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ABSTRACT

The (o,p) reaction on ca%0, Ca s Ca449 cab® and Ti%8 nas been
investigated using 30.8 Mev alpha particles. The targets used were all
isotopically enriched except Ca40 for which natural calcium was used.,
Proton spectra were recorded at 5 degree intervals between 20 and about
90 degrees, using a AE-E arrangement of solid state detectors. The
overall resolution was about 150 kev FWHM. Differential cross-—sections
were obtained for transitions to the ground state and several excited
states in each final nucleus. The differential cross-sections for the
transitions to the ground states of Sc47; 8&51 and V51 were measured in
to 5 degrees using a gold absorber to stop the scattered alpha particles.

The five ground state (0 + to 7/2-) angular distributions observed were
very similar in shape. For the transitions in which the neutrons as well
as the proton can go into the fr/2 shell (all except Cad8(«,p)Sc51l) the
shapes and the relative magnitudes were satisfactorily accounted for by
TWBA calculations based on a stripping modsl for iu~ (Msp) reaction.
Details of the model and the DWBA calculations are presented.

The experimental (X,p) spectra (all except that for Sc51) are compared
to shellvgidelwcalculations for pure fy/; configurations. In going from
Scé3 to (i.e. as the f7/2 neutron sneli f£ills), the main strength of
the (K,E) reac%ion to excited states shifts from low lying levels to
higher levels (above 2.4 Mev). The decreass in intensity of the low lying
states is predicted by the shell model. Howeyer, the relatively large
number of experimental states in Sc43 and Scé5 prevents detailed agreement.

The implications of the present results concerning configuration mixing
are discussed.

Based on LWBA fits to the (X,p) differential crecss-sections; spin
assignments are suggested for several excited states in each final nucleus.
In particular, many strongly excited states are 23signed spin and parity 3/2-.

The d3/2 hole states in Sc43, Sc45 and Sc47 were weakly excited by the
(Xyp) reaction, indicating that the dominant mechanism is stripping.

Three new levels in Sc’l are suggested at 1.36, 3.95, and 5.62 .05 Mev.
Below 3.5 Mev excitation the Ca48( ,p)Sc’l spectrum is qualitatively similar
to that for the Ca%0(X,p)Scé3 reaction.
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CHAPTER 1

INTRODUCTION

Single particle transfer reactions, especially the (d,p) reaction,
have been used extensively in nuclear spectroscopy. Their usefulness
is partially due to the fact that the angular distributions are often
characteristic of the orbital angular momentum of the transferred
particle. In addition, single particle transfer reactions are usually
highly selective; and therefore, if the reaction mechanism is understood,
information about nuclear wave functions can be obtained from the relative

intensities of particle groups corresponding to different states in the

final nucleus. The (d,;p) reaction, for example, strongly populates only

those states in the final nucleus that can be obtained by simply adding

a neutron to the ground state of the target nucleus.

Both of the above attributes of single particle transfer reactions
are dependent on their direct reaction character. Direct reaction theories,
in particular the distorted wave Born approximation, have been quite

successful in describing the angular distributions showing strong forward

peaking characteristic of direct reaction processes. By fitting such
angular distributions with DWBA calculations the transferred orbital
angular momentum can often be determined. Sometimes, even the total
angular momentum transfer can be determined from the shape and magnitude
of the cross-section. The DWBA description of the Cal*o(d,p)Ca41 reaction
has been discussed by lee et al., (L4).

In recent years, many reactions have been investigated in which more
than one particle is transferred; including {(&,p) and (p,x) reactions.,
Much of the earlier (X;p) work is summarized by Yamazaki, Kondo and Yamabe

(Y3) sud many refercnces may be found in their paper. As indicated there,
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several (X,p) and («,n) reaction= (e.g. on Be7, 012, 2127 and 5128 show
considerable backward peaking and energy dependence at alpha energies as
high as 15-18 Mev. At higher energies the cross—sections become forward
peaked and vary slowly with energy, characteristic of direct reactions.

Similarly, angular distributions from the (py,X) reactions on F19,
A127, Mn>> and 0059 exhibit a pronounced energy dependence and the tctal
cross—sections have resonances for proton energies below 10 or 11 Mev. At
higher energies, their behavior is more consistent with a direct reaction
mechanism.

Some (X,p) angular distributions for very light target nuclei (eogo
116 and Li7) show pronounced backward peaking at an alpha cnergy of 30 Mev
(K2). This behavior suggests that hsavy particle stripping may be
important for light nuclei.

Compound nuclear (X,p) reactions on A40 and ca40 with alpha particles
of maximum energy 20 Mev, were studied by N. 0. Lassen and Clive Larsen (L6V
and 1L8). The main proton spectrum in each case was an evaporatic-. spectrum.
The spectra were approximately isotropic except for protons which left the
final nucleus in its low lying energy levels., These protons had angular

distributions which were strongly forward peaked, characteristic of direct
reactions.

For alpha energies above 22 Mev and target nuclei heavier than Flg,
(X;p) reactions to low lying excited states of the final nuclei show none
of the pronounced backward peaking and energy dependence discussed above.
A similar statement seems to hold for (p,X) reactions at proton energies
of about 18 Mev and above. Because of the direct reaction nature of these
higher energy (x,p) cross-sections, several attempts were made to fit them

with plane wave Bom approximation calculations (H4, L6, Y3), but in

general the plane wave theory could not satisfactorily account for the
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angular distributions,

DWBA calculations were carried out by B. F. Bayman and E. Rost to
fit the fr/> shell (pyX) data of R, Sherr;, F. P. Brady, H. O. Funsten and
N. R. Roberson (S4). For the pickup mechanism they assumed that the
incoming proton interacted with the center of mass of a triton cluster
conaisting of two neutrons coupled to spin zero and an f7/2 proton. The
cluster wave function was simplified by integrating out the relative
coordinates of the product of three oscillator wave functions_(for the
picked up nucleons) and a simple alpha particle wave function. With
this simplification and using the zero range approximation a standard
DWBA code could be used. This model gave satisfactory fits to the f7/2
shell (p,X) angular distributions. The above model is essentially the
same as that presented in chapter 5 and used for the present (X;p)
calculations except that; in the present case;, the neutrons can ccuple
to spins other than zero and spin orbit effects are included in the proton
channel.

Using the DWBA calculations, Sherr et al. extracted relative
spectroscopic factors from the observed cross--sections, and compared them
to values calculated assuming separate neutron and protcn seniority.
Satisfactory agreement was obtained. The experimental cross-sections; at
small angles, varied by a factor of about 100 over the range of targets

studied, and the ratio to the calculated cross-~section varied by about a

factor of 4. The use of coupled spectroscopic factors (calculated assuming

the neutrons and protons are coupled) for several nuclei reduced the spread
slightly.
The pickup model alsc explains, the very weak ground state transition

in the MhSS(p,M)Cr52 reaction. The ground state spin of Mn35 is 5/2, and

is thus assumed to have proton seniority, vp=3. The ground state of Cr52,
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with an even number of protons, is assumed to have vy=0. However, a
change in proton seniority of 3 is forbidden by the pickup model. &
gimilar situation exists for the Na23(0<,,p)Mg26 reaction, and the ground
state ...nsition is found to be quite weak (H4, ¥3).

