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Abstract

It is the purpose of this report to present the resulis, insofar as
is possible, of the physics research that has been done on the Clinton
Pile. The size of the pile has been determlged and the critical La~
placian is given as approximately -102 x 10~ The comparison between
the integration of long period reactivity measurements and reactivity
determinations by means of short pericds and the inhour formula indi-
cates that the formula gives values 20% low.

Temperature coefficients for the pile as-a whole, for the metal, and
for graphite are summarized in Table III of gection III, If allowance
is made for the change of density of air with temperature, graphite shows
an unexplained negative temperature coefficient, The coefficient for the
metal is. larger than the reported Doppler eifect measurenents indicate,

Prelimindry resulte based on a méthod of calibrating the pile while
it is at operating equilibyrium are given in Section IV.

Accurate calibrations of the repulatln? rods are reported in Sectxon
V. These have been obtained by determining the amount of mobtion néces-
sary to compensate for the introduction of a small cadmium strip while
maintaining the temperature of the pile accurately constant. Measure-
ments of the ripple due to the metal absorption and of the effect of -
voisoning are also reported in this section. The coordlnate system.used
is described in the appendix.

A development of appropriate countlng foils and neutron flux measure-
ments made with them are reported in Section VI ‘ r

The activity in the cool: inu air is about 5 x 10 ~Ll curies per cc due
to the active argon and an approximately equal amount due to fission -
proiucts, The origin of the fission products has not yet been
definitely determined. It has also been found that about one-half of
the active argon is retained in the granhlte and diffuse out slowly,

The total amount of argon activated is in close agreement with that
to be expected.

WRK




- Seetion I

The Change of the Period of the Pile with Loading

Problem Assignment No. IDOXIP

in CP-1081 the loading and the monitoring of the pile was des-
cribed.Tho most interesting point involved had to do with the change ~
in period of the pile as metal was added beyond the critical loading,
This data was tabulated in that report and a part of it will be re-
considered here in the light of later experience. .

In the first loading after critical for which measurement was
taken there were 369 filled channels, However, three channels near -
the center of the lattice were empty. 'From later measurements des-
cribed in CP-1173 it was found that the removal of a central rod caused
a loss of approximately 22 ih. From the loading data it was found that
an addition of one rod on the outside of the lattice caused an increase
of 3.9 ih on the average. THe weight Factor between the two is, there-
fore, 5.6, The intensity relative to the center of one of the rods was
.98 and the square of this is .96. The other two rods were the same
distance from center, Their intensity factor is .77 and its square is
6. The three empty channels are, therefore, equivalent to 5.6x
(964 2%.6) = 12. \ Consequently, if the three empty channels had been
filled 32 channels could have been removed from the outside of the
lattice without changing the reactivity of the pile. In Table 1 this
correction is shown as the second column where nine rods have been sub-.
tracted from the actual number. In order to calculate the radius of the
active lattice the number of rods is multiplied by the area of the gra-

phite surrounding each rod, which is one square lattice unit or 64 sqg in.

The radius equivalent to this area is found and is then increased by the
augmentation distance % which is of the order of magnitude of the diffusion
length of neutrons in the graphite. Reflector theory does not appcar able
at the present time to state the proper value of & exactly. However, it
should be petween 42.5 and 50 cm for our graphite which had a diffusion

"~ length about 5C cm.

OCur experimental attempts to determine the eoffective radius of
the lattice seemed to indicate a somewhat larger augmentation distance,
For thig reason, calculations are made on the basis of £ = 42.5, 50, 57"
em, A, = 2,42/r? is tabulated for each value of 4 and for the various
loadings for which period measurements are available, These. values are
sufficiently close together that, the proper value may be found by inter-
polation when a definite degision can be made on the value of 1, The
period in seconds corresponding to each of the loadings is glven in the

- sixth column. The seventh column shows reactivmty of the pile in inhours

as cdlculated from the formula

688 . 1938 ., 66
(bih”'f& +3., *m*{%*ﬁ%) -
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. Table I
Faber of . . Th From S@ort 1h By in-
filled Corrected = B 42 065 2 e Sg T f e F Period tegral
channels mumber = =/\X 1 - »A,x 10" X 10— em™2 - gec  Measurements  Methods
369 360 85,4779 0759 7_6._.1,930 12 23 - %
33 364 81,6911 80,0030 75,7128 62.0 39 %0
377 %8 83.9192 79.3205 75.0897 3.5 56 70
38L 32 83,1621 78,6246 o186 2.1 M 90
385 6 82,4150 (KA 73.8191 167 3% 104
389 380 81.6898 77,2707 73,2007 11.9  100.8 121
-~ 4, Gritical 86,515 | 8L.750 1425 ,.
- =& critieal 105,019 100,19k - 95.869
(8c=) (period) 575 x 1008 435 x 1078 4.2 x 1078
8ih (integration) ‘ 3.30 3 18 3. 36 ‘
‘“‘-S-(-----TKH,1 (period) 3 23 x 10‘5 295 x 10*5 2,85 x 10“5
' -g-i-{T{ﬁy (mtegi'ation) . 2,58 '2:;36 2027
Pretal = 677.5 en
h=73L.5cm - |
T =18t x 20 R
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In the last column of the table the wesctlvity in 1nhoura as
found by Haydn Jones' control rod calibrations is shown. As explained
in Seetion V these measurements indicate that the above formula gives
the value for the inhours which is 20% low. This seems to be a nearly
constant factor in the range of periods in which we are interested, '

The inhour figures in column 7 are plotted against the walues
of the Laplacian for the augmentation distance 50 cm as shown in Figure 1,
T-e points farthest to the right on the curve correspond %o rather short
periods which are difficult to measure and the agreement of the points
with a straight line is within the reproducibility of the measurements.
This is also true for plots using the other augmentation distances.
From the slope of the curve we can obtain the change of the Laplacian
with the change in inhours. These are shown in the lower part of Table
1 for both of the seis of inhour unite wsed = in the table. In order
to convert this to the change in k it is necessarv to assign the value
of the migration avea, This number is rather difficult to determine and
the value of 680 em*2 las been selected. A spread of about 7% on each
gide of this wvalue will include estimates for this flgure based on various’
methods of treatlng the seme date. :

S Thﬂ moat probable value for the change of k ¢o

Sstoars is 3.0 x L05 if we use the inhour calibration caleulated from the

short period measurements and 2,4 x 10-% if we take the value which is
based on long period measurements., The latter figure seems much more
reliable and is in agreement with information privately communicated
by ¥r. Fermi who has altered the inhour formula with the use of later
measurements of the decay of the delayed neutrons,

To determine the eritiecal value of the Lan]aclan it is necessary

" to assign an effective height to the cylindrical pile. The actual length

of metal in the pile is-677.5 em. The augmentation distance is less im-
portant here since the contribution to the Laplacian is small, It has
been decided to addld om to the length of the pile on one end where the
metal and the graphite are approximately flush and 4j, cm at the other
end where a considerable reflector is present. Thls'gives an answer of
73L.5 em which is exactly the length of the grephite in the pile, This
nives the parallel contribution to the Lanlaclan,

T2 -6 -

Ly lB.l;h x 10
he

If this is added %o the critical value for the transverse com-
ponent, the eritical Laplacian of the pile becomes 105, 100, or 96 for
the different augmentation distances. The most probable value at present
is approximately 102; Inasmuch as.the experimental attempts to determine -
the radius have been somewhat disappointing and the auﬂkx'ﬁunrecannot be
considered as established, '
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It has been suggested by Mr. Wheeler that it might be well to
give up the concept of the inhour unit and make calibrations on the basis
of the comparison of Laplacian with the period of the pile. However, a
plot of our data is shown in Figure 2 and it is seen that a much more
extensive getl of measurements would have to be made in order to be able .
to interpolate the rather complicated curve. Moreover, as is seen here,
there is some question as to the exact value of the Laplacian, whereas
the inhour is defined in a definite experimental basis providing the
calibrations are based on periods of the order of an hour. Furthermore,
experiments of this kind can only be performed on occasions » R
when a new plle is being built and the - opnow.umty for cheek:.ng
the data is rather meager.

The results of the new calibration were only available after a
eonsiderable quantity of this report had been written. Ve have also
published a considerable number of preliminary results tased on the
older calibrations., I{ will, therefore, be necessary in this report to
discuss the inhour determinations on the baidis of the several standardi-.
zations. Furthermore, our data has not been taken over a sufficient
range to attempt to set up a new inhour formula and our corrections, con-
sequently, apply only over a limited range of periods. e aré rather
confldent that the calibrations made by Jones are. smas&aﬂt,ally correct,
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ITI. Temperature Meagurements and Power Calibration

Problen Aséignment No. LOOXIP-

A considerable nuwber of temperature meuasurements have been made
at various points and conditions of the pnile. Most of this data has
been given in CP-1081 and 1173. The data are so complicated that
there seems to be no feasible way to present it in & unified form.
Some of this data has been used by Leverett and Lane (CE-1200) to cal-
culate the thermal conductivity of the graphite. There is much more
datz available, but in general it has onlJ been worked up with some
specific use in mind.

