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University of California
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July 20, 1966

~ ABSTRACT

' Significant fluctuations of energy loss are expected in certain
cases of the passage of fast heavy charged particles through "thin"
absorbers. When the number of particlg-electron qollisiona in the
uppé? callision-lééé'iﬁterval is small, the énérgy-loss distribution
is asymmetric and is characterized by a broad peak around the most
probable energy loss - (which is significantly less than the mean energy
loss) and by a high-energy-loss "agl." _ Severel theories predict the
energy~1oss distribution function, but pwevious experimental work is
incomplete with_ respec_:t to verificationf of theory over the yhole sig-
nificant range7of ﬁhé%parametersvin?olgeﬂQﬁ We havé passed beams of
B&amW&MVmwﬁmémmwhﬂmmmm,m&ﬂ&kV%mM@
through éiiicoﬁ semi'co.ndué\tor detectoré .vof va'rying‘ thicknesses, and
‘ measured the resulting energy-loss distributions.

. Within the 1:Lmits of experimental error, there is very good agree-»

ment between the xneasnmd energy-loss d‘i‘stributions and those predicted

by the theory of Vavilov, and good agréeﬁe’nt on the value of the most
probable energy losss™ |
We tebulate our results and discuss their physical and blologieal

implications.
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1. INTRODUCTION

When a charged‘energetic particlé passes through matter, it loses
its energy by se#eral.competing processes. For heavy charged particles
(i.e. particle mass >> electron mass) in the velpcity range considered
here, the predominant mode of ernergy loss is that. involving inelastic
collisions with thé electrons of the matérial, resulting in ionization
and excitation of the atoms of the material. Because the collisions
are diécrete and random, statistical fluctuations in the number of col-
lisions are expected.

In first spproximation, the probability of energy loss € in a
single electronic collision is proportional to & 2. Thus collisions.
resulting in & large energy transfer to an electron are relativelyv
infreéuent‘compared with small-energy-transfer collisions. Aithough
they are relatively infrequent, thé large»energy-transfer.colliéions

account for s significant proportion of the total energy loss._ In &

"thin" absorber (one in which the total energy lost is small compared

with the kinetic energy of ﬁhe particle), the probable number of largeu
ehergy—transfer collisions may be so small that thé<random statistical
variations in this number are relatively large, and result in signif
ficant flﬁctuations in the energy lost in this mode, and ﬁhus fluctua-'
tions in the total energy loss occur.

Several existing theories of this phenomenon predict the distribu-
tion of energy losses occurring when a heavy charged particle passes

throughva thin absorber. The purpose of this work is to investigate
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the fluctuation phenomenon experimentally, to compare eXperimental ' #
distributions with theoretical predictions, and to summarize our

results in a way that is useful to investigators in other f1elds. Y
- Toward this end, we first review previous theoretical and experlmental

'vwork in this area and then describe our experimental methods (u51ng
semiconductor detectors and accelerated heavy charged particle beams.)

We then show the measured energy-loss-frequency distributions, compare

them with theoretical disﬁributiqns, and discuss the limitetions of
 our.méthod. Finally, we tabulete our resulté gfaphically and discuss

their implications for radiation physics and biology-.
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IT. REVIEW OF PREVIOUS WORK
A. Theoretical

.The theory of energy loss of heavy charged particles in matter
is well developed and has been reviewed by ano,l Starodubtsev and
Romanov,2 Bichsel,iU‘ehling,LL Bethe and As-.hkin,S‘Evans,6 1?{0331,.7

Allison and Warshaw,8 and others. We present here only & brief sum-
mary of the development of the expression for the average rate of
energy loss, as background to our later discussion of the theory of
fluétuations of energy loss.

Although several authors, including Rutherford snd Thomson, had
COhsidered the problem, the classical theory of charged-particle |
“energy loss 8s we know it began with Bohr in 1913,9 and the relativis-
tic refinementS‘with Bohr in 1915.10 Assgming that the electrons of
‘ the‘stopping material may ﬁe treated as free, Bohr derived the equiva-

lent of this nonrélativistic expression for the average rate of energy

loss:

—— S g

dE . lmel*zzmz /\b db
- (1)
dx mv2 o b2

where e = charge of the electron,

particle charge number,

i}

Z
N = number of atoms/cm3 of the material,-
Z = atomic number of the material,

m = electron msss,



.

v particle velocity,

and b impact parameter of particle-electron collision.

i

Thé integretion is to be performed over all values of b frem b o= 0 to
b = . This integral is infinite, hoﬁever, and thus we must choose
limits from physical considerations of the maximum impact parameter
(determined by the atomic binding of ihe electron) and the minimum |
(determined by the maximum possible energy transfer to an electron in
a single coilision). |

We can understand the above expression in terms of the following
simplified arguments'(a rigoroﬁs treatment yields‘identical res&lts).

-

Consider a single collision of a heavy charged particle of charge ze

and velocity v, whose track is a distance b from a stationary free electron.

The momentum p transferred to the electron in the collision is the prod-
uct of the Coulomb force F and the effective collision time t, which
we approximate by (2b/v),.the effective collision distance divided by

the particle velocity. Thus

ze 2b 2ze2
b2

v bv

Then the kinetic energy € given to the electron is

p2 22284
€ = — = . (37
2m . mb2v2

Now w(b) db dx, the number of electrons that the particle "sees'’

-between b and b + db along track segment dx is given by the volume of
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an ennular shell;, 2nb db dx, times the electron density of the mate-

rial NZ, where N is the atom density and Z the atomic number:
w(b) db dx = 27NZ dx b db . ()

Thus the total energy imparted to electrons élong track dx at &istqnce

b is

Aﬂe%ZENde b db

5~ (5)
mv2 ba : -

dE(b) =

and the rate of energy loss to electrons at all impact parameters is

given by the integral over all b:

dE ke 22 b b
em—_ IZ e SR l—‘—‘—c ' (l)
dx .mvg - b2 '
Note that the above afguments also yield the functional dependence
of the probability w of an energy loss € per unit path'lengﬁh (often
called the collision spectrum). Since each collision at distance b

corresponds uniguely to an energy loss ¢, we may write

w(e) de = w(p) av , - - (6)
w(e) de = 2ANZb db . (D
But frqm_Eq. (3),
‘ 5 . Qdeh .
b=, - - (8)
\ . mv € :



o 0(e) de = o~ ———g— —5 ; : (10) .
[ o
: : mv €
thus
de '
w(e) de = ~5 - , ' (11)
€

In this formulation, the total energy loss in track segment dx is

given by the integral of the energy loss in & Single collision times

its frequency:

dE = /ﬂew(e) de dx , (12)
i.e.,
dE EUeungZ € de v

dx mv - €

The limits of integration are controlled by the physical‘constraints

on the maximum and minimum energy loss in a single collision. Thus

dE ome22wz S B
—_ = 5 n " (1h)
ax mv € .
- “min
The maximum ehergy loss in @ single collision, emax’ is determined Ly : .

the kinematics of the electron-heavy-particle collision. Consider this

problem in the center-of-mass system, with the electron of velocity -v 4 .

colliding with an "infinitely" beavy stationary particle. The maximum
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momentum transfer for a "head-on” encounter is +2mv, and thus the -

maximum particle-energy change is

2 22 .
» 1 v 5
c = = = 2mv (nonrelativistic). (15)
max
- 2m - 2m :

Bohr derived the minimum energy loss in a collision trom the considera-
tion that the collision time must be smaller than the time of vibration
of the bound electron in order that the Coulomb force from the paftigle

shall predominate over the atomic binding forces. Bohr also introduced

‘the relativistic correction terms [~ on (1 - 82) - 62] to account for

the relativistic increase in the.maximum energy transfer and the decrease
in the minimum due to Lorentz contraction of the Coulomb field of the
héav.y particle.

In 1930, Bethe introduced the quantum-theoretical treatment of
this problem, applying thé Born approximation to the COllisiohs between
the heavy particle and the atomic electrons,ll Bethe definéd I, the
average excitation poﬁential of the atomic eléctrOns » énd approximated

it as the geometric mean of the maximum and minimum excitation energies:

~
I = ®max  Smin ° (16)
€ ‘ € e 2 € ‘
L EBE gy _mex g mex Y, mex ()
€ . 1°/e AN S I :
min max _ :

" We are thus left with this expression for the average raﬁe of energy

loss:
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. dE ket 2 2nz ( 2my® o o _
_—= - — | on ~tn(1-B%)-p T - (18)
dax mv I o : ‘

This formula (often called the Bethe~Bloch formuls) is very widely
used, and the conditions for its validity are these:
(2a) I is determined experimentally.

(b) DeBroglie wavelength of the incident partiele is large
compared with the collision dlameter, i.e.5 ,

2 .
ze Z .
— << L or B D ——,
v 137

(c) The veloeity of the incident particle is large compared wnth
the velocities of atomic electrons, i.e.,

E >»>-1I
o n

where I is the ionization energy of the nth'electron."

(a) The inc:dent charge is small, z/7 < 1, and there is no-charge
exchange. o

] (e) .The energy loss due to elastic scattering on nucleivis
negligible. '

(£) Cerenkov radietion is negligibie;
These conditions are generally satisfied for protone with Eo > 1.5 Meve
and @ particles with EO > 5 MeV in light materiale. For lower energies?
the particle velocity is comparable to the Qeldeity of the K-shell
electrons, and an inner-shell correction tefm (-C/Z) is added within

the brackets. For very high energies (B - 1), the polarization of the

%

%

<
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medium becomes important and s density-effect term (-5/2) is added

within the_brackets:l

(19)

—— X

= - 5

dE hﬂehzaNZ 2mv o . C B
g 7.
dx mv

This is the standard expression‘for the average rate of'energy loss.
Since the electron~cqllision process by which a charged particle
loses its energy is & random process, we may eXpect fluctuations to
occur about the mean énergy losé. The theory ofvenergy-iosS fluctua-
tions (often called energy-loss straggling) was first discussed by
Flza,mm12 in 1914 and Bol?rlo inb 1915. The problem of the distribution
of energy losses of a charged particle passing thrdugh & given thick-
ness of material is intimately related to the problem ofvthe distribu~
fion of ranges.of particles with a given energy (range straggling),
but we shall not discuss_the'lattér problem here. We also limit our~
selves, in general, to the problem of "thin" absorbefs—-thosé in whiéh

the mean energy lost is small compared to the initial kinetic energy

‘of the particle.

Bohr treated the fluctuation problem by dividing the electron

collisions into energy groups in such a way that the variation of ¢ in

each group is small, while fhe number of collisions in the group is -
large. In Bohr's treatment, if the value of ¢ for the rth group is

er, the mean number of collisions in the group is wr’ the actual num-
ber of collisions for a given barticlevis wr(l_+ Sr)’ then the total

energy loss in a given thickhess x 1s
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z= e W + . . !
A Zr €. r(l_._ sr) ; (20)
denoting by A the average value of the energy loss, we can write

A-D=12 ews . : - (21)
r rrr )

SiQCe'wf is large, we assume a Gaussian distribution for f, the

probability that s has a value between s and s+ dsr,‘

i/2 1. 2
f(Sr) ds_ = (wr/QW) / exp(-.g ws ) ds . - - (22)

Using a fundamental theorem of probability [if a'implies-b, then
£(a) da = £(b) db] and denoting by £(A) dA the probability that A

 has a value between A and A + dA, Bohr deduced that

£(a) aa = (em?) Y Pexpl-(a - §)?/26%) an , (23)
where |
6% - Zr mrérQ = xt/deew(e) de.. (2k)

Evaluating € and w(e) as asbove, Bohr derived the equivalent of

02 =vhﬂe%22NZx R o (25)
or equivalentiy,
d -—= 2 A .
— (&% - o) = hvrel*zemz . (26)

ax

Bohr correctly noted that the conditions for the validity of this
tréatmént (i.e., variation of € in group small, number of collisions in

group large) are equivalent to the cbndition that the dimensionlessv'
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parameter
k = dw/(de/e) >> 1.% - (27)

Bohr evaluated this parameter for heavy particles as

R = ﬂeuZQNZx/mevu . o (28)

In summary, when the number of collisions in each energy intéfval
is large (i.e., © >> 1), fhe energy-loss~-probability distribution is
Gaussian, with fluctﬁations about the mean given by expressions (23)
and (25). Bohr also noted that for sﬁall %, the most'probablé'energy
loss Ahp is smaller then the mean, and he derived an approximate |
expression for Amp. / |

In 1929, Williams attempted to‘calculate accurately the complete
energy-loss spectrum for any férm of the collision spectrum w(e) de,

13 He divided the electron collisions

for small values of parameter k.
into two groups-~one for which the enérgy loss € in 2 collision is

less than £, and the other for which € is greater than §. Here £ is

defined so that a particle traversing the absorber suffers, on the

average, one collision for which € is greater than £, that is,
©
x[ w(e) de = 1, ' (29)
Vg

or, after evaluation from (10) above,

% . . '
Bohr actually used the notation A for this parameter. In this
treatment we have tried to follow the notation of Landau (see Ref.

25).
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£ = QNERZLNZX/mV? . ' » "'(30)

Clearly the number of collisions In the lower energy group is large,
and continuous statistics méy be applied. The number of culli%ioﬁs
in the nighﬁr energy group 1is by definition small, however; and thus
discrete Poisson statistics must. be used. Williams denoted by

A(A - @) the probability that the particle loses a total_energyb

(&6 - @) due to the iowermenergy_COllisions? and by B(a) the probabil-
ity of energy loss (a)'due'to higher energy coliisions, Since ﬁhé‘

collisicn procesées‘are independent,, we have
- £(a) /WA - a)B Q) da . (31)

Williams evaluated these functions numerically, plotted genefalized
straggling curVes,_showed that the shape of the.straggling distribu-
tion"depénds on the fungtional form of the collision spectrum, and
proved that mosi; of the broa.dening of the energy-doss distribution is

, due to COlllSlOn ~-energy losses in the neighborhood of &.

