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PART I

THE ELASTIC SCATTERING OF PROTONS

m

CALCIUM-40

INTRODUCTION

The study of elastic scattering of protons from the
medium-weight nuclei has recently received greater emphasis
in attempts to shed light on various theories of nuclear
structure and behaviour.

The test of these theories is

often whether or not they accurately predict such things
as ordering of levels, and widths, spacings, and densities
of certain types of levels.

It was formerly believed that

little Information could be obtained from experiments such
as these, since the densities of states were expected to
be too great for separate observation of any given level,
and mathematical treatment of the corresponding problems
too complex.

However, it has been found that at moderate

bombarding energies, of the order of 5 Mev, observations
of levels can be made and dispersion theory fits can be
obtained which fit the data quite well.
Calcium-40, in particular, provides an interesting
object for study since, on the basis of the Shell Model
Theory of the nucleus, it should consist of two closed
outer shells — 20 neutrons and 20 protons, the Is, 2s,
lp, and Id shells being filled for both neutrons and

protons.

Thus the proton added to form compound states

in scandium-41 might be expected to exhibit characteristics
of single-particle states.
In addition, from the experimental point of view,
the low binding energy (1.03 Mev) of the last proton in
scandium-41 means that compound states would be formed
at relatively low excitation energies, and would be ex¬
pected to be spaced more widely than at higher excitation
energies, making resolution of individual states less
difficult. • Also, the ground state spin of calcium-40
is zero, which greatly simplifies analysis, since only
one channel spin is allowed.
A great deal of work on the elastic scattering process
?/as done by J. H. Johnson1, who measured the differential
cross section as a function of energy in the region of
1.3 to 5.4 Mev bombarding energy at laboratory angles of
1^0 and 90 degrees with respect to the direction of the
incident proton beam.

A reasonably good fit was then

obtained to the 150 degree data from 1.3 to 5*03 Mev
using dispersion phase shifts in an approximation to a
multi-level scattering formula to calculate a theoretical
cross section, containing effects of all levels (See sec¬
tion on analysis of data).

This process required an

initial guess as to the total angular momentum of the
state, its parity, its resonant energy, and its width.
The initial guess was made by comparing the data with

2

the resonance shapes predicted at the two angles by a
single-level formula for isolated resonances.

The fit

was completed to 5*03 Mev and a number of assignments of
level parameters were made.

Table I shows the number of

levels assigned each orbital angular momentum quantum
number, along with the number of each type which were
assigned a total angular momentum quantum number, J.
In addition, tentative assignments were carried up to
5.45 Mev, but no fit was made.

These levels are tabulated

separately in Table I.
Figure 1 is a reproduction of a portion of the region
fitted by Johnson.

The integers above the resonances

indicate the j0-value assigned, and the half-integers
Indicate where the J and parity were assigned.

It should

be noted that there are a number of regions, denoted by
the heavy brackets above them, where the fit is not exact
and re-examination of the data seemed to indicate that
perhaps the assignments were either inaccurate or incom¬
plete.

Therefore, further measurements were made in the

region of 4.3 to 5.03 Mev with improved experimental
techniques in an attempt to confirm or improve some of
the previous assignments and the range of the data was
extended to 5*4 Mev.
Two improvements were made in the experimental tech¬
nique which aided greatly in the interpretation of the
data,

itn improved target backing was used to give in¬

creased resolution between the elastically scattered
groups of protons from calcium and the backing material,
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TABIE I

A
Number Assigned
-*■'
^-values

Number of these
Assigned J-value

In the region fits
0

9

9 *

1

8

7

2

11

1

3

4

0

4

2

0

0

2

2 *

1

0

0

2

3

0

3

3

0

4

0

0

In the region above fits

* only one J is associated with^s0

FIGURE 1

and a scattering chamber was built which allowed measure¬
ments at one additional angle to remove certain ambiguities
in assignments that sometimes arise.

Both of these im¬

provements will be discussed in more detail in the section
on experimental procedures.
In the course of these further investigations, it
was found necessary to correct several of the previous
assignments, and in addition, some states not previously
included were introduced in an attempt to obtain a fit
at three angles simultaneously.

At present, this work

has not been completed, but it has progressed sufficiently
to allow a number of conclusions to be drawn.

In order

to understand these results, however, it is necessary to
examine the new data obtained, and a summary of the changes
and additions appears in the section on analysis of the
da ta«
Johnson also made a preliminary investigation of the
inelastic scattering reaction in the region from 4.5 to
5.5 Mev for the purpose of making spin and parity assign¬
ments to states in calcium-40 and obtained an excitation
curve of the inelastic protons for decays to the first,
second, and third excited states of ealcium-40.

