul-

taneously in the eight different momentum channels
sampled by the eight counters. In taking proton-energy
distribution, we varied the spectrometer magnetic field
in small steps so that the same proton energy was
eventually measured by a number of detectors. The
proton energies as determined by the detector position
and the spectrometer Beld setting were corrected for
proton-energy losses in the target, "and then the results
from the different counters were combined into energy
bins of less than 1% width. The required relative
efliciency (/t.E/E)AQ of each counter was determined

"M. Rich and R. Madey, University of California Radiation
Laboratory Report-2301, 1954 (unpublished).

from the data taken with the thick aluminum target
where the statistical errors were small and the proton-
energy spectrum was smooth.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Excitation and Energy —Distribution
Experiments

In most cases we interpreted our (e,pe') excitation-
experiment data by assuming that only E1 transitions
are important in the giant-resonance region. As men-
tioned previously, the electron virtual-photon spec-
trum, unlike the real-photon spectrum, depends on the
multipole order of the transition induced. Consequently,
reaction multipolarities could theoretically be deter-
mined by electron-excitation experiments alone and the
validity of the assumption of only E1 transitions in
the giant-resonance region investigated; however, in
practice, the electron-excitation method of multi-
polarity determination is dificult. In particular, elec-
tron-induced E1 and M1 transitions can be separated
and identified only if the fractional (p,p) branching to
excited states, and the fractional errors resulting from
yield-counting statistics are ((2/L(o&/or'+oi'/ro))t —2j-
since the E1 and M1 virtual-photon spectra are approxi-
mately proportional to (oi/oi'+oi'/oi))t, —2 and (o&/oi'

+oi'/r0))t, respectively, Dt, is defined in Eq. (4)j—and
if higher multipoles do not become important at electron
energies high enough to satisfy this criterion.

In addition, (f ~
J(k,ktt) ~i), the matrix element of the

current operator between initial nuclear and final
nuclear-nucleon states, is evaluated for

~

k~ =Q'+p"
—2pp' cos8]: in electron-induced transitions and for

~

k
~

= hot, the energy transfer, in photon-induced transi-
tions. Deviations of the ratio of the square of

(f~ J(k,ks) ~i), evaluated for those values of
~

k~ which
are effective in electron-induced transitions, to the
square of (f ~

J(k,ks) ~i), evaluated for the value of
~

k
~

which is e8ective in photon-induced transitions, from
unity must be small for the above considerations to
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apply. The stacked-foil experiments of Barber'8 have
shown this to be a good approximation for C" for
electron energies below 60 MeV.

Experimental instabilities partially nullified the ac-
cumulation of enough counting statistics and, in most
cases, excited-state branching appeared to be too large
to satisfy the above criterion. Therefore, we assumed E1
excitation and interpreted deviation of the proton yield
from an Ei isochromat as attributable to an additional
E1 transition in which the residual nucleus was left in
an excited state. Usually a definite break in the yield
curve occurred when deviations were observed, and,
since the general Ei character of the giant resonance is
alleged to be well established, the above assumption is

highly plausible. However, our results do not exclude
the possibility of other than E1 excitation in isolated
proton peaks.

3.l Oxygen

Our experimental results for the 0 (e,pe') yield
(Fig. 3), with an initial electron energy E=30 MeV,
are in agreement with the gross features of earlier"
and contemporary'4 (p,p) work, although our superior
resolution and counting statistics enabled us to resolve
a small peak at 10.25 MeV on the high-energy side of
the large resonance at 9.53 MeV, usually alleged to be
the 0 giant resonance. The energy spectrum at 48'
(Fig. 4) confirms the existence of this small peak and
extends the spectrum to a proton energy of 14 MeV,
showing the smooth yield decrease above the 11.50-
MeV peak. Peaks occur at proton energies of 4.85,

's W. C. Barber, Phys. Rev. 111, 1642 (1958).
'9 M. Elaine Toms, Bibli ography of Photoneclear Reactions

(Naval Research Laboratory, Washington, D. C., 1958),pp. 31-33.

5.60, 6.45, 7.00, 8.30, 9.53, 10.25, and 11.50 MeV, cor-
responding, in the case of ground-state transitions, to
photon energies of 17.27, 18.07, 18.99, 19.57, 20.65,
22.30, 23.10, and 24.35 MeV. Geller" has applied
second-order difference analysis of the bremsstrahlung
yields to the 0"(p,e) reaction and obtained peaks at
18.11, 18.91, 19.60, 20.70, and 22.4 MeV, the first three
consecutive, the last two intersticed between other
peaks of unspecified widths. The agreement between
peaks in ~(y,p) of our experiment and o(y, ts) a.s derived
by Geller provides support for charge symmetry of
nuclear forces. The o.(y,e) of Milone et al."at a brems-
strahlung end point energy of 31 MeV is not in agree-
ment with our proton spectra, but because of the
statistics of the (y, n) experiment the diiference is

probably not significant.
Excitation of the 9.58-MeV 0 protons (Fig. 5) indi-

cates ground-state transitions up to an excitation energy
of 31.8+0.5 MeV, above which approximately 8% of
the proton yield leaves the residual nucleus N" with
9.5&0.5 MeV of excitation. Extreme single-particle
photonuclear theory" requires N" to be left in a state
of negative parity and spin —,

' or —,'. N" levels with un-
assigned spin and parity exist at 9.16 and 9.81 MeV, "
and consequently single-particle excitation implies one
or both of these levels should be ~ or 2 . Unfortunately
the counter system straddled the 10.25-MeV proton
peak during excitation experiments; but the straddling
counters a,t 10.00 and 10.55 MeV (Fig. 6) indicated
"K. N. Geller, Phys. Rev, 120, 2147 (1960).
"C.Milone and A. Rubbino, Nuovo cirnento 13, 1035 (1959).
3' W. E. Stephens, A. K. Mann, B.J.Patton, and E.J.Winhold,

Phys. Rev. 98, 839 (1955)."F. Ajzenberg-Selove and T.I auritsen, Ann. Rev. Nuclear Sci.
10, 419 (1960).
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ground-state transitions for excitation energies up to
approximately 33 MeV for the 10.00-MeV protons, and
approximately 30&0.5 MeV for the 10.55-MeV group,
with about a 25% branching ratio to the 6.33 MeU

state of NI5. However, these counters were on= 2 ' )

steep portions of the energy distribution and small di-
urnal spectrometer-field instabilities could have pro-
duced large errors in the yield. The 11.50-MeV proton
yieield (Fig. 5) follows a 24.4-MeU isochromat in the

100—

V)I-
I 0—

range of excitation energies of this experiment, corre-
sponding to ground-state transitions. The 12.33-MeV
prorotons also leave N" in the ground state (Fig. 7) with
slight evidence for excited-state transitions for electron
bombarding energies above 34 MeV. Table III sum-
marizes the excitation characteristics of the 0 protons
for E„greater than 9.53 MeV.

