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ABSTRACT h L"“ﬁ:ip;il7?t~::?
If an ionization chamber consisting of a small cavity in solid e
material is placed in a field of non-ionizing radiation, then, under certain
conditions, there exists the following relationship:
Energy dissipated per unit volume of wall material =
average energy per ion pair in the gas X relative
stopping power for the ionizing secondaries X number of ion
pairs formed per unit volume in the gas.
This relationship has been known for many years. In order to apoly it to the
100 Mev neutron beam, it has been formulated in a sufficiently general fashion
so that it can be used without detailed knowledge of the nature of the inter-
action between the neutrons and the nuclei.
In order to determine the conditions under which the stated relationship
has beeh
is valid for the 100 Mev neutron beam, the ionization was studied as a function
of size of cavity, thiqkness of wall material, aﬁgvgﬁgaﬁfition of wall material.
The effects of neutron attenuation and backscatter wpe determined. The result
wg; a determination of the relative contribution of hydrogen, carbon, and
oxygen nuclei to the total energy dissipation in hydrogenous solids. The
measurements also yie1d4P a determination of the absolute value of the energy
flux of the neutron beam, which check;ﬂ closely with a simultaneous determination
made by an entirely different method.
The results can be used to calculate the energy dosage to t issue of known
composition from a monitored exposure to the neutron beam, with an accuracy of
about 10%. The results will also be useful in the future in developing the

theory of the interaction between 100 Mev neutrons and the light nuclei,

particularly with regard to star formetion,

12b3228
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I - Introduction

This paper presents information en:zscd regarding the interaction
€eCVp

of 100 MEV neutrons with light nuclei,Aby ionization chamber studies.

The central problem is the computation of the energy trensferred

from the neutron beam to an arbitrary solid composed of hydrogen,

carbon, and oxygen, that is to say, the determimation of the tissue

energy dose.

When the ionization chamber is to be used to study the properties
of a radiation field, there are in general two types of chamber which
may be used:; If the chamber is sufficiently large, so that when
placed in an external radiation field the secondary particles from
the walls make a negligible contribution to the observed ilonization
then the ionization depends only upon the radiation, and the pressure
and composition of the gas in the chamber. If the chamber, on the
other hand, is sufficiently small so that the observed ionization is
due only to the secondary particles from the walls, the contribution
from thegggnzsggsarising in the gas being negligible, then there is
sy - simple relationship between the radiation, the pressure and
composition of the gas, and the properties of the walls. An ion chamber
of intermediate size presents in general a much more difficult problem
in the analysis of the observed ionization. OSince a 10‘:;§ proton
has a range of about 1 meter in air, and a 100 W&¥ proton has a range
of 70 meters in air, it 1s clear that the small chamber is the avpro-
priate one for the present study.

The general approach is indicated by the Table of Contents.

Section II is a critical examination of the relationship between the

incident flux, the properties of the gas and the wall material, and

1263230
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the observed ionization in a cavity chamber. This section is guite
general in its language and application, applying to any non-ionizing
radiation flux (neutrons or g}otons). Section III consists of a
discussion of the special form which this relationship takes when
applied to the present case, and an evaluation of the constanis
needed. Sections IV and V present and discuss the experimental

applications to the neutron beam.

1263231
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ITI - The Brapg-Gray equatioll.

"1, Origin of the Equation.

The first quantitative discussion,known to the writer, of the

relationship between the observed ionization and the processes taking

). He was investigating the ranges of the recoil electrons
resulting from gamma rays. That part of his argument which concerns
us here may be stated as follows: Consider a substance uniformly
irradiated by iamma rays. The total length of the tracks of the re-
coil electrons crossing a small volume of arbitrary shape inside the
suvstance is proportional to the product of the intensity of the gamma
radiation, the mass coefficient of absorption of the gammas, and the
range of the secondary electrons, This product is independent of
density, uniformity of material, and crookedness of theiééﬁlﬁgg
tracks. The range in question need not be the same for all the part-
icles, but is an average. Suppose now that the small volume in
guestion 1s a vacuum. This will not change the distribution of

the electrons in its neighborhood, since any electron crossing the
cavity will not have its range in matter (measured, say, in mg./cmz)

If we ¥ssume Yhat elecrron Sca [TPrihg CBh ke hC/Ncred}
changed in amount or direction. Hence, the total length of the

. < )/\
paths of the e}etrons crossing the cavity is the same as for a similar
volume of wall material situated nearbvy. If now we introduceair
into the cavity, this conclusion will not be changed, provided the
cavity is not too large, nor the pressure too high. The extent to
which this last conclusion is valid may be tested, Bragg suggests,

n
by measuring ionization as a fﬁstion of pressure. If the relationship

is linear, the cavity does not affect the number of electrons crossing
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From this argument, we can at once write down, in modern termin-

ology, the desired relationship. For

E w By
length of path in unit volume = ————— @ = ————

(dE\ (dE

dx‘'w dx’g

where E_ and E, are the energies dissipated per unit volume in the

wall and in the air of the cavity, respectively, by the electrons
db

losing energy at the rate Gjig , with the appropriate subscript.

So then

(1) Ea_ = W'Nv = —-é—- Ey
where N§ is the number of ion pairs /cc/sec formed in the cavity, W
is the average encrgy per ion pair in air, and S is the stopping’
power of the wall material for electrons relative to air. This then
is the desired relationship, which we shall refer to as the Bragg-
Gray-equation. It was first stated in the guantitative form of

» as part of a cosmic ray investigffif§2:>

Eq. (1) by L. H. Gra%\in 192§,
His proof consisted in showing first,

( who deduced it independently.

by mathematical induction, that the distribution of the electrons

is not distvrbed in the neighborhood of the cavity, and then showing
by a rather elaborate geometrical argument that our Eq.(l) followed

from this fact. His stétement of the equation, and his formulation

of the conditions under which it is valid, are quite correct pro-

vided that his main assum)tion is justified, namely, that thS=DREEETTVS
W and
-auﬁ!ﬁ!!ﬁéi%ﬁﬂer S is independent of energy. However, his manner of

proof adds but little physical insight, so that it will not be

repeated here.
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A third derivation of the Bragg-Gray eguation was contributed
by G. C. Laurence 3) in 1965, who was discussing the measurcment of
the intensity of X-rays with energies above 500 kv. His very ingen-
ious approach to the problem is the basis of the detailed discussion
of the next section. The derivation of the Bragg-Gray equation given
there differs from that given by Laurence only in that it is somewhat
more general in its formulation, and it is in terms of the convention-
al functions used by modern physics. Laurence's rather complicated

Rttt el rcsult, which is in reality Eq.(1l) in its most
general form, will be shown %o be capable of quite a simple formula-
tion, without loss of generality.

The transfer of energy from the primar,, non-ionizing radiation
to the wall material takes place in two steps. First, ionizing
secondary particles are created by elastic or inclastic collisions
between the primary particles and the atoms of the walls, and these
ionizing particles then dissipate their energy by ionization and
excitation of the atoms near which they pass. As a result, if we
consider a region in the wall material sufficiently far from the
outer boundaries so that the yrimary radiation is in equilibrium
with its secondaries, the energy dissipated per ce. can be expressed

as

mi 00
(2) By = Z p 4 { Ey; k&3 B
- o
1

where n; is the number of atoms per cc of type i , Id® is the primary
flux in particle%/cmz/sec between E and E + dE,fyi is the average
energy of a secondary in a type 1 collision expressed as a fraction
of the energy of the primury particle, ki is the average number of

ionizing secondaries created in a type 1 collision, andog_ is the

1263234
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collision cross section of type i atoms for the production of
one or more ionizing particles. From this i1t follows at once that

Eq. (1) can be written in the explicit form

eend

1

v n,
(3) PE o S /ivi k, T,
Lo
1

where N is the number of ions formed per second in tvhe cavity, V
is the volume of the cavity, (I): flEdE is the primary energy
flux, and the bar signifies "average over the priuary energy spectrum
weighted witn the energy".

BEq{3) is c¢scentially the form of the Bragg-Gray equation which is
applied in the present investigution to the neutron beam from the
184-~inch cyclotron. In the next section it is derived in a somewhat

more general form.

2 -~ Detailed Cavity Theory

Consider a cavity of arbitrary shape in a solid material in a
radiation field. Suppose this to be non-ionizing radiation (neutrons
or photons). If the cavity is filled with air or some other gas,
ionization will appear in it, and under suitable conditions this can
be measured. Wo seek the relationship between the ionization in the
»cavity, the incident radiation flux, and the properties of the gas
and the solid.

Suppoece first that the radiation is monoenergetic, and parallel
to some 1ixed direction, say ® =0, Then the number of ionizing part-
ielos created por second in volume element dx dy dz at the origin,

with energy bLetween E and E. + dB,, and which travel in a direction

1 1 1’
lying within the solid anglegp , is just

1263235 4w
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. dw
am, = IN o f(@,B)) 4w dE;  dxdyds

where I 1is the flux of primary radiation in particles/cmz/sec,
n 1is the numbder of atoms/cc in the wall material assumed to be a
single elewent only, ¢~ is the cross section for collision with
producticn of ionizing particles, d w =sin@ d & a ¢, and
f(Q,El) d e dEl is the probability that an ionizing particle creat-
ed in the volume élement dx dy dz , will have an snergy in the
range E, + dEl, and a direction within the solid angle dw.
Assume first that the ionizing secondary particles reach the
cavity without deflection in the wall material. Suppose further that
the dimensions of the cavity are so small compared to the range in

(:;;\the gas of the cavity of the ionizing p;;zzzzgg, that the change

in energy of the particles in crossing the cavity can be neglected

in considering the stopping power of the gas. Then the number of ion
pairs created in the cavity per second, by the @y particles, due to
energy dissipated through ionization and excitation, is

54 (5y)
(4) = T,

a7 See diagram, page 11.

where W(Ez) is the average energy per ion pair in the gas of the

cavity for ions created by the ionizing particles, S_. is the stopping

a
power (energy loss per cm. taken as a positive number) in the gas
(air) of the cavity, ¢ is the distance across the cavity, and

Eg is the energy of an ionizing particle when it roaches the edge

of the cavity.

Then the number of ion pairs creatcd per second by all those

12b323b
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T1lustration for

Equation (4)
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secondaries created at energy El and thereafter travelling in the

positive x-direction, is just

n 4 P S
‘ a
(5) dn, I)(a- f(e,El) dwdEljjjt —— dx dy az
The integral is 00 oo X5 Sa(Es)
sz jdy dx t(y,2) T
-0 - 00 -r : 2)
X5

where %X, = X-coordinate of the cavity surface, and r = range in the
wall material of the ilonizing secondaries. Since the ionizing part-
icle 1is created at x with initial energy E,

de}(
E, =By - Sy (El’ x') ax!

s
OBy A (xg-x)

So dEy = 6(xo—x) 3% dx = S&,{El, Xy-x) dx = Sy (Ez) dx

where SW is the stopping of the wall material for the ionizing

secondaries. So now the integral becomes

+ 1
;’0 o dB t(y,z) % (2) =y 1 Sa
z dy 2 WE, Y Sy (B3) T
o

-00 -00

where V is the volume of the cavity. So now

" V El 1 Sa
(51) Ny = vif & £( 6, E‘)a.wa.t}f - = d&,
A

W
0

T
Let now f(El)dEl = dE. ’{\ ) By) sin @ a @ Agd = the

probab’ility than an ionizing secondary be created in.the energy
rangs By to  Ey + dEl. Then the number of ion sairs created per

second in thc cavity by sccondaries created with initial energies in

12b3238
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the range E; to E; dE;, and travelling thercafter in any

direction whatsoever, is just)

" dEH .
(6) N, = vxy e o f(El)d@ T g dE,
(8]

w

So finally, the total number df ioh pairs created per second in the

cavity is

n E Eq
N =VIo r(E,) 4E 5 LS4 4B
I?t j 1 1 i 3 2
o]

(7)

where E is the energy of the primary particles.

