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ABSTRACT

& .
: } :
Energy straggling for protons of 2.0 to 14.0

MeV/amu and for alpha particles of 2.0 to 7.5 MeV/amu

is measured :Uryvarious silicon .surface barrier DE

detectors. The straggling\widths are found to decrease
’ L 4

with 1increasing particle. energy, as expected. The
measured widths are then compared to the theoretical

predictions of Tschalar. In general, the calculated

values agree within statistics , with some anqpalies.,

Comparisons of the percent resolution, given by FWHM/DE

%, wf%h the percent energy dropped in the DE detector

are made. Minima in the resolutions are found beyond.

percent energy losses of 20% for protons incident on a

. ~ TN
76.0 micron detectcr and beyond losses of 15% for alpha

/

. : o
particles incident on a 33.8 micron detector:

a/'

—"

A new pqgtiéle identifying algorithm is

T e~

[s) 1 . .
inner shell electron anqlcharge pick-up corredtions are

included. This algorith% is valid at non-relptivistic

energies for protons through f;uorine.‘.When combined

with_a telescope utilizing a 16.6 micron DE
mass Pesglution is observed through Be, with el

separation through fluorine.

developed, based onf§the \Bethe—Bloch‘équat’on. Both”

o
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1.0: INTRODUCTION

»
#

The increasingruée'ofﬂDE-E detector te;escopes
for phe"identification of heavy'{&ons has‘ bfoughtA
renewed interest to ~ the study of the energy loss
processes of‘heaVy charged particles 1in métter. of
these processes, those that affect the resolution of a

W3

detector telescope éﬁe of primary inte}est  to this-

study. Energy straggling of charged particles is one

.of the mere important concerns, as discussed by Bichsel

’

(1)

“Qur interest in the afea arrives from the need
to identify the fragments emittéd’from Ag as a resuit
of nuclear reactions induced)by 200-500 Mev protons;
In this major experimental program, the mechanisms of
f;ggment emisssion abe being «stdﬁied. Thiél requifggj

optimum particle resolution in  order to decern the

function of fragment mass and atomic

“%

effecis as a

' ' . SR
number.  These fragments- are 1identified by the DE-E

telescope technique and there are some restrictions to

the available particle resolution. 1In ordér to improve

the particle resolving power, it is necessary to Studyv
in detail the energy-loss processes _6f heavy charged

particles in the silicon surface barrier detectors used



., ] 5

in this experiment. This'information“combined wiﬁh an
improved particle identification algorithm will ennghée
e identification of the emigged fragments ,énd will

set limits on the technique.

r

Energy sfragg}iﬁg in the DE detector, Eﬁn
particular, can- substantially 1limit the isotopic
resolution of a detector telescope. 'Despiﬁé"* its
importance, - very few- meaéurements 7haVé Been made
concerning rsilicon surface ba;rier : ’detectoré.
>Informa£ion of this type would aid the>experimentalist

in choosing a telescopic configuration that wouldkoffer

the optimum resolution of the particles'and-energies of

®
interest. Furthermore, these measurements would allow
the applicability of current straggling theories to be

-~

tested.

Aside from the measurements of  physical
processes, one can approach the optimum resolution of
a detector 'telescope1 by developing a particle

identifying algorithm  which is, sensitive to the

¥

changing condigions surrounding the .energy loss of a.

cﬁﬁrged pa?ticle as it" travels through an absorber.
Many algorithms. are avallable to the experimentalist,

however very - few _are valid "over a wide range of

v

Eog



particles and energiés. The current expressions, which
sufficiently cover the particles and energies  of
interest., -are generally based on empirical relations.

and disregard theoretical considerations.

The .development) of an algorithm from
theoreticai) principles should - facilitate the
incorporation of those expressions which are sensitive
to vthe changing charge and velocity of heavy ions aé

they pass‘through an,ébsorber.

To provide a ‘better understandiﬁg 6f the.
physicalf processes which govern the measurements used
ih'}his study, we will begin with a brief discussion of
Ehe theqretical} background of the interaction and
energy straggling ;f charged particles in;matter. :Wiﬁh
éhis preparation we will continue with a discuésidn of
?the state-of-the-art of silicon surface barrigrﬂ‘

detectors and their use in deﬁecton'teleseopes.

"As the*méjor‘ scope of this- study 1is aimed .
towards the imppovement of ﬁhe*parficle r%§olution of
the DE-E tecpnique, it is necessary to"reﬁiew< those
particle ’iﬁentification methods used in relation with

this technique. This discussion.will also demonstrate
: y . Nyt

¢
\ eyl



somei‘_of_ the limitations jinvolved with parficle’
analysis. Following ﬁhis section, we will present the
experimenpal p;ocedures utilized»in this study. This
will include a description of the ‘detector teie§copes
and the asséc%atédvélectPOniés. The data 3cquisition,
systém and the off-line analysis will be ~discussed as
weli. | The results of the Straggling ﬁeaéurements will
be-presented next, with regard to‘ the’ theoretiqéf
predicfions of Tschalar. This data will also bé used
tq'indicate in which energy loss regions;v.optimum

energy reéolution may be obtained}

@

?

Following the straggling data discussion, . we
will | conclude IwithA the derivation of a ‘particle<
identification algorithﬁ based on the ' Bethe-Bloch
relétion. Unlike most algorithms, this one includes
correcpions for -atomic binding as’ well 'és charge
pick-up._ Examples of particle spectba '6bta§hed with

this algorithm will be presented at'thiéffime.

\
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2.0: ENERGY LOSS THEORY .
2.1: Intefaction of ‘Heavy Charged Particlgs with Matter

As discussed by ‘Uehling (E), high%energy heavy
particles are in a stripped or highly charged state
after entering an absorber. The inelastic collisions
with the absorber’s atomic eiectrons‘are the major mode
of energy loss at this early stage; These interactions
often transfer sufficient energy to eject the electrons
involved, resulting'ih iOnizafion. Nuclear collisions,
which involve the recoil ‘of the atoms in the substance,
are relgtively‘rahe at“these highér.velocities and do
noﬁ contribute significantly to the energy loééwﬂﬂAt‘

velocities greéter;than the velocity of the K-shell

g

electrons of the 1incident 1ion, thé‘charged particle
‘will have a small probability of capturing an electron
from the medium, however any .captured eleciron will be
lost in the foliowing collision. Tbe probability of
" electron capture reaches a maximumxwhen thé velocity of
the 1ion eqdals the 4velocity of its pwn\inner shell -
electrons. At this point, the nuclear  collision
probability has 1increased and these interactiohs will
Become more predominant as the ion ‘continues to slow

down. As velocities are reached comparable to less

N



tiéhtly bound electrons, electron capture. continﬁéq,
until a neu@ral atom is produced. The rate of énergy
‘ loés of the‘particié'changes continuously dufingj itst
journey. As we shallvsee this f?ét, élong with other
features, cgntribufes to the difficulty } of

theoretically solving the enebgy loss problen.

The first modern relations concerning the
~energy loss of a given particle through a particular
material were expressed by Bohr (3),(4). He gave the

energy loss as:

L,
dE - —47re4ZiNZf bdb .

dx MmeV2 8 p2
where: e = electron charge
N = atom density of the absorbee#
Zi = atomic number of the incident particle

Z = atomic number of the absorber

m, = electron mass

V = particle velocity

o
"

impact parameter of the particle-electron

~collisions
NS

The integral containing the impact parameter

must be taken over the range bound by the maximum and
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/
minimum energy transfer. This allows exp:ggsion 1 to

w*
BN

~ Dbe restated as:

L
ex

' ' , max

dE = —27Te4Z;NZf € de 2.

dx moV?2 rmin €2 |
wﬂere € 1s the «iretic energy transferred. Egquation 2
may be readily reduced to:

4 -2
dE = -2me" ZiNZ In €max 3.
X © MeVe2 € min |

A further term was added to correct for the

increase in the maxinmum energy loss and the decrease in

tne minimun loss produced by the Lorentz contraction of
B
the  coulomb field of the heavy particdle. this

correction leaves us with tne final expression:

dE - -27e’ZZNZ |In €max - In(1-87)-8°|
dx - ﬂﬂJVz - € min

Bethe (5) treated tne energy loss problem by
applytnz the Born approximation to the «collisions
ged particle and the asomic electrons.

He introduced tns average excitation potential of the



1

atomic electrons, I, where:

2
I = €max * €min ,
The Eonr term, 1n g // , could then be expressed
. max’ min -
as:
In €max = 2 INn"€mox 5.
€ min I

Assuming € .., results

from a head-on collision

such that the energy transferred is 2mOVi2, equation Y

« -

may be rewritten as:

dE = -47e’ 23NZ
dx MoV @

This particulzar
Bethe-Bloch eguation.

assuning that any

o
3
[ty
3
o9
<
}._‘

oss,

scattering on nuclel

expressisn 1is

n (2my?) -In(1-8%-B% =

I

referred to as

This form will produce the

loss of energy due to

or Cerenkov radiaticn is

negligible, for particles with an energy > 1.5 MeV per
nucleon passing tnrough 1ignt absorbers. When working
with lower energy particles, an inner shell correction

dx MgV 2

dE = - 4me* ZENZ [in 2m0\/2-'32-g-§_] 7
I(1-582) |

Z 2-



The low energy term C/Z, as described by Paul

fv
I_I
[&)]

