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I. INTRODUCTION

This thesis has two objectives. The first is to resolve discrepan-
) cies in previously measured cross sections for the 11B(p,n)nc reaction.
The second is to determine the extent to which this reaction can be
used to measure boron concentrations in solids.

The llB(p,n)llc reaction was studied using protons in the energy

wr

range from threshold (3.016 MeV) to 4.6 MeV. In this range ounly the

| ground state of llC can be produced by this reaction. The 11B(p,n)llc
reaction has a nuclear disintegration energy (Q value) of -2.763 MeV
and forms a compound nucleus of 120. A partial energy diagram1 of the
compound nucleus is shown in Figure 1. Two other decay modes of 1'ZC,
which are not studied here, are: the production of 8Be + a, with a
center of mass energy of 7.367 MeV with respect to the ground state 12C
compound nucleus, and 12C * Y.

The cross section for llB(p,n)nC reaction has been studied in
the past.z-lo Discrepancies by as much as a factor of four exist in

published total cross sections. Thin target techniques, involving the

evaporation of a thin layer of boron on a surface have been extensively

used in the past. The discrepancies in past measurements were probably
caused by uncertainties in composition or thickness of these thin
targets. We have tried to avoid the first problem by using thick tar-
gets.
11 11
The ""B(p,n) C reaction is an interesting candidate for boron

depth profiling experiments. The cross section for production of neutrons
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Fig. 1. Energy level diagram of the 12C compound nucleus.

Levels are identified by energy (MeV), spin and parity.




is relatively large, in the ten millibarn/steradian region, and varies
slowly with proton energy. Only ground state neutrons can be produced
at proton energies below 5.2 MeV. The reaction leads to reasonable
sensitivicty and resolution for profiling, as discussed in detail in
Chapter VI. From an applied physics point of view, boron profiling
could be used by the semiconductor industry, where boron is used in
making p-type materials by implanting specific concentrations of boron
at specific depths in intrinsic or n-type materials.

The first objective was accomplished by studying neutron yields
from thick 8203 and B metal targets through neutron Time-of-Flight
(TOF) techniques, after carefully determining the neutron detector
efficiency. After resolving the cross section discrepancies, the second
objective was met by profiling known amounts of boron implanted in
silicon at known depths. The feasibility of the reaction technique for

profiling was then determined by comparing the experimental resolution

and sensitivity to theoretical expectations.




I1. EXPERIMENTAL METHODS

A. Thick Target Kinematics.

Thick boron targets of about 1 mm thickness were bombarded with
a nanosecond-pulsed proton beam. The thickness of the target is
important, because the proton beam, after striking the target with
an incident energy, must be degraded in energy to below the reaction
threshold prior to exiting the target.

The main advantage of the thick target technique is that the
cross section for the production of neutrons as a function of proton
energy (Ep) can be obtained from only the one incident proton beam
energy. This technique also has the advantage that targets made from
bulk material should be more easily reproduced than thin targets.

A proton beam incident om a thick boron target will interact and
slow down in accordance with the stopping power of the target material.
Therefore, a continuum of proton energies from incident to below thres-
hold is produced. Because there is a possibility of a nuclear reaction
at all energies above threshold there will also be a continuum of neutron
energies produced. Considering the llB(p,n)nc nuclear reaction as a
two body process, conservation of energy and of momentum give rise to
"kinematic restrictions' of the reaction. The resulting energy of the
neutron (En) is a function of its emission angle (9), energy of the
proton and masses of the four interacting particles.

As a result of the negative Q value the 11B(p,n)llc nuclear reaction

has the following kinematic restrictions. The reaction has a kinematic




threshold value of Ep = 3.016 MeV where neutrons are emitted with

En = 20 KeV only at elab = 0°. As Ep increases neutrons are emitted at
greater angles until finally a ''cone opening" energy of 3.042 MeV is
reached. Neutrons are then emitted at all angles in the lab frame.
Values for Ep from threshold to cone opening can give rise to double

values of En in the lab frame corresponding to forward- and backward-

emitted neutrons in the center of mass frame. The backward-emitted
neutrons will have a lab En = 20 KeV at threshold and zero energy at

the cone opening energy. At Ep greater than cone opening energy only

one En is allowed for a given elab and Ep. For example, at Ep =
4.5 MeV and 6 = (0°% E_ = 1.69 MeV while at the same E_ with
lab n P
° =
elab = 180°, En 0.87 MeV.

B. Transformation Equations.

A neutron TOF spectrometer was used and the number of neutroms
detected as a function of their flight time t from the target was
measured. More precisely, the number of neutrons detected Ndet(t)At is
the number of neutrons detected at time t, summed over time interval
At. Knowing the experimental time of flight and the flight path from
the target to the detector the corresponding neutron energy can be cal-
culated. Nonrelativistically the kinetic energy of the neutron is

&mxz/tz

, where X is the flight path and m is the mass of the neutron.
The neutron energy interval AEn which corresponds to At is related to a

proton energy interval AEp through the kinematic equations.
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A continuous neutron TOF spectrum can be transformed to a neutron

11
energy spectrum,

Ndet(t)At ~ 2.1

N <« AE_ -+ AQ * e(E)
) n n

N(En,a) =

where N(En,e) is the number of neutrons emitted at angle & per incident
proton, unit neutron energy interval and solid angle. The neutron
detector subtends solid angle AQ at the target, Np is the number of
incident protoms that strike the target and e(En) is the neutron detector
efficiency.

The detector efficiency is defined as the number of neutrons
detected divided by the number of neutrons that strike the detector. 1In
present work, e(En) is experimentally determined using the 7Li(p,n)7Be
nuclear reaction as the standard. The experimental neutron detector
efficiency is discussed in detail in Chapter IV.

Once s(Eﬂ) is experimentally determined the differential cross

section d(0) can be calculated fromll

1 dE
N, (&)at - (=B
g (9) = —SEE Bax, : 2.4
N - AE_ - 4Q  e(E.)
P P )

where %-%59 is the stopping cross section per llB atom.
The stopping cross section per llB atom is a function of the total
target composition. For a molecule containing two elements, it is

given byl2

- i i
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b o dx )L My v Al EEP)A e T 2.3
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b+ (0.8022) » T

where "b" denotes the number of atoms of boron (B) in the target
molecule and "a" is the number of atoms of the other element (A) in the
molecule. For example, a 3203 target would have b = 2 and a = 3. The
stopping power of the given element is given by % %%9 as compiled by
Janni,l3 M is the corresponding element's molecular weight and T is
Avogadro's number. The number 0.8022 accounts for the fact that boron
is 80.22% 1B and 19.88% 0.

The stopping cross section per 11B atom must be calculated at
some energies because Janni only gives the stopping power for each
element at 200 KeV intervals. The interpolation formula used is a

4
generalized form of the Bethe-Bloch equation,l“

ro
Fas

l d - .
EE‘E‘ ¢, - [in(E) +¢c,] /E .

The constants C, and C2 were obtained by solving the above equation

&
simultaneously wusing values of % %%P from Eq. 2.3 at proton
energies of 3.0 and 4.6 MeV. Values of % %EP at intermediate energies

agree within 0.1% with the values obtained from Eq. 2.3 and Janni's

tabulated stopping powers over the proton energy range from 3.0 to 4.6
el

MeV. For 5203, values of constants are C, = 5.525 x 10~

L

2 2 il
MeV cm /llB atom' C2 = 2:839 while for elemental boron, ’%

C. = 1.644 x 10~21

MeVZem?/11 and C. = 2.982. |
& B a 1

tom 2




III. EXPERIMENTAL DETAIL

A. Hardware.

The same experimental set up as described by Burke11 was used in
the determination of the llB(p,n)llc cross section. A more detailed
discussion of the following areas can be found in his thesis: pulsed
beam mechanism, target holder, target chamber, neutron shielding,
neutron detector, and electronic set up.

The University of Oregon Van de Graaff accelerator was used to
produce a 4.6 MeV pulsed, klystron bunched, proton beam. Deflection
and focussing magnets were used to direct the beam through three
collimators to the target on the 32° East beam line. The resulting

beam size was approximately 3 mm in diameter and had a beam pulse

repetition period of 4 to 16 usec depending on the type of target used.

An overall time resolution of 1.5 nsec was obtained. Time average beam

T

currents were about 0.5 microamperes. The beam line vacuum near the
-6
target was v5 x 10 ~ torr.
Two types of targets were used in the determination of the cross

* I
section: 8203 and B metal. Analytical reagent grade Boric Acid was f'

used to make the BZO targets, through the following reaction,

<,

2 H3803 T 8203 * 3 HZO . ff

*
Mallinckrodt Chemical works, Boric Acid granular, Heavy metal to
0.01% max impurity.




Boric acid was heated in a stainless steel target holder to a red 4
heat in a partial vacuum. As the sample was heated, the pressure

inside the bell jar was decreased slowly to V25 microns. Extreme care
had to be taken to insure most of the water was driven off, resulting

in a clear, colorless, glass-like solid. Boron metal was commercially

*
purchased from Alfa Ventron as a polycrystalline solid. Because

boron metal has a hardness rating of 9.5 (MOHS)15 a diamond toothed
saw had to be used to cut the boron chunks into target thicknesses
of 1 mm. Two different types of targets were prepared. One target had
the front surface untouched, the other was sanded smooth using a diamond
impregnated sanding disk. Both targets were mounted on tantalum target
holders using epoxy glue.

Two different types of target holders were used. The closed end

stainless steel "top hat" used in the preparation of the B,0, targets,
2

3

had an inside diameter of 1 cm, wall thickness of 0.25 mm and an overall
length of S cm. The boron metal targets were mounted in tantalum
dishes, 0.64 mm thick and 1.4 c¢m inside diameter. Both target holders | 8

were hermetically sealed to the evacuated target chamber by an "o-ring"

and held in place by atmospheric pressure.

The target chamber was a stainless steel tube with an inside
diameter of 1.27 cm and an overall length of 16.5 cm. The chamber E
was electrically isolated from the target holder by a 1 cm long glass

tube and also from the grounded beam pipe by a non-conducting pipe-

*
Alfa Division, Ventron Corp. Boron pieces crystalline, 5 cmx down
99.8% pure with respect to metallic impurities.
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coupling flange. The target chamber was biased at -300 volts with
respect to the target holder for secondary electron suppression.

The neutron shielding which surrounded the target was made by
Lunnon16 and designed to reduce room background. The system consisted
of two metal tanks, 1 meter in diameter, containing a lithium carbonate -
water slurry and nine paraffin - lithium carbonate wedge-shaped sections.
The pie sections were mounted between the two tanks on a horizontal
plane parallel to the target chamber. One of the pie sections was
made of high density polyethylene and had a horizontal conical hole
cut in its centrr with half angle of 1/2°, allowing neutrons emitted
from the target to strike the detector unobstructed.

The neutron detector consisted of a cylindrical Naton 136 plastic
scintillator, 1.27 cm thick and 6.2 cm in diameter, optically coupled
to a RCA C70133 B photomultiplier. The neutrons were detected through
the hydrogen and carbon atom recoils in the plastic scintillator. The
entire assembly was magnetically shielded to decrease the angular
dependence of the photo tube gain to less than the 1% level.

A diagram of the electronics used in the measurement is shown in
Fig. 2. The analog to digital conversion of the Time-to-Amplitude
Converter (TAC) output pulses was done by a dual twelve bit Nuclear

Data 161F Analog to Digital Converter (ADC).

