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and the lifetime (less than the resolving time of the
coincidence circuit, 2X10 ' second) of the 0.0574-Mev
transition are all consistent with an M1 interpretation.
Lack of exact theoretical values for n~ does not permit
exclusion of some E2 admixture, but the lack of an
observable I.II conversion line limits this possibility to a
few percent.

The measured K/L ratio of the 0.294-Mev transition
indicates several possibilities. M3 can be excluded be-
cause the life of this state is also less than the resolving
time of the coincidence circuit. M2 or Ei interpretations
are inconsistent with the plus parity of the 0.351-Mev
state indicated by the beta-ray measurements. The
remaining choice is E2.

According to the single-particle model, the ground
state of Pr"' (59 neutrons) may be ds/s or g7/s Either
assignment is consistent with the observed character of
the beta transition to Nd'4', which has a measured spin'
of 7/2 and is fr/s (83 neutrons). The ground state of
Ce'" (85 neutrons) may be f&/s or hs/s. The fr/s assign-
ment is unsatisfactory since the state could then

undergo a hrst-forbidden beta transition equally well to
either of the possible choices for the ground state of
Pr'", whereas the ground-state transition is not ob-
served. If it were h9f2, however, decay to a g7/2 state in
Pr is only hrst forbidden, but decay to a dsf2 state is
"l-forbidden" with hi=3. This assignment is therefore
consistent with observation, if the Pr"' ground state is
identihed as dsf2. Then the 0.0574-Mev excited level can
be g7~2, consistent with the M1 character of the gamma
transition.

Although it is indicated above that the 0.294-Mev
transition appears to be E2, the fact that the 0.351-Mev
crossover is seen makes it seem unlikely that the 0.351-
Mev level has a spin as great as 11/2. It is tentatively
suggested that this is a g9~2 state, and that there may be
some M1 admixture in the 0.294-Mev transition.
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Magnetic Spectrograph Measurements on the Al'"(d, p)Alss Reaction*
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A broad-range magnetic spectrograph has been used to study the proton groups from Ale'(d, P)AP'. In
the region of excitation between the ground state and the neutron binding in Al", one hundred well-resolved
groups were observed and assigned to this reaction on the basis of studies at bombarding energies of 6 and
7 Mev and at several angles of observation. The energy resolution of the proton groups ranged from 800
to 1600.

I. INTRODUCTION

~ NE of the most active fields in present nuclear
research is the investigation of the excited states

of nuclei. An important method for such investigations
is the study of the charged particles emitted from
artificially produced nuclear reactions. The require-
ments for resolution and accuracy in this held are such
that these studies are now commonly carried out with
magnetic or electrostatic deflection of both the bom-
barding and the emitted particles.

In general, the magnetic or electric analyzers used
can be classed as spectrometers, since they focus the
charged particles onto a slit and electrical detection is
used. A high-resolution study of a particle spectrum
with such a spectrometer requires a point-by-point
study of the number of particles through a narrow slit

*This work has been supported in part by the joint program of
the Once of Naval Research and the U. S. Atomic Energy
Commission.

$ On leave from the National University of Mexico.

as a function of held strength. In a few cases, magnetic
analyzers have been constructed with a geometry such
that photographic detection can be employed to record
a portion of the spectrum of charged particles. Such a
magnetic spectrograph has been in use in this Labora-
tory for a number of years. While the resolution and
accuracy of this instrument have been satisfactory, it
has been apparent that an analyzer more closely re-
sembling an optical spectrograph would have many
advantages. With such an instrument, which would
record simultaneously a considerable fraction of the
complete particle spectrum, uncertainties in the energies
and relative intensities of the particle groups, which
often arise because of target changes during long bom-
bardments, would be considerably reduced. Also, in
cases where the spectrum to be investigated consists of
more than a few groups, the resolution which could be
obtained in practice with such a spectrograph would be
greater than would be practical with the more usual
spectrometer instrument.
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source and field, second-order focusing is achieved for
particles with a radius of curvature Eo in the field. For
these particles, the source and image are symmetrically
located as shown in the figure. Important for the
present application is the fact that, with this geometry,
the central trajectory of any other group of particles
having a radius of curvature, r, diRerent than Eo, enters
and leaves the region of the field normal to the field
boundary, and the other trajectories of this group are
symmetrically disposed with respect to the central one.
%ith such a symmetrical arrangement, the defocusing
action of the fringing Geld is minimized and the allow-
ance for the eRects of fringing fields is simplified.

