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ABSTRACT

This paper contains a desoription of the apparatus and theories

of the metnods successfully used for determining the fast decay periods of

near-orit ical assemblieg.

’ The methods descoribed are:
I. The modulation methode.

I, The delayed coincidence or Rossi methodo .
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METHODS FOR MEASURING FAST DECAY OF A WEAR.CRITICAL ASSEMBLY

The time-depnendence of a chain-reacting assembly is expressed by the
factor eFto The quantity a enters into the expression for the efficience as
the square. It is therefore quite desirable to know a at the point wnere the
assembly goes off, at say, around 3 orits. When the measurements were made
it was impossible to measure a for more than one ¢ *itc What was done was to
measure a as a function of mass for near-oritical assemblies. This information
oould be used for extrapolating the a vse mass curve and also as an integral
oheok on the theory by which a is calculated.

The general features of the a vs. mass curve can be understeod

without any need of a precise theory. Fige 1 shows

o]

f/' : M/,

Figo 1

what my be expected. The first part of the curve will be characteristic of
the tamper because there is no aotive material present. a will of course

be negatives It will have a finlite value whlch is the reciprosal of the
time of capture of a neutron in the tamper material. As aotive material is
added, ¢ will inorease until it becomes equal to zeroe This eorreséonds Yo
infinite multiplication and this mass is called the critical mass I} » If
one were to oontinue to add material, o would continue to increass but would
eventually level off at a value which is charaoteristic only of the aotive
materiale This will ocour when nearly all the neutrons emitted by the

fission process are captured in thgegojive meiuatelseyithout going out into

UNCEESSIFIED::
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As soon as one goes into details, the situation is not so simple.
We shall only mention onse éspect vhich has an imbortant bearing on ocur
particular problem, We &hall distinguish two kinds of a's,,ap and age ap,
called aeprompt, is related to the fast multiplication and is the a wiloch is
significant for the efficiency caloulations. a; odlled a-total, is asso-
clated with the total multiplication. ay differs from ag in two respeoctse
The small fraction of delayed neutrons enter into a,, but not in%e o
Also, bocause of time absorption in the tamper, the tamper is less effecs
tive for the prompt multiplication. The problem discussed here is how to
measure the slope of the “p curve in the region vhen ay is slightly less than
zZeroe

The results of these measurements on both 25 and L9 have been

previously reported.1°

This paper will desoribe the apparatus and the
theory of #he methods.

Two mathods have been used successfully for determining ae They
are the fastemodulation of the csyolotron and the delayed~coincidence cor Rossi
methodo The theory of these methods is given in the appendix. At this
point it vA 11 suffioe to indicate briefly how these methods work to provide

a background to better understand the experiments and apparatuse.

THE MODUZATION METHOD

The fundamental idea behind this method ie that the time-dependence

of the number of neutrons in chain-reacting asscmbly can be expressed as

N A T : (1)

1o Fast multiplicstion of 25 as a fund¥ioh o’ madde " La-374
Fast multiplication of L9 as a gay@blqc.ﬁwwaa.:%::h@
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where A and a are function of the geometry and phrysioml constants of the
assembly. Theorsetically this is not correct and the expression should be
represented as a sum over a number of normal modes,a' i.e0,
a
N=% A, ot (2)
il
However, it can be shown both theoretically and experimentally that if the
assembly is close to critical and the method of excitation is reasonably
chosen, then all the higher harmoniocs are negligible, and (1) is sufficiently
acourate for our purposes. We shall defer to the appendix the question of
delayed neutrons and take (1) with ap a8 representing the time behavior of
& near-critical assemblye. If one introduces into such an assembly a source
of neutrons S(t), then the number of neutrons at time t will be

£
¥ = e'“Ptf o*P%' s(t) as (%)

—00

If s(t) is zero after some time ty, then one has that N is, after t3, an
exponentally decaying number. The measurement of a consist, then, in
measuring tho decay periode.