P S "
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i B. Data Acquisition. 3

i The pulse-height electronics were standardized to a pulse height
24
spectrum of 1.~\m Yy rays prior to each day's run. The electronics were

checked several times during the day's run and corrected for any drift.

i ”
| The detection (or "slow'") bias was set to 1/17 of the 'AlAm 60 KeV

Y ray full energy peak. The timing (or "fast") bias was set below

this level. The fast bias was always adjusted such that a pulse height

spectrum gated with only this bias matched the spectrum gated only by

the slow bias for pulse heights above the level of the slow bias.
Neutron TOF spectra were taken in three groups over a one year

period. The 8203 targets were used to measure the neutron yields at

the following eleven angles: 0°, 20°, 31°, 50°, 69.8°, 80.3°, 90°,

100°, 114°, 138° and 155°. The flight path varied depending on the room

geometry. The TOF spectra at 0° to 31° were taken at 2.19 meters while

those taken at 50° to 155° were at 1.91 meters. Boron metal targets

were also used to measure TOF spectra at 0°. No appreciable difference

was noticed between the two types of B metal targets. The ADC TOF
processing dead time was V8% for 8203 targets and Vv16% for B metal
targets. This dead time effect was compensated for by using the ex- ?t
ternal clock input port of the ADC, which timed each run for a pre-
selected amount of beam charge. The number of incident protons that
struck the target was derived from the resulting total integrated charge.
This charge was an experimental variable and was chosen to give counting
statistics of V1% with \,106 counts above the fast bias. The integrated

charge for the 8,04 targets was 200 pc at each angle and for the B
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metal targets it was 100 uc.
The resulting TOF spectra were stored in a 1024 channel array
of number of counts versus flight time in a PDP-7 computer. After
completion of each run the spectrum was written on magnetic DEC tape.
A TOF spectrum for the 11B(p,n)uc reaction with a 3203 target,
with an incident proton energy equal to 4.517 MeV and laboratory
angle equal to zero degrees, is shown in Fig. 3. The flight time {is
measured from right to left with channel 880.5 corresponding to zero
flight time. The prompt Y ray peak is located in channel 873. The
sharp leading edge of the neutron production is located in channel 755

and corresponds to the maximum neutron energy of 1.69 MeV. The neutron

energy corresponding to a given channel number C is

R
B, = Geos=c!™ $sd

where the constant 163 incorporates a flight path of 2.197 meters and
a channel calibration of 0.9756 nsec per channel.

In contrast to previous TOF spectrum, a TOF spectrum from the same
target taken with an incident proton beam below the threshold energy
revealed a completely flat background with a similar prompt y ray peak,
and the same smaller peak at channel 810. The smaller peak is thought
to be a result of a higher beam mass or an unlikely gating difficulty
visible only when y rays are intense. The flat background indicates
that no reactions with higher Q values contaminate the spectrum. Back-

ground effects from the 18O(p.n)lsF reaction were investigated at




e T T T TTER

*on 0OZ 30 Iu311nd weaq paleidaiug
- ue pue S1333W [6(°7 JO yied Y313 B ‘ASW £1G"% 01 Tenba uojoiad ayi jo £3isus
JUBPIOUT YITM S33133p 0132 I® UOIIdeuI o:?.&m: 24l 103 umiidads Iy3iyj-jo-auwry ¢ ‘914

w ¥3IGNNN TINNVHID

] oos 009 o0V o002 0
it e 200y T SN L R R VESL 00 ek e e, B S R i s e

= — oc_
i = =
W = — o1 9
i 4 : o _ c
— L i 1,00 *
e

_m + b
sl L -
g - - 1 o
{ € 2
! >
i E - z
- z
% 130uvy %ole e ¢O. m
-
hwe U-.a‘.‘--. -
= ] ||mo.




15

*3981e2 Nme ue pue dof QT JO 3IU21Ind weaq paIeida’3ul ‘si233w ¢gz°Z Jo yzed IYdryy
‘APW L16°% 01 Tenba uojoad £313us yirm g 1e UOTIdEIL mwﬁAc.avowa 343 103 y3iyj-jo-amyy] v 314
¥3IBWNN T3INNVHD
008 009 oO0¢ 00¢ (o)
Li T T —1 | AR SR | ﬂ I 1 — r I ! \a . N T | _
= g 1
0
p— = o
- . i ; : 10 o
Saees o .. O ) N i I e O O Py o
SINE L B g e e N e £ o SRR N e T =
L .sH\. ..ﬂla.o.... \..\.140.4 s S 3 i} - -4
= Bid g — o1 o
g 2
. : .
= 4 -
€ x
b 2
— . = Z
14 m
139uvy 2018 ~
e e
e e 0
S
TR T TR S SR TR WO L 1 N W Wiae RN RO S O e |




16

lab - 0° with an 510, target. The resulting TOF spec-

trum is shown in Fig. 4. Again the same two y ray peaks are seen in

Ep = 4.517 MeV, ©

channels beyond 800. Some structure is seen in the region from
channels 650 to 800, with a maximum value of 70 counts and a back-
ground level of V30 counts. Comparing this spectrum to the 3203 TOF
spectrum one can see that the statistical uncertainty in the number of
counts from the 8203 target is approximately equal to the number of
counts from the SiO2 target. Thus the effect of 180 in the 3203
target is very small and is neglected in this experiment.

A total of fifteen 7Li(p,n)7Be neutron TOF spectra were taken on
two days, three months apart. These TOF spectra were used to determine
the neutron detector efficiency, which is discussed in detail in the
next chapter. Lithium metal targets were prepared as described by
Burkell and mounted in the top hat target holder. The same electronic
set up was used with a flight path of 2.14 meters, total integrated
charge of 25 pc and an ADC dead time of 20X%.

The time per channel calibration was taken each day upon completion
of the day's run, using an Ortec 462 Time Calibrator. Several spectra
were taken at various dead times corresponding to the experimental

dead times noted during the 8003, B metal or Li targets run on that

day. The average channel width was V0.97 nsec per channel.
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IV. DATA ANALYSIS FOR CROSS SECTION
A. Determination of Neutron Detector Efficiency.

The neutron detector efficiency, as defined in Chapter II, can

be expressed by rewriting Eq. 2.1,

N (t)ae
e(E) = det . ik

N(En,B) . AEn - AQ Np

The neutron detector efficiency has been studied by Burke11

utilizing the same electronic set up. The detector efficiency is sub-
ject to experimental conditions and as such should be experimentally
determined. For example, the efficiency of the detector is a function
of the signal processing bias settings (fast and slow), the quality of
the optical coupling between the scintillator and the photomultiplier
and sometimes the age of the scintillator.

The 7Li(p,n)7Be nuclear reaction is used to determine e(En) by

experimentally determining N § AEn' AQ and Np. The number of

det
neutrons emitted in the 7Li(p.n)7Be reaction, N(En,e), can be calculated
if the (p,n) cross sections and atomic stopping cross sections are

known. The number of neutrons emitted can be solved from Eq. 2.1

and 2.2,

N(E_,0) = q dE, 4.2
s (l/n)(dEp/dx) dE_

where the transformation derivative dEp/dEn is determined through the

kinematic relationships for the 7Li(p,n)75e reaction and % %59 is the
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atomic stopping cross section per 7L1 atom. The case of the 7Li(p.n)7Be
reaction is more complicated than implied by Eq. 4.2 because two
groups of neutrons can be emitted if E_is above 2.378 MeV.

The cross section for the 7Li(p,n)7Be reaction at alab = Q°
has been studied extensively and has been reported in detailll’l7-19

Lefevre20 has used Eq. 4.2, the ground state cross sections of Burkell

and the first excited state cross sections inferred from the measure-
ments of Bevington17 and Borchers18 to calculate No(En,0°) for ground
state neutrons and Nl(En,O°) for first excited state neutrous.

The number of detected neutrons N in a time-of-flight experi-

det

ment is converted to a modified energy spectrum

N (E ,0°) = Nger ()AL
exp n’

N_ - AE_ . AQ ° o
P n
This is just Eq. 2.1 with the efficiency e(En) = 1. The detector
efficiency can now be determined from
B__ (B 0%
e(E) = exp_1n R 4.4

Q ]
No(En,O ) + Nl(En’O )

Lithium TOF spectra for incident proton energies from 2.9 MeV to 5.1
MeVwere transformed to Nexp(En‘oo) spectra using the program TOF-NE,
written by Burkell (Appendix C). Utilizing Eq. 4.4, an efficiency
table was calculated for each transformed Li TOF spectra. The number
of neutrons emitted No(En,0°) + Nl(En,0°) was calculated separately
at each incident energy from Lefevre's tables. Efficiencies were

calculated for each of the two separate days and averaged, taking into

account the target front surface contamination effects. Average
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efficiencies for each day were within the experimental statistical
errors, but the two days differed by +5% from the overall average
or by somewhat more than the statistical uncertainties.

Extreme care must be exercised in the steering of the pulsed
proton beam onto the target. Once the beam is properly steered
onto the center of the target, over or under focusing of the beam
will have little effect on the resulting TOF spectrum. The prepara-
tion of the Li is also very important. Target front surface
contamination effects extending as far as 300 KeV in proton energy
loss were noted in efficiencies determined for 3.0 and 5.1 MeV protons
incident on the same target.

The resulting overall efficiency for the neutron detector and
that calculated by Butkell are shown in Fig. 5. "The two sets of
efficiencies agree to *47 for En greater than 0.4 MeV. For En less
than this, Burke's values are lower by more than 7%. In the neutron
energy interval of 0.2 MeV to 0.4 MeV the 7Li(p,n)7Be cross section
at elab = 0° has a very sharp minimum. It is possible, in this region,
that neutron scattering could lead to significant effects in the
efficiency calculation. The dip in the efficiency table at 250 Kev
is due to Li resonance scattering at that energy. Burke's results
were corrected for this effect.

The efficiency table used in this work was based on Burke'sll
measured cross section values. Because Burke used the same experimental
set up it is hoped that experimental systematic errors will tend to

cancel. A comparison of Burke's published zero degree ground state

AR PSR T s e 1

Pt
a i i i sl S AR b
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cross sections and those tabulated by Liskien and Paulsen19 are shown
in Fig. 6. Burke's values are not included in those reported by
Liskien and Paulsen and are “10% higher.

The neutron detector efficiency used through the remainder of
this work has an estimated overall accuracy of *7%. If the cross
section values by Liskien and Paulsen were used the efficiencies
would be larger by V10%. Thus, there is a possible systematic error

of v10% in the efficiencies used.
B. Conversion of Time-of-Flight Spectra to Cross Section.

A constant flat background was subtracted from each llB(p,n)nc
neutron TOF spectrum. Each spectrum was then smoothed to increase
counting statistics by using a three channel running average. The TOF
spectrum was then labeled in channel 0-5 with experimental parameters
that are used in the transformation computer programs.

The prepared TOF spectra were transformed to laboratory differen-

tial cross sections versus proton energy by the program BL1PNX (Appendix

D). The computer program was a modified version of LITPN1 written by
Burke.ll The program uses Eq. 2.2 and efficiencies described in the
previous section. Time-of-flight spectra for both 3203 and B metal

targets were transformed using the B11PNX program where, of course,

appropriate atomic stopping cross sections were used for each target.

Q
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V. CROSS SECTION ANALYSIS
A. Results and Discussion.

The llB(p,n)llc zero degree differential cross section for B,O3

and B metal targets are compared to the published results by Van der
Zwan and Gieger9 in Fig. 7. The B,,O3 target was bombarded with 4.517
MeV incident protons, while 4.618 MeV protons were used for the B

metal target. The disagreement between the two boron targets is less than

4% but is larger than uncertainties due to counting statistics. The

fact that the B.,O3 target's cross section was lower at high energies

and larger near 4.1 and 3.5 MeV could be due to two tvpes of target

impurities. The 3203 target could have absorbed water molecules on its
front surface during transportation of the target from the bell jar to
the target chamber. The B metal target, a polvcrystalline solid, could
have had slight impurities on the surface on internmal crystals. There-

fore, as the proton beam penetrated further into the target it could

have passed through pockets of impurities, thereby giving lower cross

section results. Both the B,0, and B metal target gave cross section 3
values larger than those reported bv Van der Zwan and Gieger.9 An
experimental error bar for the latter's work is shown in Fig. 7 at 4
3.58 MeV.
11 11 "
The B(p,n) "C differential cross sections measured at lab angles

of 0°, 20°, 31°, 50°, 69.8°, 80.3°, 90°, 100°, 114°, 138.2°, and 155°

are shown in Fig. 8. These cross sections were obtained from bom-

PRSI TP mm—r

barding a B.,O3 target with a 4.517 MeV incident proton beam. The
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11B(p,n)llc differential cross sections for laboratory

angles of 0° through 155°. The reaction angle of each curve
is labeled on the right. Each curve is labeled on the left
side with a vertical offset (in parentheses) to be subtracted
from the ordinate to obtain the cross section at that angle.

The reaction threshold is at 3.015 MeV.
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numerical values of the cross section and their statistical uncertain-
ties are given in Appendix A. The proncunced dip in the cross section
at 3.33 MeV at 0°, increasing in proton energy to 3.62 MeV at 100°,
corresponds to a neutron energy of 0.433 MeV. Because this dip was
always at the same neutron energy, it is probably due to resonance
scattering by the 3203 target 160 nuclei.21 A closer look at results
from the 3203 and B metal targets in Fig. 7 shows that the B metal
target values do not exhibit such a drastic dip. A comparison of the
eleven curves in Fig. 8 shows that the zero degree cross section is
the largest.