Thus, the pickup mcdel has been quite successful in accounting for
the ground state (p,X) reactions in the f7/5 shell. The model was
successful in ac.ounting for some excited state transitions also. For
example, the relative (p,«) cross-sections to the 2+; 4+and 6+ levels in
F956 were in good agreement with predictions of the model.

Essentially the same model, but with spin orbit coupling in the
proton channel, was applied to the reactions Y89(p,«)Sr86 and 2r99(p, x)¥YE7
at proton energies of 20.2 and 22,5 Mev by Fulmer and Ball (F2). They
obtained good fits to Jv=%- and 9/2 + angular distributions, and the
relative intensities of the ground state transitions and the transition
to the .38 Mev level in Y®/ were found to be consistent with triton
pickup as the dominant mechanism for these (p,X) reactions.

The inclusion of spin—orbit coupling in the proton optical
potential causes a striking J dependence in the L=1 (a(,p) DWBA

calculations. This J dependence has been discussed by Lee et al. (L5)

who obtained qualitative agreement between the calculated cross-sections
and those observed in (% ,p) reactions on Ni58 and Ni6O, Specifically,

the 3/2- angular distributions showed a smooth variation with angle; while
those for Jm =%~ showed pronounced oscillatory structure. Somewhat
similar behavior was found for L = 2 transitions in the 1d shell, the 3/2+
angular distributions showing oscillations and the 5/2 + ones being smooth
functions of angle. Much weaker J dependences were predicted for L=3
transitions in the 1f shell and L=2 transitions in the 2d shell. The

pronounced J dependence of the L=1 transitions suggests that the (Kgp)



13

reaction may be particularly useful in assigning J values to states whose
L=1 character is known from other information {(e.g. single particle
transfer reactions).

The interpretation of the (X,p) reaction is potentially very
complicated due to the fact that three particles are transferred. As
pointed out by B. F. Bayman (B4), the (X;p) reaction is colierent in the
single particle states of the three transferred nucleons. Even if all
three nucleons enter the same shell; the reaction is still coherent in the
angular momentum of the neutron pair. This coherence may be useful in that
it makes the («,p) reaction sensitive to the relative phases of the
components of the wave functions involved (see section 5.4). The usefulness
of the ONsP) reaction in determining signs of amplitudes in a wave function
is, however, largely dependent on a knowledge of the magnitudes «f the
amplitudes from other information. 8ingle particle transfer reactions; for
example, are sensitive to the magnitudes but not the phases of the wave
function amplitudes.

The present dissertation is a study, using the 30.8 Mev alpha
particles, of the (X ;p) reaction on the Ca isotopes of mass 40, 42, 44, 48
and Ti%#8 and thus the final nuclei are Sc isotopes 43, 45, 47, 51 and vol,
For all of these nuclei except Sc519 energy levels and wave functicns have
been calculated; assuming pure f7/2 shell configurations,; by McCullen,
Bayman, and Zamick (M1, hereafter referred to as MBZ). The agreement
between the experimental and theoretical {(MB2) energy levels was very gcod
for V51, but rather poor for Sc43, Sc45 and Sc47, Specifically, there are
many more low lying levels known in these nuclei than vredicted by MBZ.
This apparently indicates the participation of other configurations in the
low lying states. Since the («d,p) spectroscopic factors to the frn /2 shell

states can be calculated (from the MBZ wave functions) a comparison
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between these calculations and the experimental (X,p) spectra yields some

information about the configuration mixing,

Very few spins and parities are knomn for states in 80435 Sc4> and
Sc47, One low lying state in each of these nuclel has bezen identified as
a d3/b hole state (formed by promoting a d3/2 proton to the f7/2 shell)
and thus these states have spin and parity 3/2+ (H2). The relative
intensities of the (X;p) reaction to these states compared with the ground
state transitions yields information about the (X,p) reaction mechanism.
For a stripping mechanism, in which a triton cluster is stripped from the
incident alpha particle and captured by the target nucleus; the hole states
can only be populated via a two particle-two hole admixture in the target
ground state wave functicn. Such admixtures are sufficiently small that
weak excitation of the hole states would be expected., However; for a
knockout mechanism, in which the incident alpha particle interacts with a
proton in the target, ejects it and is subsequently captured; there seems
to be no reason why the hole states should not be strongly populated.

The DWBA model for (X,p) stripping reactions is presented in chapter
5. This is essentially the same as the model of B. F. Bayman and B. Rost,
although spin-orbit coupling in the proton channel was used for the present
calculations. No radial cutoff was used. Satisfactory fits were obtained
for the ground state angular distributions, and several excited state spins
were suggested on the basis of DWBA fits.

The («,p) energy resclution in this experiment was about 150 kev
FWHM. This resolution was made possible by recent improvements to the M.I.T.
cyclotron and the availability of thick, high resolution solid state
detectors. The main improvement to the cyclotron was the installation of

a momentum analysing magnet in the beam handling system. This, and other

i mprovements are described in chapter 2. The most imvortant solid state
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detectors were two 2.3 mm. thick surface barrier silicon transmission

detectors each of which had a noise level (including electronics) of about
25 kev., These detectors were made by the Oak Ridge Technical Enterprises
Corporation. The proton detection system, including these detectors, is

described in chapter 3.
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CHAPTER 2

CYCLOTRON AND ASSOCIATED EQUIPMENT

2.1 Cyclotron and Bésam Handling System

The M.I.T. cycloiron and scattering room setup is shown in
figure 2.1. The alpha beam was produced by acceierating doubly-
ionized helium ions to about 30.7 Mev in the cyclotron (L1).

The beam was electrostatically deflected into the cyclotron target
chamber where it was defined by a plate with a 3/8 inch high by 7/8 inch
wide hole which allowed only the central portion of the beam to pass into
the steering magnet (A in figure 2.1). This magnet deflected the beam
horizontally, and was used to center the beam entering the bending magnet
(B). The current through the steering magnet coil was set initially by
centering the beam on a piece of plastic scintillator placed across the
entrance to the bending magnet and viewed by a television camera wired to
a monitor near the cyclotron console.

The first pair of quadrupole focusing magnets (Ql and Q2) helped to
counteract the divergence of the beam and the coil currents were adjusted
to maximize the intensity of the beam entering the Faraday cup (with all.
magnets on).

The.30 degree bending magnet (B) served to create a momentum=

- position correlation at the slits (about 12 feet from B) so that the hori-
zontal slits could be used to select a narrow range of momenta for the final

beam. The vertical slits limited the height of the beam so that it would
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not strike the beam pipe after the slits. Normally the separation of the
vertical slits was about 0.5 inches and that of the horizontal slits was
between .050 and ,100 inches. With these settings the beam intensity was
typically .10 to .15 microampere and the energy resolution (FWHM of the -
peak corresponding to alpha particles elastically scattered from a thin gold
target) was about 80 kev.

The beam was focused on the target at the center of the scattering
chamber (SCl) by the secund pair of quadrupole magnets (Q3 and Q). The
coll currents for these magnets were adjusted to produce a well-focused
beam on a piece of thin plastic scintillator (.005 inch thick Pilot B)
placed in the target position and viewed by the television camera. With
the slit setting deacribed above the beam spot on target was usually abopt
1/8 inch wide and 1/2 inch high. :

After passing through the scattering chamber, the beam stopped in a
Faraday cup. The current striking the cup was measured by a sensitive
microammeter (Ksithley Model 610R) situated outside the scattering room near
the experimental control area. A slave meter (monitoring the Keithley gut-

pgt) on the cyclotron console facllitated the adjustment of the cyclotron:
and beam handling system.

