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ABSTRACT

Absolute total cross-sections for ground state, 12C(a,yo)leo and
cascade,12C(a,Yc)160 ,» transitions were measured over the energy range
1.29 MeV to 3.29 MeV. y-rays were detected with four large NaI(T1)
crystals in close geometry around a "He gas target. Recoil %0 ions were
separated from the intense e beam and detected by a multiwire
proportional and gas ionization chambers in time-of-flight delayed
coincidence with the y-rays. The total cross-section at the peak of the
E m - 2.4 MeV, J" = 17 resonance was found to be 42.6 + 3.6 nb and the

c
extrapolated S-factor at 300 keV was determined to be 40t;2 keV-barns.
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I. INTRODUCTION:

When the proton fuel in the core of an intermediate mass star is
exhausted, hydrogen burning continues in an expanding spherical shell.
At this stage, the core of the star is no longer supported by the
thermal pressure generated by nuclear reactions and gravitational
collapse begins. The core contracts until sufficient gravitational
energy is converted to thermal energy, and the density becomes high
enough to ignite helium burning, the first step of which is 3a - 12C .
This triple-alpha process bridges the mass five and eight instability
gaps and initiates the nucleosynthesis of elements with A > 12. The rate

of this reaction at stellar energies is known to about 15% from previous

work. (BA80,F083)

Carbon from the triple-alpha process is consumed by the
12C(a,Y)lso reaction. Since the possible 0 consuming reaction,
16O(a,y)ZONe, is expected to be slow (F083) at stellar energies the
relative rates of 12C(a,y)lGO and 3a - 12C reactions effectively
determine the relative abundances of e and 0 at the end of helium
burning. Many of the conclusions about the subsequent evolutionary path

of the star depend critically on the -C/ "0 ratio (BABD,W086) present

at the end of heljum burning.

The relative abundances of all species in the mass range A = 12 to
60 produced by nuclear burning inside a star depend upon the
carbon/oxygen ratio of the core of the star at the end of helium burning
(W086). The star contracts and heats up until the next stage of nuclear

burning is ignited. If 2C is the predominant constituent in the core
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then carbon burning is the next stage, which produces large amounts
of 20Ne and 2L’Mg. However, if 160 is the major ingredient, oxygen
burning produces large amounts of %54 and 325, while making very little
neon and magnesium. These different nucleosynthetic routes result in
significantly different relative abundances for all elements below the

peak of the nuclear binding energy maximum at A =~ 60 (BA80,W086).

The size of the iron core at the end of quasistatic nuclear burning
is what most sensitively determines the final evolutionary state of the
star, whether it is to be a black hole or neutron star. As discussed
above, the 12C(a,Y)lso reaction rate effectively determines whether
oxygen or carbon burning follows helium burning. Oxygen burning resuilts
in a much larger iron core than carbon burning. Therefore, if oxygen
rather than carbon burning is the next important stage of the -
nucleosynthetic process, black holes may result from smaller mass stars
than previously thought (WO86). The rate of the ' C(a,y) 'O reaction
thus plays a key role in our understanding of elemental synthesis and

supernova dynamics.

At stellar energies the 12C(a,Y)lGO is expected to proceed by
resonant capture from ¢ = 1 and ¢ = 2 partial waves followed by y-decay
to the ground or other bound states. When the y decay proceeds directly
to the ground state the ¢ = 1 partial wave results in an electric dipole
(E1) transition while the g = 2 partial wave gives an elecrtic
quadrupoie (E2) transition. When the y decay goes through one of the
bound states, either partial wave may result in E1, E2, M1, or M2
transitions depending upon the bound state selected. Electric dipole

y-decays are forbidden by the isospin selection rules which state that
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no electric dipole transition may proceed by a AT = 0 channel. All the
states in 160 below EX ~ 12 MeV are T = 0, hence every transition is
automatically aT = O. T2 is a constant of the motion only to the extent
that the nuclear forces inVo]ved are much more important than the
coulomb forces. The coulomb forces break the symmetry and allow aT = Q

dipole transitions.

A partial level diagram of 160, in which only the states relevant

to 12C(a,y)lso are included, is shown in Figure 1. Of particular

interest are the J" = 17 states at Ex = 7.12 MeV and 9.59 MeV and the

J" = 27 state at Ex 6.92 MeV. The capture cross-section at

Ecm = 300 keV is expected to be dominated by the high energy tails of

the subthreshold 1 and 2t states.

The a-widths of these states cannot be measured directly since they

are below the threshold to break up into a-particles.

The a-width of the E =7.12 MeV, J" = 17 state can be indirectly
determined by observing the interference between this state and the
E, = 9.59 MeV, J" = 17 state. The 9.59 MeV state is very broad
(rcm = 500 keV) and has sizable effects even at very low energies.
Detailed measurements of the shape of this resonance, both above and
below the peak, show deviations from the shape expected for a single
isolated resonance. The deviations are partially due to interference

with the sub-threshold J" = 17 state, and this interference provides

information on the width of the sub-threshold state.

The a-width of the sub-threshold J" = 2% state can be determined by

measurements of the angular distribution of y-rays as a function of
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energy. E2 radiation, for a zero incident spin channel, has a
sinze cosze dependence on the polar angle, while the El radiation has a
sinze pattern. Detailed angular distribution measurements give the ratio

of the E2 component to the E1l component.

The present experiment measures the interference between the
J" = 17 states by measuring the El cross-section to as low in energy as
technically feasible which allows an extrapolation of the cross-section

to stellar energies.

12 16
The rate of C(a,y) O at stellar energies is poorly known. The
only three measurements at lTow enough energies to be of interest

disagree at the critical low energies.

Dyer and Barnes (DY74) used an a-particle beam incident upon an
enriched 1ZC target and observed the y-rays. The enrichment of the
target is important because of the neutron background from
13C(a,n)lGO caused by natural ’C in the target. Even with 2
enrichment, a bunched-chopped beam and time-of-flight techniques were

required to distinguish the reaction y-rays from the prompt neutrons

which produce background in the detectors.

Kettner et al. (KE82) turned the reaction around and used a “He gas
target and a "¢ beam and observed the y-ray yield. This technique
eliminates the 13C contamination problem, but the measurement is stiil
plagued by high y-ray background from beam induced reactions, cosmic

rays, and pile-up of y-rays from natural radioactivity.

Redder et al. (RE85,RE87) used an intense a-particle beam and an
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enriched 12C target. They did not use time-of-flight to separate

the y-rays from the prompt neutrons, but they did employ germanium
solid-state detectors. The Ge(Li) detectors have very good energy
resolution so the number of background events that must be included in
the y-ray energy window is much less than for the NaI(T1) detectors of
the previous measurements. This experiment included extensive angular
distribution measurements which distinguish between the E1 and E2

components.

The determination of the yield from 12C(a,Y)ISO below =~ 2 MeV
requires a measurement of cross-sections smaller than one nanobarn, so
it is clear that a technique coupling high detection efficiency and Tow

background is necessary to improve substantially on the existing data.

In the present measurement, both the y-ray and the recoil %0 jons
are detected in coincidence, thus enormously reducing problems from high

background rates. A helium gas target and 12C beam are used.

The y-rays are detected with high efficiency NaI(T1) detectors in
close geometry around the target, and the recoil 160 ions (projected
forward by conservation of momentum) pass through a recoil separator to

remove the main beam and are finally imaged upon a heavy ion detector.

This technique thus provides an essentially unambiguous signature

of the 12C(a,Y)mO reaction.
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II. Experimental Apparatus and Method:

II-A. Target:

A windowless differentially pumped transmission gas target designed to
transmit all 16O recoils, shown schematically in Figure 2, was
constructed for this measurement. It consists of five chambers, each
isolated by a system of canals and apertures. Chamber 1 is the gas cell
itself, which is 5.72 cm long and is. shown in detail in Figure 3. Gas is
fed in through a needle valve on the injection 1ine at the top and exits
through the 4.0 mm entrance aperture and the 6.0 mm exit aperture. Below
and at 60° to the beam direction, there is a silicon surface barrier
(SI) detector which is used to monitor elastically scattered

a-particles from a small section of the beam path in the target cell.

Chamber 2 completely surrounds chamber 1 and consists of a 10.2 cm
diameter stainless steel pipe which is pumped by a model R1600 Leybold-
Heraeus Roots blower. It is separated from chamber 3 (up-beam) by a
4.8 mm diameter by 96.5 mm long aluminum canal. Chamber 2 is separated
from chamber 4 (down-beam) by a tapered and threaded 40 mm long aluminum
exit canal. This canal is 3.5 mm diameter at the small (entrance) end
and has a taper of 2%. The inside surface of this camal is threaded to

reduce the surface area that might forward scatter beam particles.

Chamber 3 is pumped by a model 3133C Sargent-Welch turbo-molecular
pump and is separated from the accelerator beamline vacuum by a 23 cm

long by 1 cm diameter stainless steel canal.
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Chamber 4 is pumped by a model R150 Leybold-Heraeus Roots blower.

Chambers 4 and 5 are separated by a 1 cm diameter aluminum aperture.

Chamber 5 is pumped by a model 3133C Sargent-Welch turbo-molecular
pump and is separated from the recoil separator by a 5 cm diameter by

7.6 cm long canal.

During data runs, with the target pressure at 2.50 torr, typical

pressures in the chambers are:

Beam Line 2x10”" Torr
Chamber 1 2.50 torr

Chamber 2 0.2 Torr

Chamber 3 2x10™° Torr
Chamber 4 4x10~° Torr
Chamber 5 1x10™" Torr
Recoil Separator 2x10~° Torr

The target pressure is monitored with a model 222B M.K.S. Baratron with
resolution of 0.01 torr. Elsewhere in the system, pressures are

monitored by thermocouple and ionization gauges.

II-B. Detection Apparatus:

The essential difference between this experiment and previous work is
that both product particlies, the y-ray and the 160 nucleus, are detected
in Time-of-F1ight coincidence, and the energy and rate of energy loss of

the '°0 jon are measured. This provides a very clean signature of the



reaction.

II-Bl. y-Ray Detectors:

NaI(T1) crystal scintillators are used for y-ray detection because of
their properties of good energy resolution, fast timing, and high
detection efficiency. Four 15.2 cm x 15.2 cm x 25.4 cm rectangular
crystals with 12.7 c¢m 10-stage phototubes were purchased from Bicron
Corporation for this work. The crystals were arranged in close geometry
to the target, as shown in Figure 4. The crystals have their long axis
parallel to the beam axis and were placed so that the target is at the
center of this axis. The one exception to this is the bottom left
crystal which is translated up-beam 4.1 cm to make room for the pumping

manifold for chamber 4.

Cosmic ray events in the NaI(T1) detectors were vetoed by 1.3 cm
thick plastic scintillators that cover the crystal array on the top and
three sides. The phototubes for the NaI(T1) detectors emerge on the
fourth side, although the plastic scintillators extend to give partial

veto shielding to that side as well.

The detector array is surrounded by 5 cm to 10 cm of lead shielding
to reduce the room background rate. As in the case of the plastic
scintillators, the lead shielding does not fully cover the up-beam side

of the crystal array.