Angular distributions in the center of mass system were fitted

with a series of Legendre polynomials;

N
ccm(e) = LEO AL PL (cosecm)

The conversion to the center of mass system and calculation of the
Legendre polynomial coefficients was done using the program LSQFT3
(Appendix E). This program was a modified version of Burke'sll LTHM3.
The LSQFT3 program allows the operator to input at the teletype computer
interface the masses and Q value of the two body reaction under study,
the number of Legendre polynomials coefficients to be calculated (up
to 6) and the number of differential laboratory cross sections to be
used as a basis for calculations (up to 15).

The total cross section, AnAo, for the llB(p,n)llc reaction is

9

compared to results published by Van der Zwan and Geiger” and to

normalized results of Gibbons and Macklin4 in Fig. 9. Because the
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latter authors were unable to determine their target thickness, their
published results were normalized to results published by Blaser et al.2
Thus the results of Gibbons and Macklin were multiplied by a factor
of 1.99 to normalize them to the present work near the 3.6 MeV peak.
Statistical uncertainties for the present work are shown with error
bars. Van der Zwan and Geiger's results are plotted at 100 KeV intervals
and show a peak value at 3.58 MeV. Their experimental uncertainty is
shown by an error bar at this energy. Within the uncertainties, there
is agreement between Van der Zwan and Geiger's results and the present
work. The numerical values of the total cross section and the associated
uncertainties are given in Appendix B.

The Legendre polynomial power series coefficients Al through AA
for the present work and the values reported by Van der Zwan and
Geiger9 are shown in Fig. 10. The coefficients and associated statis-
tical errors for the present work are tabulated in Appendix B. The
error bars in Fig. 10 represent the statistical uncertainty for the
present work. Van der Zwan and Geiger's values are plotted at 100 KeV
intervals starting at 3.5 MeV. They report an isotropic behavior from
threshold to 3.5 MeV, but five polynomials were required to fit their
data between 3.5 and 4.5 MeV. The present results agree with a fit of
five polynomials at higher energies but do not show the isotropic
behavior at low energies. Increasing the number of polynomials to six
did not improve the quality of the fit. Due to the kinematic restric-
tions in the 11B(p.n)nC reaction, the coefficients calculated below

3.2 MeV are not reliable because the back angle data does not exist
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or there are large uncertainties due to the low neutron detector
efficiency. At values greater than 3.8 MeV the present data show a
general agreement with those of Van der Zwan and Geiger.

The center-of-mass cross sectious as a function of center-of-mass
angle for selected laboratory proton energies are shown in Fig, 11.
The solid curves represent calculated cross sections based on the five
polynomial coefficients shown in Figs. 9 and 10. The cross sections

appears to be forward peaked at higher proton energies.
B. Uncertainties.

The uncertainties in this experiment can be divided into two areas:
those associated with the cross section and those associated with the
proton energy.

The uncertainty in the cross section can be determined from
Eq. 2.2 by taking the square root of the sum of the square of the un-
certainties in each of the terms. The number of neutrons detected
was subject to statistical uncertainties in the number of counts (V1Z—
which is a function of the flight time) and in the time correlated
background (v1%Z). The resulting uncertainty for Ndet was about 1.47%.
The remainder of the uncertainties in the other terms were due to
systematic errors. The stopping cross section had an overall uncertainty
of 6%. This value was due in part to Janni'sl3 elemental %-%53
(v4%) and possible target impurities that could give rise to another

4% error. The efficiency of the neutron detector has an associated

uncertainty of 7%, although the uncertainty is probably lower at higher
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energies as discussed in Chapter IV. The number of incident protons
had an associated uncertainty of 0.3% due in part to beam current in-
tegration uncertainty. The solid angle uncertainty was due to the
combined effects of the area of the scintillator and the flight path
which gave a 0.9% uncertainty. Finally the uncertainty in dEn was
2% due mainly to the channel width uncertainty.

Combining the uncertainties as mentioned above, a 9.6% uncertainty
would be associated with the determination of the cross section. If
the neutron efficiency were measured with respect to Liskien and
Pau].sen'sl'9 data, as discussed in Chapter IV, results would be con-
sistently lower by about 10%.

Uncertainties associated with the proton energy axis of the cross
section curves depend on flight path and flight time uncertainties,
and kinematic transformation of the flight time to proton energy.

The flight path had an uncertainty of 0.6% due mainly to the thickness

of the scintillator. The flight time uncertainty was a function of the
overall timing resolution (FWHM = 1.5 nsec) and the Ortec time mark
generator which gave the number of nsec per channel. At neutron energies
greater than the bias settings, %%n = 1, which meant that the uncertainty
for both the neutron and proton enzrgy were about the same. Taking

all this into account, uncertainties in proton energy at 3.2 and 4.5

MeV were *3 KeV and *21 KeV respectively.
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C. Summary.

The first objective of this thesis has been satisfactorily met.
Table I is a modified summary of past work as first described by Van
der Zwan and Geiger.9 There is excellent agreement, within experi-
mental errors, between Van der Zwan and Geiger and the present work
for the total cross section. This was very significant, because both
the thin target (Van der Zwan and Geiger) and thick targets (present
work) techniques gave similar results. Overall the present work
agrees well with all their results except at zero degrees, where there
was a 26% difference. The reason for this discrepancy is not known.
However, Marion et al.S zero degree cross section at Ep = 3.46 MeV,
which was obtained using thin target techniques, was in excellent
agreement with present results.

Careful study of zero degree cross sections from 8203 and B metal
targets revealed that there is excellent agreement between the two at
low energies. The investigation of the angular dependence of the cross
section showed that the largest cross sections occured at 0° in the
laboratory. Therefore, we decided that 0° would be used in the
feasibility study of boron profiling at Ep"«3.2 MeV. Further we
decided that the B metal target would be used as a standard in the

profiling experiments.
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VI. PROFILING

A. Theory.

The purpose of this chapter is to discuss the feasibility of
using the llB(p.n)llc reaction to determine concentrations of boron
in solids. As used here, profiling means determining concentrations of
boron as a function of depth below the surface of a target of other
wise known composition. The profiling is accomplished by comparing
neutron time-of-flight spectra from two targets, one of pure boron and
the other of an unknown concentration.

One example of neutron TOF spectra for a profiling experiment is
shown in Fig. 12. The two TOF spectra were obtained with the same
experimental set up used in the cross section determination. The
upper TOF spectrum (squares) was obtained from a pure boron metal tar-
get with an incident proton energy of 4.517 MeV, flight path of 2.197 m
and an integrated beam charge of 200 uC. The lower TOF spectrum
(circles) was from a boro-silicate glass target with the 18O(p,n)laF
TOF spectrum from pure SiO2 (Fig. 4) subtracted from it. The lower
spectrum was obtained with the same incident proton energy and flight
path, but an integrated charge of 100 uC. Statistical fluctuations are
more noticable in the lower spectrum because the pure boron spectrum
has been divided by two to normalize the integrated charge to 100 uC.
However, it is very evident that the boro-silicate glass TOF spectrum
shows a strong resemblance to the pure boron TOF spectrum. The two

spectra have the same general characteristics.
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The theory and application of profiling elements by neutron time-

of-flight has been studied in the past.10,22-23

The method used in
this thesis was based on the article by Overley and Lefevre.23 The
concentration of boron atoms as a function of depth can be determined
in the following manner. Let wi be the atomic stopping cross section
for an atom of type i. Assuming the sample of unknown concentration
of boron consists of boron in a host material, one can then define wH
as the molecular stopping cross section for the host material,

- Ingug
e 6.1

where 0, is the number density of host molecules and 0, is the number

density of atoms of type i in the host material. Eq. 6.1 is related

to Eq. 2.3 where the stopping cross section per llB atom is,

ou 1 F gty * Sl .

s i |

ro

where 0y is the number density of 11B atoms and Mo is the number
density of 103 atoms. Expressing the two TOF spectra, taken at the
same laboratory angle, in terms of their differential cross section

(Eq. 2.2) one obtains,

6.3
!
Ndec(C)Hdt = g(8) R Np . AEP AR . s(En).
10 ° "11’%s T "n%
)
Niae (E)gdt = (8) N, AE - a2 e(E), 6.4

(g ¥y 3
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where the n' indicate the number densities of boron atoms in the host

material. Taking the ratio of the two TOF spectra as expressed above
and assuming experimental parameters are identical, one obtains the

atomic concentration of boron as a function of depth x,

-1
n M. (e) (1 + x) v
B (x) - 1+( det'"’B it ) - : .
f '
| ng(¥) + ny(x) Njer (B)g(L + x7) by
where nB(x) is the number density of all boron atoms and x = nlO/nll'

For a pure boron sample x is equal to 0.2/0.8 and for an implanted
sample of llB atoms x' is equal to zero.
Integrating the stopping cross section for the implanted sample

2
one can calculate the depth x,"2

t

x=-5 ——————nwi - s Lo, 6.6 |
t B'B H'H n i
min

where tmin is the time corresponding to the flight time of neutrons
produced at the front surface of the target, dEp/dEn is obtained as
discussed in Chapter IV and dEn/dt is obtained from the neutron flight
time and energy relationships mentioned briefly in Chapter II.

The depth and corresponding concentration (Eq. 6.5 and 6.6) were
evaluated by numerical approximations. The technique outlined by
Overley and Lefevre22 was used in this thesis. Basically, this involved
taking a depth x and a depth interval Ax and calculating the ratio of

the number of counts in the corresponding time interval in the TOF spectra.
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B. Resolution Analysis.

The resolution as defined by Overley et al.lo is the uncertainty
Ax in the depth at which the reaction occurs,

; =1
Ax AEP(Zniwi) y 6.7

where AEp is a proton energy interval and niwi is as defined previously.

Assuming the front surface of the target to be smooth, there are three

main effects that can contribute to the resolution: incident beam

energy spread, energy straggling, and finite time resolution which

gives rise to a spread in neutron energy and hence in proton energy.
Klystron beam bunching introduces a 5 KeV spread in incident beam

energy. For a SiO2 target with Ep = 4.5 MeV and a Si target with

Ep = 3.2 MeV the associated depth uncertainties are 0.26 uym and 0.31 um

respectively. The values of Eniwi in Eq. 6.7 were calculated with

Eq. 2.4 in units of MeV/um from Janni’513 values. For a 3102 target

9 -
with a molecular number density of 2.326 x 102“cm 4 the calculation

constants of Eq. 2.4 were C; = 1.776 x 107 Mev’/um and €, = 2.568.
The values for a Si target with a number density of 4.997 x 1022
atomis c:m‘3 were, C, = 1.738 x 10-2 MeVz/um and C, = 2.322.

Straggling has an effect only below the surface of the target. As
the proton penetrates further into the target the straggling becomes
more important. Utilizing Bohr's expression for energy stragglingza one

can solve for the uncertainty Axs (FWHM) due to straggling,

X & w—— x , 6.8




where Axs and x are in microns and niv'i is evaluated at the energy

the proton has at depth x. The constant ¢ is equal to

2.355 [Anea‘:(zini)]35 where z, is the atomic number of atom i.

i
Differentiation of the basic relationship between neutron energy
and flight time leads to the depth uncertainty Axc (FWHM) due to time

resolution At,

3/2
En At 8 i

in X n

AP
where X is the flight path, m, is the mass of the neutron and At is

the time resolution (V1.5 nsec). The stopping power Sniwi is again
evaluated at the energy the proton has when it produces a neutron of
energy En. Eq. 6.9 assumes AEP - AEn as discussed in Chapter V. Unlike
the other two effects, Axc can be minimized experimentally bv increas-
ing X or decreasing the neutron energy. Neutron energy can be decreased
by decreasing the incident proton energy, so long as the proton energy

at any given depth remains above threshold.

The results of quadratically combining the three contributions to
depth resolution for a SiO2 and Si target are shown in Fig. 13. The
incident proton energies and flight paths are indicated below the respec-
tive curves. The curves end at that depth where the proton energy has
reached threshold, 10.1 um for Si and 79.6 um for SiOz. When the
curve rises with depth straggling is dominant and where the curve falls

with depth flight time resolution dominates.
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A computer code for calculating lithium concentrations in
niobium12 was modified for boron in silicon and for boron in silicon
dioxide. (The program for silicon, SIBPRP is in Appendix F.) The
second code was applied to the two spectra of Fig. 12 to calculate the
concentration of boron atoms as a function of depth in the boro-
silicate glass sample. The results of the calculation are shown in
Fig. 14. As expected, the concentration of boron is constant at about
5 atoms per 100 SiO2 molecules. The error bars are based on the
statistical uncertainty in the number of counts in the neutron TOF
spectra. The negative concentration values are due to statistical
fluctuations in the two TOF spectra. A front surface resolution of
v4 pym is experimentally obtained. This is in contrast to a calculated
resolution of 2.6 um. One reason the experimental resolution for the
boro-silicate target might be worse than calculated could be due to
impurities near the target front surface. This particular target had
been used for a number of years to align the accelerator's charged
particle beam, as such has been bombarded with a lot of protons and a

particles over the years.
C. Sensitivity Analysis.