Excitation functions at proton energies lower than
7.5 MeV could have clarifjed the synthesis of data of
other experimental workers by Fuller and Hayward"
who conjectured that a large fraction of these lower-

energy protons were produced by the absorption of
photons in the region of 25.2 MeV with the residual
nucleus X" left in an excited state. Experimental
running-time limitations precluded low-energy proton
excitation experiments, but the data synthesized in

l ABLE III. Summary of the excitation characteristics of the 0
protons for E~'„&9.53 MeV.

O. I
I

20

— -0.2+ 0.2
-- -O. l + O. l

~-THRESHOLD~- THR ESHOLD

22 - 24 26 28 30
ELECTRON ENERGY

22. 3I MEV

24.35 MEV

I

32 34
(MEV)

I

36 38

Proton
energy
(MeV}

9.58
10.55
11.49
12.33

Ground
state

transition
energy
(Mev}

22,31
23.30
24.35
25.29

Electron
energy at
which a

deviation
f lorn ail L~1

isochromat
occurs
(Mev}

31.8~0.5
30.0~0 5

~ ~ ~

34.0

Energy of
Branching excited

ratIo state
(%} (MeV)

8~8 9.5+0,5
25~10 6.7~0.5

FIG. 5. Excitation functions of 9.6- and 11.5-Mev
protons from oxygen.

'4 E. G. I'uller and Evans Hayward, in I'roceedings of the
Jnternational Conference on nuclear Structure, Eingston (Uni-
versity of Toronto Press, 1'oronto, 1960},pp. $11—$12,
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reference 39 can be combined with ours to place quali-
tative limits on the ratio of (do/dQ)qq at photon en-
ergies of 22.4 and 25.3 MeV. The unlikely assumption
that the entire yieM of protons in the 7.3-MeV region
is attributable to transitions with the N" left in an
excited state leads to an upper limit for the ratio of 1:1.
This ratio is insensitive to exactly which excited states
are fed because of the relatively fIat yield in the region
in which the final-state properties of the proton are
uncertain. The conclusions above are only valid if none
of the protons with E„=S MeV are produced by the
absorption of 25.2-MeV photons.

The proton radiative capture reaction on N" has
been studied by Thomas et al.35 in the photon-energy
range of 17.0 to 19.7 MeV, and by Cohen et al." for
photon energies between 21 and 26 MeV. Discrepancies
between the detailed shapes of the experimental (p,pp)
and(pe, &) crosssectionsdoexist, particularly forphoton
energies in the region of 25 MeV, but elsewhere, except
for relative peak size differences, the agreement is fair
when the proton energies of the direct reaction are
multiplied by the kinematic factor of LA/(2 —1)]'
=1.139 needed for comparison with proton energies
of the capture reaction. Detailed balance predicts

100

V) 10—

CI

Ld

THRESHOLD 25.50 MEV

22 24 26 28 30 52 54

ELECTRON ENERGY (MEV)

1

36 58

FIG. 6. Average of the excitation functions of 10-
and 10.5-MeV protons from oxygen.

for O, from which Cohen et al. obtained for the 9.53-
Mev peak (do/dQ)~, „,=14 mb/4m- sr=1.12 mb/sr at
90', to be compared with our 1.32 mb/sr.

The integrated cross sections and widths of an
approximate resonance curve fit to the data for 22 'E,

25 MeV are given in Table IV. The difhculty in
fitting a single resonance curve to the region around
22.3 MeV, and the appearance of a slight inAection on
the lower-energy side of this peak suggest unresolved
structure. To unfold the contributions of the finite
spectrometer resolution and the finite electron-beam
width to the intrinsic width of the peaks, we geometri-
callysubtracted twice'/p, which is nonrelativistically
~E/E, asgivenbythe fullwidthathalf-maximumheight
of the Cm'4' n-particle momentum spectrum (~E

=0.024E for counter 7; Fig. 1) and algebraically sub-
tracted the proton-energy loss in an electron-beam
width of the gas (at experimental temperature and
pressure). For thelattercorrection, weassumedauniform
electron-beam intensity distribution which overesti-
mated the resolution degradation produced by finite

100

CAI- 10—
R
D

TABLE IV. Parameters of an approximate resonance curve fit to
the 0 cross section for 22 &8„&25MeV.

Proton
energy
of peak
(Mev)

Photon
energy
of peale.
(MeV)

Peak
height
at 76'

(mb/sr)

Photon
width

at half-
height
(Mev)

J'~h, P)dl-q
under

resonance
curve

(MeV-mb)

D
LU

9.53
10,25
11.50

22.3
23 ~ 1
24.35

1.29
0.27
0.78

0.70 14.4
0.32 1.7
0.87 10.9

Total 27, 1

26.2
3 ' 1

19.7

49.0

—+ O. l

THRESHOLD 25.29 MEV

"N. W. Tanner, G. C. Thomas, and W. E. Meyerhof, Nuovo
cimento 14, 257 (1959).

3~ S. G. Cohen, P. S. Fisher, and K. K. Warburton, Phys. Rev.
I.ettets 3, 433 (1959).

24
I

28
I

52
I

56

ELECTRON ENERGY (MEV)

FIG. 7. Excitation function of 12.3-MeV protons from oxygen.
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electron-beam width. With the use of these crude
estimates, we find the intrinsic photon widths of the
peaks described in Table IV to be 0.62, 0.17, and 0.79
MeV, respectively.