¥r. Kanne has sttempted to msasure the enerzy due to the radio-

- aetivity of the lumps by observing their temperature immediately after
the pile has been shut down. This has been surprisingly difficult to
detect considering that there should be/temperature corresponding to
5-10% of the operating power. Further experiments are in progress,

A power calibration was performed by ir. Fermi at the time of start-up
and is renorted in CP-1C08l, MNothingz further has been done with this
type of measurement, However, Mr. Leverett®s section has calibrated
the venturi tube., Both Leverett and the operating group have measured
the npower from the increase in temperature of the air and find the pre-
vious power calibration :Llow by about 10%. This discrepancy is
probably not due to the errors in either measurement but due to the
fact that the ionization chambers have been shiited several times since
Fermifs calibration and also to the fact that the control rod paitern .
has a considerable effect on the galvanometer reading for the same
_power outnut

In CP-1081 it was stated that the neutron flux per watt at the
center of the pile was 6.5 x 10°, A calculation of a theoretical
prediction was also siated to bé in agreement with this fisure. Hoii=
ever, it has since been found that the calculation is in error and a
study of the flux measurements which viere made at that time showed them
to be lacking in consisteney. de now use tue figure 4.0 x 1 neutronsﬁec/

em?/watt as the flux at the center of the pile. This is the correct
theoretlcal prediction. Techniques are being developed to compsre the
flux in the pile with a standard Ba-Be source. However, this reguires
a comparison of the order of a factor of a million and the experiments
have not so far been successful,



Section ITT
. The Temperature Coefflcient of the Clinton Pile

Problem Assignment No. 103X2P
© H. W. Newsen, W. R. Kanne

RCTE: The following temperature coefficients were measured with control
rods which had been calibrated by measuring several short pile periods
for various displacements of the rods, These were converted into inhours
by the use of the empirical formula as discussed elsewhere; there is
reason to suppose that this formula gives resulits which are low by 20%.
The low values are used throughout this section of the report. They haver
also been reported from time to time in previous reports. The table at [
the end of the report summarizes the data with both sets of units, The|
higher set of units is probably the more accurate.

The Practical Temperature Coefficlent

A number of experiments have been performed in an attempt to de-
termine the temperature coefficient of the Clinton pile under various
conditions, The simplest of these, which we call the practical coef-

- ficient, is the change of reactivity of the pile compared to the tempera-
ture of a metal slug, which we believe to be the hottest in the pile.
This coefficient is affected by temperature gradients in the pile. The
gradients will be effected both by the temperature of the cooling air

and by the volume of the air, However, we have obtained consistent re-
sults under all actual operating conditions so far. Table 1 shows an ex-
periment of this kind in which the pile was brought to temperature
equilibrium at several values of the power output. Inasmuch as the dis-
placement of three control rods is involved, the accuracy of the measure-
ment suffers because there are rather serious shadowlng effects between
“the various rods, However, the final figure* of about «', #=-0,58 ih/C®
is useful in computing the loss of rezctivity from room tg perature to .
the operating temperature of the hottest slug, snd seems to be reasonably
consistent with our other experiments,

N

‘The Total Temperature Coefficient

We have made a slngle measurement of the change of reactivity of
‘the plie when the temperature was practically uniform throughout the pile
- in both the initial and final states. -

*W(F ,means -a temperature coefficient based on our arbitrary temperature
withcut correcting for a non-uniform temperature distribution. « implies
a coefficient for a uniform temperature change. The subscripts ¥, G, and
T indieate whether the change occurs in graphite, metal or both° The
subscript p indicates the practical coefficient.



This experiment was performed by heating the plle with steam
radiators which were installed in the inlet air chamber. Before the
experiment started there had been no air circulation for some days
and the temperature of the active portion of the plle was gquite uni~
form, The temperature was measured with a thermohm at the center of

Table I
Change in "

Power Mstal Temperature . Loss in Temp. Coeff.
kw Bear Maximum 'Reactivity ih ~op :l.h/° ¢
100 C 46-12 2L 62
400 2C 123-12 62.2 .56
600 °C T 151-12 79 220

Average.so.. 58

the graphite structure. The resisténce of the thermolm was initially

97 .32 ohms, corresponding to a temperature of 11.0° C, After the pile
had been heated, the resistance of the central thermohm was 102.2 ohms,
corresponding to a temperature 25,0° C, or a net increase of 14.0° C,

The critical position of the control rod initially was 105.85", The
pressure was 746.6 mm.Jatne final condition the critical position of

the control rod was 111.66" and the pressure was 750.Gts The sensitivity
"of the control rod in this region was 1.98 ih/", The reactivity of the
pile then decreased by<5.8L" x 1.98 e ~11,:5 ih, This must be corrected
for a pressure change of L mm which amounts to 1 ih, and the net change
in ih, therefore, is -11.5+1.0 .. 10,5 ih, This gives a coefficient of
& =775 1h/% The final temperature distribution was uniform radially,
but a certain amount of gradient was present longitudinally. However,
these longitudinal gradients are sufficiently close to linear to cause

no particular error in using the central temperature as a uniform teémpera-
ture,

The Metal Temperature COeiffi__'cient

Our most promising method for determining the metal tanperature
coefficient when the tempersture of the graphite is held constant is
obtained by allowing the pile to come into equilibrium with the cooling
air at the operating power, Very satisfactory critical positions may
be determined under these conditions. The pile is then shut off but
the fans continue in operation and the temperaturebf the metal drops
 below the temperature of the graphite. The critical pesition is measured
under this condition with a very small power output. If these measure~
ments are made reasonably rapidly, there is very little change in the
graphite temperature, '

Table II shows three experiments of this kind. In the first two,
the fans were léft on during the whole experiment. In the third the fans
were shut off after the critical position was determined and the critical
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position was measured again. The inhour change as shown is corrected
for the pressure change of 11.0 mm, In the average the third experiment
was considered much the best of the three and was weighted double,

_ Table IX
Metal Temperature Temperature after Losa in reac- «'p
_HNear Maximum shut, down tivity (j.h) iﬁ%ﬁ
1500 6, - 35 . <ol0] =063
151% 55% . 396’% "0’410 "“%68
150C 65T : 3 ST T
(Fans off, same expt) 76%C 34 B I §

Average ~.43 <72

If «* 1is the practical temperature coefficient «'p, that of the metal
alone? and o'y that of metal and graphite at the same temperature they
are related as follows:

a{ p (T2 = To) =et’m (Tg - T]_)‘?"’C"‘r (T]. = To)

— 238 (1500 = 129 = +43 (150 = 76)
o’y 76 -

(\\
QRT =75 inhourS/oc

Where Ty is the temperature of the pile before start-up, Tj is the central
graphite temperature at rumning conditions, and T2 is the operating metal
temperature in the center. The «!?8 are temperaturs ccefficients cal-
culated from the central metal temperature where there is a non-uniform
temparature distribution.

may be corrected to °fm by the fact that T is approxi-
- mately p:rﬂportional to the neutron flux throughout tne p.’&e Then for
each cell in the pile

| 84 = (T = T4) Ni/n (center)

.and for each cell in the pile the ].oss in k is proportional to the square
of the neutron density

Ski ww'l'i %z? 1@4(1‘2 T:L) N 1 e ('1'2 Tl){f”"*’o( )‘ 2

The total change of k is ,
B0l e f(Tz - Tl)ﬂtcos nx J ‘.,_,_A_l;)] dz r dr
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Similarly, if '1' is the equlvalent uniform temperature change
Akes;(T f”cos 3-5; Jo ——@ﬂ dx r dr

B 04
T 0963 *
Since the corresponding number for a cube is 0,61, it is concluded
"that the conversion factor does not change much with pile shape and may
be used safely on our irregularly shaped pile.. The fifth column in
Table II gives the corrected coefficient. The correction factor becomes
0.9 x 0.63 = 0.60 when we take into account the fact that the slug is
two feet down stream from the center of the pile. This location was
chosen in an attempt to use the hottest slug. :

It is more dlfficult to correct Ll The temperature distribu-
tion parallel to the rods seems sufficien gly synmetric to require no
correction. In a radial direction the tempsrature should be considersably
flatter than thet of the neutron flux beceause of the strong cooling by
the emntv channels at the side. One might approximate the factor as

( 63)1/3 = 0,86.