From Barber's rule for focusing or from the equations
of ion optics, ' it can be shown that the focal points for
particles of radius of curvature, r, lie along a hyperbola,
the parametric equations of which are

2Ro(»' —Ro') 4»Ro'

3Ep f 3Ro

For these equations, the origin of coordinates is at the
center of curvature of the magnetic field boundary and
x and y are positive in the first quadrant in the figure.

In practice, the magnetic field does not stop at the
actual pole boundaries, so it is not feasible to locate
the focal surface with sufficient accuracy from the
analytical expressions of first. -order focusing theory.
The eRects of the fringing field have been discussed by
Bainbridge. The most important of these eRects causes
the magnetic field to have an eRective radius somewhat
larger than that of the poles. In the present case, the
source was located on the assumption that the eRective
radius Rp exceeded the. radius of the pole (50 cm) by
one gap width (-,' inch). The focal surface was then
located empirically from measurements made with
nuclear-track plates and an alpha-particle source of
polonium.

After the focal surface was located, the spectrograph
was calibrated by measuring the positions of the group
from the polonium alpha-particle source for various
magnetic held strengths. This calibration gives the
radius of curvature of a group of particles as a function
of the location of the group on a track plate placed
along the focal surface. The aberrations of the spectro-
graph are such that, for a monoenergetic source, the
sharp edge of the peak from a group of particles lies on
the low-energy side of the peak for r)EO and the
high-energy side for r&EO. In practice, the aberration
is small, and the dispersion is such that even very
small energy spreads in the source cause a measurable
tail on the low-energy side of the peaks. Thus, in
practice, the high-energy sides of the peaks are the
sharpest and least affected by the experimental condi-
tions, and we have used the point on this edge at
one-third the maximum as a measure of the group
location, both for the alpha-particle groups used for
calibration and for the reaction groups to be described.

Although Eqs. (1) cannot be employed to obtain an
accurate calibration, they can be used for a discussion
of the dispersion and resolution of the spectrograph.
From these equations, it can readily be shown that,
as a result of a transverse displacement of the source
by an amount dy, (negative as shown in Fig. 2) or of
a change in radius of curvature of the particles from
the source by an amount dr, the image is displaced
along the focal surface by an amount dS given by

(r'+Rp ) (r +10r Rp +9rp )'*

dS= d p'g

(3Ro' —r')'

4Ro'(r'+10r'Rp'+9Rp') '*

dr. (2)
(3Rp' —r')'

The second term of Eq. (2) enables the calculation
of the dispersion of the spectrograph. Since this term
depends on r, the dispersion varies with position on the
plate. Since, for a given magnetic field, dZ/E=2dr/r,
the fractional change in energy of a group that will
produce unit displacement along the plate is given by

dE
(3R 2 y2)2(y4+ 10y2R 2+9R 4) z/2»R 2 (3)

E dS

This expression is essentially the reciprocal of the
usual dispersion. For the present work, however, it is
more convenient to express the dispersion in the form
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FIG. 4. High-energy proton groups from the Al~(d, p)A)s' reaction. The ground-state group is marked number 1.

of Eq (3)., and this quantity, expressed in units of
kev/Mev/mm, has been calculated on the assumption
that Ro is equal to the pole radius plus one gap width
(51.27 cm); the resulting curve is plotted in Fig. 3.
The distances along the plate 5, corresponding to given
values of r, as determined from the calibration, are
marked along the axis of r. The dispersion can also be
determined directly from the experimental calibration,
and representative points thus obtained are also shown
in Fig. 3. The good agreement between the experi-
mental points and the calculated curve indicates that
the results from the 6rst-order theory may be applied
with an accuracy sufhcient for the present purpose.
Since the resolution achieved in practice depends on
other factors in addition to the spectrograph geometry,
it will be discussed later in connection with the experi-
mental results on the Al(d, p) reaction.

The angular spread in the vertical plane of the
particles accepted by the spectrograph is determined
by an aperture at the entrance to the spectrograph, as
shown in Fig. 2. For the present work on the closely
spaced groups from aluminum, where it was desirable
that the eRects of spectrograph aberrations be small
compared with those caused by energy spread in the
deuteron beam and by target thickness, this angular
spread was limited to 1.5 degrees. During most of this
investigation, the angular spread in the horizontal
plane was limited by an 8-mm wide slit placed immedi-

ately in front of the plate. The angle subtended by
this aperture varied with position along the plate, but
for no position was it greater than ~» degree. For the
groups of interest in this experiment, neither angular
spread was signi6cant in its eRect on the peak shape.
However, for groups arising from light contaminants,
the dispersion was such that, because of the rapid
variati'on of the energies of these groups with the angle
of observation, the peaks were found to be noticeably
slanted across the 8-mm wide strip of exposed emulsion.

