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1011 C'HAJl.BER FCR CfWTRCI, AND ,CPERATION OF CLINTON HIGH FLUX PILE 

I .. Intrcduction 

The proposed Clinton high flux pile will have such, en excess re"" 
, 

aotivity built into it end will have such a short neutron generation time 

(characteristio of the pile materials) that dangerously rapid changes in 

the power level will be possibleo The control problem in this pile 'is 

more difficult than in previous pile~ a> and demands upon theccntrol equip-

ment are greater than heretoforeo 

The Clinton low flux (graphite) pile is oontrolled and operat'ed 

easentially on the basis of information registered on a galvanometer' con- . 

nected to a differentiating -ion chamber (CP-702) and this chamber lies 
( 

inside the pile shield against the refleotor.. In starting the pile up 

the first step is to withdraw the oontrol rods until the power is suoh 

that the galvanometer begins to move peroeptibly. A careful operator 

would detect this at no lower'than 100 watts (or 1000 watts in the event 

the ion ch8lllber were non-"dif'ferentiating -- See data in Section III)o 

Fran this level on up to normal operating power of approximetely 4 x 106 ._ 

watts the pile power lev.l is "in eight" of the operatoro That iS g there 

is a range of 4 x 104 (or only 4 x 103 tor' non-differentiating chamber) 

covered by the one instrument on which pile operat1~~ and control princi~ 

pally depend8~ Such operating practice 1s permissible with a slow-moving 

pile, yet in the np.w pile it would be extremely riskyo If one waits for 

the new pile to ceme "into sight" at Bome intermediate level" it may come 

into sight climbing so rapidly that it becomes dancerously hi~h before 

controls can be actuatedo For such a pile the operator needs a greatly 
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incree.sed range of power level detection; preferably the range would be 

. such that 1t would extend from the normal operating level dcwn through 

the lowest level at which the pi Ie m£.y be when the operator wiehe!.: to , . 

start up egaino The desired practicel'rante is shown below (end of Sec­

tion III) to be 105 , which is 205 ti~es the range ",.ormelly.covered by the 

graphite pile instrument used as a differentiating chamber and 25 times . \ 

the ran~ when used non-dltferentiating~ 

The lowest power considered detectable 1s that at which the ion 

ourreut that measur~s pile power is as small 8S the ion current due to ~ 

IU'Id yactivity of the pile and ion chamber,. Alternatively, in the case 

where the ion chamber is used as a differential ohamber. with;S and Y-:­

induced ourrents almost oompletely bucked out, leaving only the neutron­

induced current to be read on the boron coated side .. the lowest power con-
I 

sidered detectable is that at which the ion current due to neutrons is &8 

_811 as the net remaining current due to pile and chamber acttvi ty after 

the beet practical balance of these has been attained by chamber designo 

Tle problem of i noreasing the effective range of' the ion chamber 

is attacked on two lines: (1) extel1d the top of the range by increasing 

the absolute sensitivity of the instrument. 10eo, amperes .ion current per 

neutron flu~ unit, and (2) extend the bottom by decreasin6 the magnitude 

cf the induced activity in the chamber ccmpo_nts" 
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II. Determination of the Desired Practical Range: the Job Specifications 

The ~e8ired practical range is determined on the following basis. 

The top of the rante is fixed by the operating level of the proposed pile. 

'!'be bottan of the range is the level the pile mil heve dropped to after 

a shutdown by the time the operator wi&~S to start up again. Of the 

various conceivable sequences of operation at the time of a shutdown and 

re-start-up. that one ia assumed here which gives the lowest level from which 

it will frequently be necessary to re-start the pileo 

There are two notable factors involved in the stopping end re= 

starting of such pile as this will be: (I) ,the time variation of the photo-

neutron source strength. P. 8S a result of decay of Y emitters. and also 

(2) the time variation of the multiplication factor keff. as a result of 

poison ccncentration. chiefly Xenono 

~l35 has an exceedingly large neutron .. capture cross sectiono 

It _is continually being, produced in a pi Ie by the decay of Iodlne135 

which is produced as a fission product. Xenon is alse continually being 
) 

removed in a pile Dcthby its ownradioact~ve decay and by the neutron­

capture processeso The amcunt of Xenon poison will rise immediately after 

a shutdown since it is still, being produced by decay of the stored up 

Iodine. yet it is not being "burned up" as fast by neutrons 0 The emoUIt of 

Xenon poison will decrease again" however /) when the Iodine is so depleted 
, 

that Xenon decay proceeds faster than the Xenon pYoduction by Iodine decay. 