The assumption that only Ors (y, P) transitions occur
which leave N" in the ground state for excitation en-
ergies up to 30 MeV leads to the differential cross
sections at 76 and 48' shown in Figs. 8 and 9. We
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K
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Fzo. 9. Oxygen (e,pe') cross section
for Eo ——30 MeV and 8=48', under the
assumption of 100% ground-state
transitions.
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FIG. 10. Fluorine energy spectrum E0=30 MeV 8=76'.

obtained for 0"
27 do—(y,p)dE~=5.4&1.1 MeV-mb/sr at 76',

g6.6 dQ

or
27

6.6
o (y,p)dE, =56&11 MeV-mb, (6)

The F proton energy spectrum was investigated at
three initial electron energies, 18, 24.5, and 30 MeV
(Figs. 10 and 11). The 24.5-MeV data contain sta-
tistically significant peaks at 3.25, 3.7, 4.5, and 7.3
MeV (ground-state-transition photon energies of 11.42,

'7 H. Fuchs and C. Salander, in Contributions to the Xarlsruhe
Conference, 1960 {Erstes Physikalisches Institnt der Universitat
Heidelberg, Heidelberg, 1961), p. A11."J.H. Carver and K. H. Lokan, Australian J. Phys. 30, 312
(1957).

assuming our angular distributions. For 0"f'sro. (y,re)dEr,
Fuchs and Salander" obtained 61+7 MeV-mb, while
Carver and Lokan" obtained 46&7 MeV-mb. These
values of fo(y,p)dEv and f'o(p, rc. )dE~ for 0 are n. ot in
serious convict with the requirements of charge
symmetry,

3.Z P/Nori ee

11.90, 12.74, and 15.70 MeV), while less reliable evi-
dence exists for a considerable amount of 6ne structure.
The 30-MeV spectrum conirms the essential features
of the 24.5-MeV spectrum and contains additional struc-
ture at higher proton energies, in particular a peak at
10.1 MeV (ground-state-transition energy 18.7 MeV).
While the large statistical errors of previous F(y,p)
work vitiate a detailed comparison with our results,
the agreement in proton energies of the peaks is good.
Forkman and Wahlstrom" observed peaks at photon
energies of 11.4, 11.9, 12.8, 13.6, 15.4, and 18.1 MeV.
The F o (y, n) has not been made with the reined tech-
niques of Geller, " but breaks do occur in the F(p,n)
activation curves at 11.5, 11.9, 12.2, and 15.3 MeV.""

No excitation experiments were undertaken per se,
but the three energy spectra can give semiquantitative
final-state information. The yields of the 7.25-MeV F
protons at 80=18, 24.5 and 30 MeV are in the propor-
tion of 1/(3.4&0.4)/(5. 9&0.8); while E1 virtual-
photon spectra at these electron energies computed for
a momentum transfer corresponding to a transition in
which 0" is left in the ground state are in the propor-
tion of 1:1.81:3.48. The experimental-yield ratio for

se B. Forkman and I. Wahlstrorn, Arkiv Fysik 18, 339 {1960l.
~ J. G. V. Taylor, L. B.Robinson, and R. N. H. Haslam, Can.

J. Phys. 32, 238 (1954).
' J Goldemberg and L. Katz, Phys. Rev. 95, 471 (1954).
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electron energies of 30 and 24.5 MeV is 1.7&0.3, while
the E1 virtual-photon spectra predict a ratio of 1.93.
This indicates to first order that the important transi-
tions 'for 7.25-MeV protons are those in which the
residual nucleus 0" is left in the ground state or in an
excited state with less than 6 MeV of excitation energy.
This situation seems to prevail in the energy range
where data at the three excitation energies are avail-
able. The differential cross section at 76', derived by
making the erroneous assumption of 100'%%uo ground-

state transitions for illustrative purposes, is given in
Fig. 12. The 0+ ground state, 2+ 1.98-MeV level, and
4+ 3.55-MeV level in 0'8 belong to the d valence
nucleon configuration in the shell-model scheme and
thus not expected to be greatly populated by the photo-
nuclear effect, which according to Wilkinson" involves
predominantly excitation of the closed shell or core
nucleons. Several 1 0' levels below 6 MeV exist which
could correspond to hole states of the 0" core, but
branching ratios to these plausible levels were not

0.4—

0,5-

0.2—
Fro. 12. Fluorine (e,ps') cross

section for SO=24.5 MeV and
8=76', under the assumption of
100fo ground-state transitions
(known to be erroneous).
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FIG. 13. Neon proton energy spectrum observed with L~'0=30 MeV and 8=76'.

determined by our experiment. We obtain for F"
23

0.5

o(y,p)dE~= 29 . s+' MeV-mb (7)

for the assumption of 100% ground-state transitions,
and 37&11 MeV-mb for the assumption that all
F"(p,p) transitions leave 0"with an excitation energy
of 4 MeV. Lasich et at."obtained for F"

16 5

10
o(y, p)dE~=18 RleV-mb,

which is compatible with our measurements. Ferguson
et a/. 43 obtained for P'

22 2

o(y, n)dE»= 77 18eV. -mb. (9)

3.3 Eeoc

Neon has the most interesting energy spectrum of
the elements investigated. The Ne(y, p) reaction was

%. S. I a,sich, E. G. Muirhead, and (.~. C. Shute, Australian
J. Phys. 8, 456 (1955).

"G. A. Ferguson, J. Halpern, R. Nathans, and P. F. Vergin,
Phys. Rev. 95, 776 (1954).

previously investigated with 23-MeV44 and 80-MeV"
bremsstrahlung by cloud-chamber measurements of the
recoiling P, but with apparently inconclusive results
regarding the shape of the cross section. Warren and
Hay, 4' using monochromatic 17.6-MeV photons from
theLi(p, y) reaction and aNe-6lled proportional counter,
obviously observed the low-energy side of the 4.58-
MeV peak but lacked sufFicient energy to map the full
contour of this peak. Gemmell et ut.4' observed the first
two peaks in the inverse F"(p,yq)Ne" reaction, but the
peak widths and energies di6'er from our work which is
in excellent agreement with the inverse reaction done at
Oxford. "We observe narrow, symmetric peaks in the
Ne proton-energy spectrum at 76' (Fig. 13) at 3.20,
3.70, 4.58, 5.80, 6.65, 7.75, 8.65, 9.40, and 11.40 MeV,
whose envelope has the usual giant-resonance shape
with a maximum at 4.58 MeV.

Recent work with nuclear emulsions" shows a proton-
energy spectrum in excellent agreement with ours.

~ J. R. Atkinson, I. Crawford, D. R. O. Morrison, l. Preston,
and I. F. Wright, Physica 22, 1145A (1956).

4'A. P. Komar and I. P. flavor, J. Kxptl. Theoret. Phys.
(U.S.S.R.) 52, 614L (1957).

. B. Warren and H. J. Hay, Bull. Am. Phys. Soc. 2, 178
(195 }.

