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INTRODUCTION

The nuclei Ca41 and Sc41, forﬁed by the addition of one nucleon to
the doubly magic nucleus Ca4q have been the subject of much investiga-
tion in the recent past. On first examination these nuclei might be
thought describable as a single nucleon in various excited levels out-
side of the tightly bound core. The levels expected are the P390 Py/oe
f5/2 and d5/2 orbitals. However these nuclei depart very much from this
‘simple picture as shown by the investigations of their energy levels
through the Ca40(d,p)Ca41 reactionl)and Caao(p,p)Ca402)which revealed
approximately 100 states below 6 MeV. Of these only 2 carry any sub-
stantial fraction of the single particle strength. To account for this
large number of ievels requires consideration of the possible states
available by excitations of the core. While the Caao(p,p)Ca40 and
Caao(d,p)Ca41 reactions make possible 9 value assignments, J value
assignments needed to determine the origin of the states are not possible.

In order to locate new levels in Sc41 not seen in Caao(p,p)Ca40 due-
to low penetrability, particularly for higher J values, and to gain
information about the states observed'in the (p,p), the Caao(p,X?)Sc41
reaction was studied. In studying this reaction we have chosen {o
investigate only those capture resonances which are characterized by
gamma decay directly to the f7/é ground state. These states ahpuld be
those formed by protons of angula¥ momentum 92 2. Lower {'s are un-

likely due to the high gamma ray multipolarity required for transitions

to the ground state. Since gamma decay is competing with much faster



particle émission, states characterized by small proton widths would be
expected to be observed in this experiment.

From an experimental point of view also there are several features
which make an investigation of this type appealing. Only a single value
of channel spin, 1/2, is possible, simplifying analysis procedures
greatly and removing some possible ambiguities in determinations of spins
and parities of levels formed in Sc41. Furtherma;e, at proton energies
of 3.43, 3.82, and 4.00 MeV, inelastic scattering, leaving Ca40 in its
3.35, 3.73, and 3.90 MeV excited states is energetically possible, but
does not occur noticeably for about 1 MeV about the thresholds and then
only weakly. No other competing processes can occur below 5.3 Mev
where the Ca40(p,-CX)K37 reaction becomes possible.

The Caao(p,‘(S')Sc_:41 reaction has been observed only twice previously.
Once by W. M. Martiga)_who bombarded Ca40 with 25 MeV protons for a half
life measurement of the 8041 beta decay, and by J. W. Butler4, who ob-
tained an excitation function from 600 keV to 1900 keV observing four

states attributable to Scal. In the present work the radiative capture

40

of protons by Ca  has been investigated in two stages. The first stage

consisted of the location of levels in the range of bombarding energy

between 600 keV and 5.2 MeV (corresponding to a range of excitation in
41

Sc41 from 1.7 to 6.0 MeV) by measuring the positron activity of Sc
Since all excited states of Sc41 are proton unstable, the occurrence

of this activity can be taken as the signature of those capture states
having transitions directly to the ground state. Forty-six resonances

found in the excitation function were identified with states of Sc41 by



measuring the associated 3 spectra. g ,;g.s. for these states was
determined, assuming negligible population of the ground stdate via
cascading through intermediafe excited states. 1In the second stage of
this investigation, the angular distributions of the gamma decay.of 16
capture resonancesllocated below Ep = 4,1 MeV to the f7/2 ground state
of Sc41 were measured. This permitted J assignments to 8 of the states,
and limited the range of possible J values on the others.

A comparison of these results with the Ca40(p,p)Ca40 results is
ﬁade. Seventeen levels are observed which are common to both reactions.
In addition the strength in the radiative capture channel of corres-
bonding levels may be used to obtain J values on some of the states ob-
served in the elastic scattering measurements. A comparison of levels

of the mirror nuclei 5041 and Ca41 below an excitation energy of 5 MeV

is presented.

Direct capture from continuum states, expected by the most favored
transition, El, was investigated using the techniques necessary for thé
measurements inlthe first stage of this experiment. For our specific
case capture of I = 2 protons is possible with a subsequent El transitiom
to the ground state of 8041. This capture apparently occurs primarily
in the region just outside the nucleus and the cross section depends on
the magnitude of the 8041 ground state wave function in this region.

As a direct consequence of the measurements in the first stage of

this experiment the lifetime of the 3/2 first excited state, of consider-

able interest due to its expected single particle character, was

determined.



Until about 4 years ago the half life of the positron decay of Sc41

was in error by 30% and the mass of Sc41 was incorrect by 600 keV. The
Caao(p,'ﬂ )Sc41 reaction provided a unique means of obtaining Sc41 posi-
tron activity free from contaminants of similar half life and end point

energy. Advantage was taken of this to obtain an accurate value for the

Sc41 half life. The mass of Sc41 was also obtained by measuring the Q

value for the Caao(p,if )Sc41 reaction at two of the stronger low lying

capture states.



