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The slowing down range of fission neutrons f{rom naturel ORKL
uranivm in graphite has been measured. Its wvalue reduced
to graphite density 1.6 is 35.6 cm. A cezlculation of the same
range based on the Bloch Staub spectrum of fission neutrons
and on a calculated relationship batwcan energy and range gives

instead roy = 54,3,
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Slowing Down of Fission Neutrons in Gréphipe
B. Fermi, J. llershell, L, ierchell
November 25, 1942

A.295 gram cube of Westihghouse netal wae placed 121.1 cm below the top
of the thermal purification colurn of the Argonne pile, This column consists
of 17 layers of graphite of averdge density 1.68, each 10,47 eﬁ thick and is
built above the top of the pile'which has threg more layers of dend grephite.
Indiun foils encaseé in cadmium boxés 0;102 inches thick were placed 0£

distances approximately 10, 30, 850, 70, 90 ond 110 ecm from the cube. Since

the activity of the 8 foils bombsarded cimultrneously vrried over & renge 00

wide for measuring, 4 folls were nctivated ot o single time with low pile
intensity in positions 1, 2, 3, 4 or with high pile intensity in positions
3, 4, 5, 6. The last foil, position 8, was protected by loying three »ddéi~

tional layers of greohite on top. of the thermel coluun, For eanch cetivetion

" the pile intensity wes run up on ¢ 12,9 second period rnd scrrmmed b a

definite intensity., The kilowett hours were measured by obgerving the rise
int mperature of = thermocouple in o metel luwp in the pi;ef This method
sllows ‘successive irradiations to be ﬂuplicrtéd quite nccurrtely, If only
thermal neutrons were originelly present in the column the CATnC ectivitiés
would be due exclusively to the fission neutrons producsd in the urrnium cube.
There is actually a background sctivity which ie due to indium resonrnce
neutrons not made thermrl by bhe columm. Its value wos obteined by duplicating
the mensurenent without the métal cube. The foily werc rend on two counters,
feyore snd Daleth, whose relative sensitivi4y is ziven by Eeyore 1.248. The

Daleth =
activities were reduced to the same uni:s cnd the background count wro sub-
tracted. The net activity wes plotted agrinst r? rnd interpélsted velues obtrined.
Using these, a num=r:ical integration wes mede to obtain the mean square distance

r? for fission neutrons to becoume indium resonsnce neuirons,.
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On Counter Daleth CdInCd c/ni ‘
Foil position cu I II III Backeround
(distance from cube) : ¢/m
10. 2 58,241 58,520 27,652 8,020 /
29.85 14,750 14,766 14,669 12150 -
50.00 3,319~ 3, 30Y 3, 288 - '28%-
69.8 580 - 580 e 88
Temperature rise
of lump in pile . 46° .48° .450 459 Average = L4550
On Counter Eeyore CdinCd c¢/m
’ .
Foil position cm I iT 1IL Background
(distance from cube) e/m
50.0 - 54,008 24,065 ‘% 2,705 .
69.8 5,950 8,006 5,862 "807 :
g80.1 981 956 1374 £70
109.8 i91. - - RBB 218 114
.3
Temperature rice : '
of lump in pile 2,850 %.82° 3,850 .87° Average = Z,850
Interoolated Values , - _ }"/%
= cm activity net of r2s x 1074 _xfi_l___x_}p_z n
background A4
. CdInCd
- (Daleth)
0 25,100 0 -
10 31,700 317 32
20 22,100 884 554
30 13,100 ' 1179 1061 \
40 6,620 1059 1694
50 2,970 - 742 1855
80 1,210 476 1570
70 480 235 1151 N
80 176 ' 113 723 |
90 85.5 55 428 I
100 24.0 24 240 Y
110 9.4 %1) 138 \ T
120 {3.6). 5 75 v
1z0 (1.35) (2) 8 36 xl0f
o (.50) (1) 19
) /} P (al&) \ 9
.;a 4 (007) . 4
17¢ (.025) i 2.89 70"
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Calculaticn of the Range

The column is sufficiently large so that the CdIiaT: activities neasured
on the axis are not perturbed appreciably by the effect of the sides. We

calculate, therefore, the mean square distonce from the cube with the formula:

B Lohefar 94,053 x 107
- - Aredr 50,667 x 10%

= 1856
We have further:

34 .2 ="12

rS = - r 12%7

v, = 5.2 em

The average stocking density of the graphite used is 1.6%. The preceding
value of the range can be reduced, therefore, to the normal “Tlue of the density
1.6 by multipIlying by the factor %—2—3 . This gives the final result
T, T 85,6 c~ -

This value of the range corresponds to on =ge of Bl7 sg. cm.

