brought to you by .{ CORE

provided by NASA Technical Reports Server

FON

by ( ™
/[j‘}\h{

E
D

o = .

L \JM [

.. MLM 3

: A =

[T -,

o &

e [

. L )

e o :

™, ~~ =

& = =¥

L 0s oy o
Oy =3

~

>

LA

AL
TEC C\,}{ i

-t
i

O

View metadata, citation and similar papers at core.ac.uk



https://core.ac.uk/display/85234817?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

)

RUNNING HEADING: Statistics of Profon Energy Deposition
GALLEY PROOF TO: Norman A. Baily, Professor of Radiclogy

University of California, San Diego
School of Medicine ~ Dept. of Radiology
5046 Basic Science Building

La Jolla, California 92037
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The frequency distributions of event size in the deposition of energy over s

athlengths hove been measured offer penatration of 44.3 MeV protons through various

e

hicknesses of tissue~equivalent material. These distributions have been measur

a range of penetration extending from zero thickness to thicknesses of muscle~equivalent
plastic close to that corresponding to the total rangz of the protons. These distributions are

those associated with the passage of the proten through 0,667 % 10 /un of o tissue=

° v 1 » . ® . ¢
equivalent gos. The fransition from the region where statistical fluctuctions dominaie
\ .

that where a significant spread in beam energy has token place is clearly demonstrated.

In no instance doas it appear that the concept of dose based upon o value of the

power or gverage energy deposited adequate! \f defines the energy delivered to a struciure

having the dimensions usually associated with those of biological significance if only @

relatively small number of events are required for induction of damoge.
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INTRODUCTION

. i ' . R4 o . ~ .
The possible consequences and probable importance of the statistical flucivation:

energy deposition in small volumes have been pointed out by Rossi and Rosenzwelig (1) and
by Kellerer (2, 3). The theory governing such fluctuations is generally felt to be best

treated by the work of Vavilov (4) as corrected by the method of Blunck and Leis
The frequency disiributions of energy depositions associoted with the pass

monoenergatic 43.7 MeaV proton beam through various thicknesses o

gas were investigated by Hilbert, Baily, and Lane (§.This work demonstrated, for the case

where the energy loss is very much smaller than the particle energy, that first, the full

width at half maximum (FWHM) is very large and second, that significoni

between the average energy loss and most probable energy loss exist due to the

caused by the large number of evenis having high energy losses. The spread and ¢

both are {unctions of the mean energy loss, iz relaiive value with respect to the mean

binding energy of the otomic elecirons in the mataerial under consideration, and its value
relative to the moximum possible energy transfer which the incident particle can make o

]

an electron in a single collision. Good correlation between theory and experiment

found when comparisons cre made based on the full width of hatf maximum (FWHM) of the

distribution functions. Similar distributions for electrons have been reported

Nishimure, ond Onai (7).

A comparison of theory and experimental doto acquired using 46.4 MeV protons, over
most of the runge of energy depositions recorded with that energy proton, has been by

Baily, Steigerwalt, and Hilbert (8). Good agreement was again found for the FWHM and

for the values of the average and most probable energy losses. However, signi

-

discrepancies were found dbove and most probable value. Thess

manifest thamseives in o deficiency of low energy loss events and an excess of high

he 3 ot




foss events. lLoss of secondaries from the sensitive volume of the proportiona! cc

.

!
account for these, since they would produce an excess of small energy losses and

o larger discrepancy o appear in the region of high enargy lesses than is found.