In 1937, Livingston and Bethe gave a quantum-theoretical tr°atm9nt

Qf the fluctuation problem u.and derived the expression

- o o -
a = 2 ' Lo2mv :
— (@ X)) -tz V 2a— ), ()
dx . _ , mv I 4 '
: ‘ n A n

where Z' is the "effective"

“atomic number, vathe number of electrons
in the gﬁhASheli, In their average excitation energy, and kﬁ a constant

on the order of unity. For high energies, (32) reduces to

~up)
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a — 2 . _
—_ (A? -A) = hﬂeMZENZ‘ s - (33)
dx -

which is similar to Bohr's classical expression (26).

- In 1942, Niels Bohr prepared his more refined and comprehensive

treatmentcbf the penetration of atomic particles through matter; includ

ing the effect of resonance collisions and nuclear scattering on strag—
gling, but” the war delayed publlcation until l9h8

In 194k, Lev landau derived the rigorous egquation for the energy-
loss distribﬁticn function, and gave an anelytic1solution for the case
in which § << emax'l6 He denoted by_f(x,A)'the probaeility that a par- -
ticle of given initial energy EO Qill lose an emeunt of‘energyilying
between A and L+ 4o on traversing a leyer x of matter. The distribu-
tim function £ 1is nermalizéd so that [ f dA_= 1. If Q(E,e) is the
probability (per unit path iength) of an energy 10ss ¢ for a,particle

of energy E, and we assume A << Eo’ we can write
w(Eye) = w(B,e) =ule) . (34)

The "kinetic equation for f is dbtained by equating the rate of change

of the distribution function, af/ax, to the collision integral, " which

>

vexpresses the difference between the number of partlcles that acquire,

due to ionization losses along dx, a given energy E, and the number of

particles that leave'the given energy interval:
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¥ e B | o S
‘-—_ =f w(e)[2(x,0 - €) - £(x,0)]de . (35) .
dx Yo ' ' o o ,
We mﬁy think of this expression as s franéport equation, where thé,
first term in the brackets represents parﬁicles éscattering into" the
given energy interval by collisions with energy»fransfer e;-éﬁd the
second térm in £he brackets represents “scattering out." Sinde Eq.
(35) doesahot confain explicitly the independent:variablesvx,and,A,‘
Iandau was able to find the solution by applyinglﬁhe‘Laplace transfor-

mation with respect to the variable A, using § as the transform

variable:
o(x,p) = j/;mf(x,a)e’PA an . (36)
1'Then wevhave
£(x,8) = (%i)'l.‘J'/l':ijqepAw(x,p) dp , ;('375

where - the 1ntegration is. carried out over a straight line parallel to

the imaginary axis and shifted to the rlght by oo Multiplylng (35) vy

e -pb and integrating with respect to dA” wevobtain

dp(p,x) ) e .
— = ~q>(p,x)f w(e)(1-e ") de . . (38)
ox Yo ' . : : 5
: Integrating (38) with the initial condition that at x =0, £ is a delta T

function and thus Q(p,O) = 1, ve get
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£(x,n) = (eni)‘lf

explps - x [ 7 w(e)(1 - ™) ael ap . (39)

-jooto
This is the general solution for the distribution function and, in
principle, it may be evaluated when w(e) is known. In order to managé
this equation, landeu aséumed that pe, << 1 and PE ox >> 1, where €,

is a characteristic energy of the order of the mean electron binding

energy, and used the familiar

2ﬂeuzeNZ de :
w(e.) = ——-———-—é- . (10)
mv € :
After menipulation and the introduction of the quantity
u/p = ¢ = ‘27reh22NZx/mv2- ’ N (30)
he obtained
-1 '
_f(X,A) =g CPO\) P . ()‘40)
where : ,
Jeotg
- .
o(\) = (2mi) lf et fn uthu du .» ) (k1)
. i _i“ﬁ-g '
and _ ‘ .
| | P . | L
)\"E’{A- 2[&'2—5—-———'-5—- g™ + 1 - C]}rﬁ ’E (42)
s 17 - B9)

vhere C = Euleﬁ's constent = 0.577 « - .. Thus the function of two

variables f£(A,x) turns out to equal the product of g'l and & universal
function @(h)_bf a nondimensional variable A. This function has been

calculatedInumerically'and is shown in Fig. 1. - It has a maximum at

A = -0.05 and thus Ahp; the most probable value of the energy loss, is

given by
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A =g[m—é~;—2f—%——'62+b.37] N (43)
P I°(1 - 89) S - |

- Also, the probability of an energy loss lying bktween:A and A + dA is

f(x,A)dA cp< > ( _ .»-(u})

We now examine{the conditions for vqlidity of this treatment. As

u = Ep, the assumptions reduce in the region of interest (u =~ 1) to
>1 ; L |
E/e, ; ; §/€max <1 (bs)

The firet condition impliee that the observed eﬁergy iosees muet be
large enough compared with the electron binding energy, i. e., many
colllsions in the lowest collision loss interval. The second implies
that the observed energy losses must be small compared wifhnthe o -
maximum . energy 1oss in a single colllsion, i. e., very few collisions '
in the highest collision-loss mterval. In fact, the second condition,v'-r
upon suﬁép;tut-;on ’ yields | |
g} 27re)+z2NZx/mv2 nehZZNZx

e z T T 2k
emax o 2mv B mv

SRl (46)

Note that this condition is the exact opposite of the condition of
validity'(27) of Bohr's treatment. Thus;'when the number of coilisions_
in the highest collision-loss intervel is smell, (i.e., k << 1), the

~distribution of total energy losses is highly asymmetric; vwith a broedf
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peak (FWHM =~ 30%) around the most probable energy loss (whic§ is sig-
nificantly smaller than the mean energy loss) and a long "tail" corres~
ponding to higher énergy losses. This fluctuatioh phenomenon is often
called the "landau effect.” Perhaps the best way to explain the shape
of this curve is by returning to Wiiliams',two-group dichotomy._ The
pesk, céntered on ,Amp, repﬁesents a "Gauslsian "'due to. the numerous col-
1isions ﬁ@ere € < &, and the long tail is the result of "folding in" a
"Poisson" distribution cofresponding to the average of one collision
- for which € > §&. R
| In 19&8, Symon treated ﬁhe intermediate caséé beﬁween the landau
diétribution and the Gaussian,l7. Symon derived the general relatibns
betﬁeén the moments of the collision spectrum and the semi-iﬁﬁariénts
Iand ﬁdments of the energy-loss distribution, and used a‘modified Edge-
worth expansioﬁito calculate a éingle-parameter family of curves of
varying skewneés_which~provide a smooth tranéitibn betweén the extreme
cases. This result follows from the introduction of'a_set of veighted
parameters whiéh characterize approximately‘thé energy-loss distribu~
tion function f(x,A); these parameters are the weighted skeﬁneés, the
weightgd.fmé fluctuaﬁion, and a parameter relatiﬁg'éhp_to ZL and are
‘respgctivgly related to-Symon's third, second, and first "generalized"
'méments.of the éollision.spectrqm-w(e). Hé ﬁreéented 1nstruéti§ns for
using his parameters and the family_of distribution cqrveé,'and also
treated the prqblem of "thick" absorbersv(ife., 0.1E < A< 0.9E0).

In 1950, Blunck and lelsegang considered duantitatively the prob-

lem of distant resonance collisions with the_atomic_electrons,vwhere
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the amount of energy transferred is of the order of the binding

energies of the various atomic shells.18 These collisions are often

called "glancing collisions.” By taking into account , the second

€
res

moment of the resonance collision spéctrum, they showed that significant

broadening of the energy-loss distribution occurs vhen their parameter

b2 1s greater than three:

2 = ZZ_)-&/3‘20&.V.A§!21‘.‘_

b = 2x<-:re /t
Thg second quantity is en estimate of b2 By Blunck and Weétphal,

is difficult to evaluate;;g

r

t0 be used when € When b <K 3,
_ res 3

broadening of the straggling curve due to resonance collisions is neg-
ligible.
It is instructive to note here the importance of the méments of

the collision épectrum in the theory of energy-loss fluctuations, Ir

ve define as the nth moment of the collision spectrum,

" = /\" ¢ we) de , ; (48)
: “min

then we can express, in terms of the moments, the quantities

A= e'x ,
22 o
O’» = & X : o
- (49)
g = f— ¢ Gminx 2 ;
A~ o . j
K &e (emip{emax)x .

_ R
Symon showed that the skewness of the distribution curve is related to

635 Symdan and Blunck and Leiseganng showed that the distribution V
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function f(x,4) could be expanded in terms of the moﬁents. In par- -

ticular, Blunck showed that landau's expression (39) can be written

footg

C£(x,8) = (2n1)"lf PA"‘g(P) | (50)
: -imfa ' :
where 7 _ v
a(p) f W) - ) e = - T a1

and that landsu's solution was equivalent to neglecting all moments of

the resonance collision spectrum with n >1:

T n n
= g + .
€ eres .efree - (52)

IeW;[s, in 1951, solved thg”Boltz;mann" equation for the enérgy- :
loss distribufion function in a differenf way, and cohsideréd the
_application to range stragglihg.Qo

In 1953, Fano ?resentéd a generalvaﬁalysis‘of (a) the e@ergy spec-
trum resulting from the degradation of ionizing radiatiOné, and (b) range- .
enérgy straggiing.gl He discussed the connections befveen'ﬁhe theoret i~
cal approécheS'of'several brevious authors, and pointed oﬁfitwo approxif
mations in the landau treatment, i.e.,vthe use of an approximate colli-
sion spegtrum and the extension of the-upper'limit,qf integration to
€ % ©, thereby introducing a épurious po§sibility éf energy losées é >
“max.

In 195h Moyal con51dered the problem of the distribution of energy
losses by 1onization and its relation to the number of ion pairs pro-

22
duced, ~  He showed that, in terms of the reduced energy varisble A =

(A - Amp)/g, a good asymptbtic (for large numbers of collisions)
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approximation for Isndau's solution . is
-1/2 1, Ay e
e(r) an = (2m) /Bexpl- 7 +e )] an . - (53)

Moyal also shoﬁed that the numbers of ion rairs produced can be rspre~
senfed by the same "universal® distribution, and thus accounied for

the expérimental fact thst ion-pair numbers are proportional to primary'
energy loss.. By postulating & Breit-Wigner cross section for the quan-

tum resonance collisions, he concluded that resonance effects should

not broaden the straggling'curve, in contradiction to the conclusions

of Blunck et al. The source of this discrepancy probably lies in the
questionable assumption of a Breit-Wigner shape {i e., o(e) @ « |
ae/l(e - I) + P ]} for the particle-electron resonance cross section.
In 1955, Hines attempted a more. accurate solution of the proton~
energy-loss transport equation, by applying the Mellin transform instead
of the Iaplace.23 His solution for the distribution function is of the
form |
v iotg : ' .
f(x,E) = (éni)-lv/‘ expl-s 2B + (s - l)en(Eo‘- xB + al(S) +
‘ ' ~ietg : B :
+ ag(s)xg] as , ‘(SM)
where E E'Eo - &, and is much narrower than the Landau distribution for
low-energy protons.
Herring and Merzbacher;in 1957, gave an altérnativesderivatiOn for>
Landau's general distribution function (39), basgd»on an infinite sum
of weightéd Poisson distributions, and also discusssd £he distribution‘

-~

of the numbers of ion pairs.
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In 1957, P. V. Vavilov published his rigorous solution of the problem

of fluctuations of ionization loss by heavy particles in "thin" absor-
25 ' '

bers. Using emax as the upper limit of integretion in Iandau's

_expressibn (39), and the relativistic values

’ 3 5 € -
xw(e) = - (1- B ) ’ - (55)
: € € :
max : .
. .2 2 :
CCpey =W/ - BT), | (56)
ahd definiﬁg _ _ ‘
K.E g/emax ’ o | (57)
A- A : o - . _
S - k(1 +B8%-c), (58)
€ . :
‘max

Vavilov obtained

£(x,8) = (m8) Mmexple(1 + %)) f | exp;(nfl)_c'a;s(yxi' +x2,) dy ,(59)

.where -

i
il

.ﬁe[&zy'-'C1(Y)] - cos j - ysi(Y)‘x.

V‘_"yw’ly - ci(y)] + sin y + B°84(y) , |

e
i

(60) -~

' - pysinu o : o
Si(y);idf‘ . du (sine integral) ,
: . Yo . ou N R

‘AY COs 1 - ‘ - v
Ci(y) EL/\ du (cosine integral) .
AT T | S . ' ‘

'S
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When ® = O, this function reduces to the Landau'distfibution (MO); and
when ® >> 1, the function becomes a Gaussian. For intermediate values of
K, numerical integration yields a fgmily of curves wfth parémeterg K gﬁd
62, which effect a smoﬁth trensition between the Landeu spectrum and the
Gaussian.‘ Thus Vavilov showed analytiéally that the parameter r is
most siénificant in the study of-fluctuationé of ionizgtion‘energy loss;
| Théﬁproblém of binding-effecf corrections to thevenergY—loss dis-
tribution function was considered b& Rosenzveig in‘l959.26_ By applying
perturbétions to Symon's deVelophent, he-showed;that.in the césesgin

which binding effect is important (e.g., protons < 5 MeV), the width of

. the distribution is increased, and the most probable energy loss iies

further from the mean ené:gy loss.

In 1961, BSrsch-Supan evaluated numerically'Iandau‘s expression
(41) for ¢(K),.and tabulated his results.for a wide range of 22T 1t
is interesting to hote the discrepancies'between his values and landau’s

(e.g., BSrsch-Supan finds the maximum of @(A\) at A =-0.225, wheress

. Lendau's value is A = -0.05.)

Ritson developed several simple approximate rules for evaluating
the fluctuation phenomena, by substituting for éonstants énd aésuming

that Z/A =~ 1/2 for most materials.28 For'example, when-

Bl‘/(l - 89 << 0.077s2°  (Gaussian distribution valid) , ,
by 2 2 : (61)
B/(1 - B7) > 0.0775z° (Lendeu distribution valid) ,

where s = px = 'iathlqngth" in g/cm2.




