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s
The 27Al and natural silicon’(f,u ) total cross sections have

been measured at proton energies of 35 and 45 MeV. The accuracy of

the measurements is much better than that of. previous measurements.
The (p, 3He) total cross sections have been measured with similar targets
and energies, The primary motivation for obtaining these crosé sections
comes from micro-electronic applications. When the nucleon component

of the cosmic ray flux interacts with the silicon in computer memory
chips, the resulting highly ionizing particles can cause memory errors.
These measurements along with measﬁrements from the literature show the
energy dependence of the (p,d ) cross section. This energy dependence
was convoluted with the cosmic ray flux to determine an upper limit for
. the failure rate due to cosmic ray éoﬁrces. The angular distributions

of the (p,a ) differential cross sections were also obtained.
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CHAPTER I

INTRODUCTION

Relevance to Micro-electronic Technology

The primary purpose for measuring the total reaction cross section
for alpha particle production by protons on silicon is related‘to the
effect that cosmic rays have on computer memories. As explained by
J.F. Ziegler and W.A,. Lanford1 the maximum charge density developed by
the ionization wake of alpha particles in silicon is 70,000 e per
micrometer over path lengths of about 7 im at the end of their range.
Since 1978 electronic circuit components have been made small enough
that they are sensitive.to these bursts; An impinging alpha particle
can cause the spontaneous flipping of a single binary.bit and thus cause
an error in an otherwise correctly functioning computer memory chip.
Although it is not totally relevant to the present treatise it should be
pointed out that some chips are now small enough to become seﬁsiﬁ:ive
to proton and muon ionizétion wakes.

Ziegler and Lanford point out that these error-causing alpha
particles can come from two sources. They can be produced by nearby
trace uranium énd thorium concentrations or they can be produced by the
nucleon component of cosmic rays. Because of their relative concentrations
cosmic ray neutrons are more important than protons at sea level and cosmic
ray proctons increase in significance with elevation. Clearly in order to

~estimate the magnitude of the effect of cosmic rays on computer memories
a knowledge of the Si (p,0) and Si (h,a } total feaction cross sections

is essential.
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Figures 1-1 and 1-2 fram reference 1 show ayerage cosmic ray fluxes
of the various particles for 450N.latitude at sea level and at 3 and 10 km -
elevations. Our measurements at 35 and 45 MeV are just to the left of
the broad cosmic ray proton peak which is centred at about 100 MeV so

our energy range is certainly important.

Existing Measurements

Figures 1-3 and 1-4 show the existing (p,o ) total cross sections
for silicon and nearby aluminum in the relevant energy range. HMeasurements

27

of the “"Al and Si (p,a ) total cross sections have been made between 16

and -45 MeV by Walton et alzg.AThe'27

Al (p,0 ) cross sections have also
been measured at 23 MeV by Fuﬁgerand Cohen,3 at 62 MeV by Bertrand and
’Peeleé and at 90 MeV by Wu, Chang and Hclmgxfn;? Measurements at 165 MeV
have been planned at the Indiana University CyclotronAFacility6 while
measurements of the 27A1 (ps® ) cross sections have been made at an
intermediate energy of 0.6 GeV by Alard et al7 and 2.1 and 4.9 GeV by
Westfall et al°8 The Al (p,® ) cross section at 62 MeV had a cutoff
energy of 2.9 MeV so the total cross section will be slightly higher than
shown.

Ziegler and Lanford6 point out that the Walton et al2 measurements
show a large variation with energy and a large variation betweeﬁ silicon
and aluminum. New measurements at 35 and 45 MeV are thus needed from the
point of view of fundamental nuclear physics to resolve this low energy
anomaly. These new measurements along with the existing.high energy
measurements will give the energy-dependence of the Si (p,o ) total cross
section. By inference the (n,0 ) total cross sections can be obtained
and thus an upper limit to the highly ionizing alpha particles (due té

cosmic rays penetrating micro-electronic silicon chips) will be known.

These data will be useful in future micro-electronic research and design.



Fig. 1-1 Cosmic Ray Flux At Sea Levelf

Taken from Reference (1) f
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Flux of cosmic-ray particles at sea lev-
€}, The curves are average values and large
-fluctuations exist that are attributed to mag-
-petic latitude, time of day, season, solar cy-
cle, angle of incidence, and so on. Geomag-
‘netic (GM) latitude 45°N was chosen because
of the availability of extensive experimental
data. The muon flux is for p~ particles; the . sl
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Fig. 1-2 Cosmic Ray Flux At 3 And 10 km Altitude

Taken from Reference (1) A P
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‘ Experimentally determined cosmic-

ray fluxes at altitudes of 3 and 10 km at about

geomagnetic latitude 45°N..
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Astrophysical - Importance f

Walton et al2 point out that these measurements also have astro-
_ physical importance. Seventy percent of the solar cosmic rays are made
up of protons of energies generally less than 50 MeV. When these par-
ticles hit bodies without an atmosphere such as the moon, they interact
with the top few centimeters of soil and produce new elements by nuclear
reactions. These new elements have different isotopic abundances from those
produced by galactic cosmic rays because the energy of the solar cosmic
ray particles is generally smaller. Thus valuable information on thé
history and evolutionvof lunar soils may be uncovered with the help of

these cross section measurements.,




CHAPTER 11X

MEASUREMENT S

Cyclotron Facilities

Figure 2-1 is a diagram of the experimental area at the University
éf Manitoba Cyclotron. The beam lines which go to experimental room B
are not shown for clarity. The experiments were done in the 71 cm.
diameter scattering chamber in experimental room A on the 45 degree
right beam line. The incident energy of the beam was known to ;250 ﬁeV,
while the beam energy spread was estimatea to be 200 keV  FWHM. Beam
intensity on target was about 10 mA except when measuring very forward
angles where it was decreased (to 1nA at 150) in order to prevent
damaging the detectors.

After two set-up experiments fihal data Wé&§taken of the 27Al and
natural Si (p,o ) total cross sections, at 35 and 45 MeV, in two rums
each using about five days of beam time. |

Downstream of the scattering chamber a Faraday cup sent a signal
of the total amount of charge collected to a Brookhaven Instruments
Corporation current integrator and digitizer which provided an output
for:a scaler. .The relationship of one count equals 2 x lO-—1 n coul.
was used to calculate the total number of incident pfotons for each run.
The charge integrator had an accuracy of 0.1% for its digitized output.
The proton beam generally had a "halo" of an undetermined dimension.
Past experience has shown that the halo, which may not entirely be
collected in the Faréday cup represents <1% of the total proton cross

section. An overall uncertainty of.1%7was therefore assigned to the charge

integration.
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9
The beam line and chamber were kept at a vacuum of less than 2xlO'-5

torr. during all data taking runs.

The Scattering Chamber

A diagram of the 71 cm scattering chamber is shown in Figufe 2-2,

The target position is in the exact centre of the chamber. The detectors
were kept in plastic holders in brass cubicles in érder to shield them
from stray currents and electric fields and thus keep the noise levels
low. These cubicles were mounted one on each of the two moveable tables
which rotate around the,Chamber.centre. Digitized angular controls for
these tables were located in the control room so that detector positions
could be checked duging a run or changed remotely at any timé.

Two Nal monitors were located at 37.5 degrees left and right with
respect to the zero degree axis of the chamber. These were set ﬁp to
count elastically scattered protons. Thus if the beam drifted to one
side during a run then this would be detected by one monitor céuﬁtiﬁg
significantly higher than the other. The ratios of elastically écattered
protons in thesé monitof detectors were kept to 1.00 + 0.02. f

Measurements were taken in five degree steps from 15 to 50 éegrees,
in ten degree steps from 60 to 150 degrees and at 165 degrees. The
forward and backward angle measurements were taken with the left and
right detectors at identical angles and with the target perpendicular to
the beam. For the medium angie measurements (60 to 120 degrees) the
target ladder was rotated 45 degrees and the left and right detéctors
were placed directly opposite each other. TFor instance if the left
detector was at 70 dégrees then the right would be.set to 110 degrees.

Height notches and an angle indicator were located on the target  ladder

enabling target position and angle to be set to within * 0.5 percent.
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The Targets

The aluminum target consisted of a foil which was 2.28 T 0005 mg/cm2
(or 8.46 ﬁﬁ) thick. A thin silicon target was more difficult to obtain
so a decision to use a radiation damaged surface barrier detector was
made. The one chosen was 100 mm2 in énea. and 9.32 £ 0.02 mg/cm2
(or 40 p@) thick. Whereas the aluminum foil was composed of essentially
100 percent 27Al, the silicon.target was composed of natural silicon
which contains 92.21 percent 28Si, 4.70 percent 295i and 3.09 pércent 3081.
The silicon used for most electronic applications has these same proportions.
In addition thé silicon target had two thin electrical contacts on its
surfaces, the front one being gold and the back one being aluminum. Each
was 10 ﬁg/cm2 thick as specified by the manufacturer. A calculation
showed that this was thin enough.that'relative to thevéxperimental errors
in this experiment the electrical contacts could be totally neglected.