In practice this is acoomplished by modulating the ocyclotron beam
to give a pulse of neutrons approximately 0.5 pseocond 1long. When the beam
is turned off, a gating circuit is triggered whish records the pulses from
an donization chamber in ten definite tire intervals immediately after the
nsutron pulse. These data, after being corrected for baokgrounds, will

immediately give the period of decayo

THE ROSSI METHOD

The prinoiple behind the method is quite different from the modula-

tion soheme. It relies upon the faot :’nal‘ eﬁ.cne.‘m.reaet:ng assenbly actually

2o See: Effect of tampers on the time, sco.}e qf qu—c;'itical agsemblies LAP19h
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produces ohains. If an assembly is near oritical and & neutron is intro-
duced into iY, it has a very good chance of producing a chain of other neu-
tronse it is, in fact, the production of these chains which gives rise to
the multiplication of the asserbly. If in such an assembly one looks for
pairs of neutrons which are separated by a short tire interval, +then it is
highly probable that the two neutrons are related to each other by virtue
éf the fact that they are both members of the same chaino It is shown in
the appendix that the time distribution of such pairs is eapte

This distribution is measured in the following way. The assembly
wa.s provided with two ionization chambers. A natural source was used to
introduce neutrons into the assembly. One of the chambers was connected to
the gating oircuit desoribed above, so that whenever a pulse was recorded
in it the oircult was in a condition to measure the time between this pulse

and one recorded by the second shambero

THE GATING CIRCUIT

The gating oircuit is really the heart of the equipment. It is
shown diagramatically in Fige 2+ TFigao. 3 to 7 give the circuit constants
for the component parts. Figs. B and 9 are photographs of the entire de
teoting equipment.

The principle of the oircﬁit is as follows: the pulse from dise
oriminator B fires a blocking oscillator {bso.) in Gate 1; the beo. pulse
oharges up & condenser in the cathode of 1/2 6 SN7; the b.o. pulse also goes
down & delay line and fires b.0.2 in Gate #2; the pulse from beo.2 does
tares things, (1) it shorts the cathode of the tubs in Gate w1, thersby
closing Catewl, (2) it charges up th.e quelens:.r; ;;\ (‘;qte‘#"a and (3) it
sends a pulse down the delay line tc-%r:}gg .“b..q.i i éate#;. This process

continues down the chain of 10 gates * et hictg er'i- 3'; suocession, but in

APPROVED FOR PUBU C °RE1_EASE e
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such a way that no two are open at the sane time. The duration of the
gate is determined by the length of the delay line. The pulses which are
formed in the different gates are mixed in the ten coincidence oircuits with
the pulse from discriminator A. To make this a little clearer, suppose all
the gates in Chain B are 1 useoond longe Suppose a pulse triggers discrimina-
tor B and 3 1/2 useconds later a pulse triggers Discriminator . In'3 1/2
pseconds, the pulse in B has reached Gate #l, so that when A is triggered a
coincidence will be recorded in coincidence circuit #l; indiceting that the
two pulses were between 3 and L useconds aparto

The widths of the gates could be varied individually from 0ol to
1 pseconds The resolving time of the component parts of the circuit was
1 pssoond and it could be run at counting rates up to 50,000/sec.

The circuit was also provided with a long gate (from 3 to 30
useconds) . This could be triggered at any time throughout the cycle and

proved very convenient in determining backgrounds directlye

THE KOLULATION KQUIPMENT

The beam from the cyolotron was snouted and fooused om & small
target about 10 feet outside of the water walls. The details of the mag-
netlc focusing of the beam have been reported e]sewhere,3) apd will not be
given hereo Fig. 10 shows the section of the snout between the target cham-
ter and the focusing chamber. This section of the tube was provided at either
end Qith adjustable slitse Also provided vas a long set of deflecting platesc
These plates were such that with 10 Kv across them the beam, which was
defined by the entrance slit, wms completely deflested across the exit slite

The wmodulation was accomplished by magle:iﬁa.i‘il;;:'izfséxifgbing the deflecting vol-

30 La Magnetic focusinge. oo o230 Soo le 2o 20
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tage and permitting the beam to pess through the exit slit and strike the
targets Fige 11 shows the external part of the snout with the target im-
bedded in the WC tamper of the 25 ass;ambly.