PUTEE L
e}fT = ~.87

at

' This is in reasonsbly good agreement with the directly measured value
Of "'u?ﬁo

Other Observations on the Metal ‘1’ mperature Coefficient

Several other experments have been performed which throw light
on the temperature coefficient in the metal. All of them are complicated
by the fact that measurement was made on 2 slug a considerable distance
from the center of the pile and that neither theoretical or experimental
methods are entirely satisfactory for determining the oositzon of the ac-
tive cent.er.

The first of these measurements has béen previously reported in
&P-1081. The experiment was performed by Mr. Fermi principally for the
purpose of determining the power output of the pile. However, while the
metal was hot the eritical position of the control rod was found, and the
temperature coefficient was reported to be approximately 8 ih/% for the
particular slug. This was corrected to give a coefficient of -.66 for the
central slug, which should be-1;05 for the weighted average temperature,

* We are indebted to Mr. Welnberg for the evaluation of this factor.
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This result is considerably higher than those of the previous experi-
ments but is subject to correction on tworrounts. Such measurements as
ve have been able to make indicate that the slug is somewhat farther

from the active center than was at first thought. There was also a con-
giderable power output in the course of this experiment, enough to raise
the graphite of the pile appreciably. Since the tempsrature difference
was measured betieen the slug and the neighboring graphite, any additional
temperature rise in the graphite would give a coefficient apparently too
high., For these reasons, the measurement does not seem to be in too poor
agreement with the other experiments.

Experiments have recently been performed in which the behavior of
temperature and power have been noted after a small shift of the control
rod under uperating conditions. These measurements were undertaken mainly
in an attempt to determine the sensitivity of a control rod in a manner
analegous to a long psriod measurement in a pile at room temperature.
However, temperature changes were observed which indicated a temperature
coefficient of .7 1hW/? for the particular slug. In this case the correc-
tions for a position in the pile and for mean temperature approximately
cancel each other and the final value is unchanged. This i3 in feip
agreement with the previous measurements. of atm. This experiment will be -
discussed in more detail.'

It was also reported in CP~108L that the temperature coefficient,
observed when the pile was being flashed for the W shield experiment, was
much lower than any other observation. In this case the power and tempera-
‘ture were rising very rapidly. When this is the case the temperature con-~
tinues to increase after the pille is in the critical condition. In other
words, the lump continues to heat while the power level is geing down. In
these experment.s the temperature indicating dewices operated with a long
delay time and the . affeet  observed was therefore not the temperature
coeffieient, but thé change in inhours of the pile divided by the maximum possible
te-nperature, This gave us a value of ~.4 ih/‘b on this partlcular slug and '
vould be reduced to about -.35 1h/%: for the centrsl slug.

While the observation reported was not very accurate, we may make
an interesting calculation from it; namely, the maximum numbar of excess
inhours which the pile can stand without reaching a temperature :hich
would be pemanently damaging. This temperature would be aporoximately
600%, which is jJust below the melting point of aluminum and the phase
change in uz'anium metal. If we, therefore, multiply 600% by .35 we obtain
230 th = 0 75 % K. - ‘

The value of «g,which we take as ».72 ih/Qis to be compared .ith
the results of experim¥nts performed in Blooming‘bon {CP=-597) on the change
of resonance absorption with temperature. This result was very close to



one pereent change in the absorption per hundred degree temperature rise.
To convert this to inhours per degree we multiply by 1 - p, the probability
of resonance capture and convert this figure to inhours. This is

1,0 x 1072 x ;12 o
‘“""100"““‘"‘"‘fy 3% o5 = ok in/ G.

It is possible that the errors in the two measurements may be suf-
fiecient to allow agreement., However, the discrepancy appears to be con-
siderable, It would seem advisable to devise experiments to see if any
other factor besides the temperature effect ot the resonance neutrons
may be causing the discrepancy.

An attempt has been made to account for this discrepancy by the
temperature distribution in the graphite near the metal. Our thermocouples
vhich measure pgraphite temperature are located several centimeters from the
nearest metel, However, the hottest parts of the graphite are near the
line conlacts between the slugs and the bottoms of the channelg. If these
."hot" spots extend into the graphite by a distance of the order of the mean’
. free path and are at approximately the temperature of the metal, the
neutrons passing through the spot will be changed in tempe rature. This
would add a part of the effect of graphite in vacuum to the resonance ab-
sorption,

However, Messrs. Nordheim and Soodak have calculated tempera-
‘ture of this thot" spot and find that the average temperatureé/one centi-
meter frox the slugs is only one or two degrees. This effect must, there-
fore, be negligible.

Teﬂggrature Coefflcient of the Graohite and Correction for the
Atmospheric Effect

The differeresip -y is equal to #,, the temperature coefficient
which would be obtelned if the temperature of the metal were held constant
-and the temperature of the graphite were changed. This is equal to .72
- 72 = ,0 ih/oC, Or, within experimental error, the effect of changing
the graphite temperature alene is negligiblec However, if the reaction
were being carried out in vacuum or in an atmosphere of & gas such as
helium which does not absorb neutrons, a sizeable negative temperature co-
efficient would be found. When the pile is operated in an atmosphere of
air an increase in temperature decreases the density of the nitrogen in
the pile and in this particular case it appears to compensate the tempera-
ture coefficient almost exactly. An equivalent change of pressure will
‘change the density of the air by the same amount as the change of tempera-
ture. This, therefore, is approximately 748.6/291 times the barcmetric
coefficient. We do not yet have a thoroughly reliable measurement of
this coefficient bub we do have measurements that indicate that it is
between .26 and .18 ih/mm of mercury. If we accept .21 as a tentative
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value we get -,52 1h/° as equal to »% &° The same correct:.ons gives us
~1.23 for < in vacuum.

Since the change of density of the atmosphere effecysprincipally the air
in the pores of the¢ graphite there is little analegous correction to be
made in the case of . : one sixth of the air in the pile is in
the cooling channels, The temperature of this air will be ini’luenced
by the metal temperaturs, but, considering that the metal has only 44 per-
cent as much surface as the graphite, the correction should be 0,53 x 0.17
% Oolly = 50.04 ih/CO, This gives a value ofd, in vacuum of -0.76.

Discussion

The very considerable negative tempsrature coefficient 5 cannot
be explained by any known effect. It is presumed to be due to a change
of i (the number of neutrons produced per slow neutron sbsorbed in uranium)
with temperature. In other words, an increase of the temperature of the
‘graphite inereases the average energy of the neutrons which presumably:
decreasss the probability of fission relative to the other reactions which
.may occour when a thermal neutron is captured. Experimental work now going
on at the Argoane Luboratory may verify this effect.

It is also possible to assume an @} effect to account for the dis-
crepancy between « and the change of resonance absorption with tempera-
ture, This would presumably be due to & decrease of the probability of
fission due to an increased thermal energy of the uranium atoms. Ancther
possibility is resonance capture by 25 to form 26. This effect may be
present with a probability considerably less than that of fission (CP-1255).
The increase of this effect with temperature would cause a loss in addition
to that observed at Bloomington. However, it seems unlikely that the ef-
fect would be large enougho
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Tebls III
" inhours based on Inhours based on
ghort period long period
measurements measuremsntsit
SK | 3,0 x'10™7 2,3 x 1075
5in .
Pra - 0,58 - =0.66
P S ©.75° -0.81
cp (vacuum) -1,23 1,39
P | ~0u72. ~ -0.81
an (vacuum) . <0.76 <0.86
< (vacuum) =0.40 : A
- (Calculated from CP-597) |
“G (vawM) g A -0.63
The t{emperature coefficient : .
due to the air in the pile.
8 ih : 0.20% 0,25
S mm Heg

This section of
the rgport uses. This column is

the figures in. based on sounder

this column, calibration and
is probably cor-
rect ., -

# Previously publléhed data uses the units in Column 2 except the two
marked with asterisks which are based on the calibration in Column 3.

