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tainly does not attain this value, but our attempts to
derive a theory based on maximizing (C p,+p) have led
to intractable equations. The q„should alsoapproxi-
mate, for similar reasons, the single-particle orbitals of
maximum convergence for one-particle operators. In
fact they satisfy an equation not very di6erent from
these orbitals, as given by Lowdin in his theory of
"natural orbitals. " Slater' has developed a self-con-
sistent held theory based on the intuitively attractive
form for the interaction energy, —', J'pVd'r; this leads
to a Hamiltonian differing from F by a factor of one-
half in front of the multiparticle terms. The sum of the
one-particle eigenvalues is Zo, but they are not (indi-
vidually) estimates of ionization energies. The one-
particle wave functions, however, have an obvious
physical connection with the problem.

On the other hand, Lowdin has shown that it is
possible to obtain the "natural orbitals" by the solution
of a linear eigenvalue problem once the Es and A;s (or

G,s) are known. The procedure is to diagonalize the
representation of the (first-order) density matrix in
the sso'.

7(ol(r r~) =P g (o)p.isl*(r) y (ol(r~)

where

&(o)(r r) de&tv —t&r @e(r r n r rr .r u)

X+o(rt, rs, ' ' 'rtv ).

The solution of the problem for the energies E„, the
coefFicients 2;„, the occupation numbers X„&"~, and
the one-particle orbitals q„&"&, might be little more
tedious than the self-consistent field problem, and
might lead to results of greater usefulness, although the
physical interpretation of the changes in the p„&") with
e might be more complex than one would desire. Only
experience can answer the question: which set of one-
particle wave functions is most desirable?
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Reactions 0" (d,p), (d, n), anti (d, d) in the Energy Range 3.4 to 4.2 Mev
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Cross sections and angular distributions are given for the (d,P), (d,u), and (d,d) reactions on 0" in the
deuteron energy range 3.4 to 4.2 Mev.

I. INTRODUCTION

HE reaction 0"(d,p) has previously been studied
by several groups of investigators, ' ' using deu-

terons of energies up to 3.7 Mev. The angular distri-
butions found for the two proton groups corresponding
to the formation of 0' in its ground state and in its
6rst excited state showed forward maxima suggesting

stripping reactions with l„=2 and 0, respectively.
However the differential cross sections were found to
vary strongly with energy, ' so it seems reasonable to
describe the reactions as proceeding partly through
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compound nucleus formation and partly through strip-
ping, the two processes being coherent. If this assump-
tion is correct, one should be able to account for the
observed angular distributions by means of a calculation
including interference effects, providing that the l„
values for the stripping mode, and the spins and parities
for the intermediate states in the compound nucleus
mode are known. 7 The experiments reported here were
undertaken in an eGort to obtain the required informa-
tion so that such calculations could be made and the
results could be compared with the distributions found
experimentally. Unfortunately, we were unable to
obtain all the required properties of the compound
nucleus, which seems to involve a number of over-
lapping levels.

II. METHOD

A deuteron beam' ranging from. 3.4 to 4.2 Mev with
a measured resolution of better than 0.3% was used. '

~ Theories taking into account both modes are given by I. P.
Grant, Proc. Phys. Soc. (London) A67, 981 (1954) and R. G.
Thomas, Phys. Rev. 100, 25 (1955).

8 Produced by the variable-energy cyclotron at the University of
Rochester. I"ulbright, Bromley, Bruner, Hamann, and Hawrylak,
U. S. Atomic Energy Commission Report NYO-6541, 1954
(unpublished).

'Determined by observations on the narrow 3.47-Mev reso-
nance in the elastic scattering of protons by 0".
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Fro. I. Differential cross section in the center-of-mass system,
(dv/dQ)~g. ~o, vs lab energy of 0"(d,p)O'r. Solid points, ground
state; open circles, 0.81'2-Mev state.
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A thin silver foil covering the erst slit of the beam
analyzer system served to break up molecular hydrogen
ions which might have interfered with the measure-
ments. The cross section of the beam at the target was
about 3 mm wide and 1 cm high. The angular spread of
the beam in the (horizontal) experimental plane was
less than 0.3 degree.

The protons, alpha particles, and deuterons from the
nuclear reactions were detected by means of an argon-
6lled ionization chamber having a thin aluminum
window with an aperture about 1 cm wide located at a
radius 25 cm from the target foil. Ion chamber condi-
tions used in a particular run were chosen for greatest
convenience in analyzing the ion chamber pulses. For
example, a 4-mil window used when protons were being
observed was thick enough to stop scattered deuterons
as well as alpha particles from ors(d a)N'4. A 1-mil foil

used when deuterons were being observed stopped
alpha particles. A 0.35-mil foil transmitted all three
types of particles, but the alpha-particle pulses stood
out clearly when the pressure of the argon was reduced
so that the range of the alpha particles was approxi-
mately the effective length of the ion chamber and the
ranges of the deuterons and protons were therefore
much greater. Protons from the formation of 0'7 in its
higher excited states caused no trouble.

A 30-channel pulse-height analyzer was used. Groups
of pulses were identi6ed as being due to particles of
particular types by comparing the observed energies
with those calculated from reaction kinetics and known

Q values, due allowances being made for energy losses
in the ion chamber window.

The targets were of three kinds. %03smoke deposited
on gold leaf in the process of burning wolfram in oxygen,
and self-supporting foils of SiO, made by the evapora-
tion procedure of Sawyer, "and of A120~, made by the
electrolytic method of Strohmaier, " all proved satis-
factory.