CHAPTER 1
Location of Resonances, Determination of 3';} and rj'

1. Introduction

The study of the Ca40(p, Y )Sc41 reaction was made using the 5.5 MeV
Van de Graaff accelerator of the Bonner Nuclear Laboragbries. The
measurements were carried out in the range of bombarding energies from
0.60 to 5.2 MeV. 1In order to enhance the sensitivity for detecting weak
capture resonances, advantage was taken of the fact that Sc41 is radio- .
active, decaying with a half life of 0.6 seconds by the emission of posi-
trons of 5.5 MeV maximum energy. The positrons were detected with high
efficiency by employing a plastic scintillator subtending a solid angle
of approximately 2 fi* . Because of the high energy of the positrons,
this radiation was detected with a minimum of interference from extrane-
ous‘activities produced by target contaminants. Furthermore the beta
 activity was counted only while the beam was electrostatically deflected
off the target to avoid prompt radiation. Further reduction of back-
ground was achieved by detecting the positrons with two nested plastic
scintillators operating in coincidence. The beta detector was designed
to serve also as a spectrometer of low resolving power, so that an
energy spectrum of the beta radiation could be taken at each capture
resonance. In this manner the identification of each resonance with
a state in Sc41 could be confirmed. Absolute positron yields for each
resonance were obtained after measuring the efficiency of the beta

detector. The integrated cross sections and the radiative widths, aside



from a statistical factor, for the direct ground state transitions were
determined. Contributionsto the positron yield from cascade processes
were expected to be negligible for most of the states, since all excited
states of Sc41 are above the threshold for proton emission. Thus each
gamma transition in a cascade is competing with much faster particle

emission.



2. Experimental Apparatus and Procedure

The target chamber used in the measurements was located 5 meters
from the 90° analyzing magnet of the accelerator. The beam path through
the analyzing magnet was defined by tantalum slits at the entrance and
exit of the magnet, and by the slits used for the regulation of the
accelerator voltage located 3 meters from the output of the magnet.

Upon suitable adjustment of these slits, a beam spread of .03% of the
beam energy was achieved, and the beam energy could be reproduced to

within approximately 1 keV during a given run.

a. Target Chémber

Dué to the sensitivity of this experiment to the presence of
contaminants in the target, especially the affinity of calcium for
oxygen, an evaporation "in place" was necessary to avoid exposure of
the target to the atmosphere during transfer from an evaporator.

The design of the target chamber is shown in Figure 1. The cham-
ber is made of a brass cylinder of 3" inner diameter and 8" long and is
joined to the beam tube so that its axis is vertical. These dimensions

were chosen for the chamber so that it could accommodate retractable

evaporation electrodes. The target was located at the end of a 1" 0.D.
lead-lined aluminum tube, into which the beam entered after traversing
the chamber. The tube was insulated from the rest of the sysfem by a
polyethelyne insulator to allow integration of the beam flux. The tar-
get was located in this manner to accommodate the use of a high efficien-

cy detector to be described later. A screw-on cap pressed the target



FIGURE 1

Schematic of chamber, detectors, and beam tube arrangement. At
top, left, the evaporator (E) positioned for evaporation is seen
through the window (W) of the chamber. The target extension tube
(T) is insulated from the rest of the system by a polyethylene
insulator (I). At top, right, the detectors (A) are shown in
normal operating position with respect to the target. At bottom,
the beam deflection and slit system is shown. Note that the beam
tube is tilted slightly so that only deflected beam reaches the
target. The undeflected beam is caught on the top of the slit
(Sc). SE are the regulating slits, D the deflector plates, Q a

viewing quartz, P an oil diffusion pump, Sl’ SZ’ S, collimating

3
slits and T is the target.
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backing (in the form of a 3/4" disc of 2 ml. gold) against a silicone
"0" ring serving as a vacuum seal at the back of the target holder. The
target backing stopped the protons, but transmitted the positrons with
negligible energy loss.

Immediately before entering the chamber the beam passed through a
section of the beam tube 30" long encased in a liquid nitrogen bath
which served to reduce build up of contaminants on the target. The
system was pumped by an oil diffusion pump placed before the liquid air
trap.

The arrangement of the deflector plates, beam catching and defining
slits are shown in Figure 1. The sizk and path of the beam after pass-
ing through the regulation slité was determined by additional sets of
slits placed after the deflector plates. The beam tube after the de-
flector plates was tilted and the beam deflected slightly at all times

to prevent any neutral beam from striking the target.

b, Target Preparation
Targets were prepared in situ by evaporation of 59;5% pure calcium
—metal onto 100 mg/cm2 thick gold blanks located in the end of the target
holder. The calcium metal, in lump form, was scraped to remove surface
oxidation before placement in the evaporators. The evaporators, made
from 5 mil tantalum, were shaped so that the evaporated calcium was
deposited primarily on the surfaces in the forward direction. An evapo-
rator is shown schematically in Figure 1. The retracfable rod on which

they were mounted served as one of the conductors, while a bus wire to

the chamber side served as the other conductor. The progress of the



evaporatién could be observed through the glass viewing port and the
lucite end plate.