The modulation of the deflecting plate was sccomplished by shorting
the deflecting voltage to ground through a pair of 30L Til's. The 304's were
driven by an 329 as a cathode follower which was in turn driven by a 828
blooking oscillatore. The width of the pulse could be varied from 0.2 to 0.6

psece by varying the capacity in the grid circuit of the blocking oscillators

OTHER ELECTRONIC EQUIPMENT

Crouch-Elmore amplifiers were used very successfully. A delay line
olipper in the grid of the first stage of the amplifiers permi#ted clipping
the pulses to 0.3 psecondo

The disoriminators, Fig. 3, were triggered uni-vibratorse Their
resolving time was 1.5 pseconds. However, it was possible to remove the
second tube, thus converting them into the more conventional flip-flop dis-
oriminator which had a resolvency time of «& pseconds. The reason for
using them as uni-vibrators was to make certain that the discriminators were
the slowest part of the entire circulte.

The overall timing for the modulation was usually in a state of
fluxe The final and most satisfactory arrangement is shown in Fig. 12. The
quadruple pulser was & self-triggered affair whose frequency could be varie§
from 10 to 10,000 cycles/secs The four pulses could ‘be arbitrarily phased
with respect to each other. One of the pulses was used to trigger a_sweep

oirouit, a second triggzered the long gates 4, third triggered the arc modu-

lator of the cyolotron.b) R

L. It was found desiruble to mcdt;iﬂt-e Xhe, hrd* b Shedecyclotron
beam in orcer to reduce the backgrdvidefrom the fanjs'wallse

APPROVED FOR PUBLI°C RELEASE °°
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The fourth pulse triggered a delay time.controlled double pulser. The
two pulses from this triggered the beam modulator end the B discriminator
respeotively, This latter pulser was necessary because any phase jitter
at this point would have been guite serious. while it wus not so impor-
tant for the other parts of the setup.

None of this latter equipment was, of course, necessary when one
used the Rossi method. Instead, another ionization chamber and amplifier

were used to trigger B discriminmator.

CALIBRATING OF GATING CIRCUIT

It was necessary to know accurately not only the widths of the gates,
but also the time when each gate opened and closed relative to the time when
Gate 1 opened. This calibration was made with a precision double pulser
which was acocurate to o0l psccondse. This pulser was calibrated arainst a
crystal oscillator. Knowledge of the width of the gates was not sui‘f“icient
since there was a little overlap in the gates. However, the widths were
determined independently by counting rendom pulses and were compared with
the widths as determined by the stendard pulser. The agreement was quite
satisfactory and served as a useful check on the overall behavior of the

apparatus.

CHAMBERS

The chamber problem was greatly simplified since we are interested
only in obtaining timing pulses indicating when an event is taking place.
This means that the chambers did not hayq to heve..glgj:eaus. A1l that was

needed was high efficiency and fast°g9§gqnpap.:,.., .

The ohamber used for the gogeireponss oi:2h s shown in Figo 13

: . :. : o o e o o U maanset
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and 1lie The square design was for convenience in stasking in the assembly.
As shown in Pige 13, it consisted of two separate chambers which could be
used independently for the Rossi method or connected together and used as a
single chamber for the modulai;ion work. All the grounded parts of the cham.
ber were coated with 807 25 to a thickness of 1.3 mg/cma. The pulses were
taken off the high voltage. It was operated at 10 lbs. gauge pressure with
the Argon-Cop mixtureo

The chambers used for the L9 work are shown in Figs. 15 and 16.
Their design was also conditioned by the geometry of the assembly. It oon-
sisted of stacks of electrodes which are alternately grounded and at high
voltage, the spacing boetween the electrode was 30 milss Both sets of elec-
trodes were coated with 80#% 25 to a thickness of 2 mg/cmeo Each chamber
contained approximately 1 gm of oxide. It was operated at a pressure 100

