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CHAPTCH IV,
TIG GRFLRAT, 00D POR S0TVING SCHREDINOER'S TR I

O AN ANALOGUE CORTUTER,

The ocoplicr chactor o‘f. thisg thosiz umghocizud 77 thoe
use of tho bhagic copputing clomonts of an avclosac coooatorn
An inteXrotod rovicy of' the steps noecesanry Lo colve o
Sehrddinser cguotion Jor annlemue computntion will now bo

dagseusgod,

(o1} ZEroklom Analysis.

Somathencoticenl desceripiion of Schriédinmerls coguotion
vas ~iven in the last chanter and we stated Schriddin-er's

cuation in who Dorm

A7 w LTINS S o
.___{%':.:;.;_]. - %ﬂ I'[-,...J(;{j}'._fr{x) = 0, e '[:ll-!o'?)

Gince the compuier indoepondont variotle is nime,
denoied by t, we must to chanpce the independent voriableo x
of equition (.1) £ the time varistle. The relationship
betweoen Lhe phrysiecal Sehrddinger cguotion and it's cempuilcr

dfepresentation e shown in tnblos 1.
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2} Nearpansing the Fguntion.

Cehpddinger's eguation (L.2) is resrranged to have

only the second duerivative o ovhoe Ledb-hand sido,.

22 4 2ul : .
‘":ii—l:l = - S ()« FF V(L) W) toome (4.3

Sucenunive lntegzraoltion of thoe sccord depivailve wiil

-
¥icld aAt) g w(t).

T Mor soluticon on the computcer it is

] A% 1t ; -
auzsukacd thnt —E?éwl cxists as the input to an insegrator.
Alter producing ¥ t) by integrotion one can sum appropriately

211 iLerms on the right-hand zide of the cguation to Tarm

Tais sum of tormz must thorefore be fod into  tho

-
. £l njﬂL! .
ntoorator whors it was essumcd Yo oexist,  (sce lateor,

DMr,o :J

»

e

Lev A = hﬁ' &
210

It} = 'ﬁ‘.?_ H

snd rcorcsent e by d{t}, “TSouation {(L.3) “hon boocones

i;}(t) = =AY(t) + V(L) w{t). ——mme——eem (L.l
cogation {(L.L) is the methcanntical computer councion
corresponding Lo the phynicsl Bchrodinger caqueotion whooo
solutiong arc Lo e demonstrated on the analogae compuiler.
(it.3) Dlock Dingran.
The ®laock diagram is & preliminary cowmputor diagron

ignoring senlas, sisns, and Zains, but showingg the main
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corputing clononts and their intersonnectiona. It is fro-
cgquontly vootul ler obtainire on UELiMEﬂC of the snount  of
compuling cquipmeny hocded, and for rroducing ot o lotes
Time o onoeoh commuer clreull diagsram. The.block Singronof

cguation (L) dis shown in Mig.b.1,

—{ st | D [ 2na. | w{t)
#i:_ Intexratorl Iuntegrator] [

AL) _ Vi t)

BVt t) /™Y 4 1. N ¥
V() J{?{DE{t)Q{L} maltiplicr L)
[7(1)
runction __@__ t
Coenerator

Pirr.d, 1t The block Jdiagram Tor cguantion (i.lu).

(L) The deole ?actovﬁg}

Ere————

Before the Schrddinger cquation con be sclved on an
arnlormue ecripuiter, it is ncecssary Lo determineg the tie of
golutlon desirable, and the output amplitude of the solubin.
fhess two Tneters will new be discussod:

{a} Timc-Scale Tactor )

The mindlnum $ine for o computer r»ur  in normally

deternined by tie speed of response .of 1ho conputing and
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roesording units, Yhon using on oseilloscepe Tor roodi-ont,
A ghoert colutlon time is desirable nrnd for o recorder , o
lonzer soluticon timg 1o bobticr. The ouvtouat timo desirzoed is

doetermited by dhie RC conotant of the intooroding ooplifiors

(b} _nmliwle-fcnle Faclop

UGN we nrg proparingg the S3chrddinger cguation fop
zeluation on nn analogue comouicr, 1t is necessory toc cnsure
want the voltozoe reprosoniving the variablos will  -never
have valuces largor than the sllowohle woltegre of an analosoe
compuitcr.  The normal operoting range of the operational

atinlilicrs ir tho Heoth Annlogue Computer Zs 2100 volts,

piozimum ouiput voltames near zoro should oe aveided, Ir
the outpau velinze would excceod the allowoble wolione oi

the sntlosuc computer, it must he sealcd down. The maximuam
valucs of Lthe physical varisotles must therefore Le  scalod