A1l of the above mentioned elements are stacked on roller bearings.

The two halves of the detector and shielding assembly are withdrawn by
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means of a steel lead screw for easy access to the target chamber and

for accurate repositioning of the detector array after servicing the

target chamber.

The NaI(T1) crystals provided both energy and timing signals. The
energy signal is taken off the sixth dynode since the photomultiplier is
not yet saturated at this stage. For further details see Figure 5. The
energy resolution of the detector array was measured to be 9% for the
0.661 MeV y-ray from 137Cs. The timing signal is taken from the anode
where the saturated pulse height results in less time slewing due to
differences in pulse height. The timing resolution was measured to be
4.5 nsec for the 60Co y-ray cascade with a plastic scintillator start

channel.

Due to the large size and close geometry of these crystals, the
detection efficiency for y-rays in the energy region of interest

is > 50%.
I11-B2. Recoil Separator:

A recoil separator specifically designed to separate 160 and 12C of the
same momentum was built for this experiment. The recoil separator is
lTocated at 0° to accept all of the reaction 160. There are six active
elements 1) a large aperture magnetic quadrupole doublet lens, 2) a Wien
velocity filter followed by a 3% electrostatic deflection, 3) a velocity
defining s1it, 4) a vertically converging quadrupole singlet lens, 5)

a 60° dipole sector magnet, and 6) a recoil particle detector. The

arrangement and dimensions of the separator and its components are shown
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in Figure 6.

The beam phase space due to these elements was calculated using the
code TRANSPORT (BN77) and a Monte Carlo simulation of the initial
conditions. The positions of the elements were optimized to maintain a
small (< 3.5 cm) spot at the detector entrance. These simulations were
used to guide the design of the recoil separator. An example of the

first order optics calculations is shown in Figure 7.

After leaving the target, the 0 jons have acquired a small
transverse component of momentum from the emitted y-ray. The gquadrupole
doublet accepts the diverging 160 jons and brings them to a horizontal
cross-over at the velocity slits. The Wien filter uses crossed E and B
fields to balance the electric and magnetic forces on the charged
particles which have the velocity of the recoil "0 jons. The main ' °C
beam, with a 33% higher velocity, is deflected by the Wien filter fields
in this region. The Wien filter is the main beam rejection device in the
system. The 160 recoils are transmitted through the velocity siits and
enter the quadrupole singlet. The quadrupole singlet and the dipole
magnet together provide focusing for the recoil particles onto the
detector. The three degree electrostatic deflection and the dipole
magnet also separate the recoils from neutral components of the main

beam.

The quadrupole doublet has a 10.2 cm aperture and is positioned as
close to the target as possible. The distance from the center of the
target to the beginning of the pole tips is 47.5 cm. If the quadrupole

. 16 .
were even a few cm farther away, a significant fraction of the 0 ions
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would have diverged too far for the quadrupole magnet to focus them

before they collide with the walls of the beam tube.

The velocity filter (Wien filter) consists of a vertical magnetic
field and horizontal electric field (SA77). Charged particles must have
velocity equal to cE/B to pass through this element undeflected. The
magnet has rectangular pole tips 51 cm long and 17.5 cm wide. The pole
tip gap is 9.5 cm. The electric pliates are connected to * 60 kV power
supplies and the upper and lower edges are shaped (Figure 8) to make the
field in the central region more uniform. Detailed calculations of the
electric field distributions, using the code GUN (HE79), indicated a
greater degree of uniformity using shaped rather than flat plates. The
final design took into account eaée of fabrication and delivery time.
The effective length of the electric field is larger than that of the
magnetic field, and extends beyond the magnetic field down-beam to
impart a 3% deflection to the 160 recoils. This provides some rejection

of the neutral particles in the main beam.

The velocity s1it accepts only a small range of velocities near the
selected velocity. It consists of two 1.3 cm thick water-cooled copper
plates with stainless steel razor blades as the beam defining edges.
Normally, the s1it gap is 1.3 cm centered in the beam tube. The razor
blades are used in an attempt to reduce forward scattering of the main
beam. The slits accept velocities within approximately * 1.5% of the

selected velocity.

Following the velocity s1it, the beam is diverging in both the

vertical direction and in the horizontal direction. The beam is imaged



12
vertically by a vertically-converging, horizcntally-diverging quadrupole
singlet after the slits. The quadrupole singlet has a 7.6 cm aperture,

and a maximum field at the pole tips of 2700 gauss.

The last focusing element is the 60° dipole sector magnet. It
provides horizontal focusing of the recoil '°0 onto the detector window
as well as momentum selection for a final stage of beam rejection. The
particles that are rejected at this stage are mainly neutrals and
energy-degraded 12C. This magnet has a 7.6 cm gap and a 32 cm radius of

curvature. Fields as high as 13,000 gauss are obtainable.

For more background on this type of heavy ion separator, see the

following references (C081,HA81,EN81).

There are two vacuum pumps on the recoil separator: a 15.2 cm
diameter oil diffusion pump located 1.60 meters down-beam from the
target and a 20.3 cm diameter turbo-molecular pump 4.2 meters from the
target. A 2.5 cm high and 7.6 cm wide pumping restriction is placed
immediately up-beam from the Wien filter. The edges of the aperture are

lined with razor blades to reduce the effects of scattered beam.

At 2.7 meters down-beam from the target, immediately after the Wien
filter, another razor blade is positioned at the high velocity side of
the Wien filter to intercept beam particles scattered off the Wien

filter plates.

The beam dump (called the "Garbage Can") is 3.2 meters down beam
from the target. It consists of a water-cooled tantalum cup. The cup

jtself is 7.6 cm tall and has a sharp edge to reduce scattering. It can
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be moved perpendicular to the beam axis to optimize 12C rejection and is
designed to intercept the deflected "*C beanm only and so did not extend

into the region of the beam pipe through which the 0 passed.

There are two Faraday cups in the recoil system. One is directly
above the turbo-molecular pump and the other is immediately in front of
the detector. These helped in transporting the beam through the target
and in determining the optimal recoil separator settings for each energy

of beam.
I11-B3. Recoil Particle Detector:

The recoil particle detector is the last element in the recoil

separator. This detector generates three signals, timing, AE, and E.

The first signal is produced by a device in the first 2.5 cm of the
detector which is called the timing detector. This is a multiwire
proportional chamber that gives a fast rise time pulse to be used in the
time-of-f1ight coincidence. The timing detector consists of three
parallel grids of fine wires mounted perpendicular to the beam axis,
following the design of Breskin (BR77). The two outside grids are held
at ground potential and define the extent of the gas ionization that is
important to the charge collection time. They are made of 20 um gold-
plated tungsten wires spaced 1.9 mm apart and are stretched over and
epoxied onto a copper-coated fiberglas frame. The inner grid is
supported in the same way as the outside grids but is made of 10 micron
gold plated tungsten wires separated by 1.3 mm. The central grid is

biased at +400 to +500 volts. The field in the region near the central
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wires is intense enough to start a Geiger-type avalanche. The three
grids are each separated by 3 mm so that the length of gas ionization

sampled by this detector is 6 mm.

The timing detector occupies a region filled with 1.0 torr of
isobutane. This region is separated from the vacuum of the recoil
separator by a ~40 ug/cmz, 3.8 cm diameter polypropylene window. In
addition, the timing detector region is separated from the higher

pressure in the EAE detector by a similar window.

The timing resolution obtained with this detector is much better
than that of the NaI(T1) start channel. For 5.5 MeV alpha particles from
2“Am, a resolution of 1.9 ns was obtained with a silicon surface
barrier detector stop channel. It has been shown (BR77) that for heavy

jons, with their greater ionization per unit length, the timing

resolution can be less than 1 ns.

The remaining chamber of the recoil detector produces the AE and E
signals. The recoil particles enter the detector between a ground plane
and a Frisch grid kept at +200 volts. Beyond the grid are the collector
plates which are kept at +450 to +500 volts. The interior of the chamber
is reqgulated at either 5.00 torr or 8.50 torr of isobutane depending
upon the incident energy of the 16O ions. The ions stop in the detector
gas and produce a trail of ionization. The electrons produced in the
jonization region drift through the grid and onto the collector plates.
The amount of charge collected on each plate is proportional to the

energy lost by the ion in the vicinity of the plate.

The first plate is 10.0 cm long and yields the AE signal. The
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second plate is 27.7 cm long and provides the E signal. These two
signals provide additional rejection of stray beam particles as AE and E

will in general be different for background ¢ and the ' °0 recoils.

The isobutane for this detector is constantly fed into the EAE and
timing regions, as shown in Figure 9. This constant gas flow prevents
the gas from becoming contaminated by outgassing of the various

materials used in the construction of this detector.

II-C. Beam Current Monitoring:

The gas target converts the charge state of the incident beam into an
energy dependent distribution of charge states, making electrical charge
collection an unreliable method of determining the number of beam
particles. Therefore the beam particle intensity is monitored with a
silicon surface barrier detector (SI detector) counting elastically

scattered o-particles.

The active target area is much larger than the area viewed by the
SI detector. The SI detector samples a small section of the beam near
the center of the target chamber. A slotted aperture 2.5 mm wide and
running transverse to the beam axis is located approximately 1.3 cm from
the target center. A 0.5 mm pinhole Tocated 6.3 cm from the beam axis is
located immediately in front of the detector. The 1ine defined by these

apertures is at 60° to the beam axis.

To produce a calibration for the SI detector a single cup

calorimeter, which measures the beam power independently of the ion
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charge state, was built. With the calorimeter mounted at the rear of a
deep Faraday cup and the target gas removed, the calorimeter can be
calibrated directly against the electrical beam current. Then, with gas
in the target, the SI detector can be calibrated against the calorimeter

as a function of energy.

The calorimeter itself, shown in Figure 10, was made following the
design of Osborne (0S84). It is machined out of a single piece of
copper, and the beamstop is connected to a heat-sink by a narrow
cylinder of copper. The temperature at each end of the cylinder is
measured with AD590 temperature transducers. These have the property
that with a bias of between 5 and 30 volts they will pass a current
in pamps equal to the Kelvin temperature. The time integrated
temperature difference between the ends of the cylinder is proportional
to the product of beam energy and the total number of beam particles.
Osborne's calorimeter (0S84) was designed to measure beams up to 100
watts. The present calorimeter is designed for 1000 watts. A typical

temperature difference across the cylinder during a data run is 20° c.

II-D. Electronics:

The electronics set up for this measurement is shown in Figure
11.Eight pulse height signals are collected simultaneously whenever a
coincidence is confirmed. These data included y-ray energy from each
NaI(T1) detector, particle energy and energy loss, as well as timing
information from the time-to-amplitude converter (TAC), and the timing

detector pulse height. These data were passed to a CAMAC data
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acquisition system interfaced to an LSI-11/23 for real time 1/0 and then
data buffers were passed to the VAX 750 for on-line analysis and data

storage on disk.

Two signals were taken from each NaI(T1) crystal. The energy
signals are shaped and amplified in a Timing-Filter-Amplifier (TFA) and
then sent to one channel of an eight-channel Analog-to-Digital-Converter
(ADC). The timing signals from the anode of each detector are passed
through a discriminator and then through a fan-in to produce the (TAC)
start signal. This signal also served as the strobe for the ADC to
initiate conversion of the pulse heights into digital form. The ADC is

automatically cleared after 15 usec if no coincidence is detected.

