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I N "
ABSTRACT
L 4

A review of quantum beats 1n beam-foil spectro-#%

scopy is presented. Coherence and alignment conditions

Lo
are defined and discussed with respect to the obger- W
vation of zero-field, Zeeman and Stark beat's. - The, }"§
. ' ) . ‘. ‘ . . ) b 'i ( ,‘ m‘.‘.‘
experimental equipment required to perforn( quantum- . .\3
- ' ' Sl
. beat observation is described. Methods of 'data analysis,

'particula:ly the fihite, discrete Fourier transform and

~direct least-squares approach, are developed from their

y: W

¥

: .
RO

fpndaMentals'aqd'applied to both synthesized- and actpall,..'

data. ‘ g .‘ \ L : : Ly

. . . -pre;lments wefe performed to observe zerd- f181d y
_-'{'lﬁbeq.cs in boion IIT at 2066 & and Stark beatg’in bvbfoi.
oo "W at 749 K. Electric field: callbratlon was carr;eé

e

©

~out by the observatlon of Stark beats in- hydrogen -‘\

* Lyman-a. NG quantum beats were conclu51ve1y observgd A
*. ’ ‘ . R ‘v ’ o » ' : ’ .. . L ‘ ’ ; '
in either boron experiment. o L
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FOREWORD

B#am-foil Spectroscopy at the Unlver51ty of
Alberta was begun in 1967 by Dr. E:H. Plnnlngton.
Improvemeqtsrto both the equipment and datq‘analysis
occurred steadidy through 1973 from the efforts of
staff members, a former Post boctoral.Fellow 'Dr
D.J. G Irw1n, and former students, Drs. C.C. Lin and
3. h L1v1ngston. 'These 1mprovements 1ncluded purchase
of a new vacuum ultrav1olet spectrometer and photon—
countlng detectors, desxgn and manufacture of several

'S
target.chambers, laser. alignment. of the equipment,
eutométic remote'déta‘acigisitionpand development of.

an extensgge’data analysis program for 1ifdtime measure-
4 { o

. The author 301ned the .group in 1973 and partx-

cCipated in his flrst experlment 1n Sprxng 1974 " The

purpose of the experxment ‘was the first attempt at the

»Un1versxty of Alberta to obserVe quantum beats.'>We were

.

- fortunate to be joined by Dr. H.G. Berry of the . .

'ment, thé'speclfic attempt to obaer}

Unlversity of Chlcagéwand Argonne Natlonal Laboratory
(U S ) who. sugdested, durlng the c°u ,"of the experl-t

s _tk beats in

[

'ibiron v. The attémpt was unsuccessfu ’aud Dr. Berty

-

) fﬂ:1 vited Dr. Pznnington and myself to rgonne NationaL

| Laboratory 1n Decembcr 1974 to try again with higher

pbeam energy Aqaln we failed to obierve quantum beats

B Y ER— T Rt PR
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in boron but did observe them in<hydrogen”under
special experimental conditions which had only

recently been reported in the literature.

Jr
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CHAPTER 1

-  INTRODUCT ION | .
Bl am-foll spectroscopy (BFs) is Lhe study of

radlatlon emltted by a beam of fast moving ions after

_under901ng exc1tatlon by pa§s1ng through a thin target
f01l. Pioneéred by Stanley Bashkin (Ba 64) at the
.Unlver31ty of A;;zona, 1nterest soon spread to other
lnstltut;ons, partxcularly fallowing the first interj
'national confexeqce on BFS in.l967. Since_then, two
'other-intefhatioﬁal conferehces‘have been held and a
fourth' is scheduled for September 1975. The proceed—c
klﬂgs from these.conferenCes offer an exceilent review’
of a new.experiﬁental‘teehnique in contemporary physics.
Thé’ﬁeaméfoil'iight source is characte;ized.by'
greater adVantagesfand fewer drawbacks than conven-
t109a1 spectroscopic sources. The - thln foxl -typically

2

'3-=15 Hg/em™ (500 X) of carbon, glves a. sharply deflned

'spat;al,orlg1n sudh that dlstance "downstream from the
foxl corresponds to tlme 51nce excxtatlon, The low.
:oart1c1e denslty elimlnates lmprlsonment of resonance
earad1at10n, reCombLnatlon of ions and elect:ons, and

'f}:timulated emissxon. ,The fo1l excxtatxon easily pro- Y

i:dnces multlply-zonlzed Spec188 ‘in’ vxrtually all excited '

SRS o f‘ R e,
l Ba 68 ’ ‘MBB- 70' Ba ‘2‘30“»‘ *., v ) . ) ”.. . ,' ’
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states. Magnetic mass resolution effectively isclates
- - L '
the ion of”interest thereby elimirating impurities

. 28 Do
eXcept 1n cases such :as si¥ which can be contaminated
- - i -

with N; and co’ (typical high yacuum }esidual moleculesj.
The plethora of spectral lines which are usually.
4 .

L)

observed does present a problem with line blending.

-

The excitation of even the highest energy levels
. . .

causes cascading to the level,of interest which has:

proven to’ge'the most troublesome drawback. .
. . ] . 'J"
One obvious application of such a light sbdrce

-4

'is the measurement of atomic mean lives. Light fﬁom

a short segment of the beam (mO.B-Z}O mm) is first ﬂ
viewed as elose to the foil as gepmetry allows. ?hOf
tons are coumted for a preset‘length~ofatimez‘and tmen,i
the foil is moved a ealibrated';héft‘distance'and the
measurement repeated‘ By successively mov1ng down the
beam the measured 1ntensity gas a characterxstlc expon-
entlal decay whose decay constant y;elds the mean lr&e.t
Were it not for cascades and blends, mean 11ves could

be as rel1ably neatd%ad ax cﬁ!zbrat1on of the beam

& '.v.:_f""‘

'velocxty aermitted,, NeVertheless sophlstlcaped COmputer_

routmes*&nd d1lxgent analys:.\ by the expenmenter are ' °
R - .

By
: L —y

2 Actually 1ntegrated beah cu%rent in a Faraday cup,

. or llght normal;zatlon 18 preferable to tIﬂﬂf” See' Q“

: ’ h o . ) .
Chapter III 1 o R : R e S S

Y .
¢
. R . . . .
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ible to provide lifetime values for almost any element
In several stages of jonization. In many instances

thpse measurements®can be converted into uscillator
\ N -

hed

. : s T , .
strengths which are useful guides for theoretical

ataomic structure calculations, especially for heavier
clements. Another recent application is to astro-

physics in which oscillator strengths are needed to

.

derive element abundances in stars. The need even
extehds to rare earth elementg whose spectral lines
appear to a remarkable extent in Ehgtographic plates

of chemically anomalous stars. Such stars age not rare
butrmak; up'nearly 25% of the main seguence including
some of ‘the brightest stars inv£he sky. v

The obsexvation of llght moaulatlons along the

.

beam, or quantum beats (Chagteﬁ 11), establlshed a -

,dLl%N\Pht family of measurements that could be made

'iy:ith the beam-foil source.' These inciude'fine— and

\J

hyperflne-structure measurements, Landé g-values and
Lamb shifts. In addltlon to such frequency—related

parametefs; qu@ntum beat amplitudes and ~phases may be
relsted to the aegree of non41sotrop1c exC1tat10n of

the atom by the f011 allowxng measurements of 1n1t1a1.
alxgnment and orlentatlon.'
'\

© The 1n1t1al plan for the present eiperimqgt was
’ to observe the spectrum. of bos¥h in ;pe.yisible”and
near ultraviolet, choose a selection of spectral lines

.
t



which showed a single, gentle exponential decay and
look for zero-field quantum beats between hyperfine
;levels since that haslyet to be‘obserVed in boron,
chowever, the failure of pefipheral eqdipment forced
us to cpnvert to vacuum ultraviolet spectroscopy and
mean—ldfe measurements while the equipment was being/
‘. repaired. We looked for zero-field beats in the
y 2066 A radiation of boroh II1 as this lineé had looked
promisihg in a previohs experi&ent by Dr. Blrry. No
beats were observed. A faint line of boron V at 749 &

e

had also been detected and bezng a hydrogenic em1551on,
a Stark -effect’ quantum beat measutement _could have
ylelded the Lamb shift as discussed in sectlon 2.6.
This had not previously been_measured and as time

v iimitatioﬁ3'ptevented us from following our original

plan, we concentrated on measdring Stark'beéts'dn the

B V line. ! . | .. | |

In the monthslthat followed Qe ettributed failure

to observe'beats to a poor signél tO’hoise'ratioLi Thisv

. experlment was trled agaln at Argonne 1n December 1974 -

g where, hlgher beam energy allowed us to collect statls-

t1cally good data., In fact, although the statlstlcs

i

1n the second experiment were adegyate,,our analy81s

e S T ' o

3 Accelerator tlme is allocated by the Rad;atxon

Research Commlttee.

¥ .



techniques were sufficiently refined tfor us to know
. i
within one week of our return that the boron V data

'still showed no beats. Reasons for the fafihgg of

. c . R S
this Lamb shift measurement will be discussed- in
. “ ) .
Chapter V. As explained in section 2.6 the electric

field calibration was performed by examiqihg quantum °

beats in hydrogkn Ly-x. This offered the opportunity
to obserﬁe'mEck bgats", yhich had been first observed
‘léss than o;e year previlously.

Chapter II discusses all of the quantum‘beat
toepics mentioned in this introduction. It is pre-
éented as a general review and does not empldy the
mathematiéai formalism required for a thorough treat-
ment of the phenomena. For egample; the use of the |
irréducible tensor opefators and the n-j symbols for
angular momenta coupling have been avoided. The
chapter does, however, provide a_framgwork within

which the varied aspects of quanthm beats may be

understood and a good startlng point for future, more

detalled theoretlcal 1nvest1gat10ns of thls complex
sub]ect -

| Chapter III is ‘a brief descrlption of the
experlmental equlpment used for thls pro;ect

' Chapter Iv de5cr1be! the. methods developed to
analyze the - data and represents perhaps 80% of all

" the time spent on thxs pro)ect. 'As is indicated -in
. : . ' T

14§

ESs)
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the text, thége methods need to be extended béfore
the¥ are generéilyzappl}cable.‘ However, they were
quitd adfquate'fdr the‘;nalySis of data takeﬁ for
this p}oject;‘ Chapter V is a presentation of the
resﬁlté of these eXperiments and a discussion of the
f;ilures:encountéred aloﬁg th; waf. Criteria for thé
successful observation of quantum beats in future

R . 4
experiments will be established,



CHAPTER 11

REVIEW OF QUANTUM BEATS

Quantum beats are modulations of the radiation
‘/ emitted from an atom after it has been exc1ted to a
coherent superp051t10n of upper levels. The term
“quantum beats" seems to have been applied to ‘this
phenomenbn when first ebserved'by Aleksandrov (Af 63)
inAradietion emitted by cadmium. Following the theory
of Breit KBF/33); Aleksandrov realized.that the bendf
Wi_dth. of the 3261 & radiation from Cd Ss ;Sof Sp 3P-i was
broad ehough te encempaes\the Zeeman spiitting.of‘the
u‘ppe,rv3P1 term. Consequehtly helirradiated,a gas'
sample qf cadmium placed ih\a.magnetic field with:light
from a cadmium va?or.lamp'end'obeeryed quantum beats in
the radlatlon from the sample.vj?\ -1.  "-,n
" The beam-f01l llght source is ideal fdr the
observatxon of cth¢ently excited states. : From the |
V:uncertainty prlncxple AE equals ﬁ/At where At fot beam-?-
foil 'is the txme the atom spends in the foil, typically
'_,71Q°14,sec¢_ This g1ves a: coherence wxdth of about o
OG'eQ (NEGO cm ; or wlS 000 GH:), which is 1, 000 tlmes
'greater than the spatial resolutxon at typical boam L
Aveloc1t1es. Coherence, then' is guaranteed hy the« :

nﬁnature of the ex01f'.10n to: all quantum beat experl-sqt'

ments pethMd 'O f r. Fnrthetrmir.unufor th.a SRR

B ¥



Aobservatlon of quantum beats will be discussed 1n

section 2. 3
The\first beam-foil quantum beat experiment was

o
- performed by Bashkin, Bickel and Fink (BBFW 65) who

oriented the entrance slit of their spectrometer to
view lenﬁthwiSe along the beam. They observed "brlght
spots” on the photographic plate when looking at

-hydrogen Lyman radlatlon for n = 3 to 7., These beats

were observed in a very weak magnetlc f;eid of 8 gauss
L

fand t?e authors attrlbuted the beats to a motional

electrlc field produC1ngﬂ§thrk splltthg of the exc1ted

1
LI

ilevels.
Beam-f011 experlments rapldly becamé more JOphxs~
tlcated ‘with the 1ntroducthn of photon countlnq

ltechnlqpes and computer analysls of data.: Since vir-

tually all experiments centered on obtalning 1ifet1me

data {‘/13 interesting to note that the flrst theore- -

tical treatment of. quantum beats appeared lh Macek'
v~;papet, 'Theory of Atomic Llfetime !eaﬁurements'.(na 70)
1n which the author pursued the necessary conditxons

| for quantum beats 1n order to detetm&nn how not to
v;observe them.f Quantum beats wero conlidered a sonrcé

- of error for lifetime mpasurenentl! sut Hacek recoq-;f

*.‘nized the 1nterest1ng oonsequencea of his work vhichj,fy,

predicted the pouibility of uro—ﬂem bntl



(section 2.4) and so published a letter tolthat.effect.
(Ma 65) p;ior to his paner en 1ifetime'measu:ements.'
Andrd's experiment (An 70) confirmed Macek's prediction
and reéresenied the start of detailed,experimepts into
the quanfum beat phenomenon. | | |

This chapter w1ll attempt to give a basic under-

" stapding. of such experlments and motlvate the1r
1naugurat10n at the Un1versxty of Alberta. The . first
.sectlon descrlbes the coherence condltmon and. derlves
quantum beats . between a 81mple two~1evel system. The B
third sectlon treats the necessary condltlons for .~
quantum beat observatlon usxng the denslty matrlx

"formallsm Whlch is brxéfly reV1ewed in section 2, 2
. ~The last three sectlons treat zero-fleld beats, Zeem*n
'ebeatl and Sta;k beats respect1ve1y,.¢he latter repre-'
j‘sentinq the ’ type of experlment performed for this pro;ect.l

4 : o

2.} Coherence CGndAtlon S

} sudden change-f--"'.- : ". ‘ "(”f}.
ftom Hy to Hz ; . e

"

' Hamxltonlan Hl

) \ A
T R : ‘ TN
R SR N A eoherent :uper-' Lo
 aligned state . ° T oo position state .
—— e # '

| t{o.ﬁj3rj‘1ﬁ0en[@?’f'tidf¢7;'

R Fig. 1... Evolution of the Hamiltonian e - " [E
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Basically, the quantum mechanical description of

mation in which the exc1ted atom or lon 1s considered
to be in stationary states of a Hamlltonian‘ﬂl from
which it su&denly énters,§ physical region described
in the description of this

by the Hamlltonlan H2.

latter‘Hamlltonlan,the system is nd longer in a sta-

‘tionary state but rather a coherent superposition 'of.

| . . ' J
es whose time.eVOlution gives rise to' the beating;

- phRnomenon. All quantum beat experlments foIlow1ng

foivnexc1tat10n can be classlfiea 1nto three types

accordlng to the Hamiltonians Hl and Hz used to des-

‘crigl the system (An 747., These - are.