Because of the unusual dimensions of the silicon target a special
target ladder had to be designed and built. Careful measurements were
taken to ensure that the surface of the detector would be in the exact
centre of the scattering chamber so that all angular measurements would

be correct. The target ladder had three-positions so one could change

from silicon tq aluminum to the fluorescent screen without venting the
chamber. The screen was used to centre and focus the beam to a size which
was kept smaller than a 3 mm diameter circle.
Because the silicon target was a fairly small detector a dummy
target with the same outside dimensions but with the silicon wafef removed
was made. Measurements were then taken with this dummy target to ensure
that the background from scatteiing from the edges was negligible.
Initially it was not known what the silicon and aluminum spéctra
would look like so a CH2 target was used for set-up purposes to produce

spectra which were seen to be satisfactory in shape and resolution.
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The Collimators

The collimators were made from tantalum because of its high proton
stopping power; Thus the collimators c&uld be made relatively thin to
reduce the problem of particles scattering off the inside of the slits
into the detectors. For the 35 MeV run collimators 2.315 £ 0.01 mm
thick were used and for the 45 MeV, run 2.795 pa 0.01 mm collimators were
used. vThesé thicknesses ensured that the highest energy elastically
scattered protons in each case would be stopped. The collimatofs were
mounted onto the brass cubicles.

Each slit was approximately eleven mm high by five and a half mm
wide, Careful meaSurements of the apertures of the collimators were
made. A travelling microscope was used to measure the slit width in at
least four places, the slit height in at least three places and the radius
of the slit corners for each collimator. These resulted in an area of
59.5 £ g.1 mm2 for the left slit at 45 MeV .and areas of 59.3 t 0.1 mm2
for ‘the otheré,

The collimators were placed at 30.8 T Oql cm from the targetvcentre
during the 45 MeV run and at 27.6 To0.1cem during the 35 MeV'ru#. The
solid-anglé the collimators define is then given by the area of ﬁhe slit
divided by the square of the distance from the target. This equélsﬂ7.77 X
10—4"Steradian' for the 35 MeV collimators, 6.27 x 10—4 steradian for
the left collimator at 45 MeV and 6.25 x 10—4 steradian for the right
collimator at 45 MeV. The errors in the solid angles are one pgrcent.

The Detectors

The detectors used were Ortec surface barrier detectors. The delta
E detectors were SO‘ﬁm thick and 150 mm2 in area and had a resolution of
approximately 30 keV. The E detectors were 1 mm thick and 200 mm2 in area

and had similar resolutions. The delta E detector would stop any alpha
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particle with energy less than 8 MeV. and the delta E and E detectors
together could stop any alpha particle with less than 50 MeV. The
leakage currents were routinely checked when the detectors were biased
to ensure that they were operating correctly.

Electronics

A diagram of the electronics used is shown in Figure 2-3. All of
the modules used were manufactured by Ortec.  Figure 2-4 shows the pulse
shapes and how the timing was set up at crucial locations,

For both left and right sides the delta E and E detector signals were

sent through pre-amplifiers to spectroscopy amplifiers, The amplifiers'
shaping times were set at 0.5 s, The bipolar pulses from the
spectroscopy amplifiers triggered the timing single channel analysers
if above a set threshold. The resulting signals were sent to the
coincidence unit. If the delta E and E signals arrived in coincidence
then a signal was sent to the -gating inputs of each linear gate to
admit the unipolar pulses from delta E and E spectroscopy amplifiers.

A signal from the coincidence unit was also used to trigger a scaler
and to produce the strobe signal for the computer. The signal from the
93 2 output of the delta E linear gate was sent directly through a delay
amplifier to the ADC to give the delta E signal. The 1 § output from
the two linear gates were then added together in a dual sum and invert
amplifier and then fed through another dual sum and invert amplifier

to make the pulses positive again. This produced the E total signal
which was sent to the ADC. The timing and pulse duration times were
adjusted so that the delta E and E total signals arrived at the ADC in
coincidence and were 1 ﬁs long. The strbbe pulse was adjusted to

arrive 0.5 ps“;; before the end of the delta E and E total signals.
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PULSE SHAPE AND TIMING DIAGRAM

| - Bipolar Pulse from
. | Amplifier OQutput

~T.S.C. A, Pulse

Unipolar Pulse from
Amplifier Output

Coincidence Pulse

Dual Sum and Invert
J_—L_ Output or Delay

Amplifier OQutpuf

y Strobe Output
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Because the delta E and E signals were summed electronically to
produce the E total signal the gain matching was very crucial. Figure
2-5 shows the electronics used to do the gain matching. The size of
the pulses at various locations is also indicated. Initial set~up was
done-by passing a signal from a research pulser tﬁrough the testvinputs
of the preamplifiers. in order to provide better resolution for the delta
E - E total plots produced by the computer the delta E signal wés amplified
four times and then decreased by two 2X alternators just before being
summed with the E signal in the first dual sum and invert unit.

Final gain matching was done by taking qut the coincidence
requifements and biasing the detectors. Then a pulser signal of 230 mV
was sent through an Ortec charge terminator to each preamplifier and
the -spectroscopy amplifiers were adjusted in turn until the output
pulses at the dual sum and invert were e%actly 172 volts. Then beam
. was sent into the aluminum target and the spectroscopy amplifier outputs
were checked on an oscilloscope for clipping. The aluminﬁm target was
used because it had the largest Q value so it produced the most energetic
alpha particles., If clipping did occur then both spectroscopy amplifier
~ gains were turned down proportionately until this problem was eliminated.

The next step was to check the two ADC's for linearity énd to make
sure that channel O corresponded to zero energy. The right signal went
to a CAMAC ADC and the left signal went to a Northern NS 625 ADC. The
pulser was sent to each detector system in turn and a graph of pulser
gain versus chaﬁnel number was made. In all cases the ADC's respomses
were linear but in some instances the zero point had to be adjusted. Figure

2-6 is an example of this,
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The thresholds on the delta E TSCA 's were carefully adjusted
so that noné of the alpha particles were eiiminated but that thé faster
protons which left very little energy in the delta E detector were
rejected, Although the on-line computer could distinguish them from
alpha particles this step greatly reduced the computer dead time. The E
detectors -TSCA ‘s threshold was set as low as possible so that none |
of the alpha particles would be unnecessarily filtered out.

The Camac ADC had a slightly higher gain than the Northern ADC so
the data measured on the right detector system had a higher géin fhan that
measured on the left. This was left to be accounted for during the
data analysis,

" The On-Line Computer

The PDP-15 computer was used to create two—dimensional dispiays
(scatter piots) which plotted delta E versus E total for both left and
right detector systems. Figure 2-7 shows a typical example. Thé different
energy loss characteristics of the particles clearly separates tﬁe
particles into narrow bands. Energy loss per unit path length i;creasés
with nucleon number and with the square of the nuclear charge. !

A set of loci was drawn around the alpha particles as shownjby the
dashed lines on Figure 2.7 Another set of loci was drawn around the 3He
particles. A computer program was used to log the data on magnetic tape
and to create energy spectra where only the events which were between the
loci were plotted. Figure 2-8 shows a spectrum from all particles.
Figure 2-9 shows only the alpha particles and Figure 2-10 shows only the
3He particles for a fypical run.

As can be seen by Figure 2-9, the low energy alpha particles are not

seen in this type of measurement. This is because the alpha particles with
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less than 8 MeV, do not make it through the delta E detector into the E
detector and thus the coincidence requirement rules them out. Because
these spectra are cut off below 8 MeV it is Hifficult to extrapolate
them to zero energy. Therefore the coincidence requirements were removed
and spectra were taken at approxiﬁately seven different angles.‘ Figure
2-11 shows how the loci were drawn for these measurements. Clearly the
resulting spectrum on Figure 2-12 now contains aipha and 3He pérticles
although all protons, deuterons and tritons have been eliminated. However
fhe 3Hé particles make up less than ten percent of the total counts at
high energy and a correspondingly low fraction at low‘eﬁergy, Tﬁus these
data show the shape of the low energy alpha spectrum. These measurements
give information on the alpha particle spectrum between 3 and 8 MeV and

thus make it easier to extrapolate the cross sections to zero energy.
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CHAPTER IITL

DATA ANALYSIS

Dead Layer Corrections

Two factors caused distortions in the low energy region of the
spectra.

After the loci were drawn with the detectors set at medium angles
it was noticed that when the detectors were moved to forward angles
some of the triton events were allowed into the 1bw energy portion of the
helium data. This appears as the peak located at about channel 50 in
Figure 3-1 which is a typical example.

Figure 3-1 also shows a drop in the number of counts at chaﬁnel
160 and a slight excess on either side. This distortion was cauéed by
dead 1ayefs between the detectors and by the E timing single chqnnel
analyser's threshold. Even though the E threshold was turned do&n as
bloW'as possible some events were still rejected. |

In order to correct for these distortions a fifth degree poiynomiél
function was fitted to the data, excluding the distorted regions: A
typical fit is shown by the solid line in Figure 3-1. Although éhe
polynomial shoﬁn goes through the origin, no knowledge of the spectra
below the lowest energy measured data was used in any further analysis.