The plastic scintillator cosmic-ray veto inhibits the ADC strobe
whenever a coincidence is observed between events in the p]astfc and
NaI(T1) detectors. This reduces the background in the singles Nal(T1)
spectra by a factor of approximately 3 in the region EY > 2.8 MeV, but
has a negligible effect on the efficiency for detection of reaction

Y‘raySo

The TAC stop pulse is provided by the timing detector. The signal
is taken from the high voltage wires through an ORTEC 142A preamplifier.
The energy "E" and timing "T" outputs are each fed into TFAs. The "T"
output is then discriminated and used as the TAC stop. The "E" output is

sent through a TFA and to the ADC so the pulse height can be obtained.

The particle energy (E) and energy-loss (AE) signals are
preampiified and fed into spectroscopy amplifiers. The bipolar output

signals are sent to the ADC for conversion.
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Whenever the TAC has been started and stopped within its
2 uysec window, it generates a logic pulse as well as an analog pulse
whose height is proportional to the time interval between the start and
the stop signals. The analog pulse is the final input to the eight-
channel ADC. The logic pulse blanks the ADC clear pulse and conversion
continues to completion. A1l eight signals arrive within the strobe
duration to be converted and tagged as one event. Typical singles rates
in the NaI(T1) detectors are 100 - 200 Hz, while singles rates in the
timing detector are 5 - 30 kHz. The rate at which data are written

event-by-event to the data acquisition computer is typically 2 - 20 Hz.

Independently, a pulse height spectrum from the SI detector is
collected, giving the number of elastically scattered alpha-particies.
Sometimes the rate in this detector is too high for our data collection
system to handle easily, so the SI detector's 3511 ADC can be prescaled
to accept only 10% or 1% of the true counts. In this way, the computer

deadtime due to the SI detector ADC was typically <l1%.

II-E. Accelerator and Ion Beams:

This experiment was carried out entirely at the NSF/CIT Pelletron
Accelerator Facility located on the Caltech campus. The Pelletron is a 3
MV tandem accelerator with both external and internal ion source

capability.

For most of the experiment, the jon source used was a General Ionex
12 16
Cs sputter source. It produced beams of C, 0, and protons. Typical

beam currents at the entrance to the accelerator were;
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12

C 60 uamps
%0 30 uamps
P 5 uamps

Low energy (0.3 - 0.8 MeV) proton beams were produced in a RF fon
source located in the accelerator terminal. These beams, used for

calibration purposes, were typically ~ 100 namp.

12C beams on target were typically 5 - 15 particle uamps. Other
calibration beams were normally used at far lower intensities because of

large reaction rates.
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II1. Data Analysis:
ITI-A. y-Ray Detection Efficiency:

The Nal crystal detection efficiency is defined as the probability that
a given y-ray of energy EY will interact in the crystal array. In an
environment completely free of background, this probability is merely
the ratio of the number of y-rays detected in the whole spectrum to the
number produced at the source. This ratio may be determined in several

ways.

The first of these is a calculation based on the method of Lazar et
al. (LA56). This requires integration of the absorption over all
possible y-ray paths through the absorbing material between the source

and the crystals and in the crystals themselves. This integral takes the

form:
Eff=]] w(o) e-uala(o’¢) (1- e—uclc(e,¢) ) sine do do (1)
cry
where,
o = angle of y-ray with respect to the beam axis.
¢ = azimuthal angle of y-ray with respect to some arbitrary x-axis.
uy = the mass attenuation coefficient for the absorbing material between
the source and the crystal.
e = the mass attenuation coefficient for y-rays in Nal.
1, = the path length in the absorber that the y-ray must pass through.
2 = the path length in the Nal crystals.

w(0) = The normalized angular distribution of the y-rays.
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In the present work the efficiency for both dipole (El) and quadrupole
(E2) radiation has been calculated. Figure 12 shows the results of this
calculation for pure isotropic, pure dipole, and pure quadrupole

radiation as a function of energy.

The efficiency can also be determined by measurements of an
isotropic y-ray distribution, such as the Ep = 340 kev, J" = 1"
resonance in the lgF(p,ay)lGO reaction, in which there is an essentially
one-to-one ratio of emitted a-particles to 6.13 MeV y-rays. For this
experiment a CaF, target is mounted at the center of the target cell.
The a-particles are detected with a silicon surface barrier (SI)
detector with precisely known geometric acceptance, while the y-rays are
detected by the NaI(T1) crystals. The ratio of the counting rates in the
two detectors is equal to the ratio of their respective efficiencies.
Since the efficiency of the SI detector can be accurately determined
from the geometry, the NaI(T1) efficiency can therefore also be

determined. The total efficiency of the NaI(T1) detector array for 6.13

MeV ys was found to be 59.0 + 3.0 % by this method.

The total efficiency can also be measured by using the Ep = 163
keV, J" = 2 resonance in 11B(p,y)lzc. In this reaction, ' C is
produced with 16.1 MeV of excitation energy and decays to the ground
state via two channels. The ground state transition occurs 5% of the
time and, the cascade through the 4.44 MeV state occurs 95% of the time
(AJ85). The cascade gives a 4.44 MeV and an 11.66 MeV y-ray which are
independently analyzed. Data is taken with all four crystals on an event

by event basis to allow offline analysis.
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The efficiency for a single crystal is obtained by using three of
the four crystals as monitor detectors and observing the coincident
signals in the fourth crystal. A narrow window is placed on, say, the
11.7 MeV y-ray in the monitor detectors, and the 4.4 MeV y-ray is
detected in the "live" detector. A background spectrum is produced by
placing the cut at slightly higher channel numbers in the monitor
spectra giving a spectrum from the "1live" detector in coincidence with
Compton tails of higher energy y-rays as, well as accidental
coincidences with cosmic-rays and room background pile up. The signal
and background spectra are subtracted, and the total efficiency is just
the number of nonzero pulse-height counts in the spectrum divided by the
number of monitor signals obtained from the trigger crystals. This
method works for both the 11.66 MeV and the 4.44 MeV y-rays as monitor
and determines the efficiency for the 4.44 MeV and 11.66 MeV y;rays
respectively. This procedure assumes that there is no angular
correlation between the two y-rays which is a good assumption to within

20% in this case.

The efficiency for pairs of crystals is obtained in a similar
manner to that for single crystals. The only difference is that now two
of the crystals have their digitized outputs summed prior to being
histogrammed and only two crystals are available for the monitor. These
spectra are produced for all possible combinations of pairs of crystals
and single crystal monitors. This is different from the sum of the
single crystal efficiencies because high energy y-rays do not
necessarily lose all of their energy in one crystal. Possible mechanisms

include Compton scattering out of one crystal and into another and pair
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production in which one of the 0.511 MeV quanta escape into another

crystal.

Three-crystal efficiency is obtained in the same way. Three
crystals are summed while the other crystal is used as monitor for each

single crystal.

The efficiency for four crystals is obtained by plotting the
efficiency per crystal determined above versus the number of crystals.
The three points fall on a line which is extrapolated to four crystals.
The total efficiency for four crystals for 4.44 MeV y-rays is

(56.6 * 1.3)% and for 11.66 MeV y-rays is (60.4 + 0.9)%.

The variation of the efficiency with y-ray energy is determined by

interpolating between the three points found above.

The y-ray efficiency discussed above is for a point source located
at the center of the target chamber while the source of y-rays for the
experiment is extended over about 6 cm. The size of the correction for
this effect is expected to be small. This effect can be calculated by
repeatedly evaluating the integral in equation (1) with different
positions for the point source evenly spaced along the z-axis and
averaging over the answers. The validity of this calculation was checked
by comparing the results with the measured relative efficiency for 9.1
MeV y-rays from 13C(p,y)NN for targets located at the front and center
of the target chamber. The correction arising from the extended target
reduces the efficiency from what it would be for a point source by 3-5%

depending upon the incident energy.
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III-B. Nal Spectrum Fraction:

For the ground state cross-section analysis only large pulse
heights (EC > 7.4 MeV) are accepted in the y-ray spectra as valid
events, thereby reducing the number of background events. It is then
necessary to know the proportion of the NaI(T1) pulse-height spectrum
included in the y-ray window. This fraction is called the Spectrum

Fraction.

Background free y-ray spectra can be obtained at 4.4 MeV and 11.7
MeV for 1, 2, and 3 crystals summed as described in the previous
section. The spectrum fraction is just the number of events with pulse
heights above EC divided by the number of events in the entire spectrum.
The spectrum fraction obtained is plotted versus the number of crystals
summed and extrapolated to zero and to four crystals. The fraction
extrapolated to zero crystals is the "Zero-Summing" spectrum fraction
and the fraction extrapolated to four crystals is called the "Four-

Crystal" spectrum fraction.

The "Four-Crystal" spectrum fraction can be independently measured
using the 19F(p,aY)lGO reaction which is a prodigious, isotropic source
of 6.1 MeV y-rays. A background-free spectrum for all four crystals
summed is generated, since the signal swamps the background except at
the lowest pulse heights. The spectrum fraction curves obtained for four
crystals at 4.4, 6.1, and 11.7 MeV, using the two methods, are identical

to less than 2% when the cutoff energy is scaled by the y-ray energy.

The "Zero-Summing" curves at 4.4 and 11.7 MeV are also identical,
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except for EC/EY very close to 1 (see Figure 13). The fact that the
"Four-Crystal" case was shown to be constant at an intermediate energy

is evidence that the "Zero-Summing" case is constant as well.

The values used in this analysis were extracted from the curve for

each energy for which data were taken and is plotted in Figure 14.

I1I-C. Efficiency of EAE Detector:

Particles can be lost in transit between the target chamber and the
detector. This type of loss arises mainly from the fact that the
electromagnetic elements in the recoil separator must be tuned to pass
only one charge state. A1l other charge states are not transported to
the detector. The charge state fractions of the recoil particles are

discussed later.

Recoil particle losses might also occur by collisions with canals,
s1its, apertures, or anti-scatter baffles. The placement and sizes of
these beamline elements were guided by the Monte Carlo calculation of
the recoil trajectories so that no loss due to beam divergence in the
target chamber is expected, except at the lowest energies where as much
as 5% of the beam could intersect the beam pipe through the large

quadrupole doublet.

There might also be losses after a true stop signal has been
received. Recall that the timing detector is in the up-beam chamber of

the EAE detector. The recoil particles can hit one of the wires in the
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timing detector and produce a signal, but be absorbed so that no E
or AE signal is produced. This effect was measured by directing a pilot
beam of 0 jons into the detector while gating the electronics on the
timing detector, thus producing a spectrum of E and AE. The ratio of
ions detected in the EAE peak to those detected in the channel
corresponding to £ = 0 and AE = 0 was thus determined. It was found that
3.8% of the beam was lost in the timing detector which is consistent
with the geometric cross-section of the wires. For these measurements,
it is important to keep the rate in the detector below about 20 kHz to

minimize effects due to summing out (pile up).

