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In order to find o~t more about the r tponse ot th• 

UTR-10 to ¢r1tioal1ty conditions without danger to the re-

actor or repeated cramming, more analysis of a. theoretic l 
nature 1& reqa1red. '!'hit report takes ap sinusoidal input 

or :reaet1v1ty whiob waa one ot the several at'eas xplored 1n 
the preliminary work done w1tb an analog computer here at 

low State Un1verait7.* 

Theoretical oaloulat1on w1ll be made to determine th 

etreot whleh osc1ll ting the regulating rod will have upon 

th neatron population in the two core UTR ... 10 reactor. Since 

th regulating rod w1ll b oeeillated at varlou rrequeno1es, 
it 1.$ desired to snow the effeot or frequency 01e1llat1on ot 
the re ul t1ng rod on the neutron level 1n the two core r ~ 

aetor,. In order to do th1o,. the kinetic equations ill b 

modified by taking tbe Laplace Tranat"orm ot the kinetic . q a-
tione and 1ntroduc1ng a new variable, JIN' into th quat1ona 

tor the general Laplaoe Transtom variable s. Th quation · 
will then relate .frequ ncy ot oso1ll tion ot the regulating 
ro and neutron level population in the reactor. From the 

re ult Wh1eh are obtained, a Bod• Diagram ot neutron level 

versus t1'equency can be plotted. 

•Danotsky, Richard A. Kinetic b havior of cotJpl d 
aetor cores.. Unpubliabed M.S .. Thea11. Ames, Iowa~ 

Library, Iowa State trni'Y'er 1ty or Science and Technology. 
1960. 
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Stability and regul ting rod trequency can then be ea-
tabl:!ahed by a determination of the t'lat portion or the open 

loop response curve .ae d1acuaaed in the rcutul ta section or 
this tbeais. 



ldw1n (1) 1nveat1gattitd the k1mtt1ca or th• two-core 
a~onaLtt ·eactor, The kinetic eqaat1ona tr two-core nt-

ctor M deriveo rrom the eneral k1net1 eqLlat1on• tor one 
glon blf 1nclad1ng co\lpling 1nteract1on te tor each 

1on. 

• • a1ard nd • o. n.Lauer (2) g1ve aeotion on 
t kinetics ot nQcl r reactors • applied to eactor con-

ol whteb 18 eneral nCNgh to be ot help n the unde.ratand-

in& t r etor kinetics aa applied to reactor control. 
taky (3) derive• the trana.t"er tunct!on ot a two-core 

ctor aing mo41t1ed t o ro p theory and aolvea the eqaa-
tlon& on analog e mput r to give a co plete q\lal1tat1ve 

d _1cri t1on at l"8 ct r kinetic• or the UTR-10 re etor t Io• 
t te UntveraitJ'. I h:i.• worka an a••rase value ot the eon-
t nta tor delayed neutrons 11 used ln or<Ser to :facilitate 

·h atudJ. 
01 atone (4) h a ell pter 4•vottd to Haator kinetic• 

1 ot •• a• a reference textbook on r• ctor kinetics. 

rr r et al. (5) have de •t~d1 ot the •xpe~ ntal 
n t eoretical trequ noy reaponaea or h• CP~2 reaotor. The 

v 11 ty or tbe X'eacto:r tranat•r function • a proved. 
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p in !t al. (6) pr ent th l t at delay d neutron 
v ue for th ix sro p • The v lu or f3 ae ch ng d t~om 

o. 75 to 0.0065 du.o to the reaulte or their work. 
rr y (7) ha 1scua 1on or the tundam nt la or ff• 

ctor kin ties inclu in a Cl riv t1on ot th r ctor kin tie 

eq\.l tion trom th b 1c dit us1on equ.at1on • 

Schultz (8) giv s curve• ot t'retluenoy respon u. ing e1x 
gro f d la;yed n utrona for: one cor reaotor. ct or 

oont~ol natural t quency ot o o11l t on are alao die-

ous ed in gener l nd peo1ttc terms so th t using th prop r 

transter tunction iven by ahulte» one o uld de 1gn 
oomplet oontrol ay t ~ Sch~ltz al o d1$0U sea the etab1l-