(6), arises out of the nonparticipation of the inner
shell electrons of the atoms when the velocity of the
incident particle is comparable to the -electron

velocity. THe stopping power under these conditions,

o]

is considerably reduced. As presented by Whaling (7),
the C. c&rrection reduces the v;lue,of dE/dx by 4.5% in
Be (I=57eV) fr protons of 1.0 MeV and by 9% at 0.2
dev., Hoﬁever, tnis effect 1s not very large for an
absorber of low atomic number when the’velocity of the

incident particle is greater than the velocity of the

K-shell electrons, waere V,=(Z,/137)C. For materials

ot

.
IS

a high walues o5& Z the Cy. correction will be
<3 4 k

[

W
necessary over a broader range of particle energies.
However, in those instances where the K-shell electrons

regresent a small percentage of the total electrons,

: t

tude of the correction will be 'small. The

d
™
i3
o

0q
03
'_J

energy 10ss equation can be corrected by including the

C/Z shnell tern. Walske (8),(9) derived suitable

»
B
(@)
"3
o
0]
w
} '}

tons for both tne K and the L-shell terms.
P & N o

At higher energies, > 40 MeV/amu, (10),
cooperative effects zzmong the 'atoms of the medium
become important unless the density of the medium is

-
very l1C0wW. The absorber material is polarized by the



~

: - o
exceeds a  critical value, which is determined by the

fdieléctric properties of the medium, iOniZation’ and ..

energy losses are reduced. Thel magnitude of this

correction depends on the dispersive properties. of the

medium. Sternheimer (10) calculated this correction for

. = N . . . ) -
. - - H ~
- field of the charged particle- and whenh the velocity
. A v

~a  number of materials, including silicon.  This

correction is given by:

£

with X = ibg(pfmoc)grwhé;é‘gzandImo are the momentum

and the rest mass of the incident particle. X, Xq, m,
< .- ’

‘and a are constants which are characteristic of the

substance considered.

o

Several computer progréms and tables currently

4

exist for calcUlating the range or energy loss of

several ions in a wide range of sorbers. Those most

commonly referred to ;ncIude‘thq work by Lindhard and
) Scharff (11), Northcliffe and Schilling (12), Armstrong

and Chandler (13), Steward (14), and others. These

tables and programs are based on the relations

\ . N
previously presented although combinations and/or

further corrections are commonly used. Most of the
available calculations agree. in the'medium and upper
energy ranges, however large discrepancies are noted in

the low’energy rangé, below 1 MeV per amu.

5=4.606X+ C+a(X-X)" s
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2.2: Straggling of Heavy Charged Particles

The statistical nature of the energy 1loss
process produces fluctuations of energy loSses of
charged particles as they pass ‘through an absorber.

This éffect results in a gradual increase 1in the width

- .

6f the energy distribution as théu particles ’penetrate
N~ PO

the material. Straggling effeqts are ~commonly

discusséd in relation withsa few useful,terms; the most

probable energy loss, which is normally given by the-

maximum of the energy spgctrum measured experimentally;
the difference between the most prdbgble enérgy loss
and the average energy loss, where the average energy
loss 1s given by the theoretical expressions; and the

resolution or  full-width-at-half-maximum of the

distribution.

Straggling theory is séparatéd into three major
regions. These areas include the region where heavy
particles are penetrating thick absorbers causing

energy losses which make up a2 large fraction of the

initial ene}gy of the particle; the region consisting

of high energy cnarged particles passing through thin
absorbers loosing only a small fraction of their

incident energy; and of course the area bordered by

1
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'thesé two extremes. . Several authors have dETiVéﬁ»'

fkbressions for the straggling - expected in each of

.

these areas. We shall discuss those commonly used by
. H .

the present day experimenters.

Bohr (15) derived relations for the region éf

'largé energy losses. He divided  the energy
distribution into small groups where ﬁhe energy loss in
each group was relatively constant. If the total
number of collisions in. each group 1is 1large, the
Aresultant energy loss distribution will be Gauséién

witﬁ a variance given by:
2 4_2 o |
O =4me Z;NZx 9.

while the resolution is given by:

N=2350 B 0.

&

where: e = electron charge

Z; = atomic number of the particle

[
=
1

deﬁsity of atoms in the absorber

X = absorber thickness
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B

" At this time, we shall define  the following

parameteria ' : , -
.
K= €/€mox ©adl
“L‘-
where: " .
4,2 *
€= 2me Zi NZx | re. T
My V €

L3 L3

Bohr's expressions will be valid for the following

region:
K>>I

%

The average energy 10ss and the most probable energy
A,

10838 are found to coinzide in this area.

Landau (1%} studied the opposing situation

where: i i

K << |



=X,

In this case we are concerned with high energy charged

particlies traversing thin absorbers. The resultant

districution I3 asymmetric, with a large width around

[ 4 - o s .
tne mnost probable energy loss. As very [ew collisions

occur in the high energy subgroup, the most probable

energy loss 13 f3llowed by a long tail. The width of

= 3.98¢ | 13.
o

loss occurs at a lower value

than the average 2nergy loss prediction. The following
2Xoression gives tae =53t probable energy transfer:
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Cetwa2en the average aznd the zost probable energy loss

roduces a measure 37 the asyzetry of the distribution.

was first solved by

Symon 117, His zpproximations include the fact that
the widtn of the Zistribution 2hanges not only due to
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statistial fiyctgggions butug;sorb§9§9§ggggrticles>with
different energies lose ’energy at different average
rates. Unfortunately for large energy losses Symon’'s
expressions predict -distributions with a skewness toé

smail by a factor of two or more.

This ceaentral region was Solved exactly by -

Yavilov (13). Furthermore his expressions reduce to
Bohr and Landau relations at the two extremes. 1In

general the Vavilov functions are valid where:
00l £ KL

Figure 1 1illustrates the distribution °~ transitions

1.5, with a. wvalue of ﬁz = 0.9, The skewness

parameter, A , i3 given by:

A = dE-dE -(1+B%577216) s,

A4
emox

Ed o o
wnizn is related to the original Landau asymetry factor

1
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by tﬁe followihé expression:

For our purposes ) can be takenrasvbeing proportional.
to 'the(difference between Ehefaverage en?pgy loss and-:

the most probable energy loss. The c of the

Vavilov _distribﬁtion‘ is rather /involved, however
Seltzer and Berger,(19) have genepated tables of K-

verses ﬁz for the range of values

0.00 < 8%<100

along with the related skewness parameters.

Several studies have been published ”supplying'
experimental data for conformation of these straggling
expressions. The work in the high energy loss region
is lead by Tschalar (20,21,22). He has found that very

large energy 1loss distributions deviate somewhat from



-, 8 - ,i

i f vr i

- that predicted by the Bohr theory. These distributions--

'have a  low energy tail, however they aré still
b

-generally gaussian. ' Work has also

-

Payne (23) in this same area and his’ results coincide

with Tschalar’s. Tschalar’s work is explained in more

en published by

detail in Appendix B. L

The most notable work in the thin absorber

region has been done by Bishsel (1) and by Maccabee
(24,25). Both groups demonstrated excellent agreément
with the straggling theory of Vavilov, for low yA

incident ions. *
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3.0: CHARGED PARTICLE IDENTIFICATION -
3.1: Silicon Surface Barrier Detectors//fj

Since the identification of changedr particles
by the"telescope;techniqug}is'based'on tge intéraction$
of these particles with the detector‘material,'iﬁ is
instructive téldiscuss the preparation and usé. of the

detectors employed in these measurements.

Although silicon is not the only material

utilized 'in solid-state transmission detectors; 1its

‘properties, as outlined in Table I,.make it superior in ~

resdluﬁipn, while still allowing the production of a
compact, féirly rugged and stable unit; easily adapted
to the detector telescope. .Totally dgpleted detectors
of this type have been available commercially for a
réiati&elyv short time, inva,wide rangeﬂof thicknesses.
Their  use has contributed markedly to  the

- state-of-the-art of the DE-E telescope téchnique.

~

The characteristics and contructipn*qf .,silicon_

-surface barrier détectors are reviewed by Bertoiiqia
(26) and Poenaru (27). Totally depleé%d ‘ Silicgh‘

su§§ace barrier detectors, as used in DE-E telesQOpes,

-~

JRE. A - o
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are ccnstructed ffﬁm’high'pﬁPi%V*Si%ie6ﬂ“W1%h“iﬂﬁﬁﬁﬂﬁﬁf“““““*
A\

levels 1in the part -per< bllllon range The re31st1v1ty

of the silicon 1is chosen to give the optimum field

strength,'(volt/cm);‘for the best charge collection,‘at
each particular detector‘ thickness necessary for

&

superior resolution.

P

Figure 2, from the detector manual by Ortec

(28), illustrates the basic construction of this type

b

of detector, where D/pepresents the(ﬁdiameter of the
active. area and W is the depth of the depleted region,
which can range from 5 micssns to 5 millimeters. -The
active volume of the detector contains an electric
field nhich results fnom‘the'applied reverse bias.' The

passage of 1ionizing vradiation creates - free charge

carriers which are separated by the electrictfield. By

integrating the resultant current charge.proportional

to the energy deposited within the active volume of the

detector is produced.

The preparation of the orlglnal 31llcon wafer

involves exacting mechanical processing and etching of

an N-type silicon  monocrystal. In order to insure'

~ thickness wuniformity in the thin DE detector, the

crystal is cut with a diamond saw and no more than 20
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Figure 2.  Schematic diagram of aitbtally'depleted

silicon surface barrier detector.
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microns V'éﬁé"bemoVed ﬁaﬁfihé fetching.\,’The minimum
Qetector thickness is réstricted by the increase in
capacitance as the thickhess decreases. Tﬁis increasé
produces a rise in the eieCtronic noise with a

magnitude which _could be.greater than or equal ‘to the

actual measured energy losses of charged . particles.

