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The scattering of high-energy electrons from C", reported previously, has been extended to 420 Mev.
The elastic and inelastic scattering from the first excited level at 4.43 Mev has been studied between 33' and
70'. The new data are in good agreement with what one would expect from the earlier measurements on C"
performed at 187 Mev. Additional measurements of the elastic 0"-scattering cross sections of 240-, 360-, and
420-Mev electrons as functions of the scattering angle furnish information on the size and shape of the 0"
nucleus. Pronounced diffraction minima in the angular distributions were observed for C" and O' . The
experimental results are compared with the predictions of a theoretical phase-shift analysis derived for the
harmonic-well independent-particle model of the nucleus. Preliminary best fits confirm the shell-model
predictions for the charge density distribution of these p-shell nuclei. The preliminary analysis of the data
shows that the length parameter of the well is 1.66)&10 " cm for C", and 1.76&&10 " cm for 0", thus
indicating a slight variation of the curvature of the harmonic well as the p shell is filled in.

I. INTRODUCTION
' 'N two previous papers by Fregeau and Hofstadter'
~ ~ and by Fregeau, ' the scattering of 187-Mev electrons
from C" at angles up to 135' was reported. This work
has been extended to electron energies of 420 Mev. In
addition, the elastic scattering of 240-, 360-, and
420-Mev electrons from the 0" nucleus has been in-
vestigated in considerable detail. The purpose of the
present paper is to present these new experimental
results, which were obtained as part of a program to
study the charge density distribution of the nuclei of
the first p shell, i.e., those lying between lithium and
oxygen. The analysis, while only preliminary and in-
complete, has concentrated on a comparison with
theoretical predictions of the nuclear shell model. The
j.87-Mev experiments on carbon indicated' ' that the
assumption of a parabolic potential well for the shell
model gives better agreement than either the (infinite)
square or linear potentials. Accepting this result, we
have examined in rather more detail the first-mentioned
model, which we find in remarkably good agreement
with the 420-Mev experiments. Various modifications
of this model necessary for comparison with these more
extensive experiments are noted. Also included are
investigations of two phenomenological charge distribu-

tions used in previous work, which do not give such
good agreement with the experiments,

The present work is part of a program to study
systematically the nuclei in the 1p shell. The two nuclei
here examined have characteristics which make them
particularjy well suited for a detailed investigation.
Since the first excited levels lie 4.43 (6.06) Mev above
the ground state for C" (0"), it is much easier to
resolve the elastic-scattering peak from inelastic
scattering events than for most other nuclei. Even a
slight lack of resolution could have an appreciable
eGect on the angular distribution of the elastically
scattered electrons especially at those scattering angles
where the inelastic scattering is greater than the elastic
scattering, i.e., at large angles or in the neighborhood
of a diGraction dip in the elastic scattering angular
distribution. Although in principle any resolution .

down to 0.1% can be achieved with our present
equipment, high resolution inevitably means low
beam currents. The beam current available, how-
ever, largely determines the minimum cross section
which is still measurable within reasonable efforts.
This means that those nuclei are best suited for a
detailed investigation whose first excited states are
highest. A survey of some other 1p-shell nuclei like
Li' Be', B", and N" however, is being carried out at
present and the results will be published later.
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II. APPARATUS AND PROCEDURE

These experiments have been performed with the
Stanford linear accelerator as a source of electrons.
The scattering apparatus used in this work has already
been described in several earlier papers. ' The beam
was analyzed magnetically so that the energy band
was 0.35% wide for the measurements at 420 and 360
Mev and 0.60% at 240 Mev. The electron current was
measured by a large Faraday cup placed behind the

n 'E. E. Chambers and R. Hofstadter, Phys. Rev. 103, 1454
(1956).
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target and was integrated by an Applied Physics
Corporation Model 31 vibrating reed electrometer.
Beam currents up to a maximum value of 2.5)&10"
electrons per pulse (2.5&(10 ' amp) were used (60
pulses per second), but were always kept low enough
to avoid any appreciable loss of counts due to pileup.
The energy slit of the 36-in. double-focusing magnetic
spectrometer was set to 0.35%%uo for most of the measure-
ments which corresponds to an over-all resolution of
about 0.5%%uq for a point beam spot. At 240 Mev the
detector slit was set at 0.60%%uq, thus limiting the over-all
resolution to about V2&&0.60=0.85%%uo. The angular
aperture was approximately ~0.83' in the horizontal
scattering plane and ~2.3' in the vertical plane. The
over-all angular resolution, however, depends not only
on the 6nite acceptance angle of the analyzing magnet
but in addition on the size of the beam spot and on the
multiple scattering of the electrons in the target. It is
estimated that the over-all angular resolution in our
experiments was about ~1.2'. The electrons were
detected and counted in the standard manner with a
liquid CSF~t0 (m= 1.276) Cerenkov counter.