Summing out can also produce a small loss of signal in the EaE
window. The high background fate of energy degraded e beam particles
can cause summing out of the recoils from the appropriate window. This
effect was measured by directing the pilot beam of 160 ions into the
detector and taking runs at differing rates. The loss from summing out

was found to be less than 5% for rates less than 30 kHz.
III-D. Calorimeter Calibration:

The calorimeter supplies a DC current in uamps equal to the Kelvin
temperature difference between the beam-stop and the heat-sink. The
temperature difference, AT, is proportional to the heat flux (power)
passing from one end of the rod to the other. The time integrated power
is proportional to the beam energy multipiied by the number of beam

particles.

With the calorimeter mounted in a deep Faraday cup both the
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electrical current and the temperature difference can be simultaneously
integrated and the exact proportionality can be determined. The
integrated temperature difference must be scaled by the incident beam
energy just as the integrated electrical current must be scaled by the
charge state of the incident beam. Then the number of beam particles

measured in particle-ucoulombs becomes:

beam = - [ i(t) dt = £ [ aT dt, (2)

Q E

0 b

where K is a proportionality constant, Eb is the beam energy, Q0 is the
incident charge state of the calibration beam, and i(t) is the
electrical current measured by the Faraday cup. The calibration constant
was determined by using calibration beams of °C and ' °0 with energies
covering the entire energy range of this experiment. The result is:

K = 5.88 + 0.10 MeV wncoul/( K%sec).

III-E. Silicon Surface Barrier Detector Calibration:

The response of the SI detector to elastically scattered a-particles was
calibrated against the calorimeter for several target pressures. Beams
of 12C and 160 were directed through the target cell and onto the
calorimeter. The number of a-particles detected by the SI detector is
found to vary directly with the beam intensity and target pressure. The
SI detector response is calibrated at each beam energy for which
coincident data is taken. The SI detector calibration as a function of

energy for "¢ beams is shown in Figure 15. The "¢ calibration was used
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for determining the number of beam particles during the data runs.
The 16O calibration was used for determining the number of beam

particlies during the charge state fraction measurements.

III-F. Charge State Fraction:

The charge state fraction is defined as the ratio of the number of
recoil -0 jons emerging from the target in the selected charge state to
the total number of recoil 160 ions. The charge state fractions for an
incident 160 beam were measured at each energy by directing a pilot beam
of '°0 with the same momentum as the bombarding "’C beam through the gas
target. The emerging beam was then analyzed by the recoil separator so
that the selected charge state was incident on a Faraday cup immediately
before the EAE detector. The selected beam was electrically integrated
at the detector cup while the SI detector simultaneously monitored the
total 160 beam dose. The charge state fraction is then the ratio of the
number of 16O jons of the charge state selected to the total number of
beam particles. This was measured at each energy that was used for data
collection, as well as for several target pressures (Figure 16). The
variation in charge state fraction with pressure indicates that "20% of
the full target thickness is required to equilibrate the 16O charge

state distribution.

160 ions produced in the last 20% of the target do not have a
chance to fully equilibrate. It is unlikely that the initial charge

state distribution of the reaction '°0 is the same as the initial charge
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state distribution of the pilot 16O beam, so the approach to equilibrium
is different than that measured for the pilot beam. To test this effect
the charge state fraction was measured as a function of target pressure.
Target pressure was varied from 1.5 to 2.5 torr, and the 12C(a,y)lso
reaction was run at the peak of the J" = 17 resonance. The yield
per uamp-torr will change, with changing pressure, commensurate with the
change in charge state fraction for the selected charge state. The
charge state fraction of the recoils in the 57 state did not vary with
pressure within the 15% statistical errors of this measurement. The
value used for the charge state fraction in the analysis of the data are
95% of the values measured for the 160 pilot beam, with the error
estimated at 7%.

The rate of change with position in the target of the number of
reaction °0 jons in a given charge state is merely the number that are
charge-exchanged into that charge state per unit target thickness minus
the number that are charge-exchanged out of that charge state per unit
target thickness plus the number that are created in that charge state

per unit target thickness. That is:

Where °ij is the matrix of charge exchange probabilities from charge
state i to charge state j taken from Macdonald and Martin (MA71). Ni is

the number of ions in charge state i and Ri is the rate of production
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16 . . .
of 0 ions in charge state i.

From equation (3), a system of nine simultaneous differential
equations is produced and is solved using a Runge-Kutta (C065)
technique. The initial charge state of the recoil %0 ions is unknown so
the integration was done for a wide range of initial charge state
distributions, recoil energies, and target thicknesses. A comparison is
made between the calculated charge state fraction of the desired charge
state using a 3.5 ug/cm2 target and the calculated equilibrium charge
state fraction given by using a 35.0 ug/cm2 target for several recoil
particle energies. The results indicated that the charge state
distribution for the recoil particles lead to a 5% smaller fraction for
the desired charge state than the fraction measured with the 0 beam in

equilibrium.
III-G. Target Thickness:

Accurate determination of the number of target atoms/cm2 is necessary
for the measurement of the total cross section. The target thickness was
determined with a series of three measurements for this experiment. The
first of these measurements employed the 16O(a,y)ZONe, J" = 17 resonance
at Ex = 5.79 MeV. The excitation function for this resonance was
measured using the calorimeter to measure the beam intensity. The width
of the step in the excitation function is related to the target
thickness and was fitted to a Breit-Wigner resonance shape as in Gove
(GO59). The width of this resonance (ch = 13 ev) is much less than the

anticipated thickness of the target, so the full width at half maximum
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of the step in the excitation function is equal to the energy loss in

the target.

The same procedure was used to extract the target thickness from
the ' “C(a,y) 0, J™ = 2% resonance at E, = 9.847 MeV. The target is
semi-thick to this resonance (ch = 0.625 keV), so the yield does not
reach the thick target value and a fit to the Breit-Wigner shape is used
to extract the target thickness. These data were fitted with the code
FITIT (BE69). The step in the excitation function reaches 92.6% of the
thick target yield at its highest point.

The target thickness was also measured by determining the energy
loss of protons as they pass through the target gas. A 50 ug/cm2 target
of *'Al was placed in a Faraday cup down-beam from the gas target cell.
An excitation function of the strong Ep = 0.992 MeV resonance in
27A](p,Y)ZBSi was produced both with gas in the target and without gas.
The shift in the beam energy necessary to reach the half height of the
thick target yield, for gas in compared with gas out, is the energy loss
of the beam. Since we expect the energy loss of the proton beam in
passing through the gas to be only about 1 keV and the tuning of the
proton beam is difficult to reproduce at that level, the beam energy was
changed by biasing the target with a 3kV variable battery. The target
bias was measured before and after each run with a high-voltage-probe
and digital voltmeter. The y-ray yield was measured with a 3" x 3"

NaI(T1) detector placed near the target.

To convert each of these measurements of energy loss to the number

of target particles per unit area, it is necessary to know the stopping
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power of the various ions in L‘He gas. The stopping power was taken from
the global fits of Ziegler & Anderson (AZ77,Z180). Results of these
three separate measurements are:

16

"Clayy) 0 3.55

+ 0.19 ug/cm2
®0(a,v) "Ne 3.57 + 0.18 ug/cm’
A1(pay) 7S 3.64 + 0.20 ug/cm’

As the dominant error in the results above is due to the error in the
stopping power taken from Ziegler and Anderson (AZ77,2180), the
uncertainties on the above numbers are not completely independent. The
value used for the target thickness is 3.58 + 0.14 ug/cmz. This value is
consistent to within 10%, with the estimate resulting from mu]tip1ying

the target pressure by the target length.

III-H. Target Profile:

The location and distribution of the target gas is relevant to

the y-ray efficiency calculations described earlier. The target pressure
profile was measured using a silicon surface barrier detector at 90° and
detecting protons elastically scattered by the target material. The
detector was collimated to view only a very small segment of the beam
path and installed at five different places along the beam path; three
positions inside the target cell (chamber 1 Figure 2) and one each in
front and behind the target cell (chamber 2 Figure 2). As shown in

Figure 17, the target density was constant to better than 2% in the
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interior region of the target cell and fell to about 10% of that value
outside. This is consistent with the pressure measurements in those

regions.

III-I. Extraction of Yields:

The multiparameter data from this experiment can be presented in several
ways. To best analyze the data so that the number of coincident events
is most easily extracted, it is required that an event have E, aE,

and EY values within certain limits, and then a time-of-flight (TAC)
histogram is produced for these events. This has the main advantage that
background counts occur randomly in time and hence give a flat

background from which it is easy to extract yields.

The position of the peak in the TAC spectrum is clearly visible
even for the lowest cross-section points, (signal/noise > 3) and scales
inversely with the velocity of the 160 recoil, as expected. The time
dispersion due to slewing of the discriminator firing time for varying
pulse heights or non-constant response of the other electronics is found
to be negligible compared to the time dispersion from the kinematic

Doppler broadening.

Any pulse height greater than "1.3 MeV is accepted as a valid start

in the NaI(T1) crystals. Such a low cut allows the cascade radiation

+

from the J" = 2% and 4 resonances to be included in the y-ray spectrum.

The positions of the E and AE cuts were determined prior to each
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run by producing a low intensity 160 ("1 kHz) beam of the same energy as
the recoil "0 and focusing it into the EAE detector (these cuts can be
reset off-1line to check systematics). This low intensity beam, called
the "screwball" beam, was produced as follows. First the Tandem
accelerator was set to accelerate 160, jons and the analyzing magnet was
set at exactly the NMR values to be used for data collection, thus
imaging "®0 jons of the required charge state and momentum on the image
slits. Second, the switching magnet was set to select jons with the same
momentum, but with charge state +7. There are always some of these high
charge state jons present due to stripping in the residual gas in the
high vacuum 1ine between the image slits and the switching magnet. This
procedure greatly reduces the beam current entering the target chamber.
Lastly, the "screwball" beam equilibrates in the target gas, and the
selected charge state is imaged upon the recoil detector. The momentum
dispersion of this beam will be less than the dispersion of the
reaction 160 jons because of the momentum imparted to the reaction L6O
jons by the y-ray, but the central value of each is nearly the same. The
validity of this method is checked by comparing the windows obtained to
the windows extracted from high yield runs. In every case the centroid
of the beam particles differed from the centroid of the
reaction '°0 ions by less than 5% of the full width of the peak on
either the £ or AE axis. The appropriate widths were determined from the
data runs rather than the '°0 beams because of the difference in

dispersion.

During off-line analysis the data were replayed using the

predetermined E, AE, and EY cuts, and a TAC spectrum was produced. The
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number of coincidences was extracted from the TAC spectrum. Samples of

the TAC spectra are shown in Figure 18.

The Yo signal, above the cutoff energy, (EC = 7.4 MeV) is
complicated by the summing of the cascade y-rays which produce a signal
similar to that from vy, . The data must be extrapolated to 'zero summing'

to remove the contribution from the cascade transitions.

The magnitude of this extrapolation is expected to be small for
most of the data since the ground state reaction dominates, and the
detection efficiency for the cascade y-rays, above E. = 7.4 MeV, goes
as ez (where ¢ 1is the single y-ray detection efficiency) while the

detection efficiency for the single ground state y-ray goes as .