Cross sections were calculated from the experimental
results by a method based on the assumption that the
small-angle scattering of 4-Mev deuterons by W, Si,
and Al is predominantly Rutherford scattering. The
chemical compositions of the targets were assumed to
be exactly as stated above. No variation with time in
the relative amount of scattering from oxygen and the
heavier nucleus was observed in any experiment. All

three targets gave essentially the same values for the
cross sections. At least six check points were involved

in each case, and in one case there were thirty. The
greatest discrepancy was 20%. We therefore believe

that the absolute cross sections quoted later are prob-
ably accurate within about 15%. The relative cross
sections should be accurate within about 10%.

The energy scale was 6xed at one point by calibrating
the analyzer magnet with the narrow 3.4/-Mev reso-
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Fxo. 2. Differential cross section in the center-of-mass system,
dv/do, of 0"(d&P)O'r vs c.m. angle for Es~3.490 and 4.110 Mev
(lab). Solid curve, Butler distribution for Eq=3.62 Mev. (For
other constants see text.)

FIG. 3. Ground-state angular distribution of 0"(d, p)O'r for five
di8'erent energies. c.m. angles and cross sections, lab energies.

I G. A. Sawyer, Rev. Sci. instr. 23, 604 (1952).
"K.Strohmaier, Z. Naturforsch. A6, 508 (1951).
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nance in the elastic scattering of protons from 0"."
The analyzer magnet is of the wedge-shaped, uniform-
field type, operating with J3 less than 8000 gauss, so
one can safely assume a closely linear relationship be-
tween the momentum of the particles in the analyzed
beam and the 6eld strength at the position of the proton
resonance probe used for 6eld measurements. The
energy scale is probably accurate to better than 1%.

IIL RESULTS
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FIG. 4. Differential cross section in the center-of-mass system,
da/dQ, of 0"(d,p)O'7' vs c.m. angle for Eq=3.490 and 4.110 Mev
(lab). Solid curve, Butler distribution for Eq=3.62 Mev.

~ Laubenstein, Laubenstein, Koester, and Mobley, Phys. Rev.
84, 12 (2931).

Figure 1 shows (do/dQ) in the center-of-mass system
at 53.1' (center-of-mass angle) for the ground state and
first excited state groups from the reaction 0"(d,p)0".
The agreement with the results of Stratton et c/. ' in the
overlap region, 3.48 to 3.85 Mev, is within the range of
possible experimental errors quoted. At higher energies
our curves show an additional maximum at 3.74 Mev
for the ground-state group as well as a minimum at the
same energy for the excited state group.

Figure 2 shows the angular distributions in the center-
of-mass system of the ground-state protons for two
deuteron energies, along with the prediction of Butler' s
stripping theory for parameters: l„=2, Ed=3.62 Mev,

20 40 60 80 lOO ISO l40 l60 1&0

FIG. S. First excited state angular distributions for five difkrent
energies. c.m, cross sections and angles, lab energies.

(8) 0"(d, a) Reaction

Figure 6 shows the variation in center-of-mass cross
section of the (d,n) reaction (leading to the ground
state of N") with deuteron energy for four angles.
There is clear evidence for at least two resonances, one
near 4.0 Mev having a width of 35 kev, the other near
3.85 Mev having a width of 100 kev, very roughly
speaking. The curves also indicate that there are other,
overlapping states involved. A satisfactory phase-shift
analysis of the results using the single-level formula was
clearly not possible, but an attempt was made in that

ro ——6.3X10 " cm. The peak in the stripping curve
occurs at 42'. The experimental values for Qve energies
(see Fig. 3) range from 42' to 48'. The peak cross sec-
tions are also fairly constant, ranging from 3I to 40
mb/sterad. The most obvious effect a change of energy
has on the angular distribution is seen at the larger
angles. The especially pronounced backward peak for
Ed,=3.490 Mev is similar to that reported by Stratton
et al.' for E~=3.43 Mev.

Figure 4 shows the center-of-mass angular distribu-
tions of the Grst excited state protons for two deuteron
energies, along with the corresponding stripping theory
curve (l„=0, E~——3.62 Mev, re=6 3X10 " cm). The
curves show the strong forward peak expected. The
first minimum in the stripping curve appears at 42 .
The experimental values for five energies (see Fig. 5)
range from 40' to 50'. The 6rst secondary maximum in
the stripping curve appears at 66'. The experimental
values range from 58' to 70'. The magnitude of the 6rst
secondary maximum is found to vary from 33 to 17.6
mb/sterad as Zq is changed from 3.945 to 4.110 Mev.
Even at small angles, where stripping might be expected
to be dominant, the cross section varies considerably
with energy, changing at 10' from 320 mb/sterad for
the middle three energies to 240 mb/sterad for the two
extreme energies.
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IV. CONCLUSIONS

The peaks in the (d,n) reaction at energies of about
3.85 and 4.00 Mev indicate resonance levels in I"at
about 10.95 and 11.09 Mev. The broad underlying
structure of the curves, especially at 70', suggests that
there are other, overlapping states involved. The (d,p)
reactions deviate from stripping and show broad reso-
nance sects with larger half widths than those of the
(d,n) reaction. This may be due to the existence of over-
lapping states or to a mechanism diferent from com-
pound nucleus formation.
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Fro. 6. Differential cross section in the center-of-maps system,
do/dQ, for 0"(d,a)N' vs Iab energy for four different c.m.
angles.

way to derive some information concerning the possible
spins and parities for the levels near 3.85 and 4.0 Mev.
The results were inconclusive.
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In Fig. 7 cross sections in the center-of-mass system
are shown plotted against energy for five angles. Again
a strong energy dependence is seen, but in this case a
phase-shift analysis was even more difficult to carry out
because of the additional potential phase shifts in-
volved. An effort in that direction produced no worth-
while results.
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