#% In Section V it is pointed out that calibrations based on short
poriod measurements at start-up differ by six percent from similar
measurements made recently. It is probable that this represents a
‘real change in the calibration curve due to changes in the pile between
the two sets of measurements, Since most of the temperature coefficients
vere measured some time ago the earlier periods give the better calibra-
tion«% For that reason the figures: tin this column are raised 14% instead
) Of 20 [
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Section IV

The Reactions of the Running Pile to a Move-
ment of a Control Rod '

Problem Assignment No. 1COXIP

H. B. Newson and R. MNeCord

We have previously discussed the usefulness of the inhour unit
because of its unambiguous definition in terms of directly measureable
quantities, However, it is abundantly clear that calibrations must be
baded on long periocd measursemsnts if accurate resulis are to be expec~
ted. Unfortunately, in enoperating pile long period measurements are
very inconvenient. It is not only necessary that the pile be shut down,
but it must also be at such a temperature that chanzes are not likely to
occur during the measurements. This implies a relatively long waiting
period while the graphite reaches thermal equilibrium with its sur-
rowidings. In the calibrations described in Section V¥, it was fairly
convenient to perform these measurements once to standardize the whole
set of calibrations, although the accuracy of the measurements suffered
considerably because of an attempt to perform them in the shortest pos-
3ible time,

- It wmill shortly be necessary to introduce poisons into the pile in
order to increase its power output. Reasonably well calibrated control
rods will be very useful to cheeck the progress of the poisoning experi-

-ments, However, this poisoning will change both the sensitivity and the

shape of the calibration curves. It would seem out of the question to
shut the pile down frequently enough to recalibrate with long periods
on the cold pile. An attempt has, therefore, been made to substitute
a measurement on the operating pile. :

When a chain reacting pilé is off the critical condition it rises
or falls according to the equation

R mh SR

if the period 1s long. ihere n is proportional to the power output of
the pile and <*is the period.

A pile operating under equilibrium conditions at high power, how-
ever, will suffer a change of temperature for a very slight movement of

. the control rod. This change of temperature will be proportional to a

change of inhours = « (To = Ta). ithere ofis the temperature coefficient,
To is the temperature uhder critical conditions and T, is the temperature
at time T after the control rod has been moved. Combining these two
equations we find that ~
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This equation will not be exact sinee the equilibrium between the in-
stantaneous neutrons and the delayed neutrons is continually being
disturbed by the temperature changes.  However, Mr. Nordheim has de-
veloped an ingenious empirical correction which may be applied, (M-CP-1295).

Figure 1 shows a plot of the power level of the pile and of the
temperature against time, The two curves are similar,but the mininra
are considerably displaced. It is probable that the pile hag not reached
thermal equilibrium at the time measurements were stopped, but there did
not seem to be any possibility of following them further with much ac-
‘curacy. New instruments are on order which will probably perform this
task and follow the complicated temperature changes which probably take
place for at least an hour after the change., The main effects from these
carves are probably due mainly to the change of metal temperature and the
latter part to changes in the graphite temperature which, however, have
probably not reached equilibrium.

' Figure 2 shows a plot ofdbisydbc againsh, T, - T2. This is plotted
only as far as the temperature minimum, whieh/the interesting region of
this plot. This is extrapolated back to Tp, which gives us a period of
1,3 reciprocal hours. This is equal to the numbér of inhours within 28,
From Jones?® econtrol rod calibration we know that the movement of the rod
was equivalent to 1.6 inhours, The result of the extrapolation is,
therefore, low. The lower curve, shown by crosses within circles, is
Nordheim's correction. This extrapolates to exactly 1.6 ih, The method
buas not been carried far enough, as yet, to determine the accuracy with
which standardizations may be made by this method. However, most of the
difficulties which have been encountered seem to stem from the instruments
which ars those built into the control panel of the pile and are not very
suitable for the purpose. There geems good reason to suppose that better
instruments would allow the pile be be standardized with sufficient ac-
curacy by this method. The. temperature coefficient < should, at first
beof®m, the uncorrected coefficient for the metal as explained in Sectiocn
IiI. ’ ' :

. After the elapse of some time «should be squal to (g. However,
provided o does not change rapidly during the course of the measurements,
its value is not important for our present purpose, It will be observed
from the corrected curve that the slope corresponds to .14 ih per arbi-
trary temperature unit or .82 ib/® The thermocouple was in a position
where its intensity relative to the center was .8, o' at the center
should, therefore, be .57 ih/Q® If the inhour change during the experiment
is divided by the tempersture change from the infitial conditions to the
final value a coefficient of 1.0 ih/¢ is found. If we convert this to
the activity center we obtain .8 ih/0; These values are somewhat dif-
ficult to compare with the results reported in Seetion III. « "ms @8 given
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there, must be converted to the new calibration and corrected for the
fact that the slug is somswhat off center. This gives-<43 x .96 x 1.2
=49 1h/P. ., must alsc be corrected in order to compdre with measure-
ments at the cBnter, since the centér of the pile is off the maximum of
the temperature curve for which «, applies,  #his correction will raise
it somewhat. The value should be approximately .66/.95 == .70. The
agreement of .57 with .49 iswthin the spread of measurements of of'n.

The value of .8 exceeds the vilue «y, by about the same amount. Con=-
sidering the errors in convertipg fprem measurements at one point to
"those at another, this is reasonably good evidence that the temperature
coefficients during the short period «f time which determines the ex-
trapolation eurve is not much above a(m? ‘but that the temperature co-
efficient does change considerably during the course of the whole measure-
ment, This may be seen by plotting the rest of the points. Figure 2 in-
cludes only those points up to the temperature minimum. The rest of the
points while near the curve, show a definite trend away from it. o

Je are indebted to Mr. Kanne and several others for lelp in as-
_ sembling the apparatus and in taking some of the measurements.
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Control Red Calibrations and bscrption Usssurenente
- Problem Assisment No., mtmp

n Je"x

()

If one aivtempis to calibrate the control rods of a pile opserating at
a high power level by maiing period measurements, ‘it becomas apparent that
the method is quite inapplloable due to changes caused by teuperature
drifts. To circumvent such difficultiew, the following prodédure was
used to calibrate the #2 contrel rod (O, -10. 5 to 18, -7.,13)s

1. A sensitive typs K potentiomster was oonnectod toa thermocoupla
soldersd to the Al can of ths 35th matal slug in channel 1839 (0, 0, 9.135).
The temperature of this slug was kept essentially constant during a set
of measurements by varying the power leval of the pile.

- 2, A& cadmium strip 2-1/4" wide x 019" thick was used as a standerd -
unit of reactivity by placing it in slot #5% (-9, =18 to 0, ~9) so that it
axtendod 144" into the pile from one edge of the pile to the widdle plane
(or y = O plane) of the pile. This is a reglon of very low neutron density
go that thls rather large piece of cadmium had & small effect on the re-
activity of the pile (2,8 inhours). The number 2 regulating rod runs
parallel to this slot some 73.5 inchss away., The perturbation caused by
the Cad strip on the neutron distribution was negligible for most of the
pile. Any shadowing effaect on the #2 rod is well within the experimental
SrROYD o

3. Using the #1 regnlat.ing rod (0, +10.5 to-18, 6.87) as & compan=
sator, the sensitivity of the #2 rod was detervined for various positions
of the #2 regulating rod taking the Cd strip as the unit of reactivity.
That 19, the pile critical position for the control rode was determined
for a glven position of the #2 regulating rod. Then the C4 strip was in-
serted slowly and the pile temperature held constant by woving the #2
regulating rod out-~i.e., pile was kept operating at ossentially the sanme
powsr leval--until the Cd strip was at its "in" position. Then a new crit-
lcal position was determined. The direction of wotlon of the cadumium strip
and #2 rods were next reversed until the Cd strip wes again out of the pile
and a critical position agein determined. When we first tried such measure-
menta, we held the power level constont during the manipulations, but the
slight tesperature changes lntroduced considerable erroro '

Figure 1 showa,the senait.ivity curve measurevd :.n‘thia wayo
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The setting of the selsyn is essentially correct since the center of
the pile 85.5" was degigned to have occurred at a reading of 84" out..

Tuo attempts were made to fit the experimentel date by a Besssl's
function. Those are sghown in Figure 1. Since control rod #2 cuts through
only a small portion of the metal lattice, tho theorctical fit could not
be expected to be perfect. ' In the caze of the #1 control rod, the fit
with a Bessel's function was excellont, the average percentage deviation
being 4.2%.

4. The absclute reactivity of the Cd strip was detersmined at a later
date from plle period measuréments nmde with the pile cold and operating
at very low power levels so as not to disturb the pile temperaturs.

Four separate methods wore uged:

(1) The standard Cd strip was in the pile when it was started and
brought to essentially a oritical position. Then the C& strip was re-
moved from the pile and the period measured (1280 seconds) to give 2.73
inhours for the strip as calculated from the inhours formmla (adopted
from the formula used for the Argomne Pile). 4 correction of 0.22 in-
hours had to bs made to this valus to correct for the fact that the pile
was slightly off the critical position before ths Cd: strip was removed,
The corrected value.equals 2.95 ﬁnhourso

(2) The pile was running at a constant powér level. A Cd strip wes
ingerted into the pile. The measured period was -1302 seconds which is
@qui'VﬂlGnt to "’208& immwaa

(3) With the pile at a eritical position, the regulating rod was
roved out s8¢ as to give the pile a period of 2913 seconds which ia equiv-
alent 30 1.22 inhours reactivity. Then the Cd strip was inserted to give
the pile a period of -2615 seconds or a reactivity of =1.39 imhours. The
difference in these reactivities should be that for the Cd strip or 2.61
inhcux's.