The Xenon will grow to e concentration such that it will kill more reac= 

tivity than the pile hasD even with all the rods outa The duration of this 

dead period is expected to be fram approximately 1 hour until approximately 

2 days after shutdown. except in the case of replacing pert of the old 

active material. in which case a proportionate amount of the poison would 

be'removed also. All intentional shutdowns will probably be accompanied 

, by a replacement of much of the old active meterialo .-
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(1) Phetc-neutron Effeot 

With both deuterium and beryllium there is a gam:me.-n re" 

action. The beryllium reflector of the proposed'pile will'therefore 

,,,,at a8, a neutron source to e. degr~ determined by the gamma activity 

of the pi Ie material 0 'lhese photo-neutroWil wi 11 maintain the power 

of the pile at aD intermediete level for a Doneiderable, time after 

shutdown 0 

The caloulation of the photo-~utron yield is made diffi­

cult by the lack of data speoific' to the partioular problemo There 

is ample information (CP=3472 p MonP~112) on the yield expectable 

from 8 D~~ - moderated reaotor. and this is ~pplicable only with un= 
• 

certaihty to s Be-reflected re~ctoro Although, qy virtue of the lawer 

energy threshold for the Be reaction than tor the D reaction~ there 

is (CP-3472) 303 tim~8 as great a photo-neutron yield ~xpaoted in Be 

aa in D, there remains ,the ,serious q~estion a8 to how greatly this 

gain is offset by (i) the greater relative leakage from a photo ... 

llS,utrcn' ~ource wt:ich surrounds the !nUl tiply.lng medium than £'rom a 

,SOurce which is within the multiplying medium and (li) the 1088 of 

gammas by absorption in the ordinary'water of the Be reflected reac-

tion.. However" ,on the asaumption that the D20 mOderated reactor 1s 

oloselyenouGh like the Be reflected one for the purpose at hand~ 

the figures are giv.n in 'reble I, Cclumn 411 for the ph~;.to,;,neutron 

source strength at various times atter shutdowuo '!'hese figures are 

based on experimental OODstanta (MonP-11.2) and caloulations by meaDS 

of the equation: 

P rieut/sec • Jneut/fiss x P pile watts before shutdown x 3 x 1010 f1ss/seo 
, watt 

[10-4 'x 0-S-.ge ... t / 3 .. 6S .. 5,,93 e"'t/59v'58 + 2,,03 e'''t/3044m 
, 

+ 0.,915 a-till olm .. 00600 e .. t/39.3m + 0
0
676 e ... t/t! .4h 

+ 0.0942 e-tl603h .,. (),,0298 e- t / 76h)l 
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(2) Multiplication .. Effe~t 

The actual ~ate of neutron production in a multiplying 

medium is greeter than obtained from. thEl neutron source alone by 

" the factor. 1 
1 - k the "multiplication". Due to the varying 

Xenon po~Bon the multIplication .faotor k ohanges. and therefore 

the "multiplication" 1 ohanges" l-k . 

. The Xenon poison effect. has been plotted es a function 

of' time in Fi gure 1. showing the Ikerf' of the sum of Xenon and 

Samarium poisoning at times up to 15 hours after shutdoWn, where 

the previous operating flux was 'i, 2. and 4 times 1014 respectively. 
, 

The ~alues of keff' shown in Column :5 of Table I. were obtained as 

follows: 

keff • kef'f of' oold pile with rods in +S keff' due to Xenon end 
Semarium 

• 0.,92 ... Skef'r from Figure 10 

From column 6 of' Table I we see that most normal situations 
I 

oan be oovered by an ion chamber with a range of' 106. The exoeptions 

lit Bote: 