(1) HlAdescrlbes free atpms and H, includes ektéfnal
applied fields. |

;lncludes external applied fields._

desctxbes free atoms.-
Type (1) is applicable to lystema in which the

R
external f;eld rchon iq lome diitance from tho foxl

T~

: ;so that the toil txcited atom has decayed to a

' ‘stationaty, excited (perhaps metnutablq) state ftom
;fufwhich it radiates after enterinq the :isld reqtom.
\_.nTypes (2) and (3) ate mo;t dUﬁnonly ulcd to delcr
*W lquantun beat equrimonts in which the fieldvrcgioﬁ

Jquantum be%fs invokes the sudden perturbatlon approxi=-

(2) 1 deSCrlbes atoms as they leave the f011 and H2 -

(3 describec atoms as they leave the foil and Hy o

v

10



(type (2)) begins at the foil. These are Eallgd Zeaman
1 beats for magnetic fields, Stark beats‘for eléctric
fields( and appropriately zero-field beats for no
) externa; field.
The simplest quantum mechanical description of

a sygtemeﬁich.predicﬁs an oscillatqry.mpdulation“of
light intensity superpésea éﬁLap exponential decay is"

“afférded by type (1). A hydrogen atom is prepared 1n
. the |25> state and suddenly enters ﬁn electric field.

Follow1ngvAndra (An 74).the wave equations without

electric fie1d~can'be_yritten:’
'l¢2‘(t)> -"23>exp[ (yg/2 + iuwg)t]

|W2 (t)y = |2p>exp[ (y /2 + 1w X3 - - )

-
e

with ]25> and |2p> solutlons of the tlme 1ndependent

. Schroedlnger equatxon and the time. eVolutlon factor
includlng a phenomonolog1ca1 damp;ng term appears in
“the exponent1al " In llke falhion the solutions in the

'4f1eld regxon are denoted w1th primes.

¢

P

v ?.. |ﬁ2s,(t)>_f'125}?535[-(Y§j/? #'ima}f£y~

(t)> = in'sexp( (y /2 + im .)t?

+ ' .

;jv_'rhe t;:uue mdependent solutions can be expanded accotd- -

¥ »
o oart
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!28'> = 'aSS]25> + aPSIZP> ,
(2.1)

2p'»> 28> + 2p> .
|2p agpl2s a,p 2P

*

Assuming orthonormality of the field—fréé'states, the

expansion coefficients are immediately seen to be

n

Lo
ps' <2p|2s'> - .

[+
]

g = <2sl2s'> - a

) 1 ! ] »
3p <2$|2p~} ap <2p|2p'> o

'
ir

]

Sihce originally the system waé prepéred'in the IZSS
stafe, aﬁ_iime t =-04tﬁe wavefunction mﬁst'be giﬁip
‘|25'>'= |25'><2$'|25> + |2p'><2p 12‘

¥

At later tlmes the wavefunctlon lS .

"
iw(t)> = a ]2s'>exp[ (y ./2 + 1ws,)t] |
‘+ a* {2p'>exp(»(y ,/2 +‘».iw Jtl L
epl USRI B Rl
If ,(Z.if‘is‘insértédnféf:tﬁé_RQ;S'a;,th% §}ghfi§hih:
R ‘ : o o ~'7;’%'3 e

vbecomeé -

IW(t)f’ -sgi;i“a"]zv + a“ p'|29>)exp[ - /i{‘w‘.)tl

+ (a -a_ |25> \ lp pp{zp>)0xp(~(yp.ﬁ;‘*iwp;)t]. "’

.. .

“8p 8p

The reason for expressing the wave funﬁlioﬁgleé;his

manner becmt apparent frou tho expronion for thc

R
0

e intenuity of. spontaneous emiu.iom

......



-

I(t) = Const]|<ls|dipole operator|¢(t)?|2
From this it can be seen that transitions can occur
only through the |2p> admixture. Einally.this yieids
I(t) = A exp(-y_,t) + B,exp(-Yp.t)
+ C exp[-(ys,(Z+-yp,/2)t]eos(ws.-wp{)t .

whlch shows a modulatlon whose frequency ylelds.the )
'separatlon-of the.|2s >, |2p'> levels. 1f the electric
field were calibrated and measurements-were'made at

.several ﬁieid‘vdlues, an extrapolation to zero field

would yield a measurement of the Lamb ‘'shift (section 2.6).

"Tﬁe basic‘cOﬁcept of. quantum‘beaté is that a
sudden change of ba51s allows the observatxon of‘a~
51nu501dal time evolutlon of the quantum states. The
above dlscuéslon exempllfies this but is too cuméergfme
for the treatment of lore complex systems.- Before

'rev1ew of the dens1ty matrlx will be glven.,

'72.2 Density Matrix AR ;w;'t‘ . _"? "~,u  '_7f,ﬂ4«

.

perh;ps the moat thorough descriptfon of the S

'density matrix was given by rano (Fa’ 57) 1n the aniews

. -of Modern Physics,v SOme of the fundannntal aspOCta

'fwill be ngen here follauing hil revicw.' e *y

13



Consider a state vector y whose eigenfunction

]

. expansion is
L

: with/the u orthonormal. The mean value of any operator

Q> = Z P

= g c

1 3

<Q> =. z Q.,. c*, ¢ .

P

r/ \ hy
f a nonpure state is represented, by an 1ncoherent super-

»

p051t10n of pure states, "

(i)

,to each pure state corres-
ponds a mean val@e QQ> ’ each with statistical weight

(1),'and the mean value of Q for the 1ncoherent super-

position is given by the grand average

S o) )t ()
b @i LG f P G S

_ti)

. M ¢

If one relates the second term to the’ density matrix

';.’j I LI

pnn'Af~§9 n' n-
D et - |
.and L |
' ‘5.",<0>.f,nZﬁ 9" npnn'. Z (Qp)n n' ) “
I > = Tr(Qp) SRS *.,_':~ IR P T

' wﬁere Tr indicates the trace of ﬁhe matrix, VEquatieqi

(2 2) is taken aB the-dcfinition ot p.

"14



Several useful properties follow from the above
~discuss{on: '
(1) Preg = o;n,; the density matrix is Hermitian
(2) Tr(p) = 1
(3) ek 2 0.in any'represéﬁtation
(4)  Tr(p%) <1 2 ]

, , ‘ ) i |
(5) For pure.stakes (o )mn = Pmn : - .p»

Time evolution is given by

90 = (H, 9]
St 15
p(t)‘z e-;Ht/h (0) elHt/h
<>, = TriQe(t)] = Trla(t)p(0)] .
2;3 Alignment_Coﬁditiop . ‘ . )

The intensity~of'light emitted in the transition
'jfrom a. number of upper states, denoted i, to a number
of lower states, f, is glven by (FM 73)

celoenloreisi2 "

I(t)= Cv~z,|.f|g.wgll(t)>|. o | (2.3

o fli ) : '-.. .,4 o
“with e the unit real or coﬁplek"polarizatidn;vectori D:

R . 2 : . + "
-~

1 Tﬁi&‘is“a‘commoﬁ but'hot uiﬁple'reault‘ana'manyfolden‘T;,a
:texts offer no derxvation whatever: see Mi 70, Chap. 4.

‘and Lo 7;’ Chap..Sa‘

e
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/
=4

I(t)=c § <fle*.Dla><a11(t)><1(t)l8><8le le> C(2.4)

: From the prevxous sectlon the ev01ut10n of the den31ty

,matrix is.

cand - . o

16

the operator (usually dlpole) ipducing transitions and

C ls a proportionality factor including those terﬁ\\
needed to make I an energy flux. It could, for example,
include an integration over e if,unpolafized light were
being observed. .Inherent in (2.3):are the as;umptions
that any‘épiitfing% within the upber or lower states are

+ . s . -,
small compared to the gross structure involved in the

‘transitions, and that all included transitions fall well

within the bandwidth of the detection system (AD" 73)

If (2.3) is’ expanded in an elgenba91s of the Hamlltonlan

HZ of section 2.1 it becomes

f,i
asB-

If le(t)><1(t)l is recognized as the initial density

umatrxx, p(t), and glf><f| Pe the;é&o;eptor onto flnal

-

states (2,4) becomes

I(t)=cC ] <f3l(ga;.rppf(‘g*.xy|m><czlp'(t’:m3>~ .2

.Q'B

o .

%

¢ _ .
4 . . ..

L]

,plt) = U(_t')p(d)uf(t_)

With'~ : : ! _ . ‘;v

U (t) = exp(- é Ht)

'H‘l"»‘);ai“m"‘ - f*&) las

‘u.' “

Sl
Y
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The presence of a phenomenological damFing terﬁu Y

requires mathematical justification which shall not be
’ y

given here but see BG 74. Y, can be taken as the

‘inverse of the lifetime of the state |a>. The intén1

sity then becomes

- | \
I(t)=C §<el(e D)pg(e*. D)|a><a|p(0)|8>

a,B
. x exp[-i(da—gB)t]exPl-ﬂs(Y‘a*‘YB)t]. . " (2.6)
< _

’

This is the fundamehtal‘expression for quantum

P Bl
beats. "It shows.that beats are possible so long as

. - , . " .
2<5 e, [f>2f[ga 3]g>?¢§n_ . - (2.7)°
a.r'ld .. J /" H"’:' o | ' k | ‘ ) |
<ale(0) ]8> # 0 . o . . (2.8)

The first is the condltlon that each of the uppet

~ .states must be able“o decay to the same fxnal state

'Via‘the same transitibn,opetatér'g. ThE-energy

o ———

.condition.

stndéture o; final states does not affect the beat
. L “" "

pattefn; The hecdnd'is-ihe c:;;;"on that the iditial
density matrix 1h.the exqenbal afof Hy must have off

r

vdlagonal.elements. ‘This is known as the alzqnment

"' JFI

° -

17
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" 3 [N

a;ertain assumptions about the initial density
-, . .

LN _
matrix can significantly simplify the problem.
Because the foil interaction takes place in such a

") the density matr#x may becwritten

short time (<10
in an eigenbasis. of Hl composed of uncoupled atomic
'states ILMLSMSIMI> if the atom obeys LS coupling.

Fhrthermorq in this representation . (0) is assumed to

be spin indepeﬁdent so that
<LM, SM IMIIQ(O)IL'MLSM IM

<LMLlp(0)|L M >
§wM IS T -

i

If the foil’is perpendicﬁlér ﬁo‘the beaﬁ,axial'symmetry
demands that'o(O)‘be invariant for any rotation‘about

z-axis chosen as the beam axis. It must also be invar-
iant under reflectlon in any’ plane contalnlng the beam.

)

_ These symmetryvcondltions lead to (Ma 70). .
-<LMLlo(Q)|LfM£>= 6MLM£<L'"LI'°(°"L'l"£"~ . | .

from*which it cén be séen-ﬁhat D(Ofsﬁh,thefﬂl représén4
tatlon is dlaqoual for a given L. The alignment con- .
d1tion demands that these diagonal eyemcnts must not |
all be the same. TQ;: f:fsbe shown by writing: - ’

. ' _ ‘ L

»éalp(o;;BE;.:Z,<;1i>qigijg>i:
. 1 o

'with_qi'$,<110(0)|i>;, If o, were the same for all



, e
dlagonal elements

<afp(0) [E> =2 o V<ali><i|w> = o<alBs> = 0

#Lﬂf?‘ d |i> are taken to span the same
y 5 4 , l v L .
Y 0(0){5>z¢70 by (2.8) so not all the

4- 2 KY o

u"

tion consider the n = 2 2P state of hydrogen in zero
z

field ignoring hyperfine structure. Then

< 1% MMSM(mllauu > =
*«

\ ~

]

\ | S
My | 1 | \ 0 . 1
Mé .. \\')
M, Mg b k- 3 -k % -k
ook 01/2, 0 0 0 0 0 ‘
1 . )
-l 0 01/2 0 0 0 0
% 0 0 c /2 0 0 0
0 ° 4
-k 0 0 0 0,/2 0 0
X 0 0 0 0 »°1/2 0
-1 s > .
' % | 0o o o a o /2
H2 for thxs case 13 the free atom uaniltonxan wlth Ls

_'Coupling. The transﬁornation to the J, My represen-/

tatlon»xs accomanshed with Cleblch-GGrdOﬂ coeffictdnts:‘

S
.

o “
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<LLIMple(0) (1 3'Mpr= [ <1 aM |1 s MM

M Mg

LS

<1 HMMc[p (@)1 MM ><1h M M glluda'My> 'y

L3

~All of these coefficients may be genérated f{pm the
) ' ?

simple table (CS 63).