In 1962, Lindhard and Nielsen estimaﬁed the effect of nuclear col-
liéions on energy-loss fluctuatjons,,9 they found that it reqults in &n
FWHM* contribution of about 6 keV for 6-MeV a particles, and becomes
more important for higher charge numbers and lower veloclities. |
Fano, in i963, published & thorough review of the penétratiqh of
prptcns, q parti¢les, and mesons.lv In it he aiscussgd the connqgtions
betﬁeen ﬁhe different pheories of energy-loss fluct#ations, and showed
ih partiqular how the Biunck—Leisegangv correcﬁion cén be aﬁpliéd‘to:the
_rigéroustavilév'aistfibution If we denote by f (A,x) the Vovilov dis-
tribution, the corrected distribution is- given by
f(AyX) =_(§bJ%)—1¥jpva(A - u,x)exp[-(ug/ggbz)].dﬁ . (6:)
1Berger diécussed,.in 1963, the Monte_Carlo c#lculétibn of the penet-

30 Tt is clear that much

ration and diffusion'of fast_charged partic}es.
of the fluctuation phenomenon is due to the few collisions in the highest
cqliision-lbss interval, and it thus appears that a:mixed cOmputétional
technique could be well adapted to the problem considered here, i.e., |
anélyticai calcuiation for the lower collision-loss intervals where
collisions are very numerous, and Monte Carlo for the higﬁer intervals.

- In 1964, Morsell used Mohte Carlo techniques with thrée’differéht
aSSu@ed discfete col;ision spectra in order to predict the energy;lbssv

31 L

distribution of'992-kev protons in thin carbon £ilms. Skofronick et

-al. used similar methods in thelr study of y-ray yield curves'frOm | Y

u v . ‘
FWEM = full width st half meximum = 2. 356 ctandard deviations for &
Gausqian distribvution.
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semithick aluminum targets.
Breuer used a simple relation for the width of the lendeu dis-

tribution, i.e.,

MR s 3988, (6)
and Bldnck's.broadeﬁing corrections to célculaté the_ionizaﬁion_cérrec-
tion fo£‘el¢ction scattering cross Sectiéns in i96h.33

The numerical quédraturé of Vavilov's rigorous (but difficult)
expression (59) vas performed by Seltzer and Berger ig 19‘6)4»3)+ Théy“
provided a systematicvand comprehensive tabulation vathe Vavilov dis-
tribution in terms of the paresmeters k and BE, and furnished tables
relating ® andf62 to ﬁhe absorber thickness and partiéle enqréy.

Finaelly, in 1966, Golovin et al. gave 8 slightly‘diffefent formula
for the correétion.to the VavilOV'distributiOn due to atomic eieciron'

binding.35 Their corrected expression is

£(x,4) = (ﬂeﬁa%)-léxp[n(l'+ Bec)] /ﬁ exp[&(fl -fﬁyg/egax)]éds(yx3+
Kty) dy 5 (64) -
vere. -

E‘* ): 1 (7, /2) tn (2uv? /1 ). 'gzﬁ?/z". N )

This cotfectidﬁ should lead to essentially similér_results éﬁ the

Blupck-leisegaﬁg cdrrection.

A Note on-Elecﬁfons
Much of the theory we have dlscussed may be carried over directly

for charged particles ‘that are not heavy, such as electrons. The
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exceptions are due to the physical properties of eleétron?éiectron
collisions: in a collision with an identical particle, quantum—mechani-
cal exchenge effects can occur, and the e;ectron can lose all.of its
énergy in 8 éipgle collision, i.e., € ax = E. Thére‘is an increased
probability for large-angle scattering, which ténds-to vitiate our con-
cept thgt the'path length is equal to absorber #hickness; Also, redia-

tion loSges must be considered for the more energetic:electrons.

Summary of Theory and Evaluation of Cons tants

If r >> 1, the energy-loss distribution is Gaussian {Bg. (23)] wizth
the most probable eniergy loss Ahp equal to the Qean energy loss £5 and
varianée 02.

If » < 0. 01, the Iandau distribution (40) is valid, with A mp SO0
siderably less than Ay and FWHM = 3.98¢.

If 0.01 < ® £ 1, the Vavilov solution (59) must be used for these

o~

intermediate cases.

If we let s = px = thicknéss of absorber‘in g/cm?, then

. s22° 1-6°\ v [
®r = 0,150 < n >-; " S (66)
' A B gy _
2, 2 . - |
£ = 0.15368Zz"/AB°  (in MeV) , (67)
_ 2m§2 ' e B
R - ot [&n-—-—-—-———g 5 ----]», (68)
I(1 - B87) oz 2
52 L2 - -
‘= 0.15752z°/A  (in MeV®) , , (69)

Bohr
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2 ' , o
(Landau) {wz i G (70
A (landau & e e, 37 4 0.37] . v (70
mp . _ Ig(l - B2) :
2 = L/3 2 , '
If the Blunck parameter b” = AZ -20eV/E” > 3, this treatment must

be corrected for resonance broadeﬁing, and if 52 -1, Amp must'be cor-"

rected for demsity effect.

B. Experimental

There has Dbeen a large amount of experimental work done on- the
penetration, of protons, a particles, and mesdné in matter, and meny
exﬁerimenteré have touched on the problem of‘fluctuations of enérgy ioss
in "thin"-layers. As background to our ékperimental work, we présent

here an eclectic review of the previous work on fluctuastions, without

" any claim to comprehens iveness.

Before the widespread availabiiity of fast heavy charged particles

 from accelerators and the discovery of cosmic'réys3 natural a particles

were the only available socurce of héavy particles for studies of strag-

glihg. Because natural a particles are relati#ely slow, their energy-

- loss distributions are Geussiasn and relatively narrow in most practical

cases. - Thus the earliest work on non~Gaussian.fluctuations was done

‘with B particles and cathode rays (elecﬁrons). We therefore include

here some of the experimental work on electrons.

White and Millington found, in 1928, that the velocity loss dis=_f

.tribution of natural betas shows a Systematic divergence from the Bohr

3. Other early work was done by Briggs, lewis. and Wynn-Williams,
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Bennett, Furry, and Paul and Reich.37_ Chen and Warshaw found agréement

with the landau-Blunck theory of the most probable energy loss for Csl37l

38 137

conversion

39

conversion electrons in thin foils. Birkhoff:used Ba

electrors to find straggling widths greater than the theoretical.

Rothwell used minimum-ionizing electrons to find agreement with Landau

on Ahp,lbut an'ihcreased width on the 1ow-energy—lossvside of the peak.uo

Goldwaségy, Mills, and Hanson found'good agreement with the Landau dis-
tribution for 9.6- and lS.7-Merelectrons_in light elements.ul Khlii
and Birkhoff found agreement with Blunck@léisegang for 62h-keV elec-
trons in heavy elemen‘bs,42 and Hungerford and B;ikhoff found sgreement

in light elements.u3 Kageyeama found agreement with Iandasu's Ahp for

Lk

1.4-MeV electrons. & In 1962, Rauth and Butchinson measured the dis-

tribution in energy ¢f the primary energy-loss events of 5-_to 20-keV

electrons in very thin foils.hs

The cosmic-ray spectrum is a plentiful, if inhomogeneous, supply

of fast heavy charged particles. We list here. some of the preriments
which dealt wiéﬁ the energy~loss fluctuations 6f cosmic ray and aCCelér;
ator mesons. Bowen and Roser in 1951 fouﬁd good agrgeﬁent with the
Landau distribution fbr'minimum-ionizing.cosmicﬁray muons,hslas did

b7

Hudson and Hofgtadter. VCranshaw reviewed the¥épplicationfof éhergy- .

loss theory to}fast-particle experiments, and found agreement with
Blunck~Ilandau- for r'n.etéaons.u8 Parry et al.:found égreement with landau

for cosmic~-ray mesons in argon, ? and Bowen used both cosmic-ray mmons -
and cyclotron-produced mesons to show agreement with Lendau's Amﬁ.Bo

Palmatier et al., hdwever, found a broader distfibution thaﬁ thé landau
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as did van Putten and Vander Velde for accelerator pions
52 | |

prediction,
at 1. 5 and 2.55 BeV/c.
The advent of particle accelerators made possible intense beams
of high-energy protons and « perticles which are ideal for studies of
energy'straggling. Indeed, a'knowledge of energy—loss fluctnations is
necess?ry for the interpretation of many accélérator experiments.
Medsenaand Venkateswarlu found good agreement with the Bohr theory_for
low- enen;y protons in l9h8,53 but Madsen in.1953 found deviations, per-
haps due to foilvix:ahomoge:neity..51F ‘Nielsen found moderate agreement wiﬁh
' iindhard and Scharff's modification of Bohr's nheory'for nrotons and
edeuterons of 1.5 to h 5 MeV. 55 Porter and Hopkins used 5.3-MeV alphas
to flnd dev1ations from a Gaussian in the form. of a pronounced tail "56
Reynolds et al 7 found a broader-than-landau distribution for Lo6- keV
protons, which Hines' theory explained.23, Igo,vClark, and Eisberg and
-Igo and Eisberg found moderate agreement with_Landau for 31—MeV -protons.?7
Chilton et al. found straggling of 400~ to 10504keV'protons to be of the
same ordef of magnitude as fhe predictions of the Livingston-Bethe-Bohr

58 Gooding and Eisberg found good agreement with the Landau-

59

theory.

and Demichelis found agree-

ment with Lifingston-Bethe for 5.3-MeV alphas in.l959.60 _Kbch, Messier,.

Symon theory for 37-MeV protons in 1957,

-and-Valin found agreement with Iendau on Ahp of protons and pions of

' 615 to 1478 MeV/c,s:-L and Miller et al. found very good agreement with
the landau diStribution curve for’protons and pions of 3 to bk BeV/c.62
‘Iabeyrie noted the Iandau effect for cosmic high-energy particles in

"1961.63
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52 Koch et 8l., Miller et

The work of van Putten and Vander Velde,
al. and Iabeyrie is of special interest because they showed the useful-
ness of semiconductor detectors for meésurements of eneréy loss of
high-energy chérged particles. InvpartiCular, Miller et al1;sugge5téd
in 1961 that ﬁhiék semiconductor detectors with uniform depletion iayers
offer t@é.best_means of accurate evaluation of the theories of energy-
loés flﬁctuation.

Roseﬁzweig and Rossi did a detailed study'¢f statistical fluctua-

‘_ tions in the emergy loss of 5.8-MeV ¢ particles passing thfough é pro-
pdrtional counter of variable effective thicknésé.6u ‘They found general
agreement with the Symon theory for & valueé from O.ll_ﬁo 3+56, pro-
vided that corfectiéns‘were applied for the effects of eléc#ron bindihg.‘
and B-ray* escépe from the detector; their»measuremeﬁts, however; are
limited by thevstatiétics and inherent reéolutipﬁ of ﬁheirbcounter
system. Morsell measured energy-loss distributions.of 992»§ev protons
in thin carbon films, and‘found good fits with distributions-comﬁuted

31 Galaktionov, Yech, and Lyubimov found

by-Monte éarlo-techniques.
égreemenx with the lendau distribution for protons and pions of 600
MeV/c in spark chambers.’’ lander et al. measured the shift in the

, Landau péak due. to silicon.fecoils from 730=Mev.protoﬁs in their study
of coherent production in semiconductor detectors, but observed a: 20%

~ broadening of the FWHM.66 Grew found agreement with Symon on the most
probable energy loss of 50- to 160-MeV protons in semiconductor detec- |

tors, it noted broadening of the distribution due to collimatof ,

* , N o A
A B ray is an energetic recoil electron from an ionizing collision .
with energy > 1 keV. : '
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scattering.67 Finally,.Rétondi and Geiger in 1966 observed good agreé-

, o _
ment with Livingston-Bethe for Po 10 o particles in air.68 o

Summary of Experimental Work

There is good experimental evidence for the validity of the Bohr- .

Livingston-Bethe theory for natural o pafticlesiand low-energy protons,

for which & >> 1. Similarly, there is strong evidence for the validity

of the Iﬁndau-Blunck-Leisegang theory for electrons and high-energy
protons and mesons, for which & < 0.01. There is only a small amoﬁnt

of unamﬁiguous data,'howevér, in the intermediate regioﬁ of 0.0l's k<
'l,'where Symon's interpolation and Vavilov's exact expression are held
to be valid. The purpose -of our expefiments is to supply thé needed -
déta for all the low and intérmediate range of the significént parameter

Ke
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ITI. EXPERIMENTAL METHOD

Our experlmental method basically consists of passing & beam of
fast heavy charged partlcles through a silicon semiconductor detector
and measuring the energy lqsses in the detector. Semiconductor»detecf ;
tors are used‘because of their superior resolufion for thisg@urpose,‘
the relative unlformity and thickness of their sensitive layers, the
linearity of their response, and their high stopplng pover; heavy-
charged-particle beams from_accelerators are convenient because they
can be precisely controlled and suffer comparativeiy littlevscattering
| in the detectors. In a given experiment, the detector is mdunted in
a‘piane,normal:to the beem axis and bias voltage is applied. The-charg;
pulses-forﬁed.due to ionization and excitation in therdetector aré theﬁ
a@hﬁﬁ,%&mﬁﬁ(hﬁﬁ@ﬂh)Mamﬂﬁwmmlmm&mmm 
anelyzer (abbreviated PHA). Informestion from the PHA is then printed
out in the form of counts per channel versus channel number; This infor-
mation may then bg processed to yield a‘plot of relative probability
versus energy loss in the detéctor, with the assqﬁption'that the yulse
- height is difectiy propérﬁional to the energy loss in the detector.
We first describe briefly the éharécﬁeristics of the pérticle beams
- used, then in more detail, the deiectors, éssociated eleétronics, and

calibration teechniques.

A. High-Energy Beams of Heavy Charged Particles

There are certain inherent advantages in using accelerator beams

of heavy charged particles for the study of energy-loss fluctuations,
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in contrast to the problems in the use of natural « end B particles,

cosmic-ray mesons, and electroﬁ beamns . Aecelerator beams are_geﬁerally
: | _ )

precisely controlled in intensity, homogeneity, and beam 'optics,"

and can be made very close to mono-energetic. High-energy beams can

have enough fange of penetration s0 ‘that absorbers upwafdsiof 0.1

g/cm2 éen be regarded as "thin." Heavy-particle beams experience

relative%y little scattering in their electronic collisions in the

material -, by contrast with the tortuous path of electronms, whose’path’

length is often not identical with the thickness of absorber.'