Carbon target (graphite) plates of 0.150 in. thickness
and occasionally of twice this thickness were used. The
absolute value of the C" elastic-scattering cross section
at 420 Mev and 40', as well as the absolute value of the
cross section for inelastic scattering from the 4.43-Mev
2" level, were determined by comparison of the cor-
responding yields of scattered electrons with the yield
of electrons scattered elastically from free protons in a
polyethylene target. The free proton cross section was
taken from Rosenbluth's formula and was computed
assuming a proton with an exponential charge distribu-
tion of rms radius 0.8X10 "cm. In order to derive the
cross-section ratios from the measured areas under the
elastic and inelastic C" peaks and the free-proton peak,
the 1/E dispersion correction allowing for the constant
relative momentum acceptance of the spectrometer
has to be applied. If Y'(E) is the yield of scattered
electrons as function of the energy setting of the
spectrometer, then J'(Y(E)/E7dE integrated over the
peak can in good approximation be set equal to

f (1/E~)(dE/di))~ J'Y(i)di, since the peak is rather
narrow, where now the yield Y(i) is expressed as func-
tion of the current setting i of the spectrometer and
where

E' =Eo/[1+ (2EO/Mc') sin'(8/2) j.
In addition the bremsstrahlung straggling correction
and the Schwinger-Suura radiative correction must be
applied for the free-proton as well as to the C" peak,
since the low-energy tails of the peak were cut off at
unequal values of AE/E.

For the measurements on 0', a water target was
used. The target was disk-shaped, 2.50 in. in diameter
and 0.300 in. thick. . Occasionally targets of 0.200 or
0.400 in. thickness were used. The end windows, sealed
with 0-rings onto the aluminum target frame, consisted

of 0.001-in. Dural foil. For a 0.300-in. thick water
target, this means an Ap'. 0" atomic ratio of about
1:83, which, although small, gives rise to a background
from Al-scattering which proved to be not always
negligible. The electron-scattering cross sections of0" and Al" are of the same order of magnitude at
most of the scattering angles and energies investigated.
In order to correct for the undesirable Al background,
an identical, but empty, dummy target was bombarded
each time after an elastic 0" peak was taken under
otherwise unchanged conditions. Subtraction of the Al
background determined in this way then could be made.
Even around the scattering angle at which the 0"
diGraction dip occurs, the counts originating from Al
scattering amounted only to a few percent of the total
number of counts. The absolute 0" cross sections were
measured just as described for C". The use of a water
target overs the advantage of an exactly known proton-
0" ratio. In addition a water target has, as compared
to a gas target filled with oxygen to a pressure of 2000
psi, the advantage of a 4.6 times higher 0" concentra-
tion per cubic centimeter, although this could be
counteracted by using a gas target chamber of con-
siderable length along the direction of the beam,
especially if cooled down to liquid nitrogen temperature.
During the numerous runs which were devoted to the
measurements on 0", a gas target of conventional
design was once also tried. With the target chamber
filled with oxygen up to a pressure of 2000 psi, it was
found, however, that the width of the elastic 0"
scattering peak at half maximum was appreciably wider
than that observed with the water target under other-
wise unchanged conditions, causing a non-negligible
loss in energy resolution. It is believed that this
broadening can be ascribed to geometrical effects.
Both for this reason and those mentioned above, the
gas target was abandoned.

Whereas the water target was always held at an
angle of 30' with respect to the direction of the incident
beam, measured counterclockwise, the carbon target
was rotated in such a way that at each scattering angle
the normal to the target bisected the scattering angle.
Thus, in the case of the C" measurements, a correction
was made for the change in effective target thickness
with varying scattering angle.