Before procceding further, let us rcmove the necessity for the
assumption that the ionizing particles are undeflecied in the wall
material. Suppose that, of the &% secondaries, a fraction © da d L
are scattered through an angle Ig'into a cone of solid angle d.fl,
after travelling a distance a in the original, x-direction.

Then Eq. (4) becomes

Sq (E,) S (EY)
aN, = B2 27 £ g7 (1-adagdfl) + 2 v'rl
17 Ty N ( W) o) t' a M (a dapd)
2 See diagram, n, 1¢
where 4' is the distance across the cavity in the new direction,
and E's is the energy of the scattercd particles on reaching the
eédge of the cavity. Then, to the triply-iterated integral following

equation (5) must be added the two integrals

( 3 5oL, r dx s
+a 4 a dy § ax t' 227 ¢ . v 28
a‘dﬂ}‘ z y) ax 1'7(1;[2_)_ cdafd sl dzj dy cosw Sos v v =
F1 o, s, .
= ada'dﬂ. v [ Sl deg

(¢}

1263239
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Illustration for Equation (7)
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These two integrals are equal, so that single scattering leaves the
ionization in the cavity uﬁchanged. Te argument is at oncc general-
ized to multiple scattering, giving the conclusion that Eg. (7) is
unchanged by scattering in the wall matecrial.
Eq. (7) asplies to a monoenergetic radiation field incident on
a solid containing a singlé type of atom, where the collisioh pro-
cess produces a single ionizing setondary. #*or the most general case,
the corresponding result can be written down by inspection, in the
form

E By (Sa(Ez)\ 2

he %2
N=7v jdE (L) &y (B, (8)) aE, £:(E.) | .-Irl ‘ dE
(5 Z%o i i 171 l)‘5’ “*i@g) \Svr(Eg)/i e

where I{E)dE is the incident particle flux in the cnergy interval
E 4+ a8, i 1is a subscript distinguishing the several types of
atoms in the wali material and the possible types of collision with
each, and k; is the average number of ionizing particles produced
in a type 1 <collision.

Now = SW/Sa is a standard function, the relative stopping

power. Let

)
R (p _ _}._ dEz
i "‘1) - El -—I—'é- -
(9) 4 i5
R; is just the mean value of the fuuction 1/ W.S,, averaged over
all ensrgies from zerc up to El. Then let
B
J Ey £1(E1) Ry (By) aBy
P, (E) = °
(10) : g
jc: B, £5(By) aBy

Pi is the mecan value of Ri for all the¢ ionizing particles produced

12b324 1
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by a primary of energy E in a type 1 collision. Then let

. .
1
(11) Yi= ?f Ey £(Ey) a8y
o]

?’i is evidently the average cnergy of a secondary particle in a
type 1 collision, expressed as a fraction oY the energy of the

orimary particle. Now equation (8} can be written

o0
=V E My j B IC7; k5 75 Py
i o

This can then be written in the simplified form

n;
(12) N=v ’bg # B Y, & oy
1

wherc @; = LZO EI(E) 4= is the primary energy
flux. The bar signifies "average over the primary cnergy spectrum
weighted with the primary cnergy".

Eq. (12) is the desired relationship Letween observed ioniza-
tion in the cavity, the priwary flux, and the >roperties of the .as
and the wall material., This result could have becn rcached by a
nuch simpler argument, in the following manner: Accepting the proofs
of Gray and Bragg, as demonstrating Eq.(3), we must still allow for
an energy dependence of W and S, Taking Fquation (1) as wvalid for
a given particle cnergy, we first form an average to take account
of the fact that particles created at a given energy arrive at the
cavity with all encrgies between zero and the initial energy. This
corresponds to Equation (9). Then we take another average, corres-
ponding to Eq. (10), to take into account the cnergy soread in the

Secondaries created by a given primery. Then a third average, taking

1263242
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account of the energy spread of the primary radiation and the number
of secondaries per collision, gives just Fquation (12). Thus the
present rather elaborate derivation contributes only a detailed under-
standing of the limitations of the final equation, rather than any
quantitative, new result. However, for those circumstances where
the dependence upon energy of relafive stopping powsr or energy per
ion oair is important and can be detetmined; Equation (12) presents
the possibility of a somewhat more accurate analysis of certain types
of ion chamber measurements than has thus far been attempted, with
the exception of the work of Laurence 5).

An examination of the discussion of this section will show that
the following conditions are explicitly or implicitly laid down for
the validity of Fguation (12):

1 - The dimensions of the cavity must be somewhat less than the
minirmum cange in the cavity of the ionizing oarticles arising
in the walls.

2 -~ The wall thickness must be at least as great as the maximum
range of the ionizing particles in the wall material.

3 - The variation in intensity of the primary radiation over
the region from which 4donizing particles reach the cavity
must be negligible.

4 - The ionization duc to secondaries created in the gas of the
cavity must be negligiuvle compared to ionization due to seec-
ondaries created in the walls.

5 - Sceattering of the ionizing particles in th; »as of the cav-
ity can be neglected.

These five conditions will be referrcd to as the "cavity condi-
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tions" and an ion chamber which mecets them, &s a "cavity chamber®.
The requirements imposed b& these cavity conditions form a large
part of the subsequent discussion, and of the experimental work.
It was tacitl& assumed that the wall material was uniform in
density. This is not required, for if all distancecs were measured
in, say, mg./cm? instead of cms., the proof would go through-unchanged
Thus the result is valid for walls not uniform in density. In

wall
fact, the ionization in a cavity chomber is independent oﬁqéensity

altogether, since tul-lé!E-ﬁU!Btty canccls out between P; and
n; . This result, pcrhaps at first sight surprising, is a result
of the second of the cavity conditions cited above.

While the derivation started with the specification that the
primary radiation be parallel, the result 1s independent of all
angular variables and of the shapc of the cavity. Thus the ilonization
in a cavity chamber is independent of the direction of the primary
radiation.

It is perhaps worth »ointing out thal, contrary to state-
ments frequently encountered in discussions of radiation dosimetry,
no assumption is made in arriving at gauation (12) or its simpler
equivalent Eq. (3), concerning the energy per ion pair in the wall
material., This quantity enters only when considering ionization
in the wall matcrial. While this is certainly a matter of consider-
able importance in studying the biclogical effects of radiation, it

will not be considered further in the present investigation.
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3. - Verification of the Bragg-dfay equation

If the relative stopping powor ond thc average energy per ion pair are

. |
independent of cncrgy, the general form Eq.(12), rocduces at once to Eg.{3):

i N
N = g%-—CPZ}{ Vi ki oy

(3)

In this form the relationship has bcen extensively tested: Gray 4) first made

a critical examination of the relationship, in discussing the absolutc dotermina-
tion of gammo-ray energy. First Gray shows that the average energy per ion pair,
W, and the relative stopping powor, S, for gﬁé;%%%ﬁ%;ons from gamma-rays are
constant with sufficient acecuracy for purposcs of application of Eq. (3). He
then points out that "the equation requires (1) that the ionization per unit
volume should be independent of the size of the chamber; (2) that the ionization
in a given chamber should be proportional to the gas pressure; (3) thot the
ionization in different chambers should be proportional to the gamma-ray cnergy
absorbed por unit volume of the wall materizl, and inversely as its stopping
power"., By a very careful serics of measurements on chambers of different sizcs
and differcent materials, filled with air at various prossures between 10 and 74
ems,, hc shows that the obscrvations satisfy these three requirements within a
fow percent in all cascg, and indicatc the basiec validity of the relationship

in question.

cohnection Wi th

Acborsold and Anslow 6) in,a very oxtensive sorics of measurements on the
5 ggg neutron becam of the 37-inch Borkeley cyclotron, mecasurcd gamma-ray ioniza-
tion as a function of pressurc, from about 10 cms. %o 76 cms., for some 16 dif-
ferent gases. Thosc measurements werce made with a filtercd Ra source. For all

the gases the ionization was accuratcely lincar with pressurc over the region

observed, From the rclative ionization in the diffcrent gases, they computed
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stopping powers by means of the Bragg-Gray cquation, and got values in close
agreement with alpha-particle stopping powers found by other observers. Similar
measurcments with air-filled thimble chambers made of some seven different mat-
orials, cxposed to gamma radiation, gave again ionization linear with pressurec
from a few cms. up to 80 cms. When they used thesc same thimble chembers in the
ncutron beam, they found the linear relationship to hold only when the pressure
was sufficicntly low so that the secondary particles from the wall completely
crosscd the chamber., The transition pressurcs, at which the cavity conditions
are no longer satisficd, are clearly visible on many of their curves.

The most extcnsive application and verification of the Bragg-Gray cquation
has been in connection with investigations of the medical problem of X-ray and
gamma—fay dosimotry. A suwamary of the work in this ficld through 1939, giving
references to the many original papers, 1s contained in the review articlc by
Kaye, Bell, Binks, and Perry 11}, A more recent summary is given in somc of the
articlcs in the referencc volume entitled Medical Physics 10). While the work
reported in these articles is concerncd primarily witp determining actual tissue
doses, thc qxtrapolation chamber devcloped by Failla for accomplishing this
furnishes a very valuablc means of vorifying the Bragg-Gray equation. The
extrapolation chamber, decscribed in detail in the last two refercnces, is simply
a parallel-plate jonization chamber so designed that the spacing between the
plates can be varicd within wide limits. If then the ionization per unit volume
is determined as a function of the plate spacing, it will be found to approach
a limiting valuo indepcndent of platc spacing as the platc spacing is decrcascd,
This again is just the behavior prcdictcd by the Bragg-Gray cquation.

Thus it is rcasoncble to consider thﬁt the Brogg-Gray cquation has beon
verifiod, and can be accoptod without rescrvations. Tho problem in applying it

is the determination of the exact conditions under which it is valid for a
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particular radiation ficld. Under some circumstenccs it would be difficult or
impossible %o construct an ion chamber mecting the cavity conditions with any
accuracy.

The first two of the cavity conditions cited cwgigmeiEdR,rolating to
the dimonsions of the cavity and the thickness of tho walls, arc to be considercd
as experimental requircments to be oxamined scparstcly for oach radiation field.
Thoe third, having to do with the variation in the inteonsity of the primary
radiation in the ncighborhood of the cavity, will normally be a correction to
be applied to the observed ionization. The last two, relating to the contribution
to the observed ionization by the gas of the cavity, can be considered as satis-
Tied by any experimental sct-up where the obscrved ionizotion per unit volume is
either lincar with pressurc from the oporating prossurc down to zero, or indepen-
dent of theo size of the ion chambcr from the operating size down to zcro. This
last statement is due tp the foet that thoe ionizetion per unit volume (or the
cnergy dissipated per unit volume) duc to collisions between the primary radia-
tion and the gos of the cavity, is not given by an oxpression of the form of
Eq. {2), but is proportionzl to thc stopping powcr of tho gas itself, ond to
an average dimension of the cavity, and thus must go to zero with either of these
quentities. Likewise scattering by the gas of the cavity of secondarics arig-
inating in tho walls must approach zoro for the limiting case of either zero

volumc or zero gas.
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IIT - Application of the Cawvity Chamber to the 100 MEV Neutron Beam.

1. ~ General Equations

The problem of the determination of the energy transfer from a neutron beam
to an hydrogenous solid was discussed in great detail by Gray'5) in 1944, His
equation is equivalent to Eq. (3) of the present discussion, provided that for
the fractional energy;transfer from a neutron to a nuclear secondary particle we

can use the value appropriate to an el@dstic collision isotropic in the center of

mass coordinates, that is, in the present notation,

y 2As
(13) ik = TR

wﬁere Ai is the atomic weight of the recoiling atom. As Gray points out, this is
certainly a reasonable assumption for hydrogen recoils up to 10 ME¥ or so, and
need be only approximately true for other light nuclei, since most of the energy
transferred to an hydrogenous solid will be due to hydrogen recoils for neutron
energies below 10 8. For a reasonably monosnergetic neutron beam with energy

of a few ¥#8¥, his very lucid and detailed discussion of the accurac& of this meth.
od of determining energy transfer from neutrons is certainly valid. But if the
beam of neutrons has a wide energy spectrum, and particularly if there are many
neutrons below a few ﬁhég: the accuracy of the simple Eg, (3) will be much less,
since in that energy region both the relative stopping power for protons, and

the collision cross section for hydrogen are strong functions of the energy. It

would seem that a somewhat more accurate application of the method might result

from using the averages expressed in Egs. (9), (10), and (12).