Jkefr - koo,o 
f_ 
L 

f'O(N OQ)xe+sm~ {w 04)25 

1· ... foCN o&)Xe+s.m./<N 0;.)25 t 1· 
1: k_.o 1.0;11 

co,t Mo ~ 
where koo•t ~ k~~o .. 1 .. 6 

f~ lID k~,oIrt .. 106/201 - 0 .. 76 

'to 2 ~ 3 .. 64 om2 

Me 2 .. Lo2 +". a 3064 ... 64.2 .. 6708 cm2 

and eN oa)Xe+Sm;i (N oa)25 at times after shutdown was 

paper r..ow in preparation by fio Co Schweinler. 

obtained from a 

/ 
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lit 

~e the special easel or nearly complete replacement of old active 

material8t: times 48 hours and 12 hours atter shutdown 0 However. 

in these special oa8es it would be proper to consider the rsostart~ 

up a8 practically the same thing as an initial start-up and 1 t would 

be necessary merely to exeroise caution in bringing the kerr up to= 

warda unity unt! 1 auoh time 0.8 the power had increased by 10 or more 

into the ranee or the instrumentsc. 

or course it would be desirable to have a range 01' 1010 to 

COVer frcm operating sc.'Urce strength (=1018r..v'sec) all the Vlay qown 

to a pra~loe.l .. si£ed external source (=108n/sec); however» it 1s 

primarily necessary only to cover the p~riod of time just before the 

Pile enters the irretrievable dead "period. ioe., up to approximately 

1 hour .. end hence a range of =::nof; after shutdown" In that short 

interval there will be sOme hast!,. to set an aooidentlir.lly sto.pped pile 

ba.ck up to power again before it is too late g and the ion chember 

muat keep the pile poWer in sight of the operator during this time" 

The above discussion oonsiders the range that must be 

covered by the ion chamber "in conjuntior.t, with the power level~control 

equipnent~ On the chance that the derivative control" equipment might 

make some greater demand upon the range of the -ion chamber thi 8" prob= 

lam has been analyled; 88& Appendix I. Equation (9) of this Appendix 

gives Sr .. the min1mmn pennissible ratio ot neutron amps to beta end 

gamma amps" at the S8me neutron" flux in terms of the opera:ting con­

dltionso 

For the following conditionsl 

normal operating power • 3 x 107 w~ 
. - 7 

dangerous (shutdown) power = 6075 x 10 w. 
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pertod of pile motion <= 0.1 sec (assumed 'a8 a good 
fi~ure, being 10 times as 
large as the fastest possible 
period a~d 1/10 as amelI 38 

the likely periods which may 
occur as the result of opera­
ting aooidents). 

apparent period at which derivative control alarms = 1 sec. 

time delay in control equipment'= 001 8ec~ 

'It is shewn in the Appendix that the minimum permissible ratio is 

. Sr -= 100. 

To recapitulate and to write the job specifications: an 

ion chamber must be built which can give praotical currentoreadings 

through a range of at least loP -in the power level of Q nuolear ---= . 

reactor and which will haVe Sr Z. 100; ,the' practicality of the cur"" 

rent readings should be dete~mined on the basis of their being clearly 

distinguishable 'against the background of the unoompensated bata~ and 

gamma c:' induced ion curre,nt that is due to the chamberos own aotivity. 

(To be on jthe safe side the oriterion of praoticality is based on 

use of the ion chamber in the non-differentiating way.) 

/ 

/ 
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III. How ~":el1 the Present G.E. Chamber Meets the 'Job Specifications 

A fundamental assumption which is made in tests of the pre8~nt 

G. Eo ohamber is that the ran~ of the ch~ber (in the sense defined at 

the- ccnclusion of the previous section) is independent of the power of 

the reactor.. ,For exa:nple" if by testing in the X ... pile we find that the 

chamber is usable from 3 lWi down to 300 watts .. then we conclude that in 

a 30 N\IV reac:tor' it is usable only down to 3000 watts. In other words.!> 

the background current which fixes the lower end of the useful range is 

assumed'proportionel to ~he nor:mal operating powero This seems reason-, 

able since it is the neutron flux intensity at nOrinal operation which de'" 

termines the amount of background current from the pile end chamber 

activity~ 

The range 'of theG.E. ion chamber was measured as follows: a 

chamber which_ had been inside-the shialdi~ up against the graphite of 

the Clinton pile for e long period of time wss removed outside the-shield= 
\ 

/ , 
ing, and the ion current due to its own activation was measuredo 

; 