Cosmic rays are neither homogeneous, mono-energetic » nor uniform
in intersity or alignment. Natural alphas end'betas have small fenges
of penetration such that meking foils which are f%hin“ in energy loss
becomes difficult, and foil inhomogeneity is a :ecurfing problem.

We have ueed beams of T30-MeV protons, 910-MeV:q_partioles (He*+
ions), and 370-MeV negetive pions from the‘l8h-inoh synchroeyclotron
at the lawrence Radiationblaboretory, Berkeiey,‘and-h5.3 MeV protons
from the Berke;ey 88-inch isochronous (sector-focussed) cyclotron. We
have thus bracketed a range of 82 from O€09 to 0;92. The external 730~
.MeV proton beam has an energy spread of 1k MeV ehd a flux of up to |

2. x lOlo particles/cmepsec over epproximately 25 cm2, while the alpha

69

‘beam hes a slightly smaller flux. In practice, the peak. current in a
184~1inch proton beam pulse is 120 uA (6h pulses per second each of
500 usec duratlon), whlch is far too large for our detection system,

owing to problems with accidental coincidences, pulse superposition,

charge collection, etc., so that the synchrocyclotron is operated during
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our experiments in fhe "stretqhed-beam" or."lgng—spill" mode, at the o
lowest practical intensity. The pion beams in the meson "cave" of

the 184-inch cyclotron have an energy spread of about 10%, and & flux

on thé order of 1000 particles/cmgnsec over épproximately 100 cm2. The

proton beam of the 884inch cyclotron is continuously variabie in'energy

from lé;to 55 MeV. The beam which was used in Cave #2 had an energy

of h5.3Ai 0.1 MeV and was obtained by scattering the original high-

intensity beam (range: 2.458 g/cm2 Al) at a lab angle of 11.2° from

a gold target of 200 ug/cmz.

B. Semiconductor Detectors

In meny experiﬁents on the ?enetration”of energetic pérticies in
matter, a standard method is used: a beam of known energy and intensity
is passéd through‘an absorber of known thickness, and a particle detec~
tor and/or a magnetic gpectrometér is used to ﬁeasure the energy spec-
trﬁm of the'emérgent particles. The energy-loss distribution:is cbtained
by subtraction of the spectrum of rémaining’energies from the initial
energy;' Qur éxperiments are a variation of this method--wechmbine the
functions of absorber and detector in a single device. 'Tﬁét is, we use
a planar semiéonductor detector of khown thiCKness és our ébsprber, and
méasure the chargé pulses formed at‘the détector contacts due to the
19nization aﬁd excitation of ﬁhe semiconduétpr_matefial by the chérged'

ﬁarticies, Since fhe charge pulse is in general a linear function of | .r‘
. . 0 : -

the ionizetion and excitationr'energy deposited in the detector, we o=

have a directfmethod of measurement of the energy-loss spectrumvof the
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particles. (Iander has reported ah interesting‘variation on thévsame
theme-~the idea of combining the functions of target and sgmiconduétor.
detector iﬁ studies of coherent scattering.66)

Thié idea is not new~--gas detectors and sélid scinfillators have
been used in_the samé capacity; but there are several inherent advan-
tages in the use of semiconductor detectd&s. The density of the solid
semicondgctor is on ﬁhe order of a thousand times that of a gas,
yielding ihat many more energy-loss collisions per unit path length.
The average energy required to create a charge pair in silicon 1is 3.66
eV71 (apéroximately a tenth of the value for:gés) ylelding ten times as
ﬁany éharge pairs ahd thus improving statistics and fesoluﬁion, Semi~
conductor'détectors exhibit né sgtu:atioh effects as in scintillators,
and no wall ;ffect as in gas counters. Semicohﬁuctdfs have a great
enough charge carrier mobility* in relation to their size so that théy
have a short pulse duration, allowing high couﬁt rates, fast coincidehce
logic, etc.

Until recently, however, semiconductbr détectdfs-were limitéd in
sensitive thickness to fractions of a ﬁillimeter. The development of
the "lithium—driftipg" proCess72 by Pell and others has solved this
problem, permitting fully compensated depletion layers upwards of 5 mm
in thiékness,f In addition; lithium~drifted "p-i-n" detectors are
generallj more unifofm in depletion-iayer thickhess than the thinner

"p-n" detectors. These advances in technology have made possible

* ) . ' L o, 71
E.g., silicon electron mobility-- 1350 cme/volt sec¢. at 30021(,71
gsilicon - hole mobility-- 480 cm“/colt sec. at 300 K.
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reliabiéidetectors with.good énough resolution to measure energy-lOSS'
distributions accurately, &nd with sufficient thickness to explore the
intermediate range of the parameﬁér k for high-energy particlgs.

Before proceeding further, we will try to explain simply the con-
stfuctioh and éperation of semiconductor detecférs, eqpecially the
lithium{drifted siliéon detectors which we have mainly used.: Perhaps
the simpiest analogy is that of a solid-state jonizetion chamber; i.e.,
passage éf a charged particle results in ionization in theysolid,vyiﬁhf
attraction of opposite‘charges toward the particle track, and repulsion
of the like charges; e.g., electrons are attractéd to & brqton track;,
and positive idﬁs are repelléd. ~This initial.charge separation is
amplified by an‘externally applied electric field whiéh sweeps oﬁt tﬁe

.charges‘tb collecting'electrodes of opposite polarityi The essence of
this process is thus the use of a material in which: Z

(a) the spontaneous.generation of charge carfiers (due to thermal
agitation, etce).is small compared with the charge formed by ionization,

(b) the number of charge-trapping impurities is small,

(q) resistivity 1 such that an electric field can be maintained
which is sufficient to sweep out all the charge carriers before recom-
bination occurs;

(a) 'carrier'lifetimé and mobility aré Sufficiept for efficient»charge‘
collection, |

(e) the mean energy per hole-electron pair is low enough for good
energy resolution. |

The two materialé known to approach these requirements are single-~
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crystal silicon and germahium.* These atoms have four valehce elec-
trons bonded eéqually with four nearest-neighbor atOme. At very low
temperatures,all valence electrons are boundvand.the¢materials act as
insulators; at higher temperatures, some of the covalent bonds are
broken by thefmal excitation and electron-hole pairs ere produced,
i.e., electrons "jump the forbidden band-gap" (1.12 eV at 300°K in
Si)71 from the valence band to the conduction band.‘ Semiconductor -
material‘with no electrically active impurities is called intrinsic,

and conduction is dominated by thermally excited charge pairs. In most

‘ practical cases, however, impurities are present, and conductlon is

dominated by charge carriers introduced by the 1mpurit1es-—thls is
called extrinéic material.

| ~When an element of valence 5 (e.g-, phosphorus) 15 deliberately
substituted for silicon atoms at crystal lattice sites, only four elec-
trons are_needed to complete .the covalent bond structure and the fifth

is easily excited imto the conduction band. These impurities are

called donors, and the material 1s called n-type, since conduction is

dominated by negative charge carriers. Similarly, replacement of

silicon atoms by_#alence-3 atoms (e.g., boron) produces mobile "noles; "
these impuritiés are called acceptors and the materiel is called p-type.
A'third'ceSe of interest iS‘thét of foreign:atoms, placed in the

interstices of the crystal lattice, which can aset as either donors or

acceptors, .8, lithium (velence 1), which acte as an interstitiel

N . .
For convenience, we discuss only silicon in mach of the following

treatnment.
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donor in silicon and'germanium. This case isrpﬁrticﬁiarlyiintefestingv.
beéause under certaip cénditions the positivelj.charged 1ithium atoms
can migrate close to acceptor atoms-and pair with (i;e., co@pensate)
the negétively_charged.acceptors. This ﬁlithium—drifting" froceés can 3
thus result in the creation of artificialv"intfinsic” meteriel of high
fesistivity (often referred to as i—type).' |

A aétailed discﬁési@n of solid~state physics and semicenductor
Junction theory is clearly beyond the scope of ﬁhis work. ‘Sufficé‘it
to ééy that when théié are discontinuities bethén two or thrge regions
(e;g,, P-n, p—i-h junctions), all free charge ééfriers can-be depleted .
from =& S.izabAlé. layef under reverse bias cohditiéns ,\that is, when a
pééitive voltaée is applied to the n-type side of the Junction. Under
these conditions, a strong electric field:cén be maintained, with.low
nqise. More ekpert treatments of this subject have been given by‘

T1 73

Goulding, = Dearnaley, ~ and others.

In the making of & lithium-drifted detector,

‘the donor lithium is
first evaporated onto the surface of bulk p-type silicon, then the tem-
_perature-is raised to about 400°C and lithium diffuses into the silicon.
A ?éverse biasféf gbout 500 V is theﬁ épplied té theiresulting'p-n -
| vjuﬁction, and the positive‘lithium ions slowly ﬁigiaté into the p
r‘regicn, where ﬁhey tend to accurately gndbcompletely compensate the
acceptor stoms. At 130°C, it takes about:60 hours to:driftfan intrin-
sic regioh 3 mm thick. 'Evaporation.of gold conﬁacﬁs bﬁ the n and P

surfaces completes the process. A cutaway diagram of & lithium-drifted.

siiicon detectbr is given in Fig. 2,'and a photogfaph of a finished



=39~

Li DIFFUSED REGION
(v5X10™ 3 Cm)
(EXTENDING TO EDGE OF MESA)

~ PARTICLES ENTER THIS FACE
EVAPORATED GOLD BACK'

EVAPORATED
GOLD FRONT
CONTACT

ORIGINAL P~-TYPE
MATERIAL

: Fic2. .
CUTAWAY VIEW OF LITHIUM-DRIFTED SILICONDETECTOR

MUB-6981




~40- ’ , ’ -

detector is given in Fig. 3.

A

We thus have a detector with a macroscopic layer of intrinsic
material which is depleted of free charge‘carriers under reverse
bias conditions. Normally the positive voltage applied to the n-type

surface is given by the formula

V .o = 100T + 50 ), ' (71)

where T é.device thickness in mm.v This voitage is generally»sufficient
for & pulse-collection time on the‘ofder of 100 ?anoseconds. Under
these coﬁditiqns, the depletion lajer is sensitive to the formation

of any new charge pairs, as by the passage éf an ionizing parﬁicle; As
one might guess, the detector is also sehsitive’td ionizetion or excita-
tion produced by photons, and thus the detectors are usuelly mounted and
operatedvin a lighttight box.

Normally, the ieékage'current (or dark current) due to thermal -
noise at room.témperature is a few microamperes. When the beéﬁ possibie
resolution is réquired, this value can be reduced-to‘the nandampere |
region by cooling the detectors down‘to dry-ice'evaporafion temperatﬁre f
(-78.500) or tovliquidaﬁitrbgen boiling témperatufé (77§K). This is

vgeﬁerally\done,by conduction,‘e.g., mounting the{detgcﬁor on & bése of
heat-conduicting metal which is continuous with é,wirebbr rod leading

to & reservoir of coolant.. A simplified drawing of a éooléq détect§r
holder in showﬁ?in Fig. 4, The temperature is then monitored'by~g ther-

mocouple gauge connected to & thermocouple solde¥ed on the détector base, o .

-

end can be controlled precisely by a simple electric31 resistance'
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Fig. 3. Photograph of finished lithium-drifted silicon detector.
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"heat leak." (Due to its narrower band gap of 0.67 eV at room tempera-
ture, germanium has a much higher thermal leakage current, and Ge

detectors must slways be stored and operatéd_at liquid-nitrogen tem-

perature; this inconvenience is mainly responsible for: the choice of
silicon for most detéctors; except when the higher 7 of Ge is desirable

for»X- and 7-rayfdeteétion, or when their élightly btetter resolution is

'needed.);;

When a charged particle passes thrbugh & semiconductor detector,

the kinetic energy loss of the particle is accompanied by kinetilc energy

gain of the electrons of the material. These energetic secondaries

~ immediately produce more lower-energy electroné, etc., and the energy

dégrades into three main categories:
(a) enérgy used to raise @ lattice electron frdm‘the valence band to -
the conduction band and produce a lattice hole,

(v) energy lost by lattice interactions, most of which appears in

optical vibration modes, i.e., production of optical phonons,

(c) thérmal -énergy lost to the lettice by the large number of very-
low-energy electrons broducéd at the end of the cascade; |
It is clear that if all the_ionizatidn energy were translsted into hole-"
electron pairs,‘the energy per hole-elecﬁréﬁ péir wouid just»be_ﬁhe
bandfgap'energyi(e.g.) i.lé eV for Si); since the average'enefgy per
pair is actually 3.66:eV”fo‘rb Si, it is evident that mc_ssf of the ioniza-
tion energy éndé up iﬁ_the vibrational and therﬁal mddes. ThiS'phenom-'f

. _ . k75

enon has been discussed by Van Roosbroec end is expressed in the form

of the yleld,
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band-gap energy . v'_ .
yield = — , = 30% for Si.. (72) L
average energy per hole-electron pair

At any rate, the number of electrons and h&les creatediis equal to
the energy loss of thé particle, 4, divided by»the gverage. energy per
hole-electron pair.  The electrons are sﬁept by the electrié field
toward ﬁhe positive electrode,.and viée Veréq,_ahd thus the infonmaﬁion
on the pﬁrticle energy loss appears in the form of the magnitude of the
charge pulse collected at the detector contacts. Iﬁ is no& necessa}y to
use an electronié system to process this information into usable fdrm.