For 0'~ only the elastic scattering was investigated,
since the four lowest excited levels lying between 6.06
and 6.12 Mev could not be resolved from each other
with our present apparatus. Angular distributions were

measured for elastically scattered electrons of 420,
360, and 240 Mev. In the case of C", the inelastic
scattering from the first excited level at 4.43 Mev was

studied to some extent in addition to the elastic
scattering at 420 Mev. The measurements were per-
formed in the standard manner. Runs from diBerent
nights were always normalized to each other by
measuring a standard peak. It turned out that the
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angular distributions derived from the areas under the
peaks agreed very well with those derived from peak
heights. The over-all accuracy of the relative cross
sections obtained in these experiments is believed to
be about &10% except for the measurements at the
very largest momentum transfers where the cross
sections are of order of magnitude 10 "cm'/steradian
and smaller. Reproducibility often was better and
errors due to counting statistics were often smaller,
but even so an error of &10% is given, allowing for
drifts in various parts of the experimental equipment,
etc. Besides those already mentioned, no corrections
were found to be important enough to be applied to the
experimental data.

III. THEORY

The assumptions made in the analysis of the present
experiments are essentially the same as have been
made in all of the earlier work. Both carbon and oxygen
have zero spin, so that the use of spherically symmetric
charge distributions is rigorously justified. The neglect
of any possible energy dependence of these distributions
rests on the demonstrations of Schiff and others~ that
the dispersion contribution to the scattering is in-
appreciable, and the good agreement obtained at
different energies supports this assumption.

Although the dimensionless parameter y=Ze'/jic is
small for these nuclei, the angular regions examined
experimentally cover the 6rst diffraction minimum,
where the Grst Born approximation cannot give accurate
results, since it predicts zero cross section there. The
numerical results have therefore all been obtained by
means of a partial-wave analysis, details of which have
been given previously. As will be seen, however, the
Born approximation gives quite accurate information
about other features of the cross section, and particu-
larly the Possiioe of the diffraction minimum. It is
necessary to allow for nuclear recoil, but it is only a
small effect: the maximum value of s/c, e being the
velocity of the nucleus in the center-of-mass system,
is only 3.4%. The only dynamic effect of recoil on the
scattering (as distinct from changes in kinematics)
which it is possible to calculate without a relativistic
theory of the nucleus is caused by the exchange of
transverse photons between the electron and the moving
nucleus. It is easy to show that for a spin-zero nucleus,
this interaction gives zero contribution to the scattering
in Born approximation. The inclusion of dynamic recoil
effects in a partial-'wave calculation of the scattering
has been made by Foldy, Ford, Hill, Hill, and VVills. '
They use the Breit interaction to describe the exchange
of transverse photons, and relate their results to scatter-
ing by a spin-zero nucleus by neglecting terms depend-

' L. I. Schiif, Nuovo cimento 5, 1223 (1957). This paper also
lists and discusses the earlier work on this problem.' Yennie, Ravenhall, and Wilson, Phys. Rev. 95, 500 (1954).

s Foldy, Ford, Hill, Hill, and Wills (to be published). We thank
those authors for a prepublication copy of their ~orkt

ing on the nuclear spin. To the extent that this is the
same effect as that we mention, their conclusions are
in agreement with the observation we make above,
since they And that in carbon at 420 Mev the result of
including this interaction is to change the radial
parameter in the charge distribution by only 0.7%.
Because we were not able to include such effects in our
phase-shift calculations, the only allowance we have
made for a recoil has been in the angular scale, for
which we have assumed that the partial-wave analysis
describes most accurately the scattering in the center-
of-mass system. (The correction is very small, of order
one percent. ) Our analysis is therefore somewhat
inaccurate in the comparison of absolute differential
cross sections. The uncertainties involved are only a
few percent, however, and are not important compared
with the experimental uncertainties in this quantity.

As in the analysis of experiments on other nuclei, "
the procedure is necessarily that of trial and error.
Charge distributions of various functional forms with
variable parameters are inserted into the calculation,
and by comparison of the resulting differential cross
section with experiment the correct values for the
parameters can be determined.