Neutron-induced ion current in Chamber.When pile was 
operrting at 4 x 106 watts .. ,.'.0 ........................... 0 •• 

Beta-end' gamma-induced non-differentiated ion current 
in chamber out~ide shield ~ hour after removal (esti­
mated to be 9~~ of value immed1atelyafter removal) •• 

Beta-and gamna-induced, imperfectly differentiated 
ion current in chamber ~hour after removal ••••••••• w • 

Fluctuaticns in beta-and gamma-induoed ion current 
in chnmber ~ hour efter removalo ••••• o.o.o ••• ooo.o.~ •• 

4 x 10 ... 6 
Thus the quentity'Sr~ of the previous section, ~ ____ __ 

10=9, , 

4 x 10""6 amps 

10 ... 9 amps 

=10 
......... ·10 amps 

=12 
5 x 10 - amps 

.. 4000, wili ch 

is amply larger than the reqUired 100. Alse the range of the chamber if 

used as a differential chamber would be 8 x 105 for perfect balanoingrof 

differential chambe~ pr 4x 104 for praotically attainable balanoe, or 

4 x 103 if used1as,a non-differentiating ion chamber. The la~tfigure 

/' 
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is the range We are. most interested ino 

A range of at lesst 105 is required (see conclusion to Part .JU: 

above) f.nd only 4 x 103 is ~vai lable in the· present chamber o· A factor of 

improvement of 25 is to. be sought in the rangeo 

'-
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" 
IV. Proposed Design to Me~t Job,Specifications 

As stated in PErt r above, there are two li nes of attack on 
" 

the problem of inoreGslng the range: (1) extend the top of the r8n~ by 

increesin~ the absolute sensitivity of the instrument, i.e., amperes 

ion' current/neutron flux unit. end (2) extend the bottom by decreasing 

the magnitude of the induoed activity in the Chamber componentsQ 
, 

The absolute sensitivity of the instrument has been measured 

several times by comparln~ the ion 'current reed with it in the thermal 

I 

column tc the flux as measured at the same time with indium f01180 The • 

sendti;vity 1s 1 to 3 x 10",,14 e.mps/seo. The specif;ic sensiti,vity (per 

unit boron-carbide COQt~d area) deduced from this is approximately a 
I , 

factor of 10 poorer than that obtained by Broxon (OP=782) in his original 
• 

model of the B4Q' coated differential chamber. There is re~son to believe 

that the sensitivity can be ~noreased by imprOVing the boron coat. either 

by making 8 better'B40 coat, or by e~ploying one of ~he methods for de~ 

positing pure boron. Furthermore, there is a~~ys e factor of 5 to be 

gained by usinr, boron enriched in BlOc 

The induoe~ aoti~ity in the chamber componen~s can be reduced 

by proper choice of materialso The activity of the G.E.ohamber was ob­

served by removing 6 "hott! chamber fran ~he pile endallowing the chamber 

to read ita own activity continually tor many hours,o The oomposite ac­

tivity could be said spproximately to drop off with s'205 or 3 hour,halr~ 

life 0 This deC?BY is too slow to ignQre when the chamber is e'ltpected to 

be reading pile power reliably for 1 to 2 h,ours after a shutdown. A 

rough estimete of the sources- of the activity was made; approximately 6 

parts due to 1.6 hour (half-life) Argon .. ,5 par~s due to 2.6 hour Mn in 

the s~eel vessel, 1 pert due to 5 year Cobalt in the three Kov~r sealso 
I 

This esti~ste was fairly well corroborated when the initial intensity 

" 
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dropped by approximately 4~ upon replacing Argon with Nitrogen end run­

. Ding the test sgaill;'o 

The proposed new chamber should have, perhaps ,2S aluminum to 

replrce the Mn-bstring steel (the principal 28 Al activity (CP-1365) will 

decay with 2o~ minute half-life); it should have nitrogen or scme suit­

able gas other than Argon; it should have insulating gas s~als whiCh are 

free of Cobalt; it should.avoid the use of copper~ Bilver$ tungsten. 

v~nadium~ chramium,.and nickel, among othars"in addition to mang&nose 

and cobalt 0 

-, 

, 
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TABLE I. 