1bs of argon and COse The pulses were also taken off the high voltageo
2

MET:I0D OF TAKING AND HANDLING DATA

The general method for taking data by each method has already
been indicated. There is 1ittle more that can be saidec The counts in the ten
different channels were individually corrected for backgrounds. These
backgrounds were figured on the basis of the freguency and the total counts in
A discriminator for the modulation method or on the total count in A% B
discriminators and the time for the Rossi me‘cixod. These counts were then
roduced to count per unit gate width and plotted on semi-log paper against the
time when each partiocular gate was open; These points always lay on a streight
line within the statistiocs. The slope of these lines determined a_. |

P
These measurements of oy wésa’!ﬂade féi‘ Sfle;m"ly different masses.

The particular methods for ohanging ‘show n.a&,ses X 'reported el sew’nere,g and

Se loce oite footnote 1o R
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will not be given hereo From this data it was possible to calculate the

slope of the a vse. mass curve at a point near oritical.
DISCUSSION

Tais report has dealt principally with the methods for measuring

ap rather than with the more important question of the msasurement of
dap/aM. ¥hile this does not belie the ttitle, it does represent a shorte
oomingo e have remarked rather glibly that we measure a for different
masseso The difficuliy is not in measuring the ap or the different mass, but
rather knowing just what the change in mass means, In the laboratory one
changes the mass by aotuwally removing aome.small pilece of the active material,
The problem, which is essentially a thooretical one. of evaluating the effece
tiveneas of such a removal, is one of extensive difficulty and well beyond the
sgope of this paper.

The piocture is much brighter on the question of determing apo The
two methods described have been checked against each other and agree within
the statistical errorse BEach method has its advantages and diecadvantages +to
recommend it.

The adventage of the modulation method is its greater intensity.
This is particularly true when one backs off from critical by changing the
mass8e It can be shown that the\gounting rate varies linearly with total

multiplication for the modulation method while it varies as the cube of the

multiplicetion for the Rossi methodo

The Rossi method excels in its simplicity. Although the detecting
equipment is the same in both cases the simplicity of a natural source compared

to a modulated cyclotron cannot be avenomehas&xe&. .?he Rossi method is also

free of some spurious effects such aa.mthIatsi b&a&iroundS'whlch oan cause

APPROVED FOR PUBL‘I'C'RELEASE °*
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trouble with the modulated beam». Finally there is something inherently

vory nice about measuring a "dynamic™" quantity by a "static" experimento

Appendix I.

THEORY OF THE MODULATION EXPERIMENT

We shall start with the diff'srential equation expressing the rate of
change of the number of neutrons N in an assembly and taking into account

explicitly the delayed neutrons and an sxternal sourcee.

t
aN_. ¥ _EQ-8)_, k8 w aBle=tt) .,
T-E T N+ T, N(t') o dt'+ 8§ (A1)
~o0
Here:
'(*é - mean time for capture (loss of nesutrons by leaknge is equivalent

to capture)
K = neutrons produced per neubron captured
£ == fraction of neutrons dslayed (sometires called y f)
/'_-3‘ = essumed reciproocal pericd for the delayed neutrons
§ == source strength in nentrons per secondo

This equation says that the tire rate of chenge of N is made up

of four parts: |

(1) The neutrons lost by capture; (2) the prompt neutrons produced
by capture; (3) the delayed neutrons produced by capture; end (};) the neutrons
supplied by the source. Upon multiplying the equation by e K ,.diﬁ‘erentiating.

end rearranging terms, the following results:

4N 3 1-k(2-£) | aN  [1- - .
Ft>-4 I:B+-—'E£-—].d‘€ +[-%—;]/3N-ﬁs+s (42)
If we use the following abbrewiativnsss see oo

APPROVED FOR PUBLI'C RELEAS
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then, since ﬁ (~1) is negligidle compared to a.p(fv 106) and in our

exper iment; ag™M<L ap [see next pag;e] s We may write:

[—%,5- + ap] [a%”--f- ad] N=pBs+5 (al)

The particular solution of this equation is:

N = adla e&aPt eaPt'[,GS(t') + S(t’)} dt?
i 1 t ¢ £ “5)
+ 53-&-; e d ‘ef‘d [ﬁs(t') + S(t')] dt*