This

showed the locations of a number of states in scandium-41
which decay by inelastic scattering in competition with
the elastic scattering process.

Much of the analysis done,

however, was based on incorrect assignments of the orbital
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and total angular momenta of several states, specifically
resonances 21, 23, and 30 (see Fig. 6).
In addition, work by Bent and Kruse2 on the reaction
Ca^°(pj p’, e+, e-)Ca40 has shown definite evidence of
inelastically decaying states in scandium-41 at bombarding
energies of 4.42, 4.74, 4.90, 5»02, and 5»08 Mev.

These

measurements were made from observation of internal pairs
emitted in the transition from the first excited state in
calcium-40, a 0

4-

4-

state, to the ground state, also a 0 .

This work served to locate the compound states which
decayed inelastically but gave no information about the
mode of decay, that is, the orbital angular momentum of
the outgoing protons.
Inasmuch as the work on the inelastic scattering was
not completed by Johnson, further data was taken in the
region of 5*0 to 5*4 Mev and analysis will be presented
in Part II.
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EXPERIMENTAL APPARATUS AND PROCEDURE
Preparation of targets
On the basis of the average level widths, as seen
by Johnson, and from considerations of the yield necessary
for good statistics while allowing a reasonable time for
taking each data point, it was decided that a target
thickness of from 1 to 6 Kev at 5 Mev was the most de¬
sirable.

This range of thicknesses would permit seeing

sufficient detail in the resonance shapes so that identi¬
fications of -^-values would be possible and corresponds
to area densities of from 12 to 72 micrograms per square
centimeter.

Such thicknesses of calcium are not self-

supporting, so it was necessary to deposit the desired
thickness of calcium metal on a suitable backing.

Carbon

proves to be a good backing material because the sizeable
difference in mass number between it and calcium will tend
to separate the elastically scattered proton groups of
carbon and calcium, since a greater amount of energy will
be given up to the recoiling carbon nucleus than to the
heavier calcium nucleus.

Also there are no excited states

in carbon-12 to which inelastic transitions can occur
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that will interfere with observation of inelastic protons
from the calcium.
It has been found relatively easy to produce selfsupporting foils of carbon having area densities of
50 to 70 mierograms per square centimeter*, which, under
examination in a beam of protons, show little or no con¬
tamination from any elements except hydrogen and oxygen
(Fig. 2A),

The elastically scattered protons from oxygen

and carbon are easily resolved from the elastic calcium
group and lie too high in energy to interfere with in¬
elastic proton groups from the calcium, while the group
scattered elastically from hydrogen will not be observed
at angles greater than or equal to 90°*
The carbon backing foils are prepared by introducing
approximately 8 cm. of Hg pressure of iodomethane into a
previously evacuated (less than 100 microns) chamber of
approximately 3^0 cc. volume.

A thin foil of nickel

(.1 mil x 5/8 inch x 1-1/2 inch) is heated in this at¬
mosphere to a dull red color by passing an electric current
through it.

A layer of carbon is deposited on the foil

and iodine vapor is released.

When the current is shut

off, the carbon layer detaches itself from the nickel during
cooling.

It may then be removed by spreading a thin layer

of cement around the hole of a target blank (.01 inch x
* This is effective thickness, since for these measureraents, the target was turned 45° from the beam direction.
Actual thicknesses are less.
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5/8 inch x 1-1/2 inch with a 5A6 inch diameter hole in
the center) and laying the blank face-down over the carbon
deposit.

The cement softens the carbon around the edges

and the nickel foil is simply peeled away before the cement
dries, leaving the carbon foil cemented in place over the
hole in the target blank.

Usually a suitable foil may be

obtained from both sides of the nickel foil if care is
taken in handling.
Calcium metal (96.9$ Ca^) is then deposited on the
carbon foil by evaporation in high vacuum,

k lump of

calcium metal is scraped to remove surface oxidation and
contamination and then crimped securely in a tantalum
evaporation boat.

The boat is clamped between two elec¬

trodes connected to an outside current source, and the
carbon foil is put in place approximately 6 inches above
the boat.

800° C.

The calcium evaporates at a temperature of about
Thickness must be determined by bombarding in a

beam of protons, although the approximate thickness can be
judged by sight with some practice.
Some difficulty was experienced with the rather large
thicknesses of calcium deposited on the thin carbon foils.
When air was let into the evaporation system to remove the
target, the foils often burst, apparently due to a shrinking
of the foil while undergoing rapid oxidation.