Only for the two highest energy data points does the cascade cross-
section exceed the ground state cross-section. This is due to the
influence of the strong J" = 4* resonance at Eem = 3.19 MeV which decays
almost exclusively through the cascade channels (AJ86). For these data

points the extrapolation is sizable.

In addition to the cuts on E and AE, the y-ray window was set from
7.4 to 12.0 MeV. With these cuts, a TAC spectrum was produced for
several NaI(T1) detector summing schemes. First, a signal in the y-ray
energy window is required from exactly one detector for a valid
coincidence. A separate TAC spectrum is produced with the crystal
outputs summed in pairs. The same is done for crystal outputs summed in
threes and fours for all possible combinations of 1, 2, 3, or 4
crystals. This has the effect of increasing the detector size without

affecting the single y-ray efficiency.



36
The TAC spectrum for, say, the 3-crystal case counts all of the
events in the 2-crystal case plus any incremental yield due to events

for which energy is collected in 3 detectors.

The usefulness of this method for extracting the Yo yield lies in
the fact that the efficiency for detecting the single y-ray is
proportional to the number of crystals summed, whereas the efficiency
for detecting the pair of cascade y-rays goes as the square of the

number of crystals summed. For a detailed explanation, see Appendix B.

The yield for each n-crystal case is divided by the appropriate
single crystal y-ray efficiency (normalized to 1.0 for 4 crystals
summed) and plotted versus y-ray efficiency. The result is a linear plot

in which the intercept is the Yo yield in the absence of the Yo signal.

Some of the Yo signal is lost by this method. Those Yo events for
which the y-ray Compton scatters in one crystal and deposits its
remaining energy in a different crystal are also subtracted. To account
for this effect, it is important to extrapolate the spectrum fraction

curve to zero summing in exactly the same way.
I1I-J. Reaction Energy Determination:

The cross-section and S-factor vary rapidly with energy, thus it is
important to accurately determine the effective reaction energy. The
average energy at which the 12C(a,y)lGO reactions occur is not equal to
the incident beam energy. The beam particles lose energy in the target

material, hence the reactions can happen over a range of energies. The



37
cross-section for the reaction is, in general, changing over this energy
range. Therefore the appropriate average energy is weighted directly by
the cross-section as a function of energy and inversely by the energy

loss per unit target thickness. That is,

E. - 1
_Jg dEEa(e) (§)
E = ET—T : ) (4)
fel dE o(E) (55
1

where o(E) is the cross-section, dE/dx is the energy loss per unit

target thickness, and 1 is the total energy loss in the target given by

<= o (S o (5)

where n is the number of target atoms per unit area.

The above equations determine the average reaction energy for each
run. However the calculation of the average energy requires a detailed
knowledge of the energy dependence of the cross-section. A three-level
R-matrix parameterization of the cross-section was used to determine the
energy dependence. The R-matrix parameters were those of Weisser et

al.(WE74).

In every case, the average energy determined in this way differed
from that determined by the formula E = Ei - t/2 ( where t is the energy
loss of the ion in the target) by less than 2% of t, because the target

is thin compared to the rate of change of the cross-section with energy.
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ITI-K. Transport Efficiencies:

The NaI(T1) detectors have 1imited angular sensitivity and the
recoil separator has a narfow momentum acceptance; these facts translate
into different detection probabilities for the E1 and E2 reaction
channels. The design of the recoil separator and the placement of the v-
ray detectors was determined by maximizing the detection efficiency for
the E1, ground state reaction channel. It is important to know the

transport efficiency for both the E1 and the E2 reactions.

The transport efficiency (sYt(Ez)) is defined as the probability
that, for a particular multipole, the y-ray will interact in the NaI(T1)
crystals, and the recoil ion of the desired charge state will be imaged
onto the entrance window of the recoil detector. These two effects must
be calculated together since they are coupled through the kinematics of
the 12C(a,Y)IGO reaction. In Tess rigorous terms, the transport
efficiency may be viewed as the probability of detecting the y-ray and
the recoil ion, in their respective detectors, given that one knows the

multipolarity of the transition and the charge state of the ion.

The values of eYt(Ez) were determined by a Monte Carlo calculation
using the method of Lazar (LA56) for y-ray detection efficiency and the
code TRANSPORT (BN77) for recoil jon efficiency. The full range of
initial conditions (radius and angle of dispersion), multiple scattering
of the 12C jon in the target gas before reacting, multiple scattering of
the 160 ion in the target gas after reacting, position in the target
chamber where the reaction occurred, and the output angle of the y-ray

are all chosen randomly. One thousand iterations were done for each
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energy, &-value, and recoil ion charge state, so the intrinsic random
error on this procedure is ~3%. The validity of this calculation was
checked by comparing the results of calculation and measurement of the
ratio of the yield from the Ecm = 2.68 Mev, J" = 2* resonance
in 12C(a,y)160 in coincidence to that obtained in singles mode
operation. The experimental result was 0.49 + 0.07, and the Monte Carlo

calculation resulted in 0.45 * 0.02.

Sensitivity of this system to g-value comes mainly from velocity
analysis through the Wien filter. Since the E2 y-ray distribution is not
peaked around 8 = 90° as is the El, it results in a larger velocity
dispersion than the E1 channel. The Wien filter converts this velocity
dispersion into a spatial variation at the velocity slits. Therefore, a
smaller fraction of ions from E2 reactions passes the velocity slits

than from El.

A smaller multipole dependence comes from the placement of the
NaI(T1) crystals. Due to the angular distribution of El and E2
radiation, the y-ray detectors are about 15% more sensitive to El than
to E2. The eYt(Ez) values used for each data point in this experiment
are displayed in Figure 19. The points shown are for ¢ =1 and ¢ = 2 as

well as for recoil jon charge states +3 and +5.

The angular acceptance of the recoil separator was measured by
putting a calibrated 2L”Am a-particle source 0.572 cm up-beam from the
target chamber. This is the farthest up-beam that any significant number
of recoil particles can be produced. The rate of a-particle detection

divided by the rate of decays of the source is the fraction of the unit
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sphere that is accepted by the recoil system. The result is 0.00267 Sr,
which is larger than the required acceptance to transmit all the recoils

of a given charge and momentum to the recoil detector.

The momentum acceptance of the system was measured using the
12C(a,y)leo reaction in the vicinity of the peak of the 1~ resonance at
Ecm = 2.4 MeV. The beam energy was varied without changing the recoil
separator settings, thus the number of detected events fell off as the
recoil ion's momentum changed from the momentum set for the recoil

separator. The momentum acceptance was found to be 3% FWHM.

For each energy the ideal separator settings were found by sending
a low intensity "pilot" beam of 16O ions through the system. This pilot
beam had essentially the same velocity as the reaction recoils since the

same analyzing magnet settings were used.
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IV. Results And Conclusions:
IV-A. Ground State Cross-Section:

12 16 .
The C(a,yo) 0 yield curve was converted to cross-section using

the formula:
GEZ €Yt(E2) 21
91 Eyt(El)

Y (1 +

cYéEl) - = (6)

b Scut Stim Sspf 9 b e, (ED)
where,
Y = TAC yield with all data cuts in effect.
eYt(Ez) yo/recoi1 transport efficiency for the appropriate
multipole.
N. = number of beam particles.

b

cuts - efficiency of EAE cuts.

Stim = efficiency of the timing detector.

€ = y-ray spectrum fraction with appropriate cuts.

spf
o(E2)/0o(El) = ratio of E2 to El cross-sections.
Qf = charge state fraction

t = target thickness in partic]es/cm2

The methods used to determine all of the above parameters are explained
in the previous chapter, with the exception of o(E2)/o(El). The
o(E2)/c(E1l) term merely accounts for the fact that a fraction of the
observed yield comes from E2 rather than only El. (For a derivation of

the cross section formula see appendix D).
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The ratio o(E2)/0(E1l) can be determined by measurements of the
angular distribution of the 12C(a,y)lGO reaction. The present experiment
includes no such measurements so the o(E2)/o(El) ratio was taken from
previous measurements and theoretical analysis of those measurements.
The effects of the variations in the published values of o(E2)/0(E1l) on
the cross-section (OYO(El)) is not large compared to the experimental
uncertainties as discussed below.

Three analyses (LA83,FU85,RE87) of o(E2)/c(E1l) as a function of
energy were used in the extraction of o(El). For comparison, the case
where o(E2)/0(E1l) = 0 at all energies was also done. The results of

these calculations are:

Redder et al.'s o(E2)/0(EL) +~ S(300 keV) = 46 keV-barns
Funck et al.'s o(E2)/o(EL) + S(300 keV) = 20 keV-barns
Langanke & Koonin's o(E2)/o(ELl) -~ S(300 keV) = 40 keV-barns
o(E2)/c(E1l) = O ~ S(300 keV) = 93 keV-barns.

The bulk of the analysis employed o(E2)/c(E1l) from Langanke and Koonin's
theoretical fit to the data of Dyer and Barnes (DY74). Redder et al.'s
(RE87) data are more complete than Dyer and Barnes' data and spans the
energy range of all of our data points, but there is no theoretical
analysis of this o(E2)/0(E1l) data as of this writing. Values were
extracted from Redder et al.'s (RE87) data by drawing a smooth line
through most of the data and reading the value from the graph. Funck et
al.'s analysis was included since it showed the most rapid variation of

o(E2)/o(E1l) in the stellar energy range. The o(E2)/o(E1l) ratios used for
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each data point are shown in Figure 20.

Figure 21 shows the El cross-section for the ground state capture
transition ('‘C(a,v,) "0). The data are displayed in Table 1. The
uncertainties in the data points are statistical plus a 5% random error
arising from uncertainties in beam current normalization. These are the

errors used in fitting the data and extrapolating to stellar energies.

IV-B. Cascade Cross-Section:

The cascade yield was extracted in the same way as the ground state
transition yield. Since the data were extracted from a different portion
of the same spectra as the ground state data, the ratio of the cascade
cross section to the ground state cross section is given by the simple

formula:

. (7)

YYC is the number of counts in the TAC spectrum with y-ray energy

window EY = 5.0 to 7.3 MeV minus the number of g counts expected in the
TAC spectrum for that window. There are o counts in the y-ray energy
window EY = 5.0 to 7.3 MeV due to the Compton tail of the Yo puise
height spectrum. eYt(YC) is the transport efficiency given cascade

y-rays in an isotropic distribution. A1l other parameters are as
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previously defined. A graph of this quantity is shown in Figure 22. Note
that even the most pessimistic linear extrapolation of this ratio to
stellar energy implies that the contribution from the cascade is less

than 10%.

IV-C 2% Resonance Strength:

The strength of the narrow J" = 2* resonance at By = 9.85 MeV
in IZC(a,y)IGO is one of the best known features of this reaction within
the experimental energy range. Thus, a measurement of the strength of
this resonance serves as a bench mark for the accuracy and validity of

the experimental methods and techniques.

Coincident data were taken at the peak of the resonance and the Yo
yield was extracted. This resonance is much stronger than the broad 1~
resonance in which it is embedded, therefore the y-rays have a nearly

pure E2 (quadrupole) distribution.