(&) With the dontrols set to give the pile a period of 558 seconds or
a reactivity of 6,07 inhours, the :meertion of the Gd strip decrsased the
period to 1057 ssconds or & reactivity of 3.29 inhows., The difference in
reactivity due to the Cd strip is then 2.78 inhours. :

The average polsoning effect is taken as 2.8 inhours for the standard
Cd strip. Thls value which was taken with the pile cold may be very ﬂightly »
highk to use as a hot pile value (13). '

If one integrates the sensitivity curve over its length, one gets the
total number of inbours equivalent for the entire #2 control red. This
zives 39 inhours which should be compared with period measurements made for
the almost complets removal of the #2 rod which gave an average of 34.74 T
2 inhours.
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Ths discrepancy is 1iksly due among other things to an error in the
conatants of the reactivity vs.. pex'iod ‘formula used. ,

Calibration of #1 Control Rod

The #1 control rod (0, 10,5 to ~18, 6.87) was callbrated by com-
paring its sensitivity agalnst that of the #2 control rod. Critical -
positions were taken for about 2¢ wovamenbts of the #1 control rod. sinca
the #2 rod has a emaller affect on the plle than the #1 rod, it was nse~ .
essary to imsert extra Cd strips imto slots 59 and 60 to maintain the sams .- .
level of operation. These Cd strips undoubtedly perturbed the meaauremants .
to gome degres. Howsver, the continuity of the data shows that the effect -
was very .amall. o .

A least squares seroth order Beaaol's function fit ga.ve the sensitivity
in inbours per inch ag

2,922 Jo? (-—*—‘@-‘-“8-— fW}

mhera, 30,250 = distance from center of acﬁiVe lattice to control rod
- channal , , _

y= diatance from ¥y = O plans along the control' rod channel |y/< 88",
115" = effecti?e radiveg of plle = 292 onm,

2,922 = geneitivity in imhours per inch of guch a control rod at the .
center of the central cell.

Using inforuation shout the neutrgp distribution in the gr;pmw shisld,
one ¢an write a formmia which applies gx'aph.’tte rezion of the control :
rod's travel as

. o - 2 ”
78 X107 [e 8.6 3 J

where, 18.6" = the relaxstion distance = 47,23 cm
148,447 2 padial distonce 40 a point where .
. the effective neutron density is zeéro
La78 x 10"‘6 = normalization constant in inhours per inch

U4t 2 |y Z 8gn mdyz *(30025)2

An integral curve of the #1 control rod is shown in Figure 2. The’
values in the region of usual pile operation around «25" ape about 14%
higher than those obtajined frof the initial pile atart-up dsta and about
20% higher than sbi§7Périod measurements gave, These differences may be
csused in part by the constants uesd in the :lnhours ve. period formulao
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Having calibrated the number 2 regulating rod, we decided to study
the ripple in the slow nsutron inteneity caused by the rod structure of
the lattice. To do this we placed small pieces of Cd sheet on an alumi=
nun strip so that they could be moved back and forth in a foll slot acroes
the central vertical plane (y = O plane) of the lattice, 4 )

1. Three 2" x 2" x 020" Cd pieces were scotch taped 8" spart (the
lattice spacing) to an aluminum strip. The strip was elid to the center
of the plle, i.¢. the center of the middle Cd plece was in the y « 0
plane. Measurements of critical positions were taken at two inch inter~
vals over the central 32 inches of the lattice. Runs were made in slot
#50 (9, =2 to 2, 9) and elot #52 £~9, -2 to 2, 9) where the graphite tem-
peratures were around 20°C and 75°C. Ko cbzervable difference dua to
tenperature flattening was measurable., Figure 3, showe the experimental
results.

%hen & correction is made for the generzl shape of the plle intenslty
distribution in this reglon you gst Figure 4. The general downward drift
is caused by the fact that different amounts of aluminum are in the pile
for the varlous wsasuranants. .

The sluniiar mesasurements made with five 1" x 2% x ,020" Cd pleces
spaced 8“ apart are also in,cluded°

The ripple had been nﬁaeured earlier usinb Cu foils aa detectors.
A 5% variation in intensity was observed. The transition region between
the graphite shield and metal=loaded lattice has been investigated using
10-6 gram indium detectors. (Technigue described elsewhere in this report.)
Typical results shown in Figure 5 indicate a 7% ripple. The control rods
have a vanishinb snell ripple due to the fact that the rods absorb all of
the neutrons in thelr nelghborhood so that there is nothing left to ripple.

Axial Distribution

A 2" x 6" x 020" Cd plsces gcotch~taped to an aluminum strip was run’
into slot #62 (18 to =18, 0, 0), This foil slot runs parallel to the
metal rods, Critical position measurements were taken for one foot move-
ments of this .Cd pisce. In order to eliminate long time drifts of the
pile and to help locate the center and ends of the intensiiy distribution
more accurately these data were analyzed to give us easentlally the deriv-
ative of the square of the neutron intensity. The curve of Figure 6 is
the @in 29 with a width of 300" and its midpoint (.51, O, O) at 12.34
feet from the front face (18, 0, O) of the graphite. The metal rodsl.l"diam.run
parallel to the x-axis starting 21.5° from the front of the graphits and
extending to the rear edge of the graphite being composed of 65 aluminum-
coated metal slugs 4.1" long. That is for the wain central cylinder of
the pile, the metal extends from x = 15,2 units to ~18.
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The experimentai points, Figure 6, show thai the intensity of neutrons
along the axis-cylinder quite accurately fil a cosine curve of width
7 22 300% X 1" snd zero angle at 4,08" back of the center of the graphite
lattice, ‘ ’ '

Effect of Polsoning

4 Gd wire 0.X016 cm diameter and 140 cm long was scotch~taped to an
aluminum strip and inserted in slot #62 {18 to ~18, 0, 0). Critical posi-
tions were taken for one fool axiel shifts of the wire, Assuming that the
pile lIntenalty follows a cosine function along the cylinder-axis, we cal-
culate the curve drawn in Flgure 7, where the absclssae are distances from
the center of the pile intensity to the center of the 140 cm length of Cd
wire. lithen adjusted by the method of least squares to the experiment
points we get the sensltivity

b

Qlj, & 2@&2 2
i 1 } cos® €d¥

X

a8

where R 1s in inhours and L 1s the length of the wire in feet betwsen

8 and b. Using this formula one calculates that an eight inch (width of
cell) piece of C4 (dlameter = .1016 cm) placed in center of slot #6462 would
effect the plle by 0.82 inhours or for the centrel cell of the pile it
would effect the pile reactivity by R = 1.0096 inhours.

Using ak = k . 4ed , where Ak ig the change in k near k = 1;
) Feell Jfed o -
ded = 1 diameter x length of Cd wire, i.e. effective cross-sestion of

Y : . .
Cd wire in the cell; feell= 1 Ju ~u u B . Vesede N
: 1.4 7 Au ' 7 Ae

wflt;h ¥ = vdiume of msterial in coll, £ = density, = atomie cross-gece
tion, N = avogodro's number, 4 = atondce weight, wo got Ak = 0427,
Talding Ak . 2.29 x 10", where n = the nusber of equivalent cemtral

n . ,
colls we get n ™ ok = 20427 = 1847 central

2.29 = 10°%R 2.29 x 1075 x 1.0096

cells,

A gecond over-all measurement, made at a later date, gave m = 2092
squivalent cells, Feld at the time of sbart-up calculated that the pils
had 5330 squivalent central metal slugs. 3ince the sluge average 4.1°
in length, we have 8%/4.1" = 1,95 slugs per cell, Since the polsoning is
proportional to the squars, we gvaluate: [ J2(x)ane { coae ada 0,608,

. . [d(x)ax ° [cos sda T
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which gives n = %%;‘ 3 5330 x 1,95 x .603 = 1996, as the number of quiv-
alent cells on _thia estimata, where the factor 2.75 x 1079/2.29 x 10~

is introduced to correct Feld's value to the constant we used in our cal~
culations.

