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ABSTRACT ﬁ

A chain reactor (the "dragon") was constructed so that by dropping a
slug through an assembly {both of active materigl), a divergent chain reaction
supported by prompt nsutrons alcns was achieved for sgbout 1/100 second, In
this short time meutrom multiplications up fo 1012 were obtained, Various
measuremsnts were made which permlitted calculation of the generation time in two
independent ways:; from the ‘shape, and from the size of the neutron burst which
occurred when the system became prompt~nsutron supercritical; these caloulations
agreed reesonably well with each oOther, and also with the time obtained from a
Roesi time-scole experiment. The nsutron bursts nroducsd by the reactor werse ussed
in other experiments on delayed neutrons, gamma rays, the effect of intense

radiation on coaxial cable, snd on living animals,
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CONTROLLED PRODUCTION OF AN EXPLOSIVE NUCLEAR CHAIN REACTION

Sesese
ose s

INTRODTUCTICN

. The neutrons’ emitted in fission are Of two kiﬁds: “prompt”, l.e. emitted
by the fission fragments presumsbly within less than 10712 seconds, amd
"delayed™, 1.8, emitted after times of the order of ssconis.

Chain reactors comstructed so far (graphite_piles. water boilers) always
depend partly on the delayed nsutroms; this makss‘tﬁem easy to control since even
in a slightly supercritical state the neutron population grows at a moderate speed,
douoling in a time 6r wiautes or perhaps seconds. ff the multiplication were to
be increased so much that the prompt nsutrons alone-can support a divergent chein,
the neutron population would grow very rapidly, douﬁling in a small fraction of a
second, Such a "prompt" chain resction has thersfore an explosive character arnd
therein lies 1ts military value,

In the experiments described here a chain resactor was arranged s0 that for
a short time of about 1/100 second the corditlions for a prompt chain reactlion
could be realized. This was done by dropping a slué of active material through
a vertical hole in an active assembly.* By adjustirg the conditioms properly, very
large nsutron bursts could be oObtalned, indicating afmnltiplication of the origianal
reutron population by up to twelve powers of ten within this short time, Iu Ome
particular burst a tempersture rise of the active maferial hy over 6% vas
recorded, corresponding to the liberation of 12000 :_calorieso apd over 1019
neutrons, Since most of this emergy ig liberasted within about 3 milliseconds,

the heating rate was about 2000°C per sec, correspording 0 a peak power of

20,000 KW, u N usﬂwfﬁwrt‘{?‘"r"?‘??m

* Because of the similarity of this procedure with that of tiékllﬁgftbéetail‘ﬁf
a dragon (pointed out by R. Foymman) the experiment has boel 3thd?lmbs &alrdd

[ 4 * oo L J L X A4

"the dragon experiment.” s ¢
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¥easurements wers made of the way in which the fission rate varisd with
time during the burst, of the slug position &t the maximum of the burst, end
of the dependence of the burst intensity or the sd justment of the multiplication,
In conjunction witn static calibrations, carried out with the slug in a fixed
position, these measursments are in good agreement with what was expected. It is
for instance possible to calculate from them the genmeration tima, il.e, the mean
time T, betwsen a fission and its dsughter fission in two independent ways, and ths
results agree well with each other apd with e third determiration of TB by a
Rossi time-sczle experiment.®

The intensity varied comsiderably from one burst to another, even if the
cond itions were not changed; these fluctuations are t0 be expected because each
burst 4s ths result of an enormous multiplication of very few prirary neutrous,
A cfude meaaurement of the size of these fluctuations wgein showed sgreement with
theory.

Some pdditional experiments mare carried out in which the neutron bursts
were used as a to0l to atudy the dslayed nsutrons (see LA-252) and gamma rays,
and also to investigate the effect of intense radietion on coaxial cable ard on
rats. aAn unsuceessful attempt was made to thermaliza the neutrons and fo use them

in conjunction with a cloud chamber.