This was-

remedied in some cases by bringing the target to atmospheric
pressure in nitrogen or hydrogen gas, which also served
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to reduce the amount of oxygen present on the target and
thereby improved resolution.

The scattering chamber

4 scattering chamber was designed and built for the
purpose of studying various reactions in the medium weight
nuclei.

An attempt was made to incorporate as many features

as possible to give maximum flexibility.
(see Fig.

3)

The chamber

consisted primarily of a brass cylindrical

chamber 8-1/2 inches in diameter and 4 inches deep, which
was connected directly to the vacuum system of the Rice
Institute

6

Mev Yan de Graaff accelerator at the end of

a drift tube approximately 4 meters in length.

Three

scintillation spectrometers were mounted at fixed angles
in the laboratory of

90> 125,

and

150

degrees.

The target was mounted on an insulated target holder
which was free to rotate about the vertical axis of the
chamber.

This holder was in turn mounted on an insulated

pedestal with a cylindrical metal can placed over the
target in such a way that the target was shielded electro¬
statically so that secondary electrons made in the target
or target holder could be suppressed by application of
-300 volts to the shield.

Holes were provided in the
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THE SCATTERING CHAMBER

shield can to admit the incident beam and allow the scattered
beam to reach the counters.
The incident beam ?/as freed of the halo of scattered
particles by a pair of 1/8 inch diameter tantalum apertures
placed in the beam-entrance tube.

After passing through

the target, the beam was caught in an insulated Faraday
Cup for the purpose of integrating the incident flux.
The Faraday Cup was also protected from acceptance of
secondary electrons made in the target or holder by an
electrostatic repelling ring about its entrance v^hich was
maintained at -300 volts.

The remainder of the chamber

was maintained at the common ground potential of the
Van de Graaff accelerator.
The counters were provided with barrels which extended
into the chamber approximately 2 inches to support a
number of 11 anti-scatter" tantalum apertures. The solid an1
gies of the counters were defined by tantalum apertures
mounted the greatest distance from the target in a re¬
movable slit-holder system.
10“3 steradians were used.

Solid angles of approximately
The photomultiplier tube, with

the crystal scintillator mounted on its face was contained
in a separate assembly, protected from stray magnetic
fields by a mu-metal shield, and fitted to the remainder
of the counter with an o-ring joint to allow removal of
the photomultiplier tube and for access to slits and
crystal.

"Spreader foils" were sometimes inserted in
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the space between the defining slit and the crystal.
The entire top of the chamber was fitted with an
o-ring joint which allowed its removal for insertion of
targets.

In addition, a window in the top made possible

the observation of a quartz In the target position during
lining-up.

Detection system and energy calibrations

The detection system consisted of a thallium-activated
cesium iodide crystal scintillator optically joined to a
Dumont 6291 photomultiplier tube, and covered by a 0.1 mil
nickel foil which acted as a reflector to reduce loss of
light from the crystal.

The crystal was approximately

5/16 inch in diameter and 1/16 inch thick.

The signals were

fed through a cathode follower preamplifier mounted directly
on the counter and then through coaxial cables to the
control panel.

The three counters used were identical.

The signals were fed into linear amplifiers and counts
were recorded by a
references 1 and 3«

standard technique discussed in
Typical pulse height distributions

(Fig. 2) taken on an RCL 256-channel analyzer indicate
the resolution obtained.
Often, in order to improve resolution, thin nickel
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foils were inserted in the path of the scattered beam in
the small space between the defining slit and the crystal.
Because of the inverse relationship bet.?/een the energy
loss of a charged particle in a material and its incident
energy, the lower energy groups from lighter elements such
as carbon and oxygen are separated more from the calcium
group.

The spreading-out in energy of the group due to

straggling is usually more than compensated for by the
increased separation.

Typical operating conditions above

4 lev might consist of a 1 mil foil at 90 degrees and
0.5 mil foils at 125 and 150 degrees.
Integration of the incident flux and definition of
the beam were essentially the same as in references 1
and 3.
The magnetic field of the 90 degree beam-analyzing
magnet was measured by means of a proton resonance mag¬
netometer and the frequency of the driving oscillator
monitored by a Hewlett-Packard frequency counter.