The collection time for a'gharge carrier crossiﬁg the whole deple-

tion layer is given by

L (1)

coli T
where x = deplétion layer thickness, pn = carrier mobility, and Vo= bias.
voltage le.g., for x = 2 mm, u = 1350 cme/V—sec (electron in silicon),
and V = 250V, Tcoll

have to cross the whole depletion layer,:and_thus the pulse-rise time

= 120 nanoseconds). Most of the charges do not

-

is a frgction qf Tcoll.‘ - |
‘ It;is clear that in order to avoid pulse buildup in the detector
-agd associéted electronics, the number of particles iﬁ¢ident on the
thicker detectors must be kept below approximatély 107 per Seépnd.
Even more stringentblimitations arerplaéed by the necessity to avoid .
radistion damage to the detectors. . For example, Mann aﬁd Yntema‘have'

i

. o o 5 . ,
shown that en integrated proton flux of lOB/cm can result in signifi- R
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cant deterioration in the résponse of lithium—drifted silicon detec-
tors. ® Tn order to avoid these problems, we have generally limited
the incident Beam curfénts s0 that detecfdrs.wére not exposed tc more
than lO7 partlcles. |

We have used llthium~dr1fted silicon detectors of . sensitive thlck-
nesses between roughly 0.5 and 5 min. When thinner detectors.werevneeded
.for work with lower—énergy particles, we used silicon diffused'p~n
Junction detecﬁ@rs wiﬁh depletion layérsvbetween roughly 0.04 and 0.25
mm. Since the denéity of the.siiic0p used is 2.33 g/cm3, we ‘have beeﬁ
able to cover more than_twovorders of magnitﬁde in "path length,” from.
.OOOOBS;g/cmg'to 1.09& g/cmg. Since the values of BQ available have
brackéted nearly sn o:der of magnitude; we have»fhus been able to.
explore nearly-ﬁhree orders of magnitﬁde‘in K, from sutbo.OOQQ tq‘n =

223,
C. ' Electronics

- In order té take advantage of the géod resolutlon, low n01se,,and'
fast pulse characterlstlcs of the semiconductor detectors, an amplif1~
cation syﬂtem with . similar characteristics is necessary We have used
preampllfiers and linear amplifler systems d851gned by Gou]ding and
'Landis especially for such appllcatlons.77b

‘In o:der tq minimize,capacitance, cablé lengthg.from detector to
pfeé@plifier arelkept;as short as possibiér(alﬁéys‘iess then 1 fddt),
- while the cable;lengtﬁ between preamp;ifiér.(in'the irradiation‘céve)v

'and amplifier (in thejéoﬁnting.room) may run as much as 100 feet. .
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Preamplifiers Psed are of'fhe'charge-senSitive fype,;mainiy becaﬁse
their ggin does not~depend on the detector capacitance, i.e., voltage
output is directly ?roportioﬁal to charge input.‘ When optimum resolu-
tion was of paramount importance, we used the UCRL type 11X2951 P-1
preamplifiers, with an EC-1000 vaéuum tube in the first stage..vThis
unit is rated at 5 keV resolution (FWHM) for a detegﬁor capaéity of -
20 pF (picofarsds), and a normal output gein of 1.25 QV‘per:ion péir,
or 356 mV per MeV lost iA the:detector, and a fisetimeiof less tﬁan
20 nsec. When high]detéctorbcapacitance (i.e., very thin depletibn
'layer)imadé 6ptimﬁﬁ resolution impossible or large pulse siie maée it
unneceséary, the.UCRL'type 11X3391-P3 miniaturizéd pfeamﬁlifiersvwere.
used, wiﬁhva type 2N3458 field-effect transistor in the fifSt stége. -
Figure 5 sﬁows the cooled detector holder, EC1000 preamplifiers, and
associated equipment mountedvih front of the cyélotrdﬁ beam port.-

The linear amplifier system used was the UéRL tjpe 11Xi98 OP-l
(all soiid state) coutaining a lineér pulse gmplifief.with.gain adjusn
table from l to 1356; a rise-time of 75‘nanoseconds; 1ntégf§l, differ-
ehtial, and delay—line.pulse shaping; a single-channel énalyzer;_ -
biased~amplifier;:énd fast and slow coincidence logicf We find thaf
(empirically) éhoosiﬁg the best time consteants for the puléé shaping
' iélof cfitiéal:impoftence in optimizing the signal-tolnéiséiratio} An
additiénal funétion of thé'pﬁISe shaping is to'conveft the round-top
- exponential tail.pulse from the preampiifiér into & flat-top trape-
zoidal pulse which is acceptable toﬁlaterilogiCESteﬁs,

In the course of preliminéfy experimentatién, wéffounq.a siénificapt
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ZN-5728

Photograph of cooled detector holder (black box),
stand, liquid nitrogen Dewar flask, thermocouple
gauge, preamplifiers, alignment cross hairs, and
ionization chambers for beam monitoring, shown
mounted in front of beam port in medical cave of
184 -inch synchrocyclotron.
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proportion of detecﬁed pulses to be anomalously small; due to particles
that pass through the 01rcumference of the sensitive 'intrinsic"' rea
(see Fig. 2). In order to avoid this difficulty, we 1not1tuted the use

of an auxiliary detector with smaller sensitive area (~5 mm'diam);

: alignéd'difectly behind the main (analyzing) detector. The’ pulses from

particléécﬁassing through the auxiliary detector are similerly empli-
fic&, shapéd; and sized, and used as trigger pulses for a coincidence
géte onithe méin pulscs, Pulses from the mein detector are;cccepted
oniy if %hey are in ccincidence with pulses f£rom ﬁhe éuxiliary defector,
i. e., only if they result from particles which have passed through both
detectors. This system assures that the events analyzed are from the .-

center érea of the mein detector; the system serves in lieu of collim-

atoré, which are impractical for beams with rangeé of the order of a
‘.ﬁéter of aluminum. A block diégram of the experimental system used is

‘shown in Fig. 6.

The pulses from the main detector that pasa the coincidenke gate

f”“are then sorted es to ‘pulse size by a hOO-channel pulse- height analyyer.*

This analyzer accepts only flat-topped pulses of less than 10 V,.so
amplifiéf shaping andigain must be adjusted accgrdingly. The outpuf.of
the PHA-is fed to a digital»pr'inter+ which prints out the data on a
papcr tcéeuin_the form of counts,Pef channel versus chennel number.

Alternatively, the PHA output may be fed to an ™X-Y plotter," which

Technical Measureménts Corp. Model LOk-6.

fTechnic’al Meééurements,Corp.'Modeiisoo. |

e
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plots points'eorresponding to the number of ceunts in eacnzchannel, and
is. used to help visuallze the shape of the pulse—height spectrum.

| Bias voltages for the detectors and the preamplifler input tunes
ere fnrnished by standard types of_regulated dc power supplies, while
iine veltage,fluctuations are miniﬁizedaby 8 standefd;ac vbltage regu-
lator.;-Pulse.shapes and sizes throughout the_System'are monitored with
a8 standérd dual-trace oscilloscope, whicn is especially usefnl for
'simultaneously comparing pulses from both the main (enalyzing) detec~
tor and the euxiliany (coincigence) detector.  Figure 7 shows the empli-
fier ana_pulse-height-analysisvsystems rack mounted witn the associated

electronics.
D. Caiibratinn

A tebnlaniOn of counts per channel versus channel number is useful
only if channel number cén be related»te energy lossiin the detector,
nnd a frequency distribufion of energy losses is useful only if'related
to the thickness of the detector (absorber) These‘two taeks are in-
cluded under the title of callbration.

The calibration of cnannel number to energy loss is dene 5y a
Standard‘methed ofvépectrometry. The detector is exposed to radiation
fron a;stande?d-sbufbe with a knownvenergy spectrum, the resulting
pulse-heighf'epectrnm is printed'out, and the channei numbers of'peaks
'in the ‘output spectrum are correlated with the energies of known ‘peaks
in the input spectrum Linear interpolstion or extrapolation then

yields the energies correSponding to all other channel numbers. The

T s e
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Fig. 7. Photograph of rack-mounted electronic system,
including (clockwise) x-y plotter, oscilloscope,
pulse -height analyzer and digital printer, ac
voltage regulator, dc power supply, beam-
monitoring scalers, linear amplifier system,
detector bias supply, and pulse generator,



lineafitj of the Sysﬁem mayibe.checked easily, e.g., b& looking at the
’sysfem oﬁtbut when peaks corresponding to different enérgies’of afknoon
linear pulse generator are fed in. |

Beceuse amplifier gains are often chahged during'expefiments, a
slight modlflcation of this calibration method is used in. practice.
The known energy-loss peaks are used to calibrate the dlal of a 1inear
pulse generator, and then the calibreted pulse generator is used to
generate peeks in theoOutpﬁt spectrum which bracket the peaks_due to
_ the experimeotal datea. Interﬁolation yields the energies.cofresponding
to the data peaks, etc ., and since the calibration pulses are fed into
the System along with the data pulses (1.5 before ampliflcation)
changes in'galq,do not affect the calibration. The sources we used

for calibratioﬁ were'83Bi207, 95Am2h;, and--when a low-energy peak was

5T
27" | _
0.481, 0.553, 0.972, and 1.044 MeV, which are stopped by detectors with

vitel;— Bismith-207 emits internal conversion electrons of
-thickness‘greater then 1.9 mm.l Americium-241 emits an'q’particle of
5.477 Mév, ohieﬁ has e'ranée of only 0.027 mm of.silicon;‘asd-is_thus
useful for cheeking ﬁhe:thickness of fhe detector entrohoe wiﬁdow.
Cobalt-57 emitéfa y rey Of.l22 keV and another less intense y of 136
keV; separating the two photo peaks, which are only lh keV apart, is a
useful test of the detector and system resolution, although silicon is

a rather ineff101ent material for stopping 7 rays, due to its low atom:co

ngmber. -83 212 (6. 05- and 6. 09- MeV a) and 8h 21¢

(8.7-MeV_a) vere
also used in the hS-MeV proton—run calibration. Calibrations are per-

formed in vecuum (a féw-microns of Hg) to avoid . air scettering and
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stopping, with the sourceimounted inside the detector holder about 2 cm
from the entrsnce face of the detector.

Meesurement of the sensitive thickness of the detector is slightly
more difficult. A rodgh estimate (*4%) is obtsined by subtractipg thel
dead-lsyer thickness (known from past experience) from the easily
measured over»all thickness. This estimate can be msde more accurate

+2%) by actually measurlng the dead layer, 1i. e., noting the residual
energy deposited by an Q particle of known energy after passing through
the dead layer. A more acCurate determination for the thicker detectors
is made by exposing them to a spectrum of o particles with ranges of
the order of the detector thickhess, e.g., 30~ to ldO;MeV alphas. The.
maximuﬁ»energ& lost in the detector (i.e., the'Cutoff.of the measured
spectrum) corresponds to sn o particle whose range 1s exactly equal to
the sensitive thickness; pertioles with less range deposlt‘leSS‘energy,
and particles that pass throﬁgh the detector deposit»less because the
ends of their tracks are not in the sensitlve region’ The?eccuracy of
this method; developed oy Ragu,78 1s within 12% |

Another method used for thickness callbration is the exposure to
9lO-MeV alphas with a well-known energy-loss spectrum (e.g., Gau551an),
if the relatlon between the most probable energy loss and the absorber
thxckness'is.known, the measured A mp is also a measure of the-sen51t1ve‘
thlckness of the detector. The accuracy of- this method is. also within
i2%, and this method may be used for cross- checking

The normal experimental routine used follows this rough pattern

In the weeks before 8 scheduled cyclotron "run,*' we check the detectors
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as to previous;radietiOn damege, dead-layer.thickness, and leakage
(noise) Current, and - attempt a best estimate of. depletion-layer thick-
ness for each detector chosen. ‘We then check the electronic system for
linearity and resolution, using the pulse generator, and also attempt
to determinevthe pulse~shaper time constants fof‘optimum signal?to-
noise ratio. The COincidence,eystem and single—chennel anelyzer_are

also adjusted for acceptance and rejection of the proper pulses. The

'~ .day before the run, the pulse generator is calibrated in energy as

accurately as possible, by use of the radiocactive sources; and all

‘electronics are left on overnlght in order to av01d the problem of wanwf

T

up drift the next day. v -
N .
At the time of»the run, the first step after "getting the beam" is
to adjust the beam intensity to a'level'not.injurious to the detectors,

by monitoring with a scintillator or ionization chamber, and then the

" beam 1s turned off. The analyzing detector of choice isdthen pleced in

the. detector holder,zwhich is aligned with the beam and evacuated, and
cooling to the desired temperature begins. Electrical.connections are

completed, and the detector bias voltage is applied. vThe'beam is'theﬁ »

' turned on agaln and the pulse: spectrum and pulse shapes 1n the system '

are.checked. If all is in.order, data are accumulated.ln the pulse—?

vheight analyzer untll there are at least 5000 to lO OOO counts in the

channels of greatest interest (lO OOO counts yield a standard deviatlon o

of lOO or 1% ) The. beam is then turned off and the cycle is repeated N

for the next detector chosen, while the data are being printed out, v

plotted, and labeled. -
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Inmediately after the rin, the pulser calibration may be checked
aéain bfieflys. The -data are then analyzed and COmparéd witﬁ theory.
The data reported in this work are the result of experiments covering

approximately 2 years, and represent abbut_?O-hgurs of cyclptron time.
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IV. RESULTS

“ A. Comparison with Theory

After each experiment, the data in the form of counts per channel
versus channel number are processed with the caiibration Information
to yield a plot of counts per energy-loss interval vefsus energy loss. -
For comparison, the Vevilov theoretical distribution is numeri-
cally evaluated by a computer code which uses the pertinent inltial
parameters of the experiment as input information. This code, which

was developed by Seltzer and Berger and modified by Beckmaﬁ”and Brady,79

takes the particle mass, velocity, and charge, andvthe,'bath length" s

the mean excitation potenfial I, and A/Z of the absofber, and computese
€ ny & %, and b, as well as a taole of probébility ?ersus;devietion

= (o~ Z)/é:  By use of simple calculations and.a>nbrmalization such
that the maxiﬁum probability correséonds to-ﬁhe maXiﬁﬁm nurber of-

counts per channel, this table is converted to theoretical counts versus

energy loss, and pl otted on the same axes ‘as the experimental data.