MECTANICAL STRUCTURE AND SAFETY DEVICES

The falling slug of active waterial was contained in & steel box, 14" long

and with a 2-1/8" x 2-1/8" cross section, Its path was defined by 4 Dural

guides, with a slsck of about 1/8" so that even a considerable warping of the guides

would not interfere with its drop. The guides were kept at the correct relative

+ Report Forthcoming.
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position by brass clamps evary £ feet or 20, and held straight and vertical by
guy wires attached to a steel derrick, about 12 feet high. They passed through
a hole in a heavy (3/8"} steel table on ﬁhich the active material and tamper could
be assembled around them, and led at the bottom into a catcher box into which the
slug fitted with a few mils clearancs; this close-fitting catcher box served as a
poeumatic brake,

Part of the reacting éssambly was contained in a pivoted steel box which
could be Q;ised into position by compressed alr actirg on a piston: This "safety
box" could be raised and lowered by throwing e switch operating en elesctromagnetic
air valve; during static calibration this valve was connmected to a neutron
mopitor* so that it would drop automatically whenever the neutron level increased
over & preset valueo' Whenr the safety box was down, the reactivity of the system
was decreased S0 that even with the slug at the center no reaction could occur,

To control the multiplication, a flat brass box ("contrgl vane;) filled with
a suitable absorber could be inserted bastween the safety box end the rest of the
system, its position being adjustable by a screw drive.

Fig. 1 shows a vlew of the whole setup, without active material,

Before each drop the slug was picked up by an electromegnet hanging 6n a rore
agnd hoilsted to a sultable poiﬁt near the top of the guides. To do this safely one
had to lower the "eafety box" first, and, lest one should forget it, the magnet
was wired in series with & microswitech which was closed only when the safety box
was down. On arrival the slug.was secursd by pushing & "latch" through the guides
below it (this was done by a pair of Selsyn motoz;s)° The purpose of the latch was

10 prevent the slug from being dropped unintentionmally, e.g. because of a power

fallurs, ee ste ooe « oo o
* * [ ] [ ] a @
e & - [ [ ] L ] L
e * oo o e ¢ .
.o e . e o .
pahl 4 & 2 £ & 4 GO0 - P ET @ @ AT

* R.J. Watts, LANMS-161. "'—. ofe 2300t
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rath for the magnet current so that now %he safbty'bdk could be liftea without drop-

By pushing in the latch enother micropvg,fichi'ﬁaé cfos
ping the slug on the latch., When the operator was sure that everything was ready
for a drop {controls properly adjusted, no people mear the system, etc.) he pressed
the HWG ("Here We Go") button, establishing a third path for the magnei current

and enabling bim to remove the latech and subsequently, by releasing the HWG
button, to drop the slug,

This whole somewhat c¢omplicated arrangement was designed to relieve the
operator :rom any responsibility until he pressed the IEKG button, If, for
instance, he tried to raise the safety box before the slug was up on top and
secured by the latch, the magnet would at orce release the slug, which would fall
into the egich box well within the time reguired for the compressed alr to raise
the safety box (about 10 sec). Again, 1f he tries to pull out the latch without
presaing the HWG button, the slug falls on the latch which then can no longer
be moved, -(The latch was moved through a slow gear so that ome could nof pull it
out in less than about S asec). Colored lights wers asrrernged t0 keep the opera-
t0r informed about the positiom or'the safety box, latch, and magnet.

The velocity of the slug was checked im emch single drop (see below under
"timing system") and found to be comstant wsll within 1%. At the beginning of
sach saries of drops several dummy drops (with the safety box down) were made in
order 0 wmake sure that the slug was falling freely and with the correct veloclity.

All the operating and recording equipment was placed in a room about 40 £t
away from the assembly and behind a 5-ft wall of concrete and earth. If (to
assume the worst) the alug bad got stuck at the centsr of the pssembly, there
vould have been a rather inefficient explosion, probably eguivalent to a few ouncses
of H.E. In thls case the c¢ontrol room would have afforded sufficient protection

sgalnst the radiation, although it would have been advisablé to leave it quickly

Lefors the active fumes hed time to spreaé.. —)
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ACTIVE ASSENBLIES

Three different active asserbliea were used; we shall.call them assemblies
1, 2, 3 4in what follows,

Assqmbly 1 consisted of ebout 10 kg of Uﬁio surrounded by about &7
of Ba0, The UH&O was made by thse CM divisioﬁ by rressing UHS with Styrex
into cubes, soms of %", soma of 1" side. The symbol U stands for the beta-
stage waterial of 71 to 75% 20 content. The UH;g also contains about
4 atoms of carbon for esach atom of T,