1tr o ynam1o syst ma o includ the .steady stat re ponae 

ot a e1 t m t ainu o1d l input. The pha 
t1onah1pe between input nd output v ~1 

nd ampl1tud 

e a t nc-
t1on of fr quenc;r r desorib d by the tr ter tunct1on tor 

tho yst with J w ab titu e tor the oe oper tor. 

w 1n er and W1 (9} pr<t ent the d v lop nt of the 

r actor kinetic eq ationa normally used in time behavior 

atud1ea. A 41 ouqsion ot the im ortance o the d l yed neu~ 

trone o reactor c ntrol and th m ch ni y wh ch th e 

utron atrect re ctov opera ion and control La pr ented. 
100 pre ent~d a~ co pl te tudi of th poisoning rr ct, 
nd the g t v t m r· t~r co f icient ett ct on ot!v-

ity. E at1one h ve b n derived which wo~ld prov ot uee 
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when 1ntroduoing theae etrects into the tranarer runction 
ae a negative feedback effect on the :reaot1v1ty. 
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DEVELOPMENT OP '1'HB REACTOR KINETIC QUATION 

Por purpo ·ee ot ana11ata it may be u that the two 

e rate .fl.lel regions or the UTft•lO ~ etor oan b treated 
1nd1vidu lly with re otivity coupling ~ tween eorea. ch 

gion 1 ubcr1t1cal 1t it xi t alon , b~t th coupling 

tr ct or th other region llows the syate ot t o sl s to 

b cr1t1cal or uperoritioal. Each eor gion 1 treat d ss 
a bl ok ox having an 1nd1V1du l reaettvity and average 
neutron ena1ty. It 1 a eum d that th& patial d1 tr1but1on 
of n utron tlux within a 1lab do not -tt ct the b h vior or 
th t ·sion. The r ct1v1ty coupling ft ct 1a e to th 

1nteract1on exch nge ot neutrons between the t o i-eg1ona and 
it :te a awned that the coap11ng t.reet or region 2 on region 

l is proJ;>Ort1onal to the average n t.J.tron flux in ~ gion 2 an 
the eo~nling etrect or r g1on l on 2 1 proportion l to th 

av rage u.txion tlux in region l. It 1 nece a ry to u 
t1 dependent neutron level equation ot th to:rm. 

6 
dn n cf g f3 n <: \ . . ( } 'at = T ... ;f + 17i. /\ i C1 t t n 

wh re o ~ average ne~tron dene1ty in 

d - tt - l 

l 

neutron.a 
tuel region, a.~3 · "' 

,,! = neutron l1tet!m 1n f"1n1te mediwa, sec. 

f3 = total laye neu.tron traction 

.Ai = eoay constant tor 1th group ot d layec:l n utron pre-
cursor , s c .,..1 
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A 'ALY·I$ OF DAT A 

quat1ona 

!ii.11 'in l u tl.o wn.teh • . to pl t tr q 07 

~e. $Ut~on ev l var1 tion .av end elo n Ap 

-

Eq.. D 

... 

E • 

(0 c e).. The ii n -1 epa hae be n cho en b '°aa e 1 · 

1 n t 1 rans hat control i poe 1 l (3). o eve • con-
t ol onl poa 1 e on the tl t po~tion or th1e ra e. 'th 

1on tor core I l o lnclu • th 11t•t1 ( l. 35 a 10 ) 

10h r need 1 Ta le l, an th q~ant1·1 enoto by 

J h 
. ~1 
(J w + i\ ) ,. 
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.•ow i' may vary t~m abOu.t l-.006 -.OlJ to 1000 ... ~OOJ de nd• 