The contpibutions of detector.and electronic noise, to

 the observed energy widths, are given by the following:

expression as presented by Bertolini- (26):

»

~ (FWHM)? = (FWHM)2

obs + (FWHM)zdet +

strag

2
‘(FWHM? elec

After etching, a ' P-type invérsion layer is
‘proddced by chemical treatment with oxygen rich
substances sucﬁ as hydrogen peroxide and ozone. The
rectifying‘ contact ‘'with this inversion layer is made
through the gold layer deposited by vacuum'evépératiOnL
It {s necessary that this layer not be too thick. A

tfansparent film. corresponding. - to . 75% . light

transmission is satisfactory. This allows a thickness .

range of 20-40 ug/cm2,,which makes it neécessary to run

¥

these detectors in total darkness. . The rear ohmic

contact 1is aluminum, appﬁoximately 40 ug/cm2 thick.
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This surface must be thin to insure a negligable
. injection of charged carriers.

As discussed by Wang'(29), several metals other
than gold may be utilized. Some manufacturers use

platinum in.ofder.to avoid the formation of an amalgam

[

with the mercury vapors coming from the diffusion

.pumps. It appears, nevertheless, that the resistances

of all the possible substitutes become identical after

several months, probably as a consequence of a slow
oxygen_diffu;ion across theuﬁetai. This fact suggests
that the Jrectification process at the contact is more
closely related to the porosity of the metal and of the

~oxide and to its reactivity with oxygen rather than to

"~ its work function.

An ea?ly problem with the thinner detectors as

discussed by Goulding and Harvey (30) involvéd\

ion-chanreling which resulted in energy losses lower

than expected for those ions being cﬁénneled. It was
observed that heavy 1ions have a 1longer range. when.

penetrating the crystal along a principal axis thah in

the case of penetrating along another direction (27).
This phenbmenon was explained as ion channeling due to

a series of collisions with the lattice atoms. As the
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crystal structure is more opéh:along ;7brincipal axis,
thg»ions focus the track‘in é moré linear way than 1in
the caSe,‘of random collisions. - This probleh is -
eliminated by cutting the silicon wafers at an‘anéle»of :
10 to 20 q§grees‘from the plane. o 7

The efficiency of silicon detectofs for charged
babticles‘is essentially'100% for any case whers the
energy lost in the sensitive region is much lahgér‘than
thé noise level. This feature, along'with'their other

attributes, make these devices excellent counters . for

charged particles.
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Table I: Physical Properties of silicon (28)*

e ——— m—————————— N m———————

Atomic Density | 5.6 x 1022 atoﬁs;cm’3”t“'7'””'
Density 2.33 gm-cm'3
Dielectric Coefficient .- 12
Energy Gap 1.1 eV
Energy per | ~
Electron-Hole Pair 3.6 eV-pair
Mobility .
Electron | ' 1350 em@-volt=1_sec~!
(2.1 x 109 T=2+5 op? —volt~'_sec~'y
Hole | 480 em?® -volt~'_-sec™'

(2.3 x 109 Tf2'7 em? -volt'1-sec'1l
Thermal Expansion, |

~

~ linear - 4.2 x 108 (°c)y-?

¥ Quantities correspond to 25 degrees centigrade unless

otherwise indicated.
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3.2: Detector Telescopes

In this(gection, the following symbols will be

referred to repeatedly:

L m———— atomic.nquer
A ——uu- mass numbefé
Ep ---- total kinetic energy
I | mass in amu »‘ | ' B .
dE ---- energy depOsited‘in a thin solid-state
transmission detector
dX ---- the thickness of the thin solid-state
| transmiseiondeﬁecéor | |
'DE ---- the first detector in a telescope
E ----- the secoﬁd'or‘stopping detector in a telescope
< ’ L Y
In "order to identify a ‘nuclear particle-
produced in a nuclear 'reectioﬂ, it is necessar&.to
determine its atomic number, Z, and mass number “A. A
successful identification of Z and A ihvolveslmeasuping )
quantities that ~are related yet*independent~fuﬁctibnsﬂm*f*WW'~”w
of these values. In the case of non=retativistiec
particles, with which this study is solely concernéd, A |
can be described by the mass of the particle in amu, M.

L 4

Although M can be measured by time-of-flight techniques.
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as described by Buthf; Poékéhééf; andwiaqdis (32), its ' .

absq;u¢e vaiue is not necessafily required for the

identification of the Llighter particles, hydrogen

e,

.

“through Be;x Mass resolution above this region - can be

" enhanced by increasing the DE -detectork thickness.
However,. such an increase is.followed by a risgtinwggg
low energy cut-off for all particles incident on the -
telescope. This problem is resolved by ﬁtilizing
'time-of-flight‘,for the mass determinations of'tnese
heavier particles. For isofdpic' resolution of the
lighter elements, a measurement of the energy loss of a
nuclear particlé passing thro%§h a thin tnansmission
solid—stgte detéctor coupled with the measurement of
the residual energy of the particle in a second thiéker
solid-state detector can be used té indirectly measure

the quantity MZZ.

{

dE o MZ® -
dx ( ET | o

where dE is the energy deposited in the thin - detector -
of thickness dx and ETfis,given—Qg the sum.of this loss
and the measured residual energy; Ihe'various methods |
that are currently available for converting these

measured quantities into values relating to MZziwill be

{74

s



descrlbed in a separate sectlon

Detector telescopes and their appllcatlons have
&
been reviewed by Goulding apd Harvey (30). Ihe basic

detector~ telgs00pe, as "described by Goulding, Landis,
’Cerny,'and'Pehl (33),(34),  consists of two totally
deﬁleted " silicon surface barrier detectors; a thin dE
detector followed by a much thicker E detectob
separated by a few centimeters. As a nuclear perticle
passes through the'first detector a signal is produced
preportionai te the energy lost by the particle. In a
simiiar manner, assuming tﬁat the E }detector is
sufficiently thick to stop the partiele; the signal in
the secend detector wiil be proportional to the
residual energy of the particle. Thus, the sum of the

L

two signals will give Eq.

Ie an experimental situation, many different
particles are. traversing through the telescope at the
same time. 1In order to match the proper DE s}gnal‘wifh
its associated E signal a coincidence circuit -is-
employed. Furthefmore, in several instances,*p%rticles
_will be preduced with sufficient enebgies to carry. them

through both detectors, resulting in an erroneous Egq-

determination. “ This problem is alleviated by adding an
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E4

- E-reject detector following the E;detector,,qusignaLTfrpﬁufg,—f
originating in this éetector will act as a veto if it
is in coincidenée‘with the signals from thebfibst two -
’hetectors. It is.very important that the dead layer on
the front of the E-reject detector be as small as
‘pogsible in order that those particies that barely exit

~Lhe E-detector can-get into the active portion of the

E-reject detector and create a measuraple signél.

In more complex expefiments, several thin
detectors can be used in the telescope stack, in orderi
to maximize the range of particles observable and
resolvable by the system.

In most cases, thefétack of detectors is placed
in a detector block, which keeps the detectors in 1line
yith' each other. Collimator rings, machined from 1.0
mm copper, with varying sized 1inner diameters >are'

plaéed‘ in front of each detector, except ‘for the

E-reject. The inner diameter of the collimator defines

the active area of the detector, thus the solid angle "
for the experiment when combined with the target to DE
distance. The detector housing,hi;é-céuld be used as a

'collimator however non-uniformities in the dead 1layer

exist near the, active surface edge. Furthermore,



-

particles that enterrthe détector néar its edge are apt
to miss the active ahea‘of the second detector due to
its original trajectory. Figure 3 illustrates a
standard detector stack orientation:'

Therefére, for the 1identification of 1light
particles, A < 6, with good energy resolution, silicon
surface barrier detector telescopes are generaily used
as they offer the advantaées 6% a compact  ~and

relatively sturdy constructfon which allows the on-line
' ' % . :

;Ralysis of high fluxes of nuclear particles. However -

if one desires to iﬁentify low energy heavy particles,
it 1is necessary tq uée a telescope utilizing a gas DE

¥ribéd by Barrette et al (31). Although

detector as des
they are more difficult to use and maintain, they have
distinct advantages over ébnventional solid-state
detectors; Once the unit is constructed, an infinite
be produced,by changing the gas pressure as w;ll as .the
type of gas used. The homogeneity (31) of a gas DE
detector 1is better than 1%; even for véry lérgé
2

entrance windows of several cm“. This, of course, is

not yet obtainable with very thin silicon detectors.

Unlike solid-state detectors, the gas DE detector is

not subject to radiation damage.
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Figure 4 illustrates the basic gas DE telescope
as used by Barrette (31). The energy resolution of
this® telescope is éomparable.with that of a'stahdard
solid-state unit: Fuﬁthermore; the _eﬁergy resolutizn
of the gas ' DE detector is limited only by the

straggling of the nuclear particles in the gas.

Recent advances in the productionéf»thinnérUDE
detectors have increased the mass region ideptifiable
by the DE-E telescope. Detectors as thin as TO microns
éq? being produced with homogeneities of less than 5%.
The wuse of these thinner detectdrs aliows thé

- identification of heavier panticles, A216, providing‘f

that Ep/A > 2 MeV/amu (31)..

It is now the gxperimenter’s respbnsibility to
not only choose the correct detector configuration for
his purposes, but to‘ design and utilize a particle
identification scheme which will make use of the

improved energy resolution available.

>
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3.3: Particle Identification Methods

The following symbols will be reférreq to

repeatedly in this section:

.
Ple~=w- particle identificatibn value
Ai—;--— mass of the charged particle ih amu
Zeff"‘ éffective charge of the particle
. dX----- thickness of the DE detector ﬂ
o Egem-—- adjustable‘pérameter to increase PI at low Eq
| adjustable parameter to DE for optimizing
resolution |
a--—-~--- constant propobtional to 1/Aizzeff
Do adjustable parametér_uééd in the- power law
| expressions o

{E>~--- FWHM of the E signal

A variety of methods for»the identification of
nuclear particles from telescopic data is available.
These include the = use of identifier circuits,

rangeéenergy tables, and algorithms of .varying

~complexity. - This discussion 1is concerned with the

latter two, as they provide the better resolution. The
purpose, regardless of the method used, is to produce a

nuclear particle identifier value, PI, which will be



constant for a Eiven particle over a wide range™f ET.'
Futhermore, the method chosen must apply to the array
~of nuclear particles which is of ‘interest to the

experimenter.