Gray's discussion of stopping powers and average energies per ion pair
is used to secure the values of these functions for the present investigation.

Beyond that his formulation of the problem is not applicable to neutrons ~with
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; éﬁ?ﬂkqies reasured in tens of Mev. The wave-length of & 20 llev neutron isﬁ;:}-ﬁ“‘

’ 1978 x 1013 cm, of a 100 iev neutron is aiout 0.5 x 1073 cm, while the radiu

'z)is

3$i;® x 10—13 cme As a result, elastic ¢7/ collisions do not occur in this ene t&,ﬂ

bﬁféthe carbon nucleus computed from the scattering of 100 iev neutrons

.

g
g | The actfﬁl,.
|
i
g

Lﬁ?ﬂ%ion.

collision process, discussed in more detail below, may result in the producti&n
¥ .
{
ofﬁprotons, alpha-particles, residual nuclei, and neutrons, with energies betWeen

. the primary neutron energy and a few MBW. Thus the energy transfer process is

T p—

?éﬁy different from that at lower energies, and calls for a somewhat different

formulation gl ARA AN

Eq. (12) can be written in the form

———

(14)
Z_ M 7)) Xy - “<1§' =0

i
where Xi = 7ikfri , and where it is supposed that the average of 1 / W S, as

expressed by Egs. (9) and (10), is nearly enough independent of energy over the

-\

primary energy spectrum to be removed from the integral indicated by the bar.
this equation the quantities in parentheses are to be congidered as numsriecal

constants which depend upon the nature of the ion chamber and the observed ioniza-
tion, while the Xi's and @ are to be con;idered as unknowns dependent only on
the primery energy flux and the nature of the interaction between the neutron
beaﬁ and.the separate atoms, but‘ihdependent of the special condifioﬁs of the
experimental ion chambers. Thus, if we determine the ionization in a number of
different chambers under suitable conditions, including identical neutron flux,
then Eq. (14) will give a set of linear, simultaneous, homogeneous equation in

the unknowns X, and 1/ § . If there is 4@ sufficient number of equations, all of

the unknowns but one can be determined.
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The present investigation is limited to materials containing hydrogen,
carbon, and oxygen. This method is applicd, and values are determined for X,

Xy, and @ in terms of XH— Numgrical values are then secured by estimating XH
aulndeflﬂJfﬂt
from data secured in as,&%er experiment.

Thus, even in the absence of detailed information about the collision

process between the beam neutrons and the carbon and oxygen nuclei, we will be
able to calculate both the energy flux of the beam and the energy transfer to
hydrogenous solids., For th: energy per cm® per second delivered to a sclid at

a depth greaster than the maximum range of the reccil particles, is just

n,
T — ;
= 60> A X,
(15) v b i i . i
' i
Thus to the accuracy that the stopping powers and can be computcd, the energy

dose to an arbitrary solid can be computeds from The weolwon £IUX

The function Pi of Eq. (14), defined in Egs. (9) and (10), represents

essentially an average reciprocal stopping power, since the average snergy per

. , , dsso Med, ,

ion pair, W, will be seami_tg-be—remsunximm constant. To be strictly accurate,
vi:e subscript 1 should be given values to differentiate the different types of
collision with a single nucleus. It will be shown however that the rcciprocal

P‘

stopping powers arc ncarly constant Jenough) to make this unnccessary. Apparently
the stopping powers of the protons, alphas, and residual nuclei from a neutron-

carbon collision can be characterized by a single number with sufficient accuracy

for the present investigation.

Thus far all equations were expressed tacitly in cgs. units. For purposes

of calculation, Eq. (14) is written in the form

(16) Z Gi‘_ll_ P;) /\<L1 L 10.43 (_.\I;_> /"—;T): 0
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where fi i1s the fractional part by weight of clement 1 in the wall material,

A; is the atomic weight of olement i, P; is the average of (1/ Siwi) defined by
Eqs. (9) and (10), S, is the stopping power of the wall material relative %o

the gas in the cavity for the ionizing recoil particles, Wi is the average

energy per ion pair cxpressed ih ev/ion pair, Xi==3ZE;§; where 93. is the

energy of the average sccondary particle expressed as a fraction of the energy

of the primary neutron, ki is the average number of ionizing recoils per colli-
sion cri is the cross section in barns for the production of one or more ionizing
particles, the bar indicates an average over the primary energy spcctrum weighted
with the energy, I is the ion current in the cavity chamber in micro-micro-amp~
eres, V is the volume of the cavity chamber in cec., and @ is the primary energy
flux in Mev/cmz/sec. These arc the units which arc used in the calculations
which follow,

If charge is measurcd instead of current, the equation becomes

(17) . g
E ~ 5 ¢ 1
o B )(1 - 3,48 x 10° - = o

i
i

whoere Q is the charge created in the chamber in esu/cc and t is the time of

observation in scconds.

It is customary in this country at the present time to express cnergy
dosages in units of the "roentgen equivalent physical', written rep. One rep=83
ergs per gram dclivered cnergy, a number eslevated to the position of a unit be~
cause it happens to be tho rate at which cnergy is transferred to air when the

lonization in air by a beam of X-rays is one esu/cc (one rocntgen). Then Eg. (15)

becomes in the units used in the present calculations

£, -
(18) E, =1.16¢ x 10°° @ X rep/sce

1
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If Eq. (16) and (17) are solved for the nrimary flux and this is substituted

in Eq. (18), the energy dosare is expressed in the equations

(> f5 ;x:
- I — -
(19) By = 1.214 x 1077 'V;" i 1 i: 2 rep/sec
f.
' ‘ 2?? = Fy X \
\ = Ay il
1
(Zﬁ LY
(20) E, = 4.05x107° & 1 i Y3/ 2 rep
- £
. ir \
\ z A l){
o

where the subscript 1 indicates the cavity chamber with which the measurements
are carried out, and the subscriot 2 indicates the solid, presumably tissue,

for which the energy dosage is calculated.
The density of the solid materials does not a-pear in any of the Egs. (16)

to (20). It is absent from Egs. (18) to (20) because of the definition of the

rep. It was dropped in writing Egs. (16) and (17) because the product nyP; is

independent of ensity, e
As a result, all stopping rower functions will be calculated for materials of
wnit density, which will give the correct stopping powers for substitution in

Tes. (16) to (20).

Eq. (16) is the basis of the analysis of the ion chamber measurements made
in the present investigation. Egs. (19) and (20) are the basis of the application
of the result to the calculation of energy dosages. It is noteworthy that,
even though E@. (16) is a homogeneous equation, so that the analysis will give
Xc/Xy, and XO/XH, Egs. (19) and (20) will allow calculation of the energy dosage
without assigning a value to Xys Thus the energy dosage problem is completely
soluble in terms of quantities determined by the present ion chamber measurements,
without recourse to data from other expveriments, or detailed knowledge of the

processes of energy transfer from the neutrons to the nuclel of interest.
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The uniquc aspect of the present formulation lics just in the recognition
that, cven though our knowledge of the details of cenorgy transfer is very vague,
there is still a quantity, designatcd herc by Xi, which characterizes s 2
collision and which can bc determinced by ionization mecasuroments, and which is in
fact just tho quantity necded to make cnorgy dosage calculations.

That this formulation has’'not bcen used before is not to be wonderad at.
At lower ncutron cnergics the problem is guite different. Below about 10 ggfd-
nocutron collisions with the light nuclei will be clastie, and it will be suffi-~
cicntly accurate for dosage calculation to assume isotropic scattering, as in
Eq. (13). Since the cnergy transferred to the carbon and oxygen atoms in hydro-
genous solids will be .not over 10% of the total cnergy transfer, some anisotropy
in the scattering of the neutrons by carbon and oxygen will not introduce a great
crror into the application of Eq. (15). Ion chambcer measuremcnts on neutrons of
thesc encergies are best made, not with a cavity chambor, but with a chamber
sufficiently large so that the contribution to the ionization of the recoil nucled
from carbon and oxygen will be negligible comparcd to the ionization from the
rccoil protons from the hydrogen of the wall material. This is casily done,
sinec the maximum rangc of thc recoil nuclei from an 8 Mev neutron is 3.6 and 2.8
mn. for carbon and oxygen rcspoctively, comparcd to 77 cms. for a recoil proton.
The nocecssity for this ariscs from the almost completc lack of information about
the stopping powers and average cnergy per ion pair for carbon and oxygen rccoil
nuclei. 1In his very dotailed and careful discussion of the measurement of neutron
flux by ionization methods, Gray 5) considers all theso problems in dotail, and
then concludes that "the absolutc determination of the ncutron cnergy absorbed
per unit volume of a solid hydrocarbon....is attonded by an uncertainty of about
5%". Thus, in thc ncutron energy rogion of a fOW'gggg: the present formulation is

UNNGCCeSSary.
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bd&;ﬁou *ﬂll ve striotly independent of energye.

W eviswed the experimental evidenee in detail. He oconoludes that
e Ve 13 ﬁw. h}xr oStimare
86.%:? the vdu' of W for a proton of initial energy 245 Mev or higher, while
¥ is s,mt 10% 'hl.gher for a proton of initial energy 0.35 Mev. He gives valuss
of V&fr/ alpha partiocles as 4}3 lower than for a preton of the ganme veloolty.

m/dl’o lhbc value of W for particles of given ingtantansous energy to be abouk

Cﬁ hn!mun for parti.cln of & given initial energy. (Thess experimental
Ml/ hwiuda the effect of delta rays)e

}/m of Bqus (9) to (12) S0 would require values of W for the apeotrum
of t;z-ﬁmmuu eneygies of all the secondary particles, The approximate constantey
of ﬁ allows the use of Eqe (14) and subsequent equations, insteads Due to the
inadqquaey of ﬁhp data on W at very high and very low encrgin. and dus alse to
unoertainty avor: the exact uature of tho loniring sscondaries arising from

e oviseiing  She neutron bu,m studied here, it Lt not possible to say precigely what is the

best average vqluo of W to uge. Yo shall adopt here the value
i W = 8640 ev / on pair
with the understanding that &t carries an unsertainty of about B

s
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8o » Average energy per ion pair

It Lo well known that the average energy spent by an fonising partiole
in produoing an ion pair is on the order of 36 ov/ion pair, and is more or less
indgpendent of the energy, mass, and charge of the ionising particle, and of
the nature of the gas in whish the fomigzation 1s produceds These propertiss are
reasonably well accounted for by the labest theoriesl) though the agresment
betwoen theory and experiment is not suffioliently good to allow use of ethey
than experimentallysdetormined values in calculationg involving uniuﬁton y!.cidg.
such as the preasnt,

The value of W, the averags ensygy per lfon mir. with which we are hepe
concerned is not just that for a fast proton or alpha partiocle. lea mmt«“’
that for protons between 1 and 10 lev, about half the totel fonigation is
primary, and about half is due to the delta rays (sleotrons of suffioSent onergy
%o produce secondary ionisetion), He further estimates thet only about 3% of
the delta reys are of ensrgy greater than 1000 eve (These caloulations were made
for thﬂu.‘ but apply qualitatively to air , or to the material used in the
present investigation)s Thus in the present case about half the lonization will
be prodused by heavy partioles with onergles ofm of liav, and atout half by
electrons with energlos of hundreds of ev. The appropriate value of W, them,
arises fiom a combingtion of these two quite different cases. Thnry“) shows
that we can expeot that the W for the primary fonisatfonsty heavy particles with
energies above 1 Mev will remain essentially constant, while the W for the fone
isations by electrons with energies in the ‘neighborhood of 1000 ev will be n
faot somewhat dependent upon eleotron energy. 8inge the mrg'du*hrlmm
of the delta rays will bs to some extent dependent upon the snergy of the primary
heavy partiels, wo camot expoet that the aotus) YYs(f value of W for all the
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2/ - Avdjage Encrgy per ion pair