~ ~

~ ~

~'7 D. S. Gemmell, A. H. Morton, and W. l. B. Smith, Nuclear
Phys. 10, 45 (1959)."K.Shoda (private communication).
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TA&LE U. Summar of thy the excitation characteristics of the Ne protons

Proton
energy
(MeV)

4.56
5.20
5.57
5.81.
6.74
7.22
7.77
8.30
8.72
9.20
9.49
9.86

Ground state
transition

energy
(MeV)

17.68
18.35
18.74
18 99
19.97
20.47
21.00
21.61
22.05
22.56
22.86
23.25

Experimental
threshold

(MeV)

17.7~0.3
19.4+0.6
19.5+0.7
19.6~0.6
20.0~0.4
20.4~0.4
21.4+0.5
21.9~0.5
22.3~0.5
23.0~0.6
23.0~0.5
23.6+0.6

Electron energy at which
a deviation from an

E1 isochromat
occuls
(MeV)

21.8~0.5
21.8&0.7; 27.8 s+"

~ ~ ~

29.8~1
26.0~1
26.5~1
28.2~1.5
27 6~1 5a

~ ~ ~

Branching
ratio
(%)

17~8
25&5; 39~10

~ ~ ~

26~10
29&10
29~10
29+10

~ ~ 4

Energy of ex-
cited state

(MeV)

4.1+0.5
3.5+0.7; 9.5 +"

~ ~ ~

8.8&1
4.4+1
4.5+1
5.2+1.5
4.7+1.5.

~ ~ ~

a Slight evidence.

proton reaction should be —' or -'

taine y these excitation experiments alone since the

keV apart. Presumably, transitions to the other ne a-
tive-parity states at 1.35 and 1.46 MeV, both with
spin -'„, could be identified.

Thee excitation characteristics of th te pro ons crom
e principal peaks and valleys are displayed in Fi

14—17 and t
ye ln igs.

The 5.20-MeV r
t e salient features, summarized in Tabl V.

e . - e protons seem to have a complex parent-

sta e transi i
age with little evidence for ground- orun - or near-ground-
s a e transitions. No excitation experim ten s were
ma e or the 7.75-MeV peak protons, but since the
straddling protons at 7.51 MeV and at 7.94 MeV had
experimentally identical yield shapes the results were

of th
appropriately combined and present d th
o the 7.77-MeV peak protons. All other excitation
curves shown are data from at l teas two counters lyin
in a proton-energy interval 1.5 wid. ~& wi e, or were data
rom a sing e counter.

The enve with thehe i erential cross section at 76' d
assumption of 100%%u~ ground state transitions, is shown
in Fig. 18. Ke obtained for Ne

27

16

o (y,p)dE, =65 re+re Mev-mb.

Thomas and Tanner, "using detailed balance and nor-
maizing to the work of Farney et al." obtained 55

1.6

I .4 —-

Pro. 18. Neon (e,pe') cross section
for E0=30 MeV and 8=76', under the
assumption of 100% ground-state
transitions.
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TABLE VI. Summary of the properties of the major Ne peaks.

Proton
energy
of peak
(MeV)

4.58
5.80
6.65
7.75

Photon
energy
of peak
(MeV)

17.70
18.87
19.87
21.02

Peak
height
at 76'

(mb/sr)

1.45
1.11
0.90
0.77

Photon
width

at half-
height
(MeV)

0.50
0.58
0.54
0.49

J ~(v.P)dj='p
under

resonance
curve

(MeV-mb)

11.4
11.1
7.6
6.1

Total 36.2

'%%uo J„~h,P)&&v

19.0
16.7
12.7
10.5

MeV-mb from the inverse (p,y) reaction to the ground
state of Ne" over essentially the same proton-energy
interval. Normalizing to the inverse reaction cross
section of Gemmell et al. ,

47 they obtained 140 MeV-mb.
The o(y, m) measurements of Ferguson ej al." had in-
sufBcient resolution to observe structure similar to that
occurring in the o (p,P). They obtained, for Ne's,
J'"'o.(y,m)dE~= 52 MeV-mb. [Because both the
ground- and first-excited states of P' have spin —,',
and the relative (y,p) branching ratios to these states
are not known, the agreement between the direct and
inverse reactions is not necessarily a confirmation of
detailed balance; the similarity between the two
previous reactions probably stresses the importance of

the excitation of discrete levels or very closely spaced
groups of levels in Ne" about 1-MeV apart. )

The cross section in the region of the four major
peaks can be approximated by a superposition of reso-
nance curves. The width, peak height, area, and inte-
grated cross section of the individual resonance curve
belonging to each peak are presented in Table VI.
Making the same crude estimates for the contributions
of the experimental resolution to the peak width as in
the 0 discussion section results in photon half-widths of
0.46, 0.52, 0.49, and 0.42 MeV, respectively.

3.4 Argoe

Our survey study of the Ar(e, pe') energy spectrum
at Re=30 Mev, 0= 76' (Fig. 19) exhibits a sharp maxi-
mum a,t a proton energy E~ of 3.6+0.1 Mev, with the
yield nearly inversely proportional to E~ from the
peak to A~=6.8 Mev, where an infiection occurs in the
yield curve. The general features of the energy spec-
trum are in agreement with the statistically inferior
work of Iavor. "Since we lack an experimentally deter-
mined relationship between photon and proton energy,
we can only set limits on the cross section integrated
over our proton-energy interval. An isotropic angular
distribution is a,ssumed. The assumption of ground-

16—

l2—
0
00 +"ii"

I-
z,'

O
C3

l5 17

PRGTGN ENERGY (MEV)
I'ro. 19.Argon energy spectrum E0=-30 MeV 0=76'.

""1, P. Iavor, Sovjet Phys. —JETP 7, 983 (1958).
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PROTON ENERGY (MEV)
FIG, 20. Boron (e,pe') energy spectrum 8&=30 MeV 8=76'.

62 MeV-mb( o (y,P)dE~(110 MeV-mb. (11)

Cloud-chamber measurements with E~, = 15.1 MeV
by Gudden and Eichler, " together with estimates of
our o.-particle counting efficiency, and the continuity
of the yields during runs in which the A pressure was
changed by a factor of 2 indicate that the large o (p,n)
postulated by Emma et a/. is not observed. If the de-
tected yields had been n particles, the large o.-particle
energy-loss differences caused by the pressure change
would have produced a measurable yield discontinuity.