In most instances, particle identification 1is
accomplished through an algorithm. The multiplier
form, which 1is based on the energy loss proéess,:was
commonly used ‘in the beginning. Another, le;s

restrictive form, uses the power-law relation, which

relies on previously measured range data.

As we have discussed, the rate of energy loss

due to ionization of a charged particle is described

by the Bethe-Bloch equation:

dE = - 4Tre4ijNZ [In 2mV2] I8.
dx |

mOV 2 : } I
In contrast to 'equation - (7) several
simplifications have been made. In the majority of

nuclear particle identification studies, the ions are
non-relativistic, therefore those terms involving B2
were eliminated. Furthermore, in the case of most

algorithms, the electron shell non-participation term,



- 36
LN

use of this simplified form of the Bethe-Bloch equation
was the basis for the wearly multiplier algépithms.
~From the arguments given iﬁ equations (28) and (29),

the general form may b¢ expressed:

(E + dE)(dE) C Aifof dx e,

where A; is the mass of the charged particle, Zeff is
its effective charge, and dx is the thickness ofrthe DE
detector. However, Phis particular» ﬂérm was not
satisfactory as,it failed to apply to a broad range of
particléf and energies. The most  serious problemn
involved' the deviation of the PI value, whiéh inéreased
as a‘ particle’s energy decreased. This was partially

alleviated by including a factor, E,, in the Eg part of

O

the relation:
" (E+dE+E)(dE) OC AiZorsdx 20.

The effect of this correction is illustrated in Figure

5 . Despite this alteration it was sti#ll necessary to
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Figure 5. The effect of including the
arbitrary Eo,correction in

the multiplier algorithm.
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inctude another -adjustable parametgr k, which would
alter the value of dE to give the best particle
resolution. 'This‘gave a multiplier algorithm with the

following form:
(E+ dE+Eo+k dENdE) OC AZerdx

The necessity for these adjustable paraméters limits
the effectiveness of fheSe algorithms. For this
particular reason, the majority of the telescopic data
aﬁéijses use a power-law based algorithm which has the

general form:
R b - 22
Range = aE; -

where 1/a. is a constant which approximates Aizzeff anad
b 1is an adjustable parameter which decreases as Z:
increases. For nuclear particles obeying the range

expression, it can be shown that:

, X X | |
(E+dE) - E |= dx 23.
a |
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Since dx, the thickness of the DE detector, is  known
and E and dE are measured, it is possible to determine
Aizzeff. Butler, Poskanzer, and Landis (32) used a
modified version of the power-law relation:
| | "
n n /% :

PI (particle identification)={(E+dE) -(E) 24 o

) k k T

- . \\ v
where n = b - CdE/x. C and E.are constants with € in

mg.MeV/cmZ‘ and k is set equal to»300.‘ This particuiar
expression is capgpie of automatically adjusting the
.value of thé exponent, fesUlting in improve& resolution
for a wider range of particlés. The exponent has been
sét fo décrease with the value of dE since the heavier
nuclei with the lower energies,rwhich deviate most, from
the power-law relation, have the higher energy losses
-in the DE detector. Béwman et-al (36) modified the
algorithim further, so 4that the ekponent decreaseé
linearly with dE/E rather_than dE only. This form of
the expression furtherqincreased the applicability of
the DE-E method. However, Korteling; Toren, and ’Hyder
(37) found that an alternative approach g;;e a higher

degree of resolution when a thin 16 micron DE detector

was used. Relying on the Bethe-Bloch expression, they
b i
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generated the following algorithm:" s,

| /2

PI =[k(ET/In ET)(E/IQZQ)D] | 25.

172

where k = (1n1024/1024) (1024). The presence o;f’;ne;r~

1024 factor in this constant as /well as id the
denominator of the expression is rélgged'ﬁo the initial
scaie in which the input data was collected. 'The
squére root voperation allows PRI to follow Z more
linearly, while the exponent b is a correction for
certain approximations to the parﬁfqgiér Bethé-Bloch
expression originélly used. This ex;ngpnt is éiven(a
value of 1.0 for the lighter'elements, ; up to 4, and
it 1increases exponeﬁtially with Z resulting in avvalue
of 10 for Z = 18., | -/

A second technique consists of storing a
fangé;energy table in a computer and Qping it to

éalculate an appérent thickness of the DE detector for

each event Tregistered in the telescope. If the

calculated thickness corresponds to the true thickness,
a peak will result indicating the particle involved.
Recently, Chuligk (38) devised a scheme utilizing the

tables of Northcliffe and Schilling. " Determinations
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Other algoritﬁms’ have been developed using
similah approaches, however neither their résolution .
nor their applicability exceeds those schemes already

mentioned. v ¥

-
-

Inspeétiop of the expressions already<§resented
suggests that any deviation ia the determination of dE
or E will tend to limit the resolving power of the
algorithm in use. Figure 6 (30), expresses the degree
of accuracy necesséry to resolve isotopes with Z < 10,
when relying on caicuiations of AiZZ. It 1is apparent

that a deviation of only 5% in MZ? can disrupt isotope»r

o

p?sd}ugion for particles with Z > 3. Furthermgré,g for

izthium \ég% above, there is a definite overlap of MZ?

for the neighburing isobars. For example; a 5%

deviation in the determination of MZZ will méke 6hi

unresoivable'erm T1i. Furthermore, pﬁere would be no

distinction between ''Li and 'Be. Note also that, for
Z >6, errors in MZ° as low as 1% will inhibit all
isotopic resolution. &Theréfore,‘ if can beufgfpﬁpgng” ]
even very small fluctuations in the dE or E signals can

result 1in poor resolution. Several = factors can

contribufe' téisthese errors, although the majority
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involve some brocess in the DE detector.

Electronic noise arising from the high
capacitance of the DE detéctor can play a major role
when DE signals are very low. However, the overall
electronic noise, ranging from 30 keV andhabgve,vhas
little effect on the resolution of general telescbpe

studies.

Although virtually | eliminated by proper
detector construction, channeling could contribute a
significant source of error, due to the deposiiibn of

less energy than would normally be expected.

For low eneréy ions, charge pick-up can produce-
energy loss deviations in the DE detector. This factor
becomes increasingly important with the use of thinner
DE detectors- which allow observation of low energy
particleé with.ET < 1‘MeV/amu. Of course, no- probiem
exists with high energy .particles as they hemain

stripped until théy reach their 4range in the E

detector.

Straggling is a major source of energy 1loss

fluctuations in the DE detector. As previously
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described, the degree of this 'effect depends' on the

relative thickness of the DE detector when compared to
the energy of the nuclear ‘particle. With the

availability

Lof  thinner DE detectors, homogeneity

becomes increasingly important, _as variations ' in -

thickness can cause considerable energy loss

fluctuations for low energy ions. Fdrtunately[ those
detectors available on the market are produced under
exacting conditions which result = 1in satisfactory

uniformity. -

‘Although the major problems involve the DE
detector, instances do exist where the fluctuation in

the energy deposition 1in the E detéctor becomes

important; When a charged particle has lost sufficient

energy, it will pick-up eleétrons until it becomes

x>

neutral. At this point, nuclear collisions bécome the

dominant mode of energy loss as described by Lindhard

and Nielson (39). Deviations in these interactions can

result in an increase in the width of the energy loss

in the E detector, where the FWHM is given by:

, |
<E> = 0.722AY3 kev 2.
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vThis width 1is small for proténs, aroﬁnd 0.70
keV, however it increases _for heavier.ions. In fhe
case of 2 = 10, the width can exceed 100 kev, which is
significant for ﬁhose paéficies tﬁat just enter the E
detector and deposit vehy ~little energy. For. these
same type of particles,rthe:dead layers on the back of
fhe DE and on the front of’the E detector can cause
'deviations in the E signal. For this reason it is
ihportant to minimize the thickness of the Au and Al
dead layers.f Both the Au and thg Al dead layeré on the

detectors 1in this study, were 40 micrb—grams/cmz.

With the avéilability, of thinner silicon
surface barrier detectors = with- increased energy
resolution and wuniform thicknesses many of the
restrictions to Aparticlé resolution.‘ have been
eliminated.  Although the state—of-thé;art of particle
identification has been enhanced by the advent of
newer, more complex empirical relations, its full
potehtial has yet to be realized. Any advances in the
particle resolution by the DE—E»téchnique will require
the solutions to those problems presented 1in this

section.
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4.0: EXPERIMENTAL PROCEDURES
4.1: Physical Configuration

The nuclear particles studied in this
investigation were produced by protoh bombardment'of a
silver foil. The thickness of fhe target was ndminally
1 mg/cmz. | This is sufficiently‘ thin to ailow the
escape of low energy'hea?y ions, well below the range
limit of the thinnest DE detectar used: The target is
also thick enough to produce a reasonable counfing rate

in the detecpors.

The protons were produced by the TRIUMF
cyclotron, 'with specific eﬁergies ranging from 200‘to
480 MeV. The extracfed beam currents extended from 50
to 200 nano-amperes, while the focused beanm spot on the

target was approximately 1 em. in diameter.

All experiments were carried out in ihe 60 inch
Simon Fraser Univérsity scattering. chamber, which‘ is
loéated on. the floor of the proton hall at ﬁhe
facility. This particular chamber contains four
moveable afms and one multiple target ladder, all of

3

which are remote controlled from the experimenter’s



'stationi located bapproximately 100 geet’away./The """""
‘pressure in the'chamber was held a£ approximately 5 k
10"6 torr by a turbomolecular pump.