For silicon-absorber data, we used A/Z = 2.0064, s = (2 33 g/cm )(x),

where'x-is our_beet value of the depleted thickness, and ISi = 176 eV.
This value for the mean excitationvpotential isfgotﬁen by mltiplying
'(z ./ZAI)I'l’-where I, :=‘163 eV, the accepted yelue'fOr al#minum.go
The best method of obtaining I would‘be an empirical'dete;mioation
from stopplng power oOr range measurements, Bichsel has reported a-

value of I., = 170 eV,8 but since the energy-loss formila depends

51

-oniy logerithmically on I, the difference is insignificant for our
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PUTrPOSES »
Figures 8 through 26 show the experimentaily measured energy=loss
distribuﬁions as compéfed with the theoretical predictionsvof Vavilov.
For clarity, the ordinate hes been expressed in terms of relative
probability instead of counts. Vertiéal error bafs are shown on the

H:1/2

experimental points, corresponding to o = , where N = the number
of counts in the energy intervél. Although horizontal-errbr bars are
not.shown, it éhould be undérstood that the accuracy of the experi-
~mental energy lbsseé is probably no better than *1%, oving to uncer-
taiﬁties in the channel-number—to—energy calibration, etc., and théf
thé'accuracyiqf the theoretical ehergy losses 1is probably no better
than il%:OQing fo uncertainties in the depletion thickness, ISi’ ete.
For.conveﬁience, the calculated values of A p (the most probable energy
loss),v (the mean energy loss), and the Vav1lov parameter K are shown
on each figure. The figures are arranged in order of decreasing k.
Figure 8 shows the"enérgy—lbss distribution of U45.3-MeV protons
in O.265-g/cm?'éilicon,'n = 2.23. Note thé slight asyﬁhetrynOf.the
curve and. that Ahp is slightly less than ZQ In general, thefe is very
good agreement'between theory and experimgnt on'thé'vaiue Ofgéhp and |
fhe shape of thg curve, with a mild deviation'on‘the lcwéeneggy,side.
-t.We wili aiééﬁséfthé aééiéﬁions 1§_this gné_the”foilowing'dist}ibﬁﬁioné‘
in & later section. o | | | B
| Figure 9 shows the energy—loss dlstribution of 910-MeV o particles
v,(I*I'e;"+ iong) in 1. O94-g/cm 81, & = 1.69. Note the clear beginnings of

a high-energy-loess '%ail."‘ Figure 10 shows . the . distribution for 895 MeV _
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alphas in 0.707;g/cm2 5i, R =.l.l3.' Figure ll shows the eneigy—loss
dlstrlbution of 45, 3~MeV protons in 0.127-g/cm Si, ® =-1.07. There is
excellent agreement between theory and experiment, with a very small |
deviation on the low-energy side. - | i
Flgure 12 shows the distrlbutlon for 895 MeV alphas in O. 560-g/cm
Si, ® = 0.892. . The energy-loss distribution of 910-MeV alphas in 0. ul3-_.
g/cm Si is shown in Fig. 13, k = 0.638. It appears that agreement
would have improved if O.hll—g/cm had been used:asbthe thickneso,value;i
this adjﬁs%ment, however, is well within the limits of experimental
error. Figure‘lh shows the distribution for h5.3-MeV'?rot0ns in 0.070-
g/cm2 silicon, k& = 0.590. - Note, in general, thefvery:good ééreement
between the thooretiéal and{experimental'distribﬁtions for these ﬁigher:{
'inﬁermedlaté cases (Figs. 8 through 14%), where k is of the order of
| unity. Note also the increase in the asymmetry.ﬁithvdécreaoing k; the
increasing\téndéncy toward 8 high~energy~1058 tail; and the decregse of
.A&p relative'to'Z.‘ ' | o | » |
’ Figure 15 shows the energy -loss dlstribution of - &5 3~ MeV protons
| in O. 383—g/cm 81, ® = 0.323. Figure 16 shows the distribution for
910-MeV alphas‘in O.206-g/cm 5i, k = 0.318; agréément might  be improved

1f 0. 205 g/cm were used as the thicknesq in the theoretical calculation,

- this adgustment is also within the llmits of error. The distribution for

910-MeV alphas in O.lW—g/om silicon is shown in Fig. 17, W= 0.165,
and Fig( l8 shows thé7c0mparable distribution for k = 0.160, 45.3-MeV .
protons 1n 0. 019 g/cm Si.;

Figure 19 shows. the energy loss distribution of 89) MeV o particles
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in 0.0S?fg/ch Si, k = 0.0908. figufe 20 shows the distribution for
45.,3-MeV protdﬂs in;0;0085~g/cm2 silicon, k = 0;0716. Tﬁis corresponds
to an ultrathin depiétion la&er; of fhickness 1.4 mils. Note the
broadening'of the experimental distribution. This brqadening is due
to the finite resolution of the detéction Systéﬁ, whi?hrbecémes vorse
fof detéctoré»With high cépaditance, such as this one. We discuss this.
broadeniné’in fhe next secti§n on resolution.
| Figg;e 21 shows the’energy-loss distribution of 730-MeV protons
in O.66-g/cm2 Si; kK = 0.0338; the distribution for 730-MeV protons in
O.kl3~g/ém2 Si; K = O;Q2l, is shown in Fig. 22. Note the pr0poun¢ed
asymmetry of the.disfributiOns in these cases (Figs . iS through 22) of
lower intermediaté.values of ¥ (0.01 <k < 1), the.growth Qf the high-:
energy-loss'téi}, and the marked shrinkage of Ahﬁ relétive‘yo B
Agreement between théory,gﬁd experiment is, in'generai, very good- for
these cases, Qith a continuing small deviatién on the low-energy-loss
side. | |

The energy-loss distribution of 730-MeV protons in O."’él-g/cm2
silicon, & = 0.0118, is shown in Fig. 23.. Figure 2% shovs the distri-

bution fér 730-MeV protons in O.lOB-g/cm2 Si, & = 0.00SS. Thé energy- -

- loss distribution of 370-MeV 7 mesons in.O.hB—g/cm2'Si is shown in

Fig. 25,.with ® = 0,0031. :Note that in this case the depletion ihyer
thickneSé‘is éﬁfficiéht to keép‘the”capécitance down and prévent fgso-
lution broadening, but the low-enérgy deViation is still present,’
increasing thelwiathiat haif maximum by around 30 keV. Figure 26 shows

the energy-loss distribution of 730-MeV protons 'in,O.OST—g/'cma silicon,

v
o
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k = 0.0029. In these cases of very-small ® (Figs. 23 through 26, & <
0.01), thé Vayilov gheory.reduces to the Iéndau.distribution, with a
very long high-energyFlossvtail;_the theorétical Ahp = 0.75 Z, while
the.theoreticai FWHM»z 0.3 amp. The experimentgl distributions,
however,bare broadened by resolution effects, and are not directly
useful.for the.detailed verification of the theory. There is good
agreement; howéver, on the value of the most‘probabiebenergy loss, and
moderately goéd agreement as ﬁo the shape of the distributions. It
.should be hoted herevthat the landau distribution is already well jus-
bified in thexiite;ature. (See Section II.B.)

Ih sumﬁar&, thevagreemeni between the experimental and Vavilov
theoreticél distributionsAfor intermediate values of K (0.0l < Kﬁs;l) is
.vefy goéd io-ekcellent. The finite résolufion of our expefimental sys~-
tem, due to increased capacitanée iﬁ_thehthinneét détectors;_prevénts
the exact verificatién of‘the'landau distribution for ® < 06.01,

although there is good agreement on Ahp'and on the shape of the curve.

'7 B. Resolution of System

The measuring ability of any experimental system is 1imited by its
inherent resolution. Even' with a o-function input, fi].uctuations '.{within_
the system result in a finite nonzero spread in the oﬁtput signal.
Indeed, the Iaﬁdau fiﬁctuétion may 1tself be régardédﬂas a resolution
limitation on the mégéurement of the energy loss of_fast‘cﬁérged par-
ticles in matter. The resolution of éur éystem‘for measuring the fluc-

tuations of.enérgy loss is in turn limited by two main effeéts:
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statistical fluctuations in the number of hole-electron pairs due to a
fixed energy loss inlfhe detector, and electrical noise in the system.
Normally, one could evaluate the root-mean-square fluctuation (n)

in the number of pairs produced by

' energy absorbed in the detector 1/2
@ - - 177w

average energy. per hole-electron pair

For the worst case of interest here, this formla would yield

1/2 P

{n) = (80 keV/3.66 eV) = (21 800)1/‘ = 147 pairs.

This corresponds to a fluctuation of only 147/21 800 = 0.68%, or 0.55

keV,.énd is clearly negligible. In actuality, the fluctuation is even
émaller than this, owing to the fact that the hole-electron pair‘produc-'
tion process is not sﬁatistically independent of the thermal‘and vibra-
tional energy-loss modes in the semiconductor. This’phenomenon is

expressed by the formula no2

= F(n)g,‘where n, 1is the observed rms
fluctuation and F is the Fano factor;nwhiCh is less thén_unity and has
been evaluated by Van Roosbroéck as épproximatély C.25 in silicon.75

-The resolution limitation introduced-by electrical noise 1is mch
more serious in our case. In @articulaf, there is ﬁoise due to detec-
tor leakage current (brimarily due to thermal_ekcitation), agd-there are;
shot noisé and ”fligkérnéffect" noise (due to plate-current fluctuaﬁionsj,.
both of which increase difectly as the total input capacitance (see
Re?. Tl,lEqs. 3.1k, 3;15).‘ The total input capacitance is made up of
the detector capacity.CD and the‘amplifief input capacity, whiéh we

neglect in the following treatment. The détedtor capacity mey be



ev&luatéd by
ey = 1.1(kA/bmx) picofarads; : (1)

vhere k is the dielectric constant of silicon;:lé,

A is'tﬁe depletion layer area in cmg,‘

x is the deplesion layer thickﬁess in cm.
For example, oﬁr‘detector ef'0.057—g/cm2 depletion thickness has a
capaCity Qf 60 pFy aﬁd our-deﬁector of O;OOBS-g/cm2 tbickness has a
capacity‘cf ~ QOO"pF. To get.an‘eStimate of the effect of these
capacitances on reselution, we can siﬁulate the aetector with an
R equivalent cap301tor, 1nject monoenergetic pulses, and measure the
output spectrum. The result of this meaSurement, w1th the EC-1000
preamplifier and equal RC clipping and 1ntegrating time constants’
of 0.5 usec, 1s ‘13 keV (mev_x) for 60 pF and 27 keV (FWHM) for 200 pF.
Note that these values impose a lover limit fer'the sjstemcfesolutioh,

and the‘resolution with an actual detector and "real” pulses is bound

to be worse, even if the detector is cooled to m@nimiie leakage current.
‘In an actual experiment, the system resolution is meaSﬁred by atteching '

the detector of interest (cooled if desired) and’ injecting essentially .

monoenergetic particles from a radioactive source~-e.g., 81207~-_0r

pulses from the pulse-generatoro

The effect of system resolution on our measurements of. the energy-'

loss dlstrlbutlon can be calculated by foldlng in the recolution spec-

‘trum fres with.the actual energy-loss spectrum facf; this yields the

measured spectrum £ -
. : : mess

»
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~fmeas(A =J[‘ fact(A - u)fres(u) du . - {76)
' , Y all u A , |

Obviously, unfolding a measured distribution to obtein the “actual™

-distribution is rendered quite difficult by the fact that fres and

£ ens 8¥€ DOt simple continuous enalytic functions, but sets of dis-

crete measured points. For practical purposes, we assume that freo

=]

may be represehted by a Gaussian (2 good approximation) and that the

pesk in f . may be represented by a Geussian (a fair approximation),

‘and use the well-known relation that the folding in of two Gaussians

yields a Gaussian with width equal to the square root of the sum of the

squares of the component widths. Specifically,

2 2 2 S P
] + o . 7
FwHMmeas ' FWHMact FWHMres _ (7).

We now apply this calculation method to the more serious cases of

resolution broadening noted in Section IV.A. " These cases occur Whén

the resolution width approaches the theofetical FWHM;‘ Table I shows
the results of a comparison between_FWHMact; the actual valué as cal-
culated from the above formula, and the theoretical value of the full

width at half maximum, FWHM ,_ .
. c the
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Teble I. Comparison of experimental and theoretical distribution widths.

FWHM (in keV)

Figure _ : '
pumber -Measured . Resolution Actual - Theoretical
18 70 o 65.6  63.h
20 39.5 27 | - 28.8 | 28.8
23 110 R | 103
2 . 59.6 T 48.2 R

26 40.5 ' 30 27.2 6.7

In summary, the resolution of the experiﬁental syStem, due mainly to
eiectrical noise,fhas a bréadening effect on the measured energy-loss
distribution whéﬁ the resolution,widfh is compzrable to the theoretical '

 FWHM. Simple corrections for this effect yield good‘égréement betveen

the theoretical and experimental distribution widths.

C. Sources of Error

We now'attémpb tofanalyze the sources of erfor'iﬁIOuf'eiperimental;
method and evaluate their §ontribution to the.results. It is also neces-
safy to consider'the validity of our assumptions:énd‘ﬁhe applicébility
of the uﬁcorrécted ngilov_theofy to the physicai,ﬁroblem inVestigaﬁed‘-_.
We pay special attention to the,possibility of accounting for thelsmallv
but consisten£ aeViaﬁioné from ﬁheory found on thé loQ-energ§-losé end of
the measured distribdtions. -

Consider first the effect of nuclear collisions on the energy-loss

distributions. We can get an éstimate of_this effect by considering the
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probability for a nuclear collision in the traversal of the detector by
one particle. " The total cross section fof inelastic interaction of
protons of 150 to 7GO‘MeV En.silicon has been evaluated by Denisov et
al. as about 0.4 bafn.82 Tho probabilitj of nuclear interaotiog 1in

a single protoﬁbtraversal of l—g/cm2 Si, for example,:is given by

6 X lO23 ‘ ’ ol o 18
Nox = ————— 0.4 x 10 cm X —3 = 0. 0086
28g _ en”

Thus, .in the worst case less than 1% of the particles ﬁill experience . -
a nuclear interaction, with a negligible effect on the energy-loss
spectrum of all the particles. This conclusion’agrees with‘fhe“cal-

29

culation by Lindhard and Nielsen. In féct, thé violent nuclear
interactions will probably not even been "seen" by thé system, asrlargeF
angle ccattering violates the coincidence requlrements, and ultrahlgh-

energy losses lie on the far right end of the high-energy-loss tail,

‘which we have not measured. “The coincidence reguiremont and the selec-

tion of the energy-loss interval studied also serve to nullify the

effect of any stray radiation in the cave.