Ly whe roliiionoliio:

e M, aliowable vol toge
Max., wvoaluc of physieal voriable

= Groole fDoolop

and (iiazx, voluc o7 pPhyszical varioble)wn € Max. sllowahleo

volonme,

100
whore o g groms--em - a— - L ocalled
Hox, value of piyaical varinble ! callud

the nmplivade-senle rfoctor,
Mow solvinr R {J Ll-} : S - 2117 F -
Jer & Lo oemiaslion {d.d ), wo can soloct sultable

tinc-scole By choosing the voluos of R and G ol the
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intograiing cmpliticrs, The varisblcs it} and  w(L) o

avpliticie senlad within 200 volta, the allowable rango oF

the Moot Janleoesus Uomputer, snd we oot moke cure that the

verlking voiltrrce ol coch smplificr in the circuiido not: exceed
100 veliz., In the enge of egquoation (h.lL) the scenling is

e

tolten coro of dn the coofficicents A and B,

The computer circuit of cquetion (L,L} 3s shown in

Fig.di.2,
.I-Ca to SGtI‘HO}a I.co (4] .‘_‘:Ct '-!I'H:D)u
_IP'\ —
. -0(t) | +(%)
o) i |
— i

..WF:_)\ —{ %) /! i b )
L4) Univi

"_};,.rl::L)l,- t:‘ - . N
/j\ ! Multiplier | +yit) ]
A ()l |

vi{t)

vunction

Gonocpo oD

tip,h, 2 Compuicr Circuit of Dguation (L.l
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In solving cquation (L.') on the unaleomuc commutbtor,
wC will livide our nroblem into 5 coscs as follovs:

Cagc,I: then v(i) = 9, wave function reprecsents tho

notion of o Trec narticle with zero potoentinl onertcy,. Jroo

coguntion {(L.L4) we hove
p(t) = -a W), ————- e (10,50

The computer cireuwit of countion (4.5) iz a sirpli-

ficd forn of tha ecircuit in Pig.(i.2) and is shown in Pig,

L.3. 1.Ce to set (o)}
at t = 0.

i) N e PN e

111,-,-"_!_.2:

.

Computar @ircuit of Touotion (M,5).

Ir. the above elireult, if we foed o volirme which is
proporiionel to 49413 end nonce w(t) indto tho Cirst  into-
crator, the ouiput of that intocgrator will be - t). hen

. will
the vo;tagcvbe p{t) ot tho cuipuit of the ascoond intesrator.
And if we Ffeed w{(t) through the sirr-chancer and o potonti-

cacter which muliiplies by A, then 1L will becone the input
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ol The firxst irntograsor, R
“he corpuicr circuldt showingr thie oloments  of

opcriegroncl amnplifiosres far potching is shown in YVisgdoh,

. ) - -
Cperatc relay _l - T.0. toonet
: |

Firgudigiy Actund Cirecult Tor Potehiny of Hguotion (Lab).

T #lc.h by, we connuet the cporate roeloay mcrosc the
intepgrating copacitors, hocause the solution of the problenm
lesves thoe intermreting capasitors charsgsd, ond it is nucca-
oory e romove this chargse tefore the proiclem can e verun,
¥nocompiect the initizl condiiion power supply, for thoe
initial condition {I.C.) to sct the value (o) 2t t = o,
into “he second integraior, ard assune &{0} = G. lies
coefiicient A is act by o potcntiometer.

A1l the resistors in the computer civcuit of dall

sre 100 KL (Kile-chm), and Both camocitors ape 0.01 0,



{iliicrofnsud), “herelforc the oC time congiant of the intoe-

: -5 -
sratore in (100 X 10%)x(0,01 10 ) = 0.001scconds.