The

magnet current was varied so that the entire range of
energy studied was covered in steps of 5 kilocycles mag¬
netometer frequency.
Absolute energy calibrations were obtained from the
determination of the threshold for the Li? (p,n) reaction.
From the known energy of this threshold and the corresponding
measured magnetometer frequency, a value for the constant,
k, in the following formula can be determineds
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E=

2 Rp

where E = energy of incident proton in Mev
f =

proton magnetometer frequency in Megacycles

Rp= the rest energy of the proton in Mev
2

The value of k determined was 4.179 x 10”3(Mev/Mc )
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BXPBRBIENT&I* RESULTS

AND

ANALYSIS

The excitation curves of elastically scattered protons
are given in Figs, 4 through 6.
data obtained.

The points are actual

The cross section Indicated was obtained

by normalisation to Rutherford cross section of the yield
at 90° for a bombarding energy of 2.0 lev,

The data was

taken with a number of different targets of varying thick¬
nesses over regions which overlap one another slightly.
These sections of data have bean joined together using
the positions of the resonance shapes common to two sets
of data to give the relative energy scales.

Also, the

cross sections of the various sections have been normalised
so as to be continuous, since absolute cross sections are
not known for all sections of the data.
The scattering formula used in an attempt to fit the
data was an approximation to a multi-level scattering
formula as worked out by i. lashy4.

The following Is the

expression for the differential cross sections
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where s and ms are the channel spin and its z-projection,
and i and I are the incident particle and target nucleus
Wj

spins respectively.

The scattering amplitude,TS (&), is

given by
m5'

Xs
a o

T ms
Jl ms-ws'

S

S

J
wia

where J is the total angular momentum quantum number for
the state of the compound nucleus,

JL

is the orbital angular

momentum quantum number, and the primes indicate the outgoing channel quantum numbers.

s\/ Ms
A-S

is the channel spin

wave function of the incident channel and k is the wave
number of the incident particle.

The large square brackets

are the Clebsch-Gordan coefficients.

Additional symbols

are the followings
, the charge parameter,

OJ-

ti-iVj) , the

phase shift, and

5= l
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JL'th partial wave Coulomb

The scattering matrix is approximated by the form

U<*i + tV + <PJ + $r)

-zi<r0 Q/J

e

7

5^, - e

where

and

is the elastic scattering width

X -wave

of the compound state formed by

protons.

EQ

is the

resonant energy of the state and

is the hard-sphere phase and

and GJJ

are the regular

and irregular Coulomb wave functions.
The quantity in the scattering matrix,

Eo-«r-£
is represented as

9i9x'
J

P

^

21
e

- I)

where

r/2.

ES-Z ■)
In effect, the nuclear phase shift is approximated by
which is very near the shape of the nuclear phase shifts
in the vicinity of a resonance, passing through

TT/2 at

E=E0.
The scattering formula as shown above was coded for
an IBM 704 computer located at the Texas A. & M. Data
Processing Center.

A preliminary guess of the values of

parameters for each resonance was made from examination

16

y

of the data on the basis of the isolated resonance shapes
(Fig. 7), and a fit was computed.

Successive fits were

then made, varying parameters as necessary to obtain the
best fit.

The calculated fit is shown by the solid line

in Figs. 4 through 6.
Since the thicknesses of the targets ranged from
approximately 2 to 5 kilovolts over the range of energies,
narrower resonances appear in the data to be lowered in
amplitude and their widths observed in the data are
approximately that of the target.

Widths of these reso¬

nances were estimated by means of the following expressions

x

PoL = r* +(4E)‘ + t
where

Hjbs - observed width from data
P

■= actual width of resonance

AE = beam energy width over face of target
t

— target thickness (energy)

In this case, AE was taken to be 0.03$ of the beam energy
as measured by R-. R. Perry^ under similar geometry and
co nd it ions.
The hard-sphere phase shifts,

4^

were

taken from

tables of Coulomb wave functions^ for a number of points
in the energy range investigated based on an assumed
nuclear radius of 4.78 Fermi,

k fit to these points ?;as

then constructed using a quadratic equation of the forms
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V

CJL

^ = hard sphere phase shift for angular momentum
ET - bombarding energy

The coefficients of equations for each of the
(

(^o

's

through were used) were supplied to the computer

which then computed the appropriate values of for each
energy step calculated in the fitting process.
The resonance parameters used to obtain the fit to
the data shown in Figs. 4 through 6 are listed in Table II.
In most cases these are not final assignments, but are only
indicative of the approximate resonant energy and width.

k

number of resonances are not considered correctly fit

at this time, and they ?/ill be specifically mentioned.

It

should be noted that in most regions, the calculated cross
section does not agree well with the data.

This may be

due somewhat to the method of normalizing the various pieces
of the excitation data.

