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Gonersl methods of calculating bims curves for paraffin detector typs neu~
Using these technigues formulas are found for several

tron countsrs are developed.

special cmses, including three counters used in the laboratory. Graphs indicating

the cause of various undesirable effects and how they cen be reduced are included.
These may be of assistance in counter design. Various appreximations of use in cal-

culating the response of more complicated counters are indicated.
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T. Imtroduction

Qo »-,\ C‘\‘Vr~v~
In this report general methods {or calculaﬁiﬁg)th% fésponqw" amgﬁﬁyrlatiea

of paraffin detector type neuiron counters will be outlimed and then appiﬁéﬁr&g
special counters. Yo make the methods clear many partioular cases will be treated in
some detail. Several of the counters calculated were actually used in the laboratory,
while the results of the other éasea can be used both to see how various effects can
be altered by proper design snd, when correctly combined, to estimate the response of
a counter whose nature is too complicated to permit exact tr;atment. Formulas end
gf&phs will bs given for each counter considered.

By = "paréffin detactor type neutron counter' is meent a counter in which a
neutron beam falls on a radiator of some hydrogenecus material ceusing proton recoils
which are then counted in an ionization chember. To be definite the hydrogeneous
moterial will always be called "paraffin® and the gas in the chember "argon”, although
other substences such as glycerol tristearate and xenon may be used as detector and
ionizing gas respectively.

The sensitivity of & counter is a function of the bias setting. Thie we
axXpresas ih texms of the mimiwmum pulse size (P) that can be recorded at the given bias.
For this discussion we defins the sensitivily as:

S(P) = number of pulses of magnitude greater than P

number of recoils ia the paraffin

(Note that this is not the customary definition of semesitivity. The latter is the
muber of pulses greatsr then P per neutron traversing the paraffin. It is our S(P)

multiplied by the paraffin thickness and the hydrogen cross-section per unit volume, )
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The differential sensitivity (abbreviated D.S.) is given by:

nuntber of pulses of magnitude between P and P 4 4P
rumber of recoils im the paraffin

D.S.(P) dpP =

it is readily seen that: D.S, = %ds/dPlo

The problem for a given counter will be to calculate the two quantities £(?)
and D,S,(P). In particular it is desirable to kunow their dependence on electron ccl-
loction, paraffin thickmness, wall effects, the proton ranges, and the geometry of tho
ion chamber.

Although the method to be outlined holds in gemeral, it will be applied with
the following simplifications (which ares usually quits walid).

a) The incident neutron beam is monochromstic and perpendicular to the paraffin
surface.

t) Variation in paraffin thickness from point to point on the surface is negli-
gible.,

¢) No appreciable attenuation of the neutron beam is caused by the paraffin.

d) wdge effects due to variation of the electric field in the chember are elimine
ated by guard rings.

Moreover, in all but one case a range-ensrgy relation of the form R MIE:?“/2
will be used. The exception occurs in one counter where a paraffin ronge

Rz o;E5/2 4 @E ves assumed,

II. General Theory

The first step is to find the expression for the pulse {P) {i.e., the change
in potential differsnce betwasn the chamber elsctrodes) produced by a recoil proten
passing through the chambor. P will in general depené on nr coordinates (q1’ SUTEER
qa) describing the given proton. These coordi‘"kQﬁ usuﬁlly speclfy such things as the

r‘-
angle at which the proton enters the chamber &nd<th@bgosition in theﬁgggufﬁln\_§ere

