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Abstract

The isotopic shifts of the 587. nm lxne;

cor(esponding to the transition O5s[3/211-5p'(3/212, have
¥ o . ’

been measured for the five stable even i1sotopes g% bryptan.

|
Alsco, four hyper fine structure peaks belonging to the stable . f
N |

—

Kr®3 1so0tope have been studied. Twno .sets éT experiments have

" - L

been done. In the first set, Kr gas containing the stable

1 sotopes in natural abundance has been used. In the second

sé%; mixtures containing highly enriched concentrations of

Kr7® were used i1n order. to get a reliable measurement of the

?

Kr78-Kr®o ghift. .

S

PQlarlsation spectrascdby 1s the technique used.

a
2

f
However, a double probe beam was used, 1n order toc subtra:zt

s
-

out from ‘the isotope shift spectra the doppler absorption’

&urve.. The laser output beam was frequency modul ated tp .

reduce the detector noise. due toc room 1light and stray

.reflections of the laser lidght. ’ . \

Using ﬂpreviously publ1sh§d shift results "

pertaining to the 357 nm line, 1t was possibletto séparate

the fleld shi ft cogtrlbut{on from the taotal shift, and to

calculate the change 1n mean square nucléar charge’ radius

between the 1sotopes.\ The results were = found to be 1n

agreement with those of previcus studies. .
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. f
Les dé&lacements isotopiques de la raie de S87 nm,

Y

cerrespondént a la trans1ti§n 9sf3/211-5p'[3/212, furent
mesurés pour les cing isotopes pairs et stables du krypton.
be plus’ quatre transftions hyper fines Jt Ky = furent
5tud1ées: Beux séries d’expé}iences furént accomplies. Dans

° -~

la premiére série, du gaz céntenant les isotopes de krypton
, .

dans leur proportxon'néturelle fut utilisé. Dans la seconde

série, du Kr hautement enrichi en Kr7® fut utilisé afin

d’obtenir une valeur fiable du dépl acement isotopique de la

paire Kr 7®-Kyr®e, ' o

¢

La technique de spectroscopie de polarisation fut

N . &
utilisee avec de légeres modi fications. Deux faisceaux

d'éfhantillonage, 1’un servant de signal’ et 1’autre de

L4 . . /’ b /
réference, furent utilises de fagon a reduire la courbe

Kl

d? absorption tout en conservant le signal de polarisation.

De plus 1le faisceau initial «&tait modulé en frdquence de

&
\ ’ . . . A s Lt .
faion a reduire le bruit di & la réflection de lumiere

parasite dans les detecteurs.

°

\\ ’ Les données expgrimentales permirent le calcul de

l1’effet de volume et ,des changements du carre moyen de la

distribution de la charge nucléaire d?un isotope a 1’autre.

% Y

s
Les resultats concordent avec ceux obtenus par d'autres

chercheurs. . . .
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Introduction -

¢

»

In  this, work, the S87 nm line of krypton,

corresponding to the transition S5s[3/211-5Sp'[3/2312, is

studied wusing polarisation ‘spectroscopy. This way, the

isotope shifts of the five even krypton isotopes (A=7B to
)
86), as well as the hyperfine structure of Kr®® 111 be
found. Two se%:s of experiménts were per formed. First, laser
spectroscopy 1is done o;:: krypton in npatural abundance,
yielding the isotop; shifts of the four heaviest isotopes,
which are also . the most abundant. Second, nﬁxtur:zs
containing highly enriched amounés of the rare Kr"; are used
in order to get the Kr79-Fkr®° shift. Ultimately, tne changes
in mean square charge radius when vtwo neutrons are added to
a Kr hnucleus will be found.
The pelarisation technique use_d/here contains atwo
R L 4
it;tportant mod1 fications to the one usually described in the
literature. First, a double probe laser beamis uséd, and
second, the dye laser output beam is frequency modulated.'
This report 1s divided into four chapters. Chapter
1 is a review of 1sotopic sh;\ft studies, particularly those

involving iirypton. Then the theory of isotope shift is

outlined. In chapter 2, some laser specg‘roscopic techniques

¥

are discussed, a greater part of the chapter being devoted

to polarisation spectroscopy. Chapter 3 presents the

experimental set-up and technique used, and some of the

resulting déta. And finally, the analysis of the data is
* C o

done in the last chapter.



