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ABSTRACT

The 27Al. 
^nð' 

natural silicon (p,o ) toËa1 cross sections have

been ueasured at proËon energies of 35 ancl 45 I'fev" The accuracy of

the measurements is much better than that of. prevíous measurements.
?

The (p, "He) total cross sections have been measured \dith símilar targets

and energies" The primary motivation for obtaining these cross sectíons

comes from mícro-electronic appl-ications. trrrhen the nucleon component

of the cosrric ray flux inËeracts with Èhe silicon ín computer memory

chips" the resulting highly ionÍzing parËicles can cause memory errors.

These measurements along with measurements from the literature show the

energy dependence of the (p,a ) cross section. This eneïgy dependence

T{as convoluted wiËh Èhe cosmic ray flux to determine an upper limit for

the failure rate due to cosrn-ic ray souïces. The angular disÈributions

of the Cprs ) differen¿ial- cross sections rvere arso obtained.
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CHAPTEB I

INTRODUCTION

Relevance to ì{icro-electronic, Technblogy

The primary purpose for measuring the total reaction cross sectíon

for alpha particle production by protons on silicon Ís relaËed to the

effect that cosmic rays have on computer memories. As explained I>y

J"T- Zíegler and W.A. Lanfordl Èhe maximum charge density developed by

the ionization wake of alpha parËicles in silicon is 701000 e- per

micrometer over path lengËhs of about 7 Um at the end of Ëheir r:ange.

Since 1978 elecËronic circuit components have been made sma1l enough

that they are sensitive to these bursts. An impinging alpha partícle

can cause the spontaneous flipping of a single binary bit and thus cause

an eïror in an othenvise correctly functíoníng computer memory chÍp.

Although it Ís not totally relevant to Èhe present treatíse it shoul-d be

poin-ied out that some chíps are now small enough to become sensitive

to proton and muon ionization wakes.

Zj.egLer and Lanford poínt out that these error-causing alpha

particles can come from two sources. They can be produced by nearby

trâce uranium and thorium concentrations or they can be produced by the

nucleon component of cosmic rays. Because of their relatíve concentraÈíons

cosmic ray neutrons are more important than protons at sea level and cosmic

ray protons increase in significance wÍth elevation. Clearly in order to

estj.mate the magnitude of the effect of cosmic rays on computer memories

a knowledge of the Si (p,g ) and Si (n,cr ) total reactíon cross sections

is essential"



Figures 1-1 and I-2 from reference I

of the various particles for 1+5oN l-atitucle

elevaiions. Our measurements at 35 and 45

the broad cosmic ray proton peak rvhich is

our energy range is certainly Írnportant.

2

shorv ayer4ge cosmic ray fluxes

at sea leve1 and at 3 and l-0 ïcm

lfeV are just to the left of

centred at about 100 l"feV so

Existing lfeasurements

Figures 1-3 and 1-4 show the existing (pro ) toÈal cross sections

for silicon and nearby aluminum in the reLevant energy ïange. l{easurements

of the 2741 
"r,d 

Si (p,ct ) total cross sections have been made between 16

and 45 }lev by l^Ialton "t ^L2" The 27nt (pro ) cross sections have also

been measured at 23 IÍeV by Fulnerand Coheno3 "t 62 Ì,feV by Bertrand and

^ ) Þfev by'[^Iu" cha: 
-? 

u.r"rrremenËs at 165 ].{evPeele' and at 90 ÞfeV by '[^Iu, Chang and Holmgren

have been planned at the Indíana UniversÍty Cyclotron Facility6 whÍle

measurements of dn" 27eI (prct ) cross sections have been mad.e aË an

intermediate eneïgy of 0.6 Gev by Alard "t ^L7 anð,2.1 and 4.9 cev ly
o

trlestfall et al." Tire A1 (p,o ) cïoss section at 62 Mev had a cutoff

energ), of.2"9 ì{eV so the total cross section ¡vill be slightly higher than

sho¡¿n.

Zíegler and Lanford6 point out that the Walton et aLZ measurements

shov¡ a large variation with energy and a large variation between sílicon

and aluininum. 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 neIìi measurements along r,¡ith the exísting high energy

measurements will give the energy-dependence of the Sí (p,s ) total cross

section. By inference the (n,cr ) total cross sections can be obtaíned

and thus an upper liITLit to the highly ionizing alpha particles (due to

cosmic rays penetrating mí.cro-electronic silícon chíps) rvi11 be knorvn.

These data rui11 be useful in future micro-electronic research and design.
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6

Astrophysical Importance I

ï,Ialton 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 Ëhese par-

tícles hiÈ bodies without an atmosphere such as the moon, they interact

with the lop few centimeters of soil and produce ner,r elemenEs by nuclear

reactions. These new elements have different ÍsoÈopic abundances from those

produceó by galacÈic cosmic rays because the energy of the solar cosmíc

ray ?ar,Ëicles is generally smaller" Thus valuable informatÍon on Ëhe

hístory and evolution of lunar soils may be uncovered wíth Ëhe he1-p of

these cross secÈíon measurements.



CHAPTER II

}TEASUREMENTS

Cyclotron Facilities

Figure 2-1 is a diagram of the experimentaL area at the UníversÍty

of }lanitoba Cyclotron. The beam lines which go to experimental room B

aïe not shovm for clarity" The experir¡ents rüere done in the 7l- cm.

diameter scattering chamber in experimental room A on the 45 degree

ríght beam line. The incídent energy of the beam was knov¡n ,o lrr0 o.u,

while the beam energy spread was estÍmated to be 200 kev FIfHM. Beam

intensity on target was about 10 nA except when measuring very forward

angles where Ìt was decreased (to 1 n A at t5o) in order to prevent

danaging the detector-q.

After t\,/o set-up experiments fÍna1 ilata iveùe taken of the 27 AL 
^nð

natur¿l si (p,cl ) Èota1 cross secËions, at 35 and 45 MeV, ín tv¡o runs

each using abouË five days of beam tíme.

Dovmstream of the scatteríng chainber a Faraday cup senË a signal

of the total amount of charge collected Èo a Brookhaven Instruments

Corporation current integraÈor and dÍgiËizer whÍch provided an output

for a scaler. The relationship of one count equals 2 x l0-1 n coul.

was used to calcul-ate Èhe total number of incident protons for each run.

The charge íntegrator had an accuïacy of 0"I% Íor its digitized output.

The proÈon beam generally had a tthalott of an undetermined dimension.

Past experience has shor¡n that the ha1o, which may not entirely be

collected in the Faraday cup represents <I% of the total oroton cross

secÈion" An or¡era11 uncertainty of. I'/"rvas therefore assi.gned to the charge

integratÍon.



VAULT

CYCLOT'RON

EXP. ROOM
B

S cot terr ng

Fig. 2, - I Cyelofnon Eeem Line Leyou$.



I
The bearn line and chamber were kept at a vacuum of less than 2xLO-5

Itorr. during all data taking runs.

The ScaËtering Chamber

A di,agram of the 71 cm scattering chamber is shor,¡n in FLgure 2-2.

The targeË position is in the exact centre of the chamber. The detectors

were kept in plastic holders in brass cubicles ín order to shield thern

fromr stray currents and electriô fields and thus keep the noise levels

1ow"- These cubicles I¡rere mounËed one on each of the ttro moveable tables

which .rotate aroun,il the. chamber centre. Digitized angular contïols for

these'tables were located in the control room so that detector posítíons

could',be checked during a run or changed remoÈely at any Êíme.

Two NaI moniÈors were located at 37.5 degrees left and right ruíth

respect to the zero degree axis of the chamber. These T¡rere set up t.o

counL elastícally scaËtered protons. Thus if the beam drifted Ëo one

side during a run then this would be detected by one monitor counting

significantly h:igher than the other. The ratíos of elastically scaËtered
j

proËons in these monitor detectors were kept Ëo 1.00 t 0"02.
'l{easurements vrere taken in five degree steps from 15 to 50 degrees,

in ten degree steps from 60 to 150 degrees and at 165 degrees. itr.

fon'rard and backr,sard angle measuïements were taken with the left and

right detecËors at idenËÍcal- angles and rvith the target perpendicular to

the beam. For the medium angle measurements (60 to 120 degrees) the

target ladder was rotated 45 d.egrees and the left and right detecËors

rvere pLaced direct.ly opposite each other" For instance if the left

detector ç¡as at 70 degrees Ëhen Èhe ríght rvould be seÈ to 110 degrees.

Height noËches and an angle indicator rverê located on the target ladder

enabling Ëarget posÍtion and angle to be set to ¡,rithin t O.S percent.
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i1

*î="minurir 

target consisted of a foÍl which r,ras 2 "zB t0.005 mglcm2

(or 8,46 pm) thick. A thin silicon target r,ras moïe difficult to obtain

so a decision to use e radiation datnaçJecl surface barrier detector ruas

made. The one chosen r,ras 100 rmn2 in ar\ea and 9.32 X 0.02 mg/ cnz

(or 40 p,n) thick. Whereas the aluminum foil rvas composed of essentially

100 percent 27A1, the silicon target \üas composed of naÈural silicon
)qwhích contains 92,2L percent "rr, 4.70 per.cent rvsi and 3.09 percent 30si.

The silicon used for most electronic applications has these sane proportions.

In addition the silicon taïget had two thin electrícal contacts on its

surfaces, the front one being go1-d and the back one beÍng alumínum. Each
a

r'ras L0 Vg/cm' thick as specÍ-fied by the manufacturer" A calculation

shorved that Èhis rvas thin enough Èhat relaËive Ëo the experj-mental elrroïs

in this experiment the electrical contacts could be Èotally neglected.

Secause of the unusual dimensions of the silicon target a special

targer 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 r'rould

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

from silicon to aluminum to the fluorescent screen without ventíng the

chamber. The screen r,ias used to centre and focus the beam to a size rvhích

u'as kepÈ smaller than a 3 n¡rn diameter circle.

Because the silicon target \^ras a faírly small detector a dummy

t,arget rn'ith the same outsíde dimensíons but rvith the silicon wafer removed

r'¡as made. I'leasurements rvere then taken rvíth this dummy target to ensure

that the background froin scattering from the edges rvas negliþible.

Initíally it rvas not knorvn rvhat the silicon and aluminum spectra

rvoul-d look like so a CH 2 target r.ras used for set-up purposes to produce

spectra which rùere seen to be satisfactory in shape and resolution.



L2

The Collimators

The collimators were made from tantalum because of its high proton

stoppi,ng po\rler. Thus the collimators coul-d be made relatively t-hin Lo

reduee the problem of particles scattering off the ínside of the slits

into the detectors. For the 35 MeV run collimators 2.315 + 0.01 nm

Ëhick were used and for the 45 MeV run 2.7g5 ! 0.01 rnm collimat'ors \¡rere

used. These thicknesses ensured that the highest energy elastically

scatlered proÈons Ín each case would be stopped. The collimators \^/ere

moueLed ont.o the brass cubicles

Each slit hTas approximately eleven run high by five and a half nm

wide. Careful measurements of Lhe apertures of the coll-ímatol:s vere

made. A travellíng microscope rvas used to measure the slit width ín at

least four places, tire slit height in at l-east Ëhree places and the radíus

of the sliÈ corners fcr each collimator. These resulted in an area of

59.5 t 0-1 mm2 for the lefr slir ar 45 I{eV and areas of 59.S t 0.1 **2
i

f or tire others e _

The collimators were placed aË 30.8 t 0"1 cm from Ëhe targeË centïe

during the 45 MeV run and aL 27"0 t 0.1 cm during the 35 MeV run. The

solid angle the collimaLors define is then given by the area of phe stít

divided by the squaïe of the distance from the target. This equals 7.77 x

J-0-4 steradian for the 35 MeV collimators, 6.27 x 1O-4 steraclian for

the left col-limator at 45 MeV and 6.25 x l-0-4 steradian for the right

collimator at 45 MeV. The errors in the solid angles are one percent.