.....
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on only one ccordinate (q). Express the number of protons having vnlués of this co-
ordinate between q and q + dg. This will be of the form N{q)dg. Now lo% the number
of protons producing a pulse bstween P and P + dP be L(P)dP. Since this muat be the
same as the number of recoils between q and q ¢ dg we have;
L{P)dP = W{q)dq
Thus: L{P) = W{q) dg/dP. In this formula we must regard q as & function of P given
by the pulss size formula. More exactly the relatiom is:
L(e) = w(a®) ||
since negative numbers of protons or of pulses have no gignificance here. If M is ths
total number of recoils having all values of q, the differential sensitlivity is
given by:
p.5.(¢) = L) = (1/) w{a(®) ||
and the total sepsitivity is:
S = ﬁPmu D.5.(P) dp
P
In the cese more than one coordinate is necessary to deszcribe the pulse the
following treatment can be used. After obtaining a pulse-size formulae which saye:
P = £(93, 92, = = )
the number of protons having coordinates between qy and q; + dqj, gp and
go + dgp = - q, and g, ¥+ dg, is found. (For brevity we will in the future describe
this by saying “in the region 93, ap, ».. au".) This will be of the form:
N(qay, 925 o-- 9n) dgy dgp ... dgy.
By use of the pulse size formule, P is introduced as an independent v;riable instead
of cne of the coordinates q.. The number of protons in the region Gy, o, o-- Uyl

Qpals ooe Gp ond producing a pulse between P and P + dP is obteined as:

. oL [T ot St Rt
L e ST
e AR S8
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e

N{(Q3.9p5+++9p15Psqpe1s -+ +Gp) 99y d9p...dq,y

The differential semnsitivity is then:

=l *

= 1 o 9p
Dobo(P): i‘!‘ jA N(qlquDOquralaqur+1) dq‘l dqeooodqral é-—-é}:-—) o dqr"’l’.'dqn
1* 2oao

where M is the total number of proton receils and the n-l fold integratien is to be
extended over all values of the coordinates compatible with the given pulse P. (It is,
of course, very important which coordinate q, is eliminated, since some cholces wili
considerably simplify the work. The proper choice depends entirely on the individual
counter being considered and so no general rule can be given.) Total sensitivity is

again obtained from:
Fnax
s(p) = 7 D.S.(P) dP
P

Bofore applying the above let us define some tems:

a) Thin Paraffin - This means that the energy lost by recoil protons in travers-
ing the paraffin is negligible.

b) Electron Collection = Only electrons sre collected in the chamber and this ie
done in a time during which the positive ions move but a negligible distance.

¢) Positive Ion Collection - Both electrons end positive ions are collected,

d) Parallel Plate Counter = The ion chamber consists of 2 parallel plates kept at
different potentimls with the paraffin flat against one plate, Electrons are
collected at the opposite plate.

o) Cylindrical Counter - A collecting wire along the axis of a cylindrical chambser
collects electrons produced by proton recoils from a paraffin disc supported

against the side of the cylinder. A line perpendicular to the paraffin sur-

R

face through its center paszes through the collecting wirg. . ... .. il ¥

2
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II1. Plane Parallel Counter, Thin Paraffin, Positive Ion Collection

This somewhat trivial case deserves consideration first becauss it most
clearly illustrates the general method, and second bscause it gives ue a standard case
with which all other counters can be compared, The eccompanying diagram illustrates

the coordinetle system thal will be used for all plane parallel counters.

Let B = energy of incident neutrons Neutron Boan
U SR
8 = chamber thickness x
4y
t = paraffin thickness t{ a Paraffin
\
x varies from O at the chamber edge to t e

at the top edge of the paraftin

C = capaclty of the chamber

> 8
Ro = range in paraffin of protons of energy Eo oV _ 2~ J
<
R = range in argon of protons of energy E_ fon Ghanber

i

cos 9, where © is the angle between the path of the receil proton and the
dirsction of the neutron beam.

The upper plate of the chamber is assumed at zero potential and the bottom at + V.