Of great interest for these nuclei, which are in a
region where the nuclear shell model has had con-
siderable success in predicting level structure, etc., is
an examination of the electron scattering cross section in
the light of this model. ' ' "If for simplicity it is assumed
that the ground states of these nuclei can be adequately
described by the lowest shell-model configuration,
(is)'(1p)'s ', then energy level structure, etc. , involves
speci6cation of, firstly, the shape of the common
central potential well; secondly, the strength of the
spin-orbit coupling; and thirdly the type, shape, and
strength of the residual two-nucleon interaction.
Comparison with experiment then allows a determina-
tion of some of the functions and parameters involved. "
The relation of these quantities to those of a real
nucleus, obtained by using the observed e pinter--
action and making a self-consistent field analysis of the
Brueckner-Bethe type, is a problem of such complexity
that little is known of it at this time. One can imagine
that such a calculation would yield an equivalent
central potential which would be fairly smooth,
resembling more a parabolic (harmonic oscillator) well
than a square well. The results of shell-model calcula-
tion do in fact seem to favor the former shape of a
harmonic well.

Electron scattering provides an independent check
on some of the shell-model assumptions; in this simple

'0Hahn, Ravenhall, and Hofstadter, Phys. Rev. 105, 1353
(1957)."Comparisons with the shell model using a parabllic well have
been made by G. Morpurgo, Nuovo cimento 3, 430 (1956);R. A.
Ferrell and W. M. Visscher, Phys. Rev. 104, 475 (1956); and
M. K. Pal and S. Mukherjee, Phys. Rev. 106, 811 (1957).

~s See, e.g., D. Kurath, Phys. Rev. 101, 216 (1956); 106, 975
(1957),
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case (lowest configuration only) the elastic scattering
depends only on the shape of the central well, and not
on any of the other features of the model. (This is true
to the extent that "dispersion scattering" is neglected. )
A program of interest would thus be to start not from
assumed charge distribution, but from assumed shell-
model well shapes, and to calculate the dependence of
electron scattering cross sections on the adjustable
parameters inserted in them. In the earlier experiments
on carbon at 187 Mev, ' where it was permissible to use
the Born approximation to calculate the scattering,
this was done for three simple one-parameter well

shapes, namely the infinite square mell, the infinite
parabolic well, and the in6nite linear well. Comparison
with the experiment clearly favored the harmonic well,
with a length parameter a= 1.64)&10 "crn.

Because of the computational complexity that would
be involved in starting the partial-wave analysis of the
scattering from the shell-model potential, we have not
carried out a general program of this kind in the analysis
of the experiments at the higher energies. We have
considered only the infinite parabolic well V ~ r',
where the function which determines the scattering
p, , has the very simple analytic form

P(&) = d & Po.m. (& )Pproton(
~

& &
~ ) ~

I'
3 (2)

Because the radius of the proton is considerably smaller
than that of the nuclei we are considering (0.76&&10 "
cm compared with 3)&10 " cm) the form chosen for
p~„~,„ is not important. For convenience we choose it
to be Gaussian, so that the folding integral can be
performed analytically, giving us for p(r) the same
expression as (1), except that in the exponent a' is
replaced by a'+ap', where a„'=—', (r')p„4. .

Another eBect which must be allowed for in obtaining
a charge distribution from even this simple version of
the shell model is that the nuclear wave functions
given by the model are not translationally invariant,

~3 Yennie, Levy, and Ravenhall, Revs. Modern Phys. 29, j.44
(1957).

p, (r)=P "d'r d'r P, , *(r r )

&&8 (r—r,)P,., (r r).
=p(0) $1+nr2/a'] exp( —r'/a'),

where 4r—= (Z—2)/3 is proportional to the number of
protons in the 1p shell. ' ' "Our avoidance of the term
"charge distribution" for this quantity, and an under-
standing of its subscript, are explained by the observa-
tion that the protons in the nucleus themselves have a
finite charge distribution (presumably close to that
measured for free protons). Thus since p, describes
the distribution in space of the centers of mass of the
protons, the charge distribution is" 5

i.e., because the shell model has a fixed origin (the
origin of the central potential) the system described
does not have a center of mass which is 6xed in space.
The effect this has on P(r) for the parabolic-well case
has been investigated by Schwartz' and by Tassie and
Barker. " The main modification (of order 1/A) is to
insert into the exponent of (1) a factor (1—1/A).
There are terms of order 1/A', but for carbon and
oxygen they are not important, and we have omitted
them. This effect acts independently of the finite
proton size.