(Lh.2)  DPoiehing
“hen we have £ic octual cornpuitor circulit as o shown
in Pig,b.l, the provlum is set uwp on the computer machine
by eonnectings the reguirsd components tossther. Thisz is
called npmtching,

sincc wo use the oscllloscopce for rood-out, ard vhoe
solution time of our problen wog chosen Tor display on al
coavhode »oy esceilloscone, 1t is vonvenient Lo Usc one ol
whe L.C. anplificr o provido Lime hane of the oscillcsopc.

ihis may bte done as shown in Tig.l.5.

)

operate relay

- _4{ Vertical  Horidontol
\C T

N -
R ! o To provleo oulnut
S At -A
Adjustnblce ;
conatont I
voliame L

Firsti,hr  Time baso cipcult

fl

e owalae ox RC in tho sane s for the intozsroting

ampltificrs.



(L2} fnoertion oif roblen PaeaneLorn

“her we hove poetched the compuitcr clrculs, we adjust
tha. coctficient potentioneler -, to zct  the voluoe of A
wetweon O Arnd b, ond adgdust the initin! condician T.0. 0,

Lo met i c) howwoon 100 volbs,

(.7} Selution

S Pa= ey

-

Hop n oguiitonle valuce of L. ang ¢ o), wo obinin  the

soluviorn on e escillosconc rp shown in Mz.e.b.

$VLE)

o — T — — %
P t)
PIOR- = T e T T T T T T
, b f [ \ d
£ | 1/ ‘Iil ‘\1 _'I 4 _ :} . T

A, whe Solutien of Tguaiion {k.5) on
Ogcilluccopi.
The woll koown notheonavicsl soluiicen of ecuntion

{i.5) nhins tho Torm:
wWt) = D4 coe At + D osin AL —e—— (8.5)

Da v¢ crbitrory cOnotinis.
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Mo ipiiial conditien at t = 0, oy = 50,
Wlo) = 0, we hovoe

30 cos A t. mmmmmmmee e (4.7

1

1)
waileh i toao saowe obiolined on thoe oscilloscopo.

g1 e edjust o wne pohenhionoior A 1o voapy g v lng
Eﬁ.)

al R o

of A corsosponding to she enermsy of oo pariticle (A= &
thwe sointion on she oseilloscope will de veriod aoluso. S
sient on the solution wheon &+ is variod, is shown in Zig.

o7 * gl £}

e
i

) e solution when £ ig . inercasco

4 v t)
L e

'\ r.f
\ /

7:} P T e

L)  tie solution vhen A odim drcrooso..

Wicu b7 The BTect on the 8elution wioon A 1w

Foaricd,



T e tacoease tne valuc of 5, thon Shc valuo o of

Toodis drcrgmaod alzo, and the wovelonsth of the zelivcuion ia

aceronsed.  Vhen A ils dcereessoed, the woavelorgth iz inercanccd

anosnoyt in BPdolaii. Tl

L.

Theoe seluiicns 1ilustratc the chanso in the dJde

i

e

{1z}

i

clotion:

wnere [ooiz thie monentum,

v dis Ploneck's constant,
and noodle wae do Droxiic wovslensoth,

Jor oo Irec ardielo we have

. Ef~uh?

ol 2pa*

o hawe scen that the sclutions on thoe oscilloscope
are in sorccnent with de Droplicls rolation,

IT we vary the initial condition ¥{o}, the armplitudc
of waveluaewion ¥W4) will be varied, Tut the wovoeloagth is

consuonty cnd the ciffcet of the selution is showa in i irb.5.

roslic wosclonsth of the porticle cceording o de Droslisn's
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Fizd,8: The offcct of amplitude Y{t) when w{o) varicd,

I this cxample the wavefunction w{t) may b uaed

to describe o stream of particlos all with ocnerqgy E./@iﬂVﬂ

represents the deneity of particles st cach woint of  the

. = 1
HweDHlm, T

w resulor Tluclustiosn of the deonsity wcourrs
boeruse the wavelunelion abiaincd by the compuicr Toure-
sents two coual strcams of particles, onc Jron the let't
and one Jrom the wight, whosc waves intorfore. Tho complete
solulion of cquution {4.5) is a complex function, hut of
coursc only thoe @oal port can Lo shown on the osciliasocps.