The reactivité was controllad by weans of tha control ;ane which contained
/16" of pyrex sheet, The safety box was £illed with BeO, The UHiO did net
extend beyond the control vans, but was bullt up in roughly spherical shape with
i1ts center ocutelde the guides for the siug. It was found that moving the slug
sideways inside the guldes changed the multiplication constant X by about Ooi%.
a change which wo&ld altsr the size of burst by a large factor. We therefore tilted
the whole arrangement by about 1.5° and stralghtened the guides carefully in oxder
t0 make sure that the slug would always slids down on ons side of the guides,
Teats with eleotric contacts showed that it always folliowed the same path to
within 0,005" and the corresponding uncertainty of about 0.01% in X was con-
slidered tolerable,

This assembly gave the first evid;nce that a prompi-neutron reasction could
be produced, and served to get some qualitative information. The control vane was
pushed in far enough so that no prompt reaction could occur (see latsr under
vstatic calibration™). The slug was then repeatedly dropped apd the control vans

was pulled out in small steps. The first bursts were obiteined in the small hours

of January 20. Some more active material waa added and the pyrex }ﬁ,??? c?nfiyl‘
.. .. 0...

vano was replsced by a mixture of ByC and paraffin wax, t0 si.'vd a&‘*o::'ge"'ccaitro}.o

*e S0s 00F 600 ¢C9 us

The following night bursts were increased until a temperaturs 32560 -09 01 @? :.5
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was observed due to the strongest burst, After that the whole assembly was dls-

mantled and the Uﬁio was used for verious eriticael-mass determinations,

Assembly 2
On Jenuery 28, the UH;g. together with amounts which bad errived in the

meantime, was reassemblad, meking about 15.4 kg in all., In order to make the
best use of the material, the control vane was removed and contro% was effeoted by
mdving a tray containing a part of the core amd temper., Ths tray was moved by
a screw and its posltion was reald by a micrometer t0 the nearest mil; this ar-
rangement was meant to sliminate slack but dién't completely. We tried to use
tungsten carbide es a tamper in order to avoid the large contribution of thermai
neutrons which results from the use of a Be0 tamper., However, the system wouid
not go critical because of the gaps due to the guides, tray walls, etq,, and we hsd
to come back tc BeO., But we found it possible to cut the contribution of thermal
nsutrons by placing a layer of cadmium betwsen the Uﬂio and the tamper, w}thOut
reducing the mulftiplication too much,

¥ogt of our information was obtained with this assembly. It was used until
February 1 when we had to return about two thirds of our UH,, %o the CM Division

for conversion into metal.

Asgembly 3 .
The remalning 5.4 kg of Uﬂio were "diluted” with polyethylens
("Polythens™) bricks in the volume ratio 1 UH;, to 5 Polythems. As a tamper
we used 3" of graphite backed by 1" Polythene, (This was about as effective
as 6" of graphits, and better than eny thickness of Polythene alons}. The
safety box contained S" Polythens. The slug contained 6 LF cnhes.Of Uﬁiq.

in an unbroken row, surrounded by #" Polythene ard backed dhdve.b£¢ hﬁIOW'bI;
about 4" Polythend P PRAVERFQR PRBLICMBYERIFE approxima:taly,:i ‘epbo 1022 @"
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sides, the center of the guides being 1%" oOff the center of the cube, The
multiplicetion was varied by removing pieces .of the outer 1" Polythens layer,
Because of ths presence of large amounts of hydrogen and carbon, with no
Cd present, the 7% of this sssembly was expected to be guite large (we found it
about Zo,uaec)e Although this makes the experiment less "intersstirg™ 1t hag
the advantage that the fluctuations are much smellsr and tkhat bursts can be wade
to ordser. This gasembly was used 40 measurs dslayed neutrons and gamma rays and
to make a rough test of the size of fluctuations. In the course of these exper-
iments the sizs of bursts was gradually increased until in one burst the cubas
became so hot that swelling and blistering occurred. The whole system expanded
by about 1/8" and its wultiplication bacame reduced so much that no more bursts

could be obtained from it,

TIMING SYSTEL

Two narrow light beams were grranged t0 cross the path of the falling slug,
92,3 cm apart, one sbove and one below the active assembly, and then to fall on
two photocells of the multiplier type. The slug carried a small knife edge on top
80 that the instant when the light beam is re-established after interruption is
sharply definad. The photacells oparate a gate circuit, opening it when the knife
edgs passes the first light bsam and closing it when the knifae edge passes the
second beam., Ths gate allows the signsl from a 100-Ke arystal oscillator to
passg intc a largq scaling system (three atandard scales of 64 in series). Thus
the scaler counts at a rate of 100,000 counts/second during the time 1% takes the
knife edge on the falling slug to cover the distance between the light bsams, and
by reading the interpolator lights one obtains this time in units of 10 wmiaro-

