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STRAGGLING AND PARTICLE IDENTIFICATION
IN SILICON DETEC TORS*

Hans Bichsel
Lawrence Radiation Laboratory

University of California
Berkeley, California

. August 1969

ABSTRACT
'Tﬁe distribution _functions for fhe. straggling of charged particles -
in silicon detectors are given in a comprehensive graphical form.
App'roxirnéte quantum mechanical correc_t'iohs have been applied to the
Va.viiov functions, | | |
A simple identification procedure for use Vwith a digital computer

is desc ribed.

Work supported in part by the U, S Atomic Energy Commission ) and
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I. Introduction

A system frequently used for the identification of charged particles

of kinetic energy T consists of one or more thin silicon déte.ctor's
("AT counters') in which the particles experience energy losses A,
and a final detector ( "T counter") thick enough to absorb the total
residual energy of the incident particle‘s 1), A’I‘he.resolution of this Sys -
tem is lim;ted by straggling, dominated by the effect in the AT counter.
If different particles of the same incbident kinetic energy T have over-
lapping straggling curves in the thin detector, it wilvl‘ not be possible to
identify particles having energy losses in the region of overlap ( Figs. :
1-3).'

— It is ofteh assumed that, for large absofber thicknesses t,

2)

This is only an approximation (see

Figs. 5-7). A better approximation is given by the Vavilov theory3),

the straggling curve is Gaussian

which has been shown to be fairly accurate for the description of the

4-6)

energy loss of charged particles in silicon
The observation of pulse heights in a thin detector is described
by the probability density function f{A,t)., but the determination of the

overlap of the energy loss functions requires a knowledge of the dis-
A N

- , ,
tribution function &(A,t) = f f(A ,t) dA . Notice that physicists
frequently use the expression 'distribution function" to describe f(A, t).

If the mean energy losses of particles A and B are called ZA and
—A_B respectively, it will be found for :an é_hergy loss &, defined by
A, < < Z i |

AA Ai AB that a fraction
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of all particles A will exceed the energy'lbsls Ai” while a fraction

PB = & B(Ai’ t) | ‘ o (2)
of all particles B will have energy losses smaller th_é.n Bye
The distribution functions are given and discussed in this paper.

Also, some comments are made about the use of on-line computers in

particle identification. _

I1. T1’1e Distribution Ftt_nctions

The probability that charged p'artiélé"s will véxpei"iér‘lce energy
losses between A and A+dA‘in traversing an absorber of vtbéi.cknes's t
is given bf'the probability dehéify'fqnction (A, t), which also dei)ends

on the .kchavrgl'be ze énd the veloéity v =Bc of the incident‘partf.;icle. The
discussion in this paper is based on the Vavilov theory3), | with some
corrections bréught about by the use of éuaﬁtum mechanical collision
cross section '’ 8) "iinsfea.d of fh'e, 1/E2 cross section useci by Vévilov.
An exténsi_ve discus,éion has been given by_SeltZer and Bérgerg). . Their
noménclature is used fér th'is discussion. It has vr'ecently been foundio)
that, in the stlopping power, there i's_a'chargé Vde:pendeﬁc.e over and_ above
the.v_ z2 term usually assumed. It presuméi)ly? WOuld a.ppear'in the thebry .
with the use of higher Born a.ioproxirhations, and would influence - |
' the straggling somewhat at low energies. No correction for this efféct
is included here. | o

The distfibution functions required fof fhe determi.nation of thé
- overlap of the straggling functions of differenf particles in a gi\}e,n AT

7,8),

counter are defined interms of the modified Vavilov functions

‘E;l
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JAN T

| 8(n, t) = f(AY, t) dA! . |
e ; with  (w, t) Ef fA', t) dA' = 1.
» | 0 |

The parameters z and B are implieify included in Eq.(3). The accﬁracy
of f(A, t) is 1imifed due to uncertainties in the quantum mechanical cor - N
'rec':tibns (inciuding the deviations from the z2 | Behavio;'); th.e nur‘riericAal
integration in Eq. (3) is accurate only to about 0.2%. The ovei'all

accuracy of ® is estimated to be about 0.01 for & > 0. 3, and about

0.005 for & < 0.3. For the present appllcatlon to silicon absorbers,

the following reduced variables have to be calculated:

0 = 18.22xt 22 (1 - p2/2N1 + @ Q' A1 - B7) keVe  (4)
£ = 0.(.)7654><t'zZ /[32 A o keV“,~ : ,(5)
= 7.490x10 2 xt 22 (1 - g%) /Bt | (6)

where particles of charge' ze , rest mass M, and initial velocity
v = Bc are incident on a silicon detector of thickness t (in mg/cm );

q is the quantum mechanical correction, given approximately by

q = 0.00186 82 1n(102p% +0.746) - (7)
for 0.0005 < g% < 0.0075,
i) - 5 } . :
q = 0.0009 872 1n(306 %) for 0.0075 < p°; - (7Y

L

Q' is a factor cauLsed by the increase in straggling due to the spread in

energy of the particle beam11); with T1 = T -2 N
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Q' = | (T/Ti)'1/3 for T,/T>0.4 , B=23,
Q' = 0.99 (T/Ti) : Ti/T~> 0.4 , B =35 , (8)
Q' = 0.985 (T/,Ti)z/3 T,/T>0.6 B~6.9 ,

where B is the stopping number ( Fig. .4).

Here O is the standard deviation of the straggling function, and

?)

£ and « afe the parameters of the Vavilov theory . Furthermore,
the mean energy loss has to be calculated:
: . o . ] v
A = f A, t)AMAA=1tS =2EB . keV (9)
- 2 . e 12-14) =
where S (in keV cm®/mg) is the stopping power and ‘B the

stopping number (see Fig, 4). The v'él'oci‘ty should be calculated with

B2 =r(r+2)/(r +0%, with 7T=T/M? . (10

Notice that o = gz (1 . 52/2) /K exc‘e_pt for the correction.s givéﬁ by

q and Q*%, Tﬁev.pvrob_abilityvdensities (A, t)‘a',re .gbiven ianvef. 9 in .term‘sx |
of the pqram'eters ® and [32 and as a function of the dimensionless
eriergy-ioss variable | |

NEk+(A-B)/E, } ‘ w(u)
where . x = 0.577246 - 1 - g° -In«k

- For present purposes, another dimensionless ene'r_g'y-vlvos;s vé.riabie is.
‘more suifable:

p=(a-%) /0. S (2

The parameters "k and BZ are kept unchanged.v :
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Equation (3) can be rewritten in terms of these parameters as

P
2(p, x, B) = fo. fp', x, B) dp'. (13)

Distribution functions have been calculated by numerical integration of
flp', x, B), and are.given ih'Figé. 5-7 for three values of [32. The
Idependence on {32 is quite small, ‘and it will not be necessary to use

interpolation for [32 .

The functions presented here do not include corrections for

~effects connected with the operation of silicon detectors, e.g., electronic

noise, inhomogeneity of detector thickness, 'coimting statistics, and

' chanheling.

Since the function & does not change very much for « >6, the

exact choice of- k for Ti/T < 0.8 is not very critical, It is seen, though,

tiiari even for k = 10 there is a difference between the str‘a.'gglding function
and a Gaussian curve(see Fig, 6).

, .Note that the ""skewness parameter" Y3 in Fig. >4 of Ref. 11 is
related to « in a simple way: « = 1/(4y§)_. For [32 = 0, the expression
is exa(‘:'t.v |

A Fortran prograxh VPLOT, giving graphs similar to Figs. 1-3

~and both (A, t) and <I>_(A, t), is available from the author,

It should be noted that it may frequently be easier to calculate

the moments of an experimental straggling function and compare them

12)

with the theoretical moments “ than to calculate a Vavilov function.
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III. Approximate Expressions and Examples

For estimates at’low and moderate energies, the following simplified "

expressions can be used for the parameters:

52

o= 9 zNt | | keV;
£ =>36 2° t A/T © keV,
= 16.3 2% ¢ A%/T?
=0.00214 T/A , ‘

where T in (MeV) is the kinetic energy, and A the atomic nﬁmber of

the incident ion. If the energy loss A = (T . T ) in the AT counter

amounts to more than 10% of T, G should be multlplled by NQ from

Eq. (8).

- Example S.