R i

Some preliminary dato on the characier of the frecuency distributions which occur in

small volumes after passage of a homogeneous beam through a large amount of abs

thus after suffering various energy losses was given by Hilbert and Baily (9).

statistical fluctuations such distributions are subject to perturbations due to the

inhemogeneity of the energy distribution of the charged particles (10,

outhors have shown that the energy spectra of

becomes skewed toword lower energies ufter

\

thickness becomes greater the distributicn approoches ¢ gaussion. This change occurs

statistical fluctuations of the energy loss in the chsorber and because

energy The distribution aga in
o/

gaussian after the mean pard is reduced o lass than 35 per cent of the in

o
=
T

particle energy. This is the point whers fluctuations introduced by statistics wre overcome

¢

by the spread in stopping powers corresponding to the particle energy spectra. In such a
situation, the frequency distribution of energy loszes in o small pathlength could be significant!

altered by the amount of material traversed by t

his paper were obtained

Shonka muscle (123). These absorbers were placed in contact with the entronce window o

propoertional counter. The proton beam uiilized had an enargy of 44.3 + 0.2 MeV and was
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The proportional counter vsed in this tnvestigation was cylindrical and fobricoted from the
same tissue-equivalent material which was used for the absorbers. The pathlengih of

pariicles through the counter wos cecurately defined by the coincidence system

in (6). The filling gos wos an equimolar He~COx mixture at a pressure of 20 tore. The
electron density of this gos is 3.07 x 1022 alectrons s/g. The ex

measured for a pathlength equivalent to 0.590 x 10 . g/rm2 of unit density fissua. Exi
and entrance windows were fabricated from 0.00025" aluminized mylar. Sufficient avents
were examined to provide reasonably good statistics over the entire ronge of encroy events

recorded. In each case opproximately 104 events were collected in the chonne!

to the most probalile energy loss.

The experimental dota obtained is shown in Figs. 1, 2, and 3. All curves |

0

normalized so thot the total probobility for each is equal to unity. Fig. 1shows th

distribution curves of the energy deposited in the sensitive volume after pussage |

o

thicknessas of Shonka muscle varying from zero to 1.54 g/c:n‘sz (1.40 cm).

the data obtained for the undegradad beam and Curves B, C, D, £, and F are after ¢

:
!D

i/

through 0.22 ¢/c 1;2, 0.44 g/cmz, C.664 g/cm;z, .99 g/cr(7, and 1.54 ¢, cm

After passage through sufficient material, degradation of the beom (energy s

b

o

the primary protons entering the sensitive volume of the counter), produces o signif

change in the energy deposition pattern.. This rasults in o broader distribution funct

would have been obtuived from o primary proton beam whose energy wos equal to vhat

caleulated from the residual range of the 44.3 MeV protons. This is itlusirated

Curve F of Fig. 1is reproduced as Cusrve A in Fig. 2 and vepresents the frequency distribution

. r o
i

‘ - 9 : P
ohivinad ofter possage through 1.54 g/em® of Shonke muscle. Curves B and C of F




the distributions of enargy loss after

In Fig. 3 we have the frequency distri

g/cm

NG

1.63 g/cmz, 1.74 gi/cmz,, 1.75

A, B, C, and D.

The FWHM decreases sie

sdily from a moximum for the undegroded beam throug
value obtuined after passage through 1.63 ¢/crm? (Curve D of Fig. 2 and Curve A of Fig. 3)

« . o r . .
his is a logical consequence of having introduc

the proton heum with a low energy tail,

fluctuaiio

frequency distril

expected, the distribution becomes narrewer with decreasing beam energy and
energy loss increases. This continues until the point where energy stroggling of the inci

beam becomes important, 1t oppears from our data that a loss in proton energy of of

ol

75 ver cent is recuired to introd: b enre ! .
75 per cent is required t¢ introduce a significant spread in beam ensrgy.
straggling hos introduced o sufficient spread in energy, in particular a low energy toil, so

that this becomes the dominant foctor in determining th

pattern. These faciors are evidenced by the steady dear

- e - ya
functions through the first 1.63 9/@'? of absorber thickness and the subsequent bio
of these with further degradation of the beam, Of prime imporiance is the foc in no

instonce do these functions approach the nurrow goussion funciions commonl

¢ N - e
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A second Important aspect of the dato is the fact that for all distributions the most
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than the averugs energy loss.
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or targer and for an effect dependent on o single or small number of trave