All of the detgrmi

nations of

ummafized and discyfssed criticallyfby Gday 5). Fromghi
39,5 ev. / i

s in the

3., - Proton stopping powers

The experimental and theorcetical data availablc on the étopping power of
protons rclative to air has been discusscd and summarized by Gray 5). He has
tabulated the relative atomic stopping power for protons of hydrogen, carbon, &nd
osygen, up to 14 5%%{ Using the Bethe formula 13}, his values have been extrapc-
lated to 200 ;g%{ There is good reason to believe that this is a reliable pro-
ccdure, since the experimental and theorctical difficultics lie in the region
S¢low one w

The Bethe formula wes fitted to Gray's valucs at 14 MEV by taking for i
~cnization potential of air 80.5 ev., 13) and solving for the ionization potcn®iz”
of hydrogen, carbon, and oxygen. These turned out to be 11.1, 67, and 96 ev g,
respectively. Then, using these values, the relative stopping powers were cal-
culated from 4-‘\& to 200 (s\%‘wr The recsults, along with Gray's values, are given
in Table 1. As is to be cxpected, the values calculated by the simple formula
used here, diverge appreciably from the valucs given by Gray for cnergios below
about 8 Mcv, since no K-shell correction has been used, A simple calculation

siowod that the Fermi offect nceed not be ‘included in proton stopping powors

for onergies below about 1.5 B,
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Tablc 1.
Relativo atomic stopping powers for protons. Columns hcaded "Gray®™ are takon

from Reference 5, p. 77. Columns headed “calc.” are calculated by the Bethe
formula, adjusted to Gray's values at 14 3.

PROTON ENERGY HYDROGEN CARBON OXYGEN
% Gray Calc Gray Cale Gray Calc
.05 .380 - 3 -~
.1 .358 - -
.2 .316 - ~
4 .269 .926 1.031
.6 .248 .918 1.045
.8 .238 .909 1.051
1.0 .231 .903 1,054
1.5 .221 .894 1.060
2.0 214 .889 1.063
2.5 .209 .885 1.066
3.0 .206 .883 1.068
3.5 . 203 .880 1.069
4,0 201  .197 .878 .863 1.070 1.069
6.0 .194 193 872  .862 1.072 1.072
8.0 .190  .190 .867 .859 1.074 1.075
10 .188 .,188 .863 .860 1.075 1.075
12 .186 186 .860 .858 1.076 1.076
14 .185  ,185 .857 .857 1.077 1.077
20 .182 .855 1.080
25 .181 .854 1.081
50 177 .852 1.083
100 .174 .850 1.086
150 172 .849 1.087
200 171 .850 1.087

RN

relative g“']
In using these/acomic stopping powers to compute relative ‘i -

opping powers lor var.ous materials, the uelta rays wili be i

gnored, The justification i1or tnes lies siaply 1u tue very #

W

! . : ¥
hort ranges ol low energy elections. A 1lUU0 ev elecciron hus &

ange in air of nrovably consiuerably less vhan 50 microns..ThQ
he delta rays origlnating in oune wall material o: YAg/id/
wﬁﬁﬂVenLional lon chambers wily nuu contrivawe ap, ieelacly o
‘fonization wemsurec 1u one gis OL tir. Criiibele
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4. - Constants of the Materials Used.

The materials used in thoesc ionization studics werce chosen so as to give a
wide range of composition of the three atoms carbon, hydrogen, and oxygen. The
composition and density of the materials uscd are listed in fable 2, The col-
umns hcaded “fi/Ai" give the parts by weight over the atomic weight for carbon,
hydrogen, and oxygen. Thesce are convenient coefficicents to use in the calcula-
tions involving total ionization. The source of the information listecd in table
2 is given in the following paragraphs.

Carbon: The carbon used was a good guality, finc-grained matcerial. The
density of the samples used varicd slightly, with an averagc about that tabulated.
Thesc density variations, within about i;Z%, wore disrcgarded cxcept in cross
scction mcasurcments, where the measurcd density of the sample was used in the
calculation. QMT x Fno(—e.ss(onal/ o'fé&m. ah&‘q&t)

Pareffin: The composition was determincd by dircet analysis, and the densit:
was moasured. This was cxcoptionally purc and uniform.

Polystyrcne: No cnalysis was made, beyond moasurcment of the density, whioh
was found to be uniform between differcont samples. It wos assumed that the
Jolystyrene was pure, polymexizid styronc.

Lucitc: This is the trade name of the methyl mothacrylate resin produccd
Yy the duPont Co. The composition was determined by dircet analysis of onc san-
ple, and the density by measurcment of several samples. The density was unifoos

Plexiglass: This is fhe trade name of thoe methyl methacrylate resin pro-
duced by Rohm and Hees Co. The composition was determined by direct analysis,
and the density by measurcment. The dcnsity wos uniform.

Woter: That uscd wos tap water. Composition and density assumed to bo
the valucs for pure water.

Oxalic Acid: That used wos in tho crystolline form, roagent grade, the
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Toren as
water of crystallizationretatod by the monufocturcr. No density meacsurement was

made.

Lactose: Same comments as oxalie acid.

Table 2

Composition and density of materials uscd cs ionization chomber walls.

Substance Formula Density Pte By Wt.-f3 £3/84
C E 0 i ¢ H 0
Carbon c 1.59 100§ 1 - | .0833] - -
Paraffin CHs op .909 .8521.1478 | - .07091.1466 § -
Polystyrenc CeHg 1.05 .922t.0775 | - .0768{.0768 { -
Lucite - 1.18 .6081.0802 |.312{ .0506!.0796 | .0195
Plexigless - 1.18 .321; .05011.0774 | .0201
Wator Hs0 1.00 .e88] - |.1110] .0555
Oxalic Acid | (COgH) g+RHs0 - " l
Lactose C12H22Q,;H20 - { 2533 ‘.03553.0666!/.0535
N b —— { Ll J -
! M o |
i , ) 80 ,7{.9\ IOISq 0476

Using the ctomic stopping powcrs of Tablc 1 and tho composition coefficle..’
*I Table 2, stopping powers heve boen computed for the substances used as jon
yamber wall material, Thesge ~ve listed in Table 3. The table gives the re-
riprocal of the stopping power at vorious enerzies, and the averagoe of these
stopping powers from O up to the cnergics tabulated. The calculations - werc

made with the formulas

where 84 is the rolative atomic stopping powor from Table 1.

A, is the average otomic weight of air = 14.55, and d, is the density of
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air = 1.205 x 103 at 20° C. and 76 cms.
Me.-

The values of the stopping powers bolow 1 MB arc not at all certain. Thus
the avercges T7§_ can hardly be cxpected to be accuratc to more than several
percent. The difference betwecon the values of 1/S and i7§ at a given energy
may be teken as on indication of the amount of uncortainty in the stopping powers
to bo used in the calculations.

In calculating Table 3, Gray's valucs of the atomic stopping powers werc
used up to 14 M=Y and the extrepolated values beyond that. Thosc stopping powers
werc plotted, and values read from the graphs to securc sufficicntly small inter-
vels to make the numorical integrations. The density of the substances listed in
Table 3 was taken as unity for the stopping power colculations, since this is the
appropriate stopping power for usc in Egs. (16) to (20).

Tablec 3
Reciprocal stopping power for protons rclative to gir for substances uscd in
ionization chambor walls. Rows marked "1/S" give the reciprocal of the relative
stopping power for protons at tho cnergy listed, for the substance listed. Rowe

marked W1/S" give the average of 1/S from O out to the encrgy listed. [78“51rq
Taken as Uht?j\

Mo~
wnorey 0.0 .4 1.0 3.0 10 _ 30 100 _ ¥
“arbon i/8 0.99 l.07 1,10 1.12 1.15 1.16 1.17 3072

' /5 0.99 1,03 1,06 1.10 1.13  1.15 1.16 X10-9
vavrin | /5 0.38 .79 .84 .89 .93 .95 .96 X10-9
R T7¢ 0.38 .58 .72 .82 .89 .92 .95 X10-9
olvstvpone LS 0:54 .90 .95 .99 1.02 104 1.05 X072
OLYSLYTONC 755 0.54 .72 .84 .93 .98 1.02 1.04 X10”
Lueit 1/s 0.57 .95 .99 1.02 1.05 1.06 1,07 X10°%

¢ /8 0.57 .76 .89 .97 1.02 1,04 1.06 x10-3
Wotor 1/s 0.50 .95 .98 1.0l 1.03 1.03 1,04 X10-9
/S 0.50 .71 .86 .95 1.00 1.02 1,03 X109

Lactose 1/8 0.62 1.00 1.03 1.05 1.08 1.08 1.09 X10-3

: I ID X107
Vo 1K1~ ] L3

Oxalic Acid 1/s8

a
L s e e

u?%f TLE
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Proton ranges of sufficicnt accuracy for the presont cxperimental data
have been calculated by approximote methods from cccurcte range data in certain
matoridls. The range-cnorgy rclztion for carbon is given over a wide encrgy
region in Referonce 15. A range~oncrgy rclation for paraffin up to 15 ¥
is given in Reference 16, which also gives accurate stopping numbers for hydro-

ML~ Moo
gen and carbon up to 15 M#¥, and for oxygen up to 3-8V, Rcference 15 gives

stopping cross scetions up to 10 £g§i In Figs. 1 and 2 arc given the range-
energy curves for carbon, paraffin, and polystyrcne. Carbon is taken from
ref. 15, Paraffin is from ref. 16 up to 15 ;gst and is computed from the carbon
curve for higher cnergies. Polystyrenc is intorpolated between the carbon and
paraffin curves up to 15 ﬁé;{.and is computed from thc carbon curve at higher
gnergics.

Certain other substances may be of interest, and factors for computing
their ranges from the carbon range arc given in Toble 4. '"Meth. Resinv pefors

to cither of the methylmethacrylate resins, Flexiglass or Lueite, taken to

have the composition C Hy 56 @ 394. Tissuc is taken to have the composition

Y HB.G' 04.08> Which is arrived at by teking the formula for wet tissuc given
by Lea, 12) aking the 4% nitrogen by weight cnd splitting it between carbon and

oxygen.,

Table 4

Proton ranges in various material ive i ang
_ : s rclative to the range in carbon, all p s
in mg./cm.iyj g ’ °

Meo—

Enorgy, ME¥ 1 4+ 3 10 ; 30 ! 100
i e o o
Meth. Resin 94,93 . .92 .92, .92
s e e e e imm e — e - - S N B ....~~-_.}._--—_~
Water .65 | .60 .55 ° .55 | .56
- r———— v . = - S - - é - ‘..‘...L_. — - —— 4’__ »»»»»»» —.-F———o»»—v-
Tissuo .98 | .95 ¢ .93 ' .92 | ,93
T A S R R T
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The computation o1 trne aporonimete ranges is mote iu the

following iasniong The weli-kuoan Beihe Lueory oi wnergy loss

7

Ly cunargec parvicles gives the range L 0f a chargeu article
in the 1orm

E
EdE fom®
R = constant x — Yng fom
Z %
0 (A
+here By 1s the atoamilc stepoing number, aefised im the conven-
tional iasiiOll, 10X dubw O Lype 1 , sk Lus Oulcr pymiLols are

Laose useu earlier ia th.sparagraph. Prom this. «o way wiite

Ra _ (ZEfBI).
R (358

where the subscripts 1

anu < diuulceuate two Jif erent substances,
and the ranges arc vouh in mg./cw.*. vhais is valia provides that
the

ratio on tue right hant siuve is acproximately lnuepeadent of
energy. This is in fact che Cuse Ior the subs.ances for which

apyroximate roiges have beern 2ven in torms o She Tnzge in carbon.

e

Tigures 1 anu £, ana table 4, have becn computec by estimating the
tinis
rvernge valuc ou YA ratio ior the encrgies given.