(344 U3

seconds, The light beams were nearly e millimeter wide and hcgde "3he $dpeify’ gf

ghutting ¢imes are determined not vetter than to about 100 mﬁéré&%c‘éﬁd‘s’f '?I’né'o

[ ] e ¢ oo L] L X X
¢ & & ¢ L ] e ¢
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electronic equipment was built by W.C, Elmore of G-t,

The drop velocity calculated from this was found to be reproducible to
+s%, and sbout 1% less than the value celculated from Calileo's law. This
deficiency is probably due to friction. In calculating the poéition of the slug at
'any given time it is assumed that the slug falls with a constant acceleration of

§65 cm sec™® 5o as to got sgreamsnt with the observed average veloclty.

STATIC CALIBRATION

I% is obviously impossible to carry out static measurements in thoés config-
urstions of the systam in which a prompt-neutron chain cen develop because the
assembly would blow up Iin & small fraction of & second. We therefore had to be

satisfied with measurements in a state of reduced raactivity, extrapolating to the

region in which we are really interested. These extrapolations were based on the
hypothesis that the different means by which we can change the reactivity have
gdditive effects. This hypothesis was checked in.a rough way in the region accessible
to stetic meamsurements and found {0 be tolerably correct.

To obtain X for any particular position of slug end control, the exponsn-
tial growth rate of the reaction was measured with an outslde BF3 chamber and DC
amplifier, Ko great precision was aimed at. Doubling times down 0 about 2 sec
were used; shorier times were too hérd to0 measurs, and als¢ increasingly dangerous,

To convert doubling times into K values, the inhour formula for the water
boiler™ wus used., This would be correct oply if the coentribution of dslayed
nsutrons in our assembly was the same rrection of the prompt neutron sffect as in
the watser boiler, npamely, 0.008. This assumption is probably not far from correct

but we shall point out in the discussion how it affects the results.
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Fig, 2 indicates the depcndence.of. K' on th& wogxtiOn of the slug and
o’ ete s ele See S
of the control vene filled with Béc and paraffin ;; ;;sembly 1ls The curves
corresponding to different slug positions cen be made to coincide approximately
with the dotted exirapclated curve, by moving them up by e suitadble amount, which
moans that our sdditivity hypothesis 1is approximately correct,

It is geen that for vane posiiion 87 K-1 becomes 0,008 if the slug is
at the center, ard hence if the vane is pulled out further a prompt reaction be-
comes poaéible for an inoreasing range of slug positions,

Figs 3 shows the calidbration of assembly 2. The change of X with the
eontrol tray position ia fairly linear and is believed to confinua linearly into
the prompt critical region, The effect of slug position was measured over a smaill
range only, unfortunmately, end the curve éhown indicates what we bslieva is the
best extrapolation,

Fig. 4 shows the effect of slug position on K in assembly 3.

RECORDING OF BURSTS

1) A boronelined ion chamber {converted Rala chawber £illed with pure
argon* ) was placed close to the active assembly, so that the average time of flight
of thermal neutrons from the assembly to the chamber wes only about 0,1 millisecond.
While the electrons prcduced in such z chamber are swept to the wire in about
1 %o 2 microseconds, the positive lons will také several milliseconds to move
to the outer electrode amd will therefore be elmost staticnary during the bur;t,
With strong bursts these ions would form a very subatantial space chargse and may
slow down the collection of the electrons and distort the pulse shape. We there-
fore prepared, in addition, a chamber which contained only a small amount of boron,
painted on the jnside wall in the shape of a thin spiral’lineo ¥ost records were

obtained with the latter chamber. We found no evidence for distortion due to space

chargs.,

= . B mrremaornom
¥r, Nicodenus Kindly £LLled the chambers £Or us. ‘ .
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The collecting electrode (central wire) of the chamber was directly cone
nected to the grid of a cathode follower tube, using e high grid leek (101°:i)¢
The cathode follower fed the pulse through a concenriric cable to the input ampli-
fier of'a Du¥ond oscilloscopes, The sweep of the scope was triggered from a
suitable stage of the timing scaler (sse séction on timing system) and sigpals
from another stage were fed t0 the intensifier so that the sweep took the form
of a dotted line, the dots serving as time marks, Fig, 5§ shows a typical
Tecord,