SELE

) m, = =3
jl'm"'%
-
17 23, * 1
*i +m+ %
I T /2jl+f

After evaluating the coefflcients and performing the
1ndxcated sum. the transfotmed denaity matrix may be

written



™

SE LM > =
1 iqMJIO(O)]l (3My>

J! 3/2 - 1/2
73 MNJ| 3/2 /2 -1/2  -3/2 1/2 =1/2

32 | o2 0 0 o 0 0
% 1/2 | ‘0 (q+20)/6 0O -0 {o-0 ) /1B |

-1/2 | 0 0 (0)+20,)/6: 0 0 0

=3/2 | 0 0 0 0,/2 0 -(oo-cl?ﬁqﬁ

, L2 |0 (00 )I¥IB 0 0 (2q1+00)/6: -0
: ~1/2 0 0 -o )/JB 0 0 .(201+06)/6 .

v

.Thls ‘shows by example that off-diagonal elements occur
-}»only if o # 9 Note too that off-dlagonal.elegenta
only occur for 11ke values of MJ | |

To sumarize this sectmn, equations (2 7) and
(2. 8) represent necessary conditxons for’ quantum-beats.

AEach of the upper states must couple to. the sane qround. 
E state by the same transxtxon operator. Tha 1n1t1a1
l;densxty matrxx is' solely a function of tha beu-toil

_1nteraction. After considerinq the short axcitatiad

time xn the foil. -pin indopcndanco is poutulntud and

:that plus axial -ynnotry and rotlection ayulntry landl R

:to a densxty matrix diagonal in the uncouplod uto.ic QW‘

lrepresentatlon. That the diaqona; eloa.ntc ar- not

aall equal is the alignnent condition vuritiod by th' f:." 

.",'/.'ﬁ'v"



existence of zero-field quantum beats. The existence
of off-diagonal matrix elements in the basis states
of H, also follows from the sudden_perturba£ion con-
dition (coherence) which for zero field allows7£he_-
transformatibn to be made via Clebsch-Gordon coeffi-
cienté. 'The deﬁéity métri; elements, oi; are referred
to as excitation cross seétions since thez are depénE'

dent onlygon'the foil interaction.

'2.4_-Zero-field Beats

The ex1stence of zero-field quantum beatarwas  ;

'flrst suggested by Joseph Macek . (Ma 69) and fxrst’ .

observed by H. JA'Aner {An 70) who followed‘the sugqés-

tioh; It should be apparent from the prevxodg sectlon

that zero-field beats, with an assunptzon of no cas-

';cades, are ambnable to a thor&ugh theotetical treatment

fﬁSlnce transformatlons required to evaluate natrix |

"'elements ihVolve only well knoun conpling coetfieients.

The COmplications which ariqe arn purely spatial and

‘ thorouqh ttea:nanta have be.n givcn in the litaratura.:f‘
| -_\most notable being rn 73, m 73 md uc 74 |

| Fq\utimp (2.5)- coam be wrutm

l(t)c tr(up(t)ltga

‘
|

|  1:?w1th ] the nonitorinq operttor (CP 56) prOPOthianal to 3 :;][7a

Q



(e-D)(e.D)+. If M and p were both expanded into

|

spherical tensor operators‘the various moments of P

could be related to combinations of different pro-

ducts of J. For example alignment with axial symmetry .
| 2 .2

15 the, same as a nonzero-expectetion value of 3J -J
If the expectatlon value of J were nonzero the system
would have 1n1t;al orlentatlon (p0551b1e, for example,
if ax1a1 symmetry were broken) The fo:mal1sm allows_

one to relate various combxnatlons of the polarization

.“!7,) 4

of the emitted 1iqh£‘(sfokes parameters) to the veribus .

. exc1tat10n cross sections permxtted by the foil lnter—
actlon. N | | - l
o To obtazn all ‘the parameters ofdlntekest éxperi-
mentally, the emxtted rad;atxon should be viewed
throuqh a quarter~ane plate -and . linear polarzzar.
The polarxzer xs set parallel, perpendicular and !i

145° to the beam and,this latter measurenent repoated

| 5;,after rotatlng the quarter-wave plate 45“1 Thtl

o entire set’ of measurtnonts ia thon ripoated with the ;'

.;foptxcal axis forning a diftercnt anqlc to. thc boau
TJIJunt luch a maticuloul Oaperilnnt has rcecntly beon ,
Pﬂ‘fm"l‘d by urry et ax.v,(m m 1n ccnjwuun vi.th
l‘la tilted toil ogponinnnt. Tho rnﬁnltl lhnﬁld.u clﬂqtly
‘;;}nocourahle nffcct on the pclarilatlon is thn toil
"d‘_qmle wn chmgod justifyimg tu ptinciplp thn nnd

’;;fter a norc nﬂu:rful fornalic: then th- nno ef thu

4

i
v
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previous section,’

It should be emphasized that with zero-field
beats the total intensity is not,hoduiated and he‘
exoerimeht ié best performed with aApolarizer. i‘I‘his
‘was confirmed by Burns and Hancock (BH 73) who viewed

3

the 2s 35- 3p °p 3889 R} .radiation from He I. By.

‘givinq coreful consideration to thé foil position,
.tpe} concludeéd. that light poiarized'parallél to thé
beam‘was a‘p&fe oosine, twice as inténée, and'l80°~
out of phase. w1th llght polarlzed perpendlcular to the
_beaﬁ““ﬂlth the polarlzer set to 54 8° relatlve to the
beam}aX1s such that the‘pa;allel and.perpendlcglar
'coﬁbonénts wete combined-in the”ratio 1:2 “thé sighél.

was proportlonal to the total intensxty and was not

modulated Theoe results are in strlct agteement thh‘

'theory which postulates a spin 1ndependent Foil. exci-

tatlon g1v1nq strong support to Macek's analysis.

L The modulations, then, for zero-fxeld are traced to .

f'a reversable exchange of angular momentum betueen

'"ixntennal deqrees of freedom (FH 73).

'“5"215’-Zé§nah»§ohts':'tiiﬁ_fff'f )

The Zeeman effect is the splitting ot an atouic e

Alolevel into its conponent mnjhet&c lublevels by an '
=5_.external unifornrnagnotic ticld 8.‘ Tbe Ha-iltoniun

£ i _Z.‘.
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of an atom in such a field is given by .

U

B
B =H, t ¢ L+g5).B,

“with up the'Bohr magneton and g, the factor by which .
thevelectron magnetic dipole moment differs from that
ef a classical particle Qith angular momentum S. If.
the field direction is taken as the z-axis the diagonal

"matrix elements of Lz and Sz are (Mi 70)
“.’. ) s oo

: L e L(LAL) + J(I#1) = §(5+1)
<LSJIM; |L, |LSIMy> _‘hMJ_ B A1co  mmnnnd

J(J+1) - L(L+1
<LSIM, |s ILSJM > =AM, S(S*lggijég)l’ (L+1)

J

First order perturbatxon then gives the splittlngs of

".the energy level .

<aLSJM lnjaLsanJ> = e(aLSJ) + 93“3"3 @

'Y .
! .

with o “'v " ‘ fv', SR
' S{5+1) - L(L+1)

(55 £ FLr g4 (9,m D)

"~=Sihce q; zi2bﬁi§biﬂf;;§irtﬁib}eﬁe‘;houihhae o

L3, S(SML -L(el)
fh-written 1n thls form 9J i, called the Land‘ ﬂ'flctor._f
,.1;~The ensrqy sepatation betwean adjaeent ‘aqﬁ,tic sub~

'ee~f1evels £ro» (2 9) 1: |

25
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 _ tance from the foil und to linearly change the maq-

hup = ggugB »

with w, = 2nm times the Larmor frequency yhich is the
classical-p;ecession frequency of a megnetic'dipole,
with mOment.gJuB, in an external field.
| The necessary conditions ﬁo opserve-quantum beats
are satisfied if-ﬁhe beam is‘subjected te a uniform |
transverse‘hegnetic‘field which may extend right to the
foil. Due to~the‘longitudinal elig, nt‘alohg the beem;
direction a magnetic field perpendi:iEar.to the Seam‘
B indﬁces cohefence between states with AMJ =.2, The
- llght 1nten31ty polarlzed parallel to the beam (if the
.magnetlc field is: at rlght anqles to. both the beam and

the axis offobservatlon) may then be written (MG~7H)
--;m:-x(o_) [1+A qos(2mLt)J'exp(-t/r) . @ao

A measure of the beat frequency glves a heasure of the
Landé g-factor, a parameter of fundamental 1uportance
for determining the valldity of the’ coupling scheme |

| femployed for the descrxption of atom1c states.. |
The usual experxmental technzque employed thh

'Zeeman beats is to observe the boau at a fixed dis- g”

fezenetic £ield thereb} elinxnatinq*the exponential decay, f

In order to na;ntain a small uqqnetic ficld and atill

";5Qobcerve a sufficient nunber nt e-cillationt, the qholenlfe |

T R



detection poeition should be as far,dowostream as
posgible.though.not so far that the signal intensity
is lost in background noise,

Though Zeeman beats offer the p0351b111ty of
‘measuring Landé g-factors for ionization states
unattalnabﬁe by'other means, there is one severe

drawback to thls method belng applxed to any atom.

 To produce observable spl1tt1ngs small magnetlc fields

(Nloo-gauss) are employed butsfor many atoms the

spllttlngs ‘50 1nduced are comparable in magnitude

to the- hypetflne structure caused by the nuclear Spln.;

' All exper1ments_performed so far'whxch use equqtlon

(2.10) have measured samples with I = 0, 'Whenvl-f'o

"the thdoretical description becomes very complicated _
(GCBL 73) and the experlmental,results of Gaillard |
et al differed greatly from their theoretical predic-

tions for 3 out of : 4 measured levels. f-“

2 6 Stark Beats

Tha appllcatxon of & static electric field
e produces mixan of stateu with dxfferent L-values

: for hydrogenie atogp States with the sane n and j

b quantum numbers are energetically deqenerate even in‘v“

 the Dxrac theory. However in a now tamous oxporinont o

Lamb (La 52) measured an encrqy diffcranco betuuon

" .
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“and 2p levels in hydrogen which has
| | i*"“ - |
. come to be called the Lamb shlft Quantum electro-

the 2s 251/2
dynamics (QED).i3~able to predict an energy ehift

from the Dirac value for all ‘fine structure levels

based on ae interaction bethen the'electroﬁ ahd the
quantized radiation field,- Measurements of the Lamb
shift, usually performedvﬁith resonance.techniques,.

‘are ameng the most preqisevin all of physics. The

amazing agreement between these measurements and the
predlctxons of QED is perhaps the greatest achlevement

of quantum mechanlcs. - - r - , -

The~observat10n of Stark beats with beam-foil '

spectroscopy alloﬁs direct medsurement of the Lamb

sh1ft as.a zero fleld 1nterpolat10n of energy .split-

: N
btalned at seVeral electric:fleld'values. Though).

©tir
) ‘ racy cannot hope to rival that of resonance

ues, 1t is p0881b1e, at laast in pr1nc1ple, to,_

' the Lamb shift between levels whlch are not
_;able in a varrgty of hydroqenlc 1ons unavaxlable |
re beam-foll . ~f” :'-"‘.*jffJﬁ;'-5 .
" The major aapect of our experimental attempt

to measurc the Lamb shxft between the 4p P3/é

| 03/2 leveld in boron v by 1ooking at the n=4¢ to 3
“?‘rantitian at 749 ﬂ Pig.iz. is a. partial enetqy '

1eve1 dxaqxam for boron v excluding hyperrine -tructutef



_levels only)

-
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but inciuding bbth radiative corrections and correétibns
. for finite puclear charge distribution and finite
nuclear mass. ‘The calculation was performed using the
’equations comeiled by Garcia and Mack (GM 65). )

When 4 hydrogen atom is subjected to an electric -
field the iinear Stark effect produces splittings in
the fine structure levels corresponding to different

valdex of m The seven fine structure levels og‘

0
n = 4 split into 16 levels which yield a maximum number ~

_~of;120 diffef@nt frequencies! Howevet meny of these
are nearly identical and moet do ndt.fall into"t?e o
expetimental resolutien. A ptogram to evaluate the
energy levels for.given'elect;ic fieid'had'previoﬁsly
‘been written hére followiﬁg~the procedure of Lﬁders |
(L§-51). The output was used to determlne which fre-
quenc1es mlght ‘be observable and to plot an extrapola-
"tion curve-for those that were, The results will
’ be dlscussed in Chapter Vi The p0381b111ty that non-
}llneir effects mlght be 1mportant ‘at fields as hlgh
as 1000 volts/cm was not’consldered ) ' |
In order to callb{ete the external e;pctrlc

}

'fleld whlch was axxally applied (see Chapter III) ' °
' Qu

the eXperlment was’ performed thh hydroqen and the

.*:3gyman-c transit1on at 1216 A was observed Quantum

beats were detected at two dxfferent electrlc fleld

30
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values and the resulting calibration agreed favorably
w1?h 'geometricgl considerations.

The field callbratlon with Lyman-a offered an
“experimental opportunity to check a different aspect
of Stark beatsf‘ Though the frequency patterns in
quantum beats can be quite complicatéd: in pfinciple
they can be predicteé theoretically. Measurements of
frequencies simply confirm theoretical models or in
the case of 4eeman beats,sned light on che proper'\
coupling scheme to use. Quan tum beat, amplitude and
phases howevef cannot yec be_sheoreticall¥ calculated
since they deéend in an unkm&@n manner on the beam-
‘foil'lnteracﬁ;on. Most cufrént QB research is directed
tonard undgﬁetanding<this interaction. Recently gck
- (Ec 73) proposed an experiment for hydrogen in which
data LS collected with an electric fleld first parallel .
.then anta—pé/;llel to the beam axls.._The experxment_
was\performed by-Gaupp et al. (GAM 74) who 1nterpreted

_thelrzzesults to mean the electron cloud, 1n zero fleld, -

ot -
'

is dlsplacpd in front of .the proton as. the atom leaves

the fbil ' It was a limple mattot for ﬁi ‘%aperform

lthis eXperlment while at quonne but unfortunately time
: only pernitted one Eet of dnta to be tlken with reversed
'electtlc fleld. | |
The discgssion‘ln sectlons ils‘end Zil‘centereh |

"on-quhntumrbnatlibétveenxlevel: of'a‘eingle-ntdllc!
N : | Sy o :
4%
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term such as °P. For all nonhydrogehic atoms the

energy separation between terms 1s too large to

3

spatialiy resolve though not necessarily too large

for coherence to be present. But for hydrpgen,
' ' i
different terms are essentially degenerate and

- though symmetry arguments predict'a density matrix

initially diagonal in ML and.Ms for given L, there
is no reason, as Macek pointed out (Ma 70) why off-
’ o)

diagonal elements for different L but like M, and Mg

I . . .
could not exist. Two types of coherence may be
. ) -

distinguished, that invoLving states with equal.

parity such as S-D éoherence, and that involving
) 0

states with odd parity such as S-P coherence.' The

former was actually observed in hydrogen Lyman-g under

4

zero-field conditions by Burns and Hancock (BH 71).