This method of range calculution, as well a- Lhe siop:ing

COWET calculations, are based u.on the assumed valialty of simply
aading stop ing n.mbers (or rilative sitop ing sowers), “anlle it
cannot be exactly correct to disregard the ZUFMLLAL/£¥/ efiect of

chemical bonds, it has beeu s..o.n experimentally that it is val.d
range oi accuracy 5) ‘
to do so within the Y{fg¢ or ordinary experimentation.
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IV - Experimental Results

1. Prelimincry “ecsurements. The Lxtr.polation Chrmber

When it was first decided to investigate the energy transfer prob-
lem with the 100 MEW neutron beam, there was very little information available
about the secondary particles to be expected. Cloud chamber pictures at that time
had already shown that in at least some of the neutron collisions with carbon and
oxygen nuclei, stars were formed, some of the prongs of which were relatively
short rvnge, heavily-ionizing particles. Thus it was considered possible that
most of the energy delivered to a solid by the neutrons was dissipated by part-
icles of very short range in air, perhaps as small as a few millimeters. In
order to investigate this, a variable-spacing parallel plate ionization chamber,
called here an “"extrapolation chamber®, was designed.

The extrapolation principle, the origin of which was discussed
above, has been very extensively used in X-ray and gamma-ray investigations. As
it is generally used, the ionization between the plates of a parallel-plate
chamber is observed as a function of the spacing of the plates. If the measured
ionization is proportional to the plate spacing, then the chamber is a true

-

cavity ch bei as defined in the present discussion, and the Brageg-Gray equation

Wy Pw/waf«? be a jo{led, Fov low enetdy Tadatioq the § acm?y

« may have to be very small before this condition is met. The name is derived
from the notion that, if the volume ionization is plotted against the spacing,
it may be extrapolated to zero spacing, thus giving the volume ionization for
an’infinitely thin chamber.

The extrapclation chamber as designed for the present purpose is

shown schematically in Figure 3. ‘Vhen the plate spacing is very small, it is a
plastic sphere, 5 inches in diameter. Part Ais a screw, 2 inches in diameter,

with a pitch of 10 threads per inch., The surface betwsen parts B and C is a

plane through the center of the sphere. Part C is fastened firmly to part B by
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eight screws, one of which is shown. Part D fits snugly into part C to complete
the sphere, but slips off in order to mount the chamber on the electrometer.

The top, round surface of screw A is divided so that the scrow can be set to

the nearest thousandth of an inch. Surfaces are rendered conducting by painting
with a coating of graphite. By putting similar graphite coatings on weighed
pieces of mica, it was found that the graphite coatings used were not thicker than

0.1 mg./cm®., 2

The anode is the bottom surface of screw A, and the cathode
and collecting electrode is the upper surface of C. The collecting electirode
is separated from the guard ring by a very fine line scribsd on the upper sur-
face of C. This isolates a central, circular electrode 1 3/4 inches in diameter
from the guard ring by line not over a few thousandths of an inch wide.
Connection to the anode, and to the cathode guard ring is made by graphite
paths that lead through small heoles %o small screws on the surface of the sphers.
Electrical contact with the collection electrode is made through a small hole
(#80 drill, 0.0135"diameter) which goes through part C about 1/16% off center,
and which meets on the lower side of C a counterbore 1/8% in diameter and 0;010"
déep, the hole and counter-bore being coated with graphite. In Figure 3 the
collecting electrode and guard ring are shown as very heavy lines for clarity,
though in the chamber the graphite coatings are of negligible thickness.

The extrapolation chamber was made from Lucite. It was made
spherical because at the time it was designed, the neutron beam of the 184w

Cyclotron was not well collimated, and it was believed there was s strong isotrop-

ic background radiation. In order to measure this background, it was felt that

The most convenient form of graphite used was colloidal graphite suspended
in ethyl alcohol,furnished by Acheson Colloids Corp., with the designation
"Dag? Dispersion No.l54.

)
This method is due to G. Failla.
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an essentially non-directional detector would be needed, By the time the
experimental work had progressed to serious ionization measurements on the
neutron beam, the problems of shielding and collimation had been solved, and

it was possible t9;W8£¥y%P a sharply~defined beam. As a result, the sphericity
of the extrapolationrelayed no role in the experimentation.

The Lindemann electrometer used with the extrapolation chamber was

s

essentially that described in reference 18, The electrométer éircuit'wasu
a conventional null-type circuit, in which the accumulated charge is calculated
from the voltage required to return the e%igzgometer needle to zero by pulling
the charge onto a capacity of known value &%O.22 cms.). Because the ion chamber
was placed in an external radiation field, a bridge-type circuit, as described
in Ref.18, was not used, since the balancing condenser would be irradiated at
the same time as the detection chamber.

The method of using the extrapolation chamber is as follows: A
battery is attached between ths anode connection and the guard ring connection,
with sufficient voltage to give about 100 V/cm. field. *ith D removed, the
chamber is placed on the electrometer, bringing the flexible contact needle
of the Lindemann electrometer assembly into contact at the center of the bottom
side of €, as indicated by the arrow. The needle at this time is grounded to
the case of the electrometer assembly, which is also connected to the battery
negative and to the guard ring. Then the chamber is carefully removed from the
electrometer, part D slipped into place, and the chamber placed in the desired
position and irradiated. Then part D is removed, the chamber placed back on
the electrometer, and the needle ungrounded just before making contact with the
collection electrode. Just at the instant of contact, the compensating voltage
is applied, so as to prevent the Lindemann fiber's sweeping far off scale and

producing a false reading due to hysteresis‘yjmlth@ fiber system.
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The battery is left connected to the chamber during the entire
process, and the battery negative is kept grounded to the electrometer case
through a wire sufficiently long to allow moving the chamber to tlie place of
irradiation. Thus the only make and break is at the collection electrode, and
this is done in a field-free region, excepting for contact potentials and a
small field due to the acquired charge. :henever the a-c fields were large
enough to produce appreciable readings due to a-c pickup, the entire chamber
and its battery system were shielded during the make and break process.

The sensitivity limitation was the background charge, as determined
by a blank run. - This was never the background radiation, but was a "false"®
background due apparently to induced voltages, contact potentials, etc. The
order of magnitude of the background observed was about 1% of the charge given
by 1 mg. of Ra. at a distance of 30 cms, for the maximum usable chamber spacing.
The background was essentially constant with spacing of the chamber, but depend-
ed upon the care with which the manipulations wers carried out. Unpder the some-
times Tar from ideal condition which obtained in work in and near the cyclotron
beam, the background was larger than for the best laboratory conditions. The
heavy exposures available in the beam, however, made the background corrections
sufficiently small so that the accuracy remained about a few percent, for a
single reading.

The screw zero was determined by measuring the capacity of the
chamber against the fixed condenser. The usable spacing was determined by plot-
ting Cd against 4, where C is the measured capacity of the chamber and d is the
spacing between the electrodes. Cd was found to be constant, as it must be for
a proper parallel-plate condenser, from a spacing of .025 mm. up to 1 cm., within
1/2%. Beyond 1 cm. Cd was no longer constant, indicating that the guard rings

were not maintaining a parallel field over the collection electrode. All
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subsequent measurements were made with spacings not over 1 cm.

The extrapolation chamber was tested, and the techniques of handling
it werc developed with Ra and Ra-Be sources., Very great care was needed in man-
ipulating the chamber, and much time was consumed in developing the rather
special techniques needed to keep the background of induced charge low, ‘“hen it
was possible to make reliable measurements on the fixed sources, the observed
volume ionization was independent of electrode spacing within the error of
measurement from about .01 cmf. to ﬁi cmf. Then a series of measurements was
made with the extrapolation chamber in the neutron beam. The method was to put
the extrapolation chamber, and a suitable monitor, in the neutron beam simultane-
ously. A series of measurements was made of the volume ionization in the ex-~
trapolation chamber relative to the monitor, as a function of the electrode

spacing. The results of the best series of observations were as follows:

d in cm, 012 020 .030 <055 .081 131 « 207 . 385 1.01
monitor #1 2.48 2.58 2.45 3.13°
monitor #2 2,59 2.61 2.66 2,51 2.49

The first row gives the electrode spacing in cms. The next two rows give the
ratio. of the charge per unit volume observed in the extrapolation chamber to that
observed in the monitors. Monitor #1 was a Victoreen chamber with a full scale
sensitivity of 250 mr. Monitor #2 was a Lauritsen electroscope with a full scale
sensitivity of 6 mr. The question mark indicates a reading on the monitor very
aireliable because of its small value. There is no indication of increased
volume ionization in the extrapolation chamber for the entire span of the measure-

ments, indicating that a chamber with dimensions less than a centimeter satisfy
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the cavity conditions.

Although it has no direct connection with the central problems of
the present investigation, it is interesting to note thaf the spherical chamber
was found to be very nearly isotropic in sensitivity. The maximum sensitivity
was for radiation entering through the side -of the -chamber, this giving about
5% greater charge than for radiation entoring through the bottom., This is pre-
sumably due to the fact that in the latter case the column of ionization from
each secondary is nearly parallel to the electric field, while in the former
case it 1s more nearly perpendicular té the field. This produces less recombina-
tion for radiation entering from the side, and hence somewhat greater observed
charge. This is a well-known phenomenon, having been discussed in detail many
years ago by Jaffe in his work on the theory of recombinationa). Since
no attempt was made to interpret closely in any absolute sense the measured
ionization in the extrapolation chamber, no correction was made for recombination.
The field was kept at about 100 V./cm., which was found to be within a few percent
of saturation voltage by measuring charg:e for a giveﬁ rediation exposure as a

function of voltage. The field was kept at about this value for the series of

measurements tabulated above.
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2. The Shallow Ionization Chamber. ‘ransition Curves,

When the extrepolation chamber measurements had made it
clear thet there was no difficulty in constructing a chamber which meets
the cavity conditions, at least with regurd to range of perticles cross-
ing the chamber, it weas decided that the next step was to investigate the
observed ionization as a function of thickness of secondary-producing
material, to find the depth of material required to give maximum ionize-
tion. To achieve this an ionization chamber wes constructed with a 1/2"
slab of polystyrene for one side, .00I polystyrene for the cother side,
the periphery of the chamber bveing o 1 1/?" dismeter hole in a piece of
1/16" micerte. The surfaces of the polystyrene were rendered conducting
with grephite, and the current was read on an electrometer circuit. The
first mecsurements mede with this chamber in the neutron beam were a study
of the "beckscutter", that is to say, the current in the ion chamber due

(with Yespect To the ditecfion of neuvtron Ffliw)
to material on the downstream SidiNOf the chamber. It wus found that the
backscetter current wes zbout 5% of the totel current, and wes identical
within the accurscy of measurement, &t that time & few percent, for carbon,
polystyrene, paraffin, and Lucite. 'hile the full significance of this
equality of the beackscatter current was not reelized until much later in
the experiment, it wes at once clear that this fuct mude it possible %o
compare totel ionizeation due to differsnt H-C-0 materials with an ion
chember the back and sides of which were made from any suitable material
conteining only H,C, ond O.