T

Sy ooooulinble choice of complox seluiion o coneuant value

L

cf /¥4 '1-,},;’2 may boe reproscrihoed, (23)

[iote:r T2 1) = -a Yit), then the soluticn isa

Ht) = f‘:.i_cifmt+ As e"i:mt; and if* A, = 1, Ap = O,

then /%Wt)/° = 1, Tor zii t. )

Sagg,Il. Given V(t) = vy , for all t., The ecna=-

tant notentinl is shown in Fig.h,9.
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Fifiei;.9: Thi Constant Yotontinl.

he physicnl intorprotation in this case ic tho
mowion of poritliclcs under 2 constant potertial. From

cquetion (i) we hove

Uty = ~A glt) + Bved(t)  —emmmemem (4.8)

i
l

ines Vo is constant, wo let BV, = C wicws C is theo
e S e _ ey . o
avbiurary constont, ond we hove © 0 = _E?g » Then cquntlon
(L,0) bocores

vi)

-4 P{e) + O Wt) e {{sati}
e procecdurc used to solve cquesdion (L.49) on ar

anoloiue complive? iz similor to that in cansc,l. 'Who compitor

clreuil for cquation {(L.9) ic shiown in Jig,b.-0,



i 0}

I.C. t0 sct ¥,

+il 1)
T

I |
l.__._f"f

The Computer Circuit of Tgoation {(..9).

in the abkove cireuit, if we =sdjust C = 0, thcn

tihic gireuit ic ¢he same 28 that ir goase.I. The acounl

compuicy circuit for patching cquotion {(L.9) is shovn

in igLbatd, Jporalae

Ooeroto
rolay Iui.‘to relay
50

[ gy -
f . _ﬁ_4§

. R,
P R
<) N e

[ *Oypl ) 0 Ny )

117 The Comguier Circult Toy Patching of
Lguacion {L,.2)},

A D o
. .
I s+ 1)

2
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in the clrecuid in Sisudlds, e will ecasider tho method to

cpernic the cguation (LG} in two cosos:

. . pESI 2y
Cousc,hr Odven £ > 0, since A = S5 and O = S50
[lap i . H h.—.. i
P or Vg e osdjust L% 0.6, C o= 0,3, = 30

then wo Juewe ot

volis and for the convenionce we sct y{o) = 0, "¢ chinin

: i shown in ip.i.12,

the seolutiion onn hw oscillosecpe, As

’f v{t}
L = Loogewel ot B _
1'!(:. — .
t
O -t r———rnl—
o e e
. T ' \ f
‘x : £ ! ,
_j; 3 ; X r__.-" : +
O __T‘-__ e T K f - o T
i ;‘ ' i i .
S o E'a L
1o [ S Y N S

2+ e Jolution of Yguotion (4,9) on the

Qugilllescone whaen A > C.
Tac well known mathomntiesl solution of cgunition

(1.9) , whon 2 > € ig in the form

L) = 2; cos pat o+ Ap sin pyt , py = ST ~={l.10)



wheroe A, and ,oare arbiorary cons banis. In this cnaae W
hove st el = 30 volis and &{o) =0zt = 0, Ve
soluLion in cguation (4,10) bocomes

Wt) = 30 ccs pat ———— e — (haii)

The shape of the solution YWt} in cauation {(L.11) is
the same a2s e solutlon on aseillowcope, as shown in iz,
.12, “his soluiion is sinilor do that Lor V(L) = O, owcogpt
that the wavelonpth is Iomger for 2 given valuce of D. “his
illustroces e Coet that the Kinchic cnergy T 1o smalloer
Tor o siven total cnorpgy: T o= BV, o p 1T we fix E oond in—

¢rgase Vy o, then - decrcascs and che de Broglic wavelengrth

incrcascn,
Cosc,l: (ven & <« C ond wo heve B o< Wy, We set

MmO, C o~ 0,0, o) = 30 volts and vory o) betweon 3%
volis, Vi chealn solutions on the oscilloscope oo shownin

Miz.h13,

The various solutions shown in Wig.l.13 depernds  on

the value o},

veeause 3P we wdjust do), it iz counl  to
cuaniing the slope of the curve ot t = O, irst we  mol
o) 4o a cenvenicnt volue (30 volts), ‘Then ve odijust dlod
Lo noke e solution appronch ¥ i) = 0 At & 4 e 05 in curve