2.2 Scattering Chamber

The scattering chamber used in this experiment was basically the
same as that described previously by Hunting (El), but with several modi-
fications most of which were related to the use of solid state particle de-

tectors.

The chamber itself was a verticsl cylinder with a2 24 inch inside
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diameter and a 22 inch inside height. Most of the walls consisted of
thick transparent plexiglass windows, permitting obgservation of the contents
of the chamber. The ability to see into the chamber was especially useful
for adjusting the beam since the television camera, focused on a plastic
seintillator placed in the target position, could view the beam spot
directly.

The eantire 1id of the chamber was easily removed for access to the
inside of the chamber. Figure 2.2 shows the scattering chamber, with the
top removed. The Faraday cup opening can be seen just to the right of the
center of the photograph. The two moveable cOuntef arms are shown, the one
on the near side of the beam holding the proton detection system (described
later in Chapter 3). The target holder is shown at the left-hand side
of - the picture. The target support held four 1 1/8 inch square target
frames any one of which could be positioned in the beam remotely by means
of a hydraulic system. The scintillator used to view the beam was placed
in the lowest target position. The one-sided target support (shown also
in figure 2.3) was specially built to allow detection of protons leaving the
target at the grazing angles necessary for optimum resolution for the
(K,p) reaction (see section 4.3). To facilitate remote control of the
target angle, a variable speed target rotation motor and an improved angle
readout system (see below) were installed.

In the center of the top of the scattering chamber was a 2% inch
diameter hole which was normally covered by a bell jar. For changing tar-
gets, the hydraulic system could push the target post up to the top of the
chamber, where an O-ring around the base of the target support sealed the

hole in the chamber 1id and the target support extended into the bell jar.
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Thus, the targets could be changed without disturbing the vacuum in the main
chamber.

Target selection, rotation of target, and rotation of counters could
be accomplished from either a panel mounted near the scattering chamber or
a remote panel mounted outside the scattering room in the experimental con-
trol area. In addition, the two counter angles and the target angle could
be determined from the remote panel by three helipot bridge circuits.
Recently, the angle readcut system was improved by the addition of anti-
backlash gears driving the sensing helipots, and improved linearity helipots:
.05 per cen* linearity on both counter arms, and O.1l per cent linearity on
the- target. Thus the counter angles could be determined to within about™
0.2 degrees and the target angle to within about O.4 degrees.

Two counters were used to monitor the alpha particles elastically
scattered by the target. They were both surface barrier type silicon
solid state detectors with 0.5 mm depletion depths. One monitor counter
was mounted vertically above the entrame to the Faraday cup (see figure 2.2)
and could be set (with chamber open) in one of ten possible positions
corresponding to scattering angles be*ween 19 and 37 degrees in two degree
steps. The other monitor was mounted on one of W moveable arms.

Since oil is detrimental to targets and detectors, several addi-
tional improvements were added to reduce the amount of oll vapor in the
scattering chamber. Near the vacuum pumps two traps were installed. The
first, a cold trap, was placed between the oil diffusion pump and the
chamber, and was cooled to about -4O° C by a mechanical refrigeration system.

The second trap was a molecular sieve type and was inserted in the line to

the mechanical pump which was used for roughing as well as backing the
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diffusion pump.

To trap any oil vapor which did get into the chamber a liquid-
nitrogen cooled circular plate was suspended from the top of the chamber.
This copper plate was covered with aluminum foll which reduced absorbtion of
heat by the plate, and collected any oil which condensed. This foil
covering was replaced when the chamber was opened. Besides trapping oil
vapor, this plate also greatly improved the vacuum in the scattering
chamber and shortened the pump-down time. These last two benefits were
not unexpected since the plate, when cold, acts as a very efficient trap for
water vapor.

Using the same refrigeration system that cooled the diffusion pump
baffle (described above) a system was set up to cool the proton detectors.
Alcohol was cooled to about =20° and circulated through the copper de-
tector mount by a small electric pump. Inside the chamber the alcohol
flowed through Tygon tubing which was flexible emough to allow the detector

to rotate. Cooling the detectors reduced their leakage currents and im-

proved their resolution (see section 3.2).
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CHAPTER 3

PROTON DETECTICN SYSTEM

3.1 Proton Identification

The method of proton identification used in this experiment was
very simple. A transmission (AE) detector was used in front of a thick
(E) detector. The AE detector was thick enough to stop the scattered alpha
particles, and so cnly protons, deutrons, tritons and He3 particles reach
the E detector, and of these the protons (of interest in this experiment)
had considerably more energy than the other particles. The Q valunes for
the pertinent reactions are listed in table 3.1. Based on these Q values
the energy differences between the («,p) ground state proton group and the
ground state groups from different reactions were calculated. These
energy differences are given in table 3.2 for the five targets used in the
experiment.

The rate of ionization energy loss (-dE/dx) for charged particles
varies roughly as mz?/E, where m is the mass of the particle, z is its
charge, and E its energy. Thus the heavier (and lower energy) particles
were aseparated even further from the protons after passing through the AE
detector. In the experiment, the protons were identified by their rela-

tively large energy loss in the E detector (see section 3.3).

3.2 Detector System

As shown in figure 2.3, the detector system (solid state detectors,



TARGET

12

calt®
cali2
Cahh
Ca,"8

7348

All Q values (in Mev) taken from reference N2 except:

i
From:

** From:

Proton
-4 .965*
-3.470%
-2.3L3%
-1.988
-5.860°%

-l . 162*

Tl

El

Deuteronm

-13 057

-13.00

=110

-10.4k2

- 9.80

- 9.98
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PRODUCT PARTICLE(S)

Triton

-17.87

-18.18

-14.89

-12 -92

He>
-15.63
-12.22
-12.65
-13.16
-15.43

-12.43

Table 3.1

-15 . 17

- 8-)46

- 9023

-10.48

- 9.21

Q Values of Alpha Induced Reactions

q+p

-15.96

- 8.34

-12 .17

~11.44
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TARGET calt® ca®? Cabls cal8 7448
Ep 26,28 27.kk 27.84 23.96 28,76
Ep-Ed 9.42 8.54 8.25 5.68 8.66
Ep-Et 14.60 12.28 10.62 3.96 11,62
Ep-EHe3 8.38 9.96 10.86 9.36 10.10
Ep-E2p 5.13 7.06 8.69 8.20
E;;-Edp 5.00 8.1 10.42 10.48

All energies are in Msv

Ex = Emergy of particle x from the (x,x) reaction

E2p = Maximum Energy of protoms from the (X,2p) reactiom
Exp = Maximum Emergy of protoms from the (X,4p) reaction

Table 3.2

Encrgios of Alpha Induced Reactions at 20 degrees
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absorber wheel, and slits) was mounted on one of the moveable arms in the
scattering chamber.

At the end nearest the target the system was shielded by a .0l5 inch
thick tantalum plate with a 1/4 inch by 1/2 inch hole in the center. This
plate was to insure that only particles coming from the direction of the
target and passing through the slits would enter the detectors.

To avoid edge effects in the detectors, a slit system was placed
between the detectors and the target. The slits consisted of two rect-
angular apertures formed by pieces of 1/16 inch lead sheet. The aperture
nearest the target was .140 inches by .250 inches and served to define that
portion of the detector which could "see" the target. The center of the
target was 7.5 inches from this slit and so the angular acceptance in the
plane of scattering was 1.07 degrees and the solld angle subtended was
6.2 x 10"4 steradians. The second slit, 1/2 inch behind the first, was
+166. inches by .308 inches and served to stop many of the particles which
had been scattered by or had peunetrated the edge of the first slit.