Lns on the trequ. ney. A an be eeen, when the r quenc1 1• 

lo1t, - 1 l rse quant1 ty, and when the fre ueno1 1a high, 

i' · s •mall qaantity. As h• t•Nqllency ot1 t o. i goe to 

nt1n1ty. Tho ni.&meratQr ot the tr net"ei- function thu J.n-

G udes - and the ngul r tr qQ nc1~ while th d nom1na or 
1noludo w 2..2. However, tinoe w ta the m1n·nt t ctor t 

p11tu.d n th~ the n•utron level 
var! t1on depend l on -. LV 

At low treq~encl a ·tne neutron 
le vari t1on 18 reat r h t high trequ.enciea. 

Th ae eqn t1on1 re rel t1v&ly cour t• and 1v 

uantttativ ana11a11 t r otor eontrol. ctora whioh b ve 
e n talt n into acoo nt Which r-e "aually l tt oat ot a 

1t .1ve eactor ~al • • ncl d•i the l time, which 
1 th t e tor n u ron• om in on• core to arteo t th• 

ct1v1tf 1n the other, l •lx groap of elayed n utron• 
bel. constants, nd th 0011pl1n b t en the t cone. 

u uallY a logue computer m thoda, or ex&iertmont l et toda 

s1 an avera value tot- six gro1.ipa or .e ay n u. tx•ona re 

in order to st\a reactor k1tte~1o.a qual1t tively. 

l• the u e of nnalOS\tO computer teohni u o. u i:ng ll 
a1 v.p• or 4 luy n utrona, a tr1x 1'~81' or amplitte 

• The l 1a lly 
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However, th lag tim. 1 xtremely important in core two 
s th.ta 1s tbe onl1 tem 1n the n rator. rom th equation 

for cor t\IO., th!a, tem 10 e·J UtT wb1ch can b represented 

by Coo w r ... J Sin w 7 • 'I la the delay time and !a abo\.lt 

1 · ... 3 · oeonda. Thi v 1ue ie ref reneed 1n Table 1. 'l'heM-
t:or , th term e -J wr could b r•preaented by 1•3 w io-3 tor 
am 11 trequ.enc1 " 

Orapbe 
Us1ng th quattona developed, ~aphe were plotted for 

Cor l d Cor II. It was el!Utu ~ that the regulating rod 

1& otJoill ted at ditt rent t reqLl nc1ea. Graph or neutron 

level variation va. t~Q.l;l•ney wer obt 1ned from the d t , 

lcb baa been nonnal1~etl to trequenoy of' 1 cycle per 

s cond. 1'he neutron lev l amplitude h been plotted in 
F1g~re l tn terms of eoio ls which 1e lven by 20 los10 
ampl tu.de. 

Compar1ng the result to what wa predicted bf the 
u tiona, on eta that •1th eoupl1ng pl.'eeent the neutron 

l vel var1 t1on foi- Core I agxrees cotnplet 17 witb the pre-
d.otod beha•io~. Th level pproacb e neg·tiv 1nt1n1ty at 
o ere le p r second and risee to poe1 tt.ve l vel below the 
arb1tra.rr nonna11zat1on frequeno1 l eycle per cond. When 
the coupling term in the denominat<.>r; the eurve 
obt 1ne 1 &lightly higher and appears to ollo·• th 



12 

frequency variation more cloeelT. Substituting th$ con•tants 
into the equationa shows that th& ooupl1ng terni is otten more 

G1gn1t1eant than the trequency or the etteot or ;he delayed 

neutrons, and since tne coupling tem 1.e in the denominator 
lt tenO.a to lower the mplitude and eerve ae a constant damp• 
1ng teJ:lm on the curve.. Prom ph;va1cal conside?ations this 
means that the second core ehoald dampen the frequency re-
eponee o the t!ret core since neutrons m~et go to change the 
ne~tron level in the aec-0nd core also. 