(2}, *his mcluticn 1z described by cguation (L.4i3) Lalove

The ciher eurves (11,(3) cceur Tor the other valucs of #Hok
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Fv{t)
-.l,r{_J e .
lovel of H. L .
| i
5 —
.-f/
'\\\‘EL +
S —_ - -—.
D
Vi i, 130 ZFolutions on tho Oscilloucopc ol Tuuction
(lL,2} when & < O,
The nntherabicsl solution of cquation (0,9) wilc 0
£ 0 i In thie Torpa
bl = " 0xTa Pel ot AL wXpe{-pelt , P2 = ST —— {(L2)

The solution YWt) in couation(L.12) has »oal

nentinles,
worociuacsion
hivoilli4y rom

F.
ER ]

S = (o)

chocso

ol we nive statcd Inm the last chophor

e

ot

-
FENH

ain Finicg

. ™
0. Sinco ¥ oj

Pinis

Lpoond AL Sree the arpitdary constonts.

SHPO~
vhot  bho

e Honeo in ordoer thot the pro-
t + oo, 1t is nocessory taoth W
= 30, at t = O, we o howvie

30 volts, Cguation {(.12) Toccomesn:



Wt} = 30 cxp.(-pz)t ——— meem {11013)

iz solubiocn ¥ t) s solutior (2} wiich we cbteined:
or the oseillaossope in Mig.h.i3.  “"hen As in gouation {Gs12)
iz not roro, we obtain solution (1) for 4,5 > 0 wend solution:
(3) Tor ~g < O, |

e gsolutions in Pig.hio13 do not have o physical
aconing vhoer S < O over tho whele t-oxizs, for w{t} i= t&cn

-

unbounded,  Ience a particle is never obscrved with T < Vg
over the whole sprneg,. Thesg selutione cin only occur in
Bart ol the t-2xis, such oo in the potentizl step, the

potcntinl Loarrdicr and the votentind well, as 0 discussc d

loicr,
Croc.II1. Potorticl ttop; The povtentinl fuaction

V(t) iz @clincd by
o

V() SHUDALUNGIGORN SINIVERSIT]

Pisabl1ioe The Totontinl Step
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Crse,IV, Poteniticl Barricp; The potentinl function

V{t) iz dofinod by

v(t) = O , t <=ty ,
= Vg , —tp =1 & +%; ,
= 0 ¥ t = -1,
BV ()
1‘!..5":,
T )
I
!
i
i
_..._*-__-—_-“--_.__4.!“.*.._-_.._....__--.——--:-1;
"-1..1.:} o 'itlo
Ziraliaifs The Fatontial Barricn.
Crne.Ve. Potential “2ll:;  The poiential function

V(1) is Jdodined by

1'?{1-.-:] - VU F] t < "t-o 7

= vu, u>+tg.
fvit)
|
—— 4 e
|
I
!
;
i
_— e e e e e ! o —— = — = e = -pnt
“tﬂ ] "-'t.D
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In erocs 110, TV, nnd WV thoe posontliad funct{onvtt}

5nd the wpoduct V(i) #{t) virice with t. The n:the:atic;l
cguation Lirs the sonc form in nll three coses ond is
W) = ~rplt) o BV(E)w(E) —mmmee (ho i)

The copputer circuit for cquation {L.1h) 1y siovn

in vig.i,17.

.G, to sct @(U}. 1 I.0. to set (o).

) H};,r( £ ) \ o t_f"[ t }

v

- it . s 1 e
I.._r(t]‘n,f(t}@+ur(tj-,ﬂ"{ T3 R TR I“‘ 1_;'{ L)

Genorator S
AtZ.tie 17 The Computer Cireuit for lgquation {(Fi,1L),

In thc computizr circuit for equation (L.1l), wo must

hove o mulvinlier to multiply the Tunctions v{t) and v,

anll o CMuneticrn gencrotor to genorate the iwunctions V(t]
dofined in Pig.h.il, Dig.l.15, ond BPig.i, 16, The Haath

arclegue Zomputer which I usced £or ny thoesis work hns o
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mulitiplicr cp function genezct.r. Henee *he cotoo »t tho
potentizl stzp, the potential barrier and the cTotential
well could net we denonslentod on it., Dot we witl diceuss
techniogues Tor solving equation (H.14) on ~ cempleie con-
puter,

Yhe cguoticr: ond the circult for quorter-sounre mul-

wiplicotion argc ~z Tollaovs:

vit) W) = 11‘ K"“’ = L) \: (V(LJ ¥t }\J ~= (L. 15)

N\ ——
¥l ) ///f__a*_uuuqunrﬂr

-+ (

Bgunpor

—ft) L//f :
V) (1)

Fin .15 The Quarter-figuare Multiplier.