The latter can only be observed u31ng the Stark effect
‘ \

. which mzxes terms of opposxte parlty

The relevant port1on of the den81ty matrix for

n.= 2, Wlth MS suﬁﬁressed since M;2 = M_%v is L

' A
<LMp |0 (0) |L'M{> =

-

_;l-, L. 0 v- | - 1
* ._. M' kY
! MLN*-O 1 0 -1
0 0 'os Q U'R 0 .
1 0 0 0
qpl‘, .
N Jsp 0 %, 0
2% {0 o0 0 e . .
o b



Eck claims that.the beat intensity is proportional

to (Ec 73) | .
I(t) cx(V)2 l(o | + 25 ) -0 ]‘cos‘wt
[3 Po P, s
+ Vwo Re 0 cos wt + —— Im o__ sin ut ,-
_;775 sp W3 sp !

)
where V is the Stark matrix element (1n angular frequency

units) couplirg the S% mj— X and P11 mj ) states, and

Z +4V )%

w = (w with w_ the Lamb shift. V is simply a
constant.tlmes the‘electric'field intensiﬁy. If daea
g is collected with'the‘fieid first parél}el'theq anti-
parallel- to the_beam-and the beats,arevadded_end sub-

tracted one obtains:

V.21 . .
I +I_=2(=) [g(qpo+-20pl) ogl cos wt 4 (2.11)
Vwo\ ’ v . .
I,-1_ =2 ——Re o cos wt+2 — Img__ sin gt .
-t - wév3 . SP w3 PP .
' (2.12)

If the diagonal elements of p are con81dered known
from previous measurements (DAWB 72, AD 13), the
amplitude and phase of the dlfference signal allovq
'evaluatxpn of ¢__. The calculation w;th results will

o _ . 8P
'belpresentéd~in Chapter V.
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CHAPTER III

EXPERIMBNTAL EQUIPMENT AND TECHNIQUES
The data acquisition phase of the quantum beat
experiments used the same experimental arrangement as .
‘has previously been used to colleet lifetime deta.
The original beam-foil set up is describedlin Li 71.
The current arrangement contains extensive modifica-:
tions from tﬁe early work to be found in Li 74 ahd
1L 75. The description given here will be a brief
ovérview-of all therequipment;includingiment}on'of the
on-line computer, Texes Instrument 980 A,thseq for the
first;time; The description 1s that of the University
of Alberta Radiation Reeearch.Laboratory‘and while
facilities at Argonne Natlonal Labofatory (US) are
much more extensrve,'an 1dentical spectrometer and
nearly identical target chamber were used there, 80 '<
e_ho separate description of that facxlity w1ll be ngen.
Differences where applicable will . however be mentioned.:
_ Flg. 3 18 a diaqram bf the experlmantal
1arrangeMent used here. " The particle accelerqtor is a .”
2 nv Van “dé Grnff usj.ng radio-frequ‘ncy excitation of |
- a chdfen source gal. }(At Arqonno it xa & 4 HV Dynani-"-h
 :tron)ﬂ\ Tyo aeparate cource qac contcincrl, theruo- N

‘\,fm°°h‘“*°‘11¥ COﬂttOlled, allau two diffet-nt lanplec '
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» to be studied without opening the macﬁine Boron
trlfluorxde and hydrogen were used for this exper1—

ment. The r-f excitation normally prjfuces singly.

ot

ionized species and nt , H2, H3,'B , BF , and BF

2

" were all observed. Mass separation is accomplished
4by an eléctroﬁagnet which deflecﬁs the beam.li°; With
‘a full strength field of 5 kilogauss a singly-charged
. : ,(

particle of 200 a.m.u. is so deflected.. The two

stable isotbpes of boron, loa»aﬁd llB; were resolved

and the~more abundant ;IB,Was'used fof studies at .

749 &,

'After deflectidn'in the maqnet, the mass-selected

-m

ion beam enters the target chamber, which 58 u?der K ;;j
reasenably hlgh*vacuum (10 -6 torr).‘ There 1t qasséa |
through a thin carbon lel (5 ug/cm ). and terminates
in a Faraday cup. Beam currents of 1 A are typical j

but for boron at Alberta the<max1mum current was 0.25

ke

‘-fThe Tagggt Chambers

Three different targct qhanberl. each with its
N7

fown advantaqea and disadvantaqes. wcrc considered for  '?%$-;
"'this exper;ment: two nt Alberta and one at Arqonno.la‘;: 4 =
| :fof the two at Alberta one ‘i a tocUIQd Oytboay dnlcribdd o
5 in Li~ 71, employing a f.ixed panbonc uirror and a mn

‘i;?irotatabla plane mitrot.. The taxqot ﬁﬁil r"‘#“‘

v
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stationary'and the beam}is scanned by rd&a;ing the
plaﬁe'mirror. Six. foils are ﬁountedvon a wheel
allowiﬁq'tgrgets to be cﬁangéd without breakinglﬁhe
fvacuum; Present;y the mirror éoatings are such tﬁat
this chamber cannot be used in the far vachum'ultra-
violet region of the épectrum'buk.plahé to have the;
mirrors p}atinum coated are 5é;hg céqéidered. Though
the chamber was ﬁognted And ready for use atithelti@é
of the gxperimént,'the failu:e of_périphera;keqnigmﬁnt‘
forced*é ch&nge—over to the iifétime cﬁsmbef usédifér
mean llfe‘studxes 1n the vacuum ultravxolet. -l’

The second chamber at Alberta, used for all
jrecent mean 11fe studxes, is non~focvsxng and COntaxns
a tarqet holder mounted on a rotatxng screw. The beam

) xaxis ;s as close to the spectrometer entrance allt as _
’possxble (6 cm) and the bean is sqanned by phylically ‘ yi V,;;
moving the target upstream._ The target moves under i'w ;‘;5-.
"Qcontrql of a small stepplnq motor which is qea:ed to |
"Vithe mountan screw., Control o£ tha -otor il handlod

| iﬂrenotely by a soncuhat sophgltictted ekectronic eit- ;. ;75:“  
”’;§cuit,xwhxch allows fully autenatic or nnnual oonbrol. ii? } |

’fPhyszéal position of the qeqx; is visually npnitored i7§;r1'2: 

: inith a digital turn connt xndicator. v.riablo utcp IS

 sises, u smn a- o.*l -n. am mnibh-f;‘:’b“ t“g“ Lol
":"*“chnber alm anow- tuih to ba omm “M" ““““‘“

'§; fas aany aq 15 toils are avcillble.. Tbaugb ;u uldctricgifﬁn
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-

field can be applied to the beam, the foil\changing
mechanism preventsAthe field from being uniform. .
- Experiments invoiVing the use ef an electric field
must therefore allow for fieid calibration.
The target chamber at Argonne, designed wlth

.thls experlment in mind, has good electric field
_geometry.. The fo11 is mounted across the end of a

- small hollow cycllnder Whlch is then inserted 1nto )
| a large alumlnum plate (about 1 cm thlck) Thzs lar@e

plate 1s then mounted to a. screw dthe whlch is. drlven

. . in the same manner as. the one at Alberta.‘ A second

‘7,3maqn.y1ua rluotide and with platinmng

'large but thin plate is mounted w1th lnsulators 2 em

- downstream from the f011 plate and the beam passes -
thr?ugh a small hole in the plate. Opposxte potentials -
up to 5 000 volts were applxed to these platen to -
observa Stark-effect quantum beats.“ Unfoxtunately o

Y .
»thxs chamber could accomnodate only one foil at a tzme.

: @_ee-t‘réai@stér' and Detectors ‘
. . . . N .0 : ' N Alei_ L \ .
. The ‘P°°tr°‘°t°r "PlOde at both Albetta and y
3 lArgonne is a McPheraon Model 225 one-aeter nono~*;1"
J;mChromatox. The qratiagxuted is u Baucch lad Loub R
1;Zaluminum rcpliea (600 rulings/ln) cvercoated with

-The qratiny

i conoave. 96.uu wide and ss - hiqh) blazcd at 9«0'1;2*5;;7€s

..,"',".fﬁf-in fitst ordor. 'rho entrance m -xit 111 c lt. n m
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radius of curvature of the grating. Since there is

no further focusing, the length of beam from which

llght can reach the detector (call it 2) 1s solely a
functlon of 511t w1dth, s, gratlng w1dth w, and
distance of the beam axis from the entrance slit, which
as mentioned previously is 6 cm. Since the'distance.
from slrt to grating is one oeter, elementary geometry o
yields the formulaAfor.z (Fig. 4): .

2 .—. 8 4 ——— .

6(s + w) S (3.1)
100 C ' o

' By'masking'the grating, w oan be set to.dny degired

' value.v At Alberta two masks for grat1ng widths of . :

’ 'lO and 20 mm are frequently used and the optlon of

»_chang1ng maek sxze without openxng the Spectrometer is N
‘avaalable. The slxt W1dth is externally adjusted t0'~ |
fany value wlth a nlcrometer screw.‘ Of course, 1mprove-

ment: in resolutxon by masking the qratxng and narrowing

":the slit 1s pald for by a reduction in llght IntenSLty

’-.For this: exper1ment two combxnationt were used oezg

l'?best resolution was W1th s = 0. 6 mn and w = 19 mﬁ  i';1ffyri‘
qiv;ng 2 = 1 2 mm. Some of the boron data'were take; e
”5with s - 0 8 um, w = Zb mm 91vinq l - 2 0 ln. : o
l The. detector uud belov nao 8 is a Bond.tx Fysy

;’.Spinnmn electron multiplier uu:h nofwindov

{tiidark count fox thxs detector 1: 10:- than 0 1/oec.
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with lithium fluoride window is used. Its dark count
is typically 0.4/sec.
‘ 14

',‘

Data Collection

Before any data collectlon actually begins,

several spectral scans at different beam energles in
the wavelength region of 1nterest are recorded The
spectrometer gratlng can be turned by hand or with a
bullt in motor w1th several available speedsﬂ’ The
detector output is connected to the pen. of a trlp—
chart recorder whlch produces the spectral scan.
Several well*known llnes are always available for call-d
bration of the output ‘ leferent ‘ionization states are
"lildentlfled by notlng whether the 1nten51ty of a llne
'1ncreases or decreases w1th changlng beam energy. Since
Boron v 1s hydroqenlc, "‘ n=4 to n = 3 transltion i

:.energy can be ea81ly calculated to be at 749 K This -
- .line does not begin to make an appearance until a’beam -
Aienergy of 1.8 Mev 18 reached Once a lene hhs been

. selected for study, the spectrometer is left untouched
Fi}and data collectron beqins from a remote control center., o

Four parameters speley a’ qiven datua during any

f}ffone run of a bean~fexl experinent: they are,

(1) foil pozition, which repreqcnts the time tince

ien excrtatron at the fbil

o




o -‘cards wmch g edited to remcve fahe atarts and

(2) photon counts, the light intensity integrated
over the counting time

(3) cOunting time, the length of time during which
the detector siénal is accepted by the counter

(4) integrated beam intensity,.the'beam current,
digitized and summed over the counting time.:

. , |
The stepping-motor circuit can be triggered by either

N

a preset time (time normalization) or a preset current

41

(current normalization). To compensate for‘fluotuationsd~'

in the beam, current normalization is usually chosen.
Three 'par'ameters are the‘ecorde& .;foill position,
photon counté, and countingitine. The lattetvvaiue'is
used to subtractlthe dafh count fiom,the date. Record-
'.1ng.of the f011 posxtlon is most useful for leetlme

lits»ln whlch small steps are used 1n1tlally,

.while larger ones are used near the end of the tun.
For quantum beats equal step sizes. aRe used throughout

the run so this parameter becomes redundant.*

Two methods have been used at Alberta for record-

.“Lng the data, but recent developments w1th the TI 980 A

5.system promxse to improve these methods. The fxrst

"J‘remploys a Teletype ASR 33 whlch simultaneously punches R

A paper tape and produces a teletype prxnt-out. Aftet

‘9

'~_the expe:iment the paper tape 15 converted to conputer,_j(e,',?

: 'j_'.other mistmes, and then run throuqh a data mdenntion S

"-

LA "v . ._.f IR
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routine which produces cards suitable for analysis

by the pfogram HOMER, as is discussed at the beginning

chapter. The second method uses a Fabritek
‘nalyzer,‘Capable of storing 256 numbefé
ir quarters. Data in the Fabfitek{ at fhe
'ast'experime;t, could be read by-tﬁe
jalthough there was no way to produce an
jJuitable for the IBM 360/67 Now, howgver,
'rtcomlng.ls soon to be removed and our data

_'ng'methods wiil be changed accordingly.