Between the slits and the detectors was a wheel which could be re-
motely advanced to any one of eight possible positions. For this experi-
ment the wheel held:

(1) 228 alpha source, to check the extent of the depletion regiom
in the AE detector. Since this detector had its "back" face towards the
target, a thin dead layer on this side meant that the detector was fully
depleted. The dead layer was checked by the resolution of the lower
energy peaks in the Th228 spectrum.

(2) 81207 conversion electron source, with its .,972 Mev and 1.0L4

Mev lines provided a fast determination of the beta resolution (noise) of
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the detection system.

(3) Au absorber thick enough (28Y4 mg/cm2) tc stop the scattered
alpha particles. This absorber was used for proton detection at small
angles (less than 15 degrees) where the intensity of the scattered alpha
particles made the use of the normal system impossible. Gold was used
since it would not melt when struck by the direct beam, and also because

its high coulomb barrier for alpha particles resulted in low cross-
gsections for «~induced reactions in the absorber.

The detectors used in this experiment were fully depleted silicon
surface barrier solid state detectors manufactured by the Oak Ridge
Technical Enterprises Corporation (ORTEC). The detectors were held in
identical transmission type mounts and each had an active area of 100 sq.
mm. Other details on the detectors are given in table 3.3.

The 0.5 mm detector was used as the AE detector for all spectra
except Tihe(q,p) vl ag angles less than 35 degrees. For this case the
1.0 mm detector was required so that the ground state proton group would
stop in the E detector. The E detector itself consisted of the two 2.3 mm
detectors connected to the same preamplifier and bias voltage supply.

Thus, with the .5 mm AE detector the total detector thickness was 5.1 mm,
capable of stopping protons with an energy of about 29 Mev, and with the
1.0 mm AE detector the total thickness of 5.6 mm could stop protons with an
energy of about 30.5 Mev.

The AE detector and the first half of the E detector were placed so

that the side towards the target was the one with the thickest dead layer.
This orientation had two advantages:

1.) The thicker dead layers were crossed by higher energy protons
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™EJ 100 ™DJ 100 ™EJ 100 ™EJ 100
Number -500 =-1000 =2000 =2000
Serial
Number 3-357F S=-774 L-552B L-550B
Depletion
Depth
(Microms) 505 1025 2300 2320
Bias
Voltage %
(Volts) 190 Loo 400 400
Reverse
Current
(pamp) .78 L6 .91 1.09
Electron**
Resolution
(kev FWHM) 20 25 25 25

*L00 volts was specified by ORTEC.

500 volts was required to fully
deplete the detector.

#*¥Measured with conversion electrom 589rces: Bai33 for S05
and 1025 microm detectors and Bi for thicker detectors.

Table 3.3

Detector Data
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than the thin ones, thus minimizing the energy lost in the insensitive
portions of the detector.

2.) Since the detectors depleted from the thin window towards the
thick one, incomplete depletion would show up as a large dead layer. Thus,
by checking this dead layer on the AE detector (with Th228 alpha particle
scurcs) the extent of the depletion region was also checked.

The detectors were mounted on a copper holder which was thermally
i1 nsulated from the rest of the detector arm and cooled by the system de-
seribed in section 2.2. The effect of the cooling was (1) to reduce the
detector leakage currents by at least a factor of 10; (2) to reduce the
total (E + AE) beta resolution (FWHM of the Bi207 0.972 Mev coaversion
electron peak) from about 4O kev to about 25 kev.

The detectors were connected to the preamplifiers outside the
scattering chamber by a2bout 2 feet of RG 114/U coaxial cable (chosen for its

low capacitance). These cables had extra braided copper shields over them
to reduce noise pickup.

3.3 Electronics

3.3.1 Preliminary Considerations

Besides having the usual requirements of linearity and resolution,
the electronic system for this experiment had to separate the relatively
small number of proton pulses from an intense background of pulses from
scattered alpha particles. Interference from the alpha particles appeared
as a nearly constant "background" in the proton spectra as well as un-
symmetric proton peaks extended towards higher energy by pile up (proton

pulses partially ovenlapping with« pulses). Several systems were tried
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and modified as experience was gained and new electronics became available.

A discriminator on the signal from the E detector was used tc iden-
tify high energy protons (and some other particles, see section 3.1). The
pulse from this discriminator opened a linear gate allowing the assoclated
sum ( E + AE) pulse to pass through into the multichannel analyzer. In
earlier setups the anlyzer internal linear gate was used (i.s. the analyzer
in the coincidence mode) necessitating the use of rather long and slow rise
time - -energy pulses, It was found, however, that shortening the energy
pulses and therefore the amount of time the gate needed to be open resulted
in more complete exclusion of alpha particle pulses and less pile-up. 1In
order to achieve the above situation the energy pulse was shortened by
differentiation, passed through a linear gate and them lengthened again by
integration before being fed to the analyzer.

Several other pile-up reduction schemes were tried which involved
rejection of proton pulses closely preceded or fellowed by other pulses
(in particular« particle pulses). For example, in one method proton pulses
were rejected whenever they occurred in slow coincidence (2¥ about h/Laec)
with a large pulse in the AE detector (larger than those corresponding to
the lowest energy protons of interest).

This method, as well as other similar ones, made the electronics

more. complicated without significantly improving the short energy pulse
system (described in detail below).

3.3.2 Final Setup

Figure 3.1 shows a block diagram of the final electronics system

and table 3.4 gives details of the various components. For clarity the
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detector biasing connections have been omitted from the diagram. The bias
power supply, situated in the experimental control area, had foar indepen-
dently variable voltage outputs each of which was connected to a preampli-
fier by about 100 feet of RG59/U coaxial cable, Inside each preamp the
bias voltage was filtered to eliminate noise and comnnected to the detector
through a 22 megohm resistor.

The pulses produced by the charge semnsitive preamps had rise times
of about .15 psec, and decay times of about SO/MSec, The pulse from the AE
preamplifier was of opposite polarity to that from the E preamplifier.

This was necessary since the AE pulse was inverted in the main amplifier
before being added to the E pulse.

Just before the input to the main amplifier ( T ennelec Model TC200)
the two pulses were attenuated in such a way as to compensate for any dif-
ference in gain between the E and AE preamplifiers. The variable attenu-
ator was used to set the AE gain equal to that of the E system.

The gains were equated using the following procedure:

1.) The gate in the biased amplifier was switched to the always open
position.

2.) A pulser was connected in parallel with the E detector through a 2 pf.
capacitor iand the detector biases were turned on. The pulser and elec-
tronics were adjusted to give a pulse of about 5 volts into the analyzer and
a peak was accumulated.

3.) With the bias voltages off, the 2 pf. coupling capacitor was trans-
ferred to the AE preamplifier input (in parallel with the AE detector).

With the detector biases on again and the pulser and amplifier gain settings

unchanged, the variable attenuator was adjusted to give a peak in the same
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position (within about one channel) as the peak obtained in step 2.