Provision was made for two evaporators, placed 2 cm. apart, in order
to prepare targets of varying thickness. While in the retracted position,
the evaporators were outgassed by evaporating a small amount of calcium.
The evaporator was fhén positioned in front of the target and the target
thickness controlled by the length of evaporation time and the number of
evaporators used. Using this procedure calcium targets varying in thick-
ness up to 50 keV at 1.84 MeV were produced. Targets prepared in this
manner had an oxygen content of less than 2%, as determined by a proton

elastic scattering measurement to be discussed later.

c. The Detection System

The beta radiation from the source was detected by a set of nested
plastic scintillators arranged as shown in Figure 1, to subtend a solid
angle at the target approaching 2 T steradians. Positrons having an
energy of about 5.5 MeV - corresponding to the endpoint energy of the
Sc41 spectrum - sustained an energy loss of 900 keV in traversing the
thin forward detector, and were absorbed by the thick detector behind.
The thin detector, machined from Pilot B, is a portion of a cylinder 4"
high with an inside diameter of 7/8" and a wall thickness of 3/16".
The thick detector, a 3" cylinder of Pilot B, then '"wraps around" the
thin detector and is of sufficient thickness to stop 5.5 MeV betas and

may be used to obtain low resolution energy spectra of the detected

betas.
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Each scintillator is optically coupled to Dumont 6363 phototubes
selected for high signal to noise ratio. This was of special importance
for the thin detector due to the low light output expected.

The outputs of the detectors, after suitable amplification and
pulse height selection were routed into‘Cosmic model 901 coincidence
equipment set to operate at a resolving time of 60 nanoseconds. Parallel
outputs, after amplification, were routed into the two inputs of a Nuclear
Data 1024 channel analyzer operating in the multiplex mode and gated by
the coincidence output. In this manner pulse height information about
the signals in coincidence from the differént detectors is stored in
different portions of the memory. A block diagram of the electronics is
shown in Figure 2.

Crude beta spectra taken on each resonance were compared with a
Sc41 spectrum stored in the other half of the memory in order to identi-
fy the resonance with a state in Sc4l. The energy calibration of the
spectrometer was carried out utilizing fhe.method outlined by Cramers)
for a spectrometer of a similar type, using both the end point energies
of beta calibration spectra and the high energy edge of compton recoil
electron spectra given by gamma ray sources. Figure 3 shows the pulse
height spectrum obtained in both detectors from a Sc41 source, the beta

spectrum in the thick detector for a Ce144-P:144 source (Ee

max
and a typical spectrum taken at high bombarding energy where a contami-

= 2.98MeV),

nant beta (attributed to A125, Egax = 3,25 MeV) is observed superimposed
on the 8041 spectrum. Also shown in the figure is the delay curve for

the coincidence apparatus, with the region of operation indicated.



FIGURE 2

Block diagram of electronics for positron measurements.
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FIGURE 3

Top: A Sc41 coincidence spectrum for both detectors is shown.

The window positions indicated are typical.

Bottom, left: A delay curve measured with the Sc41 positrons

is shown.

Bottom, right: A spectrum taken at higher bombarding energies

where a contaminant beta crept into the window is shown.
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Optimum sighal to noise was obtained by setting pulse height windows
to pass to the coincidence circuit from the thick detector only pulses
corresponding to betas leaving the target with between 1.5 and 5.5 MeV,
and from the thin detector those pulses lying in the immediate neighbor-
hood of the peak in the distribution. A continuous monitor of the win-
dow settings was maintained with the Nuclear Data 1024 channel analyzer.
The output pulses from the coincidence circuit were counted on a scaler
for a fixed amount of beam charge collected to obtain the positron yield

curves.

d. The Beam Pulsing

As already mentioned, measurements of the positron flux were made
while the beam was deflected off the target. The phasing of beam cur-
rent on target with respect to the counting intervals is illustrated in

the figure below which diagrams the over-all cycle of operation.

Beam Current
on Target

—— l
=i t] - l
¢ —
(
]
|

counter l
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The detectors were turned on at a time t, after the beam was
deflected off the target and turned off at a time (tz-tl) later, before
the beam was back on the target. The pulsing period of the beam, 2 r .,
was about 200 milliseconds in the present work, chosen to maximize the
observed yield of positrons for a given data accumulation period. The
time t1 was about 5 milliseconds and (tz-tl) was adjusted so that the
counter was turned on about 2 milliseconds before the beam again struck
the target. While the beam was on the target, the counter was paralyzed
by applying a negative voltage to the focusing electrode of the photo-
multiplier tubes6)on a signal from the switching circuit. When operat-
ing with a pulsed beam, corrections to account for the nuclei decaying
while the detectors are turned off must be made to determine absolute
beta flux. This is of importance only for the absolute calibration of
the detector system, to be described later. Other measurements involved
only relative yields and thus only the stabiliﬁy of each of the above-
mentioned periods was of importance.