-

This can be simplified by removing the § terms from under the integral sign
by en integration by parts. In the range of K which is interesting (K

nearly 1) and since f ~ .007, ag is negligible compared to @pe Using this

fact we can write as a final result:

t
Nz &% % g(tr)at +- 5-5-@-. o=t [ 3% g(gnyatt (a6

~

The result consists of one term with a very short period (approx=
imately 1 psecond) with a coefficient of unity plus apother term with a long
period (approximately 1 second) with a very small coefficient (ape—tzomlo"‘) .
This second term will integrate the source for a period of ]/a.do

Consider what happeas if S is a periodic square pulse of duration
6 ~1/ap and unit intensity whose period if T4< 1/gy. We shall assume that
S has been on for infinitely many oycles in the past and will measure time
from the begluning of some arbitrary pulse. If T > l/a.p then the first

integral will only contribute from the *itwbaidle i3tlds under considerationo

The last integral will average the sLUPES WentiALith for a time of l/ad,

the result is, then $ed L serte

APPROVED FOR PUBLI C RELEASE
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N- eap6 °1 -apt.+ ...r. [ I X ] -.-S: L X ]
= oy L) 3§2775 agT (A7)

What we have, then, 1s a rapidly decaying exponential superimposed on a
continuous background. This background is caused by the delsyed neutrons.
It is desirable that the background be sufficiently small for a

good measurement of a %e might take as a oriterion that the background

PO
be one=tenth of the counting rate of the exponential pulse after three periods.
This should permit a good measurement. Assume /3 = ol sec”l, t,= 10-8 sec,
and ag = .01 sec=l. This gives K = c9992; ap = 8°10%; and 6 = 102'10.68000
Our oriterion is

K £ 5 /0y T,) (6/ag D)
(eP® - 1) o3

= 0.1

Putting in the numbers and solving for /7 given a freguency of ~~300 cysles/sec.

One might estimate the counting rates approximately as follows: if
one essumes the deuteron beam to be 1 p amp, which yields 1030 neutrons/heo,
then one calculates from the above expression assuming & repetition rate of
300 oycles/sec that there should be 1.5010% neutrons present in the assembly
after three periods. Since the oritical mass of the assembly 18'~’5'10h gms
and the chamber contains one gram then there should be 1.5’-105/5010h = 5
neutrons per second making fissions in the chambero

Aotually these conditions are quite idealizede There is, besides
the background discussed above, the general background from the tanl well, etco
This necessitates lowering the frequency somewhat. Also, since the chamber

was placed in the tamper, the estimate of the efficiemcy is certainly optimistic.

However, the estimated counting rates are so good that one can afford to take,a
bit of a lioking on these other thiafsei 3° I i+ ii

()ooese
Me

[3

.
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APPENDIX II

The Rosgsi Method

The Rossi method represents a different approach to this problen.
It is essentially statistical in nature. Let P (t) be the probability that,
if a neutron exists at time t=o0 then a neutron will exist at time t= t.
We may caloulate P(t) directly. Suppose the initial ¢ is subdivided into a
large number of small intervals dt. We ask, what is the probable number of
neutrons after a time dt¢ This probable change in the number of neutrons is
given by the product of dt/tb, the probability of a captive in the interval
dt, and {-11—K(1—£§} (we are considering only prompt neutrons), the change
in the number of neutrons if a capture takes placeo Therefore, the probable
number after a time dt wi 11 be the number existing at the beginning of the
interval plus the probable change in the number during the intervale

Probeble number after dt = 1+ (=1 +K (1=f) dt/7, =1 - ap dt.

The probable number after a time ¢ wii] be the product of the
probable numbers of all the subintervalso  There are t/dt of these intervals.