p(r) =po/(1+expL(»' —c')/Z'j),
and

P(r) =Poh&+&/b+Pr'/&'3~ ".
(B)

Shape (B) was used in the analysis of the results for
gold, and (C) by Fregeau for carbon at 187 Mev. '

The striking feature of the cross sections for both
elements is the deep, narrow diBraction minimum. The
observed depth is somewhat decreased because of
finite experimental resolution. That the cross section
should have this behavior is predicted by the Born
approximation. The form factor F(q), defined by

F(q) = ~d'r p(r) exp(iq r)

has for shape (A) the simple analytic form

Fz(q)= 1— rJ& o m. exp( ag 4i .charge)4
2(2+3n)

which has one zero. The angular position of this zero
turns out to be a surprisingly close guide to the mini-
mum in the cross section, although the actual shape of
d4r/dQ must be obtained by the partial-wave analysis.
In each of the shapes examined, the 6tting of the
angular position of this dip provides an accurate
determination of one of the parameters, mainly the
parameter which adjusts the radial size. We have
confined our attention to two-parameter shapes, and
the best value of the other parameter is then selected
by comparing the shape of the cross section away from
the dip. Mainly because of time limitation we have not
made a least-squares analysis. The extent to which
alteration of the parameter spoils the fit with experi-

44 C. Schwartz (private communication}. We thank Dr.
Schwartz for an informative discussion of this point."L.J. Tassie and F. C. Barker, Phys. Rev. 111, 940 (1958).
We thank these authors for a prepublication copy of their work.

IV. RESULTS

The shapes examined were the parabolic-well shell-
model distribution

p(") =p(0)t 1+ r /4i. $ exp' —«/4r„.„.j, (A)

where a,h„g,g=(1—1/A)4r, '+ap„„„'; and the two
phenomenological shapes
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FIG. 1. (A) Elastic scattering of 420-Mev electrons by 0'~. The
curves are the calculated scattering predicted by the shell model
with a parabolic well, as described in the text. Curve (a) has no
corrections, curve (b) has been corrected for jinite proton size,
and curve (c) includes this effect and also allowance for center-
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given in Table I. (B) Same as Fig. 1(A) except for ED= 360 Mev.
(C) Same as Fig. 1(A) except for Eq= 240 Mev.
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ment is determined graphically. Previous experience
with other nuclei suggests that with such pronounced
diffraction structure a least-squares fit will do little
more than confirm the results obtained by graphical
fitting.

The comparison of cross sections for the shell-model
distribution (A) with the oxygen experiments are shown
in Fig. 1. This model contains only one parameter,
a, , and fixing the position of the difFraction dip
determines it. The excellent agreement over the whole

angular range of the 420-Mev experiments LFig. 1(A)j
is a very significant endorsement of this model. The
differences between the three versions of the model
show up in a pronounced way only beyond the diGrac-
tion minimum. Consequently the comparison with the
360- and 240-Mev experiments [Fig. 1(B) and 1(C)],
which contain little information in that region, can
give not nearly so much information about the charge
distribution. The complete agreement at these lower
energies is, however, experimental verification that
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any energy-dependent contributions to the scattering
are inappreciable.

The sensitivity of the agreement with experiment to
the radial parameter u is demonstrated in Fig. 2. The
three cross sections shown there are all for the complete
version of the shell model, including finite proton size
and the center-of-mass effect. It is from this com-
parison that we tentatively propose an error on a of
~0.02)&10 "cm in the case of 0" although the error
on the C" value may be a little larger.

The central potential of the shell model is not actually
an infinite well, and it is necessary to find out if the
flattening of the well at some large distance, so as to
reproduce qualitatively the finite binding, affects the
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the minimum is almost a factor ten smaller than in
oxygen, the experimental information is sparser, and
the discrimination among the three versions of the
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curves are all obtained using the complete version of the shell
model, corresponding to curve (c) of Fig. 1(A), and show the
effect of varying the radial parameter e, by ~0.05)&10 "cm.

agreement with experiment. To do such a calculation
would have involved numerical integration of greater
complexity than time allowed, so we investigated this
point in an approximate way, by fitting the distribution
p~(r) smoothly onto a decreasing exponential charge
distribution at a certain radius ro. The results for two
values of rs, corresponding to 1p shell binding energies
of 10 Mev and 5 Mev, are shown in Fig. 3. In oxygen
even the last proton has a binding energy of 12 Mev.
It is thus clear from Fig. 3 that the finite binding will
have very little effect on the cross section in the
angular regions of present interest, although it can
change the cross section significantly at larger q values.