If many of the particles ﬁass through the detector at on angle
other thén'normal to .its plane, they will oxperieﬁce iarger'energy
losses because of their greater path lengths through the detector. The
effect of angular spread of the incident beam is negligible because of
the collimating effedt of the c01ncidence~detector, but the_problem of
multiple scatterlng within the detector must be evaluated *The meén-

sguare angle of deflection for a particle traversing a thin absorber -

e e
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-

is ‘given by

-6-5 =~ Mx & Zmax . : : L (18)
min ' '

‘The -evaluation of this expressibn in. our wo}st case, L5-MeV ﬁrotons
in 0.265« g/cm 51, ylelds a root-mean square dcflectlon of about 1.5 deg,
which would v1eld an average pdth length increase of O 03% (cos 1. 5 deg =
0.9997). Thls:effect is negligible.

Energy logses due to radiation §¥e alsgo of~negligible iﬁportance.
The bremsétrahiung radiation'intensity is prOportional to the square of
the particle deceleration, i.e., proportional to =z L /M s but M for

heavy particles is'so 1argé as to render this effect negligible for

our purposes. The energy loss due to Cerenkov radiation by the 730-MeV

-protons is of the order of 1 keV/cm and thus is negligible compared with

-~

jonization loss.d
Cons;der'nowvthe spread in energy of the incident beam; we have until

now assumed it to be monoenergetic. A measure of this effect in our

'wofst case is provided by the differenceAbetween the=mean dE7dx of

730~ and T715-Mev protons:

2 a2 |
th/axl715 6730 ) (9.826)_ ) o 682 )
L= - 5 = = 1.007
dE/dx|73o B - (0.823)7  0.677 ;

715

Thus the increaée or’decrease in theiméan energy-loss"value for a
proton with the maximum deviation in initial energy is only abou+ 0.7%.

Since most particles are much closer to the modal” energy, we can’

‘neglect thls effec
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.Thévproblem of monuniformity of foil thickness has been quite
serious for many of the low-energy experiments on energy-loss fluc-
tuations. The extent of the ﬁonuniformity of the semiconductor détec—

83

tors we'used, however, is less than 25 microhs, ‘and its effect is

clearly_négligibie fdr all the lithium-drifted and most of the p-n

’ junction detectors. It might become important for the thinnest p¥n

junctions, but the effect would probably be hidden in this case by the

- effect of noise on resolution.

As mentioned earlier, errors are introduced in the ekperimental
measurements owing to such factors as uncertainties in the channel-

number—to—energy calibration due to small system nonlinearities (e.g.,

~ in pulser output), electronic drift (e.g., in amplifier gain), and

déad-léyer effect. There are alsd'errors introduced in'the comparison
ﬁiﬁhvtheory.by uncerbainties iﬁ deplgtion-layér thickness, ISi’ ete.
The combined effect of thesé errors is probably less than iQ%, and
would be:expreSSed by a shift in the whole distribution to the left or
right on the eﬁefgy scalé in avgiven case, not by a small consistent
deviation on the lowfenergy-loss end.

Let us now consider effects that could result in the observed devia-

tions in the low-energy-loss end. Golovin et al. have shown that in

 certain cases (e.g., when B? = 0.6, & = 0.01, 7 > 29), the effect of

resonance’cqlliéioné with bound atomic electrons would be juét such a
deviation. (Ref. 35;:Fig. 3) In order to evaluate this effect in our '
worst case, we estimate the Blunck parasmeter b? for 730-MeV protons in

0.057-g/ci” Si:
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&4{3;209y 0.11 x 10°eV+33-20ev ‘

£2  (0.006)(0.006)10%v eV -

The value of the parameter.ls beleﬁ_the threshcld_where resonance effects
become importaht, but not far below. In lieu_of the numericel integra-~
tion of.GcloVin's complex expression, we make the cbnditicnal statement
that the deviation ls probably in part due to "glancing" resonance col-
lislons.* | o

Another physical effect which could cause ae increase in the num-
ber of Qery-low-energy-lose traversals is the phenomenon of "chanpeling. "
In single crystals of high purity, such as our sillcon detectors, there
is a certain probabillty that en incident particle will enter the crystal
'pa'rallel to and betw_een the crystal planes and thereby traverse the crys-
tel on a path with very low elecfron density, resultiﬁg'in an enoﬁal—
ously'lOw energy loss. (A similar but sﬁaller effect, called '%lock—
ing,* occurs when traversal of high-electron-den51ty reglons results in
anomalously high energy loss. ) Dearnaley,Bu Erginsoy, Wegner, and

Gibson;as

and others have studied this effect and have shown that, for . |
example, when hO—MeV a particles with an effective angular definltlon |
of i0.0S deg traverse a lOO—micron single-crystel silicon detectdr
parallel to the [llO] dlrectlon, ‘a significant fraction loses only

abOut half the normal energy There is reason to believe that-chennel-e'
ing effects are relatively unimportant in our case, however. First,

the angular definltlon of our beam in the worst ‘case (MS 3-MeV p ) is

about 0.2 deg.' Moreover, in the fabrlcation of ‘our. silicon detectors, l » o
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the crystals are purposely sliced a few degrees off the <1ll) plane

" in order to prevent,channeiing when particles are incident normal to

the face of the detector. In addition, the likelihood of channelihg
is greatly decreased for incident energies greater than 10 MeV per
nmuicleon. Despite these precautions, there is a small but finite

probability that particles "accidentally” become aligned with a pre-

ferred direction, and experience-a very small energy loss. We judge

®

that channeling does have a relatively small effect in generating the

~deviation on the low-energy-loss end of the distribution.

Finally, we consider the effect of'é-ray entry and escape from
the detector. When a high-energy particle imparté a large energy in
a collision with aﬁ electfon, the resulting knock—on electron, or
"5 ray,ﬁ can have a considerable'range of its own, and in certain cases,
can eScapé the detector. Similarly, secondary eiecirons from colli-
sions'iﬁ the materiél in front of the detector can enter the detector.
For example, the makimﬁmvﬁ-ray energy for 'a 730-MeV proton is 2.19
MeV, which correéponds to a rangevin silicon of 4.5 mm.

Now it should be pointed "out that the Vavilov theory predicts the
distribﬁtion'of energyvlqsses by the particles, inclﬁding ehergy lost
to energetic ® réys;.while the experiment measures oﬁly thé energy

absorbed by the detector. As Gooding and Eisberg59

and others have
pointed out, the experimentally measured gquantity will be équal to
the theoretically predicted energy loss only if there is no net trans-

fer of energy, by energetic @ rays, into or out of the detector.

One might suggest that there is a simple way of eliminating this
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problem, by performing the exﬁeriment in a mégnetic field strong enough , .
to bend the most‘energetic-ﬁ rays into a radius smaller than the thick- : -
ness of the detector. 'This is not feasible in our case; we calculate
the strength of the field necessary to bend & 2.2-MeV electron { momen-
tum 2565fMeV/c) into a radius equal to the thickhess fOr‘our 0.25-mm

. detector (0.057 g/cm2 Si) as .

' ‘P, p (in MeV/c) »
B = - =k — : B _ (719)
: . qr r {in cm)

where k

'O.33lx lOu gauss, i.e.,

B

L]

(0.33 x 10#) gauss x (2.65)/(0.025) = 350 000 gaqgs.

bNeédleséjto'Say, a 350-kilogauss magnet ié neither préctical nor pos-
sible-féf thisfapplication, to say-noihing of the effect a strong mag-
netic field might have on charge éollectién in the.detector.b Since we
cannot eliminate the 5~ray escape, the next step is td try to estimate
ite effect on the meésured '%nergy-absorﬁtion" épéctré.

Rosenzwelg and Rossi devisedvan ingeﬁious '%rack-segﬁent" method
of estimating_the effect of S-ray entry and escape fér'a detector which
.samples randomly a r%gion that is small compared with a uniform sur-
Aroundipg_medium.Gk; Sincé our detectérs are noﬁlembedded_in a iérger
block ofisiliCQn, their method is not directly applicable tb our case.
‘We proceed with'a'quélitative pictgre of ﬁhe effects:in our.case. _
Cleariy if a 3 ray eécapes the detector, the.energy deposited-for this

particle event is 'Jie'ss than the energy lost. The result is to shift an *
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event from the high-energy—losé tail down to the lower-energy-loss
side of the spectrum. In addition, a B ray entering and stopping in
the detector is likely to havg already lost some of its initial energy,
and thus would addfan event tq the lower-énergy«loss side of the spec-
trum. - A minimum-ionizing secondary passing through the detector will
lose slightly less energy fﬂan é 730 MeV proton, which is not quite
minimum—ionizing,iand thus deposit an event whigh is (most probably)
bélow the mostA?robable energy loss of the proton. For geometric and
other reasons, however, the probability of &-ray entry is smaller than
the escape probability. ‘If this picture is correct, the net result
of these processés should be to shift events from the high-energy-
loss siée of the spectrum tb the low-energyeloss side. A small per-
turbation of‘ﬁhé spectrum, however, will not be noticed when compéfed
with the speétrum itself,-except where.the épectrum height is very
small, e.g., at the ultrahigh-energy-léss end (which we have not mea -
sured) and at the very~i§w~energy—loss end (which_we ﬁave measured) .
Cléarly thesé effects are atténuated_as thé detecior thickneés
increases, and‘beéome negligible when the thickﬁess is mﬁchviarger

than the maximum 6-ray renge. In lieu of an exact calculation (a

—'-. qute Carlo calculatipn wouidibe quite helpful);;we esfimaté the

importance-of'yhese'gffects-By ca1¢ulating the fractiqn of_the total
energy loss imﬁartedfio electrons whose range is comparable to or

greater than dﬁr detector thicknesses:
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) 2 &z(gmax/l). 20

max

Blormy) tal x 6 (g0

A (total) & en(;max/emin

For 730-MeV protons in 0.25-mm Si (range of 250-keV electron), this

yields

tn (2.2 MeV/ 250 keV) 0n9
— = =.11% .
20 20

For 730-MeV protons in 3-mm Si (range of 1.6-MeV electron) the effect
is much less important:
- (2.2/1.6) fn 1.k

= : = 1.7%, :
20 : 20 o

Since the maximum.é-ray energieé of hSaMéV'protoﬁs and'9iOAMéV alphas
aré much smaller, the fracﬁion would be quiﬁe negligible. Thué the
effect of S-ray entry and eééape is importént iny fof the fastest
particles (730-MeV protons, 370-MeV pions) in'ﬁhévthiéner déﬁectors,
where ‘it is believed to contributevtovthe_deviation found on the low-
energy-loss end of_the disfribution.

(Invthis work we have tried to minimize channeling end B—ray 
“effects; we ﬁoté in"passing,'howéQer, that thié‘experiméntal system
éan profiiébl&ﬂbe aitefed for the study of these vgry interesting

effects.)

In summary, there are several small sources of error in our ' C ’
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experiment, includiﬁg uncertéfgty'iﬁ thickness aﬁd énergy calibration,
which miéht cohtribufe t2%1§o-the position of thé disﬁributions on the |
energy scaele. In addition, the effects of resonance collisions with

bound‘electrons, éhanneling,iand b-ray entry and escape cen contribute

to the deviation found on the low-energy-loss end of the distributions.
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V. IMPLICATIONS

v“A: Physical

One of the most effective sools for exploring the structure of
mstter_is the study of the penetration of charged particles in matter.
Particle penetration 1s intimately involved in many eiperiments in |
nuclear'and high—energy'particle physics, atomic physics, radiation
chemistry, sbace physics, and several areas of solid-state physics.
Indeed, as B. Rossitbas pointed'out, charged;particleiexperiments
have prorided‘a basis by‘which to‘test thevvalidit& of the bheoryvof
electromagnebic intera'ctions,7 | .

A significant numbervof these experimenfs involve measuremenbs
of the energy Jost by charged particles in passing through matter, and
therefore invoke con51deration of the fluctuations in energy loss.

There are several existing theories of energy-loss fluctuations in

“"thin" absorbers. Bohr s theory predicts a Gaussian distribution of

energy losses when the number of particle-electron collisions in~everyv

collision energy interval is large, and Iandau s theory predicts ‘8

broad asymmetric distribution with a high—energy-loss "tail" when the
number of particle-electron collisions in the higher-collision—energy
interval is very small The validity of both these theoriea is well
established experlmentally. |

Symon and Vavilov have published theories to cover the broad

' 1ntermediate range where the number of collisions in the higher inter-

val, as measured by the parameter K, 1s neither large nor very small
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Tﬂe energy-loss distributionsvpredicted by these theories are rela-
tiyely similar, althOughlthere are deviations in distribution shape,
and Symen's theory seems to predict a most-pmobableAenergy loss which
is 2.5 to 3% lower than Vavilov's.
" For example, Symon predicts the most prebabie
‘energy loss of ?30-MeV protons in O.66-g/em2 Si,

= Q.O338, to be 1.12 MeV; the value predicted by
.Vaviiov is 1.09 MeV? and.the value wve meesured is
l.O9FMeV. |
We-believe that4Vaviiov's expression is more aecurate, owing to the
interpolationstinVoived in Symon's method. We also find the use ef '
the Vevilev theory to be more convenient, given the FORTRAN computer
program devise& by_Seltzerfand Berger for ealculating the distribution
functieu; |

In erder to remedy the.sparsity of data in the intermediate region,

we have measured energy-loss distributions over a rauge of n_from. |
0,0029 to 2. 23, and, within the limits of experimental error, flnd very
good agreement with Vavilov s theoretical distrlbutions and w1th the

predlcted-values of the most—probable-energy loss. In order to make

v_vthese results more useful to future experimenters, we have prepared

graphlcal tabulations of both measured and calculated quantities, and

show them in the Appendlx-.
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- B. Biological

Charged;pérticié energy loss is of vital interest to biology also.
In medicine, charged particulate radiation is used for diagnosis and
therapy of many diseéses. Radiobiclogical experiments using charged.
particles yield fundamental informetion on ceil.strucﬁure and function.
Evén_for nonparticulate or uncharged radistion (é.g., X and y rays,
neutrons) it has been shown thaﬁ the mechanism of biological damage is
ionization or excitation due.té'charged secondaries (electfoné, recoil
protons). The question ofvradiation protection has been given new
iimpetus by the- problem of exposure of man in space to fast charged
partlcles in cosmic radlation. |
- Tt is clear that the living cell, and indeed the cell nucleus, acts
as a "thin" absorber @ith respéct to most forms of charged particulate
radiatidn,vand in maéy casés; the value of the parameter k is small
‘enough ti“;at siénificént fluctuations of the energy loss occur.
For example, consider 4O-MeV prétons traversing
‘cells of 10-micron thickness: vwith o=~1 g/c'm?’,' 7/A =~
0.5, the parameter & = 0.150 s(z/A)z2[(1 . .52)/5“1 =
.0.15(10' X 10'"4)0.5(0.92)'/0,0064 = 0.011. Thus .the | |
1Iandau dlstrlbution holds and the most~ probable—
nergy loss in the cells is only about 75% of the‘
'vaverage energy loss.
This can be important, because the biological effect of radiation

is related to the amount of_lonization or excitation energy deposited
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ih the cell of other sensitiVe volume. It is commonly stated_that

ﬁhe RBE_(relative ﬂiological”effectivehess, com@ared to equal dose

of X or vy radiation) is dépendent on fhe LET (1inearlenergy transfer,
COmparablé to-dE/dx, measured in keV/micron or-MeV/g/cmE). Each
total-eﬁergy-loss spectrum that we have measured can'Be cohsidéred

equivalent, fgr some purposes, to an LET spectfum for a given sbsorber

thickness. In practice, LET distributions for biological irradiation

experiménts are often measured by methods similar to ours.