Using the fact that the target provided 92.6% of a thick target

yield (Figure 23), the cross-section and rY could be calculated making
)
use of the analysis of Sargood (SA82).

The result obtained was rY = 5.5+ 0.7 meV. This should be
0
compared to the published value rY = 5.7 £ 0.6 meV (AJ86).
0
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IV-D. S-Factor:

The astrophysical S-factor is defined by the equation:

o(f) = 2L g-2m (8)

where n = 2nZlZZe2/hv. This is useful since the Coulomb penetrability
contribution to the cross-section is divided out, Teaving the slowly
varying nuclear effects concentrated in the S-factor. The El S-factor
derived from these measurements is shown in Figure 24 and listed in

Table 2.

The agreement between this and previous measurements is reasonably
good, although there are important differences. Most notably, the width
of the ECm = 2.39 resonance is generally narrower than widths
established with elastic scattering data (PL87,J062,CL68). Redder et al.
(RE87) and Dyer and Barnes (DY74) used the value of r,, from elastic
scattering data in their fits to the 12C(a,y)160 data. Figure 25 shows
the comparison between the present measurement and extrapolation with

the data of Dyer and Barnes (DY74) and the data of Redder et al. (RE87).
IV-E. R-Matrix Analysis:
The E1 data were fitted using a 3-level R-matrix analysis. The R-matrix

formalism is, in principle, exact if a complete set of basis states is

used. In practice, restricting the basis to three states has been found
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to be both expedient and satisfactory for the analysis of 12C(a,Y)IGO

(WE74,RE8T7).

The R-Matrix formalism was developed following Weisser et al.

(WE74). The cross-section is

9= ' (9)

3
- % 5
umY = X’;|=1 r: AL e (10)

The symbols e and FXY represent the a- and y-widths respectively of

the three levels. The Tlevel matrix Axx' is defined by

-1 _ iy ok
(A )xx" (Ex"E) St T ha T2 F;a F;'a (11)

where E, 1is the energy eigen-value of Jevel A, and E is the cm energy in

the 1ZC + o system. The level shift matrix is

_ 1
Bt T, =B vy vy (12)
Here Yia is the reduced a-width of level i defined by
= (2P)) 13
Lo = (2P) v, > (13)

and S; and P; are the ¢ = 1 shift and penetrability functions. The
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reduced y-width is defined by

£ (B) = —8% v, (14)

where Q = 7.161 MeV is the Q-value for the 12C(a,y)160 reaction.

The value of E; can be chosen (WE74) in such a way that the

resonance term in the 3-level phase shift formula is «/2 at

E = Ey = -45 keV, the cm energy of the E, 7.12 MeV bound state. This

requires, 2
Y
A -1 1
( Z E _aE ) - Sa(Eb) + 8B
A b

1}
o

(15)

The value of the y-width of the 7.12 MeV state used is

rY = 55 meV (AJ86). The R-matrix expansion can be written as

L Yi'a -3 Tra F?Y(Eb)

r¥(7.12) = () — ) ) - . (16)
E - E

Y NO(E - E) X x T b

Equation (14) and (16) can be solved for Y1, in terms of the remaining

1
parameters and the measured value of r: (7.12).

The three states selected for the analysis are the J" = 17 states

at E, = -0.045 Mev (the 7.12 MeV bound state) and 2.39 MeV and a

fictitious state at Ecm = 13 MeV.

The Ecm = -0.045 MeV and ECm = 2.39 MeV states are the nearest
J" = 17 states to the stellar energy region, and the interference
between these states effectively determines the reaction cross-section.

The fictitious 13 MeV state is included to account for contributions
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from high lying states and to prevent all observed interference effects
from being ascribed to the sub-threshold state by default. To the extent
that this third level apprpximates the effects of all high lying J" = 1~
states, this analysis will faithfully represent the cross-section in the
stellar energy region. In the following, these states will be referred

to by the numbers 1, 2, and 3 in order of ascending energy.

This formalism requires choosing, a priori, two parameters: the
boundary parameter B and the interaction radius R. The quality of the
fit to the data and the extrapolated values are largely independent of
the exact values of R and B (WE74,LA58,0Y74). R is chosen to be 5.5 fm
which is approximately the expected sum of the radii of 12C and He. B
was chosen so that the level-shift matrix (Aij) is zero at the energy of
the #2 resonance. This requires that B equal the shift function at
E_=2.39 MeV, i.e. B = -1,52. This choice of B reduces the coupling

cm
between the parameters of the #1 and #3 resonances.

Completing the R-Matrix parameterization, three parameters must be
determined for each level. These are the resonance energy eigen-value
(Ex)’ the reduced y-width (YXY)’ and the reduced a-width (Yka)' The
resonance energy of the #1 resonance is well known (AJ86). The energy
eigen-value can be determined from the resonance energy, the boundary

value B, and Yy 35 described by Weisser et al.(WE74).

Since the level shift matrix is zero at E,, the energy eigenvalue

is equal to the resonance energy. The value £, = 2.39 MeV was used.

The eigen energy of the #3 state is not well defined. Elastic

scattering data have been fitted with a 3-level R-matrix analysis with
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values of E; ranging from 13 to 30 MeV (J062,CL68,PL87). Trial fits to
the present data were generated with E3 = 13, 20, and 30 MeV. No
significant change in x2? was observed. The value E, = 13 MeV was chosen
for this analysis following Weisser et al. (WE74) since the exact value

does not appear to be critical.

Again, following Weisser et al., the value for Yy, Was taken from
the elastic scattering data. The value was that appropriate for the

choice of E,, i.e. vy, = 1.80 MeV%.
o

The four remaining parameters, v, , v, , Yo and Yy, are obtained
from a fit to the S-factor data. Previous fits to 12C(a,y)lGO data by
Dyer & Barnes and Redder et al. have used only 3 floating parameters
after adopting Yoo = 0.774 Mev% from elastic scattering data. As noted
earlier, the width of the #2 resonance is narrower than the previous

measurements.

There are three types of parameters used in this fit: fixed,
variable (or floating), and calculated. An example of a fixed parameter
is B3 = 13 MeV. It does not change, and its value was selected a priori.
There are four variable parameters which are selected to minimize y2 of
the fit. The calculated parameters are El (found by solving equation 15)
and Y1, (found by solving equations 14 and 16) which are determined from
previous measurements and the values of the fixed and floating

parameters.
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The fixed parameters are,

Y, = 1.80 MeV
R = 5.5 fm

B = -1.521
rY(7.12) = 55 meV

Eb = -0.045 MeV
Es = 13.0 MeV
E) = 2.39 MeV.

The best fit floating parameters are,

vy, = 0.19 + 0.03 Mev*
v, =0.65% 0.02 MeV%
a
v,, = (-1.33 £ 0.03) x107" Mev’
vy, = (-107 ¢ 11) x10™" MeV*,

Finally the calculated parameters are,

E; = -0.088 MeV
Yi, = 2.21 x10™" Mev*
x2 = 2.16.

The errors on the fit parameters are as described in appendix C, method
#1, and represent the excursion from the best-fit value of a parameter
necessary to increase the total x2 by 1.0, while keeping all other

parameters at their best-fit values. The 3-Tevel R-matrix analysis fit
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the data with a reduced x = 2 16. (Figure 24)

IV-F. Extrapolation to Stellar Energies:

The R-matrix theory gives the S-factor for all energies. To find the S-

factor at 0.300 MeV, one must merely compute the R-matrix extrapolated

value at 0.300 MeV. For the method and parameters outlined above and in
+40

appendix C, the best fit extrapolation yields SE1(3OO keV) = 40 3

keV-barns. This compares to previous results:

Redder et al.  S;;(300 keV) =200 ©}.° kev-barns
Dyer and Barnes SE1(300 keV) = 140 fi:g keV-barns
Kettner et al. S, (300 kev) = 420 * 70 keV-barns

Both Redder et al. (RE87) and Dyer and Barnes (DY74) report El cross-
sections and S-factors, and the comparison to the present El
extrapolation is in excellent agreement. Kettner et al. (KE82) reports
total cross-sections, so it is less obvious that a direct comparison is
valid. Error analysis of the extrapolation was done differently for
previous results, therefore the El data of Redder et al. (RE87) and Dyer
and Barnes (DY74) was also fitted and extrapolated using the R-matrix
method described for this measurement. The results are in appendix C. A
weighted average of the SE1(300 keV) values from the present
measurement, And fits to Redder et al., and Dyer and Barnes from
appendix C gives a result 100 + 27 keV-barns. The average was computed

using the bottom error bar for (RE87) and (DY74) while using the top
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error bar for the present measurement.

Future measurements should emphasize determination of the a-width
of the E_, = 2.39 MeV, J" = 17 resonance and determination of the size
and sign of the interference between the high lying background states
and the Ecm = 2.39 MeV resonance. Both of these can be determined by
precision measurements of the El cross-section in the energy range
2.5 MeV < B, < 4.0 MeV. It is the high energy tail of the
Ecm = 2-39 MeV resonance that is most poorly known. These high energy
measurements will have the greatest impact in reducing the uncertainty

in Spq(300 kev).
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APPENDIX A

Cascade Spectrum Fraction

The NaI(T1) total efficiency is defined as the probability that
a y-ray, produced in the target area, is detected by the crystals in any
part of the spectrum. The spectrum fraction is defined as the ratio of
the number of events detected with energy above some cutoff energy (EC)
to the total number of events detected, regardless of the energy
deposited in the detector. It is clear that the product of the total
efficiency and the spectrum fraction gives the y-ray counting

efficiency.

To extend this definition to a two y-ray cascade process is

straightforward. The probability of detecting an event is clearly,
= ¢ +52—eYleY2, A-1

where £t is the total efficiency for the cascade process, and
€1 and e, are the single y-ray efficiencies for detecting the first and
second y-rays, respectively. The spectrum fraction is merely the ratio
of the number of events detected above EC to the total number of events
detected. It is important to note that each cascade event produces

two y-rays, and the simultaneous detection of both y-rays is considered

a single event.
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A single cascade event can have one of four outcomes. All or part

of both y-rays may be detected, all or part of Y and none of Y, may be
detected, all or part of Yo and none of Y may be detected, and finally
neither Y nor Yy will be detected. This last is the trivial case and no
more need be said. The cases in which exactly one y-ray is detected
contribute the single y-ray spectrum fraction, appropriate for the
energy of that y-ray, to the cascade spectrum fraction. The contribution
is weighted by the probability that the detection proceeds by that
single y-ray detection channel. For example, the portion of the spectrum
fraction contributed by detecting Y1 only is,

EY‘(l-EYZ) E

SF( =) , A-2
YZ EYI

3 + € - € €
y! vl

y!

where SF(x) is the single particle spectrum fraction as described in the

text.