2) Copper rings (about 1" high end 3" OD) were placed on the asserbly
in a stardard position and after the drop the activity of the ring was measured on
a G=M counter, This gavs the integrated intensify of the neutron burst and by
walting or by using an absorber one could cover the very large range of actual
burst sizas, .

3) TFor absclute calibration of the bursts; a platinur resistance thermometer
was stacked into the Uﬁio and connected to a potentiometer circuit and galvanom-
eter,; It was possible 10 Observe a rise of 0,001°C of the U, dve tc a drop,
The suddenness of the actual temperature rise 4id not show up sirnce it tock about
e minute for the resistance element to follow a sudden change in temperatwre of

the UB M¥any of the pulses wore toc weak t0 be measured in this way. In as~

10°
sembly 3 no temperature measurements were made because it was felt that they would

be too difficult to interpret, in view of the inhomogensous siructure of the systew,
4) To record the delayed neutrons emitied efter the burst, a flat fission

chamber contsiping a thin layer of 20 and filled with argon was used., In the

assemblies 1 and 2 the chamber was stacked in with the UH, cloge to 1ts

surface; in assembly 3 1t was placed on top of the graphite tampqr and covared by
. . .
0
L]

1" of Polythene. The chamber was connected t¢ a fast amplifi&r, é&ax&: :?95, e

LX 2 4

photographic recorder. The whole arrangement and the results b$e:i);e&°:;«1<;§1 °£§ f&:a
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described in detaill in LA-2538, !

In addition to

the photographic recorder, an ordinary mechanical counter

- {Chicago type) was connected to the acaler and in some runs an Esterline-Angus

recording milliammster was coanectsd in parallel with the countar, A recording

¢obtaipned in this way is shown in Figo 6 end while at low counting rates the

individual ccunts (each corresponding to 2048 particles) can be distinguished,

at high counting rateg the average current becomes large enough t0 shift the mean

position of ths pen,

of counting rate and

T4 would not be difficult to calibrate this shift in terms

this arrangement is then a simple meens of recording intene-

sitiss varylng over about 3 powers of 10,

‘THECRY
Ié crder to ca]
tha folloéwing assumpt
1) 3 source |

not prodﬁced by promp
. i

lculate the expected neutron burst from tke dragon we wake
jons 3

Fissions per second occur in the system, i.e. fissions that are

t nsutrons. S 1includes spontansous fissions, and those

producedfby delayed neutrons apd by meutrons from an external source {cg. Po~Be).

2} Only promp

process;gthis is just

;. neutrons are assumed to contribute to the mulitiplication

jfied since the whole process takes only a few millisec9£ﬁso
7

3} The averagg time between a fission and its deughter fission is ’760

4) The prompi
time, At the instant
T, and at t, whse
h i,. 2
(1) Voo
Consider the |

" At a later time t t

=ultiplication constant K? varies in a smooth fashionm with
tl when it £irst exceeds unity itas time derivative is
h it goes belos umity again, 1/T,. We write o for

source fissions which occur betwsen t, amd to+dty.

3 dto‘
ne number of their offspring which oceur ba"éve'éit '51’3 aEnd‘E. :"
&dt :OE .:E QE. .:E '5. 0:.

) at, e VPO at,

[ ] (X 4 L] (X 14 [ ]

t+dt will be (8/%
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The total number of fissions occurring between %+ and t+dt is found by

t 4 t
& ‘( ¢ d.at S’G adt 5 1 aat
t
F(tlat= as(s/7,) 3 dt, € ta z at{s/Ty)e 1 o” 70 at,
- gD - 00

integrating over wmt,

The exponential under the second integrsl is appreciable only in the neighborhocd

of t; and by replacing ewith (% - 30/T T (see assumption 4) is
sourd o be ee(to - tl)z/?.'l‘l }‘7’0 ¢ If we furthermore replace the upper limit

of the second integral by +ecothis integral becomas 2nT, T and hence the
. 1L

fission rate at the time ¢ isg "
odt

Fltlat » (5/7,) 4t FAT, T, o J"l

’