The comparison with the carbon experiments is
illustrated in Fig. 4. Because the cross section beyond
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FIG. 4. Elastic and inelastic scattering of 420-Mev electrons by
C". The elastic scattering cross sections are calculated under the
same conditions as those for 0", given in the caption to Fig. 1.
The inelastic scattering is that arising from excitation of the
4.43-Mev level in C". The dashed curve is semitheoretical, as is
explained in the text. The circles represent the elastic scattering
data whereas the squares represent scattering from the 4.4-Mev
erst excited level.
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TABLE I. Values of the parameters obtained from comparison
with the 420-Mev experiments of the shell-model charge distribu-
tion assuming a parabolic well. The quantities a, , a.h„„,and n
occur in the definition below Eq. (A) oi Sec. IV. The lengths
are in units of 10 "cm. Shape (a) contains no corrections, (b) in-
cludes the finite proton size (for a Gaussian proton shape with rms
radius 0.76X10 "cm), and (c) contains both this and the e6ect oi
center-of-mass motion in the shell model. The parameters a' and
a' relate to the charge distribution (1) if regarded as a phenomeno-
logical fit to. the experiments. The rms radius is obtained from the
formula' (r')I = P3(2+Sa')/2(2+3u')7Iu'.

NuCleuS Shape ao.m. aeharge a a' a' ((& )~)charge

Q16

C12

(a)
(b)
(c)
(a)
(b)
(c)

1.76 1.76 2 1.76 2
1.76 1.87 2 1.87 1.34
1.76 1.82 2 1.82 1.60
1.65 1.65 ~g 1.65
1.66 1.77 —; 1.77 0.94
1.66 1.71 ~g 1.71 1.12

2.64
2.75
2.70
2.42
2.58
2.50

a Useful formulas concerning form factors of other simple charge
distributions, and expressions for rms radii, are given in R. Hofstadter,
Revs. Modern Phys. 28, 214 (1956).
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complete version of the shell model with parabolic well, and
corresponding curves (c) of Figs. 1 and 4.

shell model is not so clear. There is good agreement
with the most complete version (the middle curve in
Fig. 4), and this shape gives satisfactory agreement
with the 187-Mev experiments of Fregeau. ' The
numerical values of a, , and a,h„„, are presented in
Table I, and the charge distributions for 0" and C"
are plotted in Fig. 5.

These results can also be regarded as the fit to experi-
ment of a general two-parameter charge distribution of
of the form (1), with parameters n' and a' to be
determined. The values of these parameters are included
in Table I. One observes that among the three curves,
whose common property is the position of the di6raction
minimum, the rms radius varies quite appreciably.
This is not surprising, since it is a derived quantity not
measured directly in these experiments.

Because of some uncertainties in the e8ect of recoil
which were mentioned in Sec. III, and because experi-
mentally the absolute values of the cross section cannot
be obtained so precisely as the relative values from one
angle to another, the comparison between theory and
experiment on this point is not so 6ne, although it is

Nucleus

016

C12

Energy
Mev

420
360
240
420

Angle
Degrees

40
55
60
40

da/dQ
cm~/steradian

(1.0~0.25)X10 "
(0.9+0.4 )X10 "
(1.1+0.5 )X10 ~
(3.8&1.0 )X10 "

is therefore semitheoretical, in that its angular variation
is that predicted by the shell model, with the same
parabolic well as has been used for the elastic scattering.
In absolute magnitude, however, it is about 40'% lower
than one would expect from the 187-Mev results. " It
is significant that even for these large recoil momenta
there is still good agreement with this very simple
theory, for the inelastic as well as for the elastic
scattering.