Low Energy Addition to the Spectra

The next step in the data analysis was to add thé low energy portion
of the spectra (3 to 8 MeV) onto the high energy portion of the spectra.
This could not be doﬁe directly because the low energy portioﬁ contaiﬁed
3He particles as well as alpha particles and thus had a slightly larger

number of counts than it should. Two methods were developed to correct

26
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for this. The first was to multiply the number 6f counts in eaéh channel
of the low energy data by a common correction factor (about 0.92) such
that the low energy data joined smoothly onto the high energy déta{

The second method was to assume that the percentage of 3He particles in
the low energy data was the same as that in the lowest part of the high

energy data. This percentage was then subtracted. Both these methods

- gave very similar results with differences of less than one percent in

all spectra tested. The first method was chosen and used for the data
analysis because of its easier implementation.

Thick Target Correction Formulae

As mentioned in chapter 2 the aluminum target was 2.28 t o5 mg/cm2
thick and the silicon target was 9.32 * .02 mg/cm2 thick. The thickness
of the target presented a problem because particles produced in the
target had ‘to travel through part of the target before they got fo the
detectors. In doing so, they lost energy due to ionization. Thé slowest
particles were completely stopped and thus lost from the measured spectra.
It is dimportant to correct for this energy shift and‘particle.loés in
order to get the true alpha particle spectra as would be produceé in an
infinitestimal target. For our silicon measurements at 50 degrees the
alpha particles produced on the side of the target furthest from the

detectors had to travel through 14.5 mg/cmziof silicon. This was enough

to stop a 10 MeV. alpha particle so it was imperative to make this.correction.

Two methods of correcting for thick target effects have been
described in the literature. One was an algebraic solution using the

. . 9
range-energy relation and was presented by Comiso et al. The other was

a matrix solution using the stopping power-energy relation and was presented

by Johnson et al}Q'Ifsthe methbd‘oﬁ Johnson et al,.was used for
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our 1024 channel spectra then the,matriéea would haye been hugevénd
the'computiﬁg time would have been excessively long. Comiso et ;135
method was much simpler but was valid only for cases where none .of the
particles produced in the target had ranges greater than the total
farget thickness, This method therefore was not applicable to our
experiment where many of the particles had energies considerably greater
than that which the target could stop. The following is a derivation.
of a thick target correction formula. It follows the method of -
Comiso et al. closely.

The measured yield of alpha particles is given by

Y =nN AgQp do
an

where 40 1is the differential cross section in cm
-4

A is the solid angle in steradians. The assumption is made that
the beam spot size and target thickness are small compared with the

distance between the target and the detectors so that any variations in
-angle caused by the location of the alpha particle produétion are
negligible,

0 is the total number of incident particles.

. : . . 2
N is the total number of target nuclei in number of atoms/cm”.

N = tpA
u
where:
t = target thickness in cm
p = target density in g/cm3
A = Avogadros number in number of atoms/mole

u = atomic weight in g/mole
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Now Y is properly a function of both angle and energy, or

v(6,E) = nNAQAE do ,
dNaE
dv(6,E} _
aE N ”AQdeE

[¢) . . Y.
But properl é—- refers to a threefold differential cross section
PTOPSLY aqae

(in cmz/MeV-steradian) for an iInfinitesimal target. Thus assuming

oes not change over the target thickness with incident energy:

o d
d_ day(8,r) _ nu,, do
dx = dE L™ aQdE

x is the distance the particle travels through the target and
0 £ x £ L where L = target thickness in cm/cosf and is the

effective thickness for outgoing alphas.

Now iet Em and Rm be the measured energy and range respectively
and Ep and Rp be the energy and range that the'particle was
produced with.,

d_ 4y (6,Ep)_ nN o 4o
ax dEp L dRaep

do
let P{E = =
e e p) AQdeEp

dYy{6,Ep)_d d4Yv(6,Em) nV

d
dx ~ agp 3= AEp =—P (Ep), since Em = function of Ep

Now integrating over the distance x one obtains:

N R
dY (6 ;Em) = < é-P(Ep)dEp dx
d{x,Ep) _ 8Ep _ 9Ep JEm
9 {x,Em) 9Em 9Rm X JdRm X
Therefore dY(6,Em)_n¥ 3Rm dEp - ) EE/L--- e
dEm T 3Emd T (EP) FRy 9x 4 Neyd
Emf---- ~- -~
dY (6, Emn ’
—~é§L~E)=V(Em) which is the measured -
Tm
vield per unit of enerqgy (MeV) .
’
Now R(Ep)= Rm + x é‘X-ﬂ Rm >R

Ep = E(Rm + x)



(3 EE) dx = 9 Ep 3 Rp dx = dEp
X

d Rm d Rp 9 Rm
V (Em) = nN 3 Rm o™ p(pp) dEp
- Em
L 9 Em
where Emax = E (Rm + L)
Differentiating one obtains:
7 2
v (Em) = gg_(d'Rm\ fgmax P (Ep) dEp
L dEmZ)

o é&z)’z

L {dEm

dRmax P (Emax)
. dEmax

- N dRm P (Em)
L dEm

Now substituting in to eliminate the integral.
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v (Em) = d%Rm dRm V (Em)
, dEm+~ [/ dEm
+ 4I§_{dRm32 (dRmax) P (Emax)
L \dEm /.~ dEmax
- o 'dRm) P (Em)
L YdEm
Rearranging: nN P (Em) = dzRQ dRm)2 V (Em) - 1 / (dRm v’ (Em)
L dEm?Z \dEm dEm

+ nN (dRm) /{dRmax} P (Emax)
L \dEm//\dEmax }.
= P (Em) is the produced yield per unit energy (MeV)

do
dE

The thick target correction formula can be written as:

a2y’ a2 v(e, E)
%% B Hﬁ' (EE?) d Y (8, E) T aEZz
' .éB)Z dE - éﬁ)
(dE - \dE
dr
+ (%) g__q)
gg) . \dE/ E = E (R+L)
dE) E = E (R+L)

We need a continuous energy spectrum.
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This equation may at first look insolyable but by starting at chamnel

1024 where SB;) "equals zero and then working back one can
dE/JE = E (R+L)

numerlcally calculate the complete spectrum of produced particles.
A

Yield

>E

Notice that if one considers targets which are thick enough that
none of the produced particles is energetic enough to pass through the

complete target then (dg) is always equal to zero and our thick
(dE) E = (R+L)

target correction formula reduces to

i) = 1L '.d2R> a® ¥ (8, B) |\
(EE) nN AdE2{ dY (e, E) - . dEZ T
) /§E>2 dE . {ég)
 \dE v aE
-9

as derived by Comiso et al.
In order to do the thick target correction one must fit the

analytical expressions to R (E) and d Y (6, E) as functions of energy.
dE

Then these analytical expressions must be differentiated to produce (QB);

‘dE
2 2
d"RY d“Y (e, E) . . .
(5575 IRz which are terms in the correction formulas.

One aspect not taken into consideration is range straggling. Comiso
et a19 tested for the effects of this and found them to be small. It is
assumed that the straggling in range between particles of close energy
will cancel in such a way that the effects in smooﬁh spectra such as the

ones under consideration would not be noticeable.
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Rarge-Enexrgy Relationships

In order to calculate the thick target correction a very accurate

range—energy relation is needed. The initial attempt to obtain this

relationship was to use the formula: R = O.295-El'73 which was given by
Goulding et al,ll This formula was presented as being reliable between
10 and ©100. MeV. Comparing the predictions with the range of

alpha particles in silicon from Marion and Young}? shows the predictions to
be poor at lower energies. Even when the two constants were adjusted
slightly to give a better fit, the calculations gave still poor repre-
sentation below ten MeV,

Thus several polynomial fits to the range—~energy data for alpha
particles in aluminum were tried. The data table used was the one
supplied by Northecliffe and Schilling.13 Comiso et al9 reported .it to bhe
the best at low energy. It covefed the needed energy range rather well.

Table 3-1 shows the best fit to the data that could be obtained.

The computer program used to obtain this fit is contained in Appéndix I.
The error is 0.59 X 10—4 as calculated by

3 aw -z @)?

error = f=1
N-D ~1
where Y(i) = the data table range for energy point number i.
Z(i) = the calculated range at energy point number i.
N = the number of data points
D = the degree of the polynomial

Other polynomial fit programs which were tried could not do as good
a job,

The co-efficients from Table 3-1 correspond to a seventh degree
polynomial. The polynomial was then differentiated to produce the needed
9R/3E and BZR/BEZ energy dependancies. These relationships with energy were

the ones used in the thick target correction.



2.4016
2.8018
3.2021
3.6023
4.0026
5.0033
6.4042
8.0052

10.0070

12.8080

16.0100

20.0130

24,0160

28.0180

32.0210

36.0230

40.0260

>

O OUTWN

o n

0.28031047D+00
0.54906892D+00

0.12366895D+00

-.19611173p-02
.71534988D-04
.19288997D-05
.29340044D-07
.18608327D-09

)

1 O

TABLE 3-1

Data Tables (13)

0.5740
0.6800
0.8020
1.1910
1.4750
1,.8600
2.2830
2.7450
3,2440
3.7790
4.3490
5.9200
8.4600

11.8350
16.7420
24.8570
35.8380
52.0110
70.7870
92.0630

115. 7520

141.7630

170.0920
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Calculated
‘Range in mg/cm

0.5857
0.6821
'0.7981
1.1825
1.4688
1.8598
2.2873
2.7505
3.2490
3.7823
4.3500
5.9169
8.4552
11.8325
16.7452
248488
35.8368
52.0098
70.7889
92.0616
115.7527
141.7828
©170.0920
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Twelve data points with energies less than 0.5 MeV are found
in tho Northeliff and Schilling data tabl'es’.;13 These points were ignored
in order to obtain a better fit for the remaining data. This was judged
to be acceptable because we had no data below 3 MeV due to triton
contamination. The spectra were extrapolated between zero and 3 MeV
as will be explained later in this chapter.