-—

D {(7(t)=( 1)) "

e conpleic computer ¢ircuitb for equation (L. 10) is

anown in Mig,L.19.
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s o). lI.C. to ot o).

~d(t) ﬂ\ i)

A AEIET S € e—
Bgaorer 4“\\\
Yunaticn - | Vit) o

Generntor |

| JE= ]
RSO i il

Vit el )R [ (e)awlt)]

Tiv,bh 1%: The Complete Computor Clrcult for [qguaiion
SIPREIS I

The potentinl functions cuch as the potential stop,
tae poicntisi: borricr, snd the notential well, arc C Ui
Fructed usine straizat line sermonis fs woe hove explzinced

in the chrpter 2. The shapes which ecan te generated by the

fancltion ~sencrator ore shown in Figl.b,20.
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e} Fotontinl “ell. HLERLES
Ti~,u,23:  "he Uethod of

constructing the Fovential
PG L10NS .

Tha procedurca for osperating the conpuitcr toe obiain

the sclutlon in thcsc cascs rre sinilor. Honce we  will
rleseibe only one, the casc of the potential slop, ns oo



Jus
Y

e owill discuss thoe notheneticnl proporiics off i
rocl wovelfunetions  which eon To shoun on tho comipuosur,

e copplox gavelunetlions ave isnored becosuse Thigy cornmot

i sheown on the computer; dotnils off them ooy be found  in
Fham Lo - i {15} =T : |4
Moss Dooks on guantum Loechonics, Woowill discuass the

the poteniial step in two cascs:

Gescei:  Hiven B o> V{t); Let T be the townl cncrry
of the porticles, and Let VIt) be the potential ztep shown
in wig.beale,

“he ine-independoni Schrodingser equation in OrLE—
dimcungsicn for ¢ < ty gives

Yol o) + SHylt) = 0, memmmm—e- (440D

bl
ond iy (1) = A.cos Dyt ¥ SBin pet p, = EE%E:—(M=1?)
Jor % » ty wo hove
Fa(t) + SH(PVe) welt) = 0, —mmee - (La16)
an w;(t} = 13008 Dt + Digein pet , Do = EEEEEEEEEH—[M.?QJ

Tne roal wovefunetions ¥y (t) and ywo{t) rcprescant
the statiennry woves produccd by crprel and epnpocite atrooms
of porticles,

LUt = i, V{t) is discontinuous. But sinse .,

V(t), ond <) ove overywhere Tinite, it fellows Srom - the



L6

"ﬂ{t) is evorywhere Tiniic. nenco

¢ o

ﬂchrﬁdinﬁcr'cﬁuntimu i |

3 . .

A t) ant L) ore Tinite and contivnous overyvhers, includ-

at T = t, wo hove the bDouwndory ool
Cr

A %1(LD)==$£ta), "hie odvea tao

inm © = tg. Thorolore

ditions ¥ylte) = wal{ty) ond
lincar relnticns connoeiins the L conetoants Ly, Ag, By ond
and Bs and pui By = £{A1,1,) ond

hl
T

Tliminote oy,

Then the conpletce real woayvefunction over tho wholea

reglon io detinoed by

P ft) = fycos pyh o+ oA t % hg.——{i,20)

Wa(t) = £{5,, 7 5) cos pat+nll,,ia) 8in wat, L2 tp---(L,21)
Aqg and Mg moy be chosen to represcnl sny iniiial conditione

o) and ¥{o) on the computer,

Tne wonvelwuwiction for o > V(t) is shown in Fig.l.2t,

VIT)  evel of Fo. _ _ . _ _ _ _
Vo |- — — — -~

T - — — 0 [ —

R s N . JE

Y f ! N

. . 1 !