Chapter 13 Isotope shift

1.1) History
1.1.1) History of_isotope_shifts
. R

Isotope shift refers to the very fine structure
observed around a particdlar line emitted from a mixture of
isotopes of a given element. This structure is due to

di fferences in the nuclear masses and mean nuclear charge

radius between the isotopes. Measurements of these shifts

.give valuable information about the mass, the shape and the

charge distribution of a nucleus in its ground state, as
well as indirect information about the spin and nuclear

. 5
moments. Typically isotope shifts represent 2.5 ppm of  the

wavelength and thus could not be cbserved before the advent

of inter ferometric methods.

In 1890, Michelson [Mic 18931 observed structuxes
dp&ﬁ to the order of 0.01 A .in spectral lines. They may have
been due to_isotope éhift (IS) or hyperfine structure (HFS).
In 1913,‘as Bohr 's theory of the atom appeared, it was
suggested that the electronic energy levels might be mass
dependent. It was not until 1918 that the first measurement
of an IS was made. Aronberg [Kin 84al found that radiocactiwe

lead emits a photon of waveleﬁgth 4.3 mA over that of the

L)
4058 A photon from stable lead.
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’In 1922 it was found that some IS were too large
to be due to nuclear mass éffects aloﬁe. Ehrenfest [Ehr 221
suggested that another contribution could come from
differences in the nuclear structure of different 1sotopes,
which would give a slightly different force field
surrounding the nuclei1. However, it was not until 1932 that

the first quantit;tlve formulation for the field shift was

‘done by:Breit, Rosenthal and Racah [Bre 321.

In the 1930's, lasers were still a long way off
and enriched isotopes were not available; 1t was possible to

study only 1sotopes whose IS are large and the lines narrow.

‘Hollow cathode lamps were used and.the spectra were observed

1n high "'resolution by photographing the frinée Pattern
produced by a Fabry—-Perot etalon. Duraing that time, Jackson
and Kuhn [Jac 381 in 1938 were the first to use a Doppler
limiting techﬁxque. They me;sured resonance line photons
emxttéd at a right angle from a beam of potassfud?atoms: The

very small transverse . velocity component of the atoms

contributed little to the broadening of the lines.

are E}

In the .19950’'s some énriched isotapes became
available and photomultipl1ér§ were developed. Isotope
shi fts were measured on heavy isotopes; among them, thallium
and mercury.

In the very early works on i1sotope shifts,_one
sought to$determine the fiéld shi ft contributi&n in order to

e;tract information —on the non-relativistic electfpnic

density at the nucleus, |Y(0)2. In the 1960's and up to the



C

present, isotope shifts were measured in order to get
information on the nuclear structure and shape through the

1
determination g? the change  .in the mean square charge

distribution Q<r2> between isotopes. Bgt;een 1960 and 1970
lasers ‘were in&roduced to the field. The accuracy of
measurements went from 3 MHz in the be;t”of non-laser work
to 300 KHz using lasers. The first isotope shift measurement
using lasers was done'by Brochard and Vetter [éroc 661 in.
1966 on xenon. In 1974 Hansch and Bf?adhurst [Broa 741 made
the first Doppler—free méasu;ement using a tunable dye
laser.

Since then, many varigtiéns of the Doppler—free

techniques have- -appeared. Studies now are concentrating on

. e .
isotopes whose neutron numbers are close to a magic number,

'such as Sr and K}, and on mass é;;;rated short —1ived

isotopes.

A

-

- 1.1.2) Emtgn_gtudigs ’ )
: - &

-

Measurements of the isotope shift of Kr isotopes
N A

"is of particular interest. There are five even stable

¢

isotopes of Kr ranging in mass number from 78 to 86, the
last of which corresponds to the ge.2 neutron shell closure.

If the field effect contribution to the shift is separated

%

from the total shift, one actually finds a decrease in mean

~

square nuclear charge distribution (r23) when neutron pairs

are ' added. In this case, one talks about 8§4A"<r=>being .

I
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negative or reversed.