When both y-rays are detected the contribution to the spectrum
fraction is weighted by the the summing efficiency € 16,2° The amount
contributed at each point is a convolution of the two single particle
spectrum fractions,

£ E

E
Y2 [isF(lox 2wz 20y BEE ;. ag

- & € dz
2 y1852 2 v2

€
vl
+ €

€
Yl

This integral is easily evaluated numerically using the form of the
single y-ray spectrum fraction as described in the text. The single y-
ray spectrum fractions for various energies were all taken to have the

same functional form when the argument is scaled by the y-ray energy.
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Then the cascade spectrum fraction is,

E E
1 X
SFCa(X) = X( EYl(l - eYz) SF(x E:l) + ng(l - EYl) SF(x Efz)

E E
1 X yl dSF(z)
+ eYleYz fodZ SF(1 - x E—; + 2z E ) ) dz ) ’ A-4
Y Y
where EX is the excitation energy of the excited state ( It is also true

that £, = EYl + EY2 and A = A EYIEYz)' Equation A-4 was
evaluated for parameters appropriate for the J" = a* resonance at
Ex = 10.36 MeV in 12C(a,Y)wO and is plotted in Figure A-1 along with
the measured spectrum fraction from the two-y-ray cascade from that
state. The agreement is satisfactory and gives confidence in the

calculation.
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APPENDIX B: Yo Yield Extraction

For any particular data point, TAC spectra were generated with cuts
on E and AE of the recoil particle and on EY. Fifteen spectra were
produced for which the only difference is the number of crystals allowed

in coincidence as described in the text.

The number of single crystal Y,-rays detected will stay constant
regardless of the number of crystals added together, but the summing
efficiency increases for larger numbers of crystals, so that the Ye
signal above the cutoff will increase. The detected yield for any

combination of crystals is given by,

E
B C
Y= €0 NyO YO( EX )+
EC B-1
(EYl + €Y2 - EYIEYZ) NYC SFCG(T) ’
where eYl and EYZ are the total y-ray detection efficiencies for the

first and second cascade y-rays respctively, NY and NY are the numbers
) o
of ground state and cascade events that occurred, and the SF(X) are the

appropriate spectrum fractions.

The cutoff energy used in the analysis was EC = 7.4 MeV. Then using
equation A-4 and noting that terms 1 and 2 in equation A-4 vanish above

about 6.9 MeV, equation B-1 becomes,
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E

C
1o Mo SFof ) e e TN B-2

= €

where the I is the integral appearing in the third term of equation A-4,

For simplicity, €1 and e o Were taken as equal to eqr the
efficiency for the ground state y-ray. This is true to within a few
percent for the energies and crystal geometry used in the present
experiment. Also, the single crystal efficiencies for each of the four
crystals were set equal to each other. It is useful at this point to

define two quantities,

E

E
A=SF(=S) e N, B-3
X ¥0

B=¢ IN . B-4

where the parameters are the single-y-ray, single-crystal values. In the
single-crystal case, there are four crystals taken one at a time, so the

total yield is four times what it would be for one crystal.

Y, =4A + 4B . B-5
There are six ways to take four crystals two at a time, so the Yo signal
is 12 times the single-crystal value, but they are triple-counted by
this method. The summing efficiency for each combination is four times
the single-crystal summing. Therefore the yield is given by the

following equation:
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*
v, = AL EME gy, g B-6

For three-crystal summing, the summing efficiency is increased by a
factor of nine, and there are four possible combinations. The direct-to-
ground signal is again triple-counted and so increased by a factor of
12.

12A + 4*9B

Y, = : = 4A + 128 . B-7

There is only one combination of four crystals so the yield is,

Y, = 4A + 168 . B-8

Note that the first term in equations B-5 through B-8 is constant, but
the second term increases linearly with the number of crystals. This
method effectively divides equation B-1 by a number proportional to the
single y-ray detection efficiency, giving a function that is linear in
the efficiency with a y-intercept equal to the Yo yield. Some examples
of the yield data and the extrapolation to zero crystal size are shown

in Figure B-1.

The error analysis for this method is not trivial since the data
are not independent. The method used was iterative. The four different
yields, as extracted, were plotted and extrapolated to zero efficiency.
This approximate intercept was subtracted from the four data points, and

the resulting incremental yields were fitted with a 1inear least-squares
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fit, with only the square-root of the incremental yield as the error.
The new intercept was close to zero and was added to the approximate

intercept to give the extrapolated yield. The error was taken as,

2 2

= %intercept * Nincremental B-3

%

where Ointercept is the uncertainty in the intercept due to the least

squares extrapolation and Nincrementa1 is the projected intercept for

counting statistics.
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Appendix C. S-Factor Extrapolated Error:

I. Parameters:

The four parameters required for the fit were selected as described
in the text using the 3-level R-matrix formalism. The errors assigned to
these parameters must in some way represent the sensitivity of the x2 to
a change in each of the parameters. Two methods of assigning errors
suggest themselves, neither of which is correct in every case. Method 1
is to hold all but one parameter constant at the best-fit value and vary
the one parameter until the total x2 of the S-factor curve produced
increases by 1.0. Method 2 is to find the value of a parameter necessary
to increase the total x2 by 1.0 while allowing the other parameters to
minimize XZ. Neither method is entirely correct since the range of
parameters generated by method 1 will tend to underestimate the “volume
of variability" in parameter space, while method 2 will tend to

overestimate this volume.

As a more concrete example, consider the case of a two parameter
fit to some data. We can then place the origin of our coordinate system
at the values of the parameters that minimize the total x2 by measuring

our parameters as differences from their best-fit values. There then

2

. 2 2
exists a closed curve of parameter values, such that Xtot = *min * 1.
This curve may look 1ike the curve in Figure C-la or C-1b. In the case
of Figure C-la, the parameters are completely independent, and both

methods agree. In Figure C-1lb the two methods disagree, and the amount
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of disagreement gives some idea of the correlation between the

parameters. The errors on the parameters determined in these two ways

are:
Parameter; Method 1 Method 2
13
Mev’2 MeV: MeV’s
B 40,03 40,18
Yig = 0.19 0,03 ~0,56
40,02 40,04
Y2q = 0.65 ~0,02 -0,05
+,000003 4.000006
Y2y~ -.000133 ~.000003 ~.000006
4+.,00010 +.,00057
Y3y -.0011 -.,00011 ~-,00071

In the case of the 3-level, R-matrix analysis, the values of the fit
parameters have no special physical significance, since the parameters
can be radically altered by selecting different values of B and R
without affecting the xzor the physics. Hence, the errors on these
parameters are merely a convenience to help determine the uncertainty in

the physically relevant SE1(3OO keV) value.

11. Extrapolation:

The predicted value of SE1(3OO keV) is determined by merely evaluating
the 3-level, R-matrix formula at ECm = 0.3 MeV. The value so obtained is
40 keV-barns. The uncertainties in such an extrapolation is more

difficult to determine.
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The errors on SE1(300 keV) are determined with a Monte Carlo
technique. A distribution of parameter values were generated for each
parameter in the fit. Then for each iteration, a value was selected at
random from each of the distributions, and the value of SE1(300 keV) and

the Xiot was determined.

There are correlations between the parameters that can prevent any
arbitrary selection of parameters from resulting in a small xz. The
resultant x2 is an indication of the validity of the SE1(300 keV) value
obtained. Thus the correlations between parameters are taken into
account by monitoring the xz of the fit to the SE1 data. In Tight of

this, the folowing histograms were generated:

1) A histogram of the number of occurrences of each S(300 keV) value.
(The bin size used was 1 keV-barn.)

2) A histogram of the frequency of occurrence of each value of
S(300 keV), where the number to increment the appropriate bin by was
Xéin/xiot' This is the "x2 weighted" histogram.

3) A histogram of the frequency of occurrence of each S(300 keV) value

2
in which the resulting Xtot Was within 1.0 of Xgin'

The three histograms generated give an estimate of the range of
variability of S(300 keV) allowed by the data. Samples of some of the

histograms are shown in Figure C-2.

The distribution of the parameter values was chosen to be gaussian
with the FWHM = the error bar as determined by method #2. For asymmetric

error bars, this requires different FWHM values above and below the
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best-fit value. The two half-gaussians were normalized to equal areas.
The selection of the parameters was random, weighted by this
distribution. One hundred thousand sets of parameters were selected, and

the results of the three histograms are:

Histogram #1 SE1(3OO keV) = 40 f:: kev-barns,
Histogram #2 SE1(3OO keV) = 40 t:g keV-barns,
Histogram #3 Sg1(300 kev) = 40 |7 kev-barns.

A1l of the methods give comparable resuits. Histogram #2 was chosen to
represent the errors allowed by the data since the only constraint is

the intuitively reasonable l/x2 weighting.

III. Other Data:

Both Redder et al. (RE87) and Dyer and Barnes (DY74) report El cross
section data. The analysis above has been applied to their data. As
noted in the text, they both used 3-level, R-matrix analysis with only 3
free parameters. The analysis described above has been carried out for
both data sets for three and four parameter fits. The motivation for
this is that this error treatment is expected to give tighter error bars
on SE1(300 keV) than the treatment reported by Dyer and Barnes or by
Redder et al., and a direct comparison between data sets is desired. The
tighter errors result from the fact that previous measurements
determined errors by Tetting the X%ot of the fit vary by the number of
degrees of freedom while the present analysis allows X%ot to vary by 1.0

only.
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Redder's E1 data resulted in:

3-parameter, SE1(300 keV) = 172 + 50 keV-b, Xi 2.96 ,

+

4-parameter, S

300 keV) = 205 + 61 keV-b, xi 2.99 ,

£1(

Where v equals the number of degrees of freedom. Dyer and Barnes El data

generated:

+27
-58

138

3-parameter, S, (300 keV) keV-b, x_ = 1.83 ,

+49
=54

147 1.92 .

4-parameter, SE1(300 keV) keV-b, xi
The reason for the poor xz to Redder et al.'s data is not clear; the
simplest explanation is that the error bars reported were underestimated
or that the model is wrong. Under the assumption of underestimated error
bars, a 10% random error was added to the stated errors, and the four
parameter fit was redone. This will tend to underemphasize the high

statistics data.
+72 2
4-parameter, SE1(300 keV) = 245 " keV-b, X, = 1.00 .

An alternate approach to treating poor x2 fits is to simply multiply the

error bar by /is . By this method the Redder data results in:

3-parameter, SE1(300 keV) = 172 + 86keV-b ,
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4-parameter, SE1(3OO keV) = 205 + 103 keV-b .

Note that only Kettner et al.'s (KE82) value of SE1+E2(300 keV)
= 420 fizz keV-barns is more than 2c away from the present measurement.
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Appendix D

Derivation of the Cross-Section Formula:

The yield of the 12C(a,Y)lGO reaction as measured in this
experiment has contributions from both the E1 and E2 components. The
goal is to extract a formula for the El component in terms of measured
or known quantities.

It is clear that for a single multipole, the cross-section is given

by:

g = . D-1
% €p eYt(El)

where o is the cross-section for the g'th multipole, ° is the product

)
of all the efficiencies and other factors that do not depend upon 3,

t Qf ) and eYt(Ez) is the y-ray/recoil particle

(ep= Ny T oecyts Stim Sspf

transport efficiency for thé ¢'th multipole.