.ThiS-simple picture is complicated by several faétOrs.
First, the energy lost in the cell by the particle is equal to the
energyfdeposited in 'the cell only 1f there is no‘net‘transfer ofv
S—fay energy out of the ceii; Thus  the energy deposition pattern for
cells 1rfadiatéd in a uniform medium (i.é., in ®-ray equilibrium with’
théir surroundings) will be differént from the energy_deposition'in
1;61ated.cells that are irradiated.» Second, cells‘and btﬁer'sensitive
”targetéﬁiare geqerﬁlly not slab—shaped ﬁnd thus are;not of a single

thickness. For example, Rossi and Roseniweig86 have ‘shown that for a

vspherical ébsorber in a uniform radiation field, the distribution of

path lengths is triahgular;'P(x), the probebility of path length x in -
a sphere of.radiu; r. is given by |

P(x) = x/2r" . } o (81)
Thus for & given radiafioﬁ and given sbsorber (e.g., cell)_shape; the

LET distribution mist be folded in with the path-length distribution

tb give the actual‘distributiOn'of energy depbsitions in the absorber.
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Third, the usefulnesé"of the concept of LET itself has,been.
criticized byiseverﬁl authors . ‘It should be clear fiom previous érgu-:f
ments that as the size of thé_examiped sepsitive volume decreases, so
does the value of K, and the statistical fluctuations_in eﬁergy depési«
tion increase; Thus the distribution of‘eneréy depoélinn_depends on
the Sizé of ﬁhe biological'system under consideration. ﬁ. H. Rossi
and his-ass0ciaté§ have déalt:with this queétion’in a series of papers,
in which they have developed the cqnceptsvof 'bvent‘size," Y, defined
as the'energy‘déposited in en event divided by the sphere diameter, and
"local energy densiﬁy,"vz, defined as the ‘energy deposited by iénizing
particles dlvided by the mass of the sphere, they have also recommended
the use of small spherical ionization chambers for microdosimetry so
86,87

that the shape and mass of cells may be simulated. Baily et al.

have also studied this problem expeI‘:‘Lmei:rtally.»88
In thé‘limit of thinness of the absorber; the number of collisions

~in the lower collision-loss interval is too small for the Vavilov treat-

ment to be valid [i.e., ILandau's first condition (45), that C-,/e >> 1,

is not satisfied] and Poisson statistics mist be used to describe the

indiv1dual ionization or excitatioﬁ evénts.

| ' For ‘_'.’exampl.e , conéider 5-MeV q particles traversing

a DNAstrand of 20 angstroms thicknessv.-(20>.< J.O"8 c‘m),

~ 2 g/cma; Z/A = 0.5; then

. . s 'z o h/ box 1077 n u;,
£ = 0.154 — = 2° = 0.15 0.5(k) = b7 ev.
62 A \ 26 x 107" . "

.
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“Since éo mey be taken to be the mean excitation
energy (I = 70 eV), clearly the number of ionizing
events is too small to use the ILandau-Vavilov

formulation.

lea first discussed £h§,Poissbn type 6f fluctuation in his treat-
ﬁen£ of the '%arget’theoryf:for effects due tobionization-in or near a
ﬁarticular molecule or structure,89 and Oda hasvrecenfly copsideréd
in detail the Statigtical nature of pfimary energy tfansfer in reiatioh
éo the target theorydgo
| Other criticisms of the LET concept have been offered by Turner |
and Hallister, who find that the LET dependence of RBE should be |

, . o

réplaced-by the more precisev'welocity" defendehce, and Eutts and
Katz, who find that the RBE for one-hit processes in dry enzymes and
viruses is a function of the fadial distribution of iénizat&on energy
around the particle track.92

In any formulation, hdwever, it is clear thét'fluctuatiqns of
energy loss must be taken into account, and elther Poisson statistics
or the Bohr—Iandaufvavilov theory may be used to predict the energy-
loss’distribution;

We now consider some Of.the possibie results ofiénergy-lbss fiuc~
tﬁations in bidlogical systems. | B

Firét, if an energy threshold éxists_for a given radiaﬁion éffect,
it is possible that §ven though the mean energy deposition is kept‘below
the threshold, many of the.particles (corresponding ﬁo the higﬁ—energy-"

loss tail) can deposif greater than threshold energy;:conVersely, even
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if the méan energy défosition is slightly greaﬁer than the thfeshold,
meny of the particlesi(corrésPondingvto the mosttprobable energy loss)
can deposit less than threshold energy. This example points out that
for many purposes,'kBOWIedge of the mean energy deposited (or mean LET)
is not sufficieht; it is neéessary to know the distribution of energy
deposited (or;the‘iET’Spectrum). If only & single point on the distri--
bution is to bve specified, hovwvever, the most @robéble energy deposited
is often more uSeful7£han'the'mean,b

In p:evious sections, we have pointed out a method of aécounting
for the escape Qf energetic & rays from thé boundariesﬁof the biological
system.under consideration. In brief, it consists of using the energy
of the & ray whose range corresponds to the size.of fhe system as the
upper liﬁit inbthe integration éver the collision spectrum. One must
rememberévhowevér, that in a nonisolated Syétém; there will éiso be
o rays entering and depositing energy. The net result‘is probably the
shiftingf@f événts ffomvthe.highnenérgy tail to lower‘energy,values.

We'pfééenﬁ;now é Simplified:célculation of how fiﬁctuations in
energy déposit50n miéht'éfféct a biological irradiation expefimentf'
Conside#ba'biological'system which obeys a simple exponential survival
lcurﬁe, i.e,,>S § exp(;D/D37),Awhere S is the surviviné fraction, D is
the dose administeréd; and. D

v 37 16 the dose that results in 37% survival.
Iféfluctﬁétion81of eﬁgrgy deposition cause'fluctugtiéns in the dbse to
different membé%s (e.g; cells) of the syéfem, the nonlinearity of the'
dose dependence willjr§5ult in deviationrof the net su?viving fraction

from the fraction that is predicted By use. of the mean:energy deposition
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» (or mean.lET).'
For example, consider & system witth§7 = 66 radé,
and suppose that energy-loss fluctuatidns can be
treated approximateiy by‘dividing the system mem-

bers into two groups, e.g., let 2/3 receive 40 rads

. and 1/3 feceive.lOO rads. Thus the nét survival is

(2/3)e-uo/6o

= (0.67)(0.57) + (0.33)(0.19) = Lo% .

+ (1/3)e"100/60

Note that this value is in conflict with 37%; the
value'predigted By using the mean dose in this case,
60 rads.

We can proﬁose,@n’expériment thét might sere to measure the bioloj
gical effect of the landau-Vavilov type of fluctuations: irradiate
identicél biological'systems under two different conditions so that the
mean LET is.the same but thé particle velocities are different, yield;

ing ® << 1 in one case and ® > 1 in the other.

In summary, we emphasize the need to considér thé fluctuations of
energy depositibn inh ‘irradiated biological systems, and the desirability

of understanding the effects of these fluctuations.
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VI. SUMMARY AND CONCLUSIONS i - \?
Wheh a cﬁérged';article passeé through matﬁer, iﬁ lose;-kinétic
energy by a series of ineiastic collisions with the electrons of the
materia;;: Because of the statistical nat;re of the coilision proéess _
and the'féct that high—energy-loss gdllisiqns are much less frequent
than lov-energy;loss;collisioné,.significant fluctuations may_bécur
in the total energy loss iﬁ "thin" absorbers, that is, when ﬁhe»enefgy
loss in the absorber is small compared with the total kinetic_énergy of
the particle. The most significant parémeter for characterizing the
fluctuations is k, a measure of the number of partiélerelectfon coili;

‘sions in the uppermost collision-energy-loss interval,

R 6225 , 1 - BEN
® = 0,150 <‘ .>
T gt /7

_ where Efis_the*aﬁsorﬁer thickness in g/cme, Z ié ihe éfomic>number of
the absorber materiél,,A is the atomic weight of the gbsorber, z is-

. the charge number of the pafticle, and B is thé particle velocity
divided by the speeé*of light in vacuum.

Sevgral theofies prgdict the fluctuations of energy lossvfor
differént Values'of paramefer X. The Bohr theory, with modifications
by Livingston and Bethe, predicts a symmefiic Gaussian distribution
aréund the mean energy loss, and is valid whenvn >> 1. The landau
theory, vith modificétiéns;by Blﬁnck and Ieisegapé, is #alid for k <
0.01, and predicts aibroad'asymmetrié distfibution with a peak around

\

the most probable enérgy loss (which is significently less than the
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meen) and a long high-energy-loss tail.> |

For the 1ntermediate regionAof 0.01 < k < 1, Symon has given en
approximate end Vavilov an‘exact theory to predict the energy-loss
dietribﬁtions, which form‘a smooth transition between the landeu-and
Bohr dletribgtions,'but experimental data for estabiithing,the validity
of theoryvin.this.reglon are scarce. | |

There are several advantages in the use of semiconductor detectors
and accelerator beams of high-energy heavy charged particles in order
to verify the Symon-Vavilov theory. Semiconductor detectors offer good |
‘ energy resolution, linear response, high stopping power, and uniformly
thick sensitive layers, while accelerator beams of heavy particles can
be precisely controlled and suffer comparatively little scattering in
the detectors. We have measured the energy-loss distributions of k5. s-l
MeV'and 730§Mev protons, 910~MeV o] particles, and %70-MeV negative |
piOns in lithium-drifted silicon p—i-n detectors and silicon "p-n"
Junction detectors with depletion layers from 0.0085 to 1.094 g/cm ,
covering a range of n from O. 0029 to 2.23. ‘
| Within the limits of experimental error, ve find very good agree- ‘
vvmeqt vith the Vavilov theoretical distributions.
o .Fluctuatiqns_Qf]epergy“loss_Can'be important in meny experiments_ E ;
in raéiét‘icnfpziysicai and biology; for the use of future ea_.c'p'@rmen_teie,
we have #zepergﬁ grggglpal‘tgbulationg,ot meesured-and eelculated data

on energf-loss,distributiqne.

™.

el NG
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APPENDIX

We tabulate here, in graphical form, some calculated and meésured

values that may be useful in energy-loss fluctuation problems, for

"thin" absorbers.
In'general, the first step in the analysis of a fiuctuation prob—.
lem is the determination\of the most significant parameter, «, froﬁ

the relation

‘where s is the absorber thickness in g/cmz, Z is the absorber atomic

numbér,fA is the absorber atomic weight,‘z is the particle ChargeAnum—
ber, and B is the particle velocity divided by the speed of light in
vacﬁum.' Alterﬁatively, the value of E(A/ZZE) may be obtainéd from

Fig. 27, :given the particle energy per atomic-mass-unit and the absorber
thickness. Muitiplicétion by(z2Z/A) yields'the—vaiue'of n.i Interpol-
ation is fécilitated'by thé fact that v depends linearly on 8. If v >>
1, the energy;loss distribution is Gaussian; if m‘5 0.01 the Landau
distribution is valid, énd if 0.01 <k < l) the Vavilov theory is
applicabie. v

The “two most uééful values for characterizing the energy-loss .

fluctuations are Ahp’ the most probable energy loss, (i.e., the loca-

tion of the pedk), and the full width of the distribution ‘at half-

meximim (FWHM). The;:atio of the most probable energy loss to the mean’
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can be . est mated from Fig. 28, givén the v&iues of ¥ and 5 » end the
ratio of the FWEM to the mesmn enme rgy 1oss B can be estimeted from Fig.
29. The fact that the variation with 62 is relativelf 3low should help
muer,olamon, and %he plotted values for silicon should not differ
apprecisbly from the values foxr othex maﬁerials. Thé valué of A can
be obtaired for “thin" BDQO‘"”“"V“y w3t iplying the chsorber thickneéS'
by the mean reie ¢f 2nergy 1085, CEfdx (see, €or evomple, the Barkas
and Berger tables in Bef. 3hl.

The actual shape of the energy-lcss distribuiicn can be estimated
from Figs. 30 and 31, given the value of n. The dimensionless parameter
A ié Iendau's reduced energy verisble, defined by Eq. 42, and o{\) 1s
proporticonal to the probabilityvofftatal energy loss.. Again, the varia-

2
ticn with B is slow. A more complete tebulaticon of these values has.

been given by Selizer and: Berger in Ref. 34. (Fig. 31 is on page 79.)

-
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