To determine the minimum concentration of boron atoms one can
detect using the llB(p.n)llc reaction, the sensitivity of the method
must be investigated. The sensitivity, defined as the number of boron

atoms per unit area n,Ax, which can be detected can be determined from

B
Eq. 2.2 and Eq. 6.7 as,
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Ndet(c) At

nBAx ! -NP‘AQ : s(En) : 6.10
Overley et al.lo solved for the limit of the sensitivity in the
following manner. If the areal density of boron atoms is to be
determined to :10%, then the number of counts Ndet(t) At must be
greater than 100. If one assumes a beam current of 1.5 uA is incident
on the target for 1 hour, that a detector 11.43 cm in diameter with an
efficiency of 30% is located 1.593 m from the target, and that the
reaction cross section is 9.5 mb/sr, then the minimum boron content
which can be measured is nBAx = 2.8 x lOlacm-z. Thus, if it is desired
to determine the boron content to +10% in a 0.1 um depth interval, the
density of boron atoms must be greater than 2.8 x lolgcm-3. For boron
in otherwise pure Si this represents 560 atomic parts per million (ppm)
and in otherwise pure SiO2 this represents a concentration of 1200
boron atoms per million 8102 molecules.

In practice one cannot expect to obtain the above calculated lower
limit of sensitivity because of several types of background effects.

There are three main background effects that can reduce the sensitivity.lo

The first is a time uncorrelated background cosmic rays, natural radio-
activity, and from room-thermalized neutrouns inducing (n,y) reactioms.
These effects can be minimized by building a better shielding system and
by using a pulse shape discriminator to distinguish between neutron and
y ray signals from the scintillator. Other sources of background are

time-correlated. These can result, for example, from (p,n) reactions

bt e b i o

P RPNV
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from light nuclei target constituents with low (p,n) threshold values.
An example of this is the boro-silicate glass target where 180 was
present and neutrons from the 18O(p,n)lsF reaction had to be subtracted.
The third main effect is from scattered neutrons. If boron atoms are

localized at one depth in the target, then there will be neutrons

emitted with a very well defined energy. These neutrons can then be
scattered in the room and be detected at lower energies, thereby pro-
ducing a low energy tail in the TOF spectrum. This tail then tends to
mask the effect of any other boron concentration at greater depths,
thereby reducing the sensitivity.

To investigate the sensitivity experimentally, basically the
Ic same experimental set up was employed, but with the detection system
used by Lunnon.16 To reduce time-uncorrelated background effects the

scintillator system was shielded and pulse shape discrimination was

used. A block diagram of the electronics is shown in Fig. 15. The
scintillator was a 11.43 cm diameter by 2.54 cm thick NE 218 (Nuclear
Enterprise) liquid scintillator. This scintillator was chosen by
Lunnon because of its good discrimination between neutrons and y rays.
The scintillator shiedding consisted mainly of a 1 meter long by 1
meter diameter doughnut shaped tank filled with boric acid and water.

The scintillator was mounted inside the doughnut hole and shielded by

lead blocks. The pulse shape discriminator used in this investigation
is described in detail by Lunnon.16 The neutron window was set with 4
a single channel analyzer (SCA) using an Am-Be neutron source. The }

4

SCA was adjusted to eliminate as many y rays as possible without losing
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too many neutrons. The resulting signal was placed in coincidence
with the SCA setting a low and a high pulse height bias. The low bias
pulse height spectrum was set to 1/5 of the 241Am 60-KeV y ray full
energy peak. The timing bias was adjusted to the low bias pulse
height spectrum as described in Chapter II. The high bias was used to
reduce background effects as much as possible, and was adjusted each
time the incident proton energy was changed. The high bias was set
to cut off pulses greater than those produced by 1.69 MeV or 0.31 MeV
neutrons for incident proton energies of 4.517 MeV or 3.216 MeV respec-
tively.

In order to maximize the sensitivity limits of this experiment
one must have a high cross section and a large solid angle (small flight
path). To maximize resolution one should have low neutron energy and
long flight path. Thus to give a reasonable depth resolution and the
best sensitivity an incident proton energy of 3.2 MeV was used and
neutrons were observed at 0° with a 1.593 m flight path. This gave a
maximum neutron energy of 0.31 MeV, a fairly high cross section of
9.5 mb/sr and a minimal flight path consistant with the constraints
imposed by the shielding. WNeutron TOF spectra were taken either at 1
or 1.5 uA beam current for around one hour on a boron-implanted <100>
silicon :arget* doped with either As or P. Each targets' TOF spectrum
was taken for a total of 5 mC integrated beam charge. The targets were

5 11 -2

silicon wafers implanted at 200 KeV with 1 x 101 atoms of "B cm

*
The targets were supplied by Dr. Dean Casey, Manager, Material
Research Laboratory, Tektronic, Inc.




(isotopically separated). An example of a neutron TOF spectrum is
shown in Fig. 16. The small peak (V120 counts) near channel 420 cor-
responds to neutrons emitted from the implanted boron. The large

Yy ray peak lies beyond channel 650. Again the channel width was
approximately 0.97 nsec/channel.

Immediately following the boron-implanted target run, a background
spectrum was taken under the same experimental conditions. The boron-
implanted Si target was turned over and the back of the target was
bombarded with protons. Fig. 17 shows the background TOF spectrum
obtained for a total integrated charge of 5 mC. The flat background
below channel 550 indicates that the peak in Fig. 16 near channel 420
was indeed due to the implanted boron. The peaks in both Figs. 16 and
17 are basically the same in channels beyond 550. The two smaller
peaks in Figs. 16 and 17 near channel 600 are thought to be a result of
higher beam mass or gating difficulties as described in Chapter III.
The peaks in channels beyond 700 are thought to be due to the 24 MHz
bunching rate for the proton beam. Careful investigation of these
peaks reveals that the peak near channel 710 is indeed separated by
40 nsec from the prampt y ray. Further, one can see in Fig. 17 another
peak 40 nsec earlier near channel 750. These peaks are very small as
compared to the main y ray peak and are seen only in runs of long time
duration.

The spectrum of Fig. 16 was corrected for background (Fig. 17) and
was analyzed in much the same way as the boro-silicate glass data. A

TOF spectrum from a pure B metal target, obtained under the same experi-
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mental conditions was used as the standard. The program SIBPRP
(Appendix F) was used to obtain the concentration of boron atoms

as a function of depth. Three Si targets were investigated, two As
doped and one P doped. Their respective concentration profiles are
shown in Fig. 18. The data points at less than zero depth are due

to calculation of the concentration in front of the target and give an
indication of the background fluctuations. If the backgrounds were
identical the concentration would be zero in this region. The solid
curves in Fig. 18 are drawn only to aid the reader's eye in deter-
mining the general shape of the peak.

In general all three targets show a peak near a depth of 1 um and
have a maximum 11B concentration of 225 ppm in a 0.1 um depth interval.
The actual concentration is undoubtedly much higher. It appears to be
decreased by resolution effects. Integrating the concentration in each
of the three peaks produces areal llB densities of 9.94 + 1.32 x 1014

=2
cm

, 9.25 £ 1.39 x 10™* cn™2, and 8.33 £ 1.27 x 101 en™? for the top,
middle and bottom profiles respectively. The error represents the
combined uncertainties in the terms of Eq. 6.5 assuming the stopping
cross sections have an uncertainty of 6%. The combined uncertainty
was V157 due mainly to counting statistics. The experimental llB
areal densities for the two As-doped targets agree with the implanted
densities of 1015 cm-z to within the experimental uncertainty. The
density for the P-doped target lies just outside the uncertainty

limit. If the sensitivity limit of concentration is calculated for a

measurement with 15% precision, one obtains 199 atomic ppm. This is
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ated 118 was implanted in the Si at an energy of 200
KeV. The concentration was calculated assuming a

natural abundance of boron isotopes. The ordinate must

therefore be multiplied by 0.8 since only 118 is present.
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close to the experimental value of 225 ppm. An analysis of the depth
resolution of Fig. 18 shows a FWHM of 0.8 um. This is in contrast to
a calculated depth resolution of 0.4 um (Fig. 13). The difference in
depth resolution could be an indication of the limit of the technique,
but more likely it is due to an underestimation of the straggling
effects as calculated in Eq. 6.8. Bohr's formula is a fairly crude

approximation of straggling due only to electronic stopping.
D. Conclusions.

The final objective of this thesis has been met. The llB(p.n)llC
reaction can be used to determine boron atomic concentration to 225 ppm
with a precision of 15%. The theoretical limit of resolution was not
achieved in either of the two experiments, 0.35 ym for Si and 2.6 um
for SLOz. However, this could be due to target front surface problems ;f
and straggling estimations. We find that 200 KeV llB atoms implanted

in silicon reside at a depth of V1 um with a FWHM of 0.8 um. 4

The llB atom implantation depth in Si has been studied in the past {

25,26 27-29

using secondary fon mass spectroscopy, differential capacitance,”

and Hall effect and sheet-reslstivtty30'3l

techniques. Boron implan-
tation at three silicon crystalline configurations have been
fnvestigated; <110> which involves channeling and <lll> and <100> where
the effect of channeling {s reduced. Further studies have been made

on amorphous «ilicon where there is no cryvstalline structure present.

Implanting llB atoms along the <110> configuration, maximizes the

-
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effects of channeling and a depth of 1.7 + 0.2 um with a FWHM of 0.6
um at an implantation energy of 200 KeV was reported by Lecrosnier et

2
al.'7 These authors also investigated the <111> configuration at the

28,29

same energy and obtained a depth of 0.8 um. Davis and Lecrosnier

et 31.27 have studied the mis-alignment of the crystal off the <lll»>

axis with llB atom implantation energies of 200 KeV and obtained values

of 0.66 um with a FWHM of 0.6 um and 0.6 um, respectively. Ohmura

et al.3l studied the mis-alignment of the <100> crystal axis

and further reduced channeling effects by growing a thin film of

SiO2 over the crystal surface. At an implantation energy of

200 KeV, llB atoms were reported to have a depth of 0.58 um with a

FWHM of 0.25 um. However, it should be noted that the samples are

still crystalline and effects of channeling can still be there.28

Amorphous silicon was also studied and values of 0.5 *+ 0.1 pm have

been reported.26’29‘32
We could not locate a report specifically on the unobstructed

Si <100> configuration at an energy of 200 KeV, but conclusions based

on the above data can be drawn. One would expect the <100> and <11l>

configuration of silicon to have an implantation depth of llB atoms,

at the same energy, to be greater than that in the amorphous sample

and less than that observed in the <100> configuration. Based on this

conclusion, which holds true for the <l1l11> configurationm, our results

of the <100> oriented silicon sample seems reasonably consistent.