&) Dorivation of pulse formula

If an ion pair is produced a distance d from the bottom plate the work don
on the electron in moving it to the collecting electrode is: eVd/a and that done on th
positive ion is: ev(a;wd)/'a, making the total work omn the ion pair eV, As this is done
at the expense of the emergy of the chamber considered as a condenser we have:

A& CVe) = eV = CVAV
av = ofC

or

Now congider a proton origineting at x and going off at an angle cos~1 o
It is easily proved that its ewnergy is E; y.a. fince the paraffin is thin no energy it

lost before it enters the chamber. If W is the average energy gggegag&i‘jﬁféﬁﬁ%oduce

K U.;-L.J t
e" ’Wy 2

Al
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one ion pair, the total number of ion pairs formed in the chamber is wEo. Since each

ion pair gives a pulse of &V = e/C, the total pulse due to the proton is;

ow Eo
c

P=
where E, is the energy with which the proton emtered the chembor. Here it is assuned
that the proton is stopped in the argon. Vith Ep = E, 5.‘.2 we have P = (ow/C)E, y.e.
For gimplicity in parallel plate counters we will measure pulses in units of ew/C.
Thue P = E, ;va-go

b) To obtain the number of recoils in the region 9y, Q2 .. qn

The number of recoils in a volume eolement of unit area and thickness dx is
BV Gp dx where Oy is the hydrogen soattering oress section per unit volums and nv is
the incident poutron flux. PFrom the fact that ’Eho number of recoils from the iso-
tropic ‘n,p scattering between & and ¥ + dE is dE/Eo, which is dbg from the above
relation E = By y?, one has the reesult that the number of recoils in ths region x,p
is nv o 2 du dx. Using P instead of | as an independent variable it follows that
the number of recoils im region x,P is nv % dx(éi,ba/éP)x dx. But (by?/bP)x = 1/E°.

Honce:

%
D.5.(P) = %Eﬁj dx
o o

(Here x oam be integrated over the whole range from O to 4, since all valuos are
compatible with & given P.)-
M = (total number of recoils with all valuss of x) = nv oy ©

.. D.8. = i/E,

S sfmx D.S.(P) @P = (E,=P)/P
P

I
e VTR
et YT
Wme S ETINE OV .
PR O N R i
it

Fig. 1 gives the graph of thess two simple function%w,.ﬁ.
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=10=

1V. Plane Parallel Counter, Thick Paraffin, Positive Ion Collection

In Section III it wms found that if positive ion collection iz used the
pulse due to a particle entering the ion chsmber with energy Ep is (iix our unit):
P= B

Lot us expreose E2 in terms of x and pg.

76} x Paraffin

Chamber

In paraffin the rangeconefgy relation assumed is:

R= cE5/2; Ry = ¢E°3/2
Denoting the recoil energy by Ej{Ej = Eo y?) we got:

R = ¢E13/2; Rer = ¢E25/2; rs ¢(E13/2 - E23/2)
Then
rzxfusz 6(E°§/2 W - E25/2)

The number of recoils in the regiom x, . iz nv O dx dy-a. Instead of x we now intro-
duce P as a coordinate. The number of recoils in region P, u is:
nv 639(62:/61’)»‘(1&@ ar . Differentiating the fomula for x glves;
(6x/éE2)¥_! a,p,E
But since P = Ep, E(bt/ﬁ?)?_‘ 5 Q;LPQ- and thus the number of recoils in region p, P is

3 nv Jgy ap-«-Pa ap dy?. Hence

2
3 nv g L .5
l)s..-a-—-FJEi T

where Kz (total number of recoils with all Ep and () = (number with all x and w)

T nv gy t. Mg = minimum p that will yield the given pulse. It is obviously the

corresponding to x = O that gives the given P, Thus:

Pz

D>
l.
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-1le

Similarly po = maximum w that yiclds the given pulse. BEither it is the pat x = ¢
thet causes the given P or, if such y would be greater than 1, Mo should be taken as 1.
Expressing this mathematically we have: po is the swaller of 1 and the solution of
&25 - t/holﬁg - (1"/’130)3/2 > 0. TUsing these facts one finds;