Using very sinilsr arguments, we calculats the numbsr of equivalent
central rods as 10Z. ' -

Pile Scanuing

As we gaw in the section on "Axial Distribution”, the square of the
relative neutron density in the pile can be found by inserting poisoning
material (such as a continuous Cd strip) and observing the change of the -
eritical position on a callbrated control rod. This has been done in sev~
eral foil slots. Typiocal data ave ghown in Figure 8, along with & Bessel's
fmeti).on fit end normalized foll scanning dots. (See section VI, Figure 4
- alsc, ) . :

In the region of the graphite shield the neutron distribution should

it an sgion - ( ;
£ axpressio [ g ‘-h-r]
lglo/.eb -¢ D

where, r @ radial distence from center of pile ’“yr y2+ a2 s ¥ = distancs
along foll slot, d ® distance from most active rod to foil slot, h = radial
distance from center where the intensity I = 0, b = relaxation distance.
Now, if intensity measurepents are taken at equal » intervals and we use
setz of vhree measurements Iy, Iy, 13 at x} s Fpy ¥y with rz-rlgnf-‘rawrz,
then the following convenlent computdtion ornﬁ%lag‘ are useful:

b = D/cosh™t ( -%Z) <§-_¥§) |
ol

' zq/b R
helinB® - {g@rl/b _ b I® 30 _ Iq0 oo
2 xiflegm Ie~F o 2 Ize‘°3'3/ b o 139“”‘2/*’

Using the small ;LO?'? 6indium folls weaéhave founds
5 o o I hand o - B

Ism/; 18.6 . 18,
I .
f£ites the data for slot #59 extremsly well with 4 = 30.25%.

I am partleularly indsdbted to G. V. Packer for assistance with the
early meagurenents, R. V. McCord helped with the later work and computa=
tions. The foll scanning data taken concurrently by C. €lifford's group
often served as a check or a gulds to $his study. At many points Thelms
Arnette and Linda Watson helped with computations. Tnis problem and its
method of soluticn were given to me by H. W. Newson whose encouragement
and suzgestions throughout its performance were very stimulating.
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VI. Meutron Flux Measurements

Problem Assignment Nb,.lOOXlP'

. ‘ C. Cliffor@, T. Arnette, G. Hewltt, L., Watson

Our first measurements of the distribution of neutron flux in the
pile were based on measurements of rather large copper foils. A set of
these measurements was reported in CP=108l. The copper foils were un-
satisfactory at high power cperation, The activity was great enough to
appreach @ health hazard, and instruments were not available which would
measure the strong activity accurately. A Lavuritsen electioscope was
actually used, It was found that the reproduceability was poor, and that
the deeay curves were not consistent. However, one run was made where
the copper foils were distributed in all ten foil slots at a spacing of
one lattice unit, In all cases the foils were @bout 3 cm immediately
under the metal rods., This set was exposed at low power, and measured
on aS-ray counter. The resalts here were betier and a number of in-
teresting effects were observed, However, oportunities for operation
at low power are too infreguent to make this & shtisfactory method of
procedure, and it was decided to develop foils which could be used at
full power operation.

In order to measure the neutron flux in the Clinton pile using
‘counter technique it was first necessary to develop a type of foil which
could be counted by the starndard thin walled glass Geiger tube, from a
metal with known resonance levels and half life and with a reasonable
length of exposure time in the intense flux of 3 x 10ML n/em?/sec which
prevails at the center of the pile at present operating levels.

. . Since indium is well known and in frequent uss it was decided upon.
Galculation using the cross section of indlium and the approximate nv of
the pile at about 800 kw indicated that we would have to use of the order
of 10-6 grams of metal to get an initial counting rate of eix thousand
counts per minute after five to six minutes exposure in the pile. It

was then necessary to determine some means of constructing a number of
standard folls which would have fixed geometry and which could be handled
conveniently. To do this we decided to evaporate a fixed quantity of di-
- lubte indium nitrate solutlon upon & small square of cellulose acetate
plastic sineet 002 inches thick. We used a technique developed by the
micro-chemists involivicg a 005 ce pipette and a small syringe to deposit
-~ a droplet of solution (.2 grams of indium and two cc of concentrated
nitric acid per liten. In order to make a reasonable number of foils cone
veniently we deposited five to ten drops of sglution upon a square of cel-
lulose acetate which had been heated in a n aluminum tray at about 70°C to
cause it to lie flat in the iray. The drops were then evaporated on the.
hot plate still at 70°C. After they were evaporated the first sheet was
covered by a second of the same size and thickness and both were heated
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%o about 3509C in order to seal them together and prevent the loss of
any of the indium. It was very necessary to keep all the operations
completely clean as a small amount of contamination was deadly to the
results, .

The drops were then cud out of the large sheet so that they were
in the middle of a foil 1/L 8q em in area. The foils were kept in card-
board holders to kesep them clean and mumbered., e tested each foll by
placing ten foils in ome cardboard holder and irrediating them in the
pile., The folls seemed to be quitesiisfeetery end in the graphite shield
of the pile but as we attenpted to measure on into the center of the -
pile we found that we weuld have to dilute the strength by one third in.
order to count th# foils within an hour after they had bsen exposed.
Since the power at which the pile was ruaning varied we tried the foils
. at radically different power levels and  found . a consistent linearity
with the galvanometer used to monitor the pile. To zonvert Ghe data into
a useflul form we caleculated the saturated activity per kilowatt.

In order to protect the personnel the small folls were irradiated
in the pile by placing them upon a lucite strip an inch wide and 1/8 inch.
thick., We checked the sirip for absorption by running the folls on a
graphite strip of the same dimensions and also upon an aluwninum strip and
found no variation deteciable., The foils were placed in a colored card-
board holder which seemed to become fairly radicactive and ﬂhlch cut the
intensity about 4 % o

The foils were first made with 1 sq cm of cellulese acetate. How-
ever, it was found that bombarding the cellulese acetate alone in the ref-
lector gave a background activity with a half life of sbout nine minutes’
amounting to about l% of the aetivity of the indium. However, this back-
ground increased markedly wheén bombardments were made near the metal rods
inside the active 1atticc::m Mig. indicates that the reaction is due to 4
fast neutrons, It was found that by decreasing the ares of the foil 1/4 ems
that the bacitground was not seriocus. However, when a foil is covered with
cadmium and the indium ccunt reduced by & factor of 2, the background causes
some diffieculty. Consequently, the measurements of cadmium covered foils
are slightly less satisfactory than the bare foils,

Table 1 shows the results of three runs made with the foils. The
repreducibility is, on the whole, gocd; although somewhat less satisfac-
tory than results of gounting standard indium foils, The foils must be
handled very carefully in order to msold contaminating them and for this
reaspn  the decay 1s folliowed for about one half life and any foil which
does not deecay normally is immediately thrown out and presumed to bs con=-
teminated. Table 2 gives the average count in saturated activity vcer watt
of power outpul of the plle for various foils both bare and cadmium covered.
The cadmium ratio has a nearly ccnstant value of about 1.05 within the ac-
tive 1at ice when measured at the boundary of a lattice unit,
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Table I

These measurements were made in hole 59 which is nine lattice units
upstream from the center of the cooling channels and 3.8 lattice units
below the most active rod in the pile. The cadmium covered foils are
corrected for a 7% absorption of the rdsonance neutrons in cadmium.

Distence from Distence from As/kw  Ag/ke Gad  Lotal -0d

slot center pile center Total Covered Corered Od ratio

366 . . 5:33_'

355 13.2

345 23.5

335 : 32.1

325 43.3

315 56.3

305 71.9

295 91.0

285 : : 113,0

274 - 141.06 5.33 138

264, 175. 9.63 165

254 217 15,12 . 203

244, 265 38,3 227

239 292 _

234, 321 64,2 262

229 351 99.5

224 383 99.5 282

218 409 :

213 227 428 162.6 . 267

208 453 )

203 449 208.7 2L5

198 502

193 208 S5h9 - 268.6 278 1.08

188 576 S

183 573

173 189 664, 337 227 14

152 171 813 394.0 519 1.06

132 153 907 445,0 462 1.06

2 136 1050 486.0 561 1,16

Si.h 1184 1082 640,0 442 .69
7i.1 105.0 1151 647 .0 504

50.8 92.1
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Table II

This table shows three typical runs along Slot #59. All runs were
without Cadmium, , , .

Distance from - -Bun #1 Run #2 Bun #3
slot center hgfkw Ay Sk Ag/kw
lattice units : ;

11 383 382 382

10,75 R % £ ' 392 408
10.5 429 422 - 430
10,25 460 438 ' 455
10,00 452 . 435 ' 454
9.75 . 498 395 513
9.50 532 535 547
9025 566 572 582
9.0 572 572 - 575
10.5 418 40 415
9.5 531 426 - 528
8.5 623 645 682
75 790 806 gié
6.5 912 876 898
3¢5 1017 1008 996
455 1040 1080 1069
3.5 1152 1146 1180
2.5 1196 1265 : 1202
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Fizure 1 shows a2 plot of the intensity of the bare foils., In
general, the measurements ere made at the edge of the lattice unit,
that is midway between ihe uranium rods. However, for the last cell
the active lattice measurements have been made every two inches to in-
vestigate ripple., The ripple amounts to a 7% increase of the count
immediately below a metal rod as compared to that midway between two
metal rods, Occasional points taxen farther into the actlve lattlee
indicate that the ripple is sbout the same throubhout.