However, a change 1n the reactivity in oore l will 
change the neutron level var1atlon 1n core 2 only aligbtlJ 
as neatrone from core 2 Wlll d1ttuee baok .tnto core 1 while 
neutrons tX'om eore l .re 41:rtua1ng to core a. The cu~ve tor 
core 2 does rise at lower frequencies but the riae 1a not so 
gre t as is the oase tor <::«>re l. Core 2 does not riee at the 
eame points aa core l but inatead ma1nt 1na a nearly flat 
neutron level vari t1an with rrequenoy. from a oont:rol point 
or view., this .fl t characte:s-1et:1c 11 4ea1rable and aa will be 

shown late:r el1m.1natea eore 2 from being a hazard trom a 
frequency ot oaeillation point of view .. 

In etr1v1ng for aoe~raey. the ooupl1ns ooetr1c1ent has 
been introd~ced which 1n the equation tor core 2 1a the most 
significant term, therebf mald.ng the eo1Ltt1on nearly a con-

stant tor all treq~enoies. It is felt thereto~e that oore 2 
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ave a greater freq~ ney reaponse tban ia indicated by 

the quat1on D26 tof.' core a .. 

Compar1 on With Pu.bliahed Reaulte 

M. $4 Sohulta (8) 1 in Control !£. ~t\lga~ ~ac~grp @nd, 

Power Plants, g1vee graph of neutl"On level va~1 tion vs~ 
rrequ. ncy tor one core, which would corr pond to the raph 
plett d train th e equationa tor no coupling t&rm. Ther 18 

nearly a one to one correspondence for t = l. 35 x io-4 

eeoonde. (See aore l~ no eoupl!ng). 
The Bod• Diagram for the pha&e ehJ..ft ot oore t 

( 1gure 2) ie also of the eu~ hape es tbe publ1 bed ~ault 

s1v n by Schultz (8). 'lbe lb~e D1ngram hae a slightly d!t-

terent pbas rel t1onah1p to trequenoy tor the two core re-
actor than does the :&x\e Diagram to~ a S1n$le oor reactor •. 

llowevc.u:•t the cUfrerenee is not nough to cau.$8 concern a1 

on.11 slight var1et1on 1 . noted. 

'ltle Bode !)ta.gram tor pluuie shirt ls uaed 1n conJ\lnction 

w1tb th eutron level variation d1agram to sta'b11sh the 
natural fr .queney ot osa1llat1on ot the r plating ro<J . 

Analya1a ot inal Results 
The ea:rvea ror core I and tor oor• II plotted 1n 

Pigure 1 e.lhibit be.b vior which ia not found tor single 

oor- reaetor. 



~ni. th n th t the .... 

pl1t d 1ncre sea with incr-ea ins frequency instead ot e-
the data or o1ngl core Jteactoxt pired1cte .. 

Upon 1ning th qu tlon for t.lo'1t I, on seea th t the 

o 1nator is nearly oc,uuJt nt term While the er tor 
oontains the te?W!I -:-a t Which re usualli ptt aent in th 

no 1natott ot a ingle core reactor. $.J.nc - and a lnore se 
wit r q~ency, he plit~d· for a on co ctor 

a ti th 1nerea in tr q1J.enoy. natoir tor 
core I ot th coupled r ctor ore contains th t rm 
-:a "') 2 ... cx0 2 • T • Mo. ver, a2-a2) 2 1a lea than o<0 2o-f 

rem in 

to the eon tan te 2 .... r: 
(X 0 e • Therefore, While 

ae with inc easing tr quenoy, tb d nomlnator 
rly con tant .. 

The fore, 1t 1 ·~ . th t th c upl1 coeft1o..t nt 

Uld 
much a ler eouplln ooe f 1c1ent if auto t1c oac1llatory 
cont ol ot the regulating rod 1 de ired. 