P
Further, Wittmaack et al.'b have reported that the depth distribution

is not gaussian in shape at implantation energies greater than 40 KeV.
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; This also fit our data, as can be seen in Fig. 18. The reason for the

non-gaussian shape is being investigated.

vt e

The llB(p,n)uC reaction offers a non-destructive technique for

e

determining boron atomic concentration as a function of depth. How-
ever, this technique probably is too limited in resolution and

sensitivity to be of practical use to the semiconductor industry, where

- |
B it

depth resolutions of less than 0.1 um are desirable.
Throughout this profiling investigation the main limiting factor

was in the counting statistics of the foreground and background TOF

spectra. These can be improved by counting for longer times, but a
factor of 10 improvement in sensitivity would require counting for
about four days, and the resolution would still be limited to about

0.35 um FWHM.
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APPENDIX C

Program TOF-NE

¢ T0F=NE SJC TIVE OF FLICGHNT TC NEUTRON ENERCY TRANSFCOMATICN

(o PPNGRAV: (ON= | (10)/(0T,P ,«MEVED) ve FVERGY

c FOR 2 1/2° SCINT, (COMEGS)

C FYPEOIMENTAL PARAMETERS & TOF DATA ON TAPE UNIT €1, WITW EFFICIFNCY
C TA3LE (IF USED) IN 8LOCK 1

C VFUTPON ENERGY SPECTRUM QUTPUT QN TAPT UNIT 2

(o
C MCPIFIFD 7/11/71 FOP 1024 CHAMMEL INPUT SPECTRUM -« NN CAR °¢ - X
c
DOURLF PPFCISION 3TL,RTU
DIVMENSION EFTARL(SU),NTOF(1022) ,NNEC1024),TOF( )
COMYON EFTAAL, NTCF,NME
DATA ML1,YL2 ,HLI/SY TOF=,SHIE 7/,5411/71/
DATA 8,9,0,D/SHTYPE ,S5H1 T09,5H FFF:z, SM 1.0,/
DATA E,F,G/5H 2,U ,SYFOR T,SHASLE /
raTA °,R,S, T, U/SHPEY =, SHIMPUT,SN TOF ,S5MSWe =, SHRCNwz/
CATA B],02,083/5H ENMA,SHXY =, SNTCNE /
DATA PI,E0L/2,1416,030,50%/
(5
(5
(2 ICENTIFY PRCCRAM
" CALL ASCII(MLI,3)
C ASX EFFICISNCY TO 2E USEC: FFFf= 1,0 TYPE 1.0 = FITC(EFTASL) Tyof
C EFTAPL (EFFICIENCY TABLE IS F,P, W/ TNLOW 1ST ENTOY, ININC OND)
100 CALL ASCIIC(A,T)
CALL ANVIMP(EFFFLE)
v = EFFFLC
GO TN (200,200), X
fo TO 100
C TFFICIEMCY = 1,0
200 CFF = 1,0
€0 TO aul
C EFFICISNCY = EFTAQL ON PLOCVY |, PFAD AND SET PSCCPAv FLAG
300 CALL DTAPE(1,1,06,256,EFTASL(1))
C VEUTRON ZIMEPGY INCRIFYEMT IN YEV
400 CALL ASCII(A, 1)

CALL aMYINS(TE)
C CATA TAPE SWITSY ¢ (2 TC 16) AND 1024 CHNL, °FCIOM ¢ ()} TC §)

S00 CALL ASCII(R,%)
CALL ANYIVP(SWI)
800 CALL ASCIIC(U, 1)

CALL ANYIN®(PCN)
J2 T 20,4 (SVI =], )44, ,&(RCN=D,)
€ 7F20 TAF & NE SEGIONS
rO B0G [:1,1004
NTOFCIY = O
o0 WE(L) = 0
C YAXIVUM VEUTRON SNERGY IN ¥EV
CALL ASCIT(21,2)
FALL ANYINO(FYAY)
J oz EMax/nE
5 LOAD THE TOF SPECTRU
~ALL DTAPFC1,JP, 0,107, NTEFCL))
"0 RO 11,8
CNECTY z NTOSCD)

[ & |
Y
.
Y

R

§
8
N

HACTICATIY

e

- ""iA.l"x i

15 5.
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€ EYPEPIMENTAL SARAMETERS: DPTCNSEC/CMAUNEL), CAMMA(TMENNFL #),
¢ ELCFLIGHT PATM IN METERS), UCOUL(CMARCE T4 vIcCecceorLeves) |
PT = TOFC1)/10000,
GAMMA = TOF(2)/100,
EL = TOFCI) /1000,
UeaLL = TOFCA) /100,
DOMEGA = Pla(U.0GX15/EL)=(0,O315/EL)
7EQ = CGAMMA + 3,24=FL/DT 4
FMU = CE«(),5
C GENE®ATE THE NFUTRON ENERGY SPECTRUN
ro 999 I:1,.!
IP1 = I+l
Xl = %
. EN = DEeY!
E C EFFICIENCY AF DETECTOR
G0 TO (920,°10), %
C *f10° IS EFFICIZNCY FROM TA3LE (CUSIC °ID)
Qb CALL FITPCEN,EFF)
IF(EFF.LE.G.0G) GO TO Qac
020 FNL = EMU
FNU = DFe(Y[+0.5)
€ SELATIVISTIC CALCULATICY OF MISTOGPAY TOUNTADIES
GL = SWL/EO
GU = ENU/FU
RTL = 2,0GLe(1,=3./2,%0La(],-8,/3,%CL))
PTU = 2,mGUa (1 ,=3./2,%00e(],=3,/3,%7))
RETAL = PSART(RTL)
AFTAU = DSNPT(RTW)
TL = EL/(.290703aRFTAL)
C TU = SL/(,290793«PETAL) p
|
t
|
|

3
200 TCFCD) = NTOFCD) {

-,‘;‘?‘! R

3 N o

P A

e
o %

CIL = 2ER0-TL/CT
CIU = ZERQ-TU/OT
C CALCULATE TNI KISTOCRAM
Il = CIL+.5
12 = CIU+.5 5
DFLTA = CTU-FIL |4
¥z 12-11 1
3 SU™ = 0.0 | 8
IFCI1)00¢,909, ] l
IF(DELTA=1,)2,2,3
IF(¥Ya,4,2
[Fery-1)a,17,5
1l CPLTA
F2 0.0
GO <
S N1

H () =

Loazg
P

c

n
=

I1+1
12-1
L=Vt 2
ICH = L+
XPCATA = NTOFCICW)
€ SUY = SUveYDATA

Y'Y 4 n

ALITY PRACT

r

r A
SR

SHED TO LD

-3
<

—
“w oy
—

~ e

-~

2 05=(FIL=YT1)
FZ 2 U S+CTU-Y12
e ICYH = [1+)

IS R
as &

is

FALZ
FROM 3021 pumi]

T8




YCATA : MTOF( ICH)
CUN 3 SUMEFl=YRATA
ICH = 12+
YOATA = NTCF(ITM)
SUM 2 SUNMSFRwYDATE
C CALCULATION OF ofe [t /(#INC, PARTICLESAMEVeSR)
WNE(CIPL) = SU¥=| ,6U2E-4/(UCOUL# E=PCMECARFFF)
CALL LITESCD)
oae CONTINUE
C UPITE OUT NFUTPON SNERGY SPECTRU™ ON UNIT #2
CALL ASCITC(T, 1) :
CALL ANYINP(SYW])
CALL ASTIICL, D)
CALL ANYIMP(PGV)
JB = 20,9 (SWl=1,)+4,%(RGN-2,)
CALL CTAPTC2,U8,1,1028,NNEC1))
€ Tyst °‘DonE"
CALL 88CII(al,1)
C TYPING 1, PESTARTS, 2, QESTARTS WITW TFF aND DEN SST, CTVWER €TOQPS
CALL anNYIVP(Y)
r =Y
CO TO C100,5C0L), TX
eTeP
Fap
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APPENDIX D

Program B11PNX, Subroutines KINSUB and FIT2

B811PNY SRC

FOR 118¢P, WM 11T RXN ONLY, CALC TOF TC ¥-SECT
YCOIFISD JAN 79 FOR QRCN PYN FRON LI7AN SOC RY SEALOCK
WHICH wag ~ORIFISD FBCM LITPNY evP TFSTAT - CeP THESIS,

CELCULATES SIGMA IN MICROFARNE/C?

STATISTICS QUTPUT AS |G ta/SQ3T(CNTS)

FCR 2 1/,2™ SCINTILLATOR

FOR VARIADLE STOPPING CROSS SECTIOM - B20X,BN,T TGTS.

DOURLE PPFCISICN 28TL, 22U, ARGLOG,DSORT
DIMENSION EFTARL(10G23), KTCS(10248),%¥SIC(10224),TOF(D)

CowMON EFTABL, ¥TOF, ¥SIC

COM™ON /YINCOM/AL, A2,A3,EPK, 0, TC, THETA,FNC,FNV, P M0

COM™ON /SCTCON/EN, SR
CATA A3,AC/SH DE ,SM(NFV)/
DATA 88,39/5MSV# =, SMRENS:/

PATS CCyDD EE,FF/SHINPUT,S4 DT1 SHOUTPU,S5NT DT2/

CATA PI,CNEANU/3,1016,931,.2€81/

DATA X1,¥2,%3,¥4,7P/1 OUTR2S, 11,L0038C, 1, 00RESS,11,011438,1,7

TATA 21,72, /1.,%.,°2.763/

DATS TCI,PCP,DR3/SHINPUT, SH TAT ,SHe
DATA DDA,T05,006,007/5H1=R20, 5M2 2= SuR
DATA DLR,0DO,DDIG/SHZAN=0,5M  S:1,SEVPUT /
DATA PDI1,TDI2,DD13,D014/SHINPUT,SH STOP,SUPINE
DATa DLIS,DC16,0017/5H SECT, SHICN (,S54A,R) /

1

Ll oA

81 = xi

A2 = x2

AY = ¥3

fMR=A

X1y = Y]«QNTAMY
YIP = XiV

EU = w3«ONEAMU
YE¥ = 0.511004
Y¥ATU =

CALL TTAPF(1,1,0,1024,EFTARL(]))
TRANSFCORPMATION CNANNEL VIDTY (MTV)
CALL A€CII(AB,2)

CALL ANYINP(TE)

INPUT STOPPING CROSS SECTION VALUES
CALL A€CII(MDI,)

CALL ASCLI(DCa,T

CALL ANVINP(CCL)

o SHCROES/

7PA7Pu7202 (wP1u332,16F-2C/(YEY= 2 5667E-12)
CONST = |,6G2E-19%] E+06/(1,E-U6=] F-24)

€2 = o,

IFCCCI,ER.IL)
IFCCCIER.L )
IFC(CCL,E*.20)
IFC(LCL 4ER.24)
1F(CCIECI D)
IFCCCI.EN.3)
I15¢7°C1,E7,.4,)
IPCC0T JE0.5:)
GA T0 7

FaLL sSCTICT™M

C1:=5,%25%F-21
ges2 OPSQ
Cl=1,64a0-71
F2:2.,982
Cl=3,212E=-21
C2:2 .874¢
Clza,793E-21
f2:2 846

GO TO 4

Ly

4/
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CALL MNYIMP(C!,C2,D1,72,P3)

INPUT DECTAPE SVITCH ¢, REGION o

IF(C2.2°2,0.,0G0 TO S5

CALL aSClI(CC,2)

CALL ASCIICAA, 1)

CALL ANYINP(SWM)

CALL ASCII(8B, 1)

CALL ANYINP(RGN)

OUTPUT CECTAPE SWITCH #, FECICM #

CaLL ASCIICEE,2)

CALL ASCIICAA,])

CALL ANYINP(SWQ)

CALL ASCII(RE, 1)

CALL ANYINP(RGO)

JBY 2 20.,%(SWN=1,) + 4,%(RGN=2,)

JBO = 20.,*(FUW0=1,)+4,¥(PG0-2,)

CALCULATE PROTONM THRESHOLLD ENFRGY

EPMIM = (X]1+X2)%(=-2)/X2

WT¥IN = EPMIN/DE

ZFRQ DaTA AND SICMA MATRICES

ro 222 »:=1,10248

¥TOF(MY = O

¥SIS(M) = O

CONTINUE

READ TOF SPECT2Ym™

WRITE TRAMSFCR™MEC SPFCTRUM ONTO PECTAPE UNIT 2.
caLL DTAaPEC!,JBN,0,1028,KTOFCL))

DO 224 IX = 1,7

TOFCIY)Y = XTOFCIX)

CONTINUE

REAC PARAYATERS FROM DATA TAPE:DT(FLIGHMT TIME,MANOSEC)
GAMMA(CHANNEL ), SLC(NEUTR0ON FLIGKT PpaTH, METERS),
UCOULC INTERGRATED [EAM CUSPENT,MICRC COUL),TYETA(CTEC),
EMAX C(INCIDENT PPOTON ENERGY,¥EW)

DT = TOF(1)/10000.

GaMva = TOF(2) /7140,

EL = TOF(3)/1000.

veouL = TOFca)/10.

THETA = TOF(5)/100,

E¥AX = TOF(6)/1000,

CCP = TCF(T)/1G0.