The Detectors

The cletectors used rn¡ere

E detecËors \¡/eïe SO ji* thick

approximately 30 keV. The E

and had similar resolutions.

Ortec surface barrier detectors. The delta
,

and 15C mm- in area and had a resolutÍon of

detectors were 1 rnm thick and 200 ,,*2 í., "r."
The delta E detector rvould sLop any alpha



I3

particle \,rith energy less than B l,leV. and the delta E and E detectors

together could stop any alpha particle with less tha¡ 50 I.feV. The

leakage currents \.rere routinely checked when the deteetors r,rere bíased

to ensure that Èhey rùere operating correctly.

Electronics

A diagram of Ëhe electronics used is shown in Fígure 2-3. Al1 of

the modules used hrere uanufactured by Ortec. Figure 2-4 shorvs the pulse

shapes and horv the timing \,üas seÈ up at. crucial locations.

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

sent through pre-amplifiers to spectroscopy arnplifiers. Tire amplífíersl

shaping tj.mes r,rere set at 0.5 Us* The bipolar pulses from the

spectïoscopy amplífiers triggered the tíming single channel analysers

if above a set Èhreshoid. The resulting sígnals r¡/ere sent to the

coincidence unit " If the delta E and E signals arríved in coincídence

then a signal r^¡as sent io the gating inputs of each linear gate to

adÍrit the unipolar pulses from delta E and E spectroscopy arnplífiers.

A sígnaì- from the coincÍdence unit was also used to ËrÍgger a scaler

and to produce the strobe signal for the computer. The sígnal from Ëhe

93 Q ouiput of the delta E linear gate vras sent directly through a delay

amplifier to the ADC to give the delta E signal. The 1- Q output from

the .trvo linear gates r¡ere Èhen added together in a dual sum and ínvert

anrplifier and then fed Èhrough another dual sum and Ínvert amplifíer

to malce the pulses positive again. This produced the E total signal

which r.ras sent to the ADC. The tímíng and pulse duration times rvere

adjusted so that the delta E and E total signals arrived at the ADC in

coincidence and r.t" 1 p" long. The strobe pulse was adjusted to

arrive 0.5 ps . before the end of the delta E and E Ëotal signals
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PULSE SI-IAPE AND TIM1ING DIAGRAM

Bipolor Pulse f rom
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Because the delta E and E signals were sunmed electronically to

produce the E total signal the gain matching r^ras very crucial. FÍgure

2-5 shor¿s the electronics used to do the gaín matching. The size of

the pulses at various locations is also indicated. Inítial set.-up \,ras

done'by passing a signal from a research pulser through the test inputs

of the prearnpl-ifiers. In order to provide better resolution for the delta

E - E total plots produced by the computeï the delta E signal was arnplífÍed

four times and Èhen decreased by two 2X alternatoïs just before being

surmned r-rith the E signal in Èhe first dual sum and invert unit..

Final gain matchr'ng t/as done by taking out Èhe coÍncídence

reguirements and biasi-ng tl're detectors. Then a pulser sígnal of 230 mV

r.,ras sent through an OrËec charge terminator to each prearnplifier and

the spectroscopy anplifiers \üere adjusted in turn until the output

pulses at the dual sui:i and invert \,rere exactly 1.2 volts. Then beam

Ì^7as sent into tbe alu¡ninum Èarget and the spectroscopy amplífier outputs

were checked on an oscilloscope for clipping. The alurninum target $ras

used because it had the largest Q value so it produced the most energetic

alpha particles. If clipping did occur then both spectroscopy amplífíer

gains ¡i7ere turned dor+n proportionately until this problem was elírn-inated.

The next step \ras to check the tiqo ADCrs for linearíty and to make

sure that channel o corresponded to zero energy. The right signal went

to a CAIIAC A-DC and the left signal rvent to a Northern NS 625 I\ÐC. The

pu1-ser $¡as sent to each deËector system in turn and a graph of pulser

gain versus channel number rvas made. In all cases the ADCis responses

were linear but in some instances tlne zero poÍnt had to be adjusLed. Fígure

2-6 is an example of this.
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The thresholds on the delta E TFCÀ 's rn¿ere carefully adjusted

so that none of the alpha particles were el-íminated but that the faster

protons rvhich left very little energy in the delta E detector \.,/ere

rejecte<i, Although the on-line computer could distinguish them from

alpha particles thf.s step greatly reduced the computer dead time. The E

deËectors .TSCA ts threshold was set as low as possible so that none

of the alpha particles rvould be unnecessarily filtered out.

The Camac ADC had a slightly higher gaín than the Northern ADC so

the .data measured on the right detecËor system had a higher gaín than that

measuredonthe l-eft. This was left to be accounted for during the

daËa anal-ysis 
"

The Onrtine Cômpùter

The PDP-15 computer was used to create two-dimensional displays

(scaiter pl-ots) which plotted delËa E versus E total for both left and

right detector systems. Figure 2-7 shows a typical example. Thê different

enexgy loss characteristics of the particles clearl-y separaLes the
i

partíc1es into narrow bands. Energy loss per unit paËh length increases
l

wíttr nucleon number and wÍth the square of the nuclear charge.

A set of locí was drawn around the alpha particles as sho\^In Uy tt"
a

dashed lines on Figure 2.7 Another set of loci was dran¡n around the JIIe

particles. A computer program r.ras used to 1og the data on magnetie tape

and to create enetrgy spectra where only the events which were betrveen the

loci were plotted. Figure 2-B shor,¡s a spectrum frorn all particles.

Tigure 2-9 shows only the alpha particles and Figure 2-L0 shorvs only the

3He particles for a typical run.

As

in

can be seen by Ïigure 2-9, the lovr energy alpha partícles are not

Èhis type of measuremenË. This is because the alpha particles wíthseen



v,
Ø

ø
 .

 ø
tl

4Ø
Ø

 .
 ø

t'

t¡ ¿
'.l

tØ
Ø

 "
 Ø

t7
L T fì E

z:
ø

ç)
 "

 Ø
tò

tØ
Ø

,.ø
t?

)

ts
{

ts
.

(q N I {

S
rl:

râ
T

T
E

R
 P

L(
)T

ø
"ø

Ø
ø

Ø
.ø

ø
@

16
q.

 rl
@

B
O

T
H

 B
}I

E
R

G
Y

 S
C

A
LE

S
 A

R
E

 IT
¡ 

/\R
B

IT
R

À
R

Y
 U

iJ
T

T
S

'¿
tÒ

Ø
 ^ 

ø
tÒ

 
:3

fa
ø

 . 
ø

(A
T

'3
IT

A
L 

E
I.{

E
F

:G
Y

+
ø

ø
 ^

 ø
ø

5ø
)'â

. 
O

€

H ú



e5
e 

" 
ta

(â

eø
@

. 
Ø

(¡

l.l U rn tr e 
15

0 
. 

ø
(a

r' C
r +
' c'
 Lt

àØ
 . 

ø
tl

C
r u rt t.

E
ø

. 
Ll

Ø
(Z

4 ft 'a t\) I co
Ø

- 
Q

tØ
t7 "' 
ø

ø
Ø

+
Ø

Ø
6ø

(a
C

h,
a.

r'r
ne

I 
nu

nr
llÊ

r'
'L

 >
Q

rØ
(4

L 
"?

ø
Ø

N o



:Ø
O

, 
'â

(D

¡¡
15

Ø
 . 

üt
r?

u m k' e r' c'
Lø

Ø
 " 

ø
t:)

t c: C
r u fr t, *â

Ø
. 

Q
rØ

(V

F
d

l-¿
.

l\) I (o

M
w

fu
,,u

*^
*o

6;
Z

rA
G

h.
r.

rr
ne

l 
nu

rr
lte

n
aØ

a)
l. 

r 
A

'A
(a

L 
2¿

ø
Ç

J

N Þ



45
. 

€,
er

(a
 "

Ë
ø

, 
ø

,4
()

 -
l.l u rn þr e 

15
. 

at
Ø

tà
 -

r' C
r

rl 
t 

( 
p 

,3
f-

i,*
 ] 

a'
b 

35
 D

eq
 , 

d.
5 

I'l
et

t

c'
10

. 
ar

ø
ø

:
C

r u ft t. ù.

5 
".

e)
a(

a 
- : - .l i I

I

I

ø
. 

Ø
ø

(Ò
 -

l

r.
{

lJ
.

r\
) I ts o

ø
ø

Ø
2ø

ø
4ø

Ø
 

6û
(A

C
h.

a.
nn

e 
I 

nu
nr

¡le
r.

8O
e)

1)
 €

,r
A

(a
L 

)?
Ø

Ø

N
)



23

less than B IleV' do not make it through the delta E detectQr into the E

detecÈor and thus the coincidence requirement rules them out. Because

these spectra are cut off belorv B MeV it is dÍfficult to extrapolate

them to zero eneïgy. Therefore the coincidence requirements \,lere removed

and spectï4 r,rere taken at approxímately seven clifferent angl-es. Figure

2-il shows how the l-oei v¡ere drarnm for these measuremenÈs' Clearly the

resulting spectrum gn Figure 2-L2 nott contains alpha "r,d 
3H. partícles

although al1 protons, deuËerons and tritons have been elímínated. However

t
Ëhe JHe particles make up l-ess than ten percent. of the Ëotal counÈs at

hígh energy and a coïïespondingly lovr fraction at low energy" Thus Ëhese

data show the shape of the 1-ow energy alpha spectrum. These measurements

give information on the alpha particle spectrum between 3 and B MeV and

Èhus make it easier to extrapolaËe the cross sections Lo zeto energy.
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CHAPTER III

DATA ANALYSIS

Dea9 Layer Corrections

T\uo factors caused distortions in the low energy region of the

specË ra.

After the loci were drawn with the detectors set at medium angles

iÈ was noticed Ëhat vhen the detectors were moved to forv¡ard angles

some of the triÈon evenLs were allowed into the low energy portion of the

heliusr daËa. Thís appears as Èhe peak located at about channel 50 ín

Figure 3-1 which is a typical example.

Figure 3-1 also shows a drop in the number of counts at channel

160 and a slight excess on eiËher side. This distortion ruas caused by

dead layers between the detectors and by the E timíng sfngle channel

analy-serrs threshold. Even though the E threshold was turned dori,n as

low as possible some events rnrere sti1l rejecÈed 
i

fn order to correct for these distortions a fifth deg::ee polynomial

funcËion was fitted to the data, excludíng the distorted regíon.s. A

typical fit is shor""n by the solid line in Figure 3-1. Although the

polynorni¿l shown goes through the orígin, no knowledge of the spectra

below the lorvest energy measured data rvas used in any further analysís.

Low_ Energy Addition to the Spectra

The next step in the data analysis was Ëo add the 1-orv energy portion

of the spectra (3 to B MeV) onto the high energy portion of the spectra.