After the addition (in the TC 200 amplifier) the sum (E + AE) pulse
was differentiated with a time constant of 0.2 ysec. producing a pulse at
output 2A which was less than 1 #sec. long. This pulse was delayed for
four pusec. to allow time for a gate pulse to reach the linear gate (in the
biased amplifier) just ahead of the associated sum pulse. The time
difference between the arrivals of the two pulses was set to about .2 usec.
by ‘varying the delay in the univibrator which produced the gate pulse. -To
make this adjustment, both pulses were displayed on a dual trace oscllloscope
which was triggered by the gate pulse.

Gate pulses were produced whenever the amplitude of the signal from
from the E detector (after amplification and double delay line shaping)
exceeded a lower level set by the single channel analyzer. This lower
level was set higher than the bias level in the biased amplifier to prevent
gate signals for which there were no sum pulses transmitted to the analyzer.
Also, for very small output pulses the biased amplifier became non-linear
and so the proton pulses of interest were always greater than about 0.5 volt
out of the biased amplifier. The delay-line and biased amplifjier com-
bination had nearly unity gain since the delay-line attenuated by about a
factor of two and the biased amplifier was used with a gain of two.

Following the biased amplifier the pulses were integrated with a
time constant of O.4 msec. in the final stage of the TC 200 amplifier
(accessible through input 3). The second differentiator was nct nseded
since the count rate after the biased amplifier was very low (usually less

than 100 counts /sec. total.)

The output pulses from the amplifier were analyzed by a Nuclear Data
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1096 2-dimensional pulse height analyzer which was used for this experiment
as a l-dimensional 1024 chamnel analyzer.

The linearity of the system was checked using a pulse generator
(Sturrup Model 1501) connected to the test inputs of the preamplifiers.
Besides checking the linearity of the sum signals, a separate check was made
on the E signal alone since it was usually over 80% of the sum. The pulser
was also used to check the noise level of the electronics and detectors.
The FWHM of the pulser peak was usually about 35 kev.

The electronics used with the monitor counters is also shown in
figure 3.1. The long pulses from the charge-sensitive preamplifier were
amplified and shaped (double delay lime) by the amplifier. The single
channel analyzer (SCA) selected the pulses (correspomding to elastically’
scattered alpha particles) which were counted by the scaler. The oscillo-
scope was used to monitor the setting of the SCA by displaying pulses in

coincidence with the SCA ocutput. A more accurate check was occasionally

made by analyzing the amplifier output pulses with a multichannel analyzer
gated by the SCA output.



37

CHAPTER 4

EXPERIMENTAL CONSIDERATIONS AND PROCEDURES

4,1 Beam Energy Determination

There have been no accurate beam energy measurements since the re-
modelling of the entire beam handling system (section 2.1), and so an up=to-
date measurement of the beam energy was desired.

The alpha beam energy is too high for an accurate measurement based
on a direct comparison with alphas of known energy from a rediocactive « -saurce
since available source energies are less than 1/3 of the beam energy.

In view of the above difficulty, two distinct approaches were used, .
The first involved degrading the alpha energy with a Be absorber to the point
where 1t could be accurately measured by direct comparison with the alphas
from a Th228 source, and then using the range-energy relations for Be to find
the energy incident on the known thickness absorber. The accuracy of this
method depended on the accuracy of the range-energy calculations and the
absorber thickness measurement as well as the uniformity of the absorber.

The second approach involved kinematic measurements which were quite
dependent on the scattering angle and which required a separate energy cali-
bration which was accurate at the higher energies (see section 3 below).

The reasons for using different methods were: (1) a more accurate
value could be obtained by comparing the results of different methods and
(2) the best method could be found not only for an absolute energy deter-
mination, but also for relative energy measurements to ensure that the beam

energy doss not change appreciably during an experiment. The last point is
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important since the beam energy is somewhat dependent on the cyclotron and
beam handling system conditions.

The proton beam energy was also measured because it provided a check
on the Be absorber technique (see below) and also because the proton energy
is related to the alpha particle energy. Since the cyclotron oscillator
frequency is constant (checked with a frequency meter to be constant within
.1%) and the beam extraction radius is constant (within about = 0.2 inches
or 1Z) then all particles leaving the cyclotron must have the same velocity -
(within the limits imposed above). Thus, the alpha particle energy (E.) is
related to the proton energy (Ep) by: Eg = (m«/m,)Ep = (3.97)Ep % 24, where
my and mp are the « particle mass and the proton mass respectively.

Two energy calibrations were used for the energy measurements. One
was a Th228 source deposited on aluminum foil. This "home made" source was
checked for self absorbtion by comparing it with a thin (less than 8 kev
equivalent source thickness) Am2h1 source purchased from ORTEC. The low
energy Th228 alphas appeared to be degraded about 10 kev more than those
from the Am24l source. An additional correction of 10 kev (at 5.5 Mev) was
made to account for energy lost in the dead layer on the front of the sili-
con surface barrier detector (from ORTEC) used for all beam energy measure-
ments,

Figure L.l shows the Th228 spectrum with each strong peak labelled
by the parent nucleus, the undegraded energy (from B2 except PoX2 ynich was
from N1) and the correction used to obtain the energy entering the sensitive
portion of the dstector. A lipnear fit to the degraded energies listed in
figure L.l and the associated peak channel numbers was used to determine the

energy slope and zero intercept in the 1024 channel analyzer. None of the
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six calibration peaks differed by more than % 5 kev from the value calculated
using the average slope and intercept. The srror in the zero energy position
was estimated to be = 15 kev.

The other energy calibration used was the energy difference between
alpha particles elastically scattered by c12 and those inelastically scat-
tered leaving C12 in its 4.L33 Mev state. This energy difference, cor-
rected for energy loss in the target, was calculated for each scattering
angle using approximately the right beam energy. The error introduced by
not using exactly the right beam energy was less than .02% and the error due

to angular uncertainty (0.2 degrees) was less than 0.1%.

L.l.1 Proton Beam Energy

The proton energy was measured by two methods, both of which used
the known energy alpha particles from the ™?228 scurce to determine the
energy-channel number relationship in the 102 channel analyzer. In the
first method, the channel number of the peak corresponding to protons elas-
tically scattered from gold was converted to an energy and after adding the
kinematic correction for scattering angle (0.5%) the proton beam energy was
obtained. The energy loss in the .17 mg/cn2 gold target was neglected as it
amounted to only about L4 kev.

The second proton energy measurement involved placin;' Be absorbers
in front of the detector and measuring both the energy after the absorber
and the energy shift due to the absorber. The approximately 1 inch square
absorbers (obtained from the Brush Beryllium Company) were measured and

weighed and found to have thicknesses of 7L.2 - .5, 66.0 & .3, 60.2 = .L,
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5047 % 4y 4he5 T o4y and 31,5 * .3 mg/bmz. The errors were based on

estimated errors in weighing (* lmg) and measurement (+ .002 inch for each
side). The 66.0 mg/cm? absorber was the only one which consisted c¢f a
single piace of Be and thus the error in its thickness is somewhat

smaller than the others.

The emergy losses in the absorbers were calculated from the range -

energy relations for protons in Be. The proton ranges, shown in figure

4.2, were those used as input data by W. H. Barkas and M. J. Berger (Z1)
who summarized the stopping-power and range data below 8 Mev using a 9
parameter least squares range formula. These input ranges are slightly
smaller (a few percent) than those of Bichsel et al. (Bl) and Sternheimer
(S1). In order to calculate the energy losses for the absorbers used in
this experiment, the ranges were interpolated using a computer program
which fit the six points nearest the point of interpolation with a fifth
order polynomial. The errors in the energy losses calculated by this
method are estimated to be * 2%.