3.5 Boron

The B energy spectrum at Es 30 MeV (Fig. 20)——
exhibits a broad maximum centered at 5 MeV with

"V. Emma, C. Milone, R. Rinzivillo, Nuovo cirnento 14, 62
(1959)."A. S. Penfold and E.L. Garwin, Phys. Rev. 114, 1139 (1959).

s' F. Gudden and J. Eichler, Z. Physik 150, 1139 (1959).

state transitions, which would make the (y,p) peak
occur at the same photon energy as the (y, tr) peak
cross section, leads to 62 MeV-mb; while the assump-
tion that the peak yield arises from the absorption of
24-MeV photons leads to 110 MeV-mb. The latter
assumption is supported by the energy spectra of Emma
et al." taken at bremsstrahlung end point energies of
23, 26, and 30 MeV, and by the shape of o (p,P) meas-
ured by Penfold and Garwin. "Consequently, we con-
clude that for Ar"

E7I=1.5 .25

a long high-energy tail. Suggestions of structure appear
but statistics do not warrant detailed speculation.
Since neither excitation functions nor angular distribu-
tions were measured, the 8 data do not merit ex-
tensive discussion. The photoplate work of Erdos
et al. 54 and estimates of our eKciency for counting deu-
terons both indicate that most of the yield is protons.
In order to provide limits for the B J"a(y,p)dEr, we-
make a plausible analogy to the F" (&,p) reaction,
assuming that B"and C" (y,p) reactions are homolo-
gous to the F"and Ne" (y,p) reactions. Using the above
analogy, 100%%uq population of the 1 and 2 states at
5.96 and 6.26 MeV gives for the B fa(y, p)dE„ the
value 42 MeV-mb. A lower limit is 25 MeV-mb. These
estimates are for the proton-energy interval from 3.5
to 15 MeV.

3.6 Carbon

Our C" o.(y,p) at Es——30 MeV (Fig. 21) shows the
giant resonance peak at E„=6.05 MeV, with slight
evidence for structure at 6.7 and 7.2 MeV but with no
evidence for splitting of the magnitude observed by
Cohen et al.s' The width of the C's (y,P) giant resonance
at half-maximum is approximately 3.1 MeV which is
slightly narrower than previously reported. " Some

"P.Erdos, P. Scherrer, and P. Stoll, Helv. Phys. Acta 26, 207
(1953)."L. Cohen, A. K. Mann, B. J. Patton, K. Reibel, %'. E.
Stephens, and E. J. Winhold, Phys. Rev. 104, 108 (1956).' V. J. Vanhuyse and %. C. Barber, Nuclear Phys. 26, 233
(1961).
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subtraction method employed. The cross section for
I'.'s 24.——5 MeV (Fig. 23) is in essential agreement with
the 30-MeV cross section, as expected, since the precise
work of Penner and Leiss57 showed an excited-state
cross section of (7&16)/q of the ground-state cross
section for photon energies below 30 MeV. We obtained
a differential cross section of 1.03 mb/sr at 76' at
E„=6.05 MeV, and

29.3

20.3

o (y,p)dE~= 50+8 MeV-mb (12)
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FIG. 21. Carbon (e,pe') cross section for Es ——30 MeV and 0=76',
under the assumption of 100% ground-state transitions.

evidence for fine structure exists at proton energies of
8.2, 8.9, 20.2, and 10.9 MeV in the 30-MeV data. The
energy spectrum at 24.5 MeV (Fig. 22) again gives us
no evidence for splitting; and above proton energies
of 8 MeV, where proton emission is energetically im-
possible, it demonstrates the validity of the background-

for C". Using detailed balance, Gemmell et al. 58 ob-
tained 24~5 mb for the peak cross section from the
inverse 8" (p,y) C" reaction. This value becomes 19+4
MeV-mb after converting from the isotropic angular
distribution Gemmell ef, al. assumed to a 1+s sin'(l

angular distribution (a factor of s for an angular dis-
tribution measured at 90'). However, as pointed out in
the discussion of the Ne results, the F"o (p,yp)Ne" of
Gemmell et al. , obtained with the use of detailed balance,
is also about a factor of two larger than our value or
the inverse cross section of Thomas et ul." when the
latter used an independent calibration. Gove et ul."

C)
C)

16—
(fll-

O
C3

I Slyli aAII@ yll
8

�10
l2 l4

PROTON ENERGY ( MEV)
FIG. 22. Carbon energy spectrum E0=24.5 MeV 8=76'.

'r S. Penner and J. E. Leiss, Phys. Rev. 114, 1101 (1959).' D. S. Gemmell (private communication).
ss H. E. Gove, A. E. Litherland, and R. Batchelor (to be published).
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I.O—

Fro. 23. Carbon (e,pe') cross sec-
tion for ED=24.5 MeV and 8=76',
under the assumption of 100%
ground-state transitions.
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have obtained 12 mb for the peak cross section at E„
=6.05 MeV from the inverse reaction, while our value
is 11.0&15%~mb for a 1+-', sins8 angular distribution,
or 9.6 mb using the least-squares fit coefficients to our
5.90-MeU C'2 angular distribution, properly normalized
to the peak do/dQ.

3.7 A/uminum

The Al proton energy spectra from a 20.6-mg/cm'
foil of commercial purity (99% Al) used to monitor

the stability and reliability of the experimental ap-
paratus as previously explained are shown in Figs. 24
and 25 for So= 18, 24.5, and 30 MeV. As in the case of
F, comparison of the yield ratios at the three primary
electron energies with the ratios of El virtual-photon
isochromats enabled us to establish a semi-quantitive
relationship between k and E„(see Table VII). The
relationship k= (27/26)E, +16 seems appropriate in
the proton-energy interval of 3.4 to 6-7 MeV. Beyond
proton energies of 7 MeV, k= (27/26)RAN+14 seems

200

I60—

I zo. 24. Aluminum energy spec-
trum Ee=24 SIMeV 8=76',. target
thickness 20.6 mg/cm'.
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Fxo. 25. Aluminum energy spectrum Es ——30 MeV tl =76', target thickness 20.6 mg/cm'.

indicated. For simplicity, the assumption that
= (27/26)E~+14 over the entire range of proton en-

ergies was made to compute the cross section shown in
Fig. 26; the errors are derived from counting statistics
only and do not include the uncertainty in the rela-
tionship between k and E„.In any event, the available
information does not justify a more sophisticated
analysis. The previous experiments of Diven and Almy~
and those of Dawson" had neither the resolution nor

o (y,P)dE, =94&19% |VIeV-rnb, (13)

with the use of our angular distribution data. Dawson,
using Halpern and Mann's" data for calibration, ob-

the statistics to detect the hump we observed in the
region of 8 MeV. However, our work is in agreement
with the gross features of their results. AVe obtained
for Al2'

29

TABx.z VII. Comparison of Al yield at primary electron energies of 18, 24.5, and 30 MeV.