.x Albenta»a Té£as Ihstfumént 980 A computér with
‘th7004termiﬁa1 was”uséd*during data'acquisition
A'to.pé; A m-a prellmlnary analysls. At the time. of the ;
‘ "nly a magnet1c tape drive was avallable as
o equxpment and core’ membry was limited to
1§‘Juaand bytes. Many routxne computer events (such L
‘ as compiling a FORTRAN program) were perform@d by |
A ‘read1ng from and wrltxng to two cassette tapbs on the f’
::‘leent 700.f A 100 statement progtam required 40 '
”  m;nutes to comp;le.' Since then a disk drzve has been
"'adaed, memory haa béén incngaled to 24;K and an x-Y
| iplattar 13 nperationii Cenpilind time' is now 1333 ff ;1#¥’f“7
‘ 'xithan one minute fot»tho previously mcntionad-proqram.v.; :p

'tThe Silent 700 can also now ba nned as a taruinal ta




i}

‘the IBM 360/67 and soon the TI 980 A'will be able to
* read and write MTS files. This final improvement on
the system will greatly enhance the Radiation Research
»facility, _ | A
,‘ t the Argonne Natiohal Laboratory an ASI 2100

c?mp::Si?andperipheral equipment hes.Leen functiona}'
for several years. All stages of data acquisition,
including triggering of the stepping motcf, were
handled by the ccmputer.' Data was collected on.hag-_.
netic tape, printed with a line printer and punched_A
onto IBM. cards before‘the experimcht was'cohcluded.
The computer, however, was totally 1nadequate for any
attempt at prellmlnary data analysis and thxs contri-
buted'to the fall\re of the experlment Had it been'
~obvious. that there Yere no quantum beats ‘on data taken
"at an optxmum fyeld QOItage thh a beam. acceptance
" length of 2 mn, the grhting would have been masked amd\M

'the s&gt wxdth chanqed t? hchxege maximun xesolutxon. f
__Thls change would have more than houbled the. countxng

‘tlme thereby reduc;ng the hq?ber Qf fleld VOltaqcs at

hgwhlch data could be taken. ""“fact, thil chanqe was
"*cmade, after data had been take/ifor i\'houru at five
.u'optiuﬁl\field voltaqes.' It then took 1\ hours to"'
fc,collect data at the highest and lowtut tilld vnlncl. f 

. ;the former havan tOQ.;iqh a beat fzequ.ncy and the

'Alatter too nnall a

\ S .
. P
. SRR B

~glnp11tude to ronolve thc beat-. ;f":



to .
Preliminary data analysis for a gquantum beat experiment

is most desirable.
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CHAPTER IV . , Ve

METHODS OF DATA ANALYSIS

Two different sechniques are discussed in this
ceapter for analyzing beam-foil quantum beat data.
The first is a Fourier transform method and. the secpnd
is a direct leaet-quares’fit. The analysis was per-
fqrmed on an IBM 360/67 computef and the programs, |
written in FORTRAN'IV, are listed in the appendix.
Since the quantum beats appear as small modulatlons
superposed on a multi-exponential background both of
the above techniqués enlist the aid of a lengthy program,
called HOMER. HOMER was developed here at the Unlver81ty
of Alberta between 1970 and 1972 :: extract lifetimes
£ rom beam-foil data and is Briefly described 'in section
4.1, The data analysis. ptoceoda in two stages. The
ifl:st is the evaluatxon of ‘the bacquound using HONER

and the second is the txon of the froqucncy.g

antul bcat using both the
Pourxer transform and 1eauc-lquarcs mpthods..
Two short auxilipry proqrams havc also been used

"3to test thg succela of the analyszl ncthodl. Tho first

'."is one to. nynthcsize data. Th;q uucc applicnble

fexpetinnntal parnm.ters.'up to five bacquound para-
',antcra (double exponential plun cbnptanf)g and np to
i tcp:nodulfti/7 parannters (fivc frequoncics. fivc,

oo R S T
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‘ ‘e
amplitudes and alternately cosine and sine phase). The
second is a program to impart "fandom" scatter to any
data samgple, regardless of whether the data is synthetic
.or/;::;ifj\v;he program js referred to as the routine,
FUZZ, and hos proven especially useful in determihing
signal to noise charactéristiCs of a.data sample. Of
course; no scatter which is generated within a prodram
can be truly random and this rohtiﬁe ié limited to using .
one of five’rahdom numbers with which it generates
noise. Which of the five numbers.is used is selected
by tho user prior to runniné the program. The magnitude
of the noise is'determined by the square root of the.
number to be altered. . FUZZ was ;ifted in its entirety
from HOMER where it appearg as anvoptioha; ouSroutine,
and is lrsted in the'appendix for the interestedoreadér; :

All of the output appearlng in this chapter is
art1f1c1a1, generated by the above mentloned programs.
Whether or not the data was "fuzzed” w111 be made clear -

in the text.

4,1 Finite Discrete Eour;gr Traﬁsform"
A’useful comparison betﬁeen the ucua15;nd.fiﬁite«>
Adlscrete Fourler transform is given in GS§ 66. The

r'usual definxtlon for the continuous case il
- F(k) = I r(x)rexp(zwikx);dx

- e o N
. . P : | .
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while for the discrete case

¥

F(m)= ) f£(n) exp(2ninm/N) . (4.1)
- n 1 .

=z

N is the total number of data points, f(n) the datum
at position n, while F(m) is the trahsform, Both n
and m are 1ntegers running from 1 to N. To obtain the
inverse transforms one only needs the orthogonallty

conditions which for the continuous case is

J exp[Zﬁik(XQk')] dk = 6 (x-x')
while for the discrete case it is

N . ‘ o A '
! exp(2mim(n-n')/N] = N6, (n-n') (4.2)

° m=1] ‘ F: 3

where GN’is.thé Kroneéker delta function with its ”

argﬁmént codsidered_modulp‘N;'thaﬁ is; 3N(pN) =‘lifo;

_ihtéger p,AOtherwise GN'; O. The ihverée transforms

~can easily be obtained in fhé'ulual ﬁapner yie1ding'£or

‘the;diSCIete case ' o ".l B a |
f(n) =, " Z F(m) exp( 21r1nm/N) A T

| m-l ‘ o

Note that for the contlnuous c;ae the usual factor of

21 ‘does dot’ qppear outéide the inteqral becauae of its =

‘lxnclusion in the exponentxal This ha: bcon done

“ }‘deliberately 0 t.hat K would equal 1/:\, the vavenubcr, =

. . o .

-_commonly used xn spectroscopy..;_ “  o ~f1é o

e



To relate the integers n and m to physical
‘paiameters the arguments of the exponentials must’

be related by

nm ' , .

with t the time since foil excitétion, v the frequency,
k the wavenumber and x = ct; note that x is not the
physical- position downstream'from.the foil.. This.
PhYsical‘pOSiiion (Call'it x') is'related:to the beam

velocxty, B* and the step size, d, by x! =vht = nd

Therefore '
.
x=n:ins L s

v . .
where Scfis cailgdvthe qqalg'fadtor ind is constant
over ény data set. TYbical;§ 0.5 cﬁ < $§ 2>Soidm.
. With this Qai@g for'x ;q. (4.4):éivesfk = @/Nscl ’The‘
:'frequency spectfum"ié discreet‘as‘ekpeétéd-starting at
"k(low) = l/N S.- The upper limit would appear to be
m = N but for the fact ‘that the second half of %h
Ztiansfoim 13, except for. phase, the same as the firut
- half. The upper limit thus occurs at n = R/? Then
k(h;gh) = 1/28 which correuponds to. each data péint

- bean alternately above and belou the background..

‘ 1Tr“8tV°rﬁhY relults for’ experiaantt with toucr than

' Lp0 data poxnts are not obtained close to eithn: Linit.

M ‘» N . . . - \ s “ )
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The modulations under considetation are superposed

on a background which must be removed before the_trans-

form analysis can be performed. Calling this background

Bk(t), the data can be decomposed as
Data = R(t) Bk{t) + Bk(t)

with R(t) the normalized residuals (beat) . The only
_requlrement for Bk xs that it be a least-squares
approxlmatlon to the data whlch ignores the modulatlon.
\For thlS analy31s Bk was assumed to be a sum of expon-
entials and its determlnatlon was accompllshed by the
HOMER routine (IL 74) which can fxt a maximum of six

parameters 1n the following form:

where t, as before, is the tlme sxnce f011 excitatlon

and Al Ty Az,' 27 A3,~ 3 are determxned by the pro-

ygram. The optlmum number of parameters (between 2 andg .

- 6) is that whxch mznimzzes the reduced chi-.quarad.

fd'pterxa for goodness-ofwfit as well as a clear over- hfﬁd-‘”
: jd.all dxscussxon of thq multi—exponcntial dlta reductionl:fﬂjg-_
"; =prob1em cun be found in Li 74 | | s T d
| ror CONPuter analys;s, uine-dnd cosiae fungtgon.;¢;f

49

.ate Oubstitnted £or thg complex Q*Pontntiuln 1ﬂ (‘.1’.A,;.A

”°1fEach are addcd and thon squarud to,p:oduoe—a qtaph of

. . . '. ‘x . - 4' .‘ . ;_ A . e R Se S W .' R
R e U O T T ey
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F(k) F*(k). The individualvsine squared and cosine
Squafed values are printed but not graphed. They are
used toldetermlnevthe phase of the beat as explaihed'
in a later paragraph. The individual gzansforms

actually used for data analysis are

N

Fc(k) = Z R(n) cos (27nS k) , - (d.ﬁa)
- n=l
. N : . L
Fy(k) =} R(n) sin(2nns k) . (4.6b)
o n=1 _ S
with FF* = Fz(Kl = Fg.t-Fi; When evaluatlng thlS at

a selected set of values for k 1t is not necessary to .:c
restrlct the plot to only N/2 poxnts._ Intermedlate
_values may be evaluated to produce a smooth transform
but the resolutlon 11m1t 18 set by the erthogonallty
'condltzon.u If a peak is observed at some value k~ . 'fr'
":correspondlng to an lnteqer m, then the amplitude will -uv
‘ fbe zero at m-'l. - The half wldth of the peak is then o
"-b":-Am =1 or Ak = l/NS . - -i,‘
‘ Fig. 5 shown a semilog plot of synthetic data
.with a coaine beat at 2 25 GHz (5! anplitude) and a

"Ebackground function

| B(t)' 7°°° °“p""° 1 “')* 3500 nxp(-s/u.; n-).;;,;.***

Tbit bacuqround rnsenbles that ot s v at 749 &
lcale factor corrcgibnding to typical axpctxn'ntal
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- conditions was chosen to be. 1.0 cm and 40 points were

» | ‘ > _
generated. The resolution is Ak = 0,025 cm 1

?

is also the starting frequency corresponding tq m=1.

which

. 'Fig. 7 shows the Fourier ‘transform in the low fre-
qﬁency part of the spectrum.' The maximum amplitude
occuts at m = 3 while the amplitude ;s.zero at m.= 2
(1.5 GHz) and m = 4 (3,0 GHz). -

i

4.2 Amplitude;and Phase Determination

For:sihe4and éosiné,fungtions»orthoqpnglity may -

be written: | | |
X cos(anx) cos(2nk'x) 7 GN(k-kF),

= x=l o T

'zl'sin(Zﬂkx) sin(an?x)—rgjéulkék’)  (4T
x=1 e S T e

) sxn(zwkk) cos(an'x) S
' x=1

‘Propexly the sum. 13 over n not x, and t.he arquaem: of
',the Kronecker delta is m not k, Assuminq the form of

:°}the modulation to be A cos(2nk'x-9), (4.6!) QIV" )
S F (k) ?1 A cos(Zuk”x—O) co&(Zwkx) R I

O - ...a.a.;s:a+w- R

fl A con 6 cos(?tk'x) co.(zgkxy \

x- .,; o v o s L . X

IR £ Il 5 liﬂa Oin(Ztk'n) eoq(xthtf,*35i4w R
R X' S PR
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. \ \ |
Using (4.1)\ Fc(k?\= (N/2) A cos 8 at k =_k': In like
'ffA;hion F (k) = (N/2)Asin8 at k = k'. So | e
| | -4
8 = arctao(FS/Fc) - \ . (4.8a)
ana A=2(l4EY" .  (4.8b)
R N c S _ ,

The amplitude ond phase of‘the modulation can then be
determlned from the computer prxntout values of SUMSIN,
sUMCOS, and SUMSQD at a maxlmum in the graph of .the
transform. ‘ - : ! !f'
Several factors contribute‘errors‘ko/on¢amplitude
" and phase determxned in this manner. A élan@e at h
Flg. 6 shows that the phase of the beat is 0° at
| 2. 25 GHz but is -17° and +18° at ad]acent pr1nted
}_ivalues correspondlng to Am = ;1/10 th1s i8 for synthe— :
ft1c, noxse'free data. The analysls is phase sens1tive.
='Thxs COupled with an inherent uncertaintﬁ in the foil

: posxtlon makes absolute phase determination thh the -

' transfbrm method uncerta1n by about SO° '
R Another factor which contrlbuhel difficulties -
B affects the tmplitude for low frequenciel. By 1ow is

’?megnt perhaps 2 to T complete beat: An. a data sanPle.,w>'

rroThe gackground fit can be sutficiently di:tortedohy

) othe prenence of beat; to reduce the auplitudo by al ;”f*";
| _uuch as 20%. Data wa: synthelizod (noicc ttea) vith
'ffa single beat o£ known.anplitude and trequonciun g

s B . . K
i . - B ; 8 . . A BAN) o~

ST e
A A
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' "~ corresponding to 2, 3, 4, 5 and 7 complete oscillations
over the data sample. The data was then transforméd
twice; firstjwith the known.backgr0und (same eXponeﬁ-
tial as before) then after being HOMER fitted. This
was done separately for a cosine and.sine bear; ”Tké'
results for the HOMER fit are shown in Table 1. In

all cases the amplltude error u81ng the true background
function was less than 0.2%, The last two gntrles in
the table are for a data Sample with two beats, oné a
sine the other'a éosine. In all éases the cosine beat

had’a much larger amplltude error than the sine for

equal frequencies. - The error, alse decreases w1th higher:

~ frequency beété to a minimum of about 2%.

Table 1

Beat L_plitudes After HONBR Fit
| (True. amplitude is St)

FreQuenéy" -;‘Number of" ‘ f Beat Amps. .in . Percent
(GHz) | " oscillations- .| =~ Cosine ' . ‘8ine
1.5
2,25
RO S

s

?5@2§f="

4,45 ,-‘.'~§,91u-

| mlf Sl s

RCENY S QU YO |

o IR N BTN

Comesas |t b w e

Cs2s/30 | M | wre | ke

s | e
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" Another source of significant error to the beat
amplitude is due to averaging over a finite length Sf
beam, This discussion will begin with a single
modulation superposed on a-background of one exboneﬁf
tial. It will then be expanded to include a background
of any number of exponenfials aﬁd the correction factor

so obtained can be applied to any number of moddlétioqs.