! schemetic cross section of the finsl form of the cheamber
developed to make these meusursments is shown in Figure 4. The bodv of

the chember is & 6" x 6" x 1/4" picce of plustic (Lucite, Plexiglas, or
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polystyrene). On one surfece a circular cavity is cut, 1 1/2" in diameter
and sbout 1/18" deep (1l.5mml.)., The bottom surface of this cavity is
corted with griphite and a 1" circle is scribed in the grephite, crecting
a collection electrode and & guard ring, by the technique descrited in
the discussion of the extrapolation chamber. fcross the open surface of
the circular cavity is a foil mede by sputtering Be on Formver. The Be
coating is sufficiently conducting to form the anode of the chgmber. The
foil edheres to the surface of the plastic without the use of any adhesives
other than « small emount of wetsr oy alcohol used to pull it into place. C
The thickness of the foll is estimated to be not over 0.l mg./bmg.
Electrical contact with the foil is made by & trail of
graphite which leads along the surface of the plastic to a hole which
connects in turn to a tepped hole to which the external lead is connected,
The electrical connsction te the guard ring is made through & graphite-
coated hols leading through the ceuter of the élastic to a similar tapped
hole, not shown. Electrical contact to the collscting electrode is made
through the system of holes shown. As with the extrepolation chamber, the
hole leading into the electrode is as small as can conveniently be drilled,
that is, a 780 drill. The back side of the plastic is either covered by a
grounded cearbon piece as shown, or is coated with a heavy graphite coating,
to provide electrical shielding., A 1/32" Micarta spacer is used on the

front side to protect the foil from the slabs of secondary—produéingjnateriél

¢ This foil was prepared and mounted by Dr. Hugh Eradner of this

laboratory.
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The several parts of the chamber are all 6" x 6" squares,
screwed together at the corners by screws not shown in the diagrem. The
unit is mounted on top of a portable electrometer unit, the “"Zeus meter™.
The Zeus circuit, developed at the Metallurgicael Laboratory of the Man~-
hatten Project during the war, is a bridge circuit using two VX32 tubes,
with a sensitivity of 2@@ amps. full scale. In normal use, the grid of
one tube is connected to a probe which runs into the center of the ioniza-
tion chamber built into the body of the unit. The walls of this chember
are normally insuleted from the case and connected Lo a high positive
voltage. The modification for use in the present investigation consisted
only in grounding the walls of the built-in ionizetion chamber, and
running the probe straight up thrbugh the top of the urit so that it
projected about one inch. This is marked "electrometer input" in Figure 4.

A close~fitting plastic jacket was placed eround the 1/8" brass rod used
&s the probe, where it runs through the built-in ion chamber. This rod
fitted‘a hole in the plastic body of the shallow chamber, furnishing electri-

cal contact with the collecting electrode.
The chamber, when firmly mounted on top of the Zeus

cabinet, formed a convenient, porta®le unit., The Zeus cabinet is 12"

high and 8" square, so that the unit could be mounted directly on the
experimental neutron bench, shown in Figure 5, putting the lonization
chamber in the center of the beam. The collimating system, indicated
diagrammatically in Figure 5, produces a neutron beam diameter of approxi-
mately 3" along the neutron bench. This "diameter", determined by exposing
film to the boam, has baen confirmed by measurements made with carbon
detectors using the Z20%&¥ throshold reaction, Clg(n, Zn) ¢+l, The carbon

detectors showed a flat-topped profile, with an intensity just inside the
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edge of 2000-4000 times the intsnsity just outside. This sharp gradient
made it possible to have the circuits just a few inches outside the hoem,
end still collect negligible ionizetion in the free wvolume of the circuit
cabinet.

Two such units were constructed, so ﬁhat one could be used
as a monitor. The normal method of observation was to line the two shallow
chambers up in the neutron heam, with the monitor on the upstream side
(with reference to the direction of neutron flow). They were lined up by
optical meens with the predetsrmined center of the Yeem, with an sccuracy
of about 1/8". It would have been possible to line them up with very
much greater accuracy, but there seemed to be no reason for doing so., The
monitor would be assembled with sufficient material on both sides so that
only the neutrons could reach the chamber from outsids. With the monitor
on the upstream side of the detecctor chamber, the changes made in the
detector chamber would have no effuct on the monitor, so that the ratio
of detuctor current to monitor current was a valid estimate of the relative
effect of the paramcter under study, free from beam intensity fluctuations,
Under certuin circumstances it was desirable to put the monitor on the
downstream side of the detecter. When this was done, the materiel in the
boam path to tho monitor wgs kept constant, by simply transferring material
from onc side of the destector chember to the other. The distance from
the monitor to thoe detector was in thcese ceses at least 6 feet, so that
the heam attonuation as secn by the monitor was constant.

Using those methods, transition curves were studied for e
numbar of substances. Figurz 6 shows & typicel sot of trensition curves,

for four differont substances, The scales of abscissec are displaced so

1263212



BP 139

Ly Ly

that the initial points will not overlap. The points plotted are the
retios of obs:srved currents, detector rolative to monitor, normalized to
unity at zoro thickness of edded material. This minimum ionization
roprésents of course secondarics arising in the air, in the thin foil

on the front side of the chambor, and in the matoerial in the back of

the chember., Those measuroments were made with the monitor downstream
from tha detector, bescause this arrangement gave the minimum current for
zero added meterial due to the absence of secondaries from the monitor
assembly.

The seme set of experimental points Aés replotted in Figure 7,
after = correction has been made for neutren sbsorption by a method described
below. The scale of sbscissac in Figure 7 is now the energy in MEV of a
proton having a range ecual to the thickness of material. These energies

are teken from the range-encrgy curves of Figures 1 eand 2, except for

copper, which is from Reference 15.</It ncidence
= o y)

P
Ll Ly et e o
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chamber wes in ghout the middle of the noutree” bench with ng«®lid matter

in the boam Metwekn the chamber and thgwall of the ¢ otron., CurvelB was

3

A gfid C indicgbe Xhe presam i makes the inSbr-

Ctation of &he nbNrvedFinS str B uncaiin.

Figure 4% shows & reversc transition curve for polystyrcne.
This was taken with the xonitor upstreem from the detector, and with the
detector chamber turned around so thet the thin foil was on the downstream
side. he current reletive to the monitor was then observed as thin sheets
of polvstyreone warc brought up to the cheamber on the rerr side. The
flat platcau is certainly real, since points werc obtained out to 3 cms.,
all lying on the platcau shown within 275. Since the cloud chember photo-
graphs and the film studies of the noubron end deutcron boams as well as
predictions hasod upon momontum wnd scattorine consider.tions, have made
it entircly clear that only a nogligible fraction of the scecondarics

oripineting upstroem could cross tho chamber and then be scattered back

through an angle in the neighborhood of 180°, it is cuite safe to assume
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thet the incrsase in ionization indicated in Flgure'fi is due to secondar-
jes created on the downstreem side of the chamber. Then, taking the
vealue of the plateau from Figure ¥, and using Figures € end 7 to correct
for the fect thet the reverse trensition curve was teken with only 0.48 mms.
of polystyresne upstream, it can be tfh}u&b computed that the downstrewum --
secondaries contribute 5.3% of the meximum ionizetion current, and 4.9%
of the ionizetion current computed for no neutron sbsorption, with poly-
styrane.

This result wes checked directly by messuring the current
from the downstrecm secondaries as a function of thickness of materiesl
upstrecm, and it wes in fact const.nt, and of the value just stated. It

was the same for curbon, paraffin, pelystyrene; and Lucite, and increuased

by ¢ factor of epproximsately two for Cu s&nd Pb. JOnly a few measywrenents
L ‘ *

were mede op thege lastytwo element so thet the™numerical X&sults are

I not fel¥ to be relpfble cnough o quote.

o F

Noross tyle, 6 feet longd osed on its

alighed so/theN g second#ies into the

nofchangp weos ppodgced by evacue¥ing The £Aule to 50 microns It was

xpocted thet/the remov of the air sould docrease thefobserved ilonization
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3, Bad Geometry Neutron Attenuation

The decresse in observed icnizsastion with incressed thick-
ness of mebsrial, in the trensition curves of Figurc 6, can only be due
to attenuction of the neutron beam, It wes found possihle to determine
this attenuation «s follows: Some mcasurements were made to determine
how much copper was needed to stop 2ll the seconduries from paraffin.

It vas found that there wis &« smell but epprecichle number of protons

Mas
from pareffin getting through 1.3 cms of copper {100 MBYV proton range),
but none at 2ll could be detscted through 2.54 cms. of copper. So a
series of bad goometry stitenustion curves were teken where 2.54 cms. of
copper wes hotween the materisl being testod and the chamber, the
meterial being otherwise os close &s possible to the chember. The monitor
wes upstream of the detector for these mec.sursments.,

Tt wes found thet the cttcnuction mewcsured under these
circumstances was cccurctely cxpenential out to 2bout 10 cms, from the
front of the ion chambor. Mt thet distance, the attenuction beceme
mor2 rapid, indicating presumably the trunsition from bad giometry to

good gromotry cttenuction. @

d  wgq geometry™, as the term is uscd herc, is essentially equivalent

v an infinite sccttercr in an infinitce beam. "Good geometry" meuns that

no scettorcd perticles reach the detector. The former term will be restricrel
to sittonuotiorn within 10 em. of the detocter, the lutter to cttenuction ot
distonces grector thon 2 meters. This distonce was found experimentelly

to be sufficisnt to give attenuation mewsurcmsnts indspondent of disteancs.
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In this region the obscrved cttsnuction curves matched very @ccurately
the tronsition curves for the corresponding meterial. From the T1/2
velues me:sured in this fashion, it is possible to comrute bad geomctry

cross scctions. These results erc tebulcted in pable 5.

Table 5 - Bed Geometry Half-intensity Thicknssszs and Cross Ssctions for

Various Substances,

“Material Carbon Poly~ | Paraffin [ Waber” | Ploxi- Copper
' styrone ’ gles
Tl/é,cms. 41.7 51.5 ’ 5745 55.9 47.0 12,0
“ghgs DEYNS 6@. = .21 O'" -.059 o eal t'é J +69
|

The values for Tl/z civen in Teble 5 were simply read from
a logarithmic greph of the experimontal points, cnd no error has been
computed. The velue of CZ tabulated is the meen of th:s wvelues computed
sepearately from the polystyrene arnd peraffin obsorvations, using the
computed'q,. These were .089 end .049, respectively. Similarly, the

tatulated volue of <7 is thoe mean of the two velues computed from the
wetsr end Plexiples obssrvations, nemely .254 and 283, respectively.

This makes it clear that the accuracy of the ohsarvetions is not high.,
It would be recsonchkle to ottach to «ll the tebulated cross sections a

mewn error ofF .02 barns. The donsities end compositions of the materieals

are those listed in Table 2,
The sttenuation corroction used to get Figure 7 from

Figure 6 was teken from tho bed goometry attenuestion curves on which

A

Teblz 5 is based. To make this corrsction /igorously would be difficult,
consideva bl e

since tha sacondories roaching the ion cham er come from & depth of
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sufficiently smell so that this is not o lerge sffoct,
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attenuation is

end no greet error

would be introduced by disregarding it entirely. It has beon teken into

gccount in « rsather oruds feshion, «s follows: using the curves of

Figure 6, an "ionization centreoid" hes becn computed using the formule

i
— .' m
.1

I, . %dI

-2

where Z is the computed centroid in cms., Ip is the meximum velue of the

observed ionizection current, end & is the deptb of mcteriul producing the

ionizetion os o function of the mewsured ionization c¢urrent I. The results

of the very cpproximate numericel integreation cre given in Teble 8, in

which % is the depth of materiecl producing meximum icnizotion current.

Teble 8 - Ionizotion centroids for verious metericls,

Materical carbon 5 polystyrenc ; paraffin é copper
e e een e e — . . 1

Z in cms. ! .50 | 1.1 i 1.1 ‘ .12

Zz in proton MEV. 27 34 j 23 ! 26

z / Zn | .15 : .18 ‘ .18 | .10

The method of using thoss centreids wus then to use, as

the effective thicknoss of meterisl for purposcs of ustimating tho atten-

uation, one-half the actual thickness up to & thickness of twice the

centroid, end beyond thet usc & thickness measurcd from the centroid.

Beyond the dapth of meterianl from which seconduries reeach the chamboer,

the attenuation correction could be telsn from the observed transition

curve itself, without cny necsssity for considering ef

Thiz in fuct would in theory he proforchle %o using

il

n
o

factive thickness.

corrcction determined

from a curve in which the sscondurics origincted in ¢ different muterieal.
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It however is objsctionable in the sense that ewch curve would zutoma-
ticelly correct itself to a constunt value, independent of any errors in
observations It seemed preferable to use a completely independent set of
observetions to get the correction, so that the flatness of the plateaus
in Figure 7 cun be taken as an indication of the sccuracy of measurements.
These remarks do not of course apply to the copper curve, in which cecse

it was necessary to use the observed curve to correct itself.