Opeuting Level Before Shutdown'" 30 MW 
F "" 1018 fias/seo; Fya 2.3 :It 1018 neut/seoo 

Column 1 Column 2 
ftQ' 

Time After 100 E 
Shutdown % Old Active 

Meterial Re­
maining 

- Oe5 hr. _ 100 
50 

2 

100 hr" 100 
50 

2 

I 
2.0 hr. 100 

/ 50 
2 

48 hr. 100 
50 

2 

72 hr. 100 
50 

2 

Column 3 Column 4 

keff or Pile P 
with Rods in photo-n/seo 
.92+~,,"keff) . 

Xe+Sm 

079 2.33 x 1014 ' 
..,86 1.16 
,,92 0.047* 

,,14 1.59 x 1014 
063 0 0 80 
.92 0.032* 

.65/ '0097' x 1014 

.78 0.46 
,,91 0 0 019* 

;<' 

,,80 0.0364 x 1014 

.,86 0.0182 

.92 0.00073* 

087 0 .. 0267 x 1014 _ 
.,90 0,,0134:-
..,92- 0.00053* 

MonP=203 

Column 5 .Column 6 

pll "" keff Renge .. 
FVL!._ 
il ... keff 

llGl x 1014 .021 x 105 
8 0 3 0028 
0,,59* .39* 

6 ... 1 :It 10
14 

0038 x 105 

4,,7 .049 
0,,40* .58'" 

2.,8 :It 1014 .082 :It 105 

2,,2 .12 
0,,21'" 1.1\'" 

o. 18 :It iOI4' I. 3x 105 
0.13 . 1.8 
0.0091* 26.* 

0.20 x 1014 1.2 x 105 

0.13 1.,8 
0.0066* 350* 

* Note: Vaiues in Columns 4 and 5 would aotually b~ greater th~n sh~, 

end values in Column 6 correspondingly smaller since there is oonsiderable 

y emission from Na24 produced by (n~ck) reaotion in aluminum. and this Y 

flux has not been taken into account in the table" 

/' 
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APPENDIX 

ION CH},MBER FOR DERIVJl.TIVE CONTROL 

I. Terminology 

Pd •••••••••• 0- 0 ~engerous power not to be excaeded. 

, Pa •••••• 0 •••• " Power at which level-control alarms. 

Pop 0 •••••••• ". Power of operating pile. 

Po + A/kl ...... Total apparent p~r = Real power + cpparent 
power due to ~ y activity. 

Po····o •••• o~eo Pewer at bottom of control ranGe .. 

Note: "neutron current" means ion current flowing as a result of neutrons 
acting on ion chamber; likewise '~~f" 'current means ion cur'rent 
flowing 8S result of ji-ss and '1'a. 

r' 

1 • Ion current in chamber. 

A .~Y current in ion chamber due to both pile and chFmber acti­
vation as result of operation at Pop~ 

kl 8 neu~ron current/power of pile. 

T = Period of motion of pile. , 
output volt.s 

k .. Peried circuit proportionality oonst~tll ·"'a In ~ 
. dt 

a - Apparent per,i od of pi le ~ 

oc. = A/kl Po 111 "g -T current at Poe 
neutron current at Po 

" 

9 = Cut-off apparent period, i.eo, the value of 9 at which the 
Q period circuit starts to shut down the pile. 

tc m Time to reach Gc after pile sterts moving. 

t· ... u Delay time (after t c ) before pile is actually shut d~ by 
safeties; includes delay betw~en actua!!r reaching g~ and 
the ,period circuit showing it, as well as delay in mechanism 
to throw rods in. -

k2 or.,II ~y current/power of .pile~ \ 

SR = Rela~ive sensitivity, m ~ 
at same power. k2 

neutron cur.rent both measured • I ,!3 Y current 

'-. 
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APPENDIX 

It. Equations 

Current in ion chamber for pile at Po starting up on period T: 

t/T I = A + klPo e • (1) 