The correction term in the thick target calculations requires the
calculation of Emax where Fmax 1s the energy of a particle witﬁ a range
equal to the range of Ep plus L, the effective target thickness. 'Thus
it is also necessary to obtain a relationship for the energy in terms of
the range. The inverse function of the polynomial given iﬁ Table 3-1 would
be difficult to calculate. Therefore the prqgram in Appendix I was used
to fit the energy to the range data.13 The best fit is shown in Table 3-2
and the error is now equal to 0.79 x 10—? as calculated by the formula
given previously.

The Measured Spectra

:-Both the measured spectra and their first derivatives with respect
to enexrgy were used in the thick target correction calculations. The
- measured spectra naturally contained a certain amount of random variation
between the points due to statistical fluctuations.. To eliminate the
fluctuations smooth curves were produced by fitting polynomials to the
data points. Figure 3-2 shows a typical example. These new curves were
then used to calculate the derivative of the measured spectra by simply
comparing neighbduring points. No attempt to fit the very high enérgy
‘features was attempted because the errors in the slope would have been
large. The very high end of the measured spectrum was instead added onto
the thick target corrected spectrum. This will be illustrated later in

this chapter. This produced spectra which were distorted in the very high



Range i

n mg/cm’

0.1420
0.1660
0.1900
0.2180
0.2520
0.2880
0.3270
0.3650
0.4000
0.4330
0.4650
0.4%70
"0.5740

0.6800

0.80260
0.9590
1.,1910
1.4750
1.8600
2.2830
2.7450
3.2440
3.7790
4,3490
5.9200
8.4600
11.8350
16.7420
24.8570

>
Ut
| I | S S

i

-.67805910D-01
0.70569696D+00
0.67189260D+00
~+37791931D+00
0.92570545D-01
-,11951416D-01

TABLE 3-2°

(MeV)
Energy from

Data Tables (13)

0.0500
0.0640
0.0801
0.1001
0.1281
0.1601
0.2001
0.2402
0.2802
0.3202
0.3602
0.4003
0.5003
0.6404
0.8005
1.0007
1.2808
1.6010
2.0013
2.4016
2,8018
3.2021
3.6023
4,0026
5.0033
6.4042
8.0052
10.0070
12.8080

> > >
O 0~

U L
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Calculated
Energy (MeV)

0.0449
0.0662

. 0.0881
0.1143
0.1470
0.1827
0.2226
0.2625
0.3000
0.3361
0.3717
0.4078
0.4965
0.6221
0.7699
0.9628
1.2472
1.5850
2.0116
2.4305
2.8314
3.2128
3.5853
3.9659
5.0226
6.3992
8.0049
10.0087
12,8197

0,83186985D-03

-,29182169D-04
0.40028288D~-06
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energy region from the produced spectra.

38

Although some of the particles

were slowed down (never by more than 2 MeV) by the target, none were

stopped so the final spectra contained the right number of counts.

The final factor needed for the computer calculations is the ratio

between energy and channel number.

This conversion factor was obtained

by comparing the energy of the highest energy aluminum peak with a

relativistic two body kinematics calculation for that energy. Table 3-3

shows the 45 MeV results,

of Table 3-4.

Spectrum
Al at 35°

Al at 90°

45,0 MeV

35.0 MeV

TABLE 3-3

MEASURED GAINS AT 45 MeV

Left Right Energy

Channel Channel “(MeV)

788 802 43,52

691 ‘ 704 38.24

TABLE 3-4
CONVERSION FACTORS USED
IN THE- CALCULATIONS

Left
(MeV/Charinel)

.05529

03744

Thick Target Correction Computer Code -

This gave the channel number to MeV conversions

Left Conversion Right Conversion
Factor Factor
MeV/channel MeV/channel

.05522 05426

.05535 05433

Right
(MeV/Channel)

.05429

.03609

The computer code for the thick target correction is contained in

Appendix 2.

Pages 67 to 71 contain the main data handling program. Its

functions are:
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1) input of spectra from magnetic tape and display on a screen

2) change of the scale of a spectrum by multiplying the number of
counts in each channel by a common factor

3) typing out of number of counts versus channel number

4) fitting of a polynomial up to 10th order through whatever channels
were selected and generation of a new spectrum using the_célculated
polynomial |

5) addition of part of one spectrum onto another spectrum

6) sﬁoring and outputting of files which were greated.

The polynomial fit was important in that it could correct for the
dead layer distortions mentioned earlier by fitting a curve through the
undistorted points on each side, The actuai subroutine which does the
polynomial fitting is shown in page 73 which is in Appendix 2.

This program could also do thick target corrections by calling
the subroutine on page 72 which ié in Apﬁendix 2. The program starts
at the highest energy point and calculates the new spectrum channel by
channel by using the thick target correction formula which was presented
earlier. The coefficients for the range-energy relationships were used
to calculate many of the terms, The original measured spectrum was used
for the measured spectrum term- but for its first derivative the smooth
spectrum generated by the polynomial fit, was used.

Pages 74 and 76 of Appendix 2 show the smoothiﬁg routines which
could accurately smooth the data by using cubic splines. A fas?er but
less accurate smoothing routine is located in the main program, Several
other sméll'subroutiqes were necessary to run the program but these ére
not shown.

As mentioned earlier no attempt was made to fit the slope of the -

measured spectrum to the very high energy features. Thus the original
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high energy end of the measured spectrum was added onto the corrected
spectrum. Figures 3-3 and 3-4 illustrate how this was done for omne
spectrum. The portion of the measured spectrum above channel number 400
was added onto the thick target corrected spectrum,

Figure 3-4 also‘shows how the corrected spectrum was extrapolated
from the 3 MeV cut off energy down to zero yield at zero energy. From
phase space arguﬁerrts'ls one knows that the differential cross section

varies as the square root of the energy at low energies. This information

was wsed in selecting the shape of the extrapolated section of the

spectrum,

Test of Thick Target Correction

In order to test the accuracy of the thick target correction we took
the thick target corrected spectrum, simulated the passage of particles
threugh a térget, and then checked if the resulting spectrum was the same
as tha- measured spectryum, Apﬁendix 3 shows the subroutine used go
simulate the target. The main program is not shown because it ig very
similar to the main program in Appendix 2. The subroutine uses the same
polynomials for the energy range relationship as the thick target correction
code used.

The subroutine took the number of counts in one channel of fhe
corrected spectrum, assumed that 1/20thof that number were produced in
the centre of each of 20 target slices, and then produced a new speétrum
.by'calculéting how much energy the particles in each location lost when
travelling through the target to the detectors. Figures 3-5 to 3-7 show
in turn a measured spectrum, a thick target corrected épectrum and then
the spectrum produced by simulating a target being added to the corrected

spectrum. In general, the final spectrum agreed very closely with the
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measured spectrum in shape and size. 1In all cases, the error in the
total number of counts is less than 3 percent.

Data with no Low Energy Measurements

Several methods were attempted to utilize the data at angles where
the high energy part of the spectrum was measured but where no data were
taken with the coincidence requirements removed. No data below 8 MeV
exists for these angles. The part of the spectra below 8 MeV contains a

large percentage of the total number of counts (over 90% at backward

angles). By various methods it is possible to extrapolate the number of
counts in this low energy region of the spectrum by using the available

low energy data at nearby angles. However because these extrapolated areas
are so large the information derived from them has such a large error that
these points do not contribute to making the total croés sections.more
accurate, Thus the measurements at angleé where no low energy data were
taken were henceforth ignored. The angular dependence of the cross sections
is very smooth so extrapolating and interpolating the cross sections

over all anglés was still accurate, using only the points where low energy
data were taken.