This could not be done directly because the lornr energy portion contaiired

3H. particles as well as alpha particles and thus had a slightly larger

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

26
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for this.. The first was to nultipty the nurnber of counËs in each 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 data.

The second rnethod rvas to assume that the percentag. of 3H. particles Ín

the low energy data v¡as the same as that in the lowesÈ parË of Ëhe high

energy data. This percentage rvas then subÈracted. Both these methods

gave very sÍmilar resuLts with differences of less than one percent in

all spectra tested. The first meLhod was chosen and used for the daLa

analysis because of its easfer implementation.

Thick TargeÈ Correction Formùlae

As mentioned in chapËer 2 tine aluminum target rvas 2 ,28 t .05 mg/cm2

thick and the silicon target rvas 9 .32 t .02 mg/cm2 thick" The thickness

of t.he target presented a problem because particles produced in the

target had to travel Èhrough part of the target before they got to the

deteci:ors. In doing so, they lost energy clue to íonization. The slorvest
:

particl-es r¡rere completely stopped and thus lost from the measured spectra.

It is inrportant to correct for this energy shift and particle loss in

order lo get the true alpha particle spectra as rvould be produc"d ír-, u.,

ÍnfÍnitestinal target " For our silicon measurements at 50 degrees the

alpha particles produced on the sfde of the target furthest from the

detectors had to Ëravel through L4"5 ng/c*2 of sÍlicon. This was enough

to stop a 10 MeV" alpha particle so it was imperative to make thís correctíon,

Two methods of correcting for thick target effects have been

descríbed in the literature. One rvas an algebraic solution usÍng the

ïange-energy relation and'hras presented by Comiso .t "1.9 The oEher rvas

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

by Johnson et 
"fJO 

If'the rnethqd of Johnson. et alr.wês used fof
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out LQ24 channel spectrâ then the mêtrices. r.rould haye been h,uge and
I

the computÍ.ng tÍme rvould have been excessi.vely long. Comfso eÈ a1,rs

method was much símpler but rvas valid only for cases where none of the

particles produced in the target had ranges greater than the total

terget thick,ness. This method theref ore \nras not applicable to our

experiment where many of the particles had energies considerably greater

than Lhat rvhích the target could stop. The following is a derivation

of a thick target correciion formula. It fol-lor,is the methocl of

Coniso et a1. cJ-osely"

The measured yield of alpha particles 1S given by

Y = nN Àe do
ti.CI

v¡here do is the differential cross section ío 
"r2df)

A ç is the solid angle in steradians. The assumptíon is made that

the bearn spot size "r,å t"rg.t tlrickness are sma11 compared with the

distanee between Ëhe Èarget and the detectors so thaË any variations in

angle caused by the location of the alpha parËicle producËion aïe

incident partícles

target nuclei in number of atoms/cmz.

negligibl-e"

n ís the

N is the

N=tpA
u

where:

t

p

A

u

Ëotal number of

tolal number of

target thíckness

target density in

Avogadros number

atomic weight in

l_n cm

'3g/ cm

in number

g/mole

of atoms/mo1e
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dY(0,E) --^^ cl o
dE = nNA!¿dRã-E

But propetfy ¿#u refers to a threefolcl dtfferential cross sectíon
1(in cn"7llev-steracllan) for an infinLtesLmal target. Thus assuming

o doe,= not chanqe over the target ttrlckness lvith i¡rcident enerçJy:

Now Y is properly a function of both angle and energy,

1'(0,E) ntl^QÂe do' ,
dCIdE

d dY(0,8) _ nÌtrn,., clo-
d x dIl L""d QclE

x is the clLstance the particle travel-s throuqh

O ,.S x S L v¡here L = tarqet thlckness Ìn cm/cos0

ef f ective thLcl;ness f or outgoing alphas.

Norv j.et En and Rn be the measured "n"rOU and

and Ep and Rp be the enerqy and range that the

or

the target and

and is the

range respectively

particle was

produced with",.

d._ cly (0,8p) _ nNn,., do
dx dEp L-""dQclup

let P {E.p) = 
^0 

gg
"dQdEp

_d dY(0,8p) d cty(0,Em) nN.
ãl -*a¡¡- =a" ff'=:::-P (Ep), since Em = f rrnction of Ep

Now integratinc¡ over the distance x one obtains:

dY (o,Em) T t-n (e p) dsp d)<

= âEp ðum
âRm x ðRm x

=+ ffid-e tart ffi a*
En

=V (Em) r.¡hich is the measured

(Ì,lev )

I
l+x

â (x,Ep) !_Eg
â (x,.Em) - âÈm

Therefore dy (0,En)
dEm

yield per unit of energy

Now R(Ep)= Rm + x

Ep = E(Rm + x)

E
Ê.r

.+l
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/A ¡¿\ ¿" =
\a Rn/x

V (En) = nN
L

where Emax

thi-ck

do' =
dE

âRp dx = dEp
âRm

t:i"" P(Ep) dEp

-A- 
!P-

âRp

ðRm
a

E

Em

(Rm + l,)

Dífferentiating one obtains :

v7¡n*¡ i (# /ËT'" P (Ep) dEp

+ rN 1¿n*ì1 / dn*"* P (Emax)
L l.dE*l I dEr""

rN dRn P (Em)
L dEm

Now subsËituting ín Èo eliminate the integral.
Jt

V (Em) = d2nt / an* V (Em)
dE*z I dE*

+ 
'¡q /qs\2 / /glnrgët P (Emax)
L \dEml / \dnmax/

"r¡ 1g¡u\ P (Em)
L tdE*l

Rearranging: nN P (Em) a'¡* / fq&qt2 u (ur)
L d*^z / \dE*l

+ nN f$E\ fi¿n*'*\ P

L \aum//\au*""f

'l
(Ernax)

.

'l

ì
/dP.rn \ V '(.*l 

,

(Em)

d-q
dE

The

- P (Em) is the produced yield per unÍt energy (lfev) ,

targeL correction formula can

- kaz*rL ll;;z/hìr l\u!-, d Y (e, E)rrr\ 
Lffif dE

/dR\tas/ /¿o\
7ãR\ \dE/ E=E(P.+L)
\¿ele=s(R+L)

be wrÍtten as:

a2 v(e, uil--agz- |

m-1

InIe need a continuous energy specËrum.
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1024 ¡+here

may

Yield ¿-
t ¿ v(0, el

dÊ.

Notice that ii one consiclers targeËs r¿hich are thick enough that

none of the produced pa::ticles is energetic enough to pass Lhrough t.he

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

target correction fornula reduces to
o^

l¿o\ , I fa'*f ¿2 v -(g, silr
(dJ =Ñ l)# s-r-ffi--Ð ,Æ;-l'

LJaE/ {dE/ 
I

as derived by Comiso eÈ a1"9

in order to do the thick target correction one must fj-t the

anaiy-lícal expressions to R (E) and d Y (o, E) as functíons of energy
dE

Then tìrese analytical expressions must be differentiated to produce

t"'hich are terms i-n the correction f ormulas.

One aspect not taken inËo consideration is range straggling. Comis.o
g

et al- tested for the effects cif this and found them to be small. It ís

assumed that the sËraggling in range betrveen partícles of close energy

will cancel in such a r.ray that the effects in smooth spectra such as the

ones under consideration r.rould not be noticeable.

E

te

equatíon

(år), =

y calcula

at first look insolyable but by starting at

equals zero and then working back one
(R+L)

the complete spectrum of produced particles.

32
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Ia"ge@ :

In order to calctrlate 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 = 0.295.I1'73 rvhich was gÍven by

Goulding .t t1 "11 This formula r{as presented as being reliable betr,¡ee¡

10 a:rd '1o0" lvfev" comparing the predictions with the range of

alpha particles in siiicon from Marion and young!2 shoros the predictions to

be poor at lorver energies. Even rvhen the two constants \,üere adjust-e<]

slightly to give a better fiË, the calculations gave still poor ïepïe-

senLaiion below ten IîeV.

Thus several polynomial fits to the range-energy data for arpha

particles Ín alumínun were tried. The data tabl-e used was the one

supplie<ï by Northcl-iffe and Schiltirrg.13 corniso er al9 reported ir to be

Ëhe'best at low eneïgy" It covered the needed energy range rather we1l.

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

The cornputer progïam used Èo obtain this fit is contained in Appendíx I.

The error is 0.59 X 10-4 as calculated by I

'eIror = N-D -l_

where YCi) = 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 pol.ynomial

Other polynoinial fit programs whích were tried could not do as good

a job

The co-efficienls frorn Table 3-l correspond to a seventh degree

polynomial. The polynomial rvas Ëhen differentiated to produce the needed
)t

än/an and â'n/AE' eneïgy dependancies. These relationships with energy r.rere

the ones used ín the thick target correction.
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Energ-v

0 .5003

0.64A4

0. B0c5

l_.0c07

1 " 60i0

2"00L3

2"40L6

2 " B01B

3"202L

3.6023

4 "OA25

5 .0033

6 .44/:2

B 
" 
0052

10 .0070

t_2 " BCB0

16 " 010û

20.013C

24.4150

28.0180

32.0214

36 " 0230

40.026t

TABLE 3_1

Data Tables (f3)
Selg.-ir-'g/-.r'

0.5740

0.6800

0. 8020

I " 1910

L"4750

1 
" 
8600

2"2830

2.7 4s0

3,2440

3.7790

4 "3490
5.9200

8.4600 '

11. B3s0

16.7 420

24.8s70

3s. B3B0

52.0110

70.7870

92.0630

LL5.7520

L4r.7630

r70.0920

Calculated
Ránge j-n ing/cm

0.5857

0 .6821.