S ’

Telescopes containing from three bto five
detectérs- were employéd; >in this study. Thé
codfiguratibns utilized are; described. in Table II.
AlthoUghk the three detector telescope is  less
complicated to use, the five detector unit allows
increased versatility. By careful planning, the
various depectdr thicknesses may be choseh in such a’
manner as to facilitate the broadest range of particiés
and energies observable by the telescope. This is made
possible by assigning from one to three adjacent
detectors as the DE, prior to the final analysis. 1In
this manner, the data from one five detector telescopé‘
may be analyzed as that téken from :three separéte

telescopes.

Independent of the final configuratibn chdseh,
the reéultant detector block is mounted on One,of phe
" arms, 25 to 35 cm. from the target. At 35 em., the
solid angle was 1.60  x 10-% sterads. With a beam
current of—;oo nano-amperes, :approximately 200. valid

events/sec were recorded by the telescope. "



Fragment measurements were made at 20, 90, and

160 dégrees, with the target positioned at 125 degrees

to the beam.

.Position

Table II1: Teiescope Configurations

Sensitive Depth (microns)

Range (MeV)

- mn o e e wm e wm e e ey m e em Mm e A M ur S ER M MM M AN B e e e N e A e e e e R A m e e = - m— e e -
L mm e o e m o wm e - om = - T = rm e = ot e o e o = G fm e e e o e e e e - o . . S - - —

A. Comfiguration 3-A

DE
E

E-Reject

33.8
1065.

210.

C. Configuration 5-A

N

12.9
76.
476.
1065.
161.

0 - 100

0 - 180
0 - 150
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§j,2: "Electronics

. The following discussion describes the basic
'electrdnic system employed. A schematic diagram for
the five detector system is shoﬁn in Figure 7.

A1l of the electrqhigs described were separated
from the scattering chamber by approximately LCO feet
of 93 ohm shielded cable, except for the preémplifiers
which were located at the chamber. The‘ preamplifiers
were- separated frdm the detectors by five feet of’
micrgdpt‘cable, located inside the chamber, followed by
12 inches of 93 dhm cablé on the éutside,'i The energy
signals from the preamplifiers, resulting from‘the
energy deposition by charged particles. in . “the
detectors, were processed " by delay liﬁe amplifiers.
Each'delayed unipolar output was delayed furfher by
1.25'micrq—seconds before entering the-déta acquisition
system, which will be described later in more defail.
This delay is necessary , in order that sufficient time
is provided for the logic decisions to be made thiéﬁr
will allow or terminate any quthér proééssing of the
signals by the data acquisition sysﬁem.

The prompt bi-polar outputs of the .amplifiers

?
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wererréént Vto timing single channel analyzérsl These
units were set to accept only a predetérmined energy
range of signals. The resultant timing output may also
be delayed as required for coiﬁcident logic'deciSions.
‘An example of rthe‘ energy rangeé allowed for each
detector in the telescope is given in Table II . Théée
particular ranges were dete;mined by a program, tiﬁled
LAZY (40), which depends on the range-energy méthod of
Stewart ‘(41). {}u _calculates the energy lost by any-
number of diffefent fragments in each detéctof of a
stack. OQutput 1is received over ah energy rahge for
each type of pérticle, based on the required energy to ‘ -

Just enter the first detector hp to that necessary to

just exit the final detector.-

The delayéd,signals from the single 4channeb
analyzers were sent to updating discfiminatons which i
allow boéh a width adjustment and a source of identical;
multiple outputs for each input. The Qidths of the bE .
and E signals were set at 60 ﬁano-sec;ﬁds.fon laterv
coincidence overlap processing, while the E:féjéét'
signal, used éo veto a coincidence, was set—at 100
nano-séconds. Majority two  logic was used in the
coincidence gnit to sort coincidences fbom the incoming

signals.



4.3: -Calibration

Calibration was carried out prior to each set
of experiments. First, each detec;or was normalized to
a precision pulse generator, using the 8.785 MeV alpha
from a ThC’® source. Althoughthevraﬁge of this alpha
particle is 55 nmicrons in silicon, we have founa it
useful for much thinner detectors. A sighifiéant
number of alpha particleé are Rutherford scattered by
the gold dead layer of the detectors. This increases
the available range of the particle in the detector
such that the total energy of the alpha is deposited,
rather than just a ffaction. This results in the
accumulation- of tﬁe full energy peaks of ThC' in a
réasonable counting behiod. This méthod has proven
ﬁ6re convienent and accurate than determining the
deposited energy by relying on the measurement of the
residual energy of the non-scattered alpha particles in

a second thick detector.

The calibration steps wehe completed using the
same cables and eiectronics as were used in “the
nomalizaﬁion. By setting the pulser tofghe'previously
determined -normalized settings for /éach speéific

/

detector, calibration spectra can be collected by



”éounting sufficient pulser peakéi tb cover the
particular energy range of each detector. Laten, these
ﬁeaks were fitted by a linear 1least squarés‘ brogram,
which‘generates a slope and intercept to be used in the
final analysis. The points usedtin the calibration
were normally within one part in 2000 of the calculated

curve.

4.4: Data Acquisition System

The original delayed ; signals from the
amplifiers and the event signals generated by the logic
systeﬁ Tare sent to an | eleven  bit stretcher
muitiplexor—ADC - system, interfaced to a PDE—TSV
‘computer. The basic hardware of this bsystem allows
simuitaneous prbcessing of data | from severél

iﬂdependent detectors as well as complex muliiparameter_

arrays.

-

The PDP-15 utilizes a multi-purpose
pulse~height analysis program, named FOLDAP, to handle
the .incoming data. Prior to each set of experiments,

‘an analyzer configuration is designed and fed into the

computer. This defines the on-line data monitoring

wr



operations of the twelve available video Vdisplays.
Singles, as' well as coincidence spectra are obsefved
throughout eachIéXperiment. Not only does this offer
the expérimenter the chaﬁcé to’vconfirm tﬁe prober

operation of his detectors and electronics, but allows

him to monitor - the parﬁicle and energy ranges

observable by the system. Measurements proportional/to

the beam current are collected in time bins of 2 tp 5

minutes and are available as a video display also.

Several Camac controlled scalers exist for  integrated'

data rate information ‘as wéLl. Valid events are
collected in blocks of 256 which are written onto 9
track magnetic tapé fof further off-line analysis.

]

4,5 Off-Line Data Analysis:

The recorded data is processed by a series of

programs at the IBM' 370 facilit& located at Simon-

Fraser University.

The raw data is initially sorted by the program

SORT.  Basically, this separates the events of interest

from the recorded data, and transfers them onto a- new

" tape. Several important functions are performed in

this operation, including the digital stabilization of
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the collected data. The pulser events.are counted as a
function of time as well. Frbm the resultant
time-bhsed plots generated; the quality of the data may

be éhécked.m This feature allows any questionable time

‘blocks of data to be‘disregarded in further analysis.
k o

The sorted data is  analyzed, event-by-event,

using the program ANAl, which contains a particle
¢ : ’

identificatioh.algbrifhm. -The telescopic cénfiguration'

is specified‘ﬁt this time. ~Whe'n‘analyzin'g,data from a

five detector unit, there are three choices for the DE-

thickhess, therfore this program wWould be run  three

times in order to extract all. of the availablq

infdrmatiop.

The PI output is available in several forms,
including PI spectra as well as ‘two dihen§ional
displays of PI verses dE, E, and Er. Several other
options are available for passing histograms of PI‘on

to separate programs designed for  cross-section

"analysis and graphical display. T T T e e

_

The programs and options wused, 1n this'.study '

will be described in more detail " in the following

section.

S
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5.0: RESULTS OF STRAGGLING MEASUREMENTS -

With the beam currents available L at TRIUMF,

sufficientr statistics were accumulated for anhin-depth.

analysis of straggling for protons of 2 to 14 ‘MeV/amu

and for alpha particles  of -2 tp 7.5 MeV/amu. DE

detector thicknesses of 76 and 476 microns were used in °

the proton study, while 12.9 and 33.8 micron DE

detectors were used in the alpha particle

2

investigation.

From the energy. range of each particle and the

specific DE thicknesses used, one may calculéte the
Vavilov parameter K , from eduation 12.. This value

indicates in which theoretical region a particular set

of measurements belong. For all of the studied cases,

K >> 1. Therefore B Gaussian distrtbq&ions 'may be

assumed, and Tschalar’s calculations (20,21,22) are

Ve

expected to be valid. ///*

Using the p}ogram ANAl, a matrix/“bf E~Total .

verses dE for each experiment was constucted. From

this basic matrix, windows were set on 'specific -values
of E-Total., The resultant histogram was then processéd

by a subroutine called PEAKFITTER which fits each



Y

occurring peak tdo a Gaﬁssian distributibﬁfquhgé was
accomplished by generating chi-squared values for
_Several fits' from‘10% on either éideﬂbf the céntroid.
The fit with the lowest cpi;squared' value was chosen

and stored.

Each peak found represented the diétribution
~of - energy losses of a particular charged particle at

. that value of E-Total which had béen specified. Next,

the associated FWHM of each peak was calculated and. N

printed along with other parameters of interest. The
chi-square - values for the chosen fit and for 10% on’
either side were listed as a check of'the symmetry: of

each distributiod,
5.1: Proton Straggling

The measurements of proton straggling in 76 and
476 micron DE detectors are presented in Figures 8 and
9 . The 76 micron casé was derived from a single
experiment, whil; thé distribution from the—476~fmicyon'
'caée was taken from four identical ekperimeﬁtSWtof"
insure reproducibility. In the 1latter caSe - the

correlation coefficients of the combined data were

greater than .850, as calculated by the method

)
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&
described 1in Appendix A. The measured values include -

detector and electronidvfioise. A correction is also

increase in the measured width caused
’gi/ S e

by . the fixed window size wused 1in each particular

indicated for the
analysis.h

Using the relationships of Tschalar (20,21,22);
theoretical distributions were calculated. The results
are included in the figures. Measureménts made by

Armitage and Trehan (43) are included for comparison.