3He Analysis

No clear knowledge of the 3He spectra exists below 7 MeV as the
spectra with the coincidence requirements removed are swamped with alpha
particles. This low energy component contains roughly fifty percent
of the yield and any éttempts to obtain it give considerable error.
Figure 2-10 shows a typical 3He spectrum. Also the 3He particle yields
are much lower so the statistical errors are larger than those for the
alpha particle yields. Still the 3He particles are also highly ionizing

. . 3 . . . . .
particles and the Si (p, He) reaction is important to the micro-electronic



applications mentioned in Chanter 1. Thus the 3He data were also
analyzed. The analysis was similar to the alpha particle analysis so

it is not presented here.
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CHAPTER IV
CROSS SECTION CALCULATIONS

Formulzae
The differential cross section per unit solid angle can be
expressed as:

= dan
Nn dx AQ

49
as
where AQ 1is the solid angle in steradians
dx 1is the target thickness in cm
n is the number of target nuclei per cm3
N is the total number of incident protons
di is the number of vparticles in the spectrum measured at
that target angle after the correction for thick target
effects,
‘The above formula was used to calculate the differentiai cross

sections for all the spectra. The results are shown in Table 4-1. The

angular distributions are shown in Figures 4-1 to:4-4,

. . . A
To get the total ( p,d) cross section one uses the relationship: 6
0., = 2y /" dg sin 6 d
tot . [o]

aq
The lines drawn through the data points in Figures 4-1 to 4-4 were
used to extrapolate and interpolate the differential cross sections. These
lines were then integrated under using the above formula to determiné the
total cross sections. The results are shown in Table 4-2,
The'3He particlé yvields were calculated by the same methodg as the
alpha particle yields and the (PJBHe) cross sections are also shown in

Table 4-2.

48
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TABLE 4-1
Differential Cross Section
Target Angle Energy (mb/steradian)
Aluminum 15.0 45.05 £ .25 40.27
35.0 ' 25,42
60.0 16.70
90.0 14,33
120.0 12,18
140.0 13.40
165.0 13.22
Silicon 15,0 45.05 £ .25 27.22
: 35.0 18.39
60.0 16.36
90.0 11.68
120.0 110.93
140.0 9.75
165.0 9.06
Aluminum 20.0 35.00 T .25 29.27
35.0 24,86
50.0 19.67
90.0 12.54
130.0 12.73
160.0 13.04
‘Silicon 20.0 35.00 £ .25 31.18
35.0 22.02
50.0 : 16.61
70.0 14.52 +{10%
90.0 12.75 *10%
110.0 10.65 £ 10%
130.0 10.46 .
140.0 12.36
165.0 14.19

Errors in cross sections range from 3 to 5 percent where not shown.
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TABLE 4-2

TOTAL REACTION CROSS SECTION

35.00 £ ,25 Mev 45.05 £, 25 Mev
Si (p o) 180 * 11 mb 172 + 10 mb
2751 (p,a) 195 + 12 mb 210 £ 13 mb
si (p, 3He) 7 * 4 mb 10 # 5 mb
2771 (p, Sie) 7+ 4 mb 10 £ 5 mb
Exrors

The errors in the differential cross section data of Table 4-1 are
composed of systematic and relative errors. The systematic efrors include:
i) target thickness uncertainties of 0.25%
ii) solid angle uncertainties of 1.0%
iii) beam integration uncertainties of 1.0%
These errors were described in Chapter IL. They affect all data
points equally. |
The relative errors include:
i) statistical fluctuations of less than 0.5%
ii) errors caused by the thick target correction of 3.07% for all but
3 points where the error is 7%.
iii) uncertainties caused by the dead time and background corrections
of less than 0,17,
The statistical fluctuation error was arrived at by taking the
square root of the total number of counts; The thick target correction

errors were calculated by testing the computer code in Chapter III.

Background and deadtimes were both small as described in Chapter II.
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These relative errors raise some points and lower others. The
measurements made with the left and right arms were averaged together so0
this eliminated some of the relative error. Furthermore, even though
the data points had a combined error of less than 6% the relative errors
were reduced in the total cross section calculation by drawing a smooth
line through the points.

The contribution to the total cross section is greatexr at medium
angles then at very forward or backward angles (Because of the sin (8)
dependence) so the error, caused by extrépolating to 0° or 180° is small.
By analyzing various fits to the angular distributions of the differential
‘cross sections, it was found that the uncertainty in fitting the line
contributed an error of 3% to the total cross sections., This 3% when
added to the systematic errors gives us a total error of 6% in the total

cross sections quoted in Table 4-2.



CHAPTER V
SIGNIFICANCE OF THE RESULTS

Comparison with Existing Data

Figure 5-1 graphs the data from the present experiment along side
data from previous measurements in our energy range. Figure 5-~2 shows
the data from the present experiment with previous data for a larger
energy range. The silicon measurements clearly show good agréement with

. 2 - ' : .
previous results at 34.5 and 44.5 Mev as revealed by Table 5-1.

TABLE 5-1

A COMPARISON OF SILICON (p, o) CROSS SECTIONS

Walton et al2 This work
Si ( p,a) 192 + 25 mwb at 34.4 MeV 180 + 11 mb at 35.0 MeV
Si (p,a) 167 + 50 mb at 44.5 MeV 172 + 10 mwb at 45.0 MeV -

We have reduced the erfors in these measurements by a signiéicant‘
amount., Looking at the previous measurements, large variations in the
aluminum cross sections existed with energy. These measurements:range
from 307 * 40 mb for the aluminum cross section at 25.3 MeV to 71 T 27 mb
for the aluminum cross section at 38.0 MeV. If the Walton et al2 measure-
ments for aluminum are ignored then the aluminum.éross sections also
appear to have a fairly smooth energy dependence so the Walton et al
measurements are the only evidence for the strong energy dependence,
Unfortunately becausé measurements were only taken at two different
energies, we have not completely resolved this matter., The silicon measure-
ménts which are the important ones for the electronic applications agree

quite well and do not show much energy wvariation.
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Further Discussion

.The present Al ( p,a) cross section measurements came out slightly
higher than the Si (p,c ) measurements. This can be rationalized by the
fact that because of binding energy differences the aluminum reaction is
energetically more favourable.

28 25

p+ 781 = o+ "TAl = 7.6990 MeV

je: p 4 2TA1 = o+ 2l Q = 1.5945 MeV
Q

‘The Si (p,a) cross section is now better known at low energies.
In addition to the contribution to fundamental nuclear physics fﬁese
measurements have relevance to the micro-electronic and geophysiéalﬂ
applications mentioned previously in Chapter I. Our measurements have
special relevance because they were taken at energies just below the
sea .level cosmic ray proton peak. The cosmic ray neutron flux ié higher
by a factof of 500 at sea level so it is even more importanf to know the
Si (n, ) total. cross section for micro-electronic applications.f

However, the nuclear force is thought to be charge independgnt so
we can consider the (n, @) cross sections to be nearly equal to ﬁhe (p;u j
cross sections. Evidence for this is shown in Figure 5-3 from réference.10
which compares the 12C (p,a) and (n, o) yields at similar angleé (200)
and energies (about 40 MeV). The resulting spectra are nearly identical
in both shape ana total yield. Evidently the coulomb effects of the
incident proton must be smali, Therefore by measuring the Si (I% o) total
cross section one can at least quote a reasonable estimate for the Si (n,a )
.total cross section.

The final step was to convolute the energy dependence of the cross

section shown on Figures 5-1. and 5-2 with the cosmic ray flux shown on

Figure 1-1 and 1-2. This was done by fitting curves to the data. The
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aluminum cross sections were used at energies where no silicon data
were available. Then the number of alpha particles produced in each
cm3 of silicon per hour is given by:

aw =>~F.~n? o
each MeV

2

where F 1is the cosmic ray flux/MeV - cm” - hr

n is the number of target nuclei/cm3, and

o is the cross section in cm2°

Iable 5~2 shows the results at sea level, At higher energies the
calculation was not done due to the lack of cross section data but the
yield would be low because the cosmic ray flux decreases rapidly with
energy. Thus at sea 1eve1vwith no shielding one can expect the neutron
and proton components of the cosmic ray flux to produce an alphaiparticle
in‘a cubic centimeter of silicon approximately every 15 hours. At an
elevation of 10 Km the yield will be at least 100 times higher. EWith

shielding such as the roof of a building, the alpha particle yield may

drop considerably,

TABLE 5-2

Alpha yield Alpha yield

" Energy Range " from neutrons from protons
Threshold to 100 MeV 0.033/cm® - hr 0.0004/cm> - hr
100 to 1000 MeV 0,019/cm> - hr 0.0010/cm - hr
1 to 10 GeV 0.005/cm> ~ hr 0.0006/cm> - hr

]

Threshold to 10 GeV 0.057/cm> - hr ‘ 0.002/cm> - hr
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Summary

The alpha particle spectra from'protons impinging on aluminum and
silicon targets were measured at 35 and 45 MeV. The silicon target
was relatively thick and absorbed many low energy alpha particles. A
numerical method for correcting for thick target effects has been
adapted from the literature and used to correct the data. The correction
‘technique introduced only a 3 percent error to the differential cross
section data poinfs. | | |

The angular dependence of the differential cross sections has been
determined. The angular distributions have been integrated to célculate
the total cross sections for Si and Al (pa ) at 35 and 45 MeV incidént
proton energies. These values are accurate to 6% which is an improvement
over the prévious data. The silicon results agree with the measurements
bvaalton et al2 at similar energies. Measurements were not taken at
enough energies to conclusively state whether or not the cross sections
for aluminum varied as strongly with energy as suggested by the Walton
et al data, From the Si (p,a) total cross section measurements the
Si (n,® ) total cross sections can be inferred.

3He spectra Qere taken during the same runs but the thickness of
the delta E detectors eliminated all 3He particles with energies less than
7 MeV. Thus these total reaction cross sections are not known as
accurately as the alpha ones are.