Derivative control 'instrument will give an output 

k~~ ,,"k!~"'kklPoet/T .• 
dt I dt T(A+k1Po etllJ 

where 9 is the apparent perio~ and will vary with timso 

g e (1 + o..a=t/T) T 

where A 
(j... a :~iP 0 

Also forthe_specie.l c~se-

9 • (1 + 0( e-to/ T ) T • . o 

k .. k 
T\~-A -a-tiT of' 9 - 9 
- k1Po I 

(2 ) 

(3 ) 

(3a) 

If we set the derivative control equipment so thst it will alarm when lit. 9~ . 
-

and the pile is shut down td secondsleter, the power at shut .. oft is 

./ to + td 
Pa .. Po e T 

to .. T ln ~T "" T f;rom (3a)0 
c 

\ 

(4 ) 

(5 ) 
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APPENDIX 

III. Discussion 

Now to exe.mine equations (3). (4). end (S), oonsid$r the plot of , 

equation (3h 

It 1s seen that the apparent periodg starts out higt~ at (1 +~ T 

and drops asymptotioe.l1y toward the real-period T. The time. to~ at which 

the apparent period beoomAs as small aathe out-off apparent period, gOD 

is determined solely by the 0\.--1' T. and 00 as, seen from the graph ss ~1l as 

from equation (sf. 

When (j. ... 0 this means, that there 1s no /i-v notivity in the pile 

or chamber after a shutdown; the apparent period wi 11 be the same as the 
or btl. les$ -Hl1ItI 

real period .. end @ will ree.oh,,9c either immediately (eo;e. '1') or never 

(90 < T)o 

Conclusion; 

• For oc I;l 0 

90~T 

9 0 <' T 

TABLE Io 

to 

o 

QO 

Ps 

Po etd/ T 

In this case the 
level-oontrol w~uld 
shut off the pile ~ 

When ex. > 0 the apparent period wi 11 start off hi~ and drop 
~~------ ' . 

asymptotically ,towards T; 90 may be set at suoh a large value th~t ~ 

will always be below it. and the alarm is ~iven immediately, tc ... 0; 9c 

may be set at en inte~ediete value suoh that the apparent period takes 

a finite time J toJO to drop to it jor Go'may be lower than the real period. 

and the alar.m is never given, t~ M 000 

-, 
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Ccnclus1on: 

For 0(. > 0, 

Gc ~ (1 +O(.)T 

T < 0 0 <. (1 +cx)T 

9c~ T 

"'18~ 

APPENDIX 

TABLE II. 

tc 

o 

T 1n {j... T 
9 0 - T 

0"0 

MonP.,,203 

Pa 

Po etd/T 

p eX. T (l)td/T 
o G ~1' c 

:> In this case the 
level-control da­
vi co would shut I 

off the pi 1e. 

and 

, In the speoial and most p;enerally applioable oaso of 0<. > 0 

T < 90 < (1 ... oL)'1' 

we have 
PSIS P 0<. T td/T 

o 0 "" a 
c 

... ~ T td/T 
kl Go - 'r e 

(6 ) 

Which shows thet the power at Ishutdown is not a function of the in:i.tial 

power but rnther of the spurious power due to~ and'Y activity. 

It wi 11 be found usaful to i ntroduca the proportionali ty con~ 

stant, k2 , Ii "I- Y currant per, power unit 0 Now dafine the ditn(lllsioniese 

"Relative ~ensitivityn of tha chamber: 

S .. kl '" A/e<. Po 
III Pop 1 

R k2 AfPop 
- Po -oc:- (7 ) 

From. (6) we find 

1 Po T 'td/T Po 7: e td/ T 
-liB p; a .. 

Pd 
G co 'f ex ec ... T c 

(8 ) 

if we wish to shut the' pile down at Pd , and 

S .. P Of . T = 0 td/T 
R Pd Qc ~ T ; (9 ) 
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APPENDIX 

IV. Conclusion 

A pile normally operated at Pop drops to e low power level Po 

end is to be star.ted againo To combat the danger that it may start up with' 

such a rapid period T that it will, run away before control equi pment oan 

stop it. a derivative control device is adjusted to start shutting the 

pile off at an apparent period eo ~nd to shut off td seoonds later~ SO that 

the pile is off at the dangerous power level Pd" The derivatlve-contrQl 

device is limited ~n its efficacy pertly by an ion chamber whioh reads the 

power of the pile. The chamber will indicate a spurious power (due to' ;5 
,p,nd Y activity of both pile and ohamber) in addition to the real p~er. 