IFCCCRECLLLU) CCP = 1,600

XTvAY = EMAX/TE

TQF SCATTERING CORRECTION-=SLOPING LINE HWMM SUNSEC/METER

C MAX CMANNEL AND ¥AX COUNTS INPUT WITH TOF FATA

MAYCHN = KTOF(®)
IF(PAYCHNL.EA.U) GO TO 230
CNTHAY = XTOF(Q)
PINCHN 1060,#FL/DT &

MINCHY = “YAXCHN « MINCHN
&

TECYINCUN-15,LE, () FINCHN = 18 :
CO 227 ICYML = “INCHN,MAYCNN o
T z WAXCM' < ICHNL R
T : TelT/FL ¥
ICNT = (160.=T) = ONTWAY/10U, A
IFCICNT.LE,0) GO TO 227 R 4
YTOFCICNNL) = YTOF(ICMNL) = IONT .

deate 0L

Lol St th ok Sl




%

2217
230

N 00

a 20

(PSS ]

»

CONTINUE

DOMEGA = 3,1416%¢ 0315/FL)*¢,0L31S/EL)
ZERQ = GAMMALY J4=EL/DT
EPX = EPMIN - DE/2.
CALL vIveue

ENU = ENX

CALCULATE TRANSFORM

CC 200 ¥YTaXTMIN,¥TMAX
¥T1 = XT +

CALCULATE THE ENERGIES
XK:XT

EP=DEw XY

EPULE=(XX+,.%5)

ENL=FNU

EPX = EP

CALL VINSUR

EN = BNV

€PX = EPU

CALL XINSUR

ENU = ENY

RELATIVISTIC CALCULATION OF NISTOGRA® RQUNMDeRfTS
Gl = ENL/EU

GU = ENU/EU

ﬁETL b 2..GL'(' .’3./2.‘@.*(1.°4 ./5;.‘:1.),

B2U = 2,06 (] ,3,/2,26(],-4,/3.2G))
BETAL:=DSORT(PTL)

QETAU=DSART(R2W)

TL=SL/ (. 2099793=RETAL)

TUzEL/ (., 200793=3ETALD

CIL="ERO0-TL/DT

CI=2ER0-TU/DT

GET SCATTERING CORRECTION FOR GIVEN EN,THETA -DISRFGARD
FOR 3113 RXN,

SR = |,

EFFICIEMCY NOV DEFINED

CALL. FIT2(EN,EFF)

IFCEFF,LE.0.0)) GO TO 8BGO

CALCULATE DEA/DY (MEV C¥ C¥) FCR Pli ¥RC™ ©N TET CNPD USING
ENPIPICAL SYPRESSION CALCULATED FROM JANNI VALUFS FOR
PORON AND NITROGEN.

DEADX = C1/EP «(ALOGC(EP) + €2)

CALCULATE THE NISTOGRANM

11:=C1L+,.9

12:=C1Ue,S

DELTA=CIU-CIL

MzI2«11

Suv=0,

IFCIIYR00,800, 28

IFCOELTA=L 01,1,

IFC™) S, 3,2
IF(M=1)2126,6 &

Fl:NELTA A
F2:.0 QQ)

Go To 27
g & &

Mzl2e]

£0 200 Lzv¥,u4 &";&’




200
26

rA

000

c
733
c

C COMBINE AND OUTPUT UNTERTAINTIES AS 2 = |0t4

800

g50

75

ICH = L+!
¥YDATA = XTOF(CICM)
SUF = SUM + XDATA
CONTINUE
X1l = 11
X2 = 12
T U5 = (CIL-XI1)
F2 = 0.5 + CIU - XxI2
ICH = 11+l
Y0ATA = XTOFCICH)
SUM = SUM + Fls=XxDeTs
ICH = 12+]
XCATA = XTOFCICH)
SUM = SUM + F2=xYDATA
UNCERTAINTIES
SOURCE SCATTSRING UNCERTAINTIFS-= 2 OF INITIAL CaTA CORRECTION
USE CHANNEL AS AVERAGE OF TwO LIMITS
SSPR = (.
ICNSS = (CIL + CIU) /2,
TC = MAXCHN - ICMSS
TC = TC=DT/EL
IFCTC.LE.O.0O) GO TO 733
IF(TC.GE.1006.06) €0 TO 733
TC = (100.=TC)=CNTMAX/100,
SSPR = XTOFCICHSS)
SSPR = TC/(TZ+SSPR)
SSPR = SSPR=SSPR
BORON SCATTERING RESONAMCE UNCERTAINTIES AS 2
XLRPR = A3S(1.00 - SR)
XLRPR] = XLRPRaXLARPR
COUNTING STATISTICS UNCERTAINTY as 2
STATPR = 1,0 7 SUM

XTIP = ¥T1 + ALL
BTL = STATPR + O.3%(SSPY + ¥LOPP)
KSIGCKTIP) = | ,0S+0a=DSQRT(RTL)

CALCULATF SIGYA AND DEPOSIT IN ¥SIG MATRIX :
KSIG(¥TI) = DEADX*COP*SRaSUM=CONST/(UCOUL*EFF=DOYFGA=CE) |4
CONTINUE :
DO 850 XL:=1,6

KSIGCKL) = KTOFCKL)

CONTINUF i
WRITS SIGMA ONTO CECTAPE UNIT ¢2 |
CALL DTAPFC(2,J20, 1, 1C24,KSTGC1)) .
Go TC S i
END

P VUL Ry W WS e Do

Y
%




DN HIOOOINDNONDIDINDIMNNIHON

") ==

41

S1

st

KInsue €3¢

XIMEVATICS SURRQUTINE

(WITH NAMED COMMON = VINCOM FAR PARANMETF? PASSING)

MODIFIED 21 €EPT. 1°7C, CA?

PuNIL RPEVIMNETOV, STANFNRD UMIVERSITY €/11/€5

TRAWSFAPME ENESGIFS, ANGLES, ANMD CROSS SECTIONMS
RETVEFY CM AND LAD SYSTENFS

STF WCLEAP [MATA TASLES, PAGES 161,160 FFT NOTATICN

Ay, A2, A3 ARE MASCES (IN AMU) OF INCIDENT, TeRRCET,
AND EMITTID PARTICLFS

El = INCIPCENT EMERGY CIN MEV) IN LAR SYSTEM

D 2 A CF REACTION CIM MEV)

THETACY AND TWETALAR ARE EVISSIOY ANCLE (IN DEGPEES)

E3CY AND SX18° ARE EMESCIES QOF FMITTED PASTICLFE (IN MFV)

PATIO = CY CR0SS SECTIEGN Z LAR CROSST SECTIOW

*re <« Gs INPUT al, A2, A3, F1l, °, THETACY

¥ODE = G: INPUT Al, A2, 82, %1, TWFTALAR, FILAR

¥CODE > (e INPLUT Al, A2, A& EB1, °, THFTALA?

SUBRAUTINE WwINSU

COU3LE PRECISICN aC, SCEL, FLEC,FR, RT,AATF

COMYQs JYINCON/AL,A2,83,F)1,™, THETAC, THETAL, S2CF,E2LAF,

{ RATIO, VODT

IF ¢eQDEY 13, 12, 12

SINLA2 = SINCTHNITAL = (0174522925

COSLAS = CCSCTHETAL = (,017453292%)

Aan = 4] 4+ A2 - A2

IF (MODE) &1, 21, 21

& s 0

kg 23l = Ty S

A4 =z AN - Ay/ax) 27w

AAET = 3)1wpeE]=EYLaP

Nz ((A3+22)xFERLA] & (8]=A2)=F] o 2,«]SCRT(A8AFD)

| «f0fLaz) 7 aa

inra

E TN

"
(&
-
>
v

"on

,
o
.
[
[ =
(=

-G,
IF (¥ODELCT.U) THETAC = 0LU
FETUPN

Ay = 2Q" - N/ ,a70

CEMOM = (A1+22) = (A3+A2)

A 2 Tl = Al=aa/nENCNM
2 =2 a4 « At/A2
C =z (FT « "=Al/22) = A2a83/0FNNAM

IF (CLT UL0) &0 TO 32

FaCvy = C = pa/sal

Al = A«

EERTAC = PSCOT(AM)

IF (v0lE) 51, €1, 61

EINCY 2 SIN(THETAC = (,0]174538029)
EILAZ: IXTM 4B+ 2, (e C0RTACCCOS(THNETACRC (01 7453202%)
ECRE = ESTY/2ROLAD

SIVLAR = SINCY » PECRT(ECEL)

PT = FICY/® « S1LalafINLEY

IF ¢9Ty 82, €2, &

A'ﬂls

P‘ GZ
30z

Fﬁlar‘;

'LITY
Qe

Iy

404

-

P

3‘;]
[\)

1y

Ry




el

o3

o4
as
a6

e?

160

¢ FIT2

20
21

30

R0CT : [SOOT(RT)
IT ¢vODE) o1, ©5, ¢4

CONTIMUE

IF (SINLAR) 92,02,93

CONTINUE

THFTAL = TNETAC

¢a TQ 100

COMTIMUE

FR = FILAB/®

COSLAB = DSARTC(ES) - PoOT

THETAL = QU, + ATANC-COSLAR/SINLAR) / (.017483202¢
Ge TO 160

CONTINUF

E3LABz3x (COSLAB+ROOT) «(COSLAS+ROOT)
CONTINUE

IF (SINLA®) og, &6, Q7

CONTINUE

THETAC = THETAL

GO TC 160

CONTIMUE

SLEC = F3LAE/FICM

SINCW = SINLAR » DEERT(FLED)

COSCY = (FILAB = FIC¥ - R) = {,5/C0PTAC
THETAC = QU, + ATANC-CCSCY/SINCM) / G,0174532025
CONTIVUE

PATIO = SNOTACEROCT/EILAR

PETURY

END

SURPQUTINE FIT2(EIN,SIG)
DIMENSION S(250)

cowven €

EL = S(1)

EC = (2
IFC(EIN-(EL+EC))20,21,21
S1G:=0,

RETUON

ENTRY=1 <+ ((EIN=EL) /EC)
KzENTRY+2,

rzast 2 SENTPIES ARE ELOYW AND EINC, SO AP0 TWO TO POINTE®
Y¥z X

YUz S(v-1)

YizS(K)

Y2:S(Vv+l)

YI=R(v+2)

Ye [MTEV. VV‘: .

As(=YU+3,eV]=3 ,#YD4v3)
R2(§,¢Y0=]15,2V]|+12,2Y2:3,¢YY)
C:“. | ..VOQ"..Y[OQ..V2§2 ~vy)
SIC=YU+Xn(CoYn(ReYaA)) /S,
QETURN

Nt
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APPENDIX E

LEFFTE SRC

A LFAST SCUARES PROGRAM TWAT FITS A SFRIES
OF LEGENDPE POLVYNOMIALS TC 20RPON 11(P,N) ANGULAR DISTRIEBUTIONS
INPUT: SIGYA (THETALAR) IN MICROBRARNS/SR, WO, OF POLYMONIALS
(NPOL , MAY = 6), 0. CF ANGLES (MNMANGLF , ™AY = 11)
PE IS ENERCY INTERVAL OF THE INPUT CROSS SECTIOM IN PEV,
INPUT CROSS SECTION MUST BE IV AN INCREASING SECUENCE OF
ANGLES EY SWITCM AND REGIOM MO, UPPER & LCWER Z1 LEVELS, Pyv
MASS & Q VALUES ART VARIABLF, MODIFIED FRCM LSQFIT AUCG 7%,
TOTAL Y SECTICN ! JC(LG) ) IS DIVIDER BY 10,
LEG COFF ¢ JOCLI)=10 + E4 ANT ERROR JOCL2)*10
USES MODIFIED CAFITR AUG 78,

2
!
%
E Program LSQFT3, Subroutines CBFIT8, LEGPOL and MINV7Y -

OO000O00O0NNO0O0O0NO0O0O0

cOMMAN JD(5632),J0¢3072) ,ELSD(20,4) ,A(E,2)
COMYON /¥INCOM/ 41,A2,A3,FAY,0,TC, THETA,SNC, ENX, B MO
paTa ],02,C3/5HINPUT,SH SW,F,SHEG /
DATA B1,P2,23,82/,54SW, RE,54G FOR,SH OUTP,SHUT  /
DATA BS5,36,B7/5NARRAY,SY STAR,5HTS AT/
DATA ER,20,2310,311/5H -SWI,54TCH ,5M =PEC,SHION /
DATA (a,C5,06/51R0R0N,S411(PN,54) O¥N/
PATA €7,08,C09,C10,011/SHINPUT, 54 ¢ IF,SH NO ,SUHANGE,SH TO %/
DATS C12,C13/5H1,¥2,,54M3,Q /
DATA OD1,0D2,0D3,0PA,DS/SHANPOL ,SHIMAY ,SHS), N,SHANGLE,SN (¥AaY/
DATA D6,07/5% 111,,5H DOF
DATA 28,DP0,D10,D11,M12/54 TO E,SH1 LIY,SHITS (,S"2a,4,5451) /
DATE DI12A/SH EI /
DATA [13,P14,D015,015,017/54C0SCT,%HC) Sa,54P, FR,SHPCS, ,SHXSECT
DPATA D19,N19,020/54, CAL,SM LEG ,SHXSECT/
DATA C14,015,C16,017/54NANGL, SHT TOO,SHLARGF,SV FOR /
DATA C15,019,02¢,021,022/59El RA,SHNGE  ,SMTTY (O,SHUTPUT,SH [ES?
DATA C23,024,C25/54Y°ED? ,SHL O =,5H YO 1/ :
DATA Y1,X2,Y3,X4/1,007225,11,00°3%0,1.U08€6%5,-2,7€3/ =
GIVES 2YM & ALLOWS FOR CHANCE CF ¥ASS & @ VALUE, !
CALL asCl1(¢Ca,3)
CALL ASCII(CT,T)
CALL MNYIMP(AAL,AA2,AA3,00¢,01) '
C  ALLOWS FG0R TTY NAUTPUT OF Y-SECTICN,
CALL ASCIT(C20,8) . 1
CALL WNYINP(ADATA,D1,l2,02,104)
€ IMPUT THE LOACATION OF THME SIRST aNCLE OF THF SERIFS,
CALL ASCII(C1,d)
CALL MNYINP(SW,RSC,02,01,02f
C  INPUT THE STARTING LOCATINN FOP QUTPUT NATS, |
CeLL ASCIT(®1,2) |
CALL " YINP(SWO,RECO,NM,N2,PY)
€  INPUT ¢ NF POLYNOMIALS, ¢ OF ANGLFS IN SERIFS & THF ENERGY JNTERUAL Q" :
%549 CALL ASCII(PDI,T) \)y
CALL MNYINPCY®OL, YANGLE,CE,D1,02) S
\POL: YOOl +,5 QY
NAMGLE: YANGLE+,S &
¥O= | 4
AlzY]
p2:=Y?
AJ=Y}