The measurements made here will aid in determining the energy
dependence of the Si ( p,a) total reaction cross section. AOncé this is
known, the number of‘alpha particles produced by cosmic ray nucleons
striking silicon chips can be calculated and the corresponding fallure
rates of micrOHelectronié circuit components can be deduced. In some type

of micro-electronic components, the proton and neutron fluxes can directly
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cause a failure with their ionization wakes and in these chips the
(p,a) and (n,0) reactions contribute only 10 percent of the total
cosmic ray induced fail rate. For other types of micro-electronic
components the nucleon ionization wakes are not large enough tb produce
failures. TFor these the (p,a) and (n, o) reactions form the 1afgest
computer fail rates caused by cosmic ray sources. Thus it is expected
that this work will contribute to future micro—-electronic research and

design,
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APPEIUDIX 1. - Polynonial Fit Program

This program was used to find range-energy relationships using

Northcliffe and Schilling's tables.l?

C*** *LEAST SOQUARES AALYSIS OF POLYINOMIAL, ORDER LIMITED BY
C****DIMENSIONS ONLY ‘

IMPLICIT REAL*8 (A=H,0=2)

DIMENSION X(500),Y(500),%2(500) ,UA(20),UAW(20,20),

1 VAW (20,20),A(38),B(19),XK(500),XR(500)
C****USES SUBROUTIUE KINGKO TO SOLVE U BY Il DETERMINENT
C****THE X AND Y INPUTS ARE THE DATA POINTS, LIMITED BY
C****DIMENSTION ONLY. THE Z{(I) ARE THE FITS TO THE DATaA,
C****QUTPUTS X, ¥, ANUD Z AND CONSTANTS I=MNUMBER OF DATA POINTS,
C*¥*%%N= NUMBER OF COINSTANTS I!l POLYHNOMIAL.

C**%%% CARD1l MO OF DATA SET

C**%%% CARD2 1O OF POINTS AND ORDER OF POLYNOMIAL
C*¥*%%%x CARD3 X AXIS ANID Y AXIS
READ (5,1111) 1NOSP

1111 FORMAT ( I3)
DO 2222 LI=1,M0SP
6739 READ(5,100) I,N
100 FORMAT (213)
READ (5,101) (XK(J), Y(J3), JI=1,1)
DO 500 J=1,I
XB= XK {(J)
X(J) =(XB)
500 CONTINUE
101 FORMAT (2F10.4)
: M=N-1 '
M2=2%M
DO 1 J=1,N
DO 1 K=1,N
UAW (J,K)=0.
UA(J)=0.
1 VAW (J,K)=0.
DO 5 Jg=1,I
A(L)=X({J)
INIT=1
DO 3 L=1,M
DO 2 K=INIT,M
KK=K+1,
A(KKY=A(K)*A (L)
UAW (L+1 ,K+1) =UAW (L+1,K+1) +A (KK)
3 - INIT=M
UAW(2,1)y=UAW(2,1+A (1)
UAW(1,1)=0Aw(1l,1l)+1.
DO 4 K=1,M
4 UA(RK+1)=UA(K+1)+BA (K)*Y (J)
5 UA(1)=UA(1)+Y (J)
DO 6 K=2,M
DO 6 L=2,M1

3e}

6 UAW (K+1,L-1)=UAW(K,TL)
DO 7 K=1,M
7 UAW (1 ,K+1)=UAW(2,K)

DO 8 K=1,N
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DO 8 L=1,H
8 VAW (K,L)=UAW(K, L)
CALL KINGKO (UAW,N,DENOM)
DO 9 K=1,1
DO 9 L=1,1
9 . UAW(K,L)=VAW(K,L)
DO 11 K=1,N
PO 10 L=1,N
10 UAW(L,K)=UA (L)
CALL KINGKO (UAW,MN,DENUM)
DO 12 KK=1,N
DO 12 LL=1,H

12 UAW (LL,KK)=VAW(LL,KK)
11 A (K)=DENUM/DENOM
ERROR=0,
DO 14 K=1,I
Z (K)=0.
DO 13 L=1,N
13 Z(K)=2 (K)+A (L) *X(K)** (L-1)
14 ERROR=ERROR+ (Z (K) =Y (K) ) * %2

ERROR=ERROR/FLOAT (})
WRITE (6,102) (X(K),¥Y(K),Z2(K),K=1,1)
102 FORMAT ((' *',3(Fl10.4,5X)))
VRITE (6,103) (K,A(K),K=1,N)
103 FORMAT (' A',I2,"'=',E14.8)
WRITE (6,104) ERROR
104 FORMAT (*ERROR® ,E14.8)
2222 CONTINUE
333 STOP
END

SUBROUTINE KINGKO (UAW,NPAR,DENOM}

IMPLICIT REAL*8 (A=H,0=2)
C*** *KTNGKO - SOLVES NPAR*NPAR DETERMINENT
C****UA=ELEMENTS OF DETERMINENT, CHANGE DIMENSION FOR MORE
C***#*VARIABLES. SOLUTION OF DETERMINENT = DENOM

DIMENSION UAW(20,20)
C****SMALL AlD VLARGE PREVENT OVERFLOW AND UWDERFLOW,=0, FOR NO
C****PREVENTION

SMALL=1.E=30

VLARGE=1.E+40
C****SOLVES DETERMINENT BY ZEROING ELEMENTS TO RIGHT OF MAIN
C****DIAGONAL AND MULTIPLING REMAINING DIAGONAL TERMS.
C****UAYW IS ALTERED IN THE SUBROUTINE

NPER=IIPAR-1

DO 6001 KING=1,IPER

KANG=KING+1

DO 6002 KONG=KANG,NPAR

IF (DABS (UAW (KING,KING)) .LE.SMALL) GO TO 614

AMULT=UAW (KING,KONG) /UAW (KING,KING)

IF (DABS (AMULT) .LE .SMALL.OR.DABS (AMULT) .GE.VLARGE) GO TO 614

DO 6003 KUNG=KING,NPAR
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IF (DABS (UAW(KUNG,KING)) .LE.SMALL.OR DABS (UAW (KUNG,KING)).
1 GE.VLARGE) GO TO 614 ,
6003 UAW(KUNG,KOHNG)=UAW(KUNG,KONG) ~AMULT*UAW (KUNG,KIHNG)
6002 CONTINUE
6001 CONTINUE
DENUM=1.
DO 6004 KENG=1,NPAR
6004 DENOM=DENOM*UAW (KENG,KENG)
RETURN
614  WRITE(6,100)
100  FORMAT (" OUNDERFLOW IN KINGKO, MATRIX SET =1,')
DENOM=1,
RETURN
END
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APPEIIDIX 2

-~ Data Analysis Program

This is the main data handling program which was used
thick target corrections.

COMADH TA0102494)5X(250) V(2
co

LaTA

T4 CH/ZHDWAC5/2HES

DATA é’“HTé/yCT/” “T/sFC/°dFC/
ASSIGH 9% TO ISTRT

CALL ER FSET(B;IbTFTW
NFTE=0

I58=0

DALl SETUP

IREG=1024

IH=G

WRITE{45100)

READ(3:101) COM»NUH
IF(CON.EQ.REY GO 10
IF(COH.EG.XH) GO TO
IF(COM.EG.CWY G0 TO
IF{COK.EQG.C8) 60 1D
IF{COH.EQ.SID) GO TO
IF{CON.EQ.ELI) GD TO
IFLCLHWEQWEDY GO TO

SN <

)

BTN BTN L SO Oy ' TR ) Y SO CH % T % I O T o O O

IF{COH.EQ.S8T) GO TQ 43
IF(CONM.EQFT) 6O 7O 5S¢
IF{CO8.EQ.FT) BD TO 55
IF{DOM,ER.TAY GO TO 98
IF{DOR.ER.TT) GO TO &0
IF(COA,ER.CT) 6O 70 63
IF(C gEd«FL} GO 1O 73
iFLC G0 10 9¢
WRIT

GO T

a01sCF(L0;

i3i /COML/ IE(102452) s ILCH(5)» TUCH(S) sFI{2)sFO(2)
Th RE/ZHRE,  XH1/2HKr/ 51/ ZHB1/+ 5O/2HED s EX/2HEX /s FT/2HFT/
SI/2HED/ 1 ST/2HST/ s FT/2HFT/» TT/2HTT/

(HPTSsIR{1s1)sIB¢1s2) s IRUWS HRKRS s ISURSE

Come nere to smooth the data

for num less than 1000 s

YN

cubic selipe fit is used

for num GT 1000 2 Tester numericel method is used.