In the case of the U476 micron DE detector, the
theoretical predictibns of = Tschalar follow the
experimental values closely. Hdﬁever, the theogetical
values are 1low by a factor of approximately 10%. The
values measured by Armitage and Trehan (43) Qere high
by 20%. In the 76 micron study, the theoretical
prédictions agree with the measured values within

statistics.

5.2: Alpha Particle Straggling

The straggling measurements for alpha particles .

incident on 12.9 and 33.8 micron DE detectors are

~ presented in Figures 10 and 11. The 12.9 micron
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distribution‘was taken from three identical experiments
with correlation coefficients greater  than '.940. The
distribution for the 33.8 micron case was derived from

a single experiment.

Both  experimental | distributions ingluqé
u'detector and‘;eledtronic noise.. Tschalar s relations
are valid for both of the alpha studies and were wused
to calculate rthe - theoretical strgggling curves

~presented in the figures; " Data from-ethe study of"

ﬂAvdeichikov (42) is included for comparison.

The agreement bf the measured values with the
theofetical,predictions is good in the 33.8 micfonlcase
although the calculated vaiues are high by 1d to 15%.
QAvd?iChikov (4) found his measured values were 20%
higher *than they calculated when he studied 8.78 MeV
alpha particles incidenp .on silicon absorbers of
varying thicknesses. In the 12.9 micron study, the

theoretical agreement is good within statistics.
5.4: Theoretical Problems

Although there was general agreement between

the measured and calculated widths in-this study, other

-
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groups have observed some disagreement. A brief
discussion of ‘the inconsistancies of  Tschalar’s
expressions 1is necessary to explain the occurance of

these\deviations{

The disagreement betweén the vmeésurementsr ahd—
the values predicted by Tschalar’s calculatipns, fqr
those partic}es in the lower energy range, may be_
explainéd by the presence. of non-st?tistical
fluctuationqg The expressions of Tschalar aésume that
the particl® is completely ionized during its passage
through the absorber. However, ét particle énergies of
< 3 MeV/amu, charge state fluctuations mathbegin to
occﬁr; as discussed by Schmidt et al (44). This
- process does not give rise to discrete charge g;oups,
"but produées é bfoadened"distribution,fnstead. %he
broader the ionic charge distribution and the smaller
the frequency ‘of charge éltering processes, the more
the charge state fluctuations contribute to the energy‘b
straggling. However, since  the 1low energy‘regions
investigated in this study border on 3 MeV/amu, liﬁtle
deviation is observed between the measured and’
calculated values. The addition of this correction to
Tschalar’s expressions would be a logical and

w\\)

worthwhile step towards a more consistant mqsns of
\

) .
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‘predicting enébgy' loss distributigﬁé’éEWlBQ%béFiiéleY,
energiés. "

‘The general diségreement of the theory over the
remainidg energy range hés.been~di$cussed by Armitége
and 'Trehan (43). Origihally, Téchélar ignored atomic
! binding of interacting eléctrons by'assuminév thag the
velocity of the particie was gfeater,than the velocity
of its own orbifal électhdns as well as' greateb than
Uthose' of the absorber, which is not always the case.
For eiample,;at 75 MeV/amu, both -Qrotons and alpha
particles  have a vglocity equivalent to the K-shell
electronsnof silicon. By altering the. single collision
’croés,sectioh, which is a major feature of Tschalar’s
approach, in order to take into account the atomic
binding of" the interacting électrons, one can enhance
the agreement with Tschaiar;s predictions éo some

}

extent.

Tschalar and Maccabee (22) increased. their °
straggling Qalues by 9% to take care of atomic'binding,
with good reéults. HoWever, in the cases they were}
studying, widening by batomic binding .was <‘ 3 9.
Avdeichikov (42) included this Gorrection by increéasing

the average ionization potential of silicon by 10 %.
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However his measnred‘bésnits were stiii”hignhby 20 %.

 Kolata and Amos (ué)» obtained good = agreement with
Tschalar’s 'calculatiQnS' for 5 and 7 MeV ‘protons
incident on.silicpn without introducing any corfecfion.
} The theoreiical;valnéé présented in'this étud&

wene célculatedeithout regard to atomic binding,'with'

varying;results. A re-evalnation‘df the fonm, of this

co;rection is in order. Tne nunrént method of
increasing the value of the ionizqtion potential of the
absorbing material zver the entire energy range of the
particle is not satisfactory.b A more snitable
correction . would invnlvé an expression for the

: ioniiation poténtial which varied with particle chérge
and energy._k

<

\
N

5.4: Optimization of the DE-E Téchnique

"Asiprevionsly discusséd, the resolution of the
DE-E system 1is limited by straggling, with the effect
in the DE detector dominating the ‘intebfenence. If.
different particles wof ‘the same incident energy have‘
overlapping stragglinglquryés in this detector, it will
not be possible Vto identify those particles havingr

enérgy losses in the region of overlap.
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',Measurements, of the type presenﬁed hére,f are

not’,oﬁly useful for the study of the penetration of
'charged‘particles through matter but can indicate
under what conditions overlapping ‘straggliﬁg curv§s
occur. With Sufficient similar information, telescopic
g@nfigurations may be chosen which will 'optimize
barticle identification. | | |
For our purposes, the absolute value of thé
stréggling. width 1is not a convienent parameter,‘és it
does not indicate the actual energy resolution\ of = the

DE detectob. Following the procedure of Avdeichikov

(42), the straggling width is plotted, combined with

the measured energy deposited by the pafticle in'thé DE
detector. This function, \FWHM/DE% , represents the

actual percent resclution.

By plotting this wvalue against' the perecent
energy dpopped in the DE detector, one may observe
those regions‘ where optimum energy resolution is

achieved.

The measurements of proton straggling- with a
telescope utilizing a 76.0  micron DE detector are

presented in Figure 12. The percent resolution .is
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statistics, at an energy loss of 20%. This trend
continues éo the end of the measured  data,
corresponding to an energy loss of approximately 50%.
In a similar manner,'the measubeméntsrof alpha
particles incident on a /33.8 micron DE detector are

presented in Figure 13. AgainJ the percent resolution

is observed to decrease to a constant value, at an

enérgy loss 6f'15% in this case. The vaiué -of thé
percent resolution remains constant throughout the rest
of the measured range . to an energy 1loss -of
approximately 50{. Avdeichikov (42)'reported a similar
trend in’his study of 7.70 MeV alpha panticles incident

. ‘ . .! . . -
on silicon absorbers. However, his “reported

L

measurements of the percent resolution reached a

- constant value at an energy loss‘Qf 30%.

&

observed to decrease to a const?nt value, within
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6.0: ALGORITHM DEVELOPMENT

Aithough»' several variations “of particle
,idgntifiéation algorighms have been derived and
utilized successfully, few of those existing have a
wide range of.applicabiiity to many nuclear pértigles
and to ra broad range of total energies. Furthermore,
their resolution degrades rapidly at low ‘particle
energies, which limits their effectiveness for those
investigations'-involving the identificatiom of nuclea;
particles in fhe medium to.low enengy range. Aﬁother
unforunate problem  with many aigorithms is the
necessity of aajustable parameters which reqﬁire
modification'for each épecific application. Thereforey
iﬁ dwould be advantageous to produce an algorithm which
would héve ﬁo‘dependence on adjust;ble, parameters and
would expibit 'good resolution for a large rahgé of
nuclear particles andAéhehgies. .

Such an algorithm can be derived from the

following form.of the Bethe-Bloch equation:- -

ac m

dx ‘ rnoVﬁz I

dE = -4wé zENZ,in2mv? 27,



re

electron charge

‘Where: , e =
Z; = effective atomic number of the
. I A incident particle
. ”%\ F%. N = atom density of the absoﬁber
ﬁ%}@A = atomic number of the absorber
: mg, éyelectron rest mass, 511 keV
yg%; velocity of the incident‘particle
: WI = ionization potential of the abso;%ing

atoms, 177 eV for silicon
E
The Lorentz contraction term, 1ln (1-B2) -B2, has been
deleted, since the velocities of the particles of

interest are relatively low.

Since Ep = mivi2/2, substitutions can ,be made

for the incident particle velocity:
' y

, .
In 2myV, = In{Ex12.4] 28,
I - A

o

Ai represents the mass of the incident partiéle,,-while
the wvalue 12.4 contains the necessary constants such
that ET may be expressed in MeV. In a similar manner,

the remaining portion of the stopping number expression
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may be restatéd:

“41e ZPNZ, = 1661102422 e
mO\/i 2 v 4 E T " B )

where the numerical constant has thg units, MeV2 cm’1.
Equations 28 and éQ may now be combined and reérréngéd
producing an expression which approximates the product
of AiZiZ. E
o2 /e fe [y V)
AiZ= 602 x 10’ (dE)(E,) (dx .
252 + In E_-In A, | |

where dx 1is the thickness of the DE detector in

microns.

As explained by Green (54), expression 30 is
valid only for those instances where dE << Ep, as it
assumes that the rate of energy loss of the particie,is
constant as it travenées the DE detector. However,
when the enehgy of the ion is 1ow‘or the effective
thickness of the DE detector is large, it is necessary’
to dorrect for the changing rate oﬁ energy léss of the

particle as it travels through this detector. One'”

method of approximation uses the followiqg relation for
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the average rate of the energy loss: - e

dE
dx

initial’ , inal

+

dE_1 |(dE
dx 2 dx

Where (dE/dx);,itia] refers to the rate of energy loss
as the particle enters the DE detector and (dE/dx)final
refers to the rate as the particle just exits the DE

detector. This appproximation was used in the final

computer application of the following expreSsions.