The comparison of shapes (B) and (C) with the 420-
Mev experiments in oxygen are illustrated in Figs. 6
and 7, respectively. Fixing the position of the diffraction
minimum determines a relation between the two
parameters in each shape, and a selection of shapes are
given. Shape (B) can be made to agree with experiment
at all but the largest angles, but shape (C) cannot be
made to agree at all. In addition, the absolute cross
section for Model (C) is de6nitely too small. From the
plot of charge distributions shown in Fig. 8 we see that
in fact shape (C) has about zero central charge density,

See e.g. , Ferrell and Visscher, reference 11.
'~ The calculation even with these restrictions is still approxi-

mate, in that we have used the Born approximation with suitably
modified wave number to calculate the ratio of inelastic to elastic
scattering, and have'then multiplied this ratio by the elastic
cross section calculated using the partial-wave analysis.

still very satisfactory. In Figs. 1(A), (B), and (C), and
Fig. 4 the ordinate scale refers to the complete version
of the shell model (the other two curves have been
shifted vertically). The vertical shift of the whole set
of experimental points necessary to obtain an absolute
fit was never larger than compatible with the limits of
error ascribed to the absolute cross-section measure-
ments. The results of the absolute cross-section measure-
ments, performed as described earlier for both nuclei
at one angle at each energy, are listed in Table II.

The experimental results for the inelastic scattering
corresponding to the excitation of the 4.43-Mev level
in carbon are also plotted in Fig. 4. Since this level is
known to be 2+, the transition is E(2). A result of the
analysis of the 187-Mev experiments' " was that the
single-particle shell model, with parabolic well, gives
good agreement as regards the angular variation of
this cross section, but that the absolute magnitude
predicted is too low for all modes of coupling. Since a
completely collective nuclear model, on the other hand,
overestimates the absolute magnitude by a considerable
factor, " it is reasonable that a small admixture of
collective motion can yield the correct value. The
dashed curve drawn through the experimental points

TABLE II. Values of the measured absolute cross sections.



H IGH —EN E RG Y ELECTRON SCATTERING 673

so that its inability to agree with experiment is perhaps
not surprising. This conclusion was earlier drawn by
Fregeau, from the analysis of the 187-Mev results on
carbon. ' Because of the very limited extent of our
analysis with arbitrary shapes we cannot draw any
general conclusions. It is difficult to see how any shape
could give better agreement than (A), the shell-model
distribution, but our calculations are not extensive
enough to say how far we can deviate from it before
there is marked disagreement.

V. CONCLUSION AND DISCUSSION

A comparison has been made between new experi-
ments on C' and. 0' at energies up to 420 Mev and
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radius is somewhat larger than his value is a conse-
quence of the finite proton size: for a folded distribution
such as (2),
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FiG. 7. Elastic scattering by 0" at 420 Mev. The curves are
calculated using shape (C), with parameters (f) b=0.664, p=4.7,
(g) b=0.674, P=7.5, and (h) b=0.645, P=16.3. The length
parameters b are in 10 "cm. Curves (f) and (g) have been scaled
vertically so as to agree with (h) at the di(fraction minimum. In
order to make a shape Qt possible it was necessary to shift the
experimental point considerably, as can be noticed from Table II.
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FIG. 6. Elastic scattering by 0'6 at 420 Mev. The curves are
calculated using shape (JJ), with parameters (d) c=2.17, Z=1.89,
and (e) c=2.39, Z=1.72, all in units of 10 "cm. Curve (d) has
been scaled vertically so as to coincide with (e) at the smaller
angles.

and (r'),«„ is, roughly speaking, fixed by the position
of the diGraction minimum. The center-of-mass eGect
tends to change it in the other direction, but it is not
such a large effect.

Another source of information on the well size in the

the theoretical predictions of the nuclear shell model,
assuming a parabolic central well. After corrections
have been made for the finite proton size and the
center-of-mass eGect, we find for the length parameter
a, . associated with the parabolic well

z

K 5
I-
JT)

~(d) SHAPE (B)

aearbon= 1 66X 10 a, yg,„=1.76X10 "cm.
~(g) sHApE (e)+

The error in a,„yg is of order ~0.02X10 " cm, and,
in a„,b,„somewhat larger. The rms radii of the charge
distributions are

(r')„,b, '=2.50X10"cm, (r'), xs,„J=2.70X10 "cm.