Humber of Neutrons emitted

The total number of neutrons emitted by the lump during the irradiation
can be cazlculated from the volume integral of the activation messured in the
fﬁil ab various positiong. 4 calibration of the stanaard indium folls messured
on counter Daleth gives the folliowing relationship between the slowing Govn
density in graphite and the activity Aga ef the foil érotected by Cd eﬁpressed
in counts per minuté at saturation

- q = .00143 x Apg

Tor o steady irrasdietion we could, ﬁherefore, obtain the number of
neutrons‘ﬁmitted a second by the urenium cube by multiplying the volume ihtegral
of Agg by the factor .0014Z. Since our irradiation extends over o period of
time very short compared to the life of indium; ve obtein the tobtel number of

neutrons emitted during the burst by multiplying the volume integral of the
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1.5 x 101t

b

initial activity of the foil at verious positions by the frctor .0017 and
by the life time of indiuﬁ expressed’in secondég rmely, 4,874,
The number of neutrons emitted ig, therefore,
s Agg rRdr x .00143 x 4674 =
=4 x 5.067 x 108 x .00145 x 4674

4.26 x 1010

L]

The burst irradiation produced a tempersture rise of .455°, Since 2 1 K.W.H.
irradiaﬁion producés a tempernture rise of 1.69, thé total energy of irradis~
tion aﬁounted to .28 K.W.H. We conclude thﬁ£ the number of neubrons emitted
by the lump in en irradiation buret of 1 K.W.H. would have been 1.5 x lOll or
2600 = 4,2 X 107 neutrons/second/ k.= If we Assume the fission cross-
seétion of ursnium 4.8 x 10”24, and we assume further that tvio neutrons per

fission are emitted, ¥2 find thet the cross-section for neutron emission of

.our lump weighing 293 grams is

203 x 602 x 4.3 x 2
238

= 6.8 sq. cm

If we neglect self--gbsorption, we find, then, the averaze flux of neutrons at
the place of the lump by dividing the number of neutrons emitted per second

by the cross—section of the lump, nsmely,

. 167
av = g;ggggig_ = 6.2.x 10% per k.w. v

This value of the flux is in agreement with vrlues cbteined by more direct

estimates.

Comparison with the Theory

The range of the figssion neutrons in grephite could be ccleulrted if the
energy distribution of fission neutron:s and the relationship between the sloving

down range and energy of the neutrous were mown. Ve derote by r2(E) the meen
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square of the distance at which neutrons range emitied with energy E attain
indium resonance energy by slowing dowm in graphite. Let, further, T (E)d4E
give the number of fission neutrons emitted in the energy intervel dE. Ve

have, then,
2= (70 T(eae / S 7 as

This expression has been calcﬁlated numericnlly&by using for??v(E) the energy

spectrun measured by Bloch and Steub in (LA-17). The function r*(E) has been

" recalculated using the carbon scettering cross-section measured by Willirme.

The following formule wné useds E
o , p _
‘ 2 SR ¢R-
2 = 2(g) - 2 $ /T ==
r2(8) = 2 X2(E) + 2 NA(l.ddev) + = FI e E

The values for these twe fnctions rre given in the tsble, where the first
column gives the energy expressed in MeV. The second column gives function
EE(E)Q end the third column gives T(E). This last column is token from the
data of Bloch and Staub up to the energy 2.2 MeV, The wvalues beyondYE.QMev.
were extrapolated. |

By a numerical integration we find

3 - JeR(B) TP (B)aE  _  Z91P
- (7 (E) 4B Toe.213

= 1788

. 4
corresponding to & range R
. R 2 K ool 9 WS
r, Ty 7 1768 ’ 4.2

This value is somewhrt mmeller then the experimentcl velue r, = 5.6,
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Table
£X(E)

1061

1157
1220
1280
1346
1328
1447
1491 -
1589

-1580

1665
1748

- 1827

1017
2008

2090

2166
226
2287
2%80

£2379 -

2287
2790
2415
2469
2480
2503
2564
2844
2743
2834
217
3005
3085
3162

176.%,
1928
Qos.o
/50
Z224.3
233.0

24l 2 .

248§
A56.5
263 3
Q775
29/-3
304, &
£719.5
334.7
349.3
3¢/
T392.6
3538
3977

396.5
397.8

39¢8.3

doRx 5
. )

$413.3
Hr17:2
“#27.3
440.7
®57:2
“473.3
H486.2
500.5
§74. &

5270

" .45
.60
.73
.84
.92
097

1.01

1.03

1.02

1.00
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