In order to determine the absolute beta flux, the total number of
Sc41 nuclei decaying must be obtained from the observed yield. The
relation between the number of Sc41 nuclei formed (Nf) and the number

of betas observed (Yobs) is given by»:

N. = ?A('-i-zx’v) 'P(-ﬁ-,i) YOb_s
£ (1™ ( a2 _g~At2)
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N\ 41
where A is the decay constant of the Sc¢ =~ radiation, and £(L,€)

is the efficiency function determined as described later.

e. Switching Circuit

A block diagram of the beam pulsing electronics is shown in
Figure 2. All components are standard except the switching unit. The
switching unit supplies the control signals to switch the high voltage
which deflects the beam and to control the detectors. The unit consists
of a transistorized pulser designed especially for this application
where maximum stability in all timing functions is required.

The circuit diagram is shown in Figure 4. Basically the pulser
consists of a 2-transistor multivibrator which provides the basic
switching signal to pulse the beam. The pulsing period (2 ) is con-
trolled by Rl and the symmetry (yZ) 7‘1) by RZ' This is followed by a
one-shot multivibrator whose tihe'constant, adjustable by R3,determines
the length of‘time the beam is off before the detectors are turned on
(tl); This in turn triggers a seéond one~shot whose time constant,
adjustable by R4, determines the length of time the detectors are on
(tz-tl). The power supply fdr the pulser is regulated with a zener
diode in a conventional manner. The beam and detector switching signals
are sent throughltransistor squaring circuits and then into tubes to
obtain proper voltage for driving the appropriate systems. The high
voltage power supply, switch tube, and photomultiplier preamplifiers

are as described by Cramersx



FIGURE 4

Circuit diagram of switching circuit.
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The values 7%, tz, tl’ needed accurately for the determination of
the absolute efficiency of the detector system, to be discussed later
in this paper, were measured by counting pulses from a 100 kc crystal
controlled pulse source gated by the appropriate signals. The values

obtained wereq” = 105.36+.26 ms, t, = 5.37+.03 ms, t, = 97.74+.49 ms

2
with the uncertainty attributable to drifts in the apparatus over a
period of 4 days. For all measurements other than the absolute cali-

bration, only the stability of the pdlsér was important.

f. Calibration of the Proton Energy Scale

The proton bombarding energy was determined from the frequency of
a niclear magnetic resonance magnetometer having its proﬁe located in
the field of the 90° analyzing magnet of the acceleratora). The fre-
quency scale of the magnetometer was calibrated in terms of energy by

measuring the thresholds for the reactionag)

14/ (p,n)Be’, E,, = 1.8807 + 0.0004 MeV,

and

B ep,mn'?, B, = 3.2358 + 0.0011 wMev.
Freshly prepared targets of Li7 and C13 were used. The threshold fre-
quencies were determined using standard experimental procedureslo).

Repeated determinations of these frequencies for the two reactions fell,

during a given run, within a frequency interval corresponding to +0.5 keV,
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In addition a value of 4.238 + .004 MeV was observed for the Flg(p,n)
threshold agreeing within the combined errors with the accepted value

of 4.233 + .003 MeV. Other measurements at this laboratory have been
in wide disagreement about magnet saturafion effects for proton energy
determinations in the region from 4 to 5 MeV, but all show it to be less
than 5 keV at 5 MeV, and thus the effect was ignored. The energies of

5 prominent resonance spaced over the energy range investigated were

then carefully determined to serve as secondary energy standards for

future runs.

g. Detector Calibration

In order to determine the integrated cross sections, and hence
radiative widths of the states of Sc41 observed with the 0340 (p,?)Sc41
reaction, the absolute yield of positrons must be known. Thus the
efficiency of the beta detector system must be determined for the Sc41
beta source. This was done in é separate series of measurements.

Strong sources of isolated Sc41 activity suitable for use.in an
absolute calibration measurement cannot be made. As a practicable
alternative, the calibration was carried out with a source of F20
activity. Sources of this activity yielding a high flux of betas could
easily be made by means of the Flg(d,p)F20 reaction, free of interfer-
ence by betas from extraneous sources decaying with similar half lives
and end point energies. The end point energy (5.41 MeV) is very near to
that of Sc41. This latter fact has the importance that although it is
a Q- rather than a $+, only small corrections to the results are neces-

sary to make then applicable to the case of Sc41. The procedure followed
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in the calibration was as follows:

1.) The total flux of betas from a F20 source produced by a (d,p)
reaction was determined by measuring the yield of betas with a beta
spectrometer subtending a known solid angle at the source. This measure~
ment yielded the total number of betas emitted per unit charge delivered
to the target for a given deuteron bombarding energy and target thick-
ness for well defined conditions of measurement.