The energy shift due to each absorber was calculated for various in-
cident energies, and the energy out. of each absorber was obtained by sub-
tracting the energy shift from the incident energy. The incident energy
corresponding to each measured energy shift and final energy was found by
graphical interpolation. This method, as applied to the measurement of
the alpha beam energy, is described in more detail below.

Lele2 Alpha Beam Energy - Be Absorber Method

The Be absorber method (using the same absorbers) was also used to

measure the alpha beam energy. The range for alpha particles, B,, was

obtained from that for protons, Rp, in the same material by:
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Figure 4.2
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RaCBe) = "2z Ko (Bx"%p) = 993 R, (S¢4.47)

where E, is the o particle energy, m« is 4ts mass, and mp is the proton
mass. Using this relationship the energy shift (AR) and degraded energy
(Eout) were calculated for each absorber for various values of the energy
incident on the absorber. Figure 4.3 shows the results for the 74.2 mg/cm2
absorber.

Both the Th228 ang c12 acattering energy calibrations were used to
determine the measured energy shift, and both values are indicated with
estimated * 1% errors to account for uncertainties in the emergy slope
and linerarity of the electronics. The corresponding error for the
absolute energy (Eéu;) measurement was taken to be +1¥ of the difference

between the measured energy and the "middle™ of the 228 spectrum with an
additional £ 15 kev for the zero energy error.

The energy inciden% on the Be absorber, with errors due to energy

measurement, was determined graphically as shown in figure 4.3. The beam
energy was obtained by adding to this energy the kinematic energy loss
(0.65% for « scattering from Au at 32.9 degrees) and the energy lost in
the .17 mg/cm2 Au target (about 15 kev). For this energy measurement the
total correction used was 220 kev.

The total error in the beam energy measurement was found by taking

the sqﬁare root of the sum of the squares of the separate errors due to

uncertainties in energy measurement, absorber thickness, and specific energy
loss. A summary of the results of the Be absorber method is given in table
4.1 for the four thickest absorbers. The measurements using the thinner

absorbers were not used because of the large errors involved.

A quick and convenisnt method of checking the beam energy is illu-
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Absorber Thickness

Measured AE® 18.60(.19) 15.43(.16)

Resultant Beam Bnergy 31.1 (.5) 31.4 (.4)

Measured A R** 18.34(.19) 15.22(.16)

Resultant Beam Energy  31.4 (.5)  31.7 (.4)
.

Measured E_ . 12,20(.06) 15.32(.10)

Resultant Beum Energy 31.1 (.3) 31.4 (.3)

All energies are in Mev.,
*¢12 (4.433) Bnergy calibration
*#pp228 Energy calibration

Errors are in parenthese.

Table 4.1

Alpha Beam Energy Results from Beryllium Absorber Method

60,2(.4)

18.34(.14)
31.3 («6)

13.65(.14)
31.4 (.6)

16.89(.12)
31.1 (.3)

50.7(4)

11.04(.11)
31.4 (.6)

10.89(.11)
31.7 (.6)

19.65(.16)
31.1 (.3)

i.e. 31.1 (.3) = 31.1 £.3 Mev.



46

strated in figure L.4. The curve was obtained from the following procedure,
The measured ratio of the energy shift due to the thickest (7h4.2 mg/cm?) abe
sorber to that for the thinnest (31.5 mg/cm?) was determined from the loca-
tions (channel numbers) of the relevant peaks in the analyzer. This ratio
was reprcduced by varying the thickness of the thinner absorber in the

energy loss calculations assuming the thickest absorber was exactly 7L.2
mg/cmz, and the energy incident on the absorbers was 30,64 Mev. In this way

the thinner absorber was determined to bte 31.78 mg/cm2 and the curve in figure

L .4 was calculated using this value. The : 1% error in the measured value
2

of the ratio is an estimate of the uncertainty due to non=linearity of the

elsctronicsa, The relative accuracy of this method should be considerably

+
better than - %% if the same electronics are used and about the same pulse

heights are involved in different measurements.

4-1.3 Alpha Beam Energy = Kinematic Method

An independent check on the above methods was made by measuring the
difference in energy between elastic alpha scattering from cl? and Au. For
this measurement the target consisted of .17 mg/cm2 thickness of gold de-
posited on a mylar target O.49 mg/cm2 thick. Thus, the elastic scattering
from toth gold and carbon and an energy calibration from inelastic scattering
from carbon were obtained simultaneously.

The application of the principles of conservation of energy and

momentum to elastic scattering yields for all quantities measured in the

laboratory system:

K = E/Eq "‘(F[%ﬁ)z {cos e + l:(M/m)2 - sin2g] %} (4. 1)

where E, is the initial energy of the particle of mass m, E is its energy
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after scattering through the angle 6, and M is the target mass (m¢M).
Applying equation (1) to alpha scattering from Au and 012 and including

energy losses in the target we obtain:

Ey = (Eg = dEl) Ky (8) = dEy’ (4.2)
and

Es = (Eg = dEs) Ko (8) = dEp° (L4.3)
where: Ej is the observed « energy after scattering from Au, dEy is the
energy iost before scattering, dEy' is the energy lost after scattering

and Kl(e) is the ratio given by equation 1, evaluated for &« particle
scattering from Au. E,, dEp, dE2' and Kz(e) are the corregponding quantities

for the case of scattering from ci2, The energy losses were calculated

assuming the gold scattering occurred in the center of the gold target, and
the 012 scattering occurred in the center of the mylar target, and using the
value of the beam energy found in section 2 above.

Subtracting equation (2) from equation (3) and solving for the beam
energy we get:

Eo = (Bq-E,) F1(8) + F2(8)
where: Fl(e) = 1 is dependent only on © and
NOEAC)

Fp(8) = [dBiK (8) - dEyKp(8) + dE1' - dE,'] F1(8) 1is a correction for
energy loss in the target. Without introducing any significant error, Fo
was assumed to be independent of beam energy over a small range.

Figure 4.5
shows Fj and Fp plotted versus 6.

In practice, the energy difference (E1 - E) was measured in terms

of channel numbers and a calibration energy difference:

Eq-Ep = {Nm - Ng ]Ecal
Ng = Ncal
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where NAu and NC are the channel numbers of the gold and carbon elastic
peaks, N.q7 is the channel number of the inelastic carbon peak used for
calibration, and E_.,7 is the calculated energy difference between the carbon
elastic peak 2nd the calibration peak.

Thus we have finally:

EO = NA.D.GNC

1 Ecal Fl(e) + Fz(e) (h.h)
NoNea1

A kKinematics program (NEWKIN) for the IBM 704k computer was modi-
fied to calculate F;, E,g7 the product E.;7 X Fj, and Fp.

Figure L .6 shows how equation (4) was used to find both the beam
energy and the position of 6 = 0. The energy calibration was obtained
from the L.433 state in C12. The ratio (Npy-N;)/(Ng=N,q1) Wwas measured
at various angles (6,) which were determined using an assumed value for the
zero angle (8,=0). Equation (L4) was then used to find the beam =nergy for
8 = 8,-19, 65, and 65 + 1° for each value of 8¢ used. The results for
8, = 30°, 100° and -30° with % 0.2 degree angular errors are shown in figure
L.6. The shaded area gives the region of angles (6-85 = 0.1 % 0.2 degrees)

and beam energies (30.62 I 0.15 Mev) consistent with the three curves and

their errors. The probable error in the beam energy determined by this

method was estimated to be % 200 kev. To obtain the final result for the

beam energy, several additional large angle (60° - 80°) measurements were

taken into aeccount.