The greater part of this discrep¬

ancy, however, can probably be removed by proper fitting
of the hard sphere phase shifts, that is, by choice of
the appropriate nuclear radius.
It will be noted in Table II that only one of the two
possible values of
used in fitting.

J

for each

JL

greater than 0 has been

This was done partly as a first approxi¬

mation process and partly, in the case of a number of
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TABJJS II

Resonance
number

Frequency
(MC)

Resonance
Energy
(Mev)

Resonance
width
(Key)

X

J

1.

32.435

4.386

0.3

2

3/2+

2.

32.505

4.405

8.2

2

3/2+

3.

32.580

4.425

4,1

1

3/2“

4.

32.660

4,447

24,6

2

3/2 ^

5.

32.935

4,522

1.4

Q

1/2+

6.

33.033

4.549

0.6

2

3/2+

7.

33.070

4.559

1.1

3

3/2“

8.

33.085

4.563

18.0

3

3/2“

9.

33.240

4.606

3.9

2

3/2+

10.

33.515

4.682

1.2

3

5/2“

11.

33.665

4.724

0.6

3

5/2“

12.

33.710

4.737

7.0

1

3/2“

13.

33*720

4.740

8.5

3

5/2“

14.

33.910

4.793

7.1

1

3/2“ *

15.

34.055

4.834

16.

34.185

4.871

1.1

2

3/2'*'

1?.

34.265

4.394

7.2

1

3/2“

18.

34.285

4.899

5.7

2

3/2^

19.

34.290

4.901

8.6

3

5/2“

34.675

5.012

1.7

3

5/2“

34.730

5.027

2.9

1

3/2- *

34.862

5.065

20.4

2

3/2+

.
21.
20

22

Wot assigned

TABIE II

(Cont’d.)

Resonance
number

Frequency
(IC)

23.

34.950

5.091

24.

35.020

5.111

Not assigned

25.

35.090

5.132

Not assigned

26.

35.175

5.166

Not assigned

27.

35.237

5.175

0.6

2

3/2+

28.

35.295

5.192

1.8

2

3/2+

29.

35.360

5.211

0..6

3

5/2"

30.

35.507

5.254

11.9

1

3/2- *

31.

35.623

5.288

1.8

2

3/2+

32.

35.625

5.289

1.8

3

5/2-

33.

35.640

5.293

6.0

1

3/2"

34.

35.695

• 5.310

1.2

3

5/2"

35.

36.025

5.408

36.1

2

3/2'*'

Resonance
Energy
(lev)

* definite assignment of J = 3/2"

Resonance /
width
(Kev)
5*8

1

J

3/2" *

JL~ 1,

J =3/2” resonances, because the resonance shapes

seemed to indicate the definite assignments.
J assignments have been marked with an

These definite

asterisk.

For

higher than one, it is difficult to assign definite J at
this stage of the fitting process, and no attempt has been
made.
Resonance number 3 was not included in the fit by
Johnson.

It was added to attempt to fit the anomaly be¬

tween resonances 2 and 4.

The effect of this resonance is

particularly strong at 125 degrees.

X-

1,

It appears to be an

An earlier fit in which the width was 25$ less

gave a better result.

This resonance lies in the vicinity

of an inelastic transition seen by Bent and Kruse**, and is
probably J- 3/2”.

No account of the competing process

was taken in this or any of the other inelastically decaying
states, but most of the partial widths for inelastic decay
seem to be small.
The region between 4.5 and 4.65 Mev may be of considerable
interest.

The simple picture given by Johnson's assign¬

ments at 150 degrees does not produce a consistent picture
at the other angles.

The lack of sufficient height at

150 degrees of number 8, the rise on either side of number 5
at 90 degrees, and the low amplitude of the variations
at 125 degrees indicate the possibility of the presence of
perhaps several additional resonances.

The addition of

number 7* although its energy was incorrectly chosen, may
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help to fit number 8 at 150 degrees, but still cbes not
offer the solution at the two remaining angles.

This

region must be classed as incompletely fit.
The large resonance at approximately 4.74 Mev was
classified

Ji-3 by Johnson with a width of 5.6 Kev or

3.6$ of the Wigner limit.

It is apparent that this cannot

be a single resonance because of the relationship of the
width at 90 degrees to that at 150 degrees and the lack
of sufficient height at 150 degrees.

The 90 degree data

shows more width than can be used to fit the 150 degree
data.

In addition, the position of the resonant energy

would not correspond at 125 degrees.

Since there is another

inelastic transition in this region, an attempt has been
made to add a J=3/2“ state, which has not been successful
as yet.
a.