Figure 2 shows a nlot of the thermal neutron activity and the
resonance neutron activiﬁy‘near'the edge of the active lattice., It
#will be noted that the thermal intensity is nearly flat for approxi-
mately two lattice units and shows & slight maximum about one lattice
unit beyond the active lattice. These two curves are in good cuallta-
tive agreement with theoretical curves predicted by Mr. Frledman° par- "
ticularly the cadmium ratio inside the active lattice seems to be about
as expected. . HOHever, Friedman predicts a shorter plateau in the thermal
_neutron curve in place of the maximum which we have found,

. Figure 3 shows & plot of the thennal and resonance intensity as
a function of the distance {rom the center of activity of the pile,
Since the Bessel functicn is nearly linear in that region the plot is
extrapolated to zero intansity to detemmine the effective radius of the
pile. This gives a wval u¢ of 292 cm = 1h.h lattice um.ts. The radius of the active -
IdHee s be amradma&ly 11,5 lattice units, which gives an augmentation
distance of 2.9 = 60 cm, Thla measurement seéms to be considerably
higher than any theoretawal prediction. However, there is a large per-
turbation; whieh it is difficult to esplain completely in the neighbor-
haod of -an empty channei which, up to & point 30 em from the foil slot,
is filled with thoriunm cmrbcnate. This perturbation leaves a very short
linear ciurve to form the basis of the extrapolation,

Figure } shows the thermal and resonance activities plotted on
semi-log naper. If an end correction is made assuming that the cone
crete shielding is squivalent to ten additionsl centimsters of graphite,
a relaxation distance of 47 cm is obtained. This is in very good agree-
ment with the diffusion length of the graphite near the outside of the
pile;
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V1l Radioactivity of Cooling Air

Problem Assignment No. 133X3P

#. R. Kanne and M. H. Wilkening

I. Calibration of the Fquioment

Plans for the detection of radiocactivity in the pile eooling gas
have been deseribed in CT-757, page 5 and Figure 1, Air is sampled from
the stack side of the fans, passed through a chamber in which it can be
filtered by an electrical precipitator and a glass wool filter if de-
sired, then through an orifice plate, through a large ion chamber and

-returned to the suction side of the fans. A flow of 15 cfm is provided

by the fan differentialj

The ion chamber is constructed so as to provide six collecting
volumes bounded by planes which serve alternately as high voltage and
collacting electredes, All the electrodes, emcent the high voliage elec-
trodes which are fastened to the steel shell of the chamber by means of

‘stand--of £ insulators, are made of an open mesh of wire woven on angle .

iron frames. This permils beta particles arising in the gas to have the
largest possible range. The effective internal dimensions of the.chamber
are 58-5/16" x 28-5/16% x 28-5/16", giving a volume of 766000 ce.

This chamber was calibrated at Chicage by introducing into it 2560
ec of argon at 76 cnm pressuve and 329 C which had besn activated at the
cycletron by a slow neutwon flux of 4.2 x 10 for 45 minutes in a cone
tainer considered to be 96.,7% transparent. This amouni of argon was
0.344 of the argon occurring naturally in the air contained in the
chanber. The chamber current cbserved, corrected for the argon decay
during and after bombardment was 3.0 x 1011 amp, The current then to
be expected if all the air in the chamber had been bombarded similarly
would have been 3 x 10~11/,344 = 8,7 x 10~ amp. The relation between
the nvt to which ordinary air has been subject and the ion chamber current
is then

, 6 o e ‘ v
- If the argon cross-section is assumed to be .62 x 10724 em2 one can
determine another constant of the chamber, which is .OL7 curies/cc/amps
This constant has been used %o calibrate other ion charbers and Geiger
counters in housings by passing the same gas through the calibrated and
uncalibrated chamnbers,

‘This calibration has been repeated by irradiating argon in the
same container in the Clinton Pile, Due to the higher neutron intensity
1t has nol been possible Lo get as accurate an absolute value for the nv,
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but 2 caleulation based on the total energy outpul of the pile during the
run and the prev;ous calibration is in good agreement, with the nv to be
expected at the place.in the pile where the argon was irradiated. As a
matter of record, this indicates that the container of total length 20¢
»laced into Oii #60 te its end at the removab?e core received an average
nv of 2.2 x 1 per 1G00 kw. :

II. 4nalysis of the Argon Activity

No decay periods other than the 110 mipmargon balf life hal been
observed in the cooling gas before February 16, 194, However, i’ was
observed early after the beginning of power operaulcn that the alrygoing
through the pile picks up activated argon long after the pile is alut
down. The curves obtained vary slightly with total air flow, bubt taey
all show an abrupt drop in activity followed by an axponential “desym
‘of about 25 min half 1ife, An extrapolation of these curves to the time
of shut down shows that about one-half of the equilibrium activity i.
due to argon trapped in the graphite and released exponentially with .inqe,
A correction for the decay of the argon indicates that it is actually .«
leased with a 33 min helf life and that one-third of the trapped argon ..
lost dve Lo deeay. The total argon produced is then one-sixth greater
than is dbserved at equilibrium, -

xL sbouLd be remarked that the prbcess ziving rise to this observed
curve is not undewstooo¢ According to measurements by Mr. Leverettis .
group there is about sevea times 23 much air in inuerstlces in the graphite
as there is in the air channels. The "1nstanban90us" drop in activity
(actually the drop corrssvonds to the mixing time in the filtering and
ion chambers) is not associateéd only with the sweeping out of the air in
the channels, It seeme necessary to assume that some of the air ih ths
graphite diffuses out rapidly and some slowly bubt we can oropose no
mechanisnm which would divide the air diffusing cut of the graphite into
two compenents. A calcwlation shows that all of the air in the pile in-
cluding that in the praphite cont?ibutes to the activated argon observed,

A tyblcal uperatxng relationship is that a chamber current of
1.2 x 109 amp is observed when operating at 87C iw (according to the
gelvanometer) with an zir flow of 41,000 cfm entering and 51,000 cfm
leaV%ng Lh@ pile. The total argon produced would then represent 1.4 x
1079 amp! .and jindicate an averagz nvt = 1.26 x 1020 x 1.4 x 109 «= 1,77 x
104k n/en? at_this wattsge. The argon activity under these conditions is
5,65 and 10~ curies per ce.

Evyen though the average nv per watt in the pile is not well knoun,
a reasonable comparison with the expeeted nvi may be made. The effective
trangit time of the air through the plle may be found by dividing the total
volume of air in the pile by its rate of flow. The 64 sq in cross section
of a lattice unit is composed of about 61 sq in of graphite, 1 sq in of
metal. and 2 sq in of air, However, only 1/3 are. fl]led 80 an average
would be 2.7 sq 1n of a2ir, Graphite contains 22. alrv 30 this represents



=50~

sbout 61 x 225 == 13.7 sq in of air, giving a total of 16.4 sq in of air
per lattice unit, or 16.4/6h = ,256 for the fraction of the whole pils
that is air. There are then 3,530 cu ft of air in the pile and the.
average transit time is 3,530/46,000 = 077 min or 4.6 sec, The nv at
the center of the pile is Lk x 10° per watt and the average in the pile
is one eighth of this, or 5 x 10k per watt. This is an average over both
the lcaded and unloaded parts, The nvt to be expected for comparison
with the observed figure given above is then 5 x 104 x 870 x 103 % L6 w=
2,0 x 1011 n/em2. Considering the present uncertainty in both the power
calibration and the average nv, this 1s extremely good agreement and the
result mipght be used to calculate one of these if the other were known
accurately. :

I1Z. Evidence for Fissicn Products in the Cooling Gas
. . ) .

The stack activity meter has twice indicated activities about 15% °
in excess of normal with beth the precipitron and air filter in operation:.