L i | 1 "

[n! 1A ! 1 L T

Vo f !
L

ol = - e -

wlien

of the Totentionl Stop

gL 21 e Vhyefunction
E > v{t).



In Yi~ b2, the wovelerngily in rorion © < g i
shaortor 4hinn e wsvelonstth in whe refdicn ©0x Ly, Dhoenuse

Lhe cnoPoy in the vegion t < Ly ls grooter than £he onerTy

[

in the pesion t » t,. Then the wavetunotlcons orc in.agrcc#

mont with the de Bre:slic reloticon,

he boundary conditionu ot t = t, ore antometically
satisl'icd on ithe corganer, ~rd the initinl conditicns v o)
ahyia ﬁ{c} any oo chosen frccly. o can denonstrole this
solutlon on whe oscilloscope by the proccdure ns in eosell,
nercly Uty sobbinge the potenticometer Ata 1?rnc vintue and

ot on oomnll wolue.

Cosc.l: Given 0 < T < Vg, SBupposce whot tho kinebic
gncray of vhe Dorticleos is lesc then YV, o, 20 thot 5 < Vo

The Cchrddincer egursion is
o P -
f’{ Ly - E {:VQ—E) 7‘{,-(’(:} = ),  ————— (.22

Copo Wi wovefuncticn for b o< L is

' [T -
Py () = Zgcos pat + Agsin pal o pe = T (he232)

ahnd for b o=ty to

k]

- )

Yal{t) = iiexpe{pat) + Deoxn. (-Dat), Pz = =g —-l—-_{h--Eth
Migte thot ¥e{%) is n comhination of recl exponcentinls,

in arder that tho probabillty rosoin finite as §o+ Ter o, it

iz neceosory thot we choose only the negative oxponenticd,



-
L

- . e
S we({t) = Bpoxp. (-nplt) —m-m—e- (L a25%
e density of partieles to the right orf vhe potone
tianl Biep is

2= EFJELECKP-:(‘*EIJ:t} —————— (.28}

" . . F ; .
Hore 4ic purticle dersity  fv(t}[® dccoys ¢xponcne
tinlly os ¢ increfsen. Ve bowdory condlulions ot t o= Lg:

DT ]
i (5e) = #nlty) and felte) = ¥altol) Az Yiior.
Tis mivos two Lincoar roiabkiong:

ta + Apsin Pite = DBauXpe(-paio) 1

~A1D. 1N Datot+iaDscos Dita = —:Paoxn. (“Pato)

_______ (h.27)

Yo hove 3 orbkibrory constants Ay, S, Gnoondd o uwo -

countions. IDlininzuee Sy ond By oamd put Sy = Citq)

g{ﬁi}. Then the conplzwe woveiunction over thae wilcloe

b

L

L8]
.

region is Jcolincd Ly

IT

valt) = Jicos pataf{fgdsin pat , t <ty —-(.28)

It

P P —
) i) cxpL(=pet) 5, T2 tp o —m=——- {1129}
fg om0y o choscn o repraosenl Lhe tnitin: cordizion

-l = -~ [ - L . 3 - . .
(o), but then o) mest be set ot the value to produce o

savisfaetomy wrvelunction thot docs not boeone infinite as
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Booa o

vae woveluretion in this cosco is sk 4o i B 20,

A

o
1
-
]
I
1.
l
1
};

[ S}

pLgtr vhe Clovelurction for thnoe Fotentisl Stcp

wihen o< Vi),

Arain The bowvlary conditions ot Lt o= b, tpe aulo-

Aantically sovicficd on Lhe comnpator. Yo noy ohadn this

solunion or the oseillescops by asotiing tho ﬁﬁtonbiﬂmﬁtcr
G owo o lorge volue orcd A to o swnll value, =~nd ixins the
vinue Yl o).  Fhen rajant &(o} to make Ye(t) = 2 whon t o cs.

1.1

sne physien]l intorpeotoation off 4

[y

wroo saluclions ghow
WAt Sl thwe particleos ore rofloeesed by the stopa. Thelr
de bronglic wavcs of cgual npolitude in opposite dircetion

v,

on the 1ot of iiic stop Lroduce the zauondiny wvovo showsm on

the csecillogeose,.  The "6521l1Y Tor t o t, showz thow = Ome
particles pencirastice the potentinl steopn boefzre bhoing reficctod.