IF {HUM,.GT.1000) GO TG 3
CALL SMBOTH(L1.0sNUH)
WRITE{421132) NUH

HUH=NUHE190

TF(HUHLGT. 7903 G0 TO 98
66 170 1

NUH=HUN-~599

L“J 4 K= l'.LO
TI=FLOAT{IR{HUN1))

00 4 I=NUMs1000

THEW={YI+2, 8 (FLOAT{IR{Is 100 +FLOAT{IRCI41: 1)) 3 /4,

YI=FLOAT(IR(Is1))
IB{I:1)=IFIX{YNEW)
G0 TO 78

67

to do
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RHUM=FLOAT {HUM) /100G,

O 6 I = 1+IREG

IBE(Iv D) =IFIX(RNUMAFLOAT(IE(Is1))+G.5)
GO TO 98

Come here to clear working srrays - IB(nsi)s IE{ns2}

IF(HUH LT 0. 0R.MUHLBEV3) GO TO 80
RR=HUH

TF{MUH.EQ, 0} RK=1

BO 12 1 = 1,1044

IE{IsRRK)=0
IF(NUM.NE. G ORLEKVER.2) G0 TD 98
REK=2

GO TO 14
Come here to clezr storasge arraus - IA(neddsy J = 154

IF (MU, LT, 04 OR NUM,GE,5) GO TO 80
KK=NUH :
IF (NUMLEQ.0) KK
I0 17 1 = 151024
TACTIRE =D

IF CHUMLNE, 0.0 KK ERL4) GO TO 98
KK=KK+1

GO TO 16

1

]

"Comre here to stos or stazrt disrlaw

IF (UM NE. Q) BO TO 21
MFTS=0
B0 T0 98

Come hiere to resd specified resion {rom MIRADL ineut file

NREG=HUM1
WRITE(47103)

‘REALI(3,104) FI

CALL SEEK(&sFI}

I6=1

IH=1

READN(S) NIsN2sNZ
IF(NILEQ.IREGS GO 7O 32
WRITE{4,105) H1,IREG

g0 10 99

Ki=1

00 34 I =isN2
R2=K1+N3-1

IFCILERGH2)Y R2Z=N1
REALC(S) LisL2s (IB(HMs1)y H=K1sK2)
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IF(L1HEWR1,ORWL2.NEVR2) GO TO 38
R1=RZ+1

CONTIRUE

IF(IG.EQ.WNREGY GO TO 34

IG=1IGt1

G0 10 21

WRITE(4:114) L1:L3,K1,K2

60 10 79

Come here to write MIRAD comeatible outrut file

IF{RUM.LT 1. 0R. HUN.6T.4) GO TO B0
WRITE(42106)

READ(3,104) FO

CaLL ENTER(7:F0)

IH=2

N1=IREG

N3I=70

N2=(NIHN3~1) /N3

IO 42 1 = 1«HUH

URITE(7) H1sN2sN3

Ei=i

G0 44 J = 1,082

R2=R1+h3-1

IFCHERGH2Y K2=NE

HRITE(7) K1sRZy (TALKIs 1)y RI=K1sKZ)
fi=K2+1

CONTINUE

CONTINUE

Catt CLOSE(T

G0 70 98

Come nere te store fitted arrew - IE(rs2) - in the arrav
T&(rnrJ) where J is specified by NUH

IF(NUH.LT.1,0R.NUM.GE,S) GO TO 80
g 47 1 = 15IREG
IACLNUMI=TR(I+2)

WRITE(4,107) HUN

B0 TO 98

Come nere to serecify roints for demeratin:g roleromizl Tit

IFONUMJLT.1,0RVNUHLGT.3) GO TO 80
URITE(45119)

READ(3: 1200 RL '
HRL=IFIX{{{(RL/0,001391) %40, 58479532147 70, 045924328)
- HRLP1=NRL+1

LL=t

WRITE(4,108)

B0 31 T = 1isHUN

READ(IS10?) ILCH{IY, IUTH(D)
IFT=ILCH{I}~ILCH{I

Lu=LL+IPT
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70

EX=ILCH(I -1

g 53 0 = LLsLUu
LA=LX+L

XL =FLOAT (LXINRL)
Y =FLOAT(IR{LA 1))
LL=LU+1

CONTIRUE

I8AV=L1-1
I5CH=TUCH{NUM I +NRL
G TO 98

Come here to fil rolunomizl and generate additicnsl dzts

IF(HUMJ LT 1. 0RHUM,.GT,10) GO TO 80
IF(ISAY,NE.OY GD TO 58
WRITE(4-110)

GO 7O 98

HF=KUH

CALL FOLFIT(ISAV,HFSCHISARs1)
9 57 I =HRLF1:I5CH
Z=FLDAT(I)

R=CF(HPI%Z

IF{HF.ER. 1) BO TD 57

Ki=hF

H=HP-1

DO 52 J = 1,40

Hi=Hi-1

R=(R+CF(M1) 142

INRL=I-NRL
TBCIHRL» 23 =IFIX(R+0.35)

15aY=0

GO TG 98

Lome here to irensfer arrew IB(nsl) to IB(ns2) from m = NUN to IREG

OQ 5% I = NUHsIREG
IB(I,2)=1IB(I:1}
GO TO 98

Come here to outrut datz on terminzl
FONUALLT. 0. ORVHUMLGE.2) B0 TO 30
NR=HUH

IF (NUHGEQO) RR=1
LIN=IREG/8

WRITE(4,111) KK

ki=1 :

00 62 1 = 15LIH

N2=RK1+7

WRITE(4:112) (IB{JsKK)» J=K1sK3)
Ri=K2+1

COMTINUE

IF(NUHNE,O.DR,KKLEG.2) 6O TD 98
RR=2
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GR TO 61
COME HERE TO DG THICK TARGET CORRECTION

WRITE(4,119)
READ(Z:120)RL

CALL THICR (ECyRTsNUMsRL)
GO 70 98

B0 76 I=NUM»%00

IECI1)=TR(NUH 13

GO TO 98

This is &n error conditiony thé value of HUM is illedsl

WRITE(4:113) MHUH
GO TO 98

Come here on receiving CHTRL F

IFCIHLEQ. 1) CALL CLOSE(&)

IF(IHWEG.2) CALL CLOSE(7)

60 10 98

5TOF

FORMAT( EMTER COHHAND)

FORHAT(AZ, 15 .
FORMAT(” ILLEGAL COMHAMD: TRY AGAIN)

FORRAT (Y ENTER INPUT FILEHANE}

FDRHQT\&J;Hé)

FORHAT(’ SPECIFIED REGION SIZE DISAGREES WITH THAT ON INFUT FILE'/
‘ °FECIFItD REGION IZE’yIu/’ SIZE FROH INFUT FILEI!IJ}

FORMAT (Y ERTER DUTFUT FILEMAME")

FORHAT(’ DATA SAVED IN REGIOH’,I2)

FORMAT(’ ENTER FIEHT ANL' LAET CHANMEL MOS. FOR EACH SET OF ‘s

* GEQUENTIAL PUINTS TO BE FITTED - IS/IS)

FORMAT{IS/IS)

FORRAT{” NO FOIMTS SFECIFIED FOR FITTING’)

FORMAT( ARRAY 2 12)

FORMAT(GXYBI8}

FORKATC( VALUE OF NUMs"#IGs7» IS ILLEGAL’)

FORBMAT{(’ COHMAND ABORTEDy TﬁFE AND' CALCULATED FHRAHETERQ DISAGREE S
" TAFE"»215/° CALCULATED»2

FORMAT(VENTER CONSTANTS FOR SCALE AND INTERCEFT )

FORMAT(IG: 15}

FORMAT{” ENTER THE ‘»I53s7 COEFFICIENTS

FORMAT(F10,73

P
F
n

'FD”ﬁﬁT(’ E“ ER THE TARGET THICKMESS IN HM')

t.NIi
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SURROUTIME THIOCK(GU R
COMMON TAC10245 40 5 A 20
COMMON ZCOMLS TBROLOZ24,
w0, 2031047
2 (0, Ty Oo G2

Ty UMy L
DYy Y RGO yDF (L)
2y TLOM Gy TUSH ) s FT 2D 2 FOCR

-=~—0 001‘?’ 11173

Q7 LERATBESLON00 .
"'O(» LeRRBYRA/L00000 .,

é ), 29340048 710000000,
L7~ ----- 0. 1B&ORER27 /1000000000,
"‘O C’\.)/ !.'3(“1 ‘b}.!‘

I!"wO 7OESPHYE
03=0Q,467189240
D4m-0  Z7721931
DE=0, 092570548
DH=-0,011¢51416
U7=0,831849B5/71000,
B=-0, 29L82189 710000,
09=0,4002828871000000 .,
I‘i’"l 0 T=l
J=FLOAT (“'-v‘-"'.; 3,1

J =@ 011
IFCIRCIe 2y (B0, D) 41 "l"l'"J pas
Bl dRJH02ER ‘;“H“ AN CRERE L AR (R, Zt"E--t'Z:EE?

PRt CORORIERE, Y06 \h J e Gy PR R J"a‘;\ e}

R L =R

DERI=01+2 . %O )1:&-- FRR L RCERR R A L RO (RO

‘!lﬂl NSO E ST T (I\J*"‘{’ P R A m‘f\" RJERS . 247 07 R RJEES )
SRR G2 ; ﬁ}}’l f}>‘~ ixJ lmh- DO TR RIRRZ

.T DReEDIRY 30 0 SRR . )

PR U SN H-’;‘-IL )-rl.l,:;.-sx\!\':} HA L IFDFHREKS )

y::("lh‘:}( i J,)*Jl"’ AR, )

ST R

200

¥

'H } Ixm-“o)
G PIRH CRPLARE O

jexl g?@ r'

1 S l i E:.

Eem T PN RIS G, 05439183

Tiide=

TRR=01H2  RC2NRKES - KO3 ,’3 A
DRRK=NRICFCESE e CRR S
.TF(IR(J;.’L’.} Fid.0) GO ‘H. (:))
TFLL.6T.22 l:.n] TO 48

& TL) 49

I!D &7 II=1v1

Il“‘f LOATCIRCC Ty » b= EBIC -0 e 133720

%)

odA s R AR (R
[

AL
X Jl(i‘\.[‘-f:‘un‘é:‘%fe'x‘i:/n CPINSERS .