D.S.(P) = (Ro/Eo‘t)(P/Eo)l/a {wf - (P/E°)5/2]
Bere fpo occurs as an awkward parameter. It complicates matters by preventing us from
obtaining an analytic expression for S{P). However, this is no great loss in any in-
dividual case, since having D.S.(P) ve P either graphically or as a table of values,
on® can find S{P) by numerical integration. Graphs of D.S.{P) and S(P) for several
values of Ro/i are given im Figs. 2 and 3. It is seen that thick paraffin tends to cu%
down the counters' response to the amaller pulses. This merely says that some of the
low energy recoils ars absorbed in the paraffin and never resch the ion chamber. The
umall effect of thick paraffin on D,S.(P) for large P allows us to make the following
spproximation for mores complicated countere (if Ro/% is large). For low-eunergy pulses
we assumo thick paraffin, but ignore other sffects, such as slectron collection and
wall effeots which are unimportant at those energies. High energy pulses are thenr cal-
culated taking into account the ignored effects but assuming thin paraffin. 0f course
il Ro/% is not large this essumption is bad as Fig. 2 showa, since the high energy
rosponse is also cut dowm. Prevention by the paraffin of any but those protons start-
ing quite near the paraffin surface from producing the maximum pulse causes this

effect. ey
°3 TR SN
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V. Plane Parallel Counter, Thin Paraffin, Electron C

Electron collection forces us to use a different pulse size formula. Now
the pulse caused by the formation of a single lon pair a distance d from the posi-
tive electrode is only that due to the electron (i.e., &V = ed/Ca instead of e/C).

Consider a proton of energy Ep entering the chamber at an sngle cos=1 }- with the

normal. If A measures the distance along the path, the number of ion
pairs formed in d) is: -w(dG/dA) dx. Now 4 = & = Au. Thus !
s - (ew/Ca) gk (d5/dN) (a=Ap)dh where the range in argon /g::!
is R = ¢a' E3/d end Ro= g E25/2. After expressing » im | ;{
terms of T and agein setting ew/C =1, integration yields; l

Pz E2(1-%-—-y.)

For thin paraffin the energy of a recoil entering the chember at p is E, g;.z.

Hence P = E, 2(1 - -5- l‘) The fraction of recoils in region . is dy?. Introduc~
ing P instead of j, as a variable gives:
L 1
D.S.(P) = 2 2

/R Bol1-(9/5)(Refa) b
where u is obteined from the pulse size formula. Again the result is oxpressec in )
terms of a parsmeter. Hence S{P) must be found by numerical integration. Figs. L and
5 show a typical example. Electron collection has the effect of pushing the maximum
pulse down samewhal and causing a posking of the differentisl sensitivity in the re-
gion of lerge pulses.

The formulas tor this case are particularly ussful in conjunction with those

of Section IV, since to a certain approximetion a plane parallel counter with thiock

paraifin and electron collectlon can be treated by using Section IV formulass for amail

APPROVED FOR PUBLI C RELEASE
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Whsn designing fast neutron counters (say o
formulas can bs of comsiderable aid., For such energies the main worry is the peaking
effect caused by electron collection. To obtain quick estimates of the differentiai
sensitivity curves and how they depend orn chamber depth and argon pressure, ore can
ignore the paraffin thickness and use the last expression above for D.S.(P). Fig. 6
shows how the differontial sensitivity curves vary with R;/h.