80




79
L8

€ CHAMGE OF ASS & Q VALUE IF REQUESTED,
IFCAAL ,FO,0,) GO TO 541
Al = AA| 1
A2 = AA2 L
Al pal
g o = Anp
sS4 CALL 4SCII(CT,4)
IcU™ = 311
C  ALLOWS FCP CHMANGE OF EMERGY LIVITS,
CALL ASCII(DZ,3)
CALL MNYINP(XEIL,YE1U,D1,02,03)
IEIL = 304
IEIU = as!
s IF (XFIL,F2.0.) GO TC 20!
IEIL = YEIL+,5
IEIU = XE1U+,5

(a2 ¢+ l
I
¥

SR R

&
:

CALCULATICN OF THET MATRIY REFEPENCE #,
IEIL & IEIU = ENERGY CF M1 LOWER ANC UPPEP WRT ¥-SECTION,
CONSTAMTS ICC1 TO ICCLG ARE FIXFT FO® TWUE GIVEN TNEPGY SEGICN,

1CCl
1cc2
1CC3
1202
1CCS
1CCs
TECT

—
NN

c

1E1U - IFIL
2 + 1001
1CC2 + | + 1CC)
1602 + | + ICCH
1601 + |
IEIL - 1CC3 -1
1EI1L - 1002 - 1 ;
1cce = IRIL - 2 ; !
1CCO = 1025-1E1L
1CC10 = 2040<1F1L
C CALCULATICN AF MATRIY PIFMENSION FOO D, |
ICC11 = S12%MANGLE
1612 = 512
1Ca = 1CCa+2
IF (1CCa,5T.512) GO T2 €01 |
G0 TO 602 {
€01 16C11 = 1024 = “ANGLE
13C12 = 1G24
602 IF (ICC11.GT,.5632) GO TO 543
GO TC 5a4
542 CALL ASClI(T14,6)
£3 TO 545
(o 2590 THE YAT®IY AND READONE ANCLE AT 8 TIVE (Y-SECTION,FREAT),
542 QAP = 3.1215¢/180,

0C 201 21,5622
201 JDC1)=0 e?
PC 207 Iz 1,2072 g
267 - JocD=e o
2N 100 108:],NANGLE
JC220,5(ENa] )4, % (2502 ,) &
JCzIC4(TrA=]1)ua ROy
CALL DTAPF(1,.C, L, 1084,00C1)) N
vz (10A=1)= 1001241 S
PO 203 T=IFIL,ISIU 4&’-Q§P

¥DzW4T-T1EIL+] <;3§;F




203
e

50

100

~

N0

200

[
c

2000

203

Jo(vmyz.anc!)
LA = D + [CCS
JDCLA) = J0CT+200)

CONVERT TO CENTER OF MASS SYSTTM

JDCHY=Jecs)
THETAzJOC(S) /100

DE 6L 11 ,1CC5

KSz=K+]
EAK=FLAAT(I+ICCR)=DE
IFCID(VYS) NELL) GO TO SO
JD(¥S)= 10

LB = ¥S+ICCS
JO(LR) =1 000600

CALL ¥I1NELR

¥DS=¥S+1CC5
¥TU=¥CH+ICOS+ICCS
JECYS)IZFLOAT(JSIT(VYS) )=P
JOCYES) = SLOATCID(YE) )=FLOBT(JD(XTS) ) /7100,
JOY T = TCx100,

CCNTINUE

OUTPUT OM TAPF: Y-SECTION CM,E°PR0°xFa, THET2 CM,

JB220 % (SHO=1,)+24 ,2(RFGO=C,)
JP2 = VANGLE«2-|
CALL CTAPF(2,J8,1,10011,0001))

CREATE APRAYS AND DO LEAST SQUAPES FIT

00 200 I =1,3072

JOCI)=0

00 30 L=IEIL, IEIN

00 20 I=1,NANCLE
€zL+(1-1)=ICC12

LEC = ¥ = TCC6
THETC=FLCAT(JO(LEY ) /100,
FLSC(T, 1)=COSCTHETC=RAD)

L) = K« TECY
FLSD(1,2)=FLOATCID(LD)) /10,
LE = v - ICCE

ELSO(I, 3)=FLOATC(JIDCLE))
ELSC(T,2)ELSDCT,2)=5LE0(C1, )
TFCELSD(1,2) . EN.GL0) GO TO 30
{FCELEDN(T,3)FO.0.0) GO TC 20
CONTINUE

CALL CEBFITECELSC, A, XI,NPOL, NANCLE)
IF (ADATA,F7,0,) GO TO 22

OUT®UT CF COS(), EROC0R, Y=SECTICY,CALC POLY X-SECTION,

JFCL &%, 1CUYY GO TO 209
GO To 22

CAEL TTYPECLY

I0UY = ITUv + 10

CALL ASCII(TICA,9)




81

0O 21 10=1,MeNGLE
DI=FLSD(10, 1D

P2: ELSD(10,2) 3
DS=ELSCC(IC,Y)
DAzELSC(10,4)

i * CALL ¥NYOUT(a,D1,C2,D2,04)

CREATE OUTPUT ARRAYS (XI=xI, TCTAL Y-SECTICM, Y-SECTIOM EPPOS),

gooow

A4Pza =3,18159%AC1,1)
LF = L - IFIL + 1
JOCLF)=XT*1060,
¢ LG = L - ICCT =}
: JOCLG)=A4P/ 10,
LKz L - ICCE - 1
JOCLH)Z8(1,2)%40 ,#3,14159
DO 3G J1:2,NPOL
L1zL+1CCO+(.11-2)=10CS
L2zL+ICC10+CI1=2)= 16CS
JECL1)ZACIT, 1) 10,+50000.,
v JOCL2)=A(11,2)*10,
30 CONTINUE
¢ CALCULATINN OF THE BLOCY,SY & PFC NC, FCP CUTPUT OF ASfays,
J% z 1CC11/2%6 +1
d3 = JE + B4
4J? = J3
ISWS = 1.+ (8JR + 4.)/20.
SVS : 1EVS
. IRCS = 2, + (AJB - 20, » (SVS-1,))/4,
%GS : 1%G3
J0S = 20, = (FUS - 1,) + a4, = (FCS - 2,) + &,
CALL DTAPEC2,. B5,1,3072,J0¢1))
€ OUTPUT SWs & PEGH FOP START OF OUTPUT ARSAYS - 3 PECICNS -
CALL #SC11(23,9)
AJES = JPS
1SV6 = 1,4(8J3544,)/20,
' S¥6 = 1296
IPGE = 2.4(AJRS-20,8(SW6-1,))/4a,
CALL TTYPECISWS)
COLL AECIT (28,2)
CALL ITYPECIPGE) -
CaLL #SCIT (210,2)
LGl = IEIL-TCC7-2 &
CALL ITYPECLGI) S
i COLL ASCITC(D20,1) 5
o To 4G &
N

e e

e
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SUBRPQUTING CIFITECELSE, A, Y] ,NPOL,NBUELED

FOCOCRAY ACCEPTS A VARIASLE WPOL (LE.S & MANGLF ,LF,19 .

NPQL IS ¢ OF POLYNOMIALS, IF IVCOFASIMCG JT CVFTS &, YUST INCREACT

CI¥°S SFLOV, ‘AMGLY I€ ¢ OF AMCLES OF IMPUT CTATA, (DI¥ FO® 19%),
PROC®AN MODIFIED FROM CIFITR AUC 78, ®RFNANEDR THT Savr,

PIMENEION OF M2 () FPUST = XeY WHESE U(¥Y,¥),

CIMENSION OF ELSC & A MUST 3E SAYT AT IN THE valv PROCRAY,

COURLE PRECICION H, U, CET, H2(26),[SERT
NIMENSICON APG(ln,rs?s:.ue).rce).v(ln
DIVINEIAN ELSDC20,4) ,AC6,2),4(8,6),POLYC1Y,6)
EAUIVALEMCE (M2C1),MC1,1))

DATA SIMCU, SINCUR /%M SING, SMULAP /
YANOOPNANGLE-NPOL

OC 10 J=3,NANGLE

ARGC(J) = FLEDC L, 1)

CALL LEGPOL(FG,ARG(J),\NPCL)

00 1L ¥, ,NPOL

’OLY(J.') : EQ(Y)

PCLY “OW SINRET UALUFS OF PU TNPOUCH PINPAL-1) AT TACK CF 15 ANGLES

POLY(15,NPOL)

PC 20 J=1,YPOL

fC 20 ¥=1,%P0L

”(\'g') s G

N0 21 I:=1,4POL

TO 21 J=1,%PNL

TC 21 ¥=21,NAVGLE

HCT,d) = MCT,0) & POLY(X, I)ePOLY (Y, M) /FLSTE(Y, D)
CO 22 J21,NPOL

PO 22 I=1,NPCL

X = 1+(J=1)*\POL

M2CY) = NI )

CALL PINV7(H2,NPCL,DET,L,™)
IFCOET) 27,25,27

CALL ASCIIC(SINGL,2)

6N TO 10O

Ly
€ M IS NOV INVERTED, CALCULATE U

C
27

23

(e
o

DN Ve

CALCULATE TVE COFFFe, YI, AND CRCSS SFCTIOM

¥ zve)

on 2% 92 = 1,YPOL
PO 23 12 = §,NPOL
¥ = ¥-)

I = YWPOL=12+1

J = NPCL-2¢)
H(I,J) = N&(v)

*0 30 1:1,%WNOLE S
I = 6.0 By
9 31 1:1,PAL 7
DF 31 Jz1,V'GLE ¥ S
UCT) = UCT) + POLYEJ,T)eELENCY 3)/FLENC ,2) ;:i
¥




Yiee z @,
°C 3% l=1,vPOL

AL} ACT 1) = 00
PO a0 I:21,N°0L
PO 40 J=1,NPOL
AU BCI, 1) = ACI, 1) & UCI)eMCd, )
C NOW !
¢
PO 43 I:1,VaNGLE
SIGCLS = O,
PO a4 J:z1,N°9L
a4 SICOLE = SIGOLEC + ACJ, 1)®POLY(1,.0)

ELED(1,4) = SIGOLC
IFCT.GT,"ANCLE) GO TO &3
¥l = ELST(I,3) - ELSP(Y,d)
¥l = X1 = x]
YISO = Y10 & YI/ELSDCI,2)
4% CONTINUE
¥l = YISC/X\VOPW
£0 SU J=1,vPOL
!F(H(J.J).LT.O.U) M(J,d) = L,
BCI, &) = CEOPTCHL,I))
8¢, ('ollft\oul'
C PPOGOAW RETUSMNS YITW C&LCULﬁTE“ YEECT IN ELSCC?,8), CCEFFE

AND EPOQOPS N ACI,J), ANE NI
lbb PETUPY

gur
c SUBROUTINF LECPOL PECURSIVE EVALUATION OF LECFMPRS
¢ POLYNCYPTIALS WPOL = ¢ OF POLYMOMIALS TO RETUSN

SUBROUTINF LEGPOL( 0L, ARG, NPOL )
DIMENTION POL(S)
X! = a0C
POLCL) = 1,0
onL(2) = XI
M NPOL - )
DO 99 L=2,%
FL = L
QQ POLCLSYY = ((2,0FLel, )oY 1aPCLIL) « (FL=],)2®0L(L=1)) 7 FL
RETURN

Nt
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SUBROUTIVE FINVT -= TAXEY FROF SURDPCUTINE FPINV CF 3€C SCIFVTIFIC
SUBROUTINE PACVACE
FOTE CAURLFE PRECICION WASRIAALTS
CFSCRIPTION AF PARAWETEIRS
A - INPUT ¥ATRIY, TFSTROYED IN COMPUTATION AN PEPLACET
By FESULTANT INVE®SE
N - CODFP OF wATRIY A
[« PESULTAMNT CETIRPMIMANT
L « WORY VECTOR OF LENGTN
M - WOPX VECTCR OF LENCTN ¥

SURRCUTIME MINVTIC(A,N,D,L,"Y)
COUPLF PPECISIOVM A, BIGA,MOLC,T,Ce8S
DIMENSION AC1),L(6),M€)

SEAFCVY Tr9 LAPGEST ELEMENT

L = 1.0000

MK 2 eM

00 20 ¥zt N

W oz ‘W o+ M

YK = W s+ Vv

PIGA = A(ww)

00 20 Jzw, N

12 2 Wa(t=1)

0O 20 T=v, M

1 2 12 ¢ |

1FC DAIS(OICGA) - [ORES(ACIJ)) ) 15,20,20
BICs ACLD)

L) !
w(v)
CO“T!“U!