-
Ty e

SO 2 PRDZIR CORERD

o 3 TSR AFLONT TR (K 23 3 RDRATIIRK



250
300
305
11
13
15

21

44
45

48
49
50
301

302

51

54
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SUBROUTINE POLFIT (UPTS,NTERMS,CHISOR, L)
DOUBLE PRECISION SUMX,SUMY,XTERM,YTERM, ARRAY,CHISO

DIMENSION SUMX(19),SUMY (10),ARRAY (10, 10)

COMMON IA(1024,4),X(250),Y(250),A(10)
ACCUMULATE WVEIGHTED SUMS

Kv=1
WYRITD (4,400) NPTS
PORMAT (2X,I5,' POINTS USED IN FIT')
JER=NIPTS/8 + 1
DO 250 I = 1,JBR
KW=XV+7
IF (I.EQ.JER) XW=iPTS
YRITE (4,300) (X{LV),LV=KV,KW)
URITE (4,300) (¥ (LV),LV=KV,KW)
YRITE (4,305])
VV=KW+1
CONTINUE
TORMAT (2X,8F8.1)
FORMAT {/)
LM=2*LMN
MMAX = 2*NTERMS - 1
MHAK

non 13 =1,

SUMX (11)=0.

DO 15 J=1,YTER'S
SUMY (J)=0
CHISN=0,.

DO 50 I=1,UPTS
XI=X (I}

VI=Y (I)
YEIGHT=1. / I

XTERM=VEIGHT* (XTI **LM)

DO 44 =1 ,NMAX

SUMY (11) =SUMEX (1) +XTERM
YTERM=XTERM*X
YTERM=WEIGHT*YI* (XI**1LN)

DO 48 H=1,HTERMS

SUMY (11} =SUMY (I} +YTERM
YTERM=YTERM*XI
CHISO=CHISO+WEIGHT*YI**2
CONTINUE

WRITE (4,301) LM,ITERMS
FORMAT (' FIT THCLUDDS TERMS FROM X*#*',Il,' TO X**',I1)
URITE (4,302)

FORMAT (' COEFFICIEHNYS ARE')

4

COIISTRUCT MATRICES AND CALCULATE COEFFICIEINITS

W=J+K-1

ARRAY (T, K)—QUH (1)
DELTA=DETER (ARRAY,NTERMS)
IF (DELTA) 61,57,61



57
59
6l
62

65
66

70
303

71

75
76
77

304
80

ot

[

74

CHTSOR=0.

DO 59 JT=1,NTERMS
Z\(J)ZO

GO TO 80

DO 70 L=1,WTERMS
DO 66 J=1,MTERMS
D0 65 K=1,lTERMS
H=J+K-1

ARRAY (J,K)=SUMX (M)
ARRAY (J,L}=SUMY (J)
A(L)~DE;EAM(ARRAY,NTERMS)/DELTA
WRITE (4,303) %L,A (L)
CONTINUE

FORMAT (2X,I2,F12.7)

CALCULATE CHI SOQUARE

DO 75 J=1,N7TE]I
CHISO=CHISN-2
DO 75 K=1,NTEI]
H=J+K-1
CHISO=CHISO+A {J)*A (K) *SUMX (H)
FREE=NPTS-NTERMS

CHISOR=CHISO/FRE

WRITE (4,304) CHISOR

FORMAT (' REDUCED CHISO IS',F1l2.3)
RETURI

END

A(J)*SUMY(J)
"8

SUBRGUTINE BMDOTH(FFsIL)

REAL X(200),U(2003 Y (2005 s Y2L200) s IX{200) s F (20012
COMHON/FFP/A{200) 5 quUO)aF\”OOBrB(EvO)

COMHON /COHL/ IE(1024.2

NFTE=200

B0 1 I=1:NPTS

F{Ii=Fp
W{I)=FLOAT(IR(ICHIN1D:
(1=l
W‘\'1} Y2(HFTE)=0,
LU FLATCONPTS s XsUsFeY Y2100

EJ 2 J= laNPTC

E iy, 1) TFIXCUC



1

f.

L

XA

33

SURROUTINE FLATCA{NsXsUsPa Yy Y25 XD

DIHERSION X{Z

JrUC2 e PL2Y s V(202 Y2(2) y IX(2)

COMMON/FPR/A{200) yB{200) »C(200) s I(200)

Wi=1.
WWi=0,
Hi=N~-1
N2=N-2
C¢1r=0.
n{1y=0,
RRi=Y2(1)
RRZ=Y2{N)
E{17=0,
R{MI=0,
DXinN)=1.

Hi=X{2)-X{1}

DX(1)=H1
00 1 K=2:N1

H3=X{R
DX (R)=H2

+1¥-5LR)

BORY=1, /742, #(H14H2)-HIXHIRT{R-1))

Hi=H2
CONTIRUE
00 3 R=1sH

Y2(KI=0,

T{R) =U{K}

CONTIRNUE
Y=l
Hi=1,-Y

G0 & K=1sH1

H2=IX(K)

R2={Y{R+1)-Y{(RII/H2
IF(K.EQ.1) GO T0 G

H=&. 0%(R2-R1)
IF(KEG.2) H=H-HIZE(L)
IF(R,EQ M1} H=H-H2¥E{D
CORYy=D(RIZ(H-HIXC{R-1))

H1=H2

Ri=R2
COMTINUE
BiMi)=L(NL)
IFCHLLLE.2)
L 7 J=25M2

R=N-J

GO 10 &

B(K)éC(K)—E(K)#ﬁX(K)#B(K+1)

COXTINUE
L 9 k=ZsNi

BRI =WER{R) FWIRY2(R)

LONTINUE
Ji=1

HO=0.

0o 10 K=1sH



)

Pt
Lo

ey
ad

14

J2=K+1
IF{RVEQWNY J2=NH
1= (LB (IR2)-BAR Y ) /DR - (BRI =B I3 3 /DX0UL) ) AR UKD
IF(WEQ 1) ACR)=-H
IF{UGNE 1) AR =WR(UORD) -H) FWLRY (KD
HS=HI+ARS(A(K))
Ji=K
CORTINUE
HE=1,/H3
IF(Y.HE.1,) B0 7O 13

Hi=G.

HZ2=0,
IO 11 K=1:M

H=Y(K)

Hi=H1t+A(K)%H

H2=Hz2+HkH
CONTINUE
WW2=H1/H2
IF{ARS{UW2-WW1) LT, 5. E~4¥ABS(WW2)) GO TO 12
W=z
5O TD 15

WW=2, /(1 FSART (L, -HHAY)

E{1})=RR1

B(N)=RR2

60 70 2

H2=G,

H3=d,

Ha=0,

0 14 R=1sH
H2=H2+&B5 (A0 -Y{K))
HI=H3+ABS(R(K))
14=H4TABS{BIRI-Y2 (K}

CONTIHUE

IF (H2$HSHHAHS LT O3E-4) 6D TO 17

-
ha=1.

50 16 K=1,H

Y2(K)=E{K}
TR =4 (ROFHD
COHTIHUE
G0 70 4
DG 18 K=1sN1
J2=K+1
B{K)=A{R)

ATK)=(B{J2)-B(K) 1/ (6, ¥DX (KD }
COOY=(ACIRI-BUR) ) /BXK) -IX (K) % B2V +2, B (KD ) /4.
ECK)=, SEE (K)

CONTINUE

THN) =A(N)

E(M)= S¥E(D)
RETURN

EHL

76
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APPENDIX 3 - Test Of Thick Target Correction

This subroutine was used to determine the accuracy of the thlck

target correction.

L2

AL 28 %(’}L} 3
COMMOMN Z00OMLS TROLO2Ae 23 p TLOHCEY o TUSHOE Y o F L2 o O

(N ’ Y EHBE
LO0LRALLL7E

"7 O )"5 8] './' B3AYEE
97/100000,
9’7 00 44710000000,

2 /' ALOO0OGO000 .,
2l

(), QOB

(3 O LS
), BRLEAPRE
) 2818
Y ADGRE

Zi.xs i l f'!(‘n‘(\
BE51000000.

YLEDLQY GDOTO 80
N )“k)eOG A4
ey

. x J}I' " l‘] '[-‘--.Z' ~.(f l s l\le \K‘I\ N .‘ 'j" ‘fl ’,} \l:- ( FL‘\ ]\h st "!' . }
:e)xHﬁ*\P5??ﬂ¢33LU”ch*$jq}

'-[L‘.,.-.?*},J‘ G
RO

A ORI . ) HCEHARD N4 L)

*'<‘ . 3t R IZ S YHOBH CROSET )ROSR CROMNKE . D

7O
a0

Y0
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