This spurious power causes the apparent period G.to be larger (slower) than 

the real period T; and the tiwo# tc, for Q to drop to Qc is delayed by the 

spurious powero Thu8 the above mentioned characteristios of the pile and 

the control-equipment determi'ne e maximum allowable 'Relative Sensitivity 

for the Ion ,Chamber. Equation (9) gives the minimum allowable Sao 
I 

All else being equ81~ if Sa is grenter than ,this the pile will 

shut down at, acme power less than Pd- Shutdown power may be calculated 

,from Table II. using the ,substitution 

P~p cJ.. VI: P::'S 
o R 

df. r,v'CI"'/lI'fl 
Note: The minimum (fastest) period that can be stopped by thel\control 

equi pment even with to Q"" 0 is : T min" . td , 
pc kP<t. -hE, 

.. 

/ 

'-. 
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v. Numerical Examples 

To make some calculations, assume: 

Pop • 3 x 107 watts 

7 Pa • 4.5 x 10 watts 

Pd D 6 .. 75 x 107 watts 

Po ~ 3 x 102 watts 

td Q 001 ssc for both level~control Bnd derivstlv~ control 
devices. This'is considered a pessimistic figure; it 
is thought of as including the delay in moving the 
rods too. 

Go = 1.0 sec.- (This must be set small enough to avoid 
hampering the normal speed of bringing the pile up to 
power - say about a 10 sec period ~ and yet large 
enough to a~erlap with the range of lar~ (slow) 
periods which the level-control device must take care '" 
of. The smallest period controllable by the level­
control, on the basis of td'" 0 .1 sec., \'V'ould be 

T 

ltd T D "i'--~:::"'-'~-~~n~ In Pd - In 'f3'a 
= 0.1 seo 

0 .. 41 = 0.25 S8C. 

(probably a pessimistic figure, 10 times the fastest 
possible period~ yet 1/10 the likely accidental 
periods.) , 

....... 

a 0.01 seo.~ This is greater than 

T. td . a 001 sec 
min rn Pd - In flo 
:Dc 

.. 0 0 008 sac$ 

I'Relative Sensitivity" required is 

'SR ... ~~ T td/T 
Pd -90 "" T e 

3 x 107 ,.01 10 :3 x 2,,2 x 102 ........, 100 • ... 
0 .. 75 x lOr 

e ... 
.99 6075 

For ~ "" 100, 

d..,a Pop 105 
.. 103 

Po SR 
... 

102 

and eo < (1 + a)T 
.r 

since 1 «1 + 103 ) 10=2 .. 

,
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T b'l' H' 'Z 0-" Frome. €I " -", '.>, 100.1 :it 1 

o..T',_ III 10=2 In 1 _ 10,,:,,2 
t\ -T, 
V c \ 

tc "" T In ... 0.023 sec. 

tofT: 
J:>ow~r at to ". Po e .:= :5 :It 102 0.023/0001 e "" 3 x 103 wattso 

That is~ for,anSR = 100 the derivative contrcl devioe wvuld net give the 

a1e:tm until thep9Wer ·had riSen to 3 x 103 watts in 0023 seo. Elnd would 
~ ....... ""'. , ... ~ ... , . 

not shut off the pile till exactly at the danger level of 6,,75 x 107 watt~J 

0.1 sec later" 

However the actualSR of the present Go E. ohamber 1s 

In this case 

and 

since 

S ." 4 x 10",,6 neutron amps 

R 10"'9 ? y amps 

Pop 
0..'" n 

. 0 R 
105 

II> :;; x 103 

~c > (1 +cA.)T 

1 > (1 + 25 )10-2 • 

c 25 

... 4: x 103 •. 

,'. From Table II, 

to '" 0 

and P P td/T :5 102 0.1/0.01 6 6 106 tt 
8 = 0 e a X e • ~ x wa s 

a factor of 10 under the danger lave19 Pd· 

" 