Let the assumed intensity,be of the form

y(x) = Bk(x) A cos(ax-8) + Bk(x) - (4.9)

“with Bk(x) = B'éxp(-bx) It is somewhat more convenlent
.to use the variable x rather than the tlme, t, since

foil exc1tatlop('_Then'
x. = VBt> f | "
a‘;,ZgXJ
b é'l/(vati

with v the frequency of modulatlon and T the lifetxme |

.of the exc1ted state.” Then the 1nteqratad 1ntenstty is
| ik{é‘ _,', o c o _
S I(x) = j 1y(xf)_dxf' E .”{v;, - (4.10)
‘ x-A A Xx R S
o ’ o : el '[n-

with ZA bexng the observed bean 1ength which 1. dictatedr
by the geomatry of the sy-tem._ rirst consider the lnte-’

 ,gra1 of the bacquound.u



X+A _
BK (x') dx' = B'e DX _ Bk ' (x)
X=A ' ' )
where o’
B! = 2B sinh(bd)

b

The integral of the first term of (4.9) is:

xX+A .
[ Bkkx')Ak~cos(ax'-6) dx' = .
X=A . : : '
2'B>e'-bx : ' S
{cos (aA) sinh(bA) [b cos(ax~6)-a sin(ax-6)]
(a“+b”) ‘ ' o :

'+ sin(ad) cosh(ba)[b sin(ax-6) + a cds{ax;b)]};

¢ * ) ’ ) ‘ C &
This can be simplified and expressed in terms of B'

. . . o
as . .
.e.‘b

I{x)=- Bk'(x)=B'e % C(a,b,A)A cos(ax=8'), -

a (4,11)
with ‘
. b Ay = LCOS (ad) + 8in“ (aA) coth! (bA)] ‘
Lo [1+ (ad) "/ (ba)"]
and. 8' = 8+6 +e. These phasé,facﬁois are’ o
. . -tan é =b/a . S o

Rl
P

58
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f(k)‘repreéénts the data while Bk' (x) is the
background fit. As explained previously the background
1s subtracted fE’m the data and this differenceAEs
divided by the background. C(a,b,4) is then the correc-
tion factor to the amplitude. For both aaA and ba << 1, ‘

C

it

1l as expgcted. The condition that ajA be small is
that the averaging length be a small fraction of the
beat.ﬁaveléngth. For b& to be small the exponeéntial
background must not decay too rapidly. Ideally both
of these conditions should be met bu£ in practiée{
especialiy-ﬂith non-focyged éptics, this is generally
not the case, Béforé_cpnsiﬁé@iﬂﬁ some typicai values

let the backgroﬁhd;beﬁquumﬁof exponentials:

S Gy

Bk(x) = ]| B exp(-b _x) .
n . )

Then
. x+4 o T
- ' ot 3 WY S \
B e L) .
X"A s ’ n . : ) , R ' R s :
with .
g o 2an§inh(b5A)
"v.For this-case . v
E(x)~ Bk'(x)=] B;'e . Cﬁ(a;bn,A)h cos (ax-0'), (4.14) -
L : n L ’ o !

L ‘ ] o ' | S
;with*¢nAd¢fingd as befq;eAwith\bjreplgced b’*bn; Qggre,. o
ra . ‘ R e ‘ o

e : “'-g*.‘ :
.y LT
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\
the added condition that 6 = 6' has bean used. It
wi;l_be shown Subsequently that this holds approxi-
mately under "usual” expg;imental conditions. (4.14)
shows that nérmalizat{on hopelessly muddles the picture
unless all the C  are approximatelyiequal.- This is 1in
. fact the case for aA < 7n/2 but differences raéidly
become too large to ignose as al approéchesAh. X

If in addition there is more thQﬁ one modulation
the expression for the regiduals become‘ '

- =b_x |

I(x)-Bk'(x)= ] B e " c_ (ap,b ,A) Ay cos(a x-6)
n,m ' _

(4.15)

~

and~a-cofrectibn factor exisés for éach An.
Slnce 2A is the averaging length, ad = T corres-

ponds to a length of one wavelenqth and the condxtlon
- that aA < W/Zals almost mandatory for a meaningful
correctxon to the beat-amplxtude. For thls-experimenﬁv
A= 0,6 mm whlch gives ap = l 1 for hydrogen and
- ah = 1 4 (typlcally) for boron V. For hydrogen whxch
has a modcrate sanle exponential backgrddhd. bA-.OS
 4wh11e for foron V with a steep double cxponential B

\A = 1.0 and byd = Q. 25. With um- numbers it is
ponlble to show the behavior, und.r con‘uhat oxtreué |

,conditions, of C(a,b .A) and 6'1‘

k]
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The phase'shift introduced by averaging over a
finite length- of beam is t=-0' = §+¢., From (4.13)"
. ‘ g
lim (é+e) = O T o .
alA~+0 . .

regardless of bA. For 1b<- n this phase shift is about
n/2 for any value of bA. Table 2 illustrates some lnter-
mediate values. Tbat o ) for ah <« n/2 and bA <1 is
seen to hold.

]

Table 2 _ ' ' )

Beam Averaj}ng Phase Shift -

o - 9 |
ad | bA = .05 bo = .25 | bA=1,0
o N 3 Adbl o
w4 | o.8e e | ase .
/2 20 ~1‘9° '  R+ L

Fig. 8 is a set‘of grepha of c(a b, A) vs'&A,for~'
three dlfferent values of bA (the ‘same ones as in | |
Table 2). For ap < n/2 € 1: insenlxtive to bA justi-
ffying its use as a slnqle correction factor cvun fot a,
multi-exponentxal bacquound ror aA > x/2 ‘this’ il not o
-the case and a atraiqhtforward cor:.ction to the beat

..

g amplitUGe is not po';ib1¢,  }. . F‘l“. _"e\'n: fﬁ.



C(a,B,A)

. ah

‘Fig. 8 'Beat Amplitude _.Cor‘tgctvio_ﬁf Factor

e
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Tye analysis considered\so'far is still deficient
for determining absolute values of beat amplitude. ‘The
integraﬁed intensity as given by (4.10) should be

réplaced by
: O X+A .

I(x) = I R (x') y(x') dx'

X-A . - * R DY

. e - . .

with Rs_the propér response function of the experimehtal

apparatué; However frequen%ly only relat1Ve amplltudes
of several beats appearxng in the Fourler transform are
de31red Por this (4.15) thh the modlfled vers1on of

(4. 12) supplles the necessary caution that the relatlve _

amplltudes appearing in the transform are not the .

.

relative amplxtudes of the beats as well as an,cxpression,

.

Valid under broad but restrxcted condltxons, “to correct

_for thls.

i -'\.
L : i

4. 3 Least-quares quluatxon of Amplitude and Phase

A seeond method to determ;ne qhe anplitude and
phase of a modulation superposed on a. multi-exponential
fbackground was developed usinq a stra;ghtfqrward
f)‘lxnaar least-squares fit.f For linearity the. frequency

;xs held con:tant -and input at the: valug givan by the

'.Fouriet transform, but the progrlm is inexpentive

':e"O“Gh to, 'Oan l lelcction ot trcquoncie-'and produce f .;*"; 

‘ ,___a plot much 11ke the tranaforn mthod. Tht agv.gug.

.
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over,the transform method is that uncertainties in bogh

amplitude‘and.phase can be "evaluated and thé'réduced

chiysquared with and without a modulated Hﬁbkgrdund-

can be compered. At present tﬁisfprogramjis limited

. to a‘single frequency modulation but.expansion to

includg up to five frequencies ilO parémeter fit) should

not be dlfflcult (and should be completed prior to ‘the |

next experlment) -
| The method of least-squares is to dinlmlze ch1-

squared, the' weighted sum of. the squares of the dev1a— R

.tlon between the date and'the fitting funet1on‘ That

Al

o N | . | . »
- i=1. Oi S .

. . . . . R .
- _Qith_yiithe detnmiat_xii y(xi)"the titélng fuqction;_z )
and 0; the uncertainty in the datum which for photon,
cOuntihgdexperimenﬁifis.taken id/be the séﬁare root of
the datum, agauming Poisson statistics."ibe fiﬁt;ne
funptxon is given by . Lo

1‘x7f
y(xizngsk(x

¥ "»u‘..,l‘ e e
? B".‘,"i~’ _‘“1‘5"" “"i ’_’* 'ﬁ‘z'},'.' (_‘?‘1’ T

Here Bk(xi) is.the bacquound ttt al dctermiacd hy tho
HOMER routinc. a is proportional to the asluncd kuown S
erequency and Al and Az aro parauntern to bq dctcrlinad,.:;~§{f
for thene tha auplitude and phasc rclttive to a coninc o

- Ry T

v
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modulation are easily determined from elementary

‘relations. - : ' \
-Setting the partial derivatives of yx~  with

respect to A, and A, equal to zero leads to the

linear equations:

‘J
2 .
fJ = kzl o5 P
with
N 2 cos(x ) .
fj- E —-7 (y Bk(x )= Bk(x ) )[ ] o

sxn(x ). . ..

and j is the column-index while

N ?k(xi)z .[cosz{xi) cos«gin J o
Gy = ‘ : - .
ik

i=1 6;: |

L2
i |cos.8in _gxn (xi);

_ ertten thls way 1t is clear how to. expand the technique 2
‘_to more than 2. parameters., Note that lt is the data

V 1tself whxch xs fxt and not the normalized residuals.
l is the error matrzx and the uncortela-"'
ﬁted uncéitaxnties in Aj re just nz - aj; (Be 69).:v:

In this way-a

Ay and A are obtaxned in the usual wﬂy lnd

. 1. 2 _
-[ithece are readily converted to a nqpine auplitudt and

}i;ﬁphase. Thc uncertaintiec in :he parancters A and e fé”fffﬁj




H

A cos(ax-8) Alcos(ax) + Azsin(ax)

@
}

1
~are relatéd to theluncertainties in Al and Az‘by

2

2 20 2. 2 . 2 2 o
o, =0 (e5—) +0 ~ - ,3A | .
A A A A, ( ) +20 (z— )( )
1 1 S 2 A5Aé AlAZ oA, 3A2
' . " . Dot ‘ * e .
with GAiAE\- ;;, and similarly for 0.

_Fig. 9 shows’ an abbreviéted output of this
program for the same synthetlc data as Fic. 5;: |
" The most obv1ous dxfference between them 15 that the.
] graph of the least-squares output does not go to zero
» at 1. 5 and 3 0 GHZ sxnce there 1: no orthogonality
| ‘condltlon for thxs method.i The beat frequency is

Jtdecxded by a minlmum 1n the neduced chi—squared rather

vvathan the posltxon of maxxmum amplitude since these two

66 «

’icrxterla do not necessavily agree. aeduced chi-squaredrn'i o

.;xs simply chx—squared deidod by ‘the: number ot degreas -

of freedom £or the tit. Thxa nunbnt ts the nunber of

;.:.dgta points less the mmbet ot fittinq ‘tmtau which’-’,-“:‘

- ;r of HONER pa#auetotl cvqn

f'_,snouxd lncluda the £

ﬁfthouqh these are not botnq varied% uov clooo the '}fﬂ?ig’f

An indicatian of thc

ltflredgfcd chivsquaxed it to onc_ilj

?g,tiqoodnnaq—ofbfit.t uainq this'critctioh qﬁb can obﬁiin

<&*f

B
3 , -
L e .
g o
S



67

CHISQ FREQU BEAT AMPLITUDE IN PERCENT
(RED) GHZ) V... 10020 0ee3eeeelneid vvebennale...B
2.19 0,750 . : T '
2.16 0.825 . *
2.11 0.900 . ; *
2.06 0.975 B *
2.0 1.050 - '
1.96- 1.125
 .1.91 1.200
1.86, 1.275
1.81 1.350°
1.75 1.425
1.68 J.SOQ
1.58 1.575
.44 1,650
1.25 1.725
1.03 1.800
0.79 1.875
.0.55 1.950
- @15 2,100
0.04 2.175
00 .2.250 .
. V.08 2,325 .
S 0013 2,400
0.28 2,475 .
- 0.46  2.550 .
0.66 2.625 .
- 0.87 2.700 . C .
1.0F 2.715 . .
1,25 2,850 *..° -
“1.47 3,000
1.56 3.075
. 1.65. 3,225 -
1,75 3,375

-

%87 3.528 .
1.93,3.600 .. .
¢

—

2.0 3,750
L. 2,086 3,900 L . -
v 2,083,978, 0
‘537~526113 “¢95°vf‘“'fﬁ,
L 2013 80125 .o
2,16 78,200 - .
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the "best" values for freqoency,.amolitude and phase
-with uncertainties in’each. it must be mentioned
tﬁat if more than one frequency Vere present on the
“data, even widely separated frequencies, the ansﬁers
"obtainéd with this method would be incorrect s;ﬁce
the reduced chi-squared.wohlo ne;er be close to one.
A least squares f1t with as many freqoenc1es as arév
present on the transform must 1n1t1ally be used ‘oThe
complementaﬂy nature of these t ltechnxques thus
becories ap%)arent. While: the tf!k’fofm ‘method gives
an lndlcatlon of the amplltude and phase for several
frequenciag 1t offers no 1nd1catlon of the rellablllty
of the results. Least—squares glves a clear crlterlon

for goodness-of-flt but becomes 1ncreasxngly complxcatgd

as more than one|frequency are. fit. |
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CHAPTER V

~RESULTS- AND CONCLUSION s

Before the analysisvof any beam-foil data involv-
ing;time-of-flight information, the beam velocity must
~ be determined. Two methods ;}e usually useo, The
:firat relies.on the energy calibration of the.accele-
rator and compensates for energy loss in the foil u51ng
published tables (NS 70) The second 1s a direct
llndependent measurement of the velocity usually 1nvok-
ing the Doppler shift of a spectral llne. This 1nvolves
a. spec1ally de51gned target chamber wlth an arranqement
4of mirrors whxch has been descrlbed elsewhere (L1 71)
The first. method was applled to all elements examxned
during the Spr1ng 1974 experlment at Alherta since
prevxous Doppler shxft measurements 1nd1cated an
accuracy of the beam velocxty to w1th1n 2%. The energy -
1oss for hydrogen and boron at the beam energies employed
\was less than 1% .and thlS cotrectron was never applxed |
to the quantum beat data sxnce 1t was not Justxfled by
' the results.' Highly accurate quantum-beat frequency
:detqrmlnatzon can only be obtained by comparing two ‘7{'"
ibobggrved frequencies, one of which is ascumed accuratelyt‘,t“

o tnawn frau other theoret1cal or. experznental evaluatxon,,:
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5.1 Electric Field Calibration