In ‘éﬂpéraffin cndgcerbon curves off Figure 7, it is ”ﬁen.
that Yherg s o slifg#tendency forkthe points tpfR high in th§ midd
of & -

Rp low toAéiﬁ the end

Meguges of Table 6 cle

pfdeness of tRe eehcepts does not

j\xsg“f:'

s

on he attached

Fd _—
tH the g = g and perd
7 ) ) p RS >
; . Y - Ry
“fin,/ vut the Wi fferencdpetweon c¥rbon wnd p: oMLt enifi-
o

ent.

4, Good Geometry Neutron Attenuation

Interpretution of the ionization meisurcments of the present
invesbtigation recuires o knowledge of certuin oross scctions. VWhile & veiy

ceraful determination has locn mede of the fotal scattering cross section.
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17
for o number of substances faahf these mewsurcments were made with carbeon
Vi ! .

detoctors, utilizing ths rewction Clg(n, Zn)Cll, which has & 20 MEV thres-
hold. The ion chumber of course has no threshold, end is in addition
sengitive to gamme radiation as well as ncutrons, so the possibility
exists thet the boum "scen" by the ion chamber is somewhat difforent from
thet "seen" by the cerbon detectors, and as o result different cross
sections cre appropricate.

To test this point, good geometry totcl scattering cross
secctions of carbon and copper weré measured fimultaneously with cerbon

detectors and with the ionization chambers. ‘ﬂg The results are given in

Taible 7, along with certain other cross scction messurcments.

Tehle 7 - Good Geometry Totel Scettering Cross Seetions, ws Datermined

with C:irbon Ditectors end with I-nization Chumbers.

Simultinsous Determination Final Valucs
Carbon Ion Carbon § ion
Detect. Cheamber Detect. ; Chamber
I M€ m.e. est. m.e, ©st.
v ‘ error error
H 083 7 .004 077 +.011
C 554 2 007 570 1,008 550 1 011 .564 1,005+ ,011
i
0 ! .765 1,020 .764 1.015 |
Cu 2.12 ' .02 2,29 T .05 2.22 1 .04 2.20 * .05 1,05 %
| | ‘. K

The columns headed m.c. give the meun error estimated from
the cgreement betwsen the meesurements. "The carbon detector final velues até
fromR:f, 17. The ion chamber fingl values include those of the simul-

tineous determination slong with values dotormined on two other occusions.

d/_ The <covbeh deTector Wedsorsmen s NeN L wWade ‘Ot\ Pactk AL
i

ﬁe)m holT2 And M"“»LT“ P"r(”\‘joll.
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Since tue mgln uncert£1nty in The ion chamter mecrsurements seemed to lie
in uncertainty in the background correction due possibly to nen~linecr
response of the dotection system, the comnuted error is believed to be
too smell, «¢nd on error is estimcted bused on o 2% error infaandql. This
is given in the lust column of fsble 7., The estimated error for the curhon
detector volues was crrived ot in somewhat the seme fushion.

1t 15 #f seen from Table 7 tlat if any difference mlm b\-m
:w carbon detector and foniration chamber oross sections, it is with‘P pnkm
:ﬁpoﬂmtu uncertaintiess As & regult, the cross sections from Rct. 17 wn.l

i dlécussing the data from the fonisation chamber measurementys.

e

e S N A

g e

-

O. - Total Ionization Comparisons

.

From the trinsition curves correctcd for bed goometry
cttenuction, Figure 7, there cen be retd off the relctive totul ionize-
tion of the different meotericls. Tho sams method hes been used for soms

Mgttt different meteriols, From their rel.tive ionizetion currents, and

12b328)




BP 139

~53~

from Egq. (16), there have teen computed the velues

%q  ob ()
Xo / Xy = 253=t—=0% (m.e.)

Xo / %y =,

%6y o7 lwme)
Then, using these numbzrs, the expected relative ionization hes been
computed, and comparad with the observed. The detz, end the comparison,

is given in qeble 8,

Tehle © - Totcl ionizotion current relative to carbon, obsarved and

computed, for v.rious metericls.

Carbon{Poly- | Poraf<4 Waten Oxelid Laetosd Lucite| Plexi-

styrend fin Acid glas
fug. 19 1,000 {1.238 | 1.344
Aug. 23 1,000 1.338 1.191 | 1,208
Kopt. 13 1,000 {1,186 | 1.321 1.196 | 1.208
Gept. 18 1.000 [1.26%3 1.303 1.124| 1.199
Dot. 11 1.000 |{1.161 | 1.335
fern observed| 1.000 |1.212 | 1.334] 1.30g 1.124| 1.199 § 1.194 }1.207
Computad 1.000 | k=84 S | = B | 1.17 e j1.21
g V3L L) | o Y
0 ~ C,% w8  |eawR |eE2 S5 |+ 2.5 kesE (0.0
O —0.7 1¥32.3 [ 0:0 -7

The sgreement between the observitions and the comvuted velues is pro-

hebly to be considerad sctisfeactory. Py R RN e P 6 atyr,
gaprch ha\Jc ¥/t W& 1N dede Muidkdywsluy, or\y SHihY e gdglel potrt
onX W\ op khe/ drgnsAvimn %S The cgrecment betwoen obscrvations teken

at different times is entirely sctisfuctory, oxcept for polystyrene, whers
the sprecd in observed values is much lerger then the cccurscy of the
observetions would seem to warrant. No explanation hes been found for th...
spread in the observations.

The calculation was made in the following fashion: If Zg.(f€)
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is written out for material containing C and H only, and also written

out for C zlone, and if the rctio of the two ccouations is token, there

results the eguation

Li _ Cop Io - Cep
Xe Thp I; T Cm2

where the subscript 1 rofers to the carbon chamber, end the subscript 2
refers to the C - H chamber, and C;y=(P; fi/li)k, where i = H,C,0, and

k = 1,2. Then for 12/11 we use the tcbulated velue of the releative ion
current from teble 8, for polystyrene or poraffin, with the appropricte
velues of fi/hi end P;, end we solve et once for Xg / Xy, getting of course
two values. Then, & similcr ecountion is written down for cn O - H chember,
end 2 C - 0 - H chember, which now involves the valuc of ZXp / Ly, Using
the mewn of the two valucs, and putting in the observed relative ion
currents, values sre computed for Xy / XH for the remeining five sub-
stencos of Teble 8. Then the mecn of these values is token as the pro-
visionel value of Xy /XH‘ Then these provisionzl volues of the ratios cre
used to compute difference equations, giving seven simultoneous, linear

eguations from which to compute the best correcction to the provisional

} leest squeres solution is mode from these seven ecuations in two
unknowns, giving the corrections which, whon apolied to the provisional
velues yield the fincl values stated ot the beginning of the present sectios .

The meen errors auoted there zre given by the leust squearcs solubion from

1lug f the,k{;ﬁlos
oul/pzﬁ%jxﬁgngﬁpﬁ
IX/XS rctfgs )

um\, d %'h‘f{ th

the cgreement between the obsarved and computed values.
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For the purposes of this caloulation, the effective energy of the recoils
from hydrogen was taken to be 80 Mev, and the sffeotive FfdYd//df/¥fd secondaries
from oarbon and oxygen were taken to be 20 Mev protons. These numbers represent
attempts to form roughly the averages expresged in Eqn. (10). For hydrogen, the J
‘ﬁmotlon £ of that equation is a constant (#ince, as is poinbted out below, the !
average fractionsl energy transfer to a proton is #), but the weight function Ej
of that equation memns that the appropriate effestive energy is greater than the
average energy of the recoils. The presensce of heavier particles ) among the
sscondaries from oarbon and oxygen must bring the '.‘.feotive proton energy down teo
& somewhat lower value. While the numbers chosen are only estinates, saloulation

shows that the m;.l values of the X; ratios are insengitive to the assumed

offective energles, dus to the constancy of the stopping powers in this energy
rogions Velues of 5._7; for these energles were taken from Table 3. For
lactoge and oxalic acid the value of '1—7_3- m estimated from that of 1 /8 i
by inspesotion. |
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the sgfopllrias grom hyffrogen Js 60 ME ; end tho ‘{rage engdfy of the

secghdiryes fm corffn cndfdxygen fis FU MEV. d the voids of W S
tédn from/Tdole £ for hefo cnghpicd were fiscd. Fopflgtosgfegl oxglic
Zid thyf velue of WS werPstimcfed gfom thii.el 1 ¢ 30y ifispgffion,

6. Ranges of Secondaries from Carbon

The extrcpolation chamber mecsurements indicated that there
are no prodominent groups of particles with raunges less than one centimeter.
TThils the extropoletion chamber was unctble to cerry these observutions
further, the shellow ion chember offered the opportunity to extend the
investigation of ranges. Tho ion chamfcr wns get up with the thin foil
in the normel, upstrecam position, tnd the ignizetion current was studicd
&5 £ function of the distence from the chambér of o thin layer of cerbon
or polystyrena. The current of course decro sed stsadily s the metericl
wes moved awey from the chember. Severcl groups of pearticles sesmed to be

indicated by sherp dscrceses in the slope of the current curve. The

position of these breeks is given in the following table:

Tsble 9 - Appocrent Upper Limit %o Groups of Sccondurics From Corbon.

distance in cms. Of ®IT 1.5 5.5 12
corresponding proton cnergy, M .85 1.7 2.7
anrresponding alpha encrgy, HeW My 1.95 6.7 10.R

- [ -

The longest of thesc is seen to correspond well with the first bend in the
polystyrene trinsition curves of Figure 10. The othors would not show up
in the trinsition curves, being too close te the origin.

The original curves cre not presentsd here, since as a resvi.
of thsse range meesursments, o progrim hos boen storted for investigeting

these ranges with a differ.ntial chember, which should give results éﬂg&%
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superior in accuracy to that obtained with the onresent shallow chan’ci-s,

7. Absolute Neutron Flux Measurements

Since the ionization chambers used in the present investigation
allew a determination of the absolute value of the energy flux of the
beam, a comparison between flux determined in this manner and flux
determined by an entirely independent method should give a check on the
validity of the assumptions involved in the interpretation of the ion
chamber measurements. This comparison was macde by making simultaneous
flux determinations with the ion chambers described and with proportion-
al counters. The flux determination with the counters involved the total

17)

scattering cross section and the angular distribution of the scattered
protons, determined by the same experimental set-up with the nroportional
counters, from which data the neutron flux can be computed in neutrons
/cm2 sec. The method has been reported19>.

The ion chamber used in these measurements was made of Plexiglas.

Putting the anprooriate numerical values into Eq., (16), the flux as measured

by a Plexiglas (or Lucite) chamber is given by

3.22 x 107 1 /v Mev/cmz/sec

[
o

where I is the ion current in micromicroamperes, V is the chamber volume
in cm3, and it has been assumed that the secondaries from a carbon or
oxygen nucleus are equivalent to a 20 Mev proton, and the recoil from a
hydrogen nucleus is equivalent to a 60 Mev protﬁ;ﬁhfor the purpose of
comovting stopoing powers. (The value Xy :,.Ohlgﬂw:; used for reasons
given in the final section of the naper.)

The observed current in the Plexiglas chamber was corrected for

bad geometry attenuation by assuming that the ionization centroid was at

1,0 cms. The readings on the Zeus output meter were converted to micro-
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microamperes by calibrating the meter with a Fnown input voltage, and

using the rated values of tpe grid resistor (of the order of 1011 ohms).
Two acditional corrections were needed for the ion chamber readings,

which were determined by subsequent experiments. The first of these was

the beam intehsity along the bench, since the ion chamber was mounted

153 cm downstream from the scatterer used for the proportional counters.

To investigate this, one ilon chamber was used as a monitor on the extreme

upstream end of the neutron bench, and the other was moved along the

bench, measuring current relative to the monitor. It was found that the

beam intensity fell off very nearly as the inverse square of the distance.