On exemining the formula it appears that even for soms R;/h lessg than 1 a
negative differentiel sensitivity will appear. If this heppened for R;/kyl, it would
not be surprising since protons would not spend all their energy in the chamber and so
some correction would be expocted. The present situation must be explained differentl;
The answer lies in the vanishing of bP/Eﬁ? because of the competition between the low
ensrgies of wide-angle recoils and the shorter electron paths from forwerd recoils. P

az a function of #? looks roughly like the accompanying diagram. Thus some pulses can

be oeused by two different V!s. The remedy ié to break P
X
u into two ranges Oéyzé A \.:.cé_-,augl with p, ;(_g, %)*e T /__\
(if po turns out greater than 1 this phesnomenon doss not
teke place.) Then;
- fow®] | 1o O whiy?l o
DsSo(P) i'na"ﬁ""l + —-G-P"’
d 2 i H
.i‘&.a S TR, ]
7op 7}~ |1 (/) (i) gl

with Yk the solution of

. B w1 - 2 R0
P = Bo pg=(1 BE%)

Hore k is either u or £. The additional restriction is that re must be the solu-

tion of the pulsec equation less than p, and i, must ®s greater than p.. If for a give

2
P py comes out greater than one, the expression Sty shoul
OP o poa w0t W
w—
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VI. Plans Parallel, Thick Paraffin, Electron Collecfion

This is the type of plane parallel counter actually used in the laboratory.
As coordinates we take @ and the energy (Ep) with which the proton enters

the chamber.

In Section V it was shown that: P = 32!'1 é R°( = )3/2 ,.L] +« The formula
% _ap[EoB/ 23 . E25/ 2J wos found in Seotion IV, t-S:b:xcca the :wnber of recoils in the
reglon x, gk is nv &g dx dp 2 the number in the rogion Ep, p is equal to
nv oy s(éx/al?,a)}&l du? dEp, Using the relation between x aud Ep, the number in the

region Ep, ¢ becomes %‘nv oy P2 Eg-% dEy d'Aa. Introducing P as a variable instead of

Ee yiOldBS
1 {¥e %
D.S.(P) = ¥ 3 nv gy d—f‘- Ep® l(BEg/bP)P_' dp
o T
o 2
- 3 Ro W Ea -
WE/2 |y 1 = (5/2)(Ry/a)p(Ee/Ea) /2
since M = nv Sy t. P’l ies the value of p at x = 0 that will produce the given pulae
and so is given by: P = Eo(\“‘l - %-53- 16). Simila.rlj po i8 the value of | at x = ¢
S a

that will yield P. To find it let us comsider the equations it must satiefy: for eny

p: x= R, i"ﬁj - (Eg/E°)5/ﬂo Therefore po must satisfy: & = %915‘%(5:05/2 i*23° 323/2),
(>

Since it must produce the given pulse it must also fulfill:

P:Ea[1=---( )3/‘ }

From these equations it is possible, given P, to find ppo If, however, this ylelds
P2 >1, the valus 1 should be used. Unfortunately the expression for the differential
sensitivity cannot be integrated directly and so numerical means must be used. The
curve for one such counter hes been calculated for Rossi. It is shown in Pig. T.

....

When integrated it yields the total sensitivity curve of Rasgc;&

\7‘-” )y 'u‘g‘«;?’)\:‘&-h&
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that the two effects of thick paraffin and elesctron collection combine as expected.
Thick paraffin cuts down the number of small pulses while electron collection lowers
the maximum pulss and causes a peaking of the large pulses.

For this type counter a range energy relation in the paraffin of the type

R= «E2 4 RE has also been used. The formulas thet result after a calculation very

aimilar to the above arae:

_s e st emp)
D.5.(P) = 2 L 1 = (3/2)(R/a) po(BafBo)3/2

Where E5 is given by: P = Ep [1 - (5/5)(Rg/a)y-(E2/E°)5/2] #y is the solution of:

P = Eo(ﬁia - (3/5)(Ra/2) plé) and pp is the smeller of 1 and the solution of the pair

of equations:

o [72 02 - 220) + P [ - 2
P = By [1 = (3/5)(Re/a) walBa/E,)/2]
Figs. 9 and 10 show the differential end integral sensitivity curves ob-

tained in a perticular case for Staub using these formulas. The prinecipal effect of

the addition of the pE term is to keep the differential sensitivity finite at P equal

to zero,
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