Resonance number 14, previously assigned 1/2
Johnson, is clearly
90 degrees.

by

JL-1, since a large peak occurs at

Because of the large rise Immediately above

the resonance, it is assigned J = 3/2”.
Resonance number 15? as well as numbers 24, 25, and
26, were not fit.

These consistently appear in the data,

but are probably very narrow, and are not distinguishable
as to type.
The large anomaly at 4.9 Mev ?;as previously assigned
Ji-s. 3, with a width of 1.8 Kev.

It is clear from the

data that this represents at least two, possibly three,
20

states.

The sharp dip below the resonance at 150 degrees

suggests the presence of an-^-0 or^*l.
at 125 degrees suggests

JL-

2.

The large peak

But the combination of

these has insufficient height at 150 degrees, suggesting
the presence of an J^3» as well.

The choice of J.- 1

over Jt- 0 was based on the presence of another inelastic
transition seen by Bent and Kruse.
Resonances 21 and 23 were previously assigned 1/2 •
The 90 degree data shows them to be Jl-1.

They are assigned

j = 3/2” on the basis of their height above the resonant
energy.

These assignments are confirmed by angular dis¬

tributions of the inelastic protons to the first excited
state in calcium-40 (see Part II),

Bent and Kruse also see

inelastic transitions at these energies.

In addition,

resonance number 30, previously given a tentative assign¬
ment of 1/2"*", must be an

JL-1

on the basis of the 90

degree data, and is probably J=3/2“.
Resonance number 22 presents a difficult problem.
Because of its rather large width (approximately 20 Kev),
it can be fit qualitatively at 125 degrees and 90 degrees
by

either

JL-1*0

or

JL-2.

The -£=0, however, lowers the

general level of the cross section at lower energies,
particularly in the region between 21 and 22 at 150 degrees,
while allowing the cross section above number 23 to remain
sufficiently high.

On the other hand, the JL*-2 assignment,

as shown in Fig. 5» raises the cross section too high
21

between 21 and 22 at 150 degrees and lowers the cross
section above 23.

Therefore one must conclude that there

is more than one state in this region.
The region between 5*0 and 5.1 Mev appears both in
Fig. 5 and Fig. 6.

This will allow ready comparison of

Fig. 6 with the inelastic data in Part II.

Above resonance

number 21 only tentative assignments were made by Johnson.
Resonance number 28 exhibits the usual shape for an

JU 2 resonance.

However, the angular distribution of

inelastic protons to the second excited state of calcium-40
raises some doubt as to this assignment (see Part II).
This resonance was not previously assigned.
The anomaly at 5«3 Mev cannot be due to a single
resonance.

However, attempts to fit this region have

been unsuccessful.
Resonance number 35 has been assigned £-2 for the
purpose of fitting, in order to keep the cross section at
approximately the correct level.

Inelastic data taken in

this region indicates the presence of several narrow states
in this region as well as the broad resonance (approximately
35 Kev wide).

However, the elastic data is insufficient

to permit fitting this region accurately.
It is evident that closer examination of this data
may further complicate the analysis as new states are
added in attempts to complete the fit.

Indeed, it may

prove to be impossible to guess the proper combinations
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of energies, -widths, and angular momentum assignments
to obtain a fit.

ffae question also arises whether these

fits, if obtained, will be unique,
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PART II

THE INELASTIC SCATTERING OF PROTONS
BI CALCIUM-40

INTRODUCTION

There are several reasons for studying the inelastic
scattering of protons by calcium-40.

In the first place,

there are some resonances appearing in the elastic data,
which although they are somewhat wider than the target
width, may not attain the height predicted by the scattering
formula for purely elastic scattering.

This effect can

be caused by reactions which take place in other out¬
going channels, the strength of this effect being related
to that part of the total resonance width which can be
ascribed to these other processes, or in other words, to
their partial widths.

It can be seen from the scattering

formula that a large partial width for some competing
process will reduce the amplitude of the fluctuation of
the elastic cross section an appreciable amount.

From

measurements of the inelastic cross section, the size of
the partial width needed to fit the elastic data can be
calculated.

In this region of investigation, inelastic

scattering is the only known competing process.
In addition, and perhaps most important because of
the doubly-magic shell structure of calcium-40, it is
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desirable to determine the locations of the excited states
of calcium-40 and to make spin and parity assignments to
them.