O,79BI

L.7825

l-. 46BB

l-. B59B

?_,287 3

?_.750s

3.2490

3.78?-3

4. 3s00

5,9L69

8.4s52

1,L.8325

L6 "7452
24.B4BB

3s. 836B

52. 009 B

70.7889

92.061,6

.Ir5.7527

I4L,7828

t70,0920

A1
L2
A3
A4
A5
A6
A7
AB

= 0"28031047D+00
= 0.54906892D+00
= 0,L2366895D+00
= -"19611173D-Oz
= a "7r534988D-04: -.19288997D-05
= o.29340044D-07
= -"18608327D-09
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Trvelve data points rrrith energies less Ëhan 0'5 MeV are found

in thc Northclif f and Schilling data tab1"". 13 These points rlrere

in order to obtain a better fit for the remaíning data. This rvas

to be acceptable because lve had no data belorv 3 Ì{eV due to triton

contanination" The spectra hTere extrapolated between zero and 3

as r+íT1 be explained later in this chapter.

ignored

j udged

ì1eV

The correction term in the Èhick target calculations requires the

calculation of Emax where Emax is the energy of a par:Lícl-e rvith a range

egual Èo the range of E¡n plus L, the effective target thicl<.ness. Thus

it is also necessary to obÈain a relationship for the energy in terms of

the range. The inverse function of the polynomíal given ín Tabl.e 3-1 r,¿oul-cl

be difficult to calculate" Therefore the program in Appendix I r¿as used

Èo fit the energy to the ïange drt".13 The best fit ís shorvn in Table 3-2

anC the error is nois equal to 0.79 x 10-3 as calculated by the formula

given prevíously"

The ÌIeasured SPectra

Both the measured spectra and their first derivatíves witTr respect

to eneïgy r"ere used in the thick target correction cal.culations. The

measured spectra naturally contained a certain amount of random variatíon

betr',een the points due to statístical fluctuations. To e1íminate the

fluciuations smooth curves were produced by fitting polynomials to the

data points. Fígure 3-2 shorvs a typical example. These ner'7 curves rrere

then used to calculate the derivative of the measured spectTa by símp1y

comparing neighbouríng points. No attempt to fit the very high energy

features \.ras attempted because the errors in the slope rvould have been

large. The very high end of the measured spectrum r.ras instead added onto

the thick targeË corrected spectrum. Thís rvi11 be illustrated later in

this chapter. This produced spectra ruhich \rere distortecl in the very Irigh
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,2Kange r-n mg/cm

o.L420

0 " 1660

0. 1900

0.2180

0.2520

0. z8B0

o.3210

0. 3650

0.4000

0 " 4330

0.46s0

o "4970
'0.5740

0 .6800

0. 8û2û

0 .9590

1" 1910

r " 4750

1" 8600

2.2834

2 "7450
3"2440

3.7790

4.3490

5.9200

8.4600

11. 8350

L6 "7 420

24.857A

TABLE 3_2-

(l"fev)
Energy from
Data Tâb1es (13)

0.0500

0.0640

0.0801

0. 1001

0. 12Br

0. 1601

0 " 2001

0 "2402
o "2802
0.3202

o.3602

0.4003

0.5003

o "64C4
0.8005

1 
" 
0007

1,2808 f

I 
" 
6010

2.0013

2 "40L6
2 

" 
B01B

3.202r
3"6023

4.0026

5 .0033

6 .4042

8.0052

10 .0070

12.8080

Calculated
Energy (lleV)

0.0449

o.0662

0.0881

0. 1143

0.L470

0.L827

0.2226

0.2625

0.3000

0. 3361

0.37L7

o ,4078

o .496s

0.622L

o.7699

0.9628

L.2472
I

1. 5 850

2.OLL6

2.430s

2,83L4

3.2L28

3.5853

3.96s9

5 "0226
6,3992

8.0049

10.0087

12,BL97

0., B31869B5D-03
-,29L82r69D-04
0.40028288D-06

A7 =
AB=
A9=

A1
A2
A3
A4
A5
A6

= -.67805910D-01
= 0.70569696D+C0
= 0.67189260D100
= ^,37797931D+00
= O,92570545D-01
= -.11951416D-01
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energy region from the produced spectra. Although some of the particles

were s'ìorved dov¡n (never by more Lhan 2 ì{eV) by the target, none ivere

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

The final factor needed for the computer calculations is the ratio

betr¡een energy and channel number. Thís conversion factor rvas obËained

by conparing Ëhe energy of the hÍghest energy aluminum peak with a

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

shor.rs the 45 IleV results. This gave the channel number to MeV conversions

of Table 3-4"

TABLE

}{EASURED GAINS

Left Righr
Channel Channel

Left Conversion
Factor
MeV/channel

.o5522

" 05535

Right Conversion
Factor
MeV/channel

.05426

.0s433

788

69L

802

704

3-3

AT 45 MeV

Energy
(ÞreV)

43.52

38.24

Speetrum

A1 at 35o

A1 at 90o

45.0 lleV

35.0 MeV

TABLE 3_4

CONVERSION FACTORS USED

IN THE CALCI]LATIONS

Left
(.MeV/Channel)

"o5529

"o37 44

Right
(MeV/Channel)

,a5429

.03609

Thick Târget Correcti.on Computer Code

The computer code for the thick target correction is containe.d in

Appendíx 2" Pages 67 to 7l contain the main data handling progïam. Its

functions are;
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3)

4)

s)

6)

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

coun-ts in each channel by a common factor

typing ouÈ of number of counts versus channel number

fitting of a polynomial up to l-0th order through ruhatever cþannels

'.vere selected and generation of a new spectrum using the cal-culated

poiynornial

addition of part of one spectrum onto another spectrum

storing and outputt.ing of files whicir rvere ereated,

The polynomial fit r,res imporËant in that Ít could correct for the

dead layer distortions mentíoned earlier by fíttÍng a curve througlr the

undisÈorted points on eacir side " The acÈua1 subroutÍne rvhich does the

polynomial fitting is shorvn in page 73 vrhich ís in AppendÍx 2.

This program coul-d also do Ëhíclc target corrections by calling

the sdbrouËine on page 72 rvhich is ín Appendix 2. The program starts

at tire higl'rest energy point and calculates the nerv spectrum channel by

channel by using the thick target correction formula l,¡hich rvas presented

earlíer" The coefficients for the range-energy relationships were used

to calculate many of the terms, The origína1 measured spectrum was used

for the measured spectrum term'but for íts first, derivative the smooth

specËrum generated by the polynomial fit, \,ras used.

Pages 74 and 76 of. Appendix 2 show the smoothÍ-ng routines which

could accurately smooÈh. the data by usíng cubic splines. A faster but

less accurate smooÈhtng routine is located in the main program. Several

other small subroutines rvere necessary to run the program but these are

not shown.

As mentioned earlier no attempt r,¡as made to fit the slope of the

measured spectrua to the very high energy features. Thus the origÍnal
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high energy end of the measured spectrum r.¡as added onto the corrected

spectrum. Figures 3-3 and 3-4 illustrate horv this rvas done for one

spectrum, The portion of the measured spectrum above channel number 400

was added onto the thick target corrected spectrum.

Figure 3-4 also shor¡s horv the corrected sDectrum \,Jas extrapolated

frorn the 3l{eV cut off energy dou.n to zero yíeLd at zero energy. From

phase space argume.rt" 15 one knows that the differential cross sectíon

var.ies as the square root of the energy at 1oT¡/ energies. This Ínformation

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

specÈrum"

Test of ThÍck TargeÈ Correction

In order to test the accuracy of the thíck target correct.ion we Ëook

the thick target corrected specËTum, sirnulated the passage of particles

thrcugir a target, and then checked if the resulting spectrum rvas.the same

as tire çieasured spectïum. Appendix 3 shcr,'s Ëhe subroutine used Ëo

simulate the targeË. The maín program is not shorvn because it is very

similar to the main program in Appendix 2. The subroutine uses the same

polynomials for the energy range rel-ationship as the thiclc target correction

code used

The subroutine took the number of counts in one channel of the

corrected spectrum, assumed that L/20thof Ëhat number rvere produced in

the centre of each of 20 target sl-ices, and then produced a nev spectTum

by ca1-cuLating hor^¡ much energy the particl-es in each location lost when

travell-lng through t.he Èarget to the detectors. Figures 3-5 to 3-7 shoru

in turn a measuTed spectrum, a thick target corrected spectrum and then

the spectrum produced by sirnulating a target being added to the corrected

spectrum. In general, the final spectrum.agreed ve.ry c1ose1-y wlth. the
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measuTed spectrum ín shape and size. In all cases, the error in the

total number of counts is less than 3 percent.

DaÈa rvith no Lorv Energy Measurements

Several methods werc attempted to utilize the daÈa at angles where

the high energy part of the spectrum rüas measured but where no data were

taken rviih the coincidenee requirements removed. No data below B MeV

exists for Ëhese angles. The part. of the spectra be-'l-or¿ B MeV contai-ns a

large percenËage of the toËal number of counts (over 90% at backward

angles). By various methods it is possible to extrapolate Ëhe number of

counts in this low energy region of the spectrum by using the available

1ow energy data at nearby angles. However because these extrapolatgd areas

are so large the j-nfonoation derived from Èhem has such a Large error t.hat

these poJ-nts do noL contribute Ëo making the total cross sectíons more

accurate" Thus the measurements at angles where no 1orø energy data were

Èaken were henceforth ignored. The angular dependence of the cross sectÍons

is verl' sniooth so extrapolating and interpolating the cross secËions

over al-i angles riras sËill accuraÈe, using only the points where low energy

data were taken.
t
'He Analysis

lÌo clear knowledge of the 3H. 
"p."Èra 

exisËs below 7 MeV as the

speccra r+-ith the coincídence requirements removed are sr¡ramped wÍth alpha

particles. This low energy component contains roughl y f.ífcy percent

of the yield and any attempts to obtaín it give considerable error.

Figure 2-10 shows a typicrl 3H. spectrum. Also the 3He particle yields

are much lower so the statistical errors are larger than those for the

alpha particle yields. Sti11 the 3He particles are also highly íonizing
I

parÈicles and the Si (p,'H") reaction is important to the micro-electronie
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3H" duar r.rere alsoapplications mentíoned in Chapter 1" Thus the -

analyzed. The analysís v¡as similar to the alpha particle analysis so

it is not presented here "



C}IAPTER IV

CROSS SECTION CALCULATIONS

Formulae

The differential cross section per unit solÍd angle can be

expressed as:

do=dN
clQ Nn dx Af)

whe¡e AQ is the so1íd angle in steradians

dx is the Ëarget thiclcness in cm

n is Èhe number of Ëarget nuclei O.r "*3
N ís the total nunber of incident protons

dìl is the nur¡ber of particl-es in the spectrum measured at

thaË ta.rget angle after the correction for thíck target

effects,

The above fornula rvas used to calculate the differential cross

sectlons for all- the soectra. The results are shorvn in Table 4-1. The

angu-îar distributions are shorvn in Figures 4-l- Lo 4-4.
' To get the total ( prc¡) cross section one uses the relationshin:16

o.. = 2rIT do sin0d0EoE.. ' o 
.lCI

The lines drarvn through the data points in Figures 4-1 to 4-4 lvere

useC to e:rtrapolate and Ínterpolate the differentj-a1 cross sections. These

Lines rvere then integrated under usi,ng the above formula to determine the

Èota1 cross sections. The results are shorvn in Table 4-2.

alpha particle yields and the

Table 4-2.

The 3lle partícle yie1c1.s rvere calculated by the same rnethods as rhe

tp,3u.¡ cross sections are also shor.¡n in

4B
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I_qLæ!.

Aluniinum

Siiicon

Aluminum

Sí1icon

Angle

15 .0
35.0
60.0
90.0

120.0
140.0
16s"0

15"0
35"0
60.0
90"0

120"0
140.0
165. 0

20.0
35"0
50"0
90 .0

130 .0
160 .0

20.0
35.0
50 .0
70.0
90"0

110.0
130.0
140.0
165"0

TABLE 4_1

etiu1gY_

J
45"05 : "25'i

I
45"05 ! "25

3s"oo ! "zs

35 .00 ! .zs

DÍfferential Cross Secti.on
(urÞ /steradian)

40.27
25 ,42
L6,70
L4 ,33
L2,LB
13. 40
L3.22

27 .22
18. 39
L6.36
11"68
r0.93

9 "t59"06 
ì

,o t7

24.86
19.67
L2.54
12 "7313.04 

,

31. 18
22.02 

i

16 .6r
L4 "52 + ,r07"
L2.7s t tOZ
10.65 x ,tOZ
L0.46
L2.36
a4.r9

Erro¡s in cross sections range fron 3 to 5 percent rvhere not sho\nrn.
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si ( p, o.)