Ty owdill neb Siecuos Tha anthens ticol onoToroia

gosug ol the potenticsl Drrricr ond Lhe potonticd

Wl

P N . . 16 ) 1 o R
LDewdls any e Zound In thoe ]ltcrnﬁuruu{ oo will dizouns

- —

2o Darsgicol dnterpretotion of the waveluncilons which Tallow:

{2) lonctraticon of a Potentinl Borris

LN clmenTurneiicn for B o< Vg ig shown 1o i, b .25,
4 V{1)
RSN

i
|
L ilcvel of 0.
I .
'
I

N )

Ny S — — 4 t

¢ )
T T F CL e T T [“
S ey a ()

’ :: ! 1 . e B e anm —-—— T
e T 2 1S WA WL
Coy ) R Ctgr e

YA VI S '

i pecion ) -
l ”lLﬁ rosgion 3
&
! I

rergion A

Pirab.?Z: "Mae wavefunetion of the Potentisl Torricep

wvien o vo"

Thin wovelunciicn shows how some purtielos  way

pass right throush the barricr ond cnerses with their kKine-—

vic cnorgy undininished, The woavelongths in ros~ion 1 g

3 arc the samo Beenusc the pariiclos have the same Xincote

CnCrraT, g

The ampliiude, which glves the poarticlos denst oy,

iz smaller in rogion 3,



|i In] }

r

e howngolicl] Porentbisg.

Tn “hisc erze, when 1 ¢ Vg aolutions ~roe only Dound

Tor eortoln volucn of E. These ore tho cizenvolucs cit

ooy vhac portiele in the poltoential) well.  The solations

chtnined crc the cisenlunetions W t).

Tl us consider o squarc-well motenticl. I0 for o

Pig,h.16) then there ia 2

worticle in tho well T o< Vo {Hee

finiLe ourbor of discrete levels which deponds on the depiks

of the walt, In the potential woll tha lovels Op &0 lower
: . A - {273, 0 thoro
thian bhe corcosoonding lcwvels in o riidgid box 3 oanct there

An nlwoys one worce level with Ex < Vg, as showmy in ig.i. 2,

JE
T Risid box

T
IR IRS E LA RS BRI — - — = i m
i

-—— "

FERSIT woll
— ———, .
_‘-'-. L
- .
*

Dl 2hr The Discrcic Dnerpy Tavels.
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b o a{t) .
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7
—t, ~to b P+t rt,
v/
\- j__

Vi h,251 The lowest cnergy olzenfunsiiosng for

whe well when 0 < Vg,
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Jeonow conaicor the bound stotzs of tho counee woll.
L ]

. r ’ L - Lo - n
when © £ ~tg |ooo ﬁait)] , the cxponsntiol scelutlen im in-

cronoiar with inerconsing t ond curving upword, At o= o=ily,

[}

we _ L - - . . . : PN Y L.
wae kinctic onerpy becomes positive ond, sirce w(h) iz
pasitive, %) boeoocs nesctive, Then  the  wovoefamnotion

2

Lemins Lo curve ook Ltownrd thoe t=axis, ot riate deusling
on ¥Vg-L. ‘Vhen t 2 ity , the function begins to curvae & Laclk
1T L Y rm T 4 Lty R SR TS “ It ICA 4 TE 1
Upward asain, beeouse Ye-E Is nogntive. r a genera

chacice of 13, 1t will cventuvglly inercise withouwt bouwndo ood
chercfcore, Lecome on inadmizcivle solution, Thus, only
cortoin vnluas of 0 owil) leod te bound stovcs.  "Menso WILILL

e tho cioenvialiucs,.

If ¥y iz vory larse, thon W t) con £it onto - the
deenying exponeniisl ot ¢ = +tg alter one or oore ouscilleo-

tionz. he first Fow pessibilities arc illustrotod iy ye(t)

and vmit).

i

T obinin the cigonfancetion on nn analosus compubor,
vie atart by scvting ihe initial cordibion W{u} = 0 nf t==f,;
- Ii N - , "
wrd Lot Ule) vary.  We adjust W o) and poitenticvmezor L to
try nnd ot o solution which approximates ¢l t) zcro ot
1
t = 2+t Then we cbtoin the eizenfunctions g the circen—

valuos,
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