L.1.4 Results and Conclusions

The proton and alpha beam energies determined by the above methods
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are presented in table 4.2. The final alpha beam energy (31.0 * .4 Mev)

was determined from a consideration of the various results, their accuracy,

and their independence,

The most accurate methods for measuring the alpha beam energy were
found to be the Au—C12 elastic scattering method and the Be absorber

method using a thick (74.2 mg/cm?) absorber and measuring the energy after

the absorber by comparison with the Th228 source. The former method also

provides a check on the zero scattering angle position, as well as
providing an independent calibration of the absorber method.

The large spread in results (table 4.2) may be due in part to beam
energy shifts during the measurements. Thus better results might be
obtained by monitoring changes in the beam energy while it is being
measured. This could be done by an alpha detector which, partially
covered by a thick absorber, partially covered by a thin absorber and
partially uncovered, would; when exposed to elastically scattered alpha

particles; yield three peaks whose relative positions would be sensitive
to the beam energy (see figure 4.4).

02 X Bner Resolution

The observed energy spread of the proton grcups from the (X,p) reac—
tion to isolated states of the final nucleus is a result of a complicated
combination of energy spreads from various sources (e.g. alpha beam spread,
target thickness, detector noise, etc.), making an exact calculation of the

observed peak width impossible, or at least extremely difficult. However,

in order to obtain the best resolution consistent with other requirements

(e.g. count rate), it is sufficient to understand the individual contri-

butions from the important sources. The sources of energy spread considered
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Particle Method Calibration
P Direct c 228 .-
omparison Th sourcs
P Be absorbers - AE Th228 source
P Be absorbers = E out Th228 soarce
'( From proton energy Th228 source
X Be absorbers - E_ . 228 source
L4 Be absorbers - AE Th:’:'28 source
4 Be absorbers - AE cl2(.433)
£ Au-c12 olastic scattering c12(L.L33)
« Final Value Both
Table 4.2

Beam Energy Results
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important for this experiment were :

1) Alpha Beam Spread with Detector and Electronic Noise.

These were considered together because they were measured together
by observing alpha particles elastically scattered by a thin gold target.
The F.W.H.M. of the peak obtained in this way was usually about 80 kev. for

the horizontal slit settings (0.050 inches) used in this experiment (see

section 2.1). At wider slit settings the resolution was poorer (with greater

beam current also), but no improvement was noticed when the separation was
mads less than 0.050 inches (although the beam current decreased).

2) Dependence of Proton Energy on Interaction Depth in the Target.
Neglecting energy losses in the target the observed proton energy
(Ep) from an (x,p) reaction can be written:

Ep = Ep'(Ex)
where the kinematic energy (Ep'), depends on the masses (alpha particle, tar-
get nucleus, final nucleus, and proton), the Q value, and the scattering
angle as well as the initial alpha particle energy (E¢), as indicated.

The effect of energy losses in the target is to reduce the observed

proton energy to:

Ep = Ep' (Ex = (dE/dX)yta) = (dE/dx)pCP
where ty and tp are the distances traveled in the target by the alpha par-

ticle and the protom respectively (see figure L.7). The specific emergy

loss for the alpha particle (dE/dx)x, is evaluated at the energy Ex, and that
for the proton (dE/dx)p, is evaluated at Ep.
see that:

Referring to figure 4.7 we

t-txcos @
tp = cos (8 +4)

where t is the target thickness, © is the angle of protom emission and @
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is the target angle. Thus :

Ep(ty) = Ep' (Ex = (dE/dX)gty) = (%%)p (t;:«cos¢)

Ep' is approximately a linear function of energy and the alpha and
proton specific energy losses are very nearly constant for the targets
(1.0-1.5 mg/cm?® thick) used in this experiment. Also, the (X;p) reactions
occur uniformly (to a very good approximation) along the path of the incident
alpha particles in the target. Therefore, the energy spectrum from this
effect alone will have a rectangular shape with a width given by:

DDE = Ep(ty=0) = Ep(tx = t/cosg)
or: DDE = Ep'(Ey) - Ep'(Ey=dEy) - dEp
where dEy = (dE/dx),t/cos¢ and dEp = (cIE/d:ch)p t/cos (8+¢)
3) Energy Straggling in the Target
To evaluate the energy spread due to straggling, it was assumed that

the reaction took place at the center of the target.
t
Thus : t="—andt=4—(wj
% 2 cos § p 2 cos

The standard deviation, 0, of the particle energy due to straggling

may be found from the approximate formula given by Bethe and Askin (s2):

Go? = el 22 Nz
where X is the distance traveled in the target, ze is the charge of the par-
ticle;, N is the number of atoms per unit volume in the target, and Z is the
number of electrons per target atom. This reduces to:

o2 =156 22 (2/A) t (kev?)
where A is the atomic weight of the target atoms and t is the distance tra-

veled in the target (in mg/cm2). Assuming 2/A = C.5, and converting to the
FWHM (FWHM = 2.350) we get:
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AE = 20,7 z{t  (kev FWHM)
For the @x,p) reaction there are contributions from both the «
particle and the proton:
AE,= L1.4 yT%  and AEp = 20,7 Jtp
The proton energy spread due to both of these will be:
DEST = [K2(4E«)2 + (AEP)ZJV"
where K is the change in proton energy per unit change in « energy, and is
usually close to unity. ‘
4) Variation in Proton Paths leaving the Target
With the center of the detector set at an angled; protons were de-
tected within an angular region of roughly-ai 0.5 degrees. However, the
amount of target material traversed by the proton increases with increasing

scattering angle (for a fixed target angle). Assuming the reaction takes

place at the center of the target, this variation of proton path length within

the target causes an energy spread:
- 6, [+ _ 1
DEDT = (d&/dx)p 7 [cos (8+0.5+) cos(9=o,5+¢)]

5) Kinematic Broadening
The angular spread described above causes another energy spread due

to the kinematic variation of proton energy with scattering angle. This
energy spread will be (for the angle #):

DEKB = Ep'{9-0.5) - Ep'(£+0.5)
where Ep'(f) = energy of proton emitted at the a2ngled. This effect and
DEDT are the only coherent effects, and so an estimate of the total resolu-
tion was obtained from: 3

TOTAL = [(&xo)2 + (DDE)2 + (DEST)? + (DEDT + DEKB)ZJ

All of the above energy spreads were calculated using a modified

wimesliR

A NN
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kinematics program (NEWKIN) for the IBM 7OLL computer. Figure L.7 shows

the results for a 1.0 mg/cm2 Caho target and a proton emission angle of 30°
lab,

Experimentally, the CaliO Qi,p)SchB resolution was measured for dif=-
ferent target angles at 6 = 30°, A natural Ca target about 1.0 mg/cm2 was
used. The results for the ground state peak were:

Resolution (kev FWHM)

' Experiment Theory
5° 138 13

10° U8 177

15° 234 182

where Y = 90-(6+¢)

The discrepancy between the calculated and observed values may be due
to several factors. The first possible explanation is based on experimental
inaccuracies in the target thickness and target angle. The target thickness
was measured by a micrometer and found to be 1.1 £ 0.3 mg/cmz. The target
angle uncertainty (possibly as much as a few degrees) was due to the fact that
these resolution measurements were made before the improvements to the target
angle readout system were installed (see section 2.2). However, later
measurements confirm that little or no improvement is seen between V¥ =10° and
Y= 50. Based on these measurements, the value for Y was usually sat at 10°.