The integral in the exponent keeps growing es long as e:.'is positive and hence the

maximwn intensity occurs when Kp passes unity on its way down, Around the maz-

imum the in‘c‘ensity can be writtan : to %
ctdt 5 otdt
(5/%) at orim, T, evfr  eVY'2

2
where the second exponential again way be approximated by e"(t - ta) / 2T2 ?'o °

Hencs the shape of the burst is Csussian sround %5, with an equivelent width
of /81‘!“1‘2 ?—o and the total number of fi::ions in the burst is
dt
ams JoT, Jtld‘
Actually the variation of od'with time is nearly symmetrical, and we can thereforas
assuwe Tlg 'I‘2 = ‘Tl'}.‘z =T ., The total number of fissions in the burst is thea

t

2
sirmply ‘Std’dt
2TS Pav 1

.
(3
e
.
L4

So oo
L)
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RESULTS_AND DISCUSSION g

Before presenting any results we should like to emphasize that the exper-

pu .o

.
‘.

imants were done not so much in order to msasure any definite quantity, but
ratber with the idea of demonstrating the existence of dlvsrgent chains suppérted
by prompt nsutrons only, and of keeping an eys open for any unexpected rhemnomena,
We attampted to keep track of all quantities which could easily be measured and
interpreted, but bzcause of the sﬁortness of time we gould not interpret some of
our data unxil.aftei the active material had been returned to the chemiéts and
- then we found that some data were not acourate enough for reiiable interpretation.
Porhaps the best way of demonstrating the internal ?bnsistency of the
various maasurements is 10 show how the generation time ﬁéb can be calculated
both from the shape and from the size of the bursta, both resplts being in

reasonable agreement with the figure obtained from a Rossi time-gocale experiment,

A, Burst Shape

Fig. 5 showg.the record for drop No. 73, obtained with assembly 2, ZBach
dot repre;ents a time interval of 0,64 msec. The ordinates ©Of the center of each
dot were measursed aend replotted on an extended scale in Fig, 7. They can be fitted
very well by a Gauss integral, the curve 8hown. The deviation 1s probably due to
the non-linsar dbshavior of the cathqdo follower, The esguivalont width is seen to
be 3°8 _millisecondao Erom the number of dots p écedin@ the pulse we see that
the maximum of the burst’ occnrred 42,9 x O, 64 27.4 msec after the bsginning of

12

the sweepa which in turn was triggered 40 96 msac { = x ;O/Asag, see under

ttiming®) afier the knife edge had pessed the top light beam. The slug dropped

224.6 cm from its starting position to where it passed the t0p-115h.. .gp apq,, .
. i ..

hence we can calculate that the slug {(or, to be precise, the kmife-e&ée on 15.,._.-

[ ] e 4 oo
¢ & 0 &
. Y (X 2]
. [ 2 e o
. 9
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was Y= 47.5 ¢m belew ths top light beam st the ins’cant' of the maximum of the
burst/, Since the static calibration showed the maximum multiplication at
y.—:és.,s em and since the maximum of the burst must ocour at the instant when the
system, on its way down, again becomes just critical for prompt neutrons, we
conclude that the two points where the slug passed criticality were

2 x (47.5 = 4306):-;' 7.8 ¢m wupart,

Fig. 8 shows the variation of Kp with slug position (amd hence with
tims}. The s0lid curve 1s teken from Fig. 3 erd shifted upward so that the two
intercepts with the line Kp -1 are '7@ em apart, From the slopes at the
intercept and the average speed of 722 cm/sec of the slug we can get T whicl__x"lis

found t0 be about 1.0 sse, TFrom -'ﬁhis apd the pulse width we can calculete .~i""°.
¥=2,8x 10™3 sec = jzﬂi“')'l' » hence To= (8.8 x 10"3)2/217: 103‘useco