Using these measurements, the correction for beam fall-off was 18%.

The secend correction determined in a separate experiment was that

for recombination. The ionization current was measured (relative to a

monitor, as usual) as a function of applied voltage on the ion chamber.

These results were then used to compute the saturation current, according
to the theory of reccabination with columnar ionization developed by

7)

Jaffeg), using the graphs given by Zanstra’’/, to simplify the computation.
The method consists in plotting 1/i against f(x), where i is the ob-
served ion current, x 1is the field in volts/em , and f(x) is a function
read from Zanstra's graphs, which has been computed from Jaffe's theory.
These points should, according to the theory, lie on a straight line
which, when extrapolated to the axis of ordinates, gives the reciprocal
of the saturation current. Fig, 8% shows this plot for the data of the

present ion chambers, for all the experimental noints which lay within

the range of Zanstra's graphs, This graoh gives a saturation current
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current cbserved with the operating voltage gradient, 67 volts/cm, which is
represented by the noint at f(x)~v 1.4, Fig. éésshows the same points re-
plotted on a linear voltage scéle, including one roint which lay outside the
range of Zanstra's graphs. It is seen that the computed saturation current
seems to fit the data well.

In addition to these correﬁtions needed for the ion chamber measure-
ments, it is necessary to assume an average neutron energy, to convert energy
flux into particle flux. For this purpose, the average neutron energy was
taken to be 90 Mev, the theoretical valuezo).

The actual comnarison of the two methods for measuring flux was a
series of ten simultaneous measurements. Using all the corrections mentioned
for the ion chamber measurements, and using flux values comnruted from the
counter measurementse, the mean value of the ten ratios of the simultaneous
flux determinations came out E;g; $ .02 (m.,e.), where the error is comruted
from the agreement between the ten values of the ratio. The gig%% agreement
between the two methods is to be regarded as fortuitous, since neither of
the two methods of absolute flux determination is to be considered as certain-
ly free of systematic errorsrwithin the computed mean error.

The actual va.ca cf the neutron flux was 5 X 105 neutrons/cmz/sec.,
in the exnmeriments citud, This indicates a maximum ncutron flux of about 2

6
x 10 for full beam, at a distance of 17.7 meters (58 £4.)from the Be target.

8, Calibration of M:n_.tor for Dosage Measurements

In order to apply the results of the present in&estigation to bie-
logical and medical experimentation, it is desirable to calibrate monitors
suitable for use with the extended radiation exposures necessary in biological
work, The ion chambers designed for the present work could be used,

by "integrating" the exposure, that is to say, reading the instan-

eThese measurements and computations were made by H.F. York, of the Radiation
Laboratory.
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taneous radiation at regular intervals and estimating the average
radiation exposure from this. It is nrobably more convenient under most
conditions to calibrate a conventional, commercial rzdiation exposure
meter. ™hile the choiee of monitor demends somewhat on the nature of the
biological experiment, one such monitor has been calibrated as a guide
to the method.
The commercial chamber calibrated was a 25 ré/égt:;;een chamber.
The method was as follows: First, the two cavity chambers used in the
present work were placed on the neutron bench, one at the extreme upstream
end, and one at about the middle. Then, by reading the ratio of the ion
current in the detector to that in the monitor, it was possible to deter-
mine exactly the attenuation caused by putting the Victoreen chamber,
mounted in a paraffin block, immediately upstream from the detector
chamber. In this fashion the cavity chamber and the commercial chamber
could be corrected to the same beam value. Then the monitor cavity chamber
was removed, and the Victoreen chamber compared to the remaining cavity
chamber by taking a series of simultaneous readings.
The cavit& chamber materlal was Iucite. The Victorcen chamber
was mounted in a cube o7 paraffin 15.3 cm on a side. The readings of
the Victoreen chamisr were corrected for bad ~ecmetry attenuation, while
the readings of iie cavity chamber were corrected for =24 geometry
attenuation, for beam fall-off along the bench, for atl=nvation by the
Victoreen chamber and its paraffin block, and for recombination. Then,
using the experimental value for the ratio of the total ionization of a
paraffin chamber and a Iucite chamber, the observed readings in the two
were compared, and it was found that the Victoreen chamber read 11.5%

_ , 7 Nomino _
high, that is to say, if Q 1s the reading in roentgens of the
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Victoreen chamber surrounded by an equilibrium thickness of paraffin,
then .87Q:can be taken to be esu/cc under the conditions of the present
experiment.
To make use of this result, numerical values must be put into Eq.
(20). Usins the formula for wet tissue stated in the discussion of ranges,
for the putpoie of computihp oppINg Poweys
and as usual assuming thagqthe secondaries from a carbon and oxygen
nucleus may be taken to be 20 Mev protons, while the recoil from a hydro-

gen nucleus may be taken as a 60 Mev proton, the tissue dose is computed

from Eq. (20) as

2) canr Ty
E, = I.WQl rep, for a paraffin chamber

where Ql is the measured accumulated charge in the chamber in question,
in esuf/cc. Then for the paraffin-enclosed 25 r Victoreen chamber calibra-
ted,
3 Y
’ nomine)

where Ql is the $esmed reading in roentgens. It should be emphasized
that the last equation applies only to the one chamber calibrated, and
only to tissue of the assumed compositiona.

The intensity of the radiation dosage measured in these experi-
ments was about 6.1 rep/hr. This would mean a maximum dosage of about
30 rep/hr at the center of the neutron bench for the maximum neutron beam

available at the present time. Assuming an inverse square beam, this

would give ab~ut 1150 rep/hr just outside the cyclotron tank wall.
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V - DISCUSSION OF THE EXPERIMENTAL PTSTTTS

1. The energy transfer coefficients Xm XCL_gnd XOL

It was pointed out in the discussion following Eg. (14) that one
of the four unknowns, Xs, Xy, Xy, and g@ must be determined by another method
due just to the fact that Eq. (14) is an homogenebus eruation, The first

two cannot at the present, time be measured in any other fashion. The energy
b CO"PUT

' could be “miesn. from the proportional counter measurements on angular
z as

distribution of scattered nrotons}T discussed above, but the result then would

flux

contain not only the uncertainties of that experirent, but also the uncertain-
ty in the estimate of the average neutron energy, since that experiment gives

particle flux, and li» is energy flux. We are left then with the cuantity

Xy, the numerical value of which can in fact be estimated with reasonable
accuracy. Since a neutron-proton collision is necessarily elastic and produces
always one ionizing particle, XH must be given by the product of the average
fractional energy transfer from a neutron to a oroton, times the total scatter-
ing cross section of a hydrogen nucleus.

If the n-p scattering is isotropic in center-~of-mass of coordinates,
the averare fractional energy transfer mugt be exactly 1. a result which follows
from the conservation of morentum. While it has not yet been finally decided
whether this scattering is exactly isotropic for 100 Mev neutrons, this
assumption fits fairly well the mea~er exnerimental data now available. (The angilar
distribution of the recoil nrotons is being studied with the cloud chamber
by Dr. Wilson Powell and his collaborators,'and with proportional counters

19)). Thus it will be assumed that the

by H. F. York and his collaborators
average fractional energy transfer from a neutron in the beam of the 184~
inch cyclotron to a nroton is #, If at some later time it is found that

the scattering is not isotropic, then the numerical results will have to
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be revised, but it seems unlikely at the rre<ent time that this figure
will be changed by as much as 10%.

The best value of the total scatterine cross section for hydroeen
is at present .083 barnsl7). The reason for adopting this value, rather
than the slightly lower value determined with the ion chambers, is given
in the discussion of the cross section measurements. So now the relevant
experimental data may be summarized as follows: ¥T 7

Xy = 3 (.083 © .004), Xo/Xy = 2.8+ '.8?, XXy = 2% % AT
From these may be calculated A{AApuR

M 00
Xo = G+ '.gg*s bavhs X, = .3:555—*; . batns

The errors quoted represent mean errors calculated from the agreement of

the data; except for XH’ where the experimental error was increased (by the

CGowA

hiipriginal aunthors) to take account of rossible systematic errorﬁ,(_ggus the g
- fginal values of X, and X  show experimental mean errors of pd
s resrvectively. Qf now wt assign tg the average energy peg'ign&p‘
ir, to the average relative stopping powers, and to the averag
fractional n-p energy transfer the respective muncertaintiesn of ¥
6, 5, and 10%, and if we propagate these as if they g¥ were true
., M@8N errors, we get a final g¥ estimated "uncertaintyn of about
1. 144 1in both Xo 8and Xg .

L=

An accurate interpretation of these numbers involves a certain
};mount of theoretical information not now available. The cualitative dis- J
cussion which follows will be revised at such a time as that information
becomes available,

The quantity Xs was defined as

- & -
XC - vfb kC C

where KE is the average energy of an ionizing secondary, expressed as a
fraction of the average neutron energy, kg 1s the average number of ionizing

secondaries per collision,é”C is the cross section for collison with produection

of one or more ionizing particles, and the bar signifies "average over the

1263292




BP-139

~63~
energy of the beam weighted with the energy". =NGSHNEEOWRNWTCOSSUINENGY

—

~wentiohed 3

VQQMNJM

et, for the entire enersy spectrum of the
/\ caYbon

neutron g X is anpreciably less than th%«radius, and as a result it may

beaW\) ﬂae

be'expected that the collision cross section will be anproximately the geomet-
rical cross section for all the nevtrons, indenendent of energy. So it will
nhot be 3 bad approximation to remove GE from the integral indicated by the

bar, and write

To get the aporopriate cross section for use in this ecuation, it is necessary

to subtract from the total scattering cross section the sum of all the cross
sections for processes which do not result in at least one ionizing particle,

Now it can be shown that fora spherical. nucleus which completely
absorbs all incident particles which collide within the radius R, the total
scattering cross section is 27TR2, provided R%" A, the wave length of the
incident particles. This is seen gisRese to be plausible, by analogy with
optical diffraction by a circular reflecting ¢isk, in which case the forward
and backward diffraction natterns are identical (Babinet's nrinciple).

Since in the rresent energy region every neutron which collides
with a carbon nucleus, that is to say, which aroroaches the nucleus within
the range of the nuclear forces, can be expected to undergo an inelastic
collision, the cross section for elastic scattering must be iust 1 the
total scattering cross section., Besides the elastic scattering, there are
various other rrocesses which may take place without production of ionizing

A
particles, such as (n, n%¥"), (n, 2n), (n, 3n), etc. Since the reaction

12 11 .
C™" (n, 2n) C7~ has a radioactive end product, it has been rossible to de-

19)

termine that the cross section for this reaction is .025 1 ,005 barns .
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The cross section for the other processes which do not produce ionizing sec-
ondaries is not known. Thus tﬁe estimate of the cross section for collision
with production of one or more ionizing secondaries is

6 o = 3(<55) - 025 = .25 barns
which is 45% of the total scattering cross section. It is assumed that a

similar cross section for oxvgen is
3.5
33
< o dZ5x 765 = 348 barns
Then using these cross sections, and takine the average neutron energy to
be 90 Mev, we calculate for the average energy of the secondaries from a
single collision
33 4
C z 32 Mev; and O = &9 Mev,
If theoretical calculations to be made indicate that the (n, n %) and

(n, 3n) cross sections are appreciable, these estimates will have to be re-

vised upwards, perhaps as much as 10% (which is the amount of the (n,2n)

It is not possible at the present time to estimate the average
number of ionizing particles per collision with any accuracy, but a guess
would place it between 1 and 2. This guess is based upon the cloud chamber
data (unoublished) which indicates that the 2-, 3-, and 4-pronged stars
resulting from neutron collisions are roughly in the ratio 4:2:1. This
would indicate that the average energy of all the seccondaries from a neutron

collision with a carbon nucleus is between 32 and 16 Mev, probably nearer

the former., D112 / this checksgualitativel]y with Che
ceh }{13 "/ at isg ergy prop6n ./u

arbOn was found abtve to pfldtlev,
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