~ In the actual use of this algorithm, we
approximate Ai as .ZZi. This allows 'the cube root of

each calculation to be used, in order that the particle
identification value, PI, will follow Zinrﬁ6‘r'eélinear‘ly.
This produces families of curves centered around the

atomic number of each element. The following equation

illustrates this procedure:

2\/3 - |
PI=K(AZ | =~ K(Zi) 32.
2 3

where K is any convienant scaling factor.

Equation 30 is usable in its present fprm.
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When uSing a 16.6 micron DE detector, its Z resolution

is poor bgyond oxygen and its mass resolution degrades

at Z > L4, as illustrated in Figure 14. 1In order to

improve the resolution it is necessary to include
corrections for the physical deviations that occur in
the actual energy loss process of the nuclear particles

involved.

At low energies, a correction can be made.for
the ﬁonparticipation of the inner shell electrons of
thé atoms of the absorber. For our purpose, only the
K-shell correction is necéssary. . Without this
correction, the values of AiZi2 at lower total énefgy
will -be 1less than that calculated at higher total
energies, resulting in a noticeable degradation of the
isotopic resolution of the algorithm. This decrease in
the value of'AiZi2 1§ shown in Figure -15. ‘ {\

— ‘ ,
" The necessary arguments for approximating this

2]

correction term, C, (8,,n,), have been presented by

Walske (8).

Ck is a function of two terms, 8, and ny, where:

B = observed ionization potential of the K-shell
divided by the ideal ionization potentialj;

for silicon,Gk = .724
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algorithm as pfesented in equation 30.

Figure 15.



n = quantum number related to the K-shell which

is given by:

n, = mV 33,

Where R, is the Rydberg constant.

y

By utilizing the earlier expréssion for the particle

velocity, Vi = (2ET/mi)1/2:

N, = Eq 34,
A Z2(2.48 %10 2 pev)

Although an exact calculation of C, (Ok,nk) is
"diffiqult, approximate values can be obtained from
Figure 716; Which was prepared by Walske. An empirical
fit can be calculated for the curve applicable to
silicon, for which 6, = 0.7. This approximation takes

the following form:

Ck= 273 - 234 + 0.58 - - 35,
N, nZ-  n3



79

1.4 v = — 4 .

1.2 T

. Figure 16. . The K-shell stopping number correction is )
plotted against the reciprical of the K-shell -

qudntum,number. Qk for silicon is 0.724. e



#

Proceeding the calculation of Ny the correct
value of C. (ek,nk) may be calculated using equation 35
‘and then subtracted from the original stopping number

formula, resulting in the corrected value of AiZiZ:

AZ; = 6.02x10" (dE)(E)(dx) ' 3e
252+InEr-InAi-Cx /14

Since the.magnitude of this correction will
normally increase as the ion slows down, it ‘is
necessary to approximate its average value, Cx » inu a
manner similar to tﬁe rate of energy loss. The
inclusion of thiS‘cofrection has a marginal effect on
the particle resolution of the ! algorithm, as
illustrated by .Figure',17. Clbser examination of the
particle distributions has shown that only iow energy
protons and alpha particles are effected by this
correction, while the partidle distributions above Z =
2 remain unchanged. From inspectioﬁiof Figure 18, it_
is. evident that for those particléé above‘boron the
calculated values of‘AiZi2 decreases with decreasing
tetal energy. Twofdifferent effects could contribute
to this deviation. First,'these particula} particles
are-'approaching velocities which are eduivalent to the

velocity of the L-shell electrons in the silicon of the
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Contour plot of ET verses PI using the algorithm with the C

‘correction as presented in_equation 36.

Figure 18.
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DE detector. This would suggest that a C; correction,
anélqgohs to the Ckfcorrection, be added. However, tﬁe
u,,magnitude,,of <thisﬂ correction,'as deécribed by Wélske
(9), is ?af too small to cause any rchange,‘ as its
magnitude is less than that of“the'C_k correction.

A more brobab;e ekplanation is‘ the oéeugéﬁeé
of charge pick;up by the l&wer energy nuclear.éarticles
beforé or durin@>their pasSége through,the DE deteétor.
This; is réaéonabie because fhe'Bethe-Bloch equation
pPedictsthe éffé;§ivé'éharge~of the particlé involved.
Therefore, ifa;’pariicie fails toA remain completely
stﬁipped' during .iﬁs‘ passage through,the DE detector,

one would expect a lower value of AiZi2; as observed.

Booth and Grant (46) have studied the charge
'pick;Up 6f héavy ions. Using their own measurements as
well as ‘data from Porat (47),(48), Phiilipsk(ug),J
Teplova et al (50), Moak (51), and Northdliffe. (52)}
tﬁgy_ have ‘succeeded in preparing a universal curve;
- which relates the vapiation‘of;effectiveﬁchahgewtouwtherm7W~»ﬁ;—
'PaPtiCLes's, velocity and atbmichnumbenfmindependentmbime4#4~4f
the stopping materiéiJ This curve, -as gresenfed in

Figure 19, only covers those values of 7’Zeff < 0.80,

where yef‘f‘zo = Zs

;- In order to incorporate this



L ) '
0 . .025  .050 T 075 100

-4/3
$Z,

Figure 19. The effective charge of héavy ions
" as a function of the particle's

charge and energy. -
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correction into the PI éXpréSsioh;”iE'is necessary to
. calculate an expression which represents this curve as
a function of 625'4A3; where f is the ehergy of the

particle in MeV/amu. Furthermore, this expression must

> be extended to approach 7' eff = 1.0 asymptotlcally, in

order .that the hlgher ve1001ty ions receive adequate

correction. ThlS is ea31ly accompllshed and takes the

L}

: féllowing form: ‘ L

Y = 20.7€Zs )- 2360(€Z Ak T

+ 9869 (£Z 4/_3)3 tor ¢Z -4/35 0.10

'4/3

2 x» . ) o
);ff = "O - exp EZ ) - 37b

0.08 -
' -4/3

. | . ~ for fZ v > 0,10

»

Relatlon 37a 1s valld for f Z -b/3- < O 10. Above this.

value the magnltude of 7’ eff increases too rapidly and'

an alternatlve relation must be used. Expression 37b
is wused when f’ 20'4/3 > 0.10. . This  expression
approaches 7'Zeff = 1.0 asymptotically and corrects the

value of Z; for these highér velocity ions. . The

parameter f Zé—u/3 is givep by : - o

N -4/3 L las3 S .
€Zo = (Z ) L 38.

- : ' 2.1\
e exp{.33 |n(4A,z,)}



This is a result of the function chosen to apprbximate

Where ZO is the stﬁipﬁed charge of the nuclear

particle. The average value ofMthe'changevcorrectioﬁ,»
—2 _ - ‘ : ,
Yeff , is used in the actual calculation. This yields

a—ybetter approiimation to the correction as phe#iously

described.  The -corrected value of A;Z;° may be

'ob;ained using therfollowing 6peration. .  ’ e

o 2 2 .
- A‘Z°=7Aizi - 39.
bt ) A
AT

By including this chabge pick-up corhection,

"much straighter particle distributions are obtained as

shown 1in Figure 20 . v Futhermore, the isotopic
resolution is improved as several péak-to-valley ratios

3

are increased, as illustrated in Figure 21. Some curwve

is still observable in the higher mass distributions.

;é%f&. #More experimental data, concerning the charge

pick-ub of hgaxy ions, would be necessary to improve

fiad
this function. =
?

. ) ) ‘ . ) —\r -
The final form of the algorithm is given by:

AZ. = 6.02x IO(dENENIX) (7, 0% 40  ~

252+ WnEr-InA;-Cid

. - EY




Contour piot of ET verses PI using the algorithm with both the

Figure 20.

and the charge pick-up corrections as presénted in équation 40.

Cy
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4
-

‘with the particle identification value,, PI, given by:

| 13
PI = K|[AZ, al,
L > |

Theka correction.is included although its effegct is

marginal in the cas; studied here; as previodsiy'
explaihed.» ‘ |

The final form, as  expressed by equatiqnv 40
éontains ho. unknown a&justéble parameters, nbr is it
restricted to'any one telescopic configuﬁation. All of
the parameters are either khown; measured, or

calculated from - the measured values of dE and Er- In

@ : - - R
the use of this expression, a value of Z; is initially "~
* i i ’ -

assumed, to allow the calculation of apropriate véluésr
of Ek and )Q%f . Following the use of expression” 4o,

‘the resultant . value of ZO' is passed back for a new

approximation - ‘of .the correction terms. This 'is
, -

continued in a ©bootstrap fashion, wuntil a constant
Q . . . ) .- s . S N

vallue of’Zé is obtained. v

It is mandatory that the method one chggses “to
analyze the. data does not degrade the inherent _
resoluiion qf' the .deteotor,~telescope used ip the

experiment. One can graph the raw DEfEi data with the

t



Y * ’ M )
4

calculated PI values. This was done in the lithium
region and is illustrated in_  Figure 22 . The PI

distribution is jntegrated over all values of ET’ 10450

\Mey, while the dE distribution is taken frdm‘a narrow .

i

window of ET at 15.0-15:5 MeV. By .inspection, it is

apparent that no 1loss of resolution results fromAthe

use of this a}g&rithm.