- The target chambet at Argonne National Laboratory
'wes oesigned specifically to yielq a uniform, longitu-
dinal electric field along the beam axis. Calibration
was accomplished bybmeasqring.the frequency of quantum'
beats observed in hyd;ogen Lyman-a emission (is—Zp at
1216.&) 'H; was acCe1e£3ted to 1.0 MeV and a double
f011 was, used the flrst to: dlssoc1ate the molecule
1nto three protons. Flg. 10 is a semi- log plot of the
‘data at -1,000 volts and_Flg..ll is its Fourier trans-
- form. ,Measutements/werehtaken at three'dﬁfferent plate
VOiteges and theée with the:observed frequencies end
thelr unCertalntles are. given in Table 3. The uncer-
' talntles are solely the statlstlcal estimates given by
the 1east-§§uares routlne.f The 2% uncertalnty in the |
'beam veloc1ty is greater than any of these. A callbra-h

tlon curve for. Ly-a was calculated as mentloned in

70

sectlon 2.6, The fzeld strengths for these three points.,

»
are shown in Table 3.f The flrst two Qoxnts agree that

| the electr‘lc held is 6% h:.gher than glate voltage
'diV1deq/by the 2 cm separatzon. The agteement 1nd1-
B jcatea a systomatlc error which can be fully accounted
iy fl"by the beam velocity uncertaxnty and the power

- d power
. ' supply Voltage tolgrance. . R . L
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© Fig:l10 Actual Hydrogen Lyman-o Data
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Table 3

Quantum Beat Frequencies for Lyman-a

Plate Voltage | Frequency Uncertaigzy Field Strength
(Grounded Foil) (GHz) . (volts/cm)
: - ,‘ < 3
-1,000 | 2.44 £.01 53%: 3
-2,000. | 4.53 ~£.05 11060 * 14
-1,000 (8.0) S {:.1)  + (1970 ¢ 30)
R

The figures for —4,b00’v61ts appear in pareﬂ-

e

thesis since the beat amplitude was so small that 1t

hardly appeared on the Fourier transform. The least-
‘ squares routine gave the tabulated frequency w1th a -
R reduced chl—squared of l 02 compared to 1, 15 without

any quulatlon. The small beat amplx;ude 1s a resuit .
~“Jof averag1ng over one beat length. t thxs frequency

".aa = 3. 76 and Fig. 8 clalms ‘that the beat anpl1tude

will be reduced over '90%. °
. g

’ A I e

S.i. Rg;ulta with Borop . .
Boron 111 2066 X : I
_.The 2s s zp P % trannxtion pf boton III at

'S ) ’

2066 l was .snminudstor scrb-tiold‘qu tum beats at
0.6 and 1.0 Mev: 1195 4ha 115 ware tpditidually R
nncly:cd atter tahing data salplos dith 80 poini. }, '

-.”, I o ,(:}

C ‘
. SN
< _u .
* " - )

. g . . " -
A :
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X

separated by 1.0 mm. No polarizer was used and the

line was sufficiently ingénse to collect good statis-
tics. The decay was a single exponential with a‘
lifetime of 5.5 ns which at the lower beam eﬁergy

corresponds to 18 channels. 105 has a nuclear spin,

I =‘§ while g has 1 = 3/2. [The calculated hyperfine

_structure frequencies fall weli‘within experimental'
resolution but ﬁo beats wé#e consi#tently detected at
boxhigeam energies. Alsé no ébserved beats had rela-
tive frequenc1es consistent w1th theory.

"Itﬁn1ght be premature to conclude that no beats '
are onlthe data. Since multxple frequencxes are
expected, the least-squares program could not be used.
Furthermore only F value 1ntervals correqpondxng to "
J = 3/2 weré éalculated Since the finefﬁtruétute is
not optically reaolved (34 1 cm” ) and'iﬁ lmhil énéugh
for coherence to be present J = 1/2 should allo be

consxdered. The theoretical fthuency pattern could

..

N be much more- cdmphcatod than the oe‘we onployod. .

'Thxn data will be among tho fittt analyg.d by the :

. eapanded vercxcn of tht leaat-oquares routihe tnd 1!
:the anulysit .clearly indicatu t.b. txintohen ‘of. buts
' xnvneiqatlon of the hypo:uu




 };f¢?3,0d0_'- 1 7 49 | ,1 16" j 77gil2¢0;%_
. =3,500 ";‘7.49. 1oraes )l v

about .04 ns. Each scan was added with the on-line

\ -Plate Volt. Beam Ve_l, Sca.le Pactor.Avnr.Lonqth .

75

Boron V 749 R

11

L Data at 749 & (n = 4 ton = 3) for ~'B V was
 Da 9

collected at Argonne National Laboratory at 7 different

. » N \ )
plate voltages between -1,000 and ~5,000 volts. Beam
L J

. , : ]
energies of 3.2 or 3.0 MeV were used. Typically each.

data sample represents six scans along the beam with

43 points per 'scan. Each point was spatia{ly séparated

‘by 0.27 mm which represents a temporal separation of

ASI 2100 computer. ‘Table 4 lists.somecﬁ the relevant

parameters for each data sample, The lowest and hlghest

plate voltages were taken last at t‘& lower beam energy

in an effort to lmprove the statlstxcs by usmng hlgher _

P

beam current.’’
“Table 4 LT

Expgrlmental Parameters for Boron V 749 K o

(vogts) tmm/ng) | (em) - [ (lln)_

- -1 ooo | 7.38 13 1 3 7'1.1‘.
-2,009 7049 | a0 0 el 2.0
-2,800 - | 7.49 | 10 | 2.0

7§fﬁji‘iA
2 o.. . ‘:‘."'1.4
i.‘ff 1 2:"1"F

*?:uf

' .'.'-4,'0‘60'._“" :‘j.-},“ ;_f':_.l_;l Io

"5, o0* f_17 25 "1 13

‘s

L :,:;‘ G RO . R .',‘ L SR ! . . ) y ) . : i )
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The fourth column of Table 4 lists the beam
averaging- length as'deseribed in Chapter III. The
first and last data sample usedla larger grating a
maskwand smaller Sllt width than d1d the others.
The frequency whose wavelength equals the averaglng'
length is 3.75 GHz for 2.00 mm and 6.04- GHz for 1,2 mm
at the llsted dﬁlocxtles. These represent the praCfF.
tical upgervfrequency_llmlts nhich.are considerqbiy
smaller'than 1/(29 I 13.5'GHn.. éounting time for
_the two data samples with hlgher resolutxon was twice
/ as long as for the others -and. still fewer countn\per
datum were collected. Thls is represented by the
‘."Statist{ZSi co nﬁn which is the-mean value QVer a
data ggmple of the square root nf a count divided by
the count.- o '.f- Coe 4“‘ | |
A sxmplistic but reasonable assertion mxght bo
athat one cannot detegct beats of anputude lnu than .
“the statistics of t.he data uaple. M a qonorautyﬂf.
thia- is not true linoe the noiu level of a rouriet -
tnnnﬁorm d‘pendl on how. many adatc pomu hwo bqoa
colloct.d.. Houevur, fbr 43,peintl. thu Aﬂlgtttoa o
appnrs co:rect: band qn atudiu ot .,mm". | " |
wbich wern "£n:nd" ai ddocxibed in thc mw | L
| Chabt-u. riqa. 12 to 14 Qhow thc Mriot'trmnom;_:j \
ofmwucm with thmwmw(mm-d troquene

3 sl et e ety mw b dwidorta
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aétual borén data with:2% statistiéé.' The firstAhas a
.‘l% beat‘amélitude-with no scatter. The sécond and
third'havé thificial scatter with beat amplitudes of
2% Bnd 1% respectlvely ‘The 2% case has'been strongly
effected by FUZZ but the three frequenc1es are clearly
larger than the noise,. For the 1% case the. "true
f:equeﬂc;es cannot be . dlStlthlshed from the background,
Flg. 15 is a graph of theoretxcally p0331ﬂle
!z frequencles calculated W1th the Stark-effect program ‘
_'imentloned in. thapter I1. Three curves converge at zero ‘,
.’Rfleld to the P-D Lamb sh1ft at 1. 42 GHz., Faye conVerge
".to the D-F Lamb shift.. No theoratxcal frequency 1s |
 thgher than the upper curve and 1owet than 51 GRz, the |
“value of thetS‘P Lamb shift at zero fxeld It was ;: o
hOped’that Stark beats could be observad that/would

" follqw One or "u ot the uppot c\mres to the P—»o Lanb -': :

.f_.._-_;;;shift. | In fut, m: but wu obsemd with an upntud(
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Qas'taken at 41,000 volts. The minus and plus 1 KV

data_alldw the relative.cross section for'S¥P

,conerenCe,‘osp, to be evaluated as in sectlon 2.6,

‘The calculatlgp w111 be outlined and the results

presented more as an 1nd1cat10n of current quantum

‘beat research rather ‘than the valxdxty of the results.\
The beat amplitudes were corrected for finite f

beam acceptance length and the beats were added and -’

n_subtrACted yleldxng\

‘ I, +1_ = 100 cos (wt - 80°), . (5.1)
RS -(-‘1_[;..055'coa'(wt +36) . . (5.2
Tokproceed with the. calculatipn the values of Gd'r°p§?:} g
-~ and op ‘are reqn1red and these wqre taken from -GAM 74 R
L

ance only the relative vqlues are known, the¢sum ;.ﬁ
' L [ . .

0+ » + b n . os’,;, .
g * on_ 2091 hu ee nomliud "zﬂ,- St

@ ¥ 0414 mnd op = 0,15, 1f equation (5. 1;;;1.!
compared to (2 11), the lﬁodulation a“b‘ »
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Table 5 lists the results ﬁof this experiment
Aap 3331Kev and those of Gaupp gt al. (GAM 74) at the
other beam energies._'fheldiscrepahcy motivated a
repeat of this part of the experiment by the’d%qup‘at
-Argonne,Na;idnal Laboratory witﬁout'ﬁhé'éuthér's par- .

.

ticipation. Attention was focused on duplicating the
: . Iy . ) -

staftihg point 6f‘the'foi1 by paking'plﬁs,and minus
v data samples alternately. and on obtaining better.
statistics. The analysis of this new‘data is not yet
'compléte}" |
Table 5 T
. pom——— - ' S *
'@, - « Cross Section for S-P Coherence ’
e Tl
e - H Energy
U 110 Kev
S 1 B R
by S TR
: lj;¢21Q7 S

... 3+4 Conclusioh

BRI AN

Pl s
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a property of fqil éxcitation, is not guaranteed to be
of sufficient magnitude to produce ogsefvable beats
fof any éample. Furthefmore the mechanism»fortaligh-
ment is notlyet understood so it is not poggible to
Q‘ forecast the degree of.alignment.theoretically. Good
‘spatial_resolutibn is an ébvioﬁs requiremént\for'bbserJ
-0 vatlon of hxgh frequencxes; When experxménts are |
pdi?ormed w1th equ1pment pushed to its desxgn limit,
- as was the case.wlth hydrogenlc B V line in this
“;iproject;‘it is easy'not to satisfy fhe.reqﬁirement
and be unaware of thls until after the experxment has
been completed. . The requirement for %ood Statlst.le
A'cannqt be overemphasxzed Often the spectnal lrne of
theoretchl 1nterest 1s not vexy 1ntenae and a com-
N promise st:uck in the laboratory proves ikadequate on. .
the computer.. The effect of cascades must also be o
consldered._ Whether or not aliqnmant can be transferrad ;

by a cascade has yet to be detinltely eltubliahed. 11§{i~'1.‘
seem; best to chocse a cascade-frcg ttuntition it Qt

..

all'pO‘IlbIQ-»;1§f;f3V7i - ~'AQ[f{ff;l.»v ?'v'




~
‘requires better spatial reedlution‘and good statistics,
which might be obtained if the 4 to 2 or 4 to 1 tran-
sitron is obeerVed with a grazing incidence spectro-

. meter, which we do not have. The hydrogen guantum
beats were clearly observed and the "Eck beat" calcu-
latxon which has been presented is both current and

LS

controver51al

This work has been an attempt to rev1ew the
entlre field of quantum beat research and to present
"-a description of early experxments and analysis per-
formed At the Un1verslty of Alberta. It is- hoped that,

future work here will beneflt from thrs endeavor._,

85
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APPENDIX

THE PROGRAMS

PN

.
pe




(@]

PP

Aanaan

30 A | o |
© GOTO 40 - _ /

50

16

17,

20
25

35

40

90

FOURIEB 1EANSFORH USING HOMER FIT

<
DIMENSIGN USCN (40G) ,BEAT (400) ,BKGD (400) ,LINE(71)
Inmnczﬁxuor STAR,bLANK,SIG(400)
INTEGER uoau5(7¢;
DATA DOI1/14./,STAR/1H*/,BLANK/1H / .
READ (5, <01) N,MIN,MAX,SCALE,STEP,FINCR,SIZE,  ENLO
IF(N.LT.Y) GO TO 60
READ(S5,205) WORLS :
READ (4,202) (Sxe(4),I=1,N) .
READ (3,.10) TA,AO,A2,TB,A4,TC,VEL : :
WRITE(6,100) wOkDS y
wRITE(e 109) SCALE

EVALUAAE BACKGEKOUND PARAHETERS
USING HOMLER FII . .

IF (TA) 16,16,17

A1=0.
GOTO 20

A1=°STEP/(VEL‘TA) ‘ . v ‘ '
IF(TB) 40,40,25 . : - ' :

A3=0.

'GOTO" 30 o ' . _ ’

A3=-STEP/ (VEL*1p)
IF(TC) 30,30,35
A5=0. .
5=-STEP/(VLL*IC)

CALCULAIB BAAT A!PLITUDE y

VBTSU&ﬂﬁ.O

DO 6 I=1,N
Qi=(I-1)
8KGD(I)=AO'£XP(A1‘QI)032‘E!P(I3‘QI) ’

*+ALSEXP (A5%QI)

oscu(1)=51u(1)~sxcb(1) L
IP(BKGD (1)) 55,7 , o o
BEAT({):OSLI(I) , T e
GOTO & ST
BEAT (I)=0SCM (1) /BKGD(I): = .°

‘atsuacarsnaobzAr(z)tnsxr(;) , “

APRX=8.0*BISUN*)N/9.8696

 WRITE(6.104)

WRITE(6,110) ARRX . 4

',laxrz(s 102)(»1&(1; axcn(xy,oscn(zy aznt(zy 1:1,:)

. CILCULITE IOURIBI TRAISPO!B :,,77.ﬁ-

- .;..,ug_;_x"..