The magnetic fields in both the deQecting magnet and
the spectrograph were measured with nuclear magnetic
resonance fiuxmeters. The exciting current for each
magnet was supplied by electronically stabilized, three-
phase rectifiers constructed by H. Enge. To take full
advantage of the dispersion of the spectrograph, the
magnetic fields must be constant to a high degree
during an exposure, and these circuits have been
exceedingly satisfactory.

The bombarding energies for the individual exposures
were determined from measurements with the spectro-
graph on particles elastically scattered from the various
nuclei in the targets used. The good agreement between
the Q-values found in the present work for the various
proton groups from carbon, nitrogen, and oxygen
present on the targets as contaminants and those
measured' in our j.80-degree magnetic spectrograph
indicated that the calibration procedure was su%ciently
accurate for the purposes of this experiment.

The targets used consisted of a thin layer of aluminum
evaporated onto a formvar film. Beam currents from
0.1 to 1 microampere were used during the course of
the experiment. In all the exposures, the beam was
incident on the aluminum side of the target. In the
exposures at 90 degrees to the incident beam, the
emergent protons were observed from the side of the
target surface struck by the beam; while, for the
exposures made at forward angles, the protons observed
had passed through the formvar backing. In the expo-
sures for the proton groups, aluminum foils of suKcient
thickness to stop alpha particles and deuterons were
placed immediately in front of the nuclear-track plates.

III. RESULTS

A number of exposures at various deuteron energies
and angles of observation were made in order to study

Sperduto, Buechner, Bockelman, and Browne, Phys. Rev.
96, 1316 (1954).



BUECHNER, MAZARI, AND SPERDUTO

PROTON ENERGY - Mev

-- I80

—I20

—IOO

—80

28

I

8.5

25

23
I

Xp

I2 Il,ev —t-
22 X—I

X—I
2

0'7 (0)
X—I5

2l

I

9.0

X—
5

I
I8

i

9.5
TARGETtALU|IIIINUH ON FORMYAR

DEUTERON ENERGY ~7.OI MEY

SPECTROGRAPH FIELD = 7978 GAUSS

OBSERVATION ANGLE = 10'

l6

c»(o)

IX—
5

l80—
Q
Q

~ I60-
E
E

t l40—

r
~ I20-
ILJ
fL

~ IOO-
O
O
Q. 80-

-60
29

-4o

-20

I

52

N'5 (7.3I }

27

NI5(

I

53

24

l9

I

54 55
RADIUS OF CURVATURE - Cm

(a)

l5 I3

~
~

~

I

56

O 60—
Q
iLI
COr 40—

-I80

-l40

-I20

-IOO

—80

—60

65

64

62

X-I4

63

I6.50
56

C' (309)

57

Xs
I

58

Xy
I

IX-
5
54 CI4(6.09)

I

7.00

X—I
10

5I

PROTON ENERGY - Mev

I2 Kev —4

43

42

X-I I

2 I0
X-

4l

49
X—

NIS(8.
I47

I

750

I
Xn

38

37

35

X—I
10

I

,8.00

0' (.875)

3l

I80-
Q.

I—I60-
V)

E
EI40-

~I20-

IOO-

O
OI 80-

tj- 60-
O

—40 ee

—20
~0

I

46

53

a e
I

48

39

"~
~ .- )'2 $s-. ".

$$ ~

RAOIUS OF

(b)

~ ~

S ~ o+Iof e ~ ~ ~ ~ i +o~] gJl ~ gs J'~ ~ ~ '' ~ ~ g ~ ~

he e+

I I

49 50
CURVATURE - Crn

33 32'

I

,s s' ' ~

~,e$ s.'i ' '~ ~ '
I

5I

fL
4J
fQ 40—
D

20-

I

4.00
I

4.50

PROTON ENERGY - Mev

I

5.00
I

6.00 69

I

36

9l

92

I
39

I

RAOIUS OF

AI +n OI 7(384}
'

96

:: ~fJC.I, , lij,is. ,:~

87

89

4I 42
CURVATuRE — Cm

(c)

X—I
8l

82

CI3 (385) C' (3.68)
p(dp)d

7I

75

78

74 tQ

Jl j.)I ).JJ gJ
45

Q.
Q- 800-
CA

E
E

IL. 600-
tLI
Q

CA

O
O
Q- 400-
IL

O

cQ

~ 200-

Fro. S. Lower energy proton groups from Al" (d,p)AI . Data from a single 600-microcoulomb exposure.