Proton
energy
(MeV)

5.19
5.60
6.02
6.53
7.01
7.47
7.94
8.45
8.91
9.39

Yield
Ep= 18
(MeV)

~ ~ ~

18.0+1.5
11.0+1.5
8.5~1.0
6.3+0.8
4.4+0.8
1.2+ 1.0

~ ~ ~

Yield
Ep ——24.5
(MeV)

130&2
122&2
115&2
104+2
94~2
88~2
82w2
82+2
72&2
62+2

Yield
Ep=30
(Mev)

205~2
193~2
180+2
170~2
155w2
149a2
140+2
142~2
130~2
110~2

Yield (24.5)

Yield (18)

~ ~ ~

6.5~ 0.6
9.5~ 1.0

11.0~ 2.0
14.0+ 2.0
19.0+ 3.0
68.0~57.0

~ ~ ~

Yield (30)

Yield (24.5)

1.58~0.06
1.59+0.06
1.56~0.06
1.64+0.06
1.65~0.06
1.69~0.06
1.71~0.06
1.73~0.06
1.81+0.07
1.78~0.07

1.52
1.54
1.58
1.73 ~ ~ ~

1.52
1.54
1.58
1.73
1.91
2.11

Ng g(30,k) NE g(30,k)

Ng &(24,k) Ns g(24, k)
Lk=(27/26)E„+16j !k=(27/26)E~+14j

' B. C. Diven and G. M. Almy, Phys. Rev. 80, 407 (1950).
"W. K. Dawson, Can. J. Phys. 34, 1480 (1956)."J.Halpern and A. K. Mann, Phys. Rev. 83, 370 (1951).
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Pro. 26. Aluminum (e,ps') cross section for L&'O= 30 MeV and a= 76', assuming 0= (27/26)L~'„+14 MeV.

tained J'o (y,P)dE~= 120&30 MeV-mb, with unspeci-
6ed photon limits but presumably over the entire range
of sensibly nonzero cross section. For Al Jjsts'o(y, n)
)(dE~, Baglin et al."measured 28 MeV-mb. Since the
proton thickness of our Al target was great enough to
partially obscure any interesting fine structure, the
energy spectrum will not be discussed further; however,
the suggestion of unresolved structure, especially at 8
MeV, together with the alleged structure in the total.
photon absorption curve and the calculations of Baglin
et al. are intriguing; and perhaps future Al(y, p) experi-
ments with thinner targets are advisable. On the other
hand, our isotropic angular distributions suggest a
statistical. emission process and smooth absorption
cross section.

B. Angular-Distribution Measurements

3.8 The Effective Gas Target Thickness as-a Fstnction
of Spectrometer Angle

In order to interpret the angular-distribution data,
the effective gas-target thickness as a function of spec-
trometer angle had to be known. This function was
calculated from the geometry of the target diameter
and the "pro6le" of the spectrometer as measured with

83 J. K. E. Baglin, M. W. Thomas, and B. M. Spicer, Nuclear
Phys. 22, 20'/ (1961).

the n source at the one angle of 76 . The function also
depends slightly on the width of the primary electron
beam. Details of the calculation are given by Dodge. "
These calculated relative-target thicknesses have an
accuracy compatible with the errors from counting
statistics; but for a more precise determination of the
former quantities, a comparison of the angular dis-
tribution of carbon photoprotons from a CH (poly-
styrene) foil and methane (CH4) in the gas chamber
would. be preferred. This measurement would corre-
spond to the comparison of the angular distributions
from a point and an extended source and would elimi-
nate uncertainties caused by a possible AP/p dependence
of AQ for source positions perpendicular to the magnet
symmetry plane.

The electron beam was carefully centered on the gas
target at each angle to avoid geometric uncertainties.
This slight repositioning of the beam direction at each
angle unfortunately could have been the cause of an
even larger error than was avoided, since the SEM
e%ciency, after angular distributions were measured,
apparently had increased by 7.5%. However, since
detailed experimental verification of the SEM's mal-
function is lacking, no correction was made. The effect
of the alleged SEM e%ciency change on the 0 and Ne

~W. R. Dodge, Stanford University, High-Energy Physics
Laboratory Tech. Rept. No. 246, 1961 (unpublished).
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der/dQ data would be to decrease the forward and in-
crease the backward asymmetries. The conclusions
based on a comparison of the 0 and Ne do./dQ would
not be altered, since the data were taken consecutively
at each angle.

Angular distributions of the prominent peaks in Ne
and 0 were made by successively positioning the peaks
on the same counter by taking partial energy distribu-
tions at each angle to locate the peaks. The spectrometer
6eld values which were used for the gaseous elements'

angular distributions gave nearly the same proton
energies after conversion from laboratory to center-of-
mass energies. The center-of-mass proton kinetic energy

Tpp is related to the laboratory kinetic energy T„by

$1+(k/M~)]LTD+M„] P„k co—s8~.b —M„
[1+(2k/Mg) ]'

=T„PM,/M—.3L2T,/M, ]:«s8 (14)

where 3f~ is the mass of the target nucleus, k is the
energy of the photon inducing the reaction, and natural
units are used. The small spread in the calculated center-
of-mass energies as a function of angle gives credence
to the assumption that most of the detected particles
are protons and is a measure of the accuracy of the
location of the peaks. (For the 9.53&0.04 MeV peak
in 0, the center-of-mass energies were 9.51 MeV, 20;
9.53 MeV, 48'; 9.55 MeV, 76; 9.61 MeV, 104'; 9.52
MeV, 132'; and 9.47 MeV, 160'. The energies of the
largest two neon peaks were similarly determined on
the basis of reproducibility to be located at 4.59~0.03
and 5.79&0.02 MeV. ) Because the energies of the
angular-distribution data points for the solid targets
arid for the gaseous targets from counters other than
the one which followed the peak under observation were

a slight function of the spectrometer angle, the data
points were corrected to the value of the cross section
corresponding to the average center-of-mass kinetic

energy T&,b by referring to the cross section at 76'.
The correction was largest for those elements whose

cross section changed rapidly with proton energy and
was approximately 10%%u~ in the extreme cases at the
extreme angles. The uncertainty of this correction was

incorportated in the angular-distribution data errors.

The angular distributions' even-parity terms, which

are assumed to arise entirely from an E1 interaction,
have been corrected for the dependence of the E1
virtual-photon spectrum on the reaction product angle

LEq. (4)]. Therefore, if the (e,Pe') angular distribution
has the form

(~2+~&2 — -~2+~12 3
C'= Cl X—2 X—2 ———

MCO GOGO 2 GO

(17)

tank = W/SOL1+ (1/n) (ro/So)']&, (19)

where 8' is the accessible horizontal aperture half-width,
So is the distance from the source to the spectrometer
entrance, e is the usual magnetic field index, and
ro is the central radius of curvature. For an e= —',

spectrometer,
tana = (ao/X) (20)

where A is the ratio of the magnet aperture height to
width. In the case of this experiment tanh=0. 03; so
this correction is negligible.