WRITE(6,101) :
' DO 15 1I=1,71 . - .
15 LINE (I) =bLANK - : '
DO 10 I=MIN,8aX '

"LINE( 1)=D0I e . _

. QS=I-1 , S

. EN=ENLO¢FINCE*QS ' = B » o
SUBSIN=0.0 ‘ . . s
SUMC0S=0.0 C -

" P=EN*SCALE o | L
DO 11 J=1,N - | _— o
QT=d-1 ° v . s %
ARG=2.%3.44159%0%Q Co C
SOMSIN=SUSSIN¢BEAT (J) *SIN (ARG) B .
SUMCOS=SUMCGS+BEAT (J) *COS (ARG) S ¢ e

11 CONTINUZ"

s Ne N2l

SUHSQD=SU&S‘N‘bUHS¢H*SUHCOS‘SUHCOS
FREQ=EN*30.0 ' .

. PIOT'FOURILR TEANSFORN - = - o ,

1Y=1. osuasoo*szzh/apnx o S A tgﬁh

‘. LIHE(I¥)=SIAR L o L .
RITE(6,107)SUMSQD, SUNSIN, soncos FREO‘EN,LIKI T
LIIE(IY)=BLAHK , Y

1Q CONTINOE : ' . e e ,
60.TO 50 . S, ' _ o

'6f-ua1‘r£(6,1oa)'~: o . e e

STOP ; _
10 f ORMAT (1H1, M<Al) - -
“101 "PORMAT (* 1',4X,'SUASQD',6X,* SUASIN', ex,'suacos',ax,‘
#PREQU. " .2X, "ENERGY',30X, 'ANPLITUDE OF FOURIER', * ' ' v iy

e Tannsroau',/39x,'(an)',ax,'(cu-1)' o
"'71, Oj‘.’oocul].coo.obooZoooo..ool o-o-c-o-o,'.' N v

.'“.‘......‘OSOCCOOQQ..6.........7 ) *

102 FORMAT{i10,5X;3E o -
104 PORMAT (140, 4X, ' G (! )',Bx,'BKGD(I)',8!,'OSCN(I)' S

~%,BX, *BEAT(I) ")
107 PORMAT(1H ,3E12.4, 2F8.4, 7x.7
108, roanar(tut,sox,ﬂrub EID’)
709 PORMKT ( 1i~, 14HSCALE FACTOR = |
L #21A/(CHANNEL®VAVENUMBER) ) | R ;o
190, \PORAAT (180, 82X SUN§QD =)',210 a; e w
‘201 WOREAT (3153, 1K,5E10,5) . . A
1202 PORRATA A, /,(5(3x 16 sxjxx.»; ST BN
205 EORMATELAAY) .- oo | O
S 210-PORMNY (), 31.39 u.2?11 2 ?103“,’10 2.!10 n./,/; S
- *T3X, PS5y el T T e
&uo “x e o ;:"“g e :‘,j B SR P

S i



yn

) \ .‘ . LY

V'
C r BEAT AHPA.;TUDE LVALUATION WITHN }’LOT . ‘ 4»

INTEGER 515(450;,u0305(72) DOT, sraa BLANK AHPL(256)
*,PLGPLT -
.- DIMENSIQY LiNE(100), FREQ(256), BKGD (256)
‘ DATA DOT/1H./,STAR/TH*/,BLANK/1H / o
PI=3.14159 . RN
15 READ(5, 130) wOBDS ot ‘
READ(5,140) N,MAX,SCALE,STEP, F;NCR,FREQ1 FLGPLT
IF (NVEQ.0) STOP ,
WRITE(6,200) WORDS
WRITE(6,20<) SCALL \
RE2D(3,100) IuF,NHP ' |
READ (3,105) TA,A0,¥2,TB,A4,TC,VEL A
READ (4,110) (S5i6 (%) :I=1,N)
A1=-STEP/(VEL*TA) \
IF(TB) «0,40,<5 \ o,
20 N3=0. L B

A . -

GOTO 30 ,

25 A3=-STEp/(VLL*TB)
IF(1C) 36,30,35 ’

= 30 AS5=0. . S B
- ., . GQTO 40 : ) -

35 A5=-STEP/ (VEL*IC) ‘ )

b

EVALUATL BKGD, 51’AIS ANDQHISQO

~n A0

40 cuxsoo=o. _

" STSUN=0. .
. DO 45 1=1 ¥ o
' BKGD(I)=A0*£XP(A1‘(101))0A2‘EXP(13*(I-1))0

*AUSEXP (A5% (I-1)) R
4 STSUH=STSUI#SQRi(FLDAT(SIG(I)))/SIG(I) .
.45 CHISQO=CH;SQOO((SIG(I) BKGD(I))*‘Z)/SIG(I)
- srars-1oo'snsuu/n , ;

NFPSNHP-IDF =

« . RFPEFLOAT (N)/NdP*NFP
. CHISQO=CHiSQOy/ (N-REP) S
" WRITE(6,205) CHiSQ0,STATS o

. ;uaxrn(s,g%pp A - S
 WRITEY6,220) ”1 . | T |
DO 70 L=1,8AX / R T

o - PREQ(L)=FREQ1% (L-1)*PINCR
oot ».-Y1-2*pxﬁ;i;u(x)tsc1Lz/29 973 -

€ -

€ w2 PlRl!aTll LINEAK LBAST sou;nzs r
C 210 l!PL;IUDb AlD puasz }',(  _»_
c B 7 _

VST n11=o.<»; E3”?¢. BT
. .ic - ”""“‘. 32220' '. . . 'i,‘,_' v. , A .’
SN RIROL T T



RZ=0'.
CH1SQ=0.

ENTER SUE&A!lUN L00P -t

nnn

DO .50 I=1,M ’

- Bl1= coscx1-(¢-1))taxso(1)

N B2=SIN (Y 1* (i-1))*BKGD (I) > o
B11=B11+B1%B1/516G (I) : ) e s
B12=B12¢B1%BZ2/SiG (1) \ :
B22=B22+02%B</S1G (1) ' <
R1=R14B1-BKGL (1j*B1/SIG (I)

R2=R2+¢B2~BKGD (I)*B¢/SIG (1)

.50 CONTINUL

C» EVALUATE AMPLITUDES AND UNCERTAINTIES,
a ’ : ‘ - ]

DET=B11%B24~B1<*B 1« L

A4P1=(R1*Bsc=Ba*B14) /DET et |

_ABP2=(B11%k4-21*B12) /DET :

: UAMP1=B.2/DLT - ¥ g ;

;e UAMP2=B11/DeT ' :
OAMP12=+4*B1</DLT

*  CHANGE VARIABLES TO COSINE

AMPLITUDE AMD PHASE : . N
’ ) . \ - . ' R

sNaNaNe!

AHP12=A!PI‘ABPI
ANP22=AHP2%ANPZ
lnPsSQRT(ABPIf015922)
X . PHS=ATANZ (ABPZ,ABP1) . S , .
S uanps(UA£P1¢A5P14¢uaupztnupzz . SN
" #e(QANPI2%ANP1%ANP2) / (ANP12¢ANP22) . ;
UPBS:(UABP?*AIP‘ZOUAHPZ*A!P12-UA&P12
‘¢ *AMPI*ANPZ) / (ABP12+ANP22) 452 ‘
.~ UAMP=SQRT (UABP)*100. =~ N
UPHS=SQBT(UPBS)*460./(2'91) o .

C zvazugws cusz

. "“c':'l‘rzor nzsu&rg (IR
g R

DO 60 I=1,¥ R o
5 ICTI'BKGD(I)*(101b21¢COS(!1t(I 1))tnupztw R
L wSIN(YIS (I-1))) ' ’
- 60 caxsgscuzsgo((5;6(1)-rcru)#t2)/sxc(11
ANPP=ANP*100. T
PHS=PHS*360./(2%P1) ‘
. CHISQR=CHISQ/ (B=RFP-:
ﬁ;nupL(L)sABS(1ooo‘Aup)
'jinnzr!t6,¢303 razu(L).Als!,ﬂlur Pns upis cnxsa.cnxson
,70}conrrloa T . - |

- izrcrnarpr.sg.o; coto 15

ST T
~~l’yw>'" i



94

. DO 8Q I=1,100 { .
80 LINE(I)=BLAMNK . "
WRITE(6,450) : . ‘
WRITE(6,260) .
"DO 90 I=1,MAX | : '
LINE (1)=D0T
LINE(1+4AMPL (1)) =STaR

WRITE (6, 270) FiEy (i), LINE .
90 LINE (1+AMPL(1))3 SBLANK : T

GOTO 15 . | R :
100 FORMAT (33X,i3,3%%,12) LT
105 FORMAT (19, i5.4,2611.2,F10.4,F10.2,F10.4, L

‘%/,/,73%,F5.3)
110 PORMAT{/,/, (5(3%;1¢,5X)))
120 PORMAT (2i3,4E10. ,&1)
130 "FORMAT (74A1)
200 FORMAT (1H1,6X,74a1) . -
202 PORMAT (1HO, 06X, 14HSCALE FACTDR =,F6.3,
*21a/(caxusELtuavaluneza)) :
© 205 FORMAT (1HO,6X,25HREDUCED CHISQD.¥/0 BEAT =,F7, 3,.
*15X, THSTATIS =,k4. 1, 185) . :
210 roaaar(1uo,10x YdFEEQUENCY, 7x,9HAHPLITUDE,6X,
*1THUNCERTAINTY,8X ,5HPHASE, 8X, 11auncznrnxurr,
~ *13X,1YHCH1~SQUARED) N
220 PORMAT (13X,5Y (GHZ), 9X,9H (PERCENT) ,9X, 5H (ANP) , 9X,
. *9H (DEGRLES) ,5X,54 (PHS) ,25X, 9a(azouczv)./) > : N
230 FORMAT (1X,F17.3,F16.3, F16. 3 P16.1,F16. 2.r16 2,?16 3) .
250 PORMAT (111,61,9HFREQUENCY, 42X, _

*25SHBEAT .AMPLA I‘UD iN PERCENT) :
_260 PORHAT"OX 3” "ax 20"0.00.0..0010..0..-0."

‘“oﬂz..‘..-v.o- .“...'.. ...0......5.........'

‘u2H6........'7... ..‘...e.........9..'.....‘10)‘
270 FORMAT (1X,E13: 3 7%, 10031) u
- END - . oL



C

I3

FU2Z ROUTINEL -

IMPLICII LOGiCas (L), REAL*8 (D)

INTEGER SILP (400)

C  THIS SUBROUTiNL kANUOMIZES DATA IN FKS,

C

C, FOLLOWING LEFINLS VARIABLES POR RANDOM NUBBER ?ENERATION

9]

0O oo

X

. C
C

" FKS BEING THe BEANS
DATA GAUSSL /37.0/

IMENSION ‘[ STAKT (5) +FKS (400) , IFKS (400) ,
*DATA I'STAKI /718415745, 1039“50963 998356979, \

*120005191, 1035698051/
" DATA HUL117 2771/
DATA ISIZE /1075741824,

«

DATA DNURM ,/4147483648.D0/

1 READ(5,200) #1,N

_READ (5, 205) VEL,a,TA,B,TB, C,TC, 82

READ (5, .15) (STEP (4) FKS (1) ,I=1,N) . o

REAp(“,‘JO) KSET
IRAND=ISTART (KSET+1)

DO 50 IKS=1,d

- '

~.

COSPUTE RANDOM NUMBEK BETHB!N =+«5 AND ¢, 5
IRAND—UOD(IRAID*BULT ISIZE) ‘

DEAND*DILOAI(IRIND)/DUORH

PN=FKS (1IKS)

IP MEAN IS ZERO NO VALUE OTHER THAN ZERO IS POSSIBLE

IP(FN.LE.0.0D0) GO TO 50 -
. IF THE MEAN, FN, .IS GHEATER THAN GAUSSL
IT IS CONSIRERLD GAUSSIAN

IF(EN.GT.GAUSSL) GO TP 40

L4

USE TRUE PGISSON DISLBIBUTION BY CUHULATIVE suns

DN=DBLE (FN)
DP=DEXP (-

- TP (DRAND. :iLg»obo) DRAND=DRAND+1. ooo

DSUN=DP,.

THE COUNT USL® IS Tﬂb IIDEX HBBI IHE SU! EXCEEDS RAND ,

DO 20 I=1,100

17 (DSUA.LT. DEAND) co T0 15 ,3_0,»- | '-g%

PKS (IKS) =PLOAT (1-1)
G0 T0 50
15,op=optnu/oELo;f(1)
- OM=DSUNeDP

| 20} NTINUE

WRITE(6,100) .
GO 70 50

71oq PORMAT (¢ PU2 - UPPER 11817 zxczsozn')

WEAN IS 700 LAKGE 50 usE 9oxssou. sxussxan 1s. assou:o
C PORMGLA OBTAINED PROBi
APPROXINATIONS FOR DIGITAL COAPUTERS, CRCIL ASTINGS IR,

PRISCETON . oitr;aszrt pnzss.
uo BAND=5NGL (DRAND)
zrtasan(-szoc(iaubtﬁz))

rnxlcnral, new unszr, 0. s.a.;,fff'

95

o~



' e . —
X=(.010326%ETA+.802853) *ETA+2.515517 |, . :
X=X/ (((.001308*%LTA+.189269)*ETA+1.432788) *ETA+1.0)
X=-SIGN (ETA=-X,RBAND) - |
FKS (IKS) =FN+X*SQk% (FN)
IPKS (IKS) =1FI1X (FKS (IKS))
S0 CONTINUL v
- WRITE(6,200) &1,V
WRITE(6,210) VEi,A,TA,B,TB,C,TC,H2
WRITE(6,220) (SIEP(I),IPKS(I),I=1, N)
KSET=KSET+1 .
"IF (KSET.EQ.5) KSET=0
" WRITE(&,230) KSET
" IF(N.GT.]) GUTO 1
STOP o
200 PORNAT (10X, 14 5.X%,12)
205 PORMAT (23X,F5.3, 11,F5.0,1X,F7.3,1X,F5.0,1X ri‘a,
*1X,F5.0,1X,F7.3,1X,11)
210 PORMAT (23X,F5.3,1X,F6.0,F8.3,F6.0,F8. '3,F6.0, P8.3,11)
215 PORMAT ((5(i3,F6.0,5X))). , :
220 .FORMAT((5(i3,16, sx))) L .
230 PORMAT (1) S |
"END