The second possible reason for disagreement is that the calculated
resolution may be incorrect due either to effects not taken into account
(e.g. irregularities in the target) or that the different effects calculated
were not combined correctly to obtain the total resolution.

Further resolution measurements were made on the Clex,p)le reaction



at 35° using mylar targets of different thickness.
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The results were:

Resolution (kev FWHM)

Experiment Theory
127 119
128 130
132 3L
185 160
236 253

The agreement here is somewhat better although the situation is quite

different from Ca.

their thicknesses were fairly accurately determined.

The targets were easier to make (free of wrinkles) and

Also, kinematic

broadening was a much greater fraction of the total resclution; especially

in the case of the thin mylar target.

Thus, while these calculations cannot be taken too seriously,it seems

that most of the contributions have been accounted for with reasonable

accuracy.



4.3 Targeis

The five targets used in this experiment were all self-supporting
metallic foils, and all except Caho weres isotopically enriched. Table .3
gives the isotoplc analysis and thickness of eacﬁ target.

The Caho target was made by evaporating natural calcium on to a
thin tentalum sheet. The tantalum sheet was bent to loosen the layer of
calcium which was picked up by double-gided masking tape (Scotech No. 410).
The thickness of this target was measured by a micrometer and is therefore
only approximate (% 30%). The thickness of each of the other calcium
targets was measured by the extent to which it degraded the energy of 5.48
Mev alpha particles from Amzhlo These thicknesses have probable errors
of * 10%.

The Cakl target was made by an evaporation process similar to
that described above (for the Caho target), but starting from CathO3
obtained from the Oak Ridge National Laboratory.

The Cahe, CahB and Til8 targets were obtained as foils from Oak
Ridge and so they were simply mounted on target frames before being used.
The appreximate thickness of the T548 target was obtained frem a measurement
of the area and the weight of the tzrget as specified by Oak Ridge.

To minimize oxidatien of the calcium targets, they were stored under
high vaccuum when net in use and were transparted to the scattiering chamber

in an atmosphere of argon gas.

L4 Proten Spectrum Measursment

Before each (%,p) run the detectors and electronic system (see

Chapter 3) were set up and checked for noise and linearity. The meniter



Target

Caho
_C:a.)42

Cahh

4 48
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Isetepic Percentage

(by Mass number)

Lo L2 L3 Ll ué

96.97 0.64 0.145 2.06 0.0033

L.96 93.7 0.19 1.18 .02
1.30 0.0k 0.04 98.61 .002
1.93 0.03 .01 0.06 .01
ué 47 48 49
0.16 0.29 99.22 0,23
Table L.3

Target Data

0.11

Thickness

ng/cm?

1.48
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counters were set up to count elastically scattered alpha particles from the
target being used. The remotely controlied monitor was positioned at an

angle where the elastic cross section was not rapidly varying with angle,

usually about 30°,

Next, the zero scattering angle was determined for the proton de-
tector. With a discriminator set to count elastic alphas in the AE de-
tector, the angular distribution of elastic alpha particles was recorded for
an angular regien between about 15° and 25° (using an approximate value for

the zero angle). The angles were read in terms of the dial setting en the

10 turn helipot used on the angle readout system. The ilphaa were counted

every 5 helipot units (1.8 degrees) and the different angles were normalized

by dividing by the numbsr ef counts recoerded by the in-plane moniter.
The angular distribution measurement was repeated for about the same

angular range on the other side of the beam. Both angular distributioens

wers pletted versus the scattering angle in helipet units, and the symmetry

angle (O degrees) was determined from the graph. This method was checked

by measursments of the energy difference between elastic scattering from

cl2 and Au (see Section L.1.3 and Figure L.6). The two methods gavs the

same answer to within the accuracy of the angle readeut helipets (0.2

dsgrees).
With the zero angle knewn, the preten detector was set at an angle
of 35 degress and a preten spectrum was recerded using a 0.49 mg/cm2 Mylar

target. Besides providing a check en the tetal (x,p) reselutien, this

spectrum alse gave a convenient energy calibratien. Figure L.8 shows the

(€,p) spectrum froem Mylar (CyoHgO)) at 35° with pesitiens (relative to the

c12(«,p)N15 greund state peak) of several states in N15 and F19. The in-

tense peak just belew 16 Mev proten energy was identified with one or beth of
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the energy levels in N5 at, 5.276 and 5,304 Mev. Since it was not pessibls
te resolve these levels, the average snergy (5.290 Mev) was asseciated with
the peak. Using this exctatien energy, the energy difference between this
pesak and the le ground state peak was calculated from kinematics (including
energy lesses in the target). At 35 degrees this energy difference, which
was used as an energy calibratien, was 5.715 1 ,015 Mev where the errer is
due te the uncertainty in the peak assignment. The bread peak between 13
and 1 Mev was due te protens ejected from the Mylar target by elastic
cellisions with alpha particles.

Foer the five targets studied in this experiment, (X,p) spectra were
recorded svery 5 degrees from 20 degrees te about 50 degrees. Te ebtain
the best resolutien (see Sectien L.2) the target was rotated aleng with the
detector se that the angle betwsen the emitted preten path and the plane ef
the target was maintained at 10 degrees.

The spectra were recerded while a preset ameunt ef charge entersd
the Faraday cup, Charge was measured by & current integrator fed by the beam

micreammeter. The integrater preduced pulses whoese number was prepertienal

to the input charge, These pulses were counted by a register connected to
a system which automatically stopped the multichannel analyzer when a
preset number of register counts was reached. In addition, the pulses were
counted in the first chamnel of the 1024 channel analyzer. Since these
pulses were subject to essentially the same dead time losses as any other
pulse, the ratio of the counts in the first channel to the number preset on
the register gave the average live time of the analyzer during the run.

The relative normalization of different proton spectra for the

angular distribution measurements was accomplished using the number of

elastic alphas recorded by the in-plane monitor. The in-plane monitor was
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used rather ::an the integrator or fixed monitor (at 90° to the (x,p)
scattering plane) because: 1) Using a monitor counter automatically toek
into acesdunt the target angle and any inhomogeneities in the target;

2) The moveable monitor (in-plane) could be easily checked to ensure that it
was centered on a relatively flat part of the elastic cross-section; 3)
The probability for scattering into the fixed monitor would be sensitive to
vertical fluctuations in the position of the beam, while such fluctuations
would have very little effect on the ({y,p) reaction or elastic X scattering
in the hc;rizontal plane. The ratio of the two monitors was normally cen=
stant to about ¥ 5% during a run. Also, the ratio of the number of counts
in the in-plane moniter multiplied by the cosine of the target angle to the
number of integrater counts was normally constant within about ? 54,

At the end of each (X,p) run, alpha particle spectra were recorded
over a small angular region around the pesitien of the first relative
maximum in the elastic cross-sectien (at about 30°). These spectra were
taken with the AE counter using the same setup (slits and target) that was
used for the (¢,p) spectra. In this way, the (X;p) nermalization was de=-
termined relative to the elastic alpha scattering cressz-section fer the
same target nucleus. The elastic cross-sectiens for all the target nuclei
studied in this experiment have been measured at the M.I.T. cycletren (L2)
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