We measure the yield Y =Y, + Y,. Another relation between

Y, and Y, is given by taking the ratio of equation D-1 with itself:

o, i Y, eYt(l) 0o
o, Y, eYt(Z) ’
or
o, ¢ .(2)
Y, =y, —t ) D-3

2 1o, €t 1
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Combining D-3 with Y =Y + Y, gives,

o, e ,(2)
Yo=Y (14— tl) - D-4
01 EYt
Then the E1 cross-section is,
Y
o (1) (14— e 0
g €
p “vt oL et 1)
so that
o, € (1)
Y (1+ 2t 5 )'1
01 EYt
% = NX » D6

b~ ®cuts ®tim Sspf Q¢ EYt(l)

just as used in section IV. (Note that the target thickness is in

partic1es/cm2, and all other terms are dimensionless so that op s an

area.)
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Tables

Table 1, E1 Cross-Section

Ecm MeV o (nbarns) §o (nbarns)
3.287 0.55 0.41
2.901 3.3 0.9
2.786 2.9 0.5
2.589 20.2 3.1
2.490 32.1 3.4
2.389 42.6 3.6
2.288 35.7 4.7
2.190 24.7 3.4
2.091 10.4 1.7
1.891 2.5 0.5
1.689 1.02 0.2
1.490 10.28 0.07

1.291 0.16 0.03



cm

3.287
2.901
2.786
2.589
2.490
2.389
2.288
2.190
2.091
1.891
1.689
1.490
1.291

71
Table 2, E1 S-Factor

S (keV-barns)

0.15
1.68
1.85
18.6
36.6
61.2
65.8
59.0
32.8
15.1
12.9
8.63
15.4

§S (keV-barns)

0.11
0.48
0.33
2.8
3.9
5.2
8.7
8.1
5.4
3.0
2.5
2.24
2.9
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Figure 1
Partial Level Diagram

Partial level diagram relevant to the 12C(a,Y)IGO reaction. The
energy range near the three upper states in 16O of J" = 4+, 2+, and T is
investigated. Note the two, barely subthreshold states at 7.119 and
6.917 MeV. These are the two states that are expected to dominate

the a-capture cross-section at stellar energies.
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Figure 1
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Figure 2

Schematic of Target System

Schematic of the Gas Handling System. Typical Helium pressures are:

Region 1 2.5 torr
Region 2 0.20 torr
Region 3 2x10”° torr
Region 4 0.02 torr
Region 5 2x10”" torr

Further details in the text.
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Figure 3

Close-up of Target Cell

Cross section of the target can and target cell. Note the low
profile and compact design. The outer can and target top are made of

stainless steel. The inner target cell is made of copper.

The tubes on the outside of the target cell are for carrying liquid
nitrogen for cooling the gas. This method of slowing the leakage of the

gas has not yet been successfully demonstrated.
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Figure 3
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Figure 4
Target and Detector Geometry

Section transverse to the beam direction, showing the geometry
through the target cell, detector assembly, and lead "castle". The
roller bearings allow each side of the cluster to be withdrawn for easy

access to the target chamber.

The cyrstal placement is not completely right-left symmetric. The
bottom left crystal is moved 4.1 cm up-beam to make room for some of the

vacuum apparatus.
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Figure 4
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Figure 5

Diagram of Photo Tube Bases

Basing Diagram for the NaI(T1) Photomultipliers. The energy signal
js picked off the sixth dynode. The emmitter-follower circuit is
necessary to drive the 50 o timing-filter-amplifier input without

loading the dynode chain.
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Figure 5
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Figure 6

Recoil Separator

Top view of the Recoil Separator showing the layout and the scale

of the apparatus.



83

Figure 6
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Figure 7

Calculated Beam Optics

Diagram of the first order Recoil Separator beam optics as
calculated using the code TRANSPORT. The upper half of the diagram is
the radial displacement from the axis in the x or horizontal direction,

the lower half is the y or vertical direction.

This type of calculation was done for a representative range of
energies and initial conditions. The Recoil Separator was designed

around these calculations. (The vertical axis is in mm)
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Figure 8
Section of Electrostatic Plates

Cross section of Wien filter electrostatic plates. The plates
extend 60 cm in the beam direction. The shape of the plates was chosen
to optimize the region of uniform field between the plates. The
calculations were performed using the code GUN (HE79). The stated
dimensions were held within 0.005 cm. Over the whole length, the surface

was parallel to within 0.005 cm.
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Figure 8
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Figure 9
Recoil Detector

Diagram of the gas ionization chamber that houses the timing
detector and the £ and AE detectors. The pressure of isobutane used is
in the range 5.0 to 8.5 torr. The pressure selected depends upon the
energy of the recoil jons. The pressure is such that the recoil jon

stops midway along the energy (E) detector plate.
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Figure 10
Beam Power Calorimeter

Schematic of the beam power calorimeter and its bridge circuit. The
D.C. power is supplied by a NIM bin power supply. The variable resistor
supplies current to zero the output of the two AD590 temperature

transducers when they are at the same temperature. This assures an

accurate measurement of AT.
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Figure 10
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Figure 11

Electronics

Diagram of the electronics used for this measurement, showing the

four detector systems used. A summary of notation followes.

DISC - level discriminator

S(N) - N'th scaler, counts logic pulses

SCA OUT - single channel analyzer output

Coinc. - Majority Tlogic unit

spec amp - ORTEC model 571 spectroscopy amplifier
AD811 - ORTEC model AD811 multichannel ADC

3511 - LeCroy model 3511 ADC
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Figure 12

vy-Ray Detection Efficiency

NaI(T1) crystal total efficiency as a function of y-ray energy for
jsotropic (i), quadrupole (q), and dipole (d) +v-ray distributions. The
effects for the extended source distribution are included which has the
result of lowering the total efficiency by ~3-5%, compared to that for a

point source located at the center of the target cell.

The curve drawn is the calculated efficiency for the angular
distribution as marked. The three points indicated are the measured

efficiencies for isotropic y-rays as described in the text.
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Figure 13

Spectrum Fraction Curve

NaI(T1) spectrum fraction as a function of energy fraction. The
data shown are for 4.4 MeV, 6.13 MeV, and 11.7 MeV y-rays. This is the
spectrum fraction for zero summing as described in the text. The curve
drawn is a polynomial fit to the data which is used in the cascade

spectrum fraction calculation of appendix A.
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Figure 14

Spectrum Fractions Used

These are the values extracted from the Spectrum Fraction Curve for

use in this analysis.
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Figure 15
SI Calibration

Silicon surface barrier detector calibration data. The data were
generated by cross-calibrating the SI detector yield to the calorimeter.
The curve through the data is to guide the eye. The two features visible
are due to nuclear resonances at E.. = 2.4 MeV and 3.1 MeV. The general
upward trend at higher energies is due to the decreasing Rutherford
scattering cross-section (o « E‘Z). No feature is evident corresponding
to the J™ = 2* resonance at Ecm = 2.68 MeV as has been observed

previously (KE82).
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Figure 16

Charge States

Measured charge state fraction as a function of oxygen velocity.

These are the values used in the analysis of the present data.

The curve through the data are three parameter fits to a gaussian.

Each charge state is fit separately.
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Figure 16
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Figure 17

Target Pressure Profile

Target density profile as a function of position along the target.

The size of the error bar is represented by the size of the dot.

This demonstrates that more than 97% of the target is contained

inside the target can.
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Figure 18

TAC Spectra

Characteristic time of flight spectra for 4 energies. The varying
position of the peak is due to the recoil ions taking longer to reach
the particle detector at lower energies. The units on the verticle scale
on each plot are number of counts, the horizontal scales are arbitrary
units that are linear in time. Note the increasing noise level at Jow

energies.
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Figure 18
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Figure 19

eYt(EQ) Values

The beam transport efficiencies versus center of mass beam energy
as described in the text. These are the values determined with a Monte
Carlo calculation. The diamonds represent the El values and the squares
are the E2 values. The discontinuity in the data at about 2 MeV is due
to the fact that the selected charge state was switched. Above 2 MeV the
5* charge state was selected. Below 2 MeV the 3% charge state was

chosen. The lines were drawn to guide the eye.

The point at about 2.4 MeV was acquired at Wien filter fields
significantly weaker than those that were maintained for all other data
points and the transport efficiency is correspondingly higher. Since
this variation in the transport efficiency is not seen in the cross-
section the conclusion may be drawn that the Monte Carlo calculation

properly accounts for variations in the Wien filter fields.
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Figure 20

o(E2)/c(E1) Ratios

Values of the E2/El cross-section ratios used in the analysis. The
dashed 1ine represent the fit due to Funck et al. (FU85), the dotted
Tine is Langanke and Koonin's fit to Dyer and Barnes' (LA83) data, and

the solid Tine is extracted from the experiments of Redder et al.

(RES7).
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Figure 21
E1l Cross-Section

Cross-section (o(E1l)) for 12C(a,Yo)160 as a function of center of

mass energy.
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Figure 22

oYc/c Ratio

Yo
Cascade cross-section divided by the ground cross-section for our
data. This indicates that the cascade reaction also has some resonance

structure in the region of the 17 resonance.
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Figure 23
2t Singles Excitation Function

Excitation function for the J" = 2% state at £, = 9.845 MeV
in 12C(a,Y)LSO . The curve is the best-fit to a Breit-Wigner resonance
shape. The fit parameters are as follows:
Target Thickness = 26.3 keV,
Resonance width (lab) = 2.367 keV,

Amplitude = 3.00 detected events/ uCoul of beam.

The curve above the data is the excitation function that one
obtains if the target thickness is increased to 1 MeV (essentially

infinite thickness).

The units on the axes are detected events per uCoul of beam versus

lab energy of the 12¢ beam in Mev.
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Figure 23
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Figure 24

El S-Factor

El S-factor and extrapolation for the current experiment. The fit

parameters are described in the text.
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Figure 24
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Figure 25
El S-Factor Comparison

Comparison of the present experimental data and extrapolation to
previous E1 S-Factor data (DY74,RE87). The diamonds are the present
experiment, the squares are Redder et al., and the xs are Dyer and

Barnes' data.
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Figure A-1

4% Cascade Spectrum Fraction

Measured and calculated spectrum fraction for the J"= 4% resonance.
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Figure A-1
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Figure B-1

Yield Extrapolation

Yield for 1, 2, 3, and 4 crystals, and the extrapolation to zero
crystals. The extrapolation is unambiguous and gives the Yo yield at
all energies. Graph A shows a large slope because of the large

contribution from the cascade reaction at that energy.
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Figure B-1
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Figure C-1

Example Parameter Space

2 2
Possible types of contours for x = Xmint

1 . Part A shows a simple
case of independent parameters. That is, the manifold is locally
symmetric about the minimum point. Part B shows a case of dependent
parameters. For a fixed value of parameter 1, the value of parameter 2

that minimizes xz is not the best fit value.



127

Figure C-1
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Figure C-2

Sample Histograms

Histograms of SE1(300 keV) values calculated for different

assumptions about the errors on the parameters.

oh A shows histogram #1 as described in the text. Graph B is
histogram #2 and graph C is histogram #3. Graph D shows the distribution
of SE1(300 keV) values obtained if the errors on the parameters are
taken to be those described in Appendix C, method 1.
The upper right (histogram #2) is the result chosen to best

represent the estimated errors on the extrapolation.
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