2.) The coincidence beta spectrometer was thén positioned at a
convenient distance from the source and the‘yield of betas measured
under conditions otherwise identical to (1) except that the beam current
was reduced by a factor of 100 to avoid counting rate dependent gain
shifts. Appropriate bias levels were set so that only electrons with
energies greater than 3 Mev were detected. For ;hese bias conditions
the number of counté obtained per unit charge, when compared to the
total flux determined in (1) per.unit charge, leads to the counter
efficiency for detecting on bet;s.

3.) The fluorine target was removed from the chamber and replaced
by a thick calcium target, the counter position remaining unchanged.

A CaM)(p,}()Sc41 resonance, chosen for its high yield énd isolation in

energy was then run and its yleld compared to (2) for a calibration of

the efficiency for detecting the Sc41 positrons. This resonance served
subsequently as the sfandard of reference, in terms of which absolute
yields of the other resonances were determined. Corrections to this

calibration were made to take into account the slight difference in

enérgy of the Sc41 decay, and the fact that positrons were emitted.
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These steps in the calibration procedure will now be discussed in
greater detail.

The calibration of the F20 source was carried out using a well-
collimated large volume, plastic scintillator beta spectrometer, which
was designed specifically for applications involving short-lived high
energy beta emitters produced in situ by bombarding suitable target
materials. The spectrometer has been discussed fully elséwherea, but
briefly described it consists of a cylinder of plastic-organic scintil-

-~lator 7.5 cm. in diameter and 9 cm. long, joined to a Dumont type 6363
photomultiplier tube. The scintillator, loéated 30 cm. from.the target
and subtending a solid angle of about 10-2 steradians, is shielded from
all betas except those admitted through an entrance aperture by a hous-
ing made of aluminum and lead. The accepted beam of betas is restricted
to a narrow cone coaxial with the scintillator to insure that virtually
the total energy of the incident particles is absorbed within the scin-
tillato:. Spectra are recorded with a mﬁltichannel pulse-height analyzer
which is calibrated in terms of energy by means of.the end points of
several known beta spectra and the edges of Compton recoil electron
distributions from standard gamma rays. The relationship between pulse-
height and energy is linear up to 13 MeV, and end point energies can be
measured to an accuracy of 1-2%. |

The source of on was produced by bombarding a be2 target with
2 MeV deuterons. The target was evaporated on a gold foil 100 mg/cm2
thick and mounted at the.end of the beam tube about 30 cm. from the

spectrometer. A pulsed beam technique as described earlier was used

for this measurement.
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The calibration of the source was accomplished by measuring the
yield of on betas in the solid angle defined by the spectrometer for
a given charge of deuterons delivered to the target. The spectrum of
on betas was accumulated in 256 channels of a Nuclear data 1024 channel
analyzér. Below an electron energy of 2 MeV the spectrum was distorted
by the 1.6AMeV gamma ray associated with the beta decay.

A second spectrum, taken immediately after the first but with a
polyethylene plug inserted in the collimator of the spectrometer in
order to stop the betas was utilized as a backéround spectrum.

A 2" Nal crystal scintillation spectrometer placed at 90° to the
beam direction served to interrelate the yield of the 1.6 MeV gamma ray
for the primary and background spectra. This spectrum was accumulated
in the 2nd quarter of the memory of the analyzer. Polyethylene absorbers
of the same thickness were placed in front of both detectors for the
background measurement to equalize the gamma attenuation. Calibration
of the on source consists of determining the total number of betas per
unit charge emitted by the source, from the knowledge of the number
counted for the solid angle subtended by the spectrometer. Ordinarily
the number emitted could be obtained by directly integrating the experi-
mental spectrum. However in this case the portion of the spectrum below
2 MeV was distorted by imperfect subtraction of the 1.6 MeV gamma ray
asgsociated with the on beta decay. Accordingly, the following procedure
was used to determine the total flux of betas from the information con-

tained in the undistorted part of the spectrum,
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A fermi plot of the data in the region of the spectrum above 3 MeV
was made by plotting (N(E)/f(Z,E))l/2 versus E where N(E) is the number
of electrons measured at energy E and f(Z,E) is the tabulated fermi
function. A straight line, least square fitted to the data points is

shown in Figure 5 and can be represented by the equation:

W@ /£E,ENYE = 1(E-E )
where Eo is the end point energy of the spectrum. The value of Eo

obtained in this way, 5.4 MeV, is in satisfactory agreement with other

determinations. The constant, k, also given by the fit may then be used

to obtain the number of betas emitted by integrating the theoretical
1D,

spectrum 7t

'EO

E
[o]
Y = J. NE) dE = k2 Jf(Z,E) (E-E ) dE

o

The yield thus obtained is uncertain to about +7% due to variations in
k possible by fitting different regions of the spectrum, as well as

changing the energy calibration of the spectrometer within reasonable

limits. The uncertainty due to this procedure is the largest of any

in this measurement. The experimental on spectrum, as well as that

calculated using the value of k obtained as above is shown in Figure 5.
The fermi function, £(Z,E), used for the calculations was obtained

from the NBS "Tables for the Analysis of Beta Spectra"lxr.