In Flg. 1 to determine the fractlon i) of protons ex-

300

.’ceedlng an energy loss A = 300 keV, calculate P , using

0 from the figure: p = (300—235)/_40.4 = 4.61. From Fig. 6,
for k = 0.2 15, -we obtain ® = 93%, showing that 7% of ihe
protoﬁs suffer energy losses of more than 300 keV.
Consider deuterons_ and tritons of 40 MeVl, ‘To-calculate the
fraction of particles 'appearing beyond the energ.y-.loss’

= (Z + A )/2 as a functlon of detector th1ckness
t (mg/cm ), we have, from Ref, 14, Sd 20.2 keV cm /mg,

S, = 27.7 keéV. cm /mg, from Ref, 12, pd = 0,0414, pt = 0.0279,

Kq = 0.0419 t, Kep = 0.0934 t, ptr = -Ps- We get
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t

0

t (in mg/ c_mz) _
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3 10
A4 (keV) 60.6 202
B, (keV) 83.4 277
A (keV) 71.8 239.5
m .
0 (keV) ©15.9 29.0
Py 0.74 1.29
< 0126 0.419
K, 0.28 0.934
tr . .
3,(0) 82 89
1-2,(%) t 28 9

30
606

831

-713;.'

50.0

2,24

1.26

- 2.80

97.7

1.9

100

2020

2770

2395
89.5
4.2
4.2
9.3

99.5+

0.2-

IV. The Use of On-Line Computers in Particle Identification

‘Different apprqaches have beeh used for the identification of

charged'particles using the AT-T system described in the introduc-

ﬁon15-1%

(see, e.g., Ref. 2 for a review).

The following method seems to be the simplest and also the most

accurate for use with digitial computers, if a few hundred words of fast

memory are available to store range-energy tables for the different

particles to be identified. Basically, the method consists of a table

look-up of the ranges associated With the energies T and T

1" T—A.

.The range difference T s RM( T) - RM( Ti) for an arb11:rar11y chosen

 particle of mass M is compared with the detector thickness t . If
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(t-t,) < rM:s(tf t)

or r,, >(t +'tu) the range table for another p‘arﬁcle has to be used,

the mass M of the detected particle is as assumed. For r

The determlnatien ovf apprepriete v.al'ues‘o_.f t, amd t, ie diescribed later;
A suitable,sequencing of the'table look-up :hae to be chosen, To ‘achie‘ve_
the fastest operatioh, it is necessary to use as table entries the.renges
associated: with the energies 'COrrespon_ding to the center of each che.nnel
of the pulse-height analyzer. If the an’alyzingtsy’stems for the two
counters have different calibration consta.nts, the pulee height in one of _
them has to be converted into the equ1valent pulse he1ght in the other,

It is then poss1ble to use the pulse he1ghts d1rec1t‘ly as the 1ndex for the.

range tables.

Sample Program

The pulse helght from the T counter is called JT from the
AT counter JD The ratio of the ca11brat1on constants C (1n keV/channel)
of T and C ~of AT is CA =C /C The range table RA 'has been .
'calculated previously for three dlfferent part1cllees in such a way that
one has RA(JEA) = R[T(JEA] , where T(JEA) = CD- JEA, and R.A(JEA+1)
=R [T(JEAH_Cb]. In e'ther ‘'words; the range. tables are listed for
energies equal to the channel width multiplied by van integer. The lower
and upper limits, t - t, = PIL alil_.d t+t = PIU, for each particle have“to be
determined either from diagrams corresponding to Figs, 1-3 or from
the curves in Fig, 5 of Ref, 14. If the detector thickness t is not known'

accurately, it can be determined experimentally in preliminary test runs,

5.




-9- - UCRL-19268

SUBROUTINE XiDENT(JD,JT,ID) |
COMMON/RD/ RA(3,450), PIL(3),PIU(3),CA
1 JEA-INT (CA*FLOAT(JT)) | |
JEF=JEA+JD
DO 5 M=1,3

-~

2 TA=RA(M,JEF)-RA(M,JEA)
IF (TA-PIL(M)) 73,3

3  ID=M | |
IF (TA-PIU(M)) 9,9,5

5 CONTINUE .

7  1ID=99
9  RETURN
END

This program is especially simple for CT = CD : statement 1
can be eliminated, and in each test for a mass, ghree subtractions are
necessary, and two comparisons,

In a program using the relation

RM(TM):(M/zz)'Rp(m”rx'TM) , o

N B

where Rp is the proton range and m_ = 938.259( MeV)/McvZ , the two

products mrTM and mr(TM - A), and also (M/z )(RT - RTi), ,

have to be calculated before the comparison can be made, Notice that .