Therefore -
P(Y) = (1-aqp dt)t/ dt

[(1 - a, a)” 1"“9“}

(48)

In the 1limit of dt approaching zero, this beoomes simply

P (t) = &%° (29)

From this we immediately have, for the probability of a neutron
producing another neutron at a time t later and being captured in the time

interval dt,

= at/z,, (A10)
gince the probability that a neutron will be “saptured ié just at/ o0 A
e © F e ® o O
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As an immediate application of (A10) we may calculate the total
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number of neutrons that will be captured because a neutron exists at time

t = oo This requires summing (A10) over all times.

c0

o=t atk, = Ve (a11)
0

The reason for emphsasizing the capture of neutrons is beocause this
is the same as detecting them. The detected neuﬁrons ars, among others,
neutrons that are removed from the system. R

Now, let D be the reciprocal period for the assembly including the
delayse Then, in amalogy to (Al10), we have that the probability of producing
a neutron at tims t in thse interval dt is /_»‘)e"D'c dt where ﬁ is the
reoiprocal lifetime for the delayed neutrons. We get then that the total
probability of producing delayed neutrons is ﬁ/D in analogy to (A11). Now
since it is impossible to distinguish a delayed neutron from a source neutron,

these delayed neutrons will be multiplied promptly according to (A11). Therco

fore the total multiplication will be

(/3/0) (V/apTy) | (a12)

If we now take equation (A6) of Appendix I and interpolate it over
all time assuming the source § to be unity, we find that, after dividing by
Tos the number of neutrons present is.1/(1-K}. If we equate this to the

expression (Al2) and solve for D, we f£ind

D:éﬁ:._gs_)._ :I dd (A]-B)

This establishes the equivalence between the significant quantities of the

Modulation and the Rossi Methodse ¢ & 5. & %

We shall now investigate the probadilifies af counting pairs of

APPROVED FOR PUBEIC RELEASE *°




neutrons separated by a definite

ides

somewhat clearer.

8. neutron existse.
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t=0
t=t
3 B
N 7

This neutron gives rise to a chaine

t=¢'+7T

———tEg T + B,

Looking at the accompanying figure, suppose at time t= o

There is a ocertain

probability that, because of the existence of the neutron at t = o, a neutron

will be captured in the time interval § at t = ts

Similarly, there is a chance

for one to be captured during the interval 65 at time T t'+To Ve wish

to caloulate the probubility for counting the two neutrons separated by the

interval T for all values of t'o

Ve can simplify ¢

he calculation by calcu-

' lating the probability that a neutron is captured at time t' ard in the intere

val 611-52 at time t'+ To

The result is

e‘apt’ 9-?% =% (6'+D) Ql*‘ﬁ?

o s acgieme
(o] .,,.-J:%:\ Voo

result
’ a=0pt 6)
2 (b + 82)
20, T
6. This expression is inscourate in one respect.

Ye

(ally)

If we inbegrate this over all times t' we obtain the required

(A1s)

have omitted any

discussion of the fact that the number of neutrons emitted during fission

fluctuate.

A more detailed analysis of the theory of

chain production shows

that equation Al5 should be multiplied by a fuctor usually called Xp where

g .0: E. go : :o :
R - 18° 11 % f:
%, - R R - Do gtetiiilast.e

L2iitting X neutrons per fission
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Hence, if one obtains the curve for the probability of countinm pairs as a
function of T, then this ourve gives us a method of determining apo

1f one uses a source of strength S, then the counting rate, for pairs

will be
S QGO. ’B
TR mpi (67+82) By Ep (A15)
[o]

When El and B are the respective efficiencies of the two chambers. The total

counting rate in one chamber will be

Hence the background of accidental counts will be

s \2
(T:K") By By (63482 (416)

We may estimate the expected results here as we did on the modulation
methodo 'fe will first find what velue of S we can use to keep the background

down to one-tenth after three periods. That is

[8/(1k)7) /e=3

= ol

2
2ap To

If we use the values of K, a,, and T, of Appendix I, then wo find

P
that S = 10)"‘ Fission/sec which is easily obtainable with a natural source.
If in (Al%) we again take B EB=x 1/(3x10)4) and 8y = 6 = 50107 sec
as reasonsble gate width S we £ind that the pairs/sec of three periods

separation are counted at the rate of 1/seco
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