* This function, defined on page 21 of the NBS tablesla, is multiplied

here bye/ﬁ to make it appropriate for energy rather than momentum
distributions.



FIGURE 5

Top: Fermi plot of on spectrum taken during calibration with

least square fit,

Bottom: on beta spectrum with the spectrum calculated using

k obtained from the Fermi plot shown.



VA

Positron Yield

Energy - MeV




20

Assuming isotropy of emission of the betas, the total yield after cor-
rection for the dead time of the analyzer (.7%) was obtained by divid-
ing the yield obtained above by the fraction of 4 7Y steradians sub-
tended by the spectrometer.

A possibly important correction might ensue if the backscattering
of betas by the 100 m‘g/cm2 gold target backing were a large effect.

Due to the high energy of the betas (3.0 to 5.5 MeV) in the region used
for the yield determination, this is expected to be small. However the
effect was studied by obtaining on beta spectra both with and without
an additional 100 mg/cm2 gold foil mounted on the source facing the
detector. After correcting the energies fér losses due to the addi-
tional thickness of gold, it was found that the attenuation of the beta
yield by the insertion of this additional foil waé less than 1% for
betas between 3 and 5 MeV. No correction was made for this effect.

The on source, thus calibrated, was then used to determine the
efficiency of the coincidence detectors utilized for t:he.Sc41 measure-
ments. The detector was retracfed 3 ecm. from the normal position in
order to reduce gain shifts due to the large counting rates obtained
with this source. The yield per unit charge of F20 beta measured with
the.coincidence detgctors did not change when the beam current deliv-
ered to the target was varied a factor of 30.

Pulse height windows were set on both detectors, and the gain

stabilized against changes in counting rate to be encountered by placing

137
]

acC gamma ray source to establish a counting rate in both detectors

much greater than that to be encountered during the measurement. The
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energy scale was of importance only for the secondary corrections
necessary to obtain the efficiency for Sc41 positrons from thét
measured for on electrons.

To obtain the efficiency of the detector system for Sc41 positrons
a correction to the above had to be made due to the different character
of the spectrum for positrons and electrons, caused by opposite coulomb
effects near the nucleus, and for the 60 keV difference in end point
energy. A third factor is the effective shift of the Sc41 spectrum
up in energy due to occasional capture in thé spectrometer of one of
the positron annihilation quanta. The value of the latter correction
(82 keV) obtained by Cramers) for his spectrometer, similar in size
to this, was used here.

In order to correct for the difference in the F20 and Sc41 beta
energy distributions, the assumption was made that the efficiency of
the detector was the same for both on and Sc41 betas emanating from -
the target with such energy as to be detected within the region of the
pulse height window. The window permitted detection of an electron
leaving the target with an energy between 3.1 MeV and 5.7 MeV, or a
positron between 3.0 MeV and 5.6 MeV,

Thirty-one per cent of the FZO electrons and 35% of the Sc41
positrons are emitted from the target with an energy in the detectable
range. The total efficiency of the detector for Sc41 positrons is
then a factor of 1.13 greater than for the F20 electrons., The effi-
ciency (-;(.QJE)) for Sc41 betas emitted was 3.5%. When operating' in

the normal manner the efficiency is about 14%. The difference is due
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to both the positioning of the detector with respect to the target and
a lower setting of the pulse height window for the thick detector, set
at a higher energy here to eliminate interference from the 1.6 MeV
gamma ray associated with the F20 decay. The errors in the measure-
ment are summarized in Table 1.

Immediately after the experimental determination of £(£,€) as
described above, a 40 keV thick calcium target was made in the target
chamber and the plateau yield of the 1.842 MeV state was determined
to serve as a secondary calibration for future runs.

The measured yield, 5.802/microcoulomb (Yobs’ Page (12)) is multi-
plied by the beam pulsing correction (2.28) determined as described
earlier, and corrected by f({1,£). The total yield of positrons for

this resonance is 388.6 + 71.2/microcoulomb.