B, Burst Size

Fig, 9 cshows the initiasl counting rate of the Cu détectors plotted agalnst
the tewperature rise of the system. The apecific heat of UHIO was weasured®
as 0.14 cal/gm de@/é,e; hence the heat capacity of the whole sctive material
(15.4 kg) is 0.14 x 15400= 2160 cal/degree or 2160 x 4,19= 9000 jouls/degrse.
Since about 3 x 1010 fissions ars needed to produce ome joule of heat, 1°

temperature rise corresponded to about 9000 x 3 x 1010 2.7 x 10M% fissions, |

From Fig, 9 wo see this gives an initial counting rate of 1,15 x 10° counts/minute,

hence 1 count/min means a burst of 2.4 x 109 gissions,

The counting rate shoun by the Cu datector sxposed at drop 73 was

*  Report Forthcoming.
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80 counts/min, hence the burst contained 80 x 2.4 x 109:‘2 x 20+t fissions,

®sos00

(X IXTY}
[ ]

®senve

According to thsory this wust be equal to 2TrS T oxp(f:‘?'ogzit)o S was due to g
Po-Bs source emitting sbout 50105 n/sec and placed 1nla hole in the tamper; we
est:&_m‘éte that this source caused 10° fissions per sec, hemce S 1is 105,
T=1 (see preceding:s'action); hernce the exponential is found to be 3 x 1059
and I:zocdt =lognat (3 x 10%)=12.6,

! This value mua‘kfl be squal to the shaded area'in F{g. 8 1f the tire is

7 .
meastred in units oi’,'-'éao Actuslly the area is 20gtsec and hence we find/

Z"o =20/12.6 ;106 /.aseco The agreerent of the value with that of 1.3 ,L;scc
Obtained from the pulse shaps :Es not unsatisfactory,

We tried to calculate ':"Co from the way in which the size of burst varied with
the ad justment of the multiplice.tion,‘ However the gtatistical fluctuations were
very large apd furthermore the adjusfment showed some glack; as a result, while the
variation of burst size comes out roughly as expected it is not possible %0 cal-

[

culate any relevant figure for T, from :lt/o"

A third snd independent value for ';L‘; was howsver obtained by performing a
Rossi'time-ec:ale experiment® on the assembly, Nine gétes of 40=f1§'ec width'wsre
opened successively upon arrival of a fission pulse in }ﬁa built-in fission chamber,
and any pulse following the triggsr pulse within 360 ,:Lsec wag recorded in the
a.pi:ropriatc channel., Fig. 10 shows the distribution of counting rates over thg
nine channels (after subtracting acoidental coincidences, o_aleulated from the
counting rate) and indicates an exponentisl decay with a-time constant of ‘

120 [Asece The multiplication constant X was deterwined as 099955 by extra-~

polating the calibration curve; honce (0,008 being the effactive fraction of

»

(X X3
[
[
(.3

*0 0

[ XX ]
»
td

3

.
seo el

*

* The electronic arrangsmant for this was built'and
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delayed nsutrons) 1 - Kp:.—- 1 - (09954 ~ 0&08!:!00125, and hence

T'o= 120800 = 0.0125 = 1.5 psec,

1t was pointed out earlisr that the static calibratlons were based on
the assumptic}n that the deiayed neutrons caused 0,008 tirmes as,"'many fissions
as the prompts., If the trus figure were higher b;v a factor g then all valuas
¢f K - 1 should be multiplied by 8. Tbe value Kp - 1 1in the.Rossl exper-
iment would e:zlsol be g t‘imes larger, and so would the value of 2'; rasulting
from it. ’I‘hz% same is true yof the value of ?;; calculated from the absolute
size of the t;urst, and fr_qm thae shaps of’,iho burat. The reasonabls agreswent
between the varions determinations of ‘("‘; does not therefore constitute evidence
for the correic’cnsss of our static calibration,

It is difficult to set any definile upper limit {0 the presence of
neutrons deléyed by times greater than a few mnicroseconds, In agsembly 2
K - 1 mnevar bacame smore than 0,01 and hence the e-folding time was never
shorter than: 150 [A:‘Seca Reutrons with dslays up to say S0 pBec  may well have
been present if they were orfa_et by short-lived meutrons of suf_ficient nurber
to give the éorrect value (gbout 1.5 lwzec) for .the average time batween a
fission and its daugh’cer fissions {excluding daughter fissions with a delay 01’
more than 150 ﬁsec)c On the other hand, nautrons with much mors than 150/usec
ard less than a few millieeconds delay would not have contributed to the bursis.
Their number 'could not have exceeded about 0,005 por rission;since bursts
were observed at positions of ths coniz_rol trey which wers about as predictad from
the static calibration under the assumption that vthere were no delayed neutrons

of very short pezl:iOd, Neutrons with a delay of wmore than a few milliseconds

were detectable as 3uch and a psried of about 6.;msse .sas Jngeed found (see LA~252)
. [ [ ] [ * e o .