{ ot

dose delivered will be inc

As previous

events in each cho the high energy tail
portion is very well approxi ¢ 3 ¢ es Investigated in this set of
experiments (Table ), slope of this line is constant in the region governed by siatistical

fluctuations occurring in the amount of energy deposited in the counter gas.

where the behavior of the disiribution furictions {s influenced by energy strogg

this slope tends 1o decrease. Since this is o negutive slope if meons a relative ino

the number of high energy events which are due to the low ensrgy ta
and we therefore remoin with rather bread distributions. There are indicotions i high

enargy losses there 15 o sharp decrease in events, probubly due to the loss of low energy

primary protorns which have sufferad larger thon average energy losses as o conss

aling phenomenon.
We are not abla to readily assess the influence of the loss of high energy delto ravs on
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broadening of cur distribution functions than presently observed and would

even greater discrapancies betwean theory ond experiment thon are now found. Ve are

infending to investig F

fenergy losses by high energ

1 N M - - ey o oy} B R Fins N b Lhe i gt b PSR F T T s g
the use of o multiwire proporiional counter. While hoth the spatial distribution ond

deposited in various geometric volumes of these particles are of interest and po




to the

effect and ¢

. or ¥ . o~ A < o~
ng these effects in the calculation is nof

icantly alter the distribution functions presented in this paper.

.

Particle energy straggling of an initially monoenergetic proton beam after ;

o

through an absorber causes the frequency distributions of energy deposited in

o ! g L - e & o : . .0 . 5 n . o
pathlengths of low ctomic number materials to remoin broud, even neor the end of
the porricle range and in the region of the Brogg peak.

In all cases investigated the ratio of the most probable to the average energy Ic

has been significantly less thon unity.

The slopes of the high energy tail portions of the frequency distribution funciions
t . . e . TR
are constant for all distribution functions whose shapes are governed by statistical
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Eoroton = 44.3 % 0.2 MeV
Absorber Thickness = | Averuge Energy Loss, A | Most Probable Energy Loss, JANNI f\mp/ Al Slope of High~Energy Tail | FWHM

Shonka Muscle keV) (keV) ‘ (Prob./keV)/keV %
(g/cm?)

0 0.809 0.43 0.53 0.86 133

0.22 0.856 0.4¢6 0.54 0.85 130

0.44 0.919 0.53 0.58 0.86 126

G.é5 0.997 0.61 Gg.61 0.87 118

0.57 .17 0.72 0.62 .84 114

1.24 1.95 1.30 G.67 0.86 111

1.2 2.20 1.50 C.&8 0.88 109

1.63 2.94 2.15 0.73 0.55 100

1.74 4.13 3.00 0.73 G.55 113

1.7% 5.67 3.90 0.69 0.47 129

&5 8.4Y 6.10 0.72 G.4] i
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FIGURE CAPTIONS

» . L. . H . ~ oy -
Frequency distributions of energy loss in a pathlength of 0.667 x 10

of He~CO4 by 44.3 MeV protons after passage through various
of Shonka muscle. Curve A is for the undegraded beom. Curves B, C, D,

. , y /
E, and F are after passage through 0.22 Q.//Ci”ﬂ:z, C.44 g/cmz, G.66 g/cm?,

-

.
0.99 g/cm‘zf and 1.54 z/r.:mz, respectively.

material are the same as

Pathlength, proton energy, and absorbing

Fig. 1. Curvaes A, B, and C were obtained after possage of the beam th

Pathlength, proton energy, ond cheorbing matericl ore the i

Fig. 1. Curves A, B, C, and D were obtainad after
through 1.63 g/cmz, 1.74 g/cmZ, 1.79 g/cm‘z, and 1.85 g/cm'2 res: 1y

of Shonka muscle.
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