TABLE 1

Uncertainties in Calibration Due to:

Beam Pulsing Correction - = = = = = = = = = 0.5%
Window Setting = = = = = = = = = = = = « & 0.5%
Solid Angle = = = = = = = = = = = © « - -« 2.5%
Integrator = - = = = = = = = = = = = « - - 3.0%
Statisticsg = = = = = = = = =« =« « « - < - 2.1%
Backscatter = = = = = = = @« = =« = & - o - 1.0%

k from Fermi fit =~ = = = = = =« = = = = - - 7,0%
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3. Experimental Results

The data were taken in two distinct phases. In phase one the
positron yield as a function of proton energy was measured using a thin
target in order to locate the resonances and determine approximately
their relative yields. In phase two thick targets were used to'deter-
mine accurately the energies of the resonances, their radiative widths

for the ground state transitions, and in a few cases their total widths.

a. Thin Target Measurements

The thin target (3-10 keV) excitation function, shown in Figure 6,
was taken during 4 separate periods on the accelerator, which were needed
to cover the entire range of energy. In each period, new data overlapping
part of the region previously covered confirmed the reproduceability of
the data from the previous run. The data pfesented here were taken after
initial surveys of the entire energy region were completed to reveal the
gross features of the data. For the preéen; measurements‘the energy dis-
persion of the beam was approximately .03% of the beam energy, and the
resonance énergies were ¥eproducib1e to +2 keV. The energy scale of the

figure was obtained from the energies of the resonances calibrated as

secondary standards.

Forty-six resonances in the region of bombarding energy between .60
and 5.20 MeV are attributed to Sc41 on the basis of the beta spectra re-
corded concurrently with the measurement of the excitation function.

Beta spectra taken during the thick target yield measurements, to be



FIGURE 6

Caao(p, Y)ScM' excitation function. No background has been

subtracted.
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discussed below, provided additional confirmation. Several weak maxima
in the cross section were attributed to target impurities. The resonances

attributed to Sc41

are listed in Table 2, along with their relative yields
obtained from the thick target measurements.

Two contaminants, magnesium and silicon, known to be present on the
target, are possible sources of spurious resonances. The radiative cap-
ture of protons by M324 forms A1255 a positron emitterlz«af 3.24 MeV end

point and 7.3 sec. half life. Similarly proton capture by Si28 forms
P29, a positron emitter12>of 3.95 MeV end point and 4.2 sec. half life.
Two resonances observed at bombarding energies of 0.83 and 1.66 MeV in
the present measurement, corresponding in energy to two known resonances
of the Mgz4 (p,‘{)Al25 réaction are attributed to this reaction on the
basis of the crude beta spectra taken. In the region above E = 4.3 MeV
betas of end point energy between 2.8 and 3.4 MeV were detected, attri-
buted to Alzs, gradually increasing in yield as the bombarding energy
increased. Only a few very weak maxima in the yield function were
attributable to this source, which otherwise contributed less than half
oé the total off resonance yield present in this region. A typical spec-
trum containing both the Sc41 positron decay and the A125 decay is shown
in Figure 3 presented in the discussion of the detector system.

The remainder of the off resonance yield is attributable to several
effects. A room background of 5-10 counts per data point (about 100
seconds) was present at all times with the voltage on both accelerators
in the laboratory turned down. No increase in this background was noted

with voltage on the terminal of the 5.5 MeV accelerator when the beam



E
(vev)
0.648 + 0.002
1.540 + 0.003
1.621 + 0.003
1.8417+ 0.0015
1.934 + 0.003
2.153 + 0.003
2.658 + 0.003
2.6766+ 0.0020
2.764 + 0.003
3.010 + 0.003
3.019 + 0.004
3.240 + 0.004
3.325 + 0.004
3.440 + 0.004
3,515 + 0.004
3.8193+ 0.0030
3.881 + 0.006
3.965 + 0.005
4.0246 + 0.0030
4.054 + 0.007
4.160 + 0.009

4.1848+ 0.0045

TABLE 2

Levels Observed in Ca40(p,“)Sc41

Rel. Yield

0.021 + 0.001
0.070 + 0.002
0.075 + 0.003
1.0

0.206 + 0.005
0.644 + 0,019
0.012 + 0.002
1.276 + 0.016
0.342 + 0.006
0.280 + 0.007
0.451 + 0.013
0.666 + 0.009
0.335 + 0.006
0.212 + 0.006
1.050 + 0.014
1.155 + 0.014
0.088 + 0.009
1.120 + 0.030
2.053 + 0.041
6.674 + 0.134
0.04%

3.354 + 0.167

(keV)