,tot (n, o)

si ( p, 3n")

2l ¡i G, 3ir"¡

TABLE t+-2

TOTAL REACTION CROSS SECTION

3s.00 t .2s ueJ

180 t t1 mb

195 1 12 rnb

7!4mb

7t4mb

45.05 t .25 ¡,tuv

I72 ! Xg mb

2L0 ! 13 mb

10t5mb

10t5mb

Erro¡s

The errors in the differential cross section data of Table 4-I are

composed of systematic and relative errors. The systematíc errors ínclude:

i) Èa-rget thickness uncertainties of 0,25"A

ii) solid angle uncertainties of 1.0%

iij-) beam integration uncertaintíes of 1.0%

These errors rvere descríbed in Chapter II. They affect all data
)

points equa11y. I

The relative errors include:

i) statístical fluctuatfons of l-ess than 0.52

ii) errors caused by the thick Larget correction of 3.07" f.or all but

3 points rvhere the error Ls 17.

iÍi) uncertainties caused by the dead tÍme and background corrections

of J-ess than 0.1%.

The statistical fi-uctuation error rvas arrived at by taking the

square root of the total number of counts. The thick target correction

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

Background and deadtimes were both sma1l as described in Chapter II.
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These relative errors ralse some points and l-orver others. The

measurements made rvith the left and right arms \^Iere averaged together bo

this eliminated some of the relative error. f'urthermorer even though

tlr.e data points had a.combined error of less than 6% the relative errors

tvere reduced in the total cross sectíon calculatÍon by drar^rr'ng a smooth

line through the Points.

The contributíon to the total cross sectíon is greater at medium

angles then at very fonuard or backward angles (because of the sin (0)

depen<ìence) so the error, caused by extrapolatíng to Oo or 1B0o is sma1l.

By anaLyzing varíous fiis to the.angul-ar distïíbutions of the differential

cross sections, it ru'as found that the uncertainty in fi.tting the líne

contributed an error cf 37" to the total cross sectíons. Thi.s 37í r¡hen

aclded to Èhe systematic errors gíves us a toËa1 error of 6% in t-he toLal

cross sections quoËed in Table 4-2.



CHAPTER V

I

S]GNIF]CANCE OF THE RNSULTS

Comparison rvith ExísÈing Data

Figure 5-1 graphs the data from the present experiment along side

data from previous measurements in our energy range. Figure 5-2 shorvs

the data from the present experÍment wíth previous data for a larger

energy range. The silico:-r measureaents clearly show good agreement with
t

previous'results" at 34.5 ancl 44.5 I"Iev as revealecl bv Tai:le 5-l_.

TABLE 5_1

A COMPARISON oF SILICON (p, cr) CROSS SECTIONS

r,^Ialton 
"t ^L2

This work

si(
si(

PrG)

PrG)

L92 !

L67 !

25 mb

50 mb

aE 34"4 MeV

at 44.5 I'leV

180 t 11 mb aË 35.0 l4eV

'

L72 ! 10 mb at 45.0 I'leV

We have reduced the errors in these measurements by a significant
i

amount. Looking at the previous measurements, large variations in the

aluminurn cross sections existed with energy. These measurements ,range

from 307 å 40 mb for the aluminum cross section at 25.3 ì{eV Lo 7L t Z7 *A

for the al-uminum cross section at 38.0 MeV. If the l^Ialton "t ^L2 
measure-

ments for aluminum are ignored then the al-uminum cross sections also

appear to have a fairly smooth energy depende,nce so the Walton et a1

measurements are the onJ-y evidence for the stTong energy dependence 
"

UnfortunaÈely becausé measurements rvere on3-y taken at tt¿o different

energies, r,re have not completely resolved this matter. The silicon measure-

ments which are the important ones for Ëhe electronic appl-icatÍons agree

quÍte well and do not shoiv much energy variation.
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Further Discussion

The present A1 (p,g) cross section measurements came out slightly

higher than the Si (p,ol) measurements. This can be rationalized by the

fact that because of bindíng energy differences the aluminum reaction is

energetically more favourable"
' t-7ie: p+¿lAr -Þ a+24ttg = 1.5945 MeV

= 7 .6990 I4e"Ip + 28si *Þ q+ 25¡,t

The Si (pro) cross section is noru better knor¡n at 1ow energies.

In ad.Jition to ¿he contributlon to fundamental nuclear physics these

measurements have relevance to Èhe micro-el-ecEronic and geophysical"

appl-ications mentioned previously in Chapter I. Our neasurements have

special rel-evance because they were taken at energies just bel-ow the

sea levei cosmic ïay proton peak. The cosmic ray neutron flux ís higher:

by a facr,or of 500 at sea leve1 so it is even more important to hnorv the

Si ( n, cr,) t.ota1 cross section f or micro-electronic applications. i

Horu-ever, the nucl-ear force is thought to be charge independent so

r¡/e can consider the (n, Cr) cross sections to be nearly equal to Ëhe (prCr )

cross sections. Evidence for this is shown in Figure 5-3 from reference 1 O

whích compaïes th" 12C (p,s) and (n, cr) yields at similar angles (20o)

and energies (about 40 IfeV). The resulLing spectra are nearly identical

in both shape and Ëotal yield. Evidently the coulomb effects of the

Íncident proton must be small. Therefore by measuring the Si ( p, cr) total

cross section one car! at least quote a reasonable estj.mate for the Si (r-trg )

total cross section.

The fína1 step r{as to convolute the energy dependence of the cross

section shown on Figures 5-l anð 5-2 ruith the cosmic ray flux shorvn on

Figure 1-1 and 1-2. This was done by fitting curves Lo the data. The

a

a
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dN L F.n,O
each I'leV

r+here F is the cosmic ray flux/l'teV - .r2 - ht

n is the number of target nucl-ei/crn3, and

a is the cross section in cm2.

Table 5-2 shorvs the results at sea level. AL higher energies the

cal-cti-i.aLion was not done due to the l-ac1c of cross section data but the

yield r"rould be low because the cosmíc ïay flux decreases rapid1y wíth

eneïg]-" Thus at sea ier¡e1 with no shielding one can expect the neutron

and proton componenËs of the cosmic ray flux to prod'-rce an alpha particle

in:a- crrhíe centirneËer of silicon approximately every 15 hours. At an

eLevatiorr of 10 Km the yield will be at least 100 tines higher, witt

shielrlir-rg such as Èhe roof of a building, the alpha particle yield may

drop coiisiderably

TABLE 5_2

Alpha yield
from neutrons

aluminum cross

l,¡ere availab le .

c*3 of silicon

Erièrgf Range

Threshold ro 100 l.feV

100 to l-000 Mev

1 ro l0 Gev

Threshoid to 10 GeV

sections rvere used at

Then the number of

per hour is given by:

energies r,rhere no si.li.con data

alpha particles produced in each

Alpha yield
from protons

0.0004/cm3 - ht

0.0010/cm3 - ht

0.0006/cm3 - ht

0.002/crrr3 - hr

0.033/crn3 - hr

0"01-9/.13 - h"

0,005/cm3 - hr

0.057/cm3 - hr
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Summary

The alpha particle spectra from protons impinging on aluminum and

silicon targets \{ere measured at 35 and 45 }feV. The sil-icon target

r,¡as relatively thick and absorbed many 1-orv energy alpha particles. A

nuilerical method for correcting for thick targeL effects has been

adapled from the literature and used to correct the data. The correction

technique introduced only a 3 percenL error to the differential cross

section data points.

The angular dependence of the differential cross sections has been

deÈernined, The anguJ-ar distributl.ons have been integrated to calculate

the total cross sections for Si and Al ( p p ) at 35 and 45 MeV incident

proton energies. These val-ues are accurate to 67" wlníc}l. is an improvement

over r-he previous Cata. The silÍcon results agree with the measurements

by I'lalton et ^L2 aÈ símilar energies " lfeasurements \,/eïe not taken at

enough energies to conclusively state rvhether or not the cross sections

for al-uminum varied as strongly wíth energy as suggested by the l^Ialton

et ái dâta" From the Si (pra) total cross section measurements the

Si (n, a ) total cross sections can be inferred.
n-Ha spectra rùere taken during the same runs but the

the de1¡a E deËectors elimínated all- 3lle particles with

7 Me\r. Thus these total reaction cross sections are not

accurately as the alpha ones are.

The measuïements made here will aid in determining

thickness of

energies less than

knorvn as

the energy

dependence of the Si ( p p) total reaction cross Section. 0nce this ís

knor+n, the number of alpha particJ-es produced by cosrnfc ray nucle-onS

sÈriking silicon chips can be calculated and the corresponding fail-ure

rates of micro-electronic circuit components can be deduced. In gome type

of micro-electronic componenLs, the proton and neuiron fluxes can directly
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cause a failure with their ionization rvakes and ín these chips the

( p , o ) and (n , cr ) reactions contribute on1-y 10 percent of the total

cosnic ray induced fail rate. For other tyPes of mícro-electroníc

components the nucleon ionization rvakes are not large enough to produce

failures. For these the (p,g) and (n, O) reactions form the largest

computer fail rates ceused by cosmic Iay sources. Thus it is expected

that thÍs r+ork v¡i1l contribute Èo future micro-el-ectronic research and

design.
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APPEIIDfX 1- Polytror;rial Fit Proctrarit

This pl:oqran \.ras usecl to find range-erìeroy relationships using
Itrorthcliffe and Schillingrs table=.rJ
c* ** *LEÀST SOUARES AALySTS OF POLYIIOÌ{IAr,, ORDER Lrt{rTED BY
c* * * *DII,IENSIOUS OULY

I¡f PLICIT REAL* B (A=H ,O=Z)
Dr¡lErtrSrolr x (500) ,y (500) ,z (500) ,uÀ (2o) ,uAtr (2o t20) ,

1 vA\,r (2o,20),A (38),8 (r9),XK(50O),XR(50O)
C'T***USES SUBROUTIIiE KIIIGKO TO SOLVE Ìtr BY II DETER¡{IT¡EIlT
C**,(*TIIE X AìiD Y ITTPUTS ARE THE DATA POIÌITS, I,I}'lITED BY
C * * * *DITîEI.ISIOiI OiILY . TIIE Z (T) ARE lHE F ITS TO THiJ DATA,
C****OUTPUTS X, Y, AIID Z ATID CO}ISTATJTS I=IIUI1BER OF ÐATA POI}¡TS,
C* ** *}I- IJUTIBI.JR OF COiISTA}]TS III POLYIJOIlIAL "
c****¡t cÄRDl- llo oF DATA SET
C***** CARD2 TIO OF POI}ITS A}ID ORDER OF POLYITOi'TIAL
C***** CARÐ3 X ÀXIS AtiD Y AXIS

RE^D (5,r1-11) IrOSP
l-11-1 FORilAT ( r3 )

DO 2222 LI=I,ì{OSP
6739 READ (5,10O) r,u
100 FORTIAT (2r3)

READ(5,101) (XK(J), Y(J), J=I,r)
DO 500 J=1rI
XB= XK(J)
x (J) = (xB)

500 coNTrr,tuE
10i- FORITAT (2F10.4)

tI=ll - I
Il2=2*fi
DO 1 J=]-,ttr
DO 1 K=lrll
UAIT (J , K) =0.
tI/\(J)=0.