3.9 Discussion of the Angular Distributions

The 0, F, Ne, C, and Al angular-distributions data
were fitted to a cos8 power series of fourth degree by the
least-squares method and the results expressed in the
form of Eq. (15) and +&=0' CtPt(cos8). The even-parity
terms of Eq. (15), A and C, were then corrected to
photoproduction LEqs. (19) and (20)]. In our experi-

IO

should be the same as the respective even-parity terms
of the real-photon-induced angular distribution. The
odd-parity terms, attributable to interference between
E1 and E2 transitions, were not corrected for the de-
pendence of the E2 virtual-photon spectrum on reaction-
product angle.

The angular distributions were not corrected for
finite angular resolution of the spectrometer since this
correction was very small. It can be shown, that for a
spectrometer of finite horizontal acceptance angle 2D,
the assumed angular distribution LEq. (15)] is trans-
formed to

A+C sin'6+ (8 cosA+~D sink sin26) cos8

+C(1—4 sin'6) sin'8+D cosA cos26 sin'8 cos8. (18)

For a magnetic spectrometer,

A+8 cos8+C sin'8+D sin'8 cos8,

the quantities

M co +(r) 3 co

A'=A —C— ) —2———
07 COGO 2 co

(15)

(16)

O. I

8
I I I

I 0 I I I 2 I5

PROTON ENERGY {MEV)

FIG. 27. Ratio of the even-parity terms in the angular
distributions of protons from oxygen.
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ment there are few examples in which the conversion
to photoproduction or the difference between the
center-of-mass and the laboratory systems is statisti-
cally discernible.

(a) Oxygen. The 0 do. (y, p)/dQ has been studied in
this energy range by Johannson el, al. ,

"Milone et al ,ss.

and Brix and Mashke"; but the accuracy of previous
experiments has been limited by experimental" or
statistical uncertainties. ""Ratios of C'/A' range from
1.1 obtained by Johannson et ol. to 6.7 obtained by
Brix and Mashke for E„)10 MeV. Our values of C'/A'
are shown in Fig. 27. The do/dQ of 0 protons from the
9.53 and 11.50-MeV peaks and the valley in between
are displayed in Fig. 28. Wilkinson s resonance direct
mechanism predicts C'/A'=-' , for both the /p; to ld;
transitions and the /p, to Id; transitions which are ex-

IO.O

b[c: 0.3

0.3

IO.O

O. I
Oo 200 48 76 I04 I32 I60 1800

Fro. 29. Oxygen (e,pe') proton angular distributions
at A0=30 MeV.

Cl

K
LLII-
CA I.O
E

O. I

0 20' 48 76 I 04 I32' 160' I80

Fro. 28. Oxygen (e,pe') proton peak and valley angular
distributions at L~0=30 MeV.

pected to be responsible for the 9.53- and 11.50-MeV
peaks, respectively. Admixtures of transitions where the
relative angular momentum of the proton l changes to
l 1with the trans—itions where I changes to l+1, which
contribute most of the dipole strength can modify the
simple estimates for C/A of Courant" and Wilkinson, '
since the radial matrix elements cannot be factored out
of the angular expressions in these cases."Calculations
of the expected modification of C'/A' have not been
made for oxygen. Figure 29 shows that the asymmetry
in 0d(e, pe')/dQ shifts from the backward to the forward
hemisphere, respectively, for protons from. the low- and

~ C. Milone, S. Milone-Tamburino, R. Rinzivillo, A. Rubbino,
and C. Tribuno, Nuovo cimento 7, 729 (1958).

«P. Brix and E. R. Mascke, Z. Physik 1SS, 109 (l959).' E. D. Courant, Phys. Rev. 82, 703 (1951).
J. Kichler and H. A. %eidenmuller, Z. Physik 152, 261

(1958).

high-energy sides of the 9.53-MeV peak. As Gove"
has pointed out, this behavior is expected if the
asymmetry term arises from interference of two proper
Breit-Wigner resonances, one with Jr=1 and the
other with Jr=2+, and whose spacing is greater than
their widths to ensure the physical reasonableness
of the single-level Breit-Wigner approximation. The
inelastic electron-scattering experiments of Bishop and
Isabelle" indicate the presence of an E2 level in this
vicinity of the photon-absorption cross section. Brown
and Levinger" have placed an upper limit on ops/oui
of p'/20, where p=C/D. For 0 this formula pre-
dicts a&2/o. &r&1.8%%u& for the proton energy interval
investigated.

(b) Flloriee The F da(y, p. )/dQ C'/A' values (Fig.
30) are -0.5 for E„(7MeV, while for E„)7 MeV they
increase rapidly with E„. The low values of C'/A'
imply either a large component of a statistical emission
process or a large proton relative angular momentum l.
(According to the resonance direct theories do/dQ=1
+sr sin'0 for large l.) The latter assumption would par-
tially explain the low F" J'o(y, p)dEv because of t.he
angular momentum barrier; but the (Y,z) yields would
also be inhibited by this mechanism. According to the
F's rr(y, e)dE~ measurements of Ferguson et al. ,4' this
inhibition is not observed. Typical F da (e,pe')/dQ's for
Ao ——24.5 MeV are shown in Fig. 31 with arbitrary ordi-
nate units.

(c) Peon The Ne d. o(e,pe')/dQ exhibits the same

s' H E. Gove (private communication)."D. Isabelle (private communication).
» G. E. Brown and L. S. Levinger, Proc. Phys. Soc. (London)

71, 733 (1958).
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FrG. 30. Ratio of the even-parity terms in the angular
distributions of the protons from F.

FIG. 32. Ratio of the even-parity terms in the angular
distributions of the protons from Ne.

general behavior as 0 although C'/A' values (Fig. 32)
are smaller —a significant fact since a resonant-state
interaction with the valence nucleons which would
produce a larger isotropic term than occurs in 0 seems
unlikely in view of the sharper peaks in the Ne cross
section. The similarity of shape of do./dQ for the peak
protons (which all have C'/A'=1) is stressed in Fig. 33.
The shift from backward to forward asymmetry on

Ioo

(MEV }

opposite sides of a peak, observed in 0, is also seen for
the second Ne peak in the do/dQ of the 5.40- and 6.04-
MeV protons in Fig. 34, along with the do./dQ for the
protons from the sides of other peaks. The angular dis-
tributions of Ne valley protons are shown in Fig. 35.
According to the work of Komar and Iavor4' the aver-
age value of C'/A' for 1(E„&15MeV has increased
to 2.5 for Er, ,„-=80 MeV. An upper limit for oEs/ol, r.
is 3.6% from our work, although the average value is

1%.
(d) Carbon. The C do. (y,p)dQ has been measured by

many experimenters for the direct reaction and by
Gove et al." for the inverse reaction. The agreement
of the direct and inverse proton and photon angular
distributions has been cited previously" ' as quantita-
tive confirmation of detailed balance. Table VIII sum-
marizes the existing data for the C"(y,pe) proton

IO
IOL
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tL
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0.6
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0.6
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I I I I I I
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e

0 20 48 76 I04 I 32 l60 I80
e

Fro. 31. Fluorine (e,pe') proton anguiar distributions
at Ep=24.5 MeV.