a considerable simplification can be introduced if Rp =C T a" with

-

a constant « for a certain energy range. Then
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A 2 A
Ryf Ty = (M/2%) C m] T

and (r)=( Ry(T ) - Ry{Ty - A)) = (M/22) C (m? [T (T SN

yan

Since {.r) = t, the experimental coefficient

d ’ "y | o _ 2 [
[y - (my - 2P/ 6= 2 Mt m?) )
can be used to determine the identity of the partiélez). ‘The method

a
M

can of course also be obtained in a table look-up, this method is simpler

breaks down if wa is not constant (See Fig. 3 of Ref. 14). Since T
‘ if o can be considered to be constant,
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FIGURE CAPTIONS.

Fig.. 1. Calculated energy losses of 40-MeV protons, deuterons, and

Fig.

tritons in a silicon detector of thickness t = 20 mg/cm”. The
same numbers of particles of each kind are incident. The mean

energy loss A is quite different from the most probable energy

loss, especially for the pro_tons.' If the cross-over point of the

curves is selected for, the separatlon of protons and deuterons
(A 327 keV), about 2. 7% of the protons w111 be 1dent1f1ed as
deuterons, while about 1.5% of the» deuterons will appear as.v
protons, Similarly,. fer'A = 480 keV, about 3.6% of.'the deutei‘ons‘
willv appear as tritons and Z.6%lcl>f the tritons \';vill appear as deuterons,
It should be noted tha‘e, with the assumed system, it is not pos sib'ie_
to distingﬁish between protons and deuterons in the o‘Ver.lappin.g |
region (approximately 300 te 420 keV). |

2. Energy ioes of 100-MeV p, d, tr ir;'a silicon _detecter with
thickness 20 rhg/cmz, For protons, with A = 11'7 keV, the most

probable energy loss is abouf 93 keV. Ab,o_tn-f'i‘l% of the p‘ret_ons w.ill_.

~lose energies in excess of 145 keV, about 7% of deuterons will have

smaller energy losses. About 5% of the protons suffer energy

losses exceeding 200 keV; 23% of the deuterons exceed energy losses

of 218 keV (intercept of‘ d and tr curvee)\,, and 7.5%'of,the tritons.
fall below this point. A detector this thin would obviously not be

practical for particle identification at this energyb.
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Fig. 3. Energy-loss distribution for 100-MeV ~He and “He ions; 7.2%
of the 3He will experience energy losses larger than 12 13 keV'
(crossoever point of"_the curves), and 4. 3% of the He ions will be

found below this point.

- Fig. 4. The reduced stopping number B. for protons in silicon.
BZ R ZT/MCZ. The stopping power is given _by'
= 0.15312° B/p® . MeVvem®/ g,
the mean energy loss by'
A=153.12°t B/  kev.
The curve is’ semi‘-empilrica.l, and applies a".ppx"oximatelyvfor other

-~

paﬁrt.ic_:,lesv For (3 >0 04 o
B = In [5891 8%/ (1= 52)] ,_.,_-»0"c'>019/s2 .

For g <0. 024 z2/3 the nuclear cha.rge 1vs -partly sh1e1ded by atomlc
electrons,. and z has to be replaeed by z% , given approximately by

| zx=z[1 - exp( 21,316 x + O, 1112 %2 -0.065 x )]
where x =100 B/ zz/ and z = 2. For x < O 27 the theory does not -
apply. For the solid curve, a charge state correction has to be: B
applied for all parti‘clies,'. The dashed curve is B corrected for

the charge state of the proton,

Fig. 5. Contour lines for stragghng curves, modified for qua.ntum '
mechanical _correctlons,' for (3 = 0,04 (protons of about 20 MeV)
The ratio p(&, K)_ = (Aq - D) /o is plott\:-i for different values of & ,

as a function of k. & is the fraction of particles experiencing

12)

™.

W
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energy 1os_seé less than Aq’ Eqg. (1). The accuracy of the numbers

A " is aboﬁt 3%. The location of the mean is given by p = 0.

Fig. 6. Contour lines for ﬁz 0.1 (protons of about 50 MeV).

. k = w is a Gaussian,

Fig. 7. Contour lines for ﬁz' = 0.2 (protons of about 140 MeV).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any ‘warranty or representation, expressed or implied, with

respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information, A
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages

resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
~.Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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