2.4 + 0.6



TABLE 2 CONTINUED

4.219 + 0.007 0.169 + 0.013
4.244 + 0.009 0.08%
4.346 + 0.007 0.407 + 0.025
4.402 + 0.009 0.853 + 0.152 9.5+ 3.0
4.551 + 0.007 1.537 + 0.185
4.564 + 0.009 0.26%
4.596 + 0.009 0.48%
4.602 + 0.010 0.33%
4.683 + 0.007 0.95%
4.724 + 0.010 0.16%
4.741 + 0.010 3.66% 11.5 + 3.0
4.748 + 0.010 0.55%
4.812 + 0.008 2.460 + 0.246
4.835 + 0.008 0.34%
4.850 + 0.008 0.944 + 0.300
4.894 + 0.011 0.28%
4.907 + 0.011 3.55% 9.4 + 2.0
4.952 + 0.011 | 0.40%
5.011 + 0.011 1.05% 4.2 + 2.0
5.098 + 0.011 0.61% 3.9 + 1.0
5.127 + 0.011 | 0.15%
5.154 + 0.011 0.84%
5.158 + 0.011 1.81%
5.191 + 0.011 2.16%

* + a factor of 2
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was deflected and stopped by é gold covered slit at bombarding energies
below 4.2 MeV., However, a gradual increase in beam deflected background
was noted above this energy, and by Ep= 5 MeV had reached 20-30 counts
per data point. An additional background of 10-20 counts per 100 seconds
was present when the tandem accelerator at the laboratory was accelerat-
ing high energy deuterons. Runs were scheduled only when the tandem was
running lower energy protons to avoid this problem. The remainder of
the yield present between resonances is attributed on the basis of the
crude beta spectra taken to Scal, and may be due to very weak unre-
solved resonances or to continuum capﬁure, discussed in a later section.
Maximum proton beam currents of 1-2 g(q@ were utilized for the en-
tire excitation function, with typical data points of 50 microcoulombs

of charge delivered to the target. No noticeable target deterioration

occurred with beam currents of this magnitude.

b. Thick Target Measurements

For the second phase of the investigation thick targets (20 keV)
were used, enabling precise energies to be assigned to the resonances
and accurate relative yields to be obtained.

By "thick target" is meant that the thickness of target in energy
units is much greater than the intrinsic width of the resonance and the
experimental resolution. When this condition is obeyed the yield as a
fu;ction of energy rises rapidly to a plateau. The extent of the pla-
teau is determined by the target thickness. Ideally the measurements
should be carried out with targets of infinite thickness, but this is

not practicable. However the yield from a target of finite thickness

can be related to that of an infinite target by the following expres-
sionlqk
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Yrax (Y Ve0) = F breton (1)

where r’/is the experimentally observed width of the resonance (includ-
ing beam spread), Yma§§) is the maximum yield obtained for a target of
finite thickness, and YmaguD) is the thick target plateaﬁ yield.

In the region below 4.1 MeV the level density was sufficiently low
to permit individual resonances to be resolved with a 30 keV thick
target. In this region the correction té the yield necessary to account
for the finite targét thickness ranged from 1 to 3% for the most part.
In the region above 4.1 MeV bombarding energy many resonances could not
be resolved with a thick target. Furthermore the non-resonant yield
increased in proportion to target thickness whereas the resonant yield
did not, obscuring some of the weaker resonances. However, a 13 keV
target, used for measurements above 4.1 MeV, permitted semi-thick tar-
get data on 7 resonances to be obtained. Corrections to the plateau
yield obtained with the 13 keV target varied between 5% and 10%, depend-
ing on the observed width of the resonance.

Table 3 lists the different runs necessary to obtain the data over
the entire range of energy, the target thicknesses at a proton energy
corresponding to the mid-point of the particular region of intereét.and

the energy calibration standards used in each region.
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TABLE 3
Target Energy

Energy Region Thickness Calibration

Data Covered (MeV) (keV) Resonance
3/23/63 1.84 - 4.06 30 1.8417 MeV
. ' 2.6766 MeV

9/29/63 3.81 - 4.86 13 3.8193 MeV
4.,0246 MeV

10/5/63 4.02 - 5.20 2.5 4.0246 MeV
4.1848 MeV

1/7/64 0.600 -1.94 45 1.8417 MeV

The energies assigned to the resonances correspond to the mid-point of
the rise of the thick target yield curve. Correétions to these energies
to take into account the Lewis effect* and the lack of an infinite tar-

get were negligible with respect to the magnitude of the other uncertain-

ties in the measurement.

*The "Lewis effect" wig)first predicted by H. W. Lewisl4)and later
observed bé Walters, et al.”/ in the thick target gamma ray yield curve
for the A127(p, Y )Si28 reaction. This effect is a result of the fact
that protons traveling through a target material lose energy in discrete
jumps due to collisions with electrons. Protons incident on a thick
target with energy greater than the resonance energy of a narrow reson-
ance may jump over the resonance, not contributing to the yield, whereas
those incident at the resonant energy all have a chance to react. Thus
for narrow resonances the thick target yield curve should show a peak
just above the resonance energy. The resonance energy is also shifted
slightly from the half maximum yield point.