1 .001 1 te d or • l tor oc • 

ate v 

Wh~n the co~pllng co tt1c1ent 1e drop , and the qu .... 
t1on tor ®t' l 1a plotte-a,, 1 u.r l 1a ob ned which X• 

hi it no al b•hav~or. 
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DISCUSStOH AND CONCLUSIONS 

A control ayatem 1G dea1gned to operate on. the tlat 
portion or the open-loop .reaponee curve. F.rCJS tbeae calcu-
lations one aeea that one msy oao1llate the regal .ting ~od 
at a t1"equency between ( • OS cpa ... • 5 ops) tor core l an4 be-

twe (,.005 cpa .... l cpu) tor care 2. However,, o er ... all 
1at ty ph.iloaopb,y dictate• again•t ratt contrQl ayatem1 w1 th 

h1 treq"eneiea. P1i'IJt, the component• which ore uaed 1n 
heae t It 11atem• are not reliable ae tboae uaed in •lower 
1etema. Second, a r !lure in a taat aot1 eyatem can in 

1t e1r inject r et tn.•ana1ent dt1turbance. The raster the 
cap bi.l1t1ea ot tho 11atem, the more eever• the t~an•1ent • 
. ~. a eatet1 point or v1et1 o~e 1hould then de111n ant needed 

contro ay•t•m to be aa slow a.a poait1bl• and atill aatiefi/ 

th over-all perform.once t•tqu111ementa. 
Talclng 1nto con•1d•ratton the nuclear capa.bilit1ea or 

\ttt>mat1c control •l"•tema, a nattlral treq"ency tor aate 
op·r tion oan be eat1 ted~ 'l'h• complete lQop reeponso in• 
cl ding temperature erteeta and poisontns etteota ha.a not 
been ~onaider4td* as well aa the dttlttY 1n Ylh t might be temed 
repurtln time" .. JtepQr-t1n t mfl wol.lld be he t1me b•tween 

an , ;<:caw ion nd th& J:'e&poneo ot the r e;ul•t_.,ng yetem to 

th:lu exct1t-1U.on. 



It ne were to de11sn control tyate tor a tteaoto:i, he 

aho l ke the preoedina th.tnp 1nto account by prov1d ng 

eedb ck loop tor neg tlve temperat'-lff ooert1c1•nt and pol-
aon. ff aho~ld alao take into •coo~nt t.e Ph·•• ahitt f tbe 
r ·ctor t aneter tunet n · detel"lline it on 1nuo~• 01e11~ 
l tion t the natural treq~ency 1• poaeible nd dea1rable. 
Howovoii,. he should oona deil, that, Wb!le Lt ia liite poaaible 
to e p reaeto~ ~nder control with • continu ~•lY o•c1ll -
tne eyatem1 pNdenoe dicta ·cu1 tb t wear n the control-
v•t• compononte aboula be mlniml&ff. .Althoua'b the are t 
aotor ontztol 1• beyond the ecope ot th1• thea1s, lt 1• 

1 le to 1ck · r ot reqency oper tion t which aate 
o e1lltrt1on 0£ a HS'1lat1ns rod ehould be poae1ble w1tno1.1t 

natabtl1ty or large -.r ex~~ralons a• the maxtmwn worth 
t h . latlns rod la e lly k•pt well below .006 n 

roact.vity whJ.oh 1iii .Ln the t'at\SfA ot the del yed ne\ltron•. 



u11na 'fwo Group Theo17 and the t«e•~lt• ot thi• thea1a, 
one coald make o PPGl1m1nar.y dealgn ot a control •1atem tor 
a two oore reaotor. By ua1ng the proper tranater t~nct1on 
one could alao 1tudy the erteott ot the nesa•i ve tempttrattn•e 
oett1c1ent and poleontng tn the reactor. To do thla, it 

-oald be nec•aaar.r ~c .t.nclude teedbaok loopa 1n the ~•actor 
tr nater r~nction equations. 