These excited states in calcium-40 are accessible

through the inelastic scattering reaction Ca40 Cp,p*) Ca40*.
If the total angular momentum and parity of the initial
state in scandium-41 are known and angular distributions
are taken of the inelastic protons emitted from this state,
it may be possible in soma instances to make assignments
of the spin and parity of the final excited state in Ca4^,
A. number of excited states of calcium-40 are known to
exist.

The three lowest states occur at energies of 3.35*

3*73, and 3»90 Mev, the first being a D"*”state, the second
being tentatively assigned 3- 7 and the third not assigned.
The compound system Ca4^ plus a proton occurs at 1.03 Mev
excitation with respect to the ground state of scandium-41.*

* This value differs from the previously quoted value
of 1.63 Mev and is due to references 13 and 14.
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EXPERIMENTAL TECHNIQUE

Most of the experimental procedure used in measure¬
ment of elastic scattering applies to inelastic scattering
as well.

The principal exception was in the method of

counting that was employed.

Because of the small widths

of the inelastic groups and their close proximity to one
another, it was not possible to display the spectrum on
the 20-channel analyzer.

Instead, the single-channel

pulse-height analyzers were set to record counts in a
definite voltage region using the 256-channel analyzer for
monitoring the amplifier gain.

A single RCL type~A-6l

linear amplifier was used to amplify the pulses from the
150° counter.

Several pulse-height discriminators and

scalars recorded the yield from various groups in a single
spectrum.

In addition to the measurements of the inelastic

yield, the elastic yield was recorded at several angles to
provide correlations between elastic and inelastic reson¬
ances.

Also, a number of pulse-height distributions were

taken with the 256-channel analyzer so that energy cali¬
brations could be made to verify that the proper group was
being observed.
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EXPERIMENTAL RESULTS AND ANALYSIS

Excitation curves obtained are shown in Fig, 8,

The

lower curve corresponds to a channel set to record protons
from transitions to the
Ca40,

3.35

Mev first excited state in

The upper curve shows the yield from transitions

to both the 3*73 and 3«90 Mev excited states.

The arrows

along the energy scale show the location of pulse height
distributions shown In Figs, 9 and 10,

The numbers above

the resonances correspond to, the numbers assigned to- the
elastic resonances in Part I.
In order to distinguish one inelastic group from
another, it was necessary to make energy calibrations of
pulse height distributions since all energeticallypossible inelastic groups are not necessarily observable
at the same energy, and often all groups disappear for a
considerable range of bombarding energies, making it impossi¬
ble to adjust the amplifier gain to compensate for the
change in energy,

A calculation of the expected energy

of scattered particles for a number of different reactions
was made on an IBM 650 computer at Shell Development Co.
The formula used was the followings®
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where E^ssenergy in lab of scattered particles
Ea s? energy in lab of incident particles
•©• = scattering angle in lab
ma=mass of incident particle

1115 = mass

of scattered particle

my =smass of residual nucleus
Q •=• net energy released in reaction.
It was also necessary to correct the computed energies
for the energy loss in the reflecting foils over the
crystals.

On the basis of these calculations for easily

identifiable elastic groups such as C12, O1^, and Ca4^,
and assuming linearity of the scale on the

256-channel

analyzer, an energy calibration scale could be drawn as
shown in Figs. 9 and 10.

The upper scale, E^, shows the

energy of the scattered particle.

It was also necessary

to use the location of one inelastic calcium group known
to be from a transition to the

3.35

Mev state to establish

the intercept of the calibration lines because of slight
non-linearity in the horizontal scale and the relative
closeness of the elastic groups to one another.
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The zero

of the energy scale occurs in channel -11.5*

Another

useful landmark was the inelastic group from a small
amount of Si^S present as a contaminant on the targets.
This contamination caused no difficulty since there is
only one state in Si^8 which can be reached by an inelastic
proton transition that would be visible in the range of
bombarding energies observed.
The energy calibration scale, E^, and the arrows in
Figs. 9 and 10, Indicate the location of the inelastic
calcium groups predicted by the calculation.

It will be

noted that these positions correspond very closely to the
peaks of the inelastic groups, and in some cases, no groups
are seen associated with the predicted locations.

In these

cases, the arrow serves to show where a certain group would
be seen if it were present.
A summary of the inelastic transitions observed appears
in Table III.

PI, P2J

and

p^,

An X has been placed in the columns marked
corresponding to transitions to the

3.73) and 3*90 lev excited states of Ca^O.

3.35)

The inelastic

resonances at 5*03? 5*09) and 5*25 Mev bombarding energy
result from the decay of J = 3/2“ states in Sc^1.