It is also advantageous for £he algorithm to
calculate constant va;ues‘ ofv PI for given isotopes,
regardless of fhe DE detéctor thickness. Table III
ljsts®the values of A1202 caléﬁiéﬁed from data taken by
telescopes with varying configurations. Alfhough the
valﬁes of Aizoz deviate as one increases in ‘mass,° the
values obtained from two different systemsraare

relatively constant.
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i

TABLE III: Values of A;Z2 calculated

from the final PI algorithm - - oo

DE (microns)  “*He L1  Te - 105 12
. 12.9 15 52 113 256 440
16.6 a5 53 115 260 443
Theoretical . 16 54 112 o 250 432

/
: s ~
8 7
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CONCLUSION T o
~ - : .
From the< stragéling measurments presented, one

T e

Aobserves that as the incident ion eneq 1ncreases% “the
FWHM of the energy loss dlstrlbutlon in the DE detector
. decreases. This trend.ls thetresult of both -a decrease
in the statistieal. - and the 'non-statisttesi”’
lfluctuations. As an ion“s energy increases it will
loose less energy per interaction,a'result§ng in a
narrower energy kloss distfibution. Similarly, the -
higher energy' particies are less likely’toveapture
eleetrons. If this does occur, the freqsency ef the

charge changlng process will be sufflclently hlgh to,

‘Keep charge broadening to a mlnlmum.’

From the trends of the straggling widths, it
wodid be expected that the esergy‘resolution o? the DE
detectors would be highest for those partlcles with the
largest kinetic energy. However, due to the fact that
the straggling width levels out at higher energies as a
'result of the in;erent noise of the system, the optimum

energy resolution 1is reached at particle energies

coinciding with energy depositions of 20-40 %.

However, satisfactory energy regolution can be



A
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—a T i ¢
&g

TN

obtained at higher or lower energies. For éxample, the

poorest resoiutidn measured ' in Jboth the proton and
' /
alpha ‘"particle case is sufficient to separate them

,/(_-fnom neighburirig nuclides of the same atomidAnumber'as

is evident from Figure 6 . However, as _the value of

MZZ inCreaéés,:the availablejehergy resolution becomes ,

»

more critical. - In thése ciﬁzpm§ténces, exfensive
straggling measﬁrements would allow the experimentalist
to chooéé‘ a DE detector which@%ould offeg the best
resolution for the.particles and energies of interest’.
Aside from thé choice df the telescqpic
configuration, it -haé “been . shown thgt'thé isotopic

~resolution of the'DE-E teghnique can be improved by the

o ’development.of particle identifying algorithms which

are based bn theoreticdl considerations rather than

T -

~ /' \ - .
empirical rglations. Algorithms of this tyge offer not

only improved resojutibn, but are '?alid ober larger

ranges of particles and ehergies. We have demonstn

¥

that the C, correction has a marginal

particle resolution of the ‘energy rang

whereas the charge correction is very important in-

éXtendingfphe algoriﬁhm to the lower particle energies

used in this investigation.

< &

W
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The partlcle spectra presented in the preﬁro‘fi)rk

'enapter only 1ndlca§e ‘the partlcle resolv1ng power,'
- the deVelopednalgorithm Howeverhthe data tested is;

ﬁrrépresentatlve of the parh;cles and energiegﬁ§;§§Nggg/
inl'a typlcal fragment experlment The measured values
‘ wof the percent resolutlon and the satlsfactory partlcle L

separatlon obtained w1th the new algorlthm can now -be

applied to the fragment study® - . . . .
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~1.0: CORRELATION COEFFICIENT

APPENDIX A:

-.ﬁ < 4

L. . 2 ° s N
A . . %
J : + = R - % c

In order to determlne 1f the varlatlons in the.

”sﬁhagg;lng widths are reprodu01ble and statlsthallyw

&

significant,A bﬁe may "test ‘the degree of linear'

\ édnrelatiqn- bétween .two dlStPlbutlonS measured under

S l"- LS ke

ffdenticaI conditions. For-two 'such dlstrlbutlons, a

B

"ﬁéésurement of the llnear correlatlon coafflelent (r)

w1ll give the degree of the’ llnear relatlonshlp (53).

L . “ .
a B S 8 v
- R
. -

3 -

widths X and'Y}measured-at a given partiéLe energy or

velocitys, can beaexpressed as follows:"

[

Y = a+ bX . R
where the slope (b) is glven by . L Af
n n ‘
b = NZXY >X2Y,
| T )

'

.;Théﬁ;inéar correlation between any pdir of-

. hli?»)(i - (f?Xhiz \ -

" where N is the number of sets -of measurements being

compared. : T & F

LY
' k4
e P

1 %
sz
=



4)""*"\

widths, any tehdency for Y to increase for decrease with

a rise in X willjnotwbewevident.

e

with b’ being similar to blas follows:

n - .n n |
e N2X Y- 2X2Y, s

CNSYE (RS

LY

If a complete correlation exists between X and Y, then

a relationship between the coefficients a,b and a’,b” -

7

--must also exist:

4

which*impiies that a
~n,

of negligable or.no correiation,ﬁthe yélués;of b and b’
gre"zero; a5 Yhe variation of Y is not'p?opor}ional:to"

_the variation of X.

——
.

~a’/(b") + (1/b7) X

Y

a + bx

-a’/b” and bb’= {}
-

X

»

5.

P
4

inrfhe; cgsei o



'Therefofe,'one_ may‘ utilize thev<éxpefimeﬁtal
linear correlation coefficient r which equals " the
prdduct' of b; and b as a measure of thé deg;ee.o€v
linear eorrelationf

1

s with:i_

"'M""

n n o
NZX, Y, - 2X2ZY, e
l P N V2R

{ [N‘)T:x,z-\( i:: Xaﬁ[N Y7 - ("; Yﬂ} -

.—M:

This relation will give values ranging from 0, wheh no
. . 4 .
correlation ‘exists, to 1, when there is gomplete~

correlation.
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~ APPENDIX B

_ , . p;
1.0:’fSTRACGLING THEORY OF- TSCHALAR N
Tschalar. (20,21,22)  has investigated the
problem of calcula%iﬂg f(T,x)-in thick absorﬁers, where
(T,x) fep}esents the distribution of »residual
energies, T, after travgrsingva th&eénéés,-_x,- of én
ébsorging medium. These diétribhtions\canwbe described
by their mean energy, TaQ, the;r variance, oé , and

their reduced third central moment,.7%‘/, Wwhere:

© CT
Tay (X) =./.f(T,x)TdT o e
o .
© | o -
(x) :h/if(T,x)(T—Tav) dt
s o 0 - ‘
Yn () = om(oy) 2 | (

for integers n and m.

.

. T - o

The standard deviation is given by o = gg/z

and is a measure of the width of the distriPwtion. The

-

skewness 1is given by )% where )g = 0 for symmetric -
L
distributions. )
\.



- R *J ) ' ‘ ,
'~ The calculation of f(T,x) 1is based on the

collision probability P(Q,T)dex. Here, T is the

energy of 'the. ion before the collision and'Q'is the
energy transqured.

-

% Thg ~f,'act'that the energy loss in each ckolli'sionv

.

is: a stochastic variable produces a spreading' 6f the
_ .energies qf' the monoenergetic 1incident particles as

they pass ihréugh the medium. Forvsmall values of ;x

the energy distribution, f(T,x), is governed 'by the
Q-dependence of P(Q,T) since T remains relatively

constant over the width of the distribution.  This

row

region is referred to as the "stochastic region".
pc—— N .

- ~>7'1

However, with an increase of ,the width of

« -

. f(T,x) the energy‘ T, after traversing a given path

‘7ibngth X can no longer be considered coﬁétant} " The
sST-dependance of ..P(Q,T) now influences the shépe of a
£(T,x) significantly. This region is defjned as the

"bulk hégipn". £

- . ’
s »

"The collision spectrum, P(Q,T), chosen for the
¥following' equations 1is based on classical collisions .

with  free absorber  electrons. The  collision



brobability is given by:

—

P(Q,T)

]

v ' : <

= 0 , otherwise.

Quay = Hull + uw)=2T = €T

I2/( €T)

Qmin

-

k = 27re*2;22,N/u

€ - u(mb/Mi){j + (mO/Mi)}'Z

where Mi'is the mass of the 1incident particle.

ternm P_represents‘fhegratio of the electron mass to the

particle mass and is defined as:

) S o - | .

T

The vériancevty has beén "solved numeriéallyl'and@fis? b s
, 2 - , , - ,

given by . , &
, . Tgv

Oy (Tay) = K12(Tav)‘/‘-K2 daT

RS '\V N

172(k/T)Q™2 | 1f Qpgp € Q € Quoy

-



e % , Co- ,
Wheﬁe»ﬁ12=‘P(Q,T)QdQ and K, is the Vaﬁiance-of‘ﬁ(Q,T).
£ ' S

The application of this theory begins with the
'vgeneration Qf the fzgggents of ,ffT,x),' to which
mathematié;l distributions‘are then.rfitted.- " Tschalar
~has calculated these‘*ﬁﬁﬁenis; for a number of ions
including protons ané alpha particles, with energy
lossesvranging-ffém Zegg to 90%. Grgphs‘wene generéied
of 0, , multiplied by (log uy) x (ep/é)(To—TaV)'1,
verses Tav/Té' ( |
‘The experimenter can = extract theoretical
straggling widths frém:the évailabléigraphs as fdllows.;
Firét,‘_qne qalculates ‘the reddced' ehergy M ~using
equation 5. This « result, combined with the value of
Tay/To» allows the term containing o, to be chqsen@
Since all dg.the parameters in this:térm are known,o‘2
can be easily calculated.  The sfrqggliﬂg width is
finaliy givenlrbysrthe statisticél ekpressioﬁ for the

FWHM.

FWEM = o (2.35)
The addition of the charge pick-upficofrection

‘would require an alteration of the collision spectrum



“P(Q,T). The geherai result would be a decrease ‘in the

value of P(Q,T) with a decrease in particle energy..

The atomic binding correction- .would  also
require a modification of P(Q,T), since the limits-of

the energy t.3‘1"<511'15‘>f'élf'e‘d in a collision are dependent on

the average. excitation‘\potentiél. This correctionl

.
+

would also alter the "value of the reduced energy
depending on the residual energy of the particle} With
‘higher energy losses this effect would decgease}L which

-would increase the value of'oé.

-~

RS

1 4
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