The results obtained without the above corrections are
in very good agreement with the earlier value a„,b,„
=1.64&10—"cm of Fregeau. ' The fact that the rms

LIJ
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I ro

'0
-ljfin lo cm

FIG. 8. Charge distributions in 0", examples of shapes (8) and
(C). That labeled (d) corresponds to curve (d) of Fig. 6, and that
labeled (g) corresponds to curve (g) of Fig. 7,
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shell model is the Coulomb energy of mirror nuclei. A
calculation of this quantity for the mirror nuclei F'7—0'~
and 0"—N", including exchange e8ects, was made by
Jancovici" some time ago. He compared the apparent
Coulomb radius (1/r) ' with the rms radius (r')'* and
found that in the case of the parabolic well the ratio
(1/r) '/(r')l was 1.29 and 1.16, respectively, for the two
pairs of nuclei. The ratio is, of course, independent of
a. If we use for (1/r) the experimental Coulomb
energies, " and for (rs) our result for 0", the ratios are
experimentally 1.26 and 1.j.6. The agreement is a very
satisfactory check on these two independent measure-
ments of nuclear size.

Experiments are under way on other 1p shell
nuclei, ""to investigate in detail the changes occurring
as one goes through the shell. The analysis of the elastic
scattering will be somewhat more involved, however,

"B.A. Jancovici, Phys. Rev. 95, 389 (1954).' G. R. Burleson and R. Hofstadter, Phys. Rev. 112, 1282
(1958).

so U. Meyer-Berkhout (to be published).

since because of the looser binding we may expect
nuclei like Li to have more prominent exponential tails
to their charge distributions.
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High-Sensitivity Mass Spectrometric Measurement of Stable Helium and Argon
Isotopes Produced by High-Energy Protons in Iron*
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A high-sensitivity mass spectrometer has been used to measure the helium, argon, and neon produced in
iron by 0.16-, 0.43-, and 3.0-Bev protons. The spectrometer has a sensitivity so that 10 "standard cc of
helium could be detected above the contamination level. The He4 cross sections are 120 mb, 450 mb, and
1300 mb at 0.16, 0.43, and 3.0 Bev, respectively, while the He'/He4 cross section ratios are, respectively,
0.09, 0,10, and 0.18. At 0.43 Bev, cross sections of 1.0 mb, 3.3 mb, 8 mb, and 4.1 mb were found for the
argon isotopes 36, 37, 38, and 39, respectively. The cross section for neon-21 is 0.1 mb at 0.43 Bev. The results
are discussed in relation to evaporation theory and the rare gas content of iron meteorites. The He' yields
are all higher than previously measured tritium values. At 3 Bev the He /T ratio is 2.4. It is suggested that
in the case of iron in evaporation theory the Coulomb barrier is not as important relatively as previously
thought. Alternatively, a large fraction of the He3 and tritium may be produced during the nuclear cascade
which precedes the evaporation from the excited nuclei. The cross sections measured bear directly on the
cosmic-ray-produced rare gases in meteorites. From the cross section of directly produced He' relative to T,
previous measurements of He'-T exposure ages of iron meteorites must be reduced by a factor of about 3.
Prom the argon isotope cross sections it is seen that 80'%%uo of the Ar" in meteorites is the result of P decay
of cosmic-ray-produced Cl" and thus Ar"-Cl" should be a reliable method for measuring exposure ages
of meteorites.

INTRODUCTION
~

~

HEN high-energy protons strike a target of a
medium-weight element, it has been found that

many nuclides are formed below the target mass
number. These reactions are being studied extensively
at present in many laboratories in the hopes of obtaining

*Research performed under the aegis of the U. S. Atomic
Energy Commission.

[Assisted by the Deutsche Forschungsgemeinschaft. Present
address: Max Planck Institut fQr Kernphysik, Heidelberg,
germany.

a better understanding of nuclear structure and of
nuclear reactions. The general model' of the interaction
of a high-energy proton is that the proton, during its
passage through the nucleus, knocks out several
neutrons and protons leaving behind a residual nucleus
more or less excited. The excited nucleus then evapo-
rates neutrons, protons, deuterons, tritons, He"s, o.

particles, and possibly other light nuclei, or the excited

' G. Rudstam, Spoliation of cVedittm Wetght Elements (Uppsala
College Press, East. Orange, blew Jersey, 1956),