1 vAvf(J,i'r):0.
DO 5 J=l¡I
a (1) =x (J)
IltrfT=1
DO 3 L=1rì4
DO 2 K=Il{IT¿l{
KK:K+L
A (KK) =A (K) *A (L)

2 îJ A9I (L+I,K+1) =UAVtr (L+1nK+1) +A (KK)
3 IItrIT=It

UAIf (2,L) =UAtf (2,1+A (1)
UAII (1,1) =g¡ç'¡ (1,L) +1 "
DO 4 K=Irl{

4 UA (K+1) =ue (K+l_) +A (K) *y (J)
5 uA (1) =ua (f ) +y (J)

DO 6 K:2 tll
DO 6 L=2 tl'[

6 uAvf (K+I, L-l-) =UAVr (K¿ L)
DO 7 K:Irl{

7 uAvl (1,K+1) =gRvt (2,K)
DO B K=lrll
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ÐO B L=l_rli
B VATT (K, L) :UATI (K, L)

cALL KTNGKO (UAV¡,lI,DENO¡f)
DO 9 K=l- rll
DO 9 L=lrlI

9 uAlf(K,L)=VAtl(K,L)
DO IL K=l- rltr
DO 10 L=I,1I

10 UÀu (L,K) =UA (L)
CALL KrliGKO (UaW,lI, DtrIIU¡'1)
DO L2 KK:l¡tJ
DO 12 LL=IrÌtr

12 UATI (LL, KK) =VAYI (LL,KK)
11 A (K) =DENUM/DENO}1

ERROR=O "
DO 14 Ii=I,I
z (r.) =o -

DO 13 L:1 , Ìtr
13 z (K) =Z (?i) +A (L) *X (r) * * ( L-1)
I4 ERRoR=ERRoR+ (z (K) -Y (K) ) **2

ERROR=ERROR/FLOAT (TI )

rfRrrE (6,Lo2) (x(K),y(K) ,z (K),K=l,r)
ro2 FoRltAT ( (,' n3 (Fl-o.4,5x) ) )

ITRITE (6,103) (K,A(K) ,K=1,11)
103 FoRlfAT(¡ A'rr2,'= I ,El-4.8)

riRrrn (6,1-04) ERRoR
104 FORtlAT ( ' ERROR"EI-4 " 8)
2222 CO}TTI}TUE
333 STOP

B}ID

SUBROUTIIIE KINGKO (UNVI,ItrPAR,DE}TOi,1)
Il'IPLf CIT REAL* B (a=H 

'Q:Z)C* * * * KIII GKO S OLVE S TtrP AR * }¡PAR D ETE RI{ltlíE IJT
C****UAI.I=ËLEIIETJTS OF DETERI,IINENT, CHAIJGE DIIlEIJSION FOR T,IORE

CìK'< **VARIABT,ES . SOLUTIOTT OF DETER¡f IT¡EI]T = DET.IOM

DrrfEr¡sror.t uAvI (2O ,2O'.)
C* * * * SltALL AIID VLARGE PREVEI.iT OVERFLOII AND UTIDERFLOI'tr n =O, FOR l{O
C?K * * *PREVE}JTIO}T

SIÍALL-1.E-30
VLARGE=l-.8+4O

C****SOLVES DETERI{I}{BIIT BY ZEROITIG ELEI{ËTITS TO RIGHT OF }4ATIT
C* * * *DTAGOTII\L AT¡D }4ULTIP LING RET{AITIII¡G DTAGOI'TAL TERI{S "

C*¡K **UAtf IS ALTERED IN TIIE SUBROUTIITtr
I'lPER=IIPAR-l
DO 6001 KIIIG=l-,IIPER
KAITG=KItIG+ I
DO 6002 KOIIG=KAIIG ,IJPAR
TF (DABS (rrAvr (r<rlic,KrtIG) ) " LE " STfALL) CO TO 614
AtlU LT==U AI'I ( Kf tIG , KOttrc ) /UAîtt (KI ltc ¿ KI ttrc )

IF (DABS (aMUr,r) .r-r.Sr,fAr,L"OR.DABS (eMUr,t) .CS.VLARGE) CO TO 6l-4
DO 6003 KIIÌ.IG=KIIIG,Ì'IPAR
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rF (DABS (UaV¡ (KUliG, Krttrc) ) . LE . Srf ALL . OR DABS (Uet',¡ (KUlrc, Krl{G) ) "

1 GE.VLARGE ) EO TO 6T4
6 0 o3 uAçt (KUtJG, KOItrc ) =UAVf ( KU NG, KOltrc ) -artu L1 * Ulivl (KUt¡G, i(r IIG )
6 O02 C OTIT ITIUE
6001 cor'irrt{ijE

DEIIUM=1-
DO 60O4 I.rE!'IG=1,NPAR

60O4 DiTITOII:DE}JOII*UAVI (KENG,KENG)
RETURII

614 VrRrrE (6,1O0)
100 FORIÍAT (r OUIIDERFLOIf It¡ KIIIGKO, MATRIX SET =1, ' )

DEUOII=l ", RETURN
ËND
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APPEiIDIX 2 - Data Analysis Prograrn

This is the main clata hanc-llinq procJLam which rvas used. to do
the thick target carYections.

il¡fuii lûi ii':i4y4i y,{(fíiì) ¡ :/iii,}i ¡üF{L')i
[üä¡iüri /ûtfri/ IF( t0:4¡!) r iLtH(5) rIU[il(5),FI (Ii,Füi!.'
Iiàiå Fit/:HRE/ r XHi ?HXä¿ ¡ It I rlHB I / r F0/?HFü.¡ r Eii !HEX/ r F 1 / ?HF 1 i
[¡Êiå ilt¡J¡'?il[tJ/ r [3/2HtS / t'¡Lt / ?l,5lrl r STi IHST i t F T / ?HF I i r TT/ZHTTi
lrAiA TA,/?HTA/ r [T/tHüf / tF C/?HF t i
ASSTG¡i 9} TU ISTRT
ÜÈ!-L TRFiSET ( 8I ISTFIT }

hiF TF;=ù

Ï 5È'J=ú
tlÉLl- SÊTLIF ( i'IF TS ¡ I B ( 1 ¡ 1 ) r ïF i 1 v ? ) r I *ËllË ¡ i'iFÌl'iH$ r I SUË-q[ i
I REi;=1ú14

98 IH=ii
l'Ji\l lL{¡tti.UV/
F:tAir (3r 101 i ttHrNUi't
iFiC'.]H,EIi,RE) GD TÜ ?
IF ( [']i'i, Eti. XH ) GB Tû 5

ïF(tttì'Í,EF,C[,i) 60 T0 1C

IF([Lìi'i.Eti.f,S) t0 Tü 15 '

IFiLIûä"Etì,SIr) È0 T0 tû
IF(ilrì.En,FIi GD T0 lû
ïF { tiir:, En.Irti Gir Tü ,ìû
IFi'tí-ir=i.En-ST) üú Tü 45
IF(Dirþi.Eíì,FTj 60 ii] 3rÌ
T i { È"ù¡i, Eir . FT ) b't Tu 55
i i i i:iììi, Eti , TA ) Ë0 Tü 5u
Ti"iì].JiÍ.Efl.TT) GO TÐ ¿ù
iFiÍr:ii,[[i*tTi Gü Tü ¿J
IF ( [[il, Eir, F t ) 6ú TÐ 75
jliL.!-iii rir-{ +LÃJ bU lU YLr

t¡FìiTti4;i0!)
IJU i:: ¡ ?ä

I
i-: Cçnre iere io Esrnoih the ciata
C f nr FiiJrT! iess than 10üû s cuhic' spl irre f ii iç useii
C fc,r'iiuiï GT i'iÛÛ ð i'45'uEr nuÍrerical [rethod is uEed,
L
I IF iiiurf,Gî,1000) üû TD 3
I IALL Si{uilTH ( 1 . C.iv NUií)

ìrF:ITEi4¡1il) fiUi'i
l{Ui-i=}iUi{* L ?0
lFii{uH,GT-750i Ê0 Ttr ?B

tiü Tü I
I ìiuií=l{Ur',x-î99

iiü 4 ii=ir10
'iI=i'LüËrT i ïË i llUli, 1 ) )
it0 4 i=l'iUär1C0i¡
YtlE[J= i TI -i-!, il: i FLûÈT ( I Er i I ¡ I i ) ) +FL0ËIT ( IF ( I +i r I ) ) ) ¡'4'
Yi=FLÛAT(IF(i¡1))

4 IF{ir1)=IFIX(YNEtli
EÙ Til ?U



()U

t:
5 RilUä=FLttAT i lìträ ).,'i t00 ,

Irüói=lrIREG
à 1t(lrIl=lftÃ.{liilunåFLUHI(lb(Ir1/JlUrl'/

ûrl T0 98
I
I tiarTre her'e to cle¿r warkir¡= sr'räes - IF(ru1)r IE(n¡?)
r'

iii iF(l.Jutf*LT.û,0Ê,lluti,üE,3) 60 T0 s0
h.h.=t{Ui'i

IF iilLrä, EG,']) i.il.i=i
L4 trü 1? I = 1r 10!4
1? IFiI¡iiir)=û

IF(Nt_til.Nt,û.tFi.l'.ä,EG,?) G0 Tù gg
1:'L'- ,.]t\t\-¿

üü T0 14.
la

t torire here t,¡ cle¿r storaee êrrags - Iå(nri) r i = Lt4
I
15 IF(NUä,LT,t,tFi,Nlii,f.DE,5) Gû T0 S0

Lh,=i'iUi't

ïFiNUH,Eü,û) lii'i=1
1ó ¡0 L7 I = 1¡1û14
17 Ifr(Iräü)='-l

IF i iiulj , NE, d, *F:,t'ii{. ER,4 ) Gù TD ?S
k't' - l:' r-¡ I {t\;\-tr-t\ f a

üû T0 1ó
t
Ü çc,ßÈ herrp to çior or stËrt ciisplas
U

!Ð IFiÌ{UH,l'¿E,ô} uü Tû:1
üF T9=0

'lr_ì T0 99
rrl llf'TÕ-ÎE'Cn¿J ¡II IU-I¡\LU

Ën Tü 9Êì

I
C CuflrEr hËrÊ tcr re¿cj gpecified resic'rr frrrflr ¡'lIFiÌìIi ir¡put file
I
lù i'iFiEG=i'iUl'l*i

i,JRïïE(4r 103)
frEAIt(3,104) FI
LìALL SEEl'i(6yFIi
I Ë'.1
IH= i

ii F:IAII(ó) ü1rN2rlìf,
iF{NLEQ.IFEGi uir T0 li
tiFiITti4r it)5i lll r iFIEG

GÛ TC 99
ji hl=-t

ItC 34 ï =i r l{l.j

lil=äi *Nl-1
IF( I.EU,lll) fi3=,i'ì1

FiEAI¡ió) LL rLi¡ ( IE(H¡ 1) r li=fi1rh2)
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IFiLl,È.lE,li1,üF:,L:,N8,ä2) Gü Tt 3g
ti 1=h'I* i

3!; IDNT IiIUE
IF ( iG, EN. ¡IREü i GT Tü Jó
-tb=lbtl
GD TÛ 3J.

lB i,iRïït(4¡114) LlrLZrf'lrlii
3ó ütt Ttr tt
i;
il Lloffre hÈrp tc urr¡.e lïiRAit conr¡'alit¡1e out,rut file
t
4T IFiNUÈ,f ,LT.1.TR,¡;UI1.GT.4i GO TI] BO

tJF:iTE(4r10ó)
FiEAIT( 3, 104 ) FS
CALL Ei,{TEFltT ¡FtJi
I l-l=?