INTERCVANGE ROUWE

wawn

J = L(w
TFCo-¥) 3%5,29,29
’.'.l

INTEPCMANGE COLUYNS

1z ver) y
IFC1-v) 43,2%,2¢ A

JP 2 m(I-D) 0}

BC &0 J21,Y

JY 2 W 4y

Jl = JP &

WOLD @ <ACSv) ‘\0? D
ACIYY T ACIT) & P

ACJD) = MOLD \’5"\




i &

(2 Xs Xe e

(2 X2 Xa XV ]

ﬂ'iﬂf: 'as

c
3

103
108

PIVIDE COLUYN 8Y MINUS PIVOT ( VALUE AF PIVOT ELEVENT 1€
CCNTAINED IN 21GA )

IFCRICA) 4am, 46,48

D = 0L.UDO

RETURN

00 99 =i,m

vz N + 1

ACTIK) = ACIN) / (-BICGM)
CONTINVE

RECUCF MATRIX

£O 63 I=1,4
vz oW e |
HOLD = ACTIO
1
1

o
o
' YU
»

J

s 1J \
1FCl-¥) €0,63,60

1F(J-¥) 62,65%,62

) 210 =14+X

ACT) = NCLDwA(V)) + ACID)
CONTIWE

DIVICF ROV 2y PIVOT

¥J = ¥ «

ro 7% J:=1,V

N = v0 ¢ N
1FCJl=¥) 70,73,70
ACXS) = ACYY) /7 RIGA
CONTIMWE

PPOJUCT 0F PIVOTS
D = [e21GA
RFPLACE PIVOT BY RECIPRCCAL

A(XY) = (1.0000) /7 BIGA
CONTINUE

FINAL PCY AND COLUMN INTEPCNANCE

¥\

N eVvel

IFCY) 150,190,109

1 = L(v)

1FCI=¥) 120,170,102
JE 2 ‘m(¥e))

J? 2 Ww(le])

0O 110 J21,N

Xz 08 ey

HOLD = A(Y)

85




1o
120

123

130
150

et

Jl = J® +
ACJY) = =ACJD)
ACJI) = NCLD

J 3z ™)
IFCJ=¥) 100,100,129
¥l = ¥ = N

ro 130 =1,V

K1 = ¥1 + N

NOLD = a(r!)

JI = ¥l =« Vv +
A(X]D) = =aCD)
ACJI) = NOLD
GO TO 100
RETURN

END

86
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APPENDIX F

Program SIBPRP and Subroutine HISTO

¢ SISPRP for
c POPIFIED APRIL 1S70 FRCM \OLPRQ, POAF, QVEFLEY £-79
c CALCULATES 200NN POOFILIMG IN PUPE SI1LICON TARCETS
c USING RLULICPN)LIC PEACTION,
c ORPINATE 1S CONCENTRATIONM (#ROPON/(# NOROV + #S1)) =FF
¢ ARSCISSA IS 1M WICPONS (I'X)
c
c
CIMENSION NT2C10228), NTSAM(10G24), TBPRCC1024) ,RPS(%),°PT(?)
COMYON NT2, NTSAY, [EHPRC
CaTA A1,82,A3,A4/9NCIRPR, MNP B(P SEN)C ,SH 4/7%/
CATA £1,32,03,P4/5¢ INPU,SHT SaMm SMPLE S,5MW ¢ =/
CATS 1, C2/5NRGNO =, 5™ Tz /
Cata “l.t? DX, Ca/9% INPU,SHT 2QP, SHCN o SVEVez /
DATA F1,E0,FI/S5N OUTP, suUT ..sw e z/
DatTa rcn.rrz.cca.crA/o.oo1o:s.l?o. POSE ,X5¢,7408,110,29%5¢,
] CALL ASCIi(ay,a)
Cc INPUT TI¥F AF FLICNT SPECTRU» FRO¥ 0TI
CaLl ASCrI(®l,Q)
CALL ANVINP(SWY)
CALL ASCIIC(CL, )
CALL ANYIVP(®CV)
C  INPUT SAMPLE NFPTM IVNCREMENT IN MICPONS (TY),

CaLL ascrI(Cce,
CALL ANYIVP(DY)
fesDY/1000G .
JS220 2 (SVIe] )44 ,2(CN=2,)
€ INPUT STANTA®D (PURE) RORAN TOF SPECTOUY FPov PFCTaPE |
CALL ASCII(NL )
CALL ANVINPC(SV])
CoLL ASCIIC(CI, D
CALL ANYINP(PCY)
JL220 o (V=] )ed,8(CY-2,)
¢ INITIALI®E INPUT AND CUTPUT ARRAYE 1D “ERC
£0 100 1=1,102e
NT2(I)=0
NTSAY(1) 20
13PROC 1) =0
1L CONTI™WE
caLl FTAPECL,.19,0,1024,NTCa%( 1))
CALL CTAPEC] 4.1l U, 1G24,NTBC 1))
C INPUT TIE OF FLICNT ?PICT'A SNOULD PF LARSLFD YITM PUNNING
C PAPANSTEDS A€ TOLLONVST ON Q2CNAWEL WIDTH v PEECy CW | =
C GAPYA PAY CVANNEL TI®ES TEN: OV 2: FLICHT SpTV IN C¥: (Y 2=

87

C INTEGYATED PRCTON ®FAY CURRENT IV LCOUL: CHe=PRCOTCN ENEPEY YEV « 1000

re 200 121,9
OPR(I)=MTR(!)
RPS(I)zNTEAMC])

200 13PROCI)=NTERAY(])

¢ CALCULATF 2ER0 TIYF FOR FACY TCFT SPECTSLV
PR2OPIC2) /10,433, 48RPR(I) /PPR( 1)
PERVIOOE(2) /10 I, 40 PECY) /PPEC L)
FPUz®€8<(3) /1000,

e ;Y CP“C[VT'OTX”“ EMM'AL TGO “ERO,

0:=0,
¢ SaPPLE QU'P" CENSITY v0Q eILICCyM (Ra®am = 122,18 EeC))




201 SNDz a4, 97E+2]

C  START SHEPGY OF PROTON TEN STEPS INFRONT CF T&SCET,
0 156 121,10
EPSEM=3,48 |F=21%(ALOGCEPN)+2,21€) /EPK

150 FoNz EPH+S\Da(EPCAN) ul')

C  CALCULATE CONCEMTRATICY AS A FUNCTION OF SEPT™ (DY)
£0 300 I=z11,10624

C CALCULATE STOPPING POWER FOR 20PON & SILICCN

¢ NOT SER 11R ATCM &S WAS NMCNE IN ¥-€FCT,
EPSPz|,124E-21=(ALOGCEPH)+2,263) /FPY

202 EPSA™= Y AR 1E=212(ALOGCEPH)+2,219) /FPN
EPSCAzEPSR/EPSAY :

C CALCULATE THE NFW FNTRGY AF TUE PROTON ®ASED ON THE

C CONCENTPATION OF TYE S0RON PRESENT USING CUSRENT CONCENTRATICN

C  AND STOPPING POVER,

220 IFCR=1,) 203,204,204
203 EPL: FPH=SNCu (EPSAM4RaEPCR /(1 ,0=-0))alY
GO TO 203
204 EPL=EPN=128,14E+2]1«EPS2uY
205 TFCEPL-2.08) 201,206,206
C CALCULATF NEUTRQY ENF9GY FSOM VIVEWATICS FOP O TEC & GIVENY FP
206 FNL=CCI1=EPL=(CC2<CC3/EPL* 2,2 SPRT(CCL-CCI/EPL))

ENUzCCluEPNa(CT2-CCI/EPN4D  #SORT(CCA-CCR/EPH))
¢ CALCULATE VSUTENY CHANNEL # (PFLITIVISTICALLY) FO® SevPLF
TLE20 .. 7238« PPS(3 ) /SERPTC ENL)
TUS=0,7236=RPS(I) /SERT(ENL)
CILS:=7CaM=TL =] L0LOL, 7/PPS(])
CIUS=7SaY=TUS* 100G, 7RPES( 1)
IFCCILS) 301,301,2% 3
o CALCULATE o4 OF COUNTS 9ETWEEN GIVFN CHANNELS, FOF CAMPLS SRFCTSLY r
230 CALL VYICTO(CCILS,CIUS,NTSAP,SUMSAY)
€ CALCULATE NEUTPQN CWANNEL # (RELITIVISTICALLY), FCP 20FCN SPECTPLV s
TLRz 0, 7236«2PB(I)/SNOT(EM) \
TUR:0U, 7236+ 3IPBC3) /SCRTCFNL)
CILP=73=TLB=100L . /7PPB(])
CIVB=7P-TL2* 00O,/ 9PR(]) %
IF (ZILS) d01, 201,280
(o CALCULATE #» OF CCUNTS 9ETWESY GIVEN CHMAMNELS, FOR 0°QY SPFOTE® {
240 CALL VISTOCCILE, CIUD,NTR, SUME)
¢ CALCULATE COMCENTRATION
Nz PN(2)aSPCAYE SU¥TAP/(R99(2)=RPP(Y))
P2:=RPS(4)2EPSRaSUVA/(RPS(X)=RPS(Y))
R1=90/(Pr-P0» FPERA A 2) ,
IF (P1) 1,209,200 !
208 IF(F) .CT.1.0) Plz) .0
CCYP=(®)=P)/R] |
Q=51
C CMECX TO PF SURE TMAT NTW R IS WITUIN |7 CF TVF OLF °

IFCCCOPPLET U, 01) JOR(TOWP,LT,-0,01)) €O TO 220 D |
200 IBPROCT) zRw | (GE+8 > g
EPHz EPL &>
CALL LITFSCD) qegi
300 CONT IVUE .
€ OUTPUT €V & PGV ON CT) NP
w1 CALL ASCIT(FI,Y) RO
CALL ANYINPCEVD) A% S

CALL ASCII(CI, 1) .%59‘?59
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CALL ANMYINP(PGY)
JC220,#(S¥T=] )42, (RCN=2,)
CALL 3TAPE(1,JC,1,1028,I13PROC]))

C CUTPUT STAFTS IN SPA CMANNEL 10, FFOST SURFACE OF Ta®CET 13
C NOMINALLY IM SPA CHANNEL 20, OPCIVATE IS CONCEMTRATIAN TIMES Fep,

H Ca ) =

»

10

Go TC |
£ToP
END

SUSCOUTINE WISTO(CIL, ~IU,TOF,SUM)
DIXENSICYH “TOF(1024)

il X 1
e B B

2t e

8327
.l;‘\ﬂﬂ"..

NV e n
—e
-
+
-—

b} |
2
20
ICV = L+1} .

YZ8TA = NTOFCICH)

SUM = SUX+YPATA

¥Il = I1

Y12 = 12

Fl = 0,S=(CIL-YI1)

F2 2 0,54r10-¥12

ICv = 114+ &Y

YOATE = NTOF(I0W) o
4.'8,

Sun =
JEw. ©
YoaTh
Sy 2
FETL™H
1o

SUP+Fl=YDATE
12+

z NTOSC1rUN)
SUM4TZa¥rATA
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