MAGNETIC SPECTROGRAPH MEASUREMENTS

the region of excitation in AP' covered in the earlier
work. ' Kith the broad-range spectrograph, it was
possible to record simultaneously all the groups previ-
ously investigated. Analysis of the plates showed that,
in the region of excitation in AP' up to 3 Mev, the
present results agreed in detail with those obtained at
90 degrees at the lower bombarding energy, both as to
the number of groups and their Q-values. In this region,
there are twelve proton groups, as shown in Fig. 4,
which is a plot of the data obtained from the high-
energy portion of a plate exposed at 7 Mev and 30
degrees to the beam. Similar plots, but with diR'ering

relative intensities, were obtained from the other
exposures. The experimental angular distribution curves
for these twelve groups have been published. '

It was apparent from these exposures that in the
region of proton energies corresponding to excitation
energies in Al" greater than 3 Mev, a number of groups
appeared which were not observed in the earlier experi-
ments. In order to study this region in more detail,
several exposures were made with the spectrograph
6eld such that the thirteenth most energetic proton
group (group G1 in the earlier work) was near the
high-energy end of the plates. Such exposures were
made at 90 degrees to the beam with deuteron energies
of 6 and 7 Mev and at 10 degrees with 7-Mev bombard-
ing energy. A plot of the proton spectrum recorded
with a 600-microcoulomb exposure taken at 10 degrees
to the beam is shown in Figs. 5(a), 5(b), and 5(c).
Similar data were obtained from the other exposures.

The exposed plates were examined with a microscope.
In the case of the less intense groups, the data recorded
were the number of protons per half-mm wide strip as
a function of position of the strip along the plate. The
more intense groups were counted in strips one-quarter
mm wide. In each case, the strips were 8-mm long, the
full width of the exposed portion of the emulsion. In
Figs. 4, 5(a), and 5(b), all the groups were normalized
to a one-half mm strip width. All the data in Fig. 5(c)
were obtained with a one-quarter mm strip width. In
comparing relative intensities of the groups, it should
be noted that Fig. 5(c) also has a different vertical
scale. Since all parts of the plate are not at the same
distance from the target, the intensity of a given group
as observed depends on its position on the plate. This
leads to a variation in the effective solid angle along
the plate, the variation being approximately linear
and such that the ratio of the solid angle at a radius of
curvature of 37 cm to that at a radius of 56 cm is 1.5.
It should also be noted that many of the groups in
Figs. 4 and 5 are plotted to a reduced scale, as indicated
by the fractions near the peaks. The absence of appreci-
able low-energy background from the intense groups is
gratifying. Such background is often produced by
various scattering processes and tends to obscure low-
intensity groups.

Several of the observed groups were identified, from
their Q-values and from the manner in which their

energy varied with angle and bombarding energy, as
arising from carbon, oxygen, and nitrogen. These
groups are identified in the figures according to the
residual nucleus formed in the (d,p) reaction involving
them; the accompanying figures give the excitation
energy of the corresponding residual nucleus. Several
of these groups from contaminants were so intense as
to be uncountable and indeed showed as visible lines
on the plates. Short exposures were made to reduce
these groups to countable intensities. A particularly
intense group was produced by hydrogen ions driven
from the target by the incident beam. This group
appears with an energy of 6 Mev in Fig. 5(c) and is
responsible for much of the background at lower
energies. The local regions obscured by these contami-
nant groups and the regions near the plate edges were
studied in the plates taken at other angles.

As has been mentioned, one of the purposes of this
investigation was the determination of the resolution in
energy which could be achieved in practice with the
spectrograph. This resolution depends both on the
dispersion and on the peak widths. These widths and
the detailed peak shapes depend on a number of factors,
the most important of which are:

(1) Energy spread in the particles emitted from the
target, caused either by the target thickness or by an
energy spread in the bombarding beam;

(2) Size of the bombarded area on the target and
the linear magnification of the spectrograph;

(3) Drifts in the magnetic field during an exposure;
(4) Displacement of the track plate from the true

focal surface;
(5) Aberrations of the spectrograph;
(6) The width of the strips used in counting the

number of tracks as a function of position along the
plates; and

(7) The relative widths of the beam from the de-
Qecting magnet before and after passing through the
final exit slit which defines the size and location of the
bombarded area of the target.