~ The second of these bursis occurred during the morning of February 14, 19LL

and several other measurements were made during the period of increased
activity, The precipitron caused about 1.1 div/min drift in a Lauritsen
eleetroscone held up to the outside of its chamber and the large air duct
i/ 11% caused a de-ify of 10 div in 41 sec instead of 10 div in 450 sec,
which Mr. Sinclalr said had been observed before January 8, A small
eylindrical chamber was acting as stack monitor while theé large rectangular
chamber was running a background experiment. The large chamber shoiied
that the pamma radidbion {rom the precipitron chanber and the pipes almost
doubled at this time. Undoubtedly, these two burdts of activity were due
40 coating failure,

On February 16 further evidence was obtained indicating that large
amounts of short lived fission products are enterinz the cooling air. An
incresse of about 20% over normal activity was observed in the large chamber
and a decay half life of about 4 minutes was cobserved for this excess ac-
tivity., It was admitted to the chamber while the precipitron was turned off.
Four minutes is approximately equal to the change over time of the gas in the
precipitron and large chanber and this measurement is in agreement with the
rule of thumdb that the half life of fission product is equal to the time
since bombardment., It was possible to get much "youngert gas into the small
chawber, This was done by permitting about 20 cfm to flow through the large
chanber, which is in pavallel with theé smallexr one, and then closing the
valve to the larger one, This fills the small one very quiecxly. Iiore than
six times normal argon ashivity was cbserved, showing a beginning half life
of aboubt thirty seconds. The rapid decay of these materials makes it dif-
ficult to stabte activities at any particular piace and time, but it may be
estimsted that about '4 curi¢ per minute was coming out of the stack at the
vime these measurements were made. Measurements on February 19 and February

Y

21 showed successive reductions of “about '- in this extra activity, and as of

Mareh L it seems to be egual to the argon in intensity.
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Experiments with the preclp;tron and the plass wool air fllter in~
dicate that the preecipiitron is highly efficient in removing fission oroducts
from the gas stream, bub the air filter is only about 50% efficient.’ The
precipitron can be recomnended if the removal of such products from a gas
is required,

The activity collected by the preeipitron can be measured on the
outside of its sheet stesl housing during operaticn or very near its plates
after opening the housing. It requires about ten minutes to purge the air
gystem and to open the housing, FElectrosccpe measurements were mede in
both ways periodically both before and after each of the suspected coating
failures, yet no activity appreciably above elecéhroscope background was ob-
served except during the second radiation burst. This indicates that the
dangers of accumulated contemination are not yet appreciable. On the other
hand, there is no record that the chambers were operated with the precipi-~
tron off at any time between the two coating failmres or after the intro-
duction of the heat exchanger on January 8, and the negative readings on

- the precipitron can no lr;snger be consldered evidence that fission _products

did rot enter the air stream during this thme. The records show that the
gecord -failure was of muger duration and it may have besn the more serious
of the two.

; The eguilibrium background of the large chawber is now (mi.ddle of
Pebraswy, 1944) about fifteen times that to be expected on the besis 'of
nmeasurements made in Chicago last August, and about three times that ob-
served latée in December s 1943, The total background in the large chamber
is now about 5% of the sctivity due to argon. On Faobruary 11 the chamber
was parged with non-active air and a decay curve on the background was be-
gun. A single experiment has so far been analyzed into three periods,

Strong activities of approximately 3/ min and 17 days coniribute roughly

equal equilibrium intensitles and there seems to be an & hr period of
sbout 1/20 the i ._ntensxtv of the others, ' Thé periods given are not claimed

%o be accurats. They are probably daughters of fission product gases which

either came divectly from the pﬂe or were created in the precipitron.

M. W, Newsén and L, W. Nordheim have con‘triouteci to the work des-
eribed in uhis sechion of the report,
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Appendix

The X Pile Coordinate System

It has been found expedient to devise a coordinate system for
the £ pile %o be used in designating positions discussed in reports.

*

Coordinate x: east-west direction; . plus,east of x equal O - ) :
a ‘ - minusywest of x equal O Top - //4/’*”/

e . ‘ *7 g}"‘.%
Coordinate y: northesouth directiong plus,south of y egual O .| cﬁﬁﬁgpe

minus,;north of y equal O &/T"- o £
Coordinate z: vertical direction; plus,above z equal O ty ) ,Eagb///’
: ‘ minusgbelow z equal O . South
Exp, face.

Since a. unit cell is 8% x 8% x 8", one unit has been made to equal
eight inches. x = 0 and Voem 0 are at the geomeirical center of the packing
and of the metal., 2 « 0 is in the same horisontal plane as the tops of
slots 59, A0, 61 and 62, which is .250 units above the geometrlc center of
the packing.

_ Sketch No, 1 shows the relationship between z e. O and the metal.
channel #1368, which is the geometric center of the metal matrix in the
z and y directions. - .

Given below are the positions, directions, and distances of
packing and shield surfaces from the origin.

Position Distance from Origin

Too.of pile (carbon)
Bottom of corcrete rodf
Top of shield (outer)
South outer face
South inner face
South packing face
North outer face
North inner face
North packing face
Tast ocuber face
“East inner face

‘East packing face
test outer face

West inner face

lest paocking face

equal 18,00 vnits - top of layer
equal 19,25 units
equal 29.75 units
equal 23,63 units
equal 13,13 units
equal 18¢OO units
equal -28.63 units
equal -18.13 units
equal -15,C0 units
equal 33. units
equal 22.5 wnits
equal 13, units
equal =37.5 units
equal -27.0 units
equal -18.0 units

HE N R YL n®N
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Table 1 gives positions and ranges of the rods, foil slots; and experi-
mental holes in terms of the coordinate system,

For example, #56 (9, y, -9) 28.63 to -28.63 indicates that the hole
is in the north-south direction and it extends throuzh the packing and
shield in both directions to the outer surfaces., It is 9 units east of
X e 0 and ¢ units below @ = 0, '

Table 2 may be used to determine the location of metal regions. For
example,

z % Tange y range
1 4128 to 15.3 210 to 10

describes a horizoatal rectengular region of metal extending through the
pile fruneast to west and from 10 units north of the origin to 10 units
scutbh of it in the z = 1 plane.

It should bz mentioned in connection with Table 2's use tha
limited to the arrangement of metal that existed November 15, 1
it was based on that lcading.

The metal rods of 30 slugs are symmetric with respect to the center
of the channel, The vods of 65 slugs are flush zgainst the discharge ead
and 21,5 inches in from the charging end. ' '
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Table 1

Exnerimental Hole, Foil Slot, and Control Rod Positions

Hole No. Position Range of Variable
1 (0,¥,6.75) 28,,03 to -28,.63 'ﬁirougn shlela walls cmd packing
2 (Ow ,.,,7 25) ‘ n " "
3 (3;}5,@5) . on " 1 1 1 " " [
L (”3,y5 75) L " " . ] "o n o "
5 (“39?,’3 25) # BT (] 8 1 1] " "
6 (q’y’~3 25) ‘ ok L B # # @ . % ... @
7 (6,25,3.5,2) 2985 to --6 25 Thre,ugh Top Past niddle of packing
& (_6@25’3‘532) " ‘ 1 nooooon " i
9 (6025,_3 5 Z) " ot " it it "o noow "
10 (_6c23’“3 5’ ) 7 ® " 1 1t 1] oo ] "
11 (* 5’-) 5 Z) 1t At " 1t 1" " ot ] 1]
13 (~8,¥,1, 75) , 28,63 %o -28,63 Through shield walls and packing
14 (v&,y,l¢75> i 1" " s " " " "
15  (0,¥,1.75) " " " 1 on n n "
16 (#’y91q75)' : " " ] 1 : ] " 1 "t
17 (8,y,1w75) o - i ] u f " "
18 {,8’y5~2;25) ] " " " ] " ] .
19 («L,y,—2¢25) ) " 1 it " 1 " on 1] ooon
20 (Q’y,_“"zb) o " (] i ] " " "
21 (&,y -2, 2)) " n N u f " "
22 ( ,y,wa.Z)) _ " " " ", i "' " "
30 {12.7-y,18.58) ~-28,63 to -12,.5C Throuzh shield and on packing
31 {_7 50 =V 13, 5&) 1 [ " 5] 1 " " 1
R (7 50,~¥y=2a 6);,) -28.63 to ~18.13 Tnmu"fh shield
33 ‘1-2::7,".,","2 féh; ] 1] " [ .
34 _ \L2°7,\ 18,58} 28,63 to 12,5C ThEOugh shield and on pacxing
35 m7 59?918 53) 1] o ] 1 I " 1 1
36 {-12.7,y,~12.95) 28,63 to 18. 13 Through shield
37 (\‘-2 79}7;"]-2@ ;5) o " ' " i
50 (=x,12,11.25) —37 S to -27 " LR
IA ] ( - 097 2)) " " n
L2 (ax’_7,n 5) " n " 1 u
L3 --ﬁ 7"25) 4 on 1 n "
IR A : ( ~x,~12, 9«:75) ] 1. 1 . 1 1]
I {~x L12,-9.75 ) _ # 1 ”® T n
L6 (»?O 5,12,2) 29,75 to 19.25 Through top
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