Purtner 1tudy' ot r•actor control ualng a quantitative 
ppro•oh ii recommended" £X,Pfr1rnental •tlld1•·• at tN"'enc7 

~eapon•• to rea~t1~1ty o•ctllat1on 1n a eate range ot o•c1l· 
lat1on and at conetant power level •111 give amtch 1ntormat1on 
a.bol.lt the kitlettca ot coupled reaotor core•. 
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V:.i1ties ot on tante to b& u ed 1n 
equations& 

) 

"0155 

ctor 

l.2 

a urcet Du.nor k:y. Rf.chard A. (3, pp. 17,20,30,53). 
net1c 'beha~ior at co pl d t"eaetor cor s. Unpublished .s. 

Theaie. Ames, Io a, Lib~ary, Iowa State Univ ra1 y of Science 
and flech logy. 196o. 

Table 2. Del yed net.1.tron valtJ.e to be u. 
eq,u.at1ons• 

alt-lite ( ec) ;, 1. ( o•l) f3 1 

54 .. 0127 .O Oe4'T 

22 .0317 .001384 

5.6 .115 .00122 

2 .. 12 .. 311 .ooa646 
.45 l .. 40 .. 000832 

. 
.15 3 .. 87 .000169 

in th kin ttc 

Total 

.0065 

ou.rc i .ttepp1n. o. a., arld Wimett, ~. P. C 61 p. 9). 
e,tor "lnetio tunctionss new evalt.u1tion. Nuc1eon1ca. 

16. lO: 86~90. October, 1958. 
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.0008 
7. f':)667 

1.0000 

.0063 

" 15~ 
.Ol 3 
• 95 
.vo 

15.92 
.5 
.1160 
• 31 4 
.. 4776 
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AP 

lu tJ lo l ed or co I ot h e pl 
cto:r .oo a 

a pli 
ans le 

+64°e4• 3.223 .17 1 
+74°01• z-r. 94 1.5 9 
+ 18°14• 18i.450 l.0000 

+49°31• 6. l .3410 

16.251 .saoa 
+ 29°22• 10.4 0 .5 6 
+ 17°571 12. 3 .69 3 
+ 66°38• 4 .. 137 .. a24 
+95°01 • 33.,6 l. 

+ 21°02• l .570 1 .. 65 
+ 19°01• 15.410 .a 

14.66o .794 
15.06o • 163 

Ci 1 

·15.154 
.590 

o .. ooo 
•9.345 
-1.102 

... 4.938 
-3.119 

-12.9 7 
5.211 

.056 
... 1 .. 566 
... .004 

-1 .. 763 
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'r ble 4. Valwas ealcu.l ted tor core It or the coupled 
reactor core 

Prequeney 

1.0000 

.Oo63 
,.em 
.. 0183 
• 95 
.. 0020 

Table 5. 

:Prequency 

1.0000 

.. 0063 

.6159 

.2229 

.01a3 

.0495 
,0020 

5.319 io3 
4.990 x 1c3 
5.254 x 103 
5.068 x 10; 