The importance of the last factor can be seen from
Eq. (2). Both dy, and dr are influenced by the slit
width. If the slit width is small compared to the beam
size, the possible variation of energy of the bombarding
particles and the resulting dr for the particles emitted
from the target are essentially independent of the slit
width and of dy, . If, on the other hand, the beam width
is small compared with the slit opening, the value of dr
associated with a particular point on the target is
proportional to the corresponding dy, and is opposite
in sign. In the exposures for Figs. 4 and S, where a
one-quarter mm slit was used, the first of these two
limiting possibilities was more nearly realized. The
other factors listed all tend to increase the peak width
and, hence, to decrease the resolution. In the present
experiment, factors 1 and 2 were the most important.

The large number of groups in Fig. 5 make this
exposure a suitable one for determining the resolution
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The relative importance of such an energy spread on
the resolution decreases with increasing proton energy.
Thus, the higher energy groups shown in Fig. 4 should
show a somewhat increased resolution. Actually, the
exposure for Fig. 4 was made with a thicker target
than was used for Fig. 5, and consequently the half-
widths of these higher energy groups are nearly con-
stant. The resolution for the ground-state group at the
right of Fig. 4 is thus only 1600.

From these results, it appears that, while special
precautions will be required to utilize fully the resolu-
tion of which the spectrograph is capable, a resolution
of between 1000 and t500 is quite practical in routine
work with this instrument.

The Q-values of the groups from aluminum in Figs.
4 and 5 have been calculated, and the values are listed
in Table I, together with those obtained by Enge et ut. '
using 2-Mev deuterons. For the reasons mentioned
previously, most of this work has been concerned with
the groups shown in Fig. 5. The Q-values for the first
twelve groups are those obtained from the single
exposure of Fig. 4. The Q-values of ail the other groups
listed in the table have been obtained from at least
three different exposures at various energies or angles,
except in a few cases where, because of intense con-
taminant groups, only two measurements have been
used for identification purposes. Of the one hundred
groups listed, only six (Numbers 59, 60, 67, 68, 70,
and 77) are not shown in Fig. 5. These are either
obscured by contaminant groups or fall in the region
between the plates for the spectrum shown in the figure.
These groups were observed at the other angles and
bombarding energies. With only a few exceptions, the
Q-values calculated for various bombardments at differ-
ent angles and energies diGer by 5 kev or less from the
values listed in the table. In no case were these differ-
ences greater than 10 kev. Studies of deuterons elasti-
cally scattered from the targets used indicate that only
carbon, oxygen, and nitrogen were present as contami-
nants in significant amount.

The proton groups in Fig. 5(c) with energies less
than 4.67 are associated with the formation of AP' in
states which are unstable with respect to neutron
emission. This energy is indicated on the figure. Such
states may show a natural width large enough to be
measured, and it is clear in the figure that in this region
there is evidence for a number of overlapping groups.
An adequate investigation of these groups would re-
quire higher resolution of the deuteron beam than was
used in the present experiments, and accurate Q-values
have not been calculated for the groups in this region. .

There is approximate agreement between the positions
of these groups and the apparently unresolved reso-
nances found by Henkel and Barschall' in studies of
neutron scattering from aluminum. The complex struc-
ture at 37-cm radius of curvature appears to be a result
of a superposition of a number of groups from aluminum
onto the broad proton group associated with the
formation of the 4.56-Mev level in 0". This group,
which arises from 0"(d,p)0", has a width of approxi-
mately 35 kev, and its expected location and shape are
shown as a dashed curve in the figure.

In Table I, it is seen that all the groups found in the
previous investigation' have also been observed in the
present work. In addition, in the region of excitation
in AP' above 3 Mev, num, erous additional groups have
appeared which were not observed in the earlier work,
presumably because of the lower bombarding energy
used. The region of excitation above 6.3 Mev was not
studied in the previous work, and so no comparison of
these new Q-values is possible. Up to this point, how-
ever, the agreement with the older values is satisfactory.
There is a slight but noticeable trend in the differences
between the present Q-values and the older ones. This
difference, for the Q-values obtained from a particular
exposure, tends to increase with increasing proton
energy. This trend is probably a result of a suspected
slight displacement of the target spot from the location
of the polonium source used for calibration and of the
fact that in the present work the entrance aperture of
the spectrograph was smaller than was the case for the
calibration exposures. Both these efI'ects would act in a
direction to give the observed trend. However, the
differences between the two sets of Q-values is within
the experimental errors which were approximately
~10 kev in each case. In Table I, it may be noted that
there are slight diGerences between the values of the
earlier Q-values listed and those in reference 3. The
values listed result from a recent recalculation of the
earlier data, taking into account various small cor-
rection terms. '
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