These

states were assigned as J = l/2* by Johnson, but are no?/
known to be J=3/2~ on the basis of the elastic data at
three angles.
Additional evidence for the 3/2“ assignment in the
case of the 5*03 and 5*09 Mev states has been obtained
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TABIE III

Ep
(Mev)

Elastic Resonance
Number
J, Parity

p,

P2

5.03

17

3/2'

X

X

5.09

19

3/2“

X

X

5.19

(24)

<3/2+)

5.25
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3/2'

5.39

not known

X

5.42

not known

X

5.43

not known

X

X
X

X

by taking angular distributions of the inelastic protons
to the 3.35 Mev state in Ca^ at three angles.

These

distributions were taken on resonance with a thicker
target (approximately 20 Kev evaporated on a 10
mierogram per square centimeter etched carbon foil9 to
insure remaining on resonance at all times.

Fits to these

distributions have been calculated from the following
formula of Blatt and Biedenbarn1^ which has been reduced
to its form at resonances

c-M

=

s'-i
to
21

zk%

XZU\J.,K X,-,
where

<r(e) ^differential
J,X,

Pu(cose->

cross section for a particular

s, X', s'

s =■ Ingoing channel spin
s’= outgoing channel spin

JL «

ingoing orbital angular momentum

JJ! = outgoing orbital angular momentum
J0 = Total angular momentum of the compound state
and with the restrictions that
1 ^ 2J0

Jk

;

L

-

2J(L

j

L* even and
L ± 2 Jt'

series of curves was calculated for each of the

three lowest excited states in Ca^O based on their assigned
or likely spins and parities.

30

For each value of J and

parity from 1/2

‘“V* "V"“

through 9/2 , a separate curve was cal¬

culated for the possible JL% and s' combinations consistent
with conservation of angular momentum and parity.
general, only the lowest possible

In

was used.

In the case of the 5.03 and 5»09 lev resonances, fits
were obtained to the angular distributions using the curves
calculated for a 3/2“ to a 0+ transition as shown in
Pigs. 11 and 12.

The shape of the distribution Is given

by

cr(-e-)

z A [ P0 (cose)

Pz(cos ©)]

where

A

-

Ats

YJL'S'

Although three angles cannot give the complete shape of
the distribution, it is possible to differentiate between
the various possible distributions.

The values of A

necessary to fit the distributions were 1*55 and 1.92
millibarns, respectively.

From the observed cross sections,

corrected for the thickness of the target11?

12

, partial

widths of 7% and A-% of the total widths were calculated.
If the states in Sc4,1 were l/2+, as previously assigned,
the angular distributions would be isotropic, which is not
the ease.

Angular distributions were not fitted for the

P2 transitions, due to insufficient yield of scattered
particles in these groups.
An angular distribution was also taken of the P2
transition at the 5*19 Mev resonance.
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This proved to be
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isotropic, an unexpected result, since the initial state
is thought to be a 3/2

4""

or a 5/2 , which cannot give iso¬

tropic distributions when decaying to a 3" final state by
a single outgoing channel, regardless of
5/2

H*

or s'.

(The

state can decay with two channel spins, 5/2 or 7/2.)

This state is narrower than target thickness, which makes
it difficult to tell whether its reduced amplitude in the
elastic data is solely due to the target thickness effect
or whether there is also a partial width for inelastic
decay associated with it.

Aside from its reduced amplitude,

however, it exhibits the typical shape of an
resonance.

Ji- 2 elastic
.

If this state were 1/2*", 1/2", 5/2", or 7/2-,

such an angular distribution would be possible, but none
of these choices alone fits the elastic data.

Two other

possibilities are that there are two states close together
in Sc43- which are not resolved or which interfere so as to
change their appearance, or that the state in Sc43- from
which the prs originate has such a large partial width
for inelastic scattering that it is not seen in elastic
data.

Still another possibility would be that the 3“

tentative assignment in Ca4^ is incorrect (a 2"** state,
possibly).
determined.

At present, the correct answer cannot be
Because of this uncertainty, the resonance

number in Table IIJ. and in Fig. 8 is in parentheses.
The remainder- of the inelastic-ally decaying states
shown in Table III are those for which pulse height
32

distributions were taken and show definite peaks in the
proper locations.

The upper inelastic excitation curve

in Fig. 8 is ambiguous to some extent due to the presence
of both p2 and p^ inelastic protons, but the pulse height
distributions clearly show which group is in resonance.
Elastic data at the 5«39s 5*42, and 5*43 lev states is
insufficient to permit correlation with elastic resonances.
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