N [
s & L ] L ] L ® *
containing about 10‘4 neutrons per fission, '.~‘
‘ e ® 5 €6¢ & @O a8
| $efe 3es 32
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Fluctuations,

Calculation irdicates that if the size of a burst be N (in arbltrary
uanits) then the relative mean square fluctuation (T:‘l-‘g - T®) /ﬁz should bs
(1/80) *DT-1)/25 . Tre tern U= 1)/27 1s 0.8 if wo assure that
"ﬁ' =25 and that the fission can result in the emission of 2 or & p3utrons
but neither more nor fewer. If we assume a Polsson distributiom for the number
of neutrons per :issiona the term becomes 1,25, The true value probably iiles

“between these limiis,
| The obgsrved fluctuationg are illuétrated by Table 1., Each colurn
contains the intensities of a number of subssquent bursts obtained under
identical conditions, Column Al/shéws the 1arge'f1uctuations of bursts ©Ob-
Sained with assewmhly 2 whers ?b is swalio Column B was faken witﬂ assemblf 3

where Pb was more then 10 +times Jarger, and desplte ths use of a wesker source

She relative fluctuations are seen to be smaller, Column C was cbtained with
the same ad justrent of asaembly 5_ as column B, but the source used was aboub

9 timeg stronger. The relative mean square fluctuation should have besen 9
wimes smaller; actually it only dropped by a factor 4, which probebly indicates
Zhe presencs of another source of fluctuations, perhaps slight Varigtions in

the path of the slug., Column D differs from C by the fact that the multipli-
cation was 8lightly rsduced; this reduced the average hurst size by ghout a
factor 3 but did not alter thc relative fluctuations, This is not surprising
gince the fluctuvations erise mainly ig the beginning of the burgt and are not

much affected by the later stages of multiplication when the number of fissions

lias becore large.

If ones wants to produce a large burst,.}t..ts.c&earm.be;tter t0 increase

s2e®

S rather than the multiplicatior; in order té,ée;ixicg:;bm:uﬁ;er}ainty in burst
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1180 8 113 28
1190 ? % E
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1500 7 °9 %
330 21 70 *
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size, This can be done by dropping the siug twice within a short interval (2 to

3 mwinutes) so that the delayed neutrons from the first burst serve as a source for
the second. By wmaking the second drop when the deslayed neutron intensity has fallen
to the desired level the intensity of the second burst can bz adjusted falrly
closely. It mey even pay t0 make thres successive drops and thus build up the
necessary delayed neutron intensity in two steps. We always used this technique of
making ona or two "leasder" drops when we wanted to obtaln very stromg bursts close

t0 what the assembly couid tolerate.

ADDITIONAL EXPERIMENTS

The decay of the delayed neutroas was studied with considerable accuracy
by F. de Hoffman ot al, using the scaling and recording equipment briefly described
on page 13 . The work ngs been reported in LA-25E2,

The decay of g;mma rays during the firsi few seconds was studled by
P.B, roon {La-253).

Also the effect of the intense burst of radiation on the insulation of
coaxiael cable was observed in a prelimipary wa& by Noon,

B, Richards set up a e¢loud chamber and synchronized it with the falling slug
s0 that the bursts would cccur during the sensitive time of the ohamber. It was
planned to expose the chawber 0 thermal neutrons only and then to observe rscoll
tracks from fission neutrons emitted by = pisce of 25 placed in or rear the
chamber, Howsver, in the short time available we did not succeed in eliminating

the background of fast neutrons getting through or uround ths graphite —oderator,

and the attempt was abandoned,

Four ruts were placed by R. Steinhardt at various distances close to the

e 698 @S e eocs * 15

assewbly, They all survived the exposure to a sifgle Qrgh igtwitich about 10

es o )8 GBS COO o0
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fissions were produced, Unless the high instuntaneous intensity of the irradistion
had greatly inersased its detrimental effects this result was to be expected since

the dose was only a few hundred R units,
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