Fzo. 33. Neon (e,pe') proton peak angular distributions
at F0=30 MeV.
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Fzo. 34. Ne (e,pe') proton angular distributions from the
Iow- and high-energy sides of the peaks at Eg=30 MeV.

Fro. 35. Neon (e,pe') proton valley angular distributions
at ED=30 MeV.

and a»(P, +p) photon angular distributions. The C"
do (e,pe')/dQ for Z„(6.00 MeV are shown in Fig. 36.
Proton angular distributions from both sides of 0-,
are shown in Fig. 37; the C'/A' values for C are plotted
in I"ig. 38. The resonance direct prediction with I.S
coupling ls C/A = g.

(e) Aluminum. Al angular distributions are almost
isotropic (Fig. 39). They have a slight forward asym-
metry which suggests interference of states of opposite
parity. The Al do (y,p)/dQ measurements of Hoffman
and Cameron" at 30, 60, and 90' with E~,„=25 MeV
suggest an isotropic angular distribution in agreement
with our data. Our nearly isotropic angular distribu-
tions are in disagreement with the hypothesis of a
relative Al(y, p) angular momentum of I=3 of Baglin
et cl.63

TAnLE VIII. Comparison of the direct and inverse C"(y,P)
angular-distribution coefBcients. The errors of this experiment are
standard deviations.

IV. CONCLUSIONS

Our experiments provide information about the (e,pe')
reaction, and as a consequence of the correspondence
between electron and photon-induced. reactions, about
the (y, p) reaction in 0, F, Ne, C, Al, and to a lesser
extent in Ar and B. This information is of sufhcient

cf.
Cl

4l

V)

lE

Experiment CI C2 C3

CI& (g,pg') +

I2(v, Po) b

P»(p, yO)e
This experiment

22-23 1 0.14+0.02 —0.50+0.03 - ~ ~

22.1 1 ~0.02 0.09~0.02 -0.56~0.04 —0,03 ~0.05
22sS 1 Oe12 ~0.03 -Oe69 ~OoOS
22.4 1 &0.05 0.16+0.09 -0.61~0.04 0.11~0.06

a See reference 56.
b See reference 57.
e See reference 59.

7' M. M. Hogan and A. G. W. Cameron, Phys. Rev. 92, 1184
(1953).
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8

FIG. 36. Carbon (e,pe') proton angular distributions
at Kg=24.5 MeV.
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particle approach to the photonuclear effect in this
region of Z. On the other hand, the 0(y,p) IPM calcu-
lations of Elliot and Flowers, ' while not comprehensive
enough to predict all the structure in the 0 0. (p,p)
(their calculations only semiquantitatively account for
the location and relative j'ada~'-s of the 9.5- and 11.5-
MeV peaks), do not seem to predict the proper (y, p)
branching ratios to the 6.33-MeV (probably —,

' ) state
and the ground (-', ) state of N". Their branching-ratio
prediction of 3.3 to 1 in favor of the ~ state would imply
that the region of the 0(y,p) cross section from 20 to
26 MeU would contain an anomalously high 39%%uq of the
dipole sum-rule integrated cross-section prediction of
360 MeV-mb, compared with our value 0" J&o 'a (7,p)
)&dE~ of 32.4 MeV-mb. This serious and important
discrepancy warrants further experimentation to deter-

0.2 10

0 I I I I I

0' 20' 48' 76' 104' 132' I 60' I 80'
8

FIG. 37. Carbon (e,pe') proton angular distributions at
I p=24. 5 MeV. Ep = 5.69 MEV

precision to motivate the expenditure of the consider-
able amount of theoretical labor which will be necessary
to obtain quantitative understanding of our results.
The following observations summarize the important
implications of our work.

Our (e,pe') energy-distribution experiments have
shown that gross structure of multiplicity greater than
two does occur in the giant-resonance region in the
(e,pe') reaction in 0, F, and Ne. The occurrence of
structure in F and Xe contradicts the predictions of the
strong-correlation models of the photonuclear effect.' '
The quasi-agreement of the independent-particle model
(IPM) calculations' with our 0 o. (y,p) and the mere
occurrence of the structure in the F and Ne 0.(y,p) are
strong arguments for the validity of the independent-

E = 6.20 MEY

EV

Pl — I 3 I I I

0 20 48 76 104 I 52 l60 180
8

Fio. 39. Aluminum (e,pe') proton angular distributions
L'0=24.5 MeV, DE~ &&0.25 MeV.

C
I

A

O. I
I I

6 7 8 9
PROTON ENER GY ( ME V )

10

PIG. 38. Ratio of th.e even-parity terms in the angular
distributions of protons from C.

mine the ratio of the ground to the excited states of
N" populated by the 0"(p,p) reaction for proton en-
ergies of less than 8 MeV.

As stated previously, detailed IPM calculations with
which to compare our experimental results are not
available; however, the following qualitative conclu-
sions can be stated. Since one of the fundamental
hypotheses of Wilkinson's CPM of the giant resonance
is that the largest Ej contributions come from dosed-
shell transitions (transitions involving the 0 core in
the case of F and Ne), the IPM predicts the giant-
resonance proton-energy spectra of 0, F, and Ne should
be nearly the same; the presence of the F and Ne
valence nucleons should merely broaden the peaks'
observed in the 0 0.(y,p). In particular, since Ne has
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only one more valence nucleon than F, their proton
energy spectra should be nearly identical in the approxi-
mation that pairing forces or even-odd effects are unim-

portant. By the same reasoning the 0, F, and Xe
do/dQ's should be similar. Experiment shows that none
of these detailed IMP expectations are fulfilled. Thus,
while the collective model's photonuclear predictions
are not realized in this region of Z, the IPM predictions
are not correct either. The occurrence of narrow reso-
nances does seem to indicate, however, that the crude
IPM wavefunctions should provide the better basis for
a more accurate perturbation calculation of the photo-
nuclear effect.

One additional remark may be made. Carbon 0, and
Ne are G.-particle nuclei, and our experiments have
shown that these nuclei have smaller giant-resonance

"widths" than their non-n-particle neighbors, B and F.
This condition seems to prevail in photonuclear re-
actions in heavier n-particle nuclei. Before extensive
conjecture on this subject is made, more experiments are
advisable. However, our angular distributions data
provide an argument for 0 and Ne being more sym-
metric than F.
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