ll1= I REË
'fT.J= / u

ì'l?=(il1fi{l-.1)iil3
IiO 4? I = 1rl{Ui4
l,iRiTEi7) l{1rf{?¡ü3
iiL=1
Í¡ü 44 J = lri{ì
ii?=ti1*l{3-1
¡F(J.Etì.t12) l,!=iìi
ilfiITE{7i h.1ylii, iiÊiäI r I i r liI=üi,fi!)
Ir.1=li?*1

44 tCNTt¡lUE
4î T,Jì{TINUE

[Ai-L ILûSE{7)
{ì0 Tc ?8

L

tl üonre here te sicr.e iit,ieri Ë:rrac - IE,(nrl) - irr lhe arras
rl ÏA(nri) çherp -i is Erecifie,l hs NU¡'l

I
45 iF t NUi{ , LT , l , tR. NUi{, 6E,5 i Gü T0 Sû

ir'¡ 47 I = IrIREG
47 Iå(IrliUll)=IF(i,?)

l,JRïTE(4r 107i llUfi
Ëi, Tt 98

t
C [¡r;re hêì'u='Lo -c¡.ecifs FÈ'inls fcr ser¡er¿tirrs rolsnurri"rl fit
tr

5ù IFifiui,í.LT.1,tlR,i,luìi*GT.5) G0 Tü Ë0
I'lËITE( 4tiI?)
F|EATI( 3I i ?Û ) RL

ii Fi L = I F T X t ( ( iili û, ü 0 1 :lì 1 ) *:H0, i.q4 7? gJl i 
"i 

),/û, 0 4 3 g?4_1fui )

li,ïLF i=NFiL+i
LL=1
l,JñITEi4r 1(18)
Ilt 51 ï = irÌ{Uiì
REåIr(1,10?) ILtHii), IUtH(I)
IFT=IUIH{Ii-ILtii(l)
LIJ=LL.* I PT



JO

LX=IL[H(Ii-i
IrÜ 53 *l = LLrLU
Lä=L)11.1

.x. i rl) =FL0AT ( LX+¡tFtL )

:J YiJi=FLûAT(IEiLX¡1)i
LL=LU* 1

5:: IONT I IJUE

IsìA|l=LL- 1

I5tä= IUtH ( i{Ui{ ) +NRL

GL] TO ?B

i toflrÉ her'e ta fii. ec,lsrroÍiri;1 ërrd Eerreråte addiLicrral d¿tei
-Í5 IF(l.lUH.LT*1,tR,äU¡í,GT*1C,) G0 Tü E0

TF ( ISAV.IIi. O i GÐ TÜ 5ó
l,JRiTE(4y1iC)
GO ÏO ?E

5ó i'f F =l{Ul4
CALL F 0LFIT ( IËAUr f,fF' ¡ CHISttR, 1 )
lr0 57 I =Ì,lftLP1¡ IäIH
Z=FL0åT ( I )

Fi=[F(l'ÍFi*Z
iFiäF,Erì.1) DÐ T0 57
Ìf 1 =liF'

-lÌ'i=|lF - 1

Iri¡ 5! J = 1¡*iií
l{ l =1,11- i

:t R=(Rff,F(H1)i:{l
l.ÌiFiL=I-it.ËiL

i7 IB(Il.lRLr2i=IFIXiFi+0,5)
I5ËtV=0
Gü Tü 9ÊI

t'

ä iotr¡e her'e [c, trarrsîer'Ërr'êc IE,ir¡rli dc, ïI+irri2i fronr rr = ilUl.l ls iFitG
L.

iS iiLl 59 i = itltÌ'ÍrIF|EË
5t IE{Irli=IE(I¡ii

ri0 Tû 9Ë

t
t tonre her.È to putpui dðt": Br¡ ter.rrÍrrel
I
¿,û Ii: ( NUÌ'1 , LT, t, DR, t{UH, GE.3 ) ü0 T0 s0

iil'i=llUi.l
IF(l'lUH.Efr,0) äli=1
LII-i=IREü/8

ói LIRITE(4¡111) liti
fi1=i
ItCt ó? I = lrLIÌ'î
il 2=ti L t7
t,iFiITEi4r Li?) ( IFiJrfil..) r,t=fil rl.i!)
h'l -l:'l-Ll¡r,l-t\¿ ¡ I

,42 [ti.{T T i,iuE

iF(liuÌl,i,lE,0, 0ft ,}.ilì,[fr ,3) üt Tù g$
ltti=?
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Gt T0 61
L
L1 IOIíË HTRE TÜ IIC THiCIi TAÉËET TTIRFiECT]TN

¡'f, hlftiTE(4,ii?)
ÃEAir(3;120)RL
CALL THI[]i (SIrFiT¡i{Ul'i,RL)
GÙ TÜ 9I]

7-1 lill 7¿ T=NU|jr 9,],)
7ó IEriIrl)=IE(i{iii'lrii

GÛ TO 93
I ThÍE is ðrr Èr.rùr cor¡o'itioru the value ßf NU]i ís ilteÈe1
L

Ëir NRIîEi4rli3i ì,iUì'i

Gü TÛ ?B

c
ü tonre herË or! r'ÊL-?ivirr$ tì{TftL F

9? IF(JH,Eü,1) CÈLL TLÛSEi6)
JF( IH,EG.2i ÜåLL TLOSE(7i
GT TO 9B

9ù STÛF'
lû,i f üftHAT i ' tlìTiFì [û¡'iHAi'{Ir' )

1C,1 Fü,C:HÊT(A?¡Iii
lLri F0RäÊT(' ILLtiìåL ttti'lt'liit{Irr TRy A$AIi'l,i
iir-1 Fi-ìFiHËiTi' EliTãF: i¡'ìFUT FILEI{Éì}jE' i
i i,+ FüRäAT ( A5 ¡ A4 )

iNÍ FCRÌJAT(, 5F'EI:iFIEII FIEüINil 5]ZE TIIËËIGF:EE$ I,¡TTH THAT f]¡I I¡{F'UT FTLE,/
1 ' St'EtÏFIEIi ftEr-ìI0ü giZE' yI:/' SIZE FRüä INFUT FILE'r I5i

i!1É iORiiATi, EiiTEii ÛUTF'UT FILE}.{itrI'iE')
1û.; FûFji'jÉT(' irATA gA,jttr Iil tiEGI0it,¡I3)
iCÈi FüI{i4ÉlT{'E}iTEFi FIF:ST ANI: LAST THANNEL I.INS, FüÊ EAIH SET TIF'I

i ' SEQUEI{TIAL F.UI},ITg TI] TIE FITTET - I5lI5')
1iiï t DFì|íATi I:ìi i5)
ii,} FI]F:i'ifìTi, Nü F'TiiiJTS SF.ECIFITTI FI]R FITTTNLì')
i 1i Fû,q:i'iÉìT ( ' AÉRÊY' ; M
1Lt Fû,r:i'iåT(5;i,ðTBi
iil FüFÌ1ÈT(' I,I'1LUE üF ilLji'lr'tIl¡' r I5 ILLEËåL')
1 i.+ FÜRI'IAT i ' ITi'Íi'iAi.JTI I¡BÛT:TEiIy TAFE ÉrNTI CALCULATET F'åRfIi'íETER5 IIISAûREE, i

i' TAFE' tll?ti' ûALIULÉTEIr' riI5)
1 i i FCRI{êT ( 'INTEF: ITNSTANTS FUR SCALE ANTI TNTEI1TEF'T' )
1i,i FtrFlHATi IÍ¡ I5)
117 F[RliÊTi' El'lTtFl THE'rI5r' IITEFFIüIE¡ITS'i
1iÊ F!_]FjHATiF10,7j
i.1? FilFrifAT{' tüTËt: ii-lE Ti}ÊGET THiCí'ìI{ESS Iil }îH'i
i:,] FU,q:HAT ( FiI.5 J

Elìii
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SUBROLIIIIiE POLFIT (-'IPTS,lITBRIlS'CIiISQR, Li{)
DOUBI,Ë PRECTSTOÌ.I SUTlX, SU}{Y, XTER}I, YTI'RI{ f ARRAY' CIiISO
ÐrllEljSIOll SUìlX (l-9) ,SU¡IY (l-O),ARRAY (l-0,1-0)
coì1t,tott rA (f 024,4) ,x (25O) ,Y (250) ,A (f 0)

C ACCII}1i.]LÀTE UÐIGHTED SU}'iS

c
äi7 = l-
'tfP.rri (4 ,4OO) ìIPTS

4OO l-ORÌ17\T (2X,T5,' r-JOTilîS IISED rll Frl'r)
JER:ÌTPTS/B + ]-

DO250!=f,JER
KIi'=KV*7
IF (I"Eq"JER) Kl^i=ilPTS
IfRrrE (4,300) (x (LV), LV=ti\/,Kw)
rrRrTE (4,3O0) (Y (L\'), LV=KV,Ktr'tr)
ifRrrE (4,305)
!'.\I =lir.'l{ f

2 5 0 colirrlluE
3OO F'OR}ÍAÎ (2X,BFB"I)
305 FOR"TAT (/)

Lll= 2 * LII
lL lI¡iAX = 2*llTER.lls - l-

DO 13 li=1 rÌlM'.,-(
13 Sulll< (tl)=0"

DO 15 J=l,lITER'!.S
]5 SUIIY (.r)=O

Cll-f So= 0.
2I Do 50 I=1,:IPTS

-I:X (I )
yr=y ('i- )
l:rE IGIlT= I . /Y I
I'ilERll=IfE rGiíT * tx I * * r,lï )

ÐO 44 i1=f 'lllr.¡\XStill)i (11) =56''1" (ìl ) +XTERll
44 ,tTERll=XTE]ì.li*,";f
45 ': TErìif =IlE TGi{T * YI * (XI * * LÎ{ )

DO 48 lI=] 
'ÌiTERllS

SUìIY (itr ) =5¡1r1.' (lt ) +YTERll
48 YfERil=YiERll*XI
49 CJiISO=CTITSO+IIËTGHT*YI**2
5 O COìTT TTIUE

lIRrrE (4,3 0l-) Lll,ÌITER:1S
301- FoRltAT(' Frr l:ilcLUDils 

"ERilS 
FROÌ! ¡**rrrIr ¡ To ¡'t'*r rr1)

TIP.TTE (4,302)
3O2 ]-OR.llÀT (r COEFFTcTË11'js ARÐ¡ )

c
C COìISTRUCT }lATRICI]S Ai]D CÀLCULATE COEFFICIËIITS
c
51 DO 54 J=f ,;ÏîERìIS;

DO 54 ii=L,ilTER'lS
itr=,f+Ìt-l

5 4 AP.RAY (J , K ) =SUI{X (:r )

DELTA=DC1]IRIl (¡.RN¡TV, }trTERT{S )

rF (DLILTA) 61 ,5'7 ,6L
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57 CIiISoP.=0 "

DO 59 J=f rlITURilS
59 lr(¡)=0.