5.150 x io3 

4.986 x 103 

Veluee calculated 

Amplit de 

2.390 x lOe 
6 .. 613 x io2 

a .. 423 x o2 

2.194 x io2 
4.038 X 102 

3 .. 335 x 102 

l.214 ~ 10 

No~l&ed. 
amplitude 

l.000 

.938 

.983 

.953 

.968 

.937 

tor one core reactor 

Normalized 
smpl1tud 

l.ooo 
2.767 
1.014 

l.169 

l.69 
l. .. 4 0 

5.oao 

J)eclbela 

o.ooo 
-.556 
-.105 

-.418 
.... 2s2 

-.562 

J)ec1bels 

0 

B.B4oa 
0.1208 

l. 3563 
4 .. 5577 

2.9226 
14 .. 1173 



APPENDIX Dt 'l'K£0ItY AHl> DEVELOPMS OF INAL FO 
0 INF.TIC QUATIONS 0 REACTOR KI TIC 

UATIONS 0 l IEI> POJ\ TWO CO KEOIOH 

b t1tut1ng 2 into .1 

n1(t} n1cf K1(t) p n1(t) £ p1n1(t) 
· ·at = .,t, ... · 7 -1- 1=1 ~ 

- i_ 4Cu(t) -i.. ~ ":f .. ~ ~ ~. 
1 :.1 4t 

Fr f · ~ 1 : (!> , we et 

dn ( t) _ n1 J K1 ( t) 
dt - .J 

• D 

• D 

Sino the transl nt r sponae to a. small olla.ng 1n r e o 1\t1ty 

1• •1 d, the n utron den 1ty_. delciy d eu ron preoureor 

d n icy, a e ctivity 7 b repr • nted at ny ti t by 

th lr 1 1t1 1 v l •~ ll rturb tion hioh is a 
t~net!on ot the t1m • 
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If 1( ) 1~ th n utron den lty at n 1 t, th1 

ne t n nai ty "I . rea nt d b' 

l ( t) = nl + l ( ) 

th 1ni 1 n t on d nel 1 

n e 1ty ~• o eh 
Let 

n ( ) = n10 + i(t) 

J . ( ) = A 1. t i ( ) 

dCi.1( ) _ C110 d i1) 
- - at · + ~~ 

lt ting qn • U5 1 t 

et 

G _z 
1=1 

y st te al11e 

an dropp 

( t) 18 h 

n r c v1ty. 

o r 

. 6 
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.£1 K10 ~l ( ) n1QK1(t) 6 - .,. ,,t .. £ - .t 1=1 

rX u a< t .... .,.. ) 
D + .) 

~ 

is 
A 10 i< ) 1 ro act .f'to A r-~ a ( i ~ v 'll) 

o< oN2( t - 'I ) dC!1(t) - •• + Bq. D9 t - ·7 · at,· 
1 : 

.. 11 

T k1 • l oo r at , or • n11 v 

• c i ) " ju Ni ( > - ~ 11 cu ( H- C11 ( l • 12 

olvln 

ni l c n 1t1on r n1 rm y be d op aino w 

r• • ·akin tne pl c 
• n1 1ve 

nafo 

t 

• 9, an uein 



e rrangin q .. Di 

I 1C ) l + l ,B l ~ = 
t =l _,t ( +A j 

1noe the o ctl~lt w 11 only 

• l 

ct on o or 2 111 

h v b \la !on cor 1 1t) th u or1 te "nt r-
no act v1ty 

ear • D16 v • 

p( > i ~ ! 1:ir ~ ::i ~ = « o j > • " 17 

' '4 l +- ~l 1 ( r A, 1} :: a 

q. »1r 

'i Ha( ) : -----

.. l 
... 

) _ ~:!£KL: .r o( N (_•_) __ 
- .,;. ~ 



Sq,. »1g be¢omes 
- o<oN1(a)e·~a 
(lfJ ffa( • ) = I a I 1: I '""'' °' 

Eq. D19 beaomea 

aa i l ( s) = 01?:1.'.). t- "'.: .~~a,.,- :· 
Subnt1tut1ng Eq. D20 into Sq. 021 give 

iie 11 (ii) = "?J!jlt?-<, e ~, t "",re;· ~u, ""olli ( a )e - '>ti 
.,,/ i's~ 

N1(e) = n1$·~~<;i>, ~· , 
_,,/( a 1 •. D'o e·2ra) 

~/,K:i,(~ C.l!n( .. 
(a t ) - «o e ) 

e•'te j x ( ) 
U2(e) "' <>'Q.a j° r~ )~~Ol!~•li!il}" 

... ; 4 . ) 

= ~!(1;((=0~,.-
n10 - = l. 2 = 'Flux t1l"inS noo 

~}.(!, i given in Appendl~ 8 b:/' the a;t'.mbol i, 
20 
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