GO TO BO

6l- DO 7O L=I,ìITER:IS
62 Do 66 J=I ¡ IITERI1S

ÐO 65 IL=1 r IITEIìl1S
ì1=J+Ii-l-

65 ARRAY (.r , K) =SUilX (lI )

66 IrRIìAY (¡ , r, ) :Stl¡lY (J )

A (t ) =DIlrtrRll (nnn¡ry,llrERÌ{s ) /DilLTA
IfIìrTE (4,303) f,,A (L)

7 0 corlTrliiltr
3 03 FORI\{AÎ (2X,f 2 ,rl.2 "7 )

c
C CALCULATE CIIT SOUARE
c
7I DO 75 J=l,llTEiìÌtS

crlrsQ=ct{rsq-2. *A (J) *SU}'ty (J)
DO 75 Ii.=l-¡ll:ER"îS
ij=.T*K-1

75 CïrSo:CHrSo+¡\ [J) *A (K) *Si]]1X (N)
7 6 FRËE=ÌIPTS _I,]TERiIS
77 CHTSoR=CtiISQ,/FR.IlE

IIRrrE (4 ,3 O 4) Ciir SQR

3O4 FORII^T(' F-]1D'JCllD cHrso rsr,Fl.2.3)
8 O ]ìE ?T' RìI

ElID

5ili:F:tiijTiNE È¡irlLlTH(FF r I[)
FiiÊL X(!û0) rUi2ri,ü):Y(?Croi rYSi!ûiJ) ytrx(!0Ûi rF (iÛûi
Düi'fÌ'f0i{iFFF'iAi30,1) ;Ei ?Ûii) ¡cii0Û) r tr(3Û0)
iti''lä01'l /CtrÌ'i1/ IE ( 10?4,t)
i'ií'T5=i00
Irû i I=1s ilF ï5
i:'i i i =F'F'

L! (T )=FL0AT ( iF( IC*i, i ) i
i X(i)=I

TÍi1i=Y?(i'{FTS)=û.
t*LL FLATI { }lFTS r X I U I F' I Y I YI ¡ ltil )
[iü ! J=1rNFi5
Ll( -l) =tr ( i )

i it:ii[*J¡1)=IFIX(U(-l)i
RETURi.I

;{i'iir
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ËUFF:üUTINE FLÈTI i i{ r Xr UI F I Y¡Yl¡ [tXi

IrIi'fEi,lSittl X(ii rU(li,F i?) rTi2) rY?(?) tJril(2)
Crlì'íätNiFFF',iA(?0tj) r Fi?00) r[(100i Itt(?0Û)
fJi,J= 1 .

llitd 1=0 .

lii=H-1
Lt"]-il-Il\¿-rf ¿

Ð(1i=0,
[t(1)=0r
RFil=T! ( I )

iìñ?=Y? ( Ì,{}

F{1i=0'
E(l{)=0.
ItXiil)=1.
H1=Xi?)-Xt 1 )

ItX(1)=H1
Itü I 6=3r¡¡1

lJi=.Ã, t f\f j j -¡. !. h.,

ItX(H)=H!
It(l'i) =1 ,./i!, ä ( HL+H: ) -H1+.H1*.Irili-1 ) )

H1=H!
Itri.]T Il'luE
Ito 3 ii=1'll

IiU\,,=Ur
f \NI =U\f\J

ütr¡{T ï ilUE
t,t-t,tl,i
!.r.! -1 -l.l+I-r I H

Iiü ó ir=1ii'lL
H!=trX ( ti )

Ri= i Y i i'i+i ) -Y i li i i /Hl
IF (ti. Et{, 1 i G0 T0 5

H=Èr(r4{f(l-Fl/
IF (|.i, Efì. 3 i H=H-H1'.{Er( 1 )

IF (iì, EQ. il1 ) H=H-H2',*E: iili
[ ( l'. i =It ( li i'È ( H-HiSC ( hi-i ) )
H1=H3

R1=Fl?

[Ûi.{TÏ ¡IUE

Ili¡'11)=[(l{1i
IF i f.{1 .1E, ? ) GiI Tü E:

Iitl 7 J=2rll2
tj-lt I¡\-N-*r
B ( tì ) =t ( ti ) -Ir ( ti) +:Iix ( ä)'ÉF ( ti,+1 )

CÚ¡,IT i ¡.IUE

Iiü 9 iì=irlii
Er( li i =!l:¿Ë;i i.i ) +l¡i1'åY2 t ¡,:)

[iII'{T I NUE

J1=1
H5=û *

Ir'ü 1û li=1rl'l
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.t l,

tn-k J IJ¿_I\ I I

iF(ä,EQ.l'{) J!=lJ
li= ( iF(*l!)-Eril'i) )/IrX(tii- (F(ä)-F(-lI i )/Iri:(-li ) )¡'F (iì)
IF(l¡l,ELl' 1, ) A(K)=-H
I F i tJ - I'tE' i, ) A i ti ) =Ll* ( U i i{ ) -H ) +1,'J 1 ÀY ( l'i )

H5=H5*AFS(A(li) )
r{ -lrJl-r\

LìONT ii{UE
rtr-{ JttEñ-i-Lr.tnJ
IFit'l,l{E,1,) G,J Tü i3
lil=t.
H -r=t I

itû 11 h=1 r ll
t1=I (Nl
Hl=H1*Aiþ.)lH
H!=HT*H*ii

CÚI{TI¡{UE
r r¡ r'ì-l l< /r ltitt{¿-i-lI./ ñi

iFiAÊS(tltJ3-LJtJii.Li,5.t-'i*.AFS(tJtJ?i i Ën T0 i?
çii,l1=tltl!
ü11 TC i5
l¡i[,]=3, /( 1, +9ERT ( í - -LJ!'l?) )

Éi1)=FiF:1
F ( Ì'¡i =FrR?
ütT02
11i=U r

H-l=ù '
li ¡9: (_, +

ín J.4 ä= 1 r l'.1

lli=llitHtrb'. ll!,iri-I tfr,/ J

H3=H3*AitËig{lii )

fi+=Ìit-ir-l$5 i $ i I\.1 - I .j r. I\ / J

TSI'{T ÏÌ.{UE

IFiHi:rH5+|i4/Hl,LT,5.E-4) ü0 Tú i7
!!r-{I'l-l- I r

itO 1ö ti=1 r ü

'i3(li)=B(þ.i
1tt../ =HlI\/ãnJ
[0i{T IHUE
ËOTÜ4
irÛ 1Ð li=1rl'{1

t.l-t'J- lLr¿-l\ I r

tt (Ri=Hil\J
A iK )= i E:i J?) -Fili) )/{ó. s[rx ifi;) i
c i ti ) = i h i Jl ) -ir i l" ) ) /trx ( ti ) -Irä ( li i * ( F i J2 i +:, ' Er ( li ) ) r'¿,,

r.lf\,¡=rfil!,i.AJ
CÛ}.iT I i'IU E

II{N)=Ër(fl)
E, ( l'ì ) = _ 5 *Êt: { i{ )

ÍiiTUi{ii
Eì,li'

J.]
I¿

in
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APPEi]DIX 3 _ Test Of Thick Target Correction

This subroutine \qas usecl to cleternine the accuracy
t"-.rqet correction.

::i t J l:r l;i l.ì t.J I :1. ill l::, 'i !'i ,i i.: l{ i l:i l. )

lilx.,ql-. Z(il{iü)
ili:Ji,î14¡ì'l ,/ili.ly:i...' 1:ì.ji I o,,l.1v';;ti t"1.1...il1-lilj) r.l.l..l[:llr:li:ii r¡::'.1. (li rFf.i(:Ji
I.l[:ì::::Í] - :ì1il0,i:1. Û4..;'

Lt '1.:',:fl , 11ï4Til/riij!i,"Ì
fl?:;0, l. ll.ii ríó[]T lj
fl,5:::: .." (r , C'Ö l. ? {': l. :1. 1. .7 -$

Lt :f :;: 4¡ - 0 Ü ,3 ü 7 l. ii:::' il Y {3 i:i

frfix -'r'i . J. !t:;l[ii:]TL' 7,/.1. iiû0ùi) 
"

ILf¡,:;ç " 2 ?f, 4')r).4 4 / 1.0 C, O ûû 0 0 -
Il J:::: '-- ç . l. il ¡i i] i:i .lT il ;/ ,/ :1. ü ü ti ii ii ü ü i) ii '
['1.::::'*r] , iiÍ],:/üùl1if Ö:1.

Iil]::::0 - 7+i:j$?i:;if i;
ü::l:::{i ' ¡i7l. Í:iË:,iÌ¡ír
i'! ¿ .-...-. ,,\ 'Ï "7 -t i:i .i i: 1 1
\.¡" 1 "' \/ 

' 
i., / t .¿ ,t. :' \.! .t.

i''r;;;....f1 . ¿'\() Jr;j'),¡\r::t-{rr'

['l I :::: .'.1¡ , ö .1. ]. !) ij :1. .4 :1. ¿

{'ì i":'i1. (}-Tl.{lí:ti:iij.i ]l.0ûü +

[:Ì:]:ï""i] . :l'i l. l:i:,i:i li!i1'l:l +üii$ .
{.; iji ::: ii . 4 r} (i l-:l iì :;i i:l i:i'l :i. Û Ö Ö ü O 0'
;i:l[] i:],) ,.!::::'1. ,. i'.;|j
; M::::l l

N:: (J

:li:: ( i:F (,.1r l. ) - i::.i,ì" il ) tjitl 'Il:l {:Ìi)
Fl..J::::l:: ¡._¡_¡¿'T' i _.j ) 110 _ 0:T.744Ij
l:i l'i:1::::l:'1..fl¡!'I ( :1.Ë {..J r .1. i }

ïl(.1 '7Q 'l'::::'1. ,¡ j.ii)

l:i 'l :::: ? () _ lìi -- i: i.. {.1 i.ì 
'f ( l: )

'f :::11.1. j<l;¡1,,./:;l'3 , i)
1:¡:::'J_ri:i.l-.lt J,)iil:i,.J.å.Irt;ll(l:i,.lr.l':l:1.,1 i.il,:T:+{ ( l:i..JI{:rc.:i . }.lT:r4}}i ( It..Jri{r.{i4 . )
¡:¡::::f:i.l.IJTjgtilii.Jrlt$:l:j - ).í l::t$).1{il:1..J}i:ft,f, ù ).iLI.t,¡:l¿ (l:i,.J:ltl{:7., }
It ij '* ¡:¡ "- 

't'

1'r:'{ firl.1...'f * 0 ) t.ìr:i 'frj .7t)

l::'::::r_Ì[.f.{.];l:.{F:t.1.+.t.).î:..I(11{,1:ir:il:.i*).+.[]4:l{(l:lr.}:+{r.l{:jj,).l.tlli:'llil:ttl:l::.r,{4.}
l::',,,,1:'.i.ü$.lf ( r([j]i:ii(lì , ) -l.f:ì;i]ii I l:ilj:}l{ri{$ _ } ..i-üti"',ii ( l:iil}i{rii;r - ) ,i.i:;'t:.r,i ( l{t}$I{f:} , )
l{::: 'l !:: l: x t l;:: ,/ i} - ö .li .:r 4 4 i:i )

l: i::' ( !{ ' {ji J .' ,J ) lt :::: .J

7-: ( li ) ::::.rl ( li ) .l.l:t 1. ):{./:f:û 
" 

i)
[] u ¡l T :i: i.t i.J t:
i.l i.) I't i" l. i'.t rJ [::

ïl il ç¡ ij [ :::: 'l u ,/, j ¡:,

:l'li ( l: 1:) )::::.i:l:: :i:)i t;:ì i.l: i )
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