The following is a brief History of the
spe;troscopiz studies that have already been done on Kr. As
of now, iS measurements havée been don; only on the ;{ve
stable even isotopes.

The first IS measurements on Kr wer; made in 1949
by Koch and Rasmussen [Koc 49]1. In these measqgements, the
hfs of Kr®® for the' 805.9 nm line corresponding fo the
transition 55'[1/2]0—5p’[3/2]1 was determined. In order‘to
determine the cénter of gravity of the éélittxng; they
measured the Kr®=* and. Kr®+ lines and found a shi ft of
0.00013 ;m. Discharge tubes containing slightly enriched

vamounts of the two e;en isotopes were used.

In 1976 Brechignac and Gerstenkor:'\ (Brec 761 did
IS measurements of the five even stable Kr isotopes for the
3.066 micrometer tnfrared line EOrrespondxqg ‘ to
6p[1/2i1—65[é/2]2.'They observed ‘irregular IS which they
related to irregular var;ations of <r2>, Their results
hinted at the presence of a volume (or field) effect and the
possible inversion of 0<r2>, ‘

In order to have a sizable field shift it is

necessary to examine a transition i1n which one of the states

has a high probability density “at the nucleus. Studies. were

/,done on transitions which involve a 3s level. This should

PN

-

é“en- show a greater volume effect than the ‘infrared
tr%nsit%on. In 1977 Gerhardt and Matthias (Ger 77] studied

the 957 om line using Doppley—free 5‘Eolarisation

?

LS

°
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gspectroscopy, obtafning a large signal due to the presence
of a wmetastable lower level. Their results showed a

non—negligible ‘volume effect. Adding neutrons 1n the lower

-

half of the ge,2 shell (N=78 to 80) 1ntroduced the 1largest

change in <r2>, The second half of the shell (N=82 to .86)
& ) ) \

showed a somewhat smaller variation. At that stage one could

&%ly show departure of the total shift from that of a pure

mass shift. To evaluate explicitly the field shift’ and §<r=

one had to wait for theoretical studies which were done 1in

«

1979. The technique used by Gerhardt and Matthias is also

the one used in this work, and.will be described in chapter

’
2. - "

In 1978 Jackson ([Jac ,75] used an arc lamp
containing highly enriched amounts of the stable 1sbt?pes
an? did 1S measurements on 14 IR 1.1ne5 in the 750 A to B00 A
region. IS  were measured on photdgraphically. recorded
fringes from a Fabry-Perot etalon. The samg year, Champeau
and Keller [Cha 78] did a laser excitation study on the 557

nm line, corresponding to the transition 5s(3/232-5p'[1/2]1%,
i )
by using an atomc ‘beam of Kr and detecting the resonance

fluorescence. Isotope sHifts were measured but a defimte
tr;hd of the field shi ft could not be establlshed.,Gerhargt
[Ger 791 measured in 1979 the IS .on the 432 nm and 557 nm
lines using .again polarisation spectroscopy. At Qhat ‘time
F(557>, the electronic factor for the 557 nm 1line had been

evaluated and 5"-.‘<r§2 had been derived theoretically (the

electronic factor of a transition multiplied by the change



'g

in mean' square charge distribution between two isotopes
\

gives the field shift). These two estimates enabled the
determination of 0<r2> for any pair of even Kr isotopes. As
expected, a decrease in <{r2®> with increasing mass number

throughout the neutron shell was observed. These negative

) d<r®» values were.i{&:rpreted By Gerhaqﬁt as being related to a

decrease in nuclga deformation and/or a decrease in skin
thickness.

Using the same technique as in 1978, Jackson {Jac
803 in 1980 found that transitions involving a Sﬁ electron

display a field shift of the same order as those involving a

[y

9s-electron. He worked with t?e 587 nm kine, which is also
3

the one studied in the‘present wor k.

In 1985 Audet (Aud 851, using pol arisation
spectroscopy, and Savard [Sav 831, who used saturation
spectroscopy, also studied the Sé? nm line and measured the
) £33 petwéeq thg four most abunda;t even stable Kr isotoﬁes
and thé hyperf@ne structure of Kr®®, The shifts were in
agreement - with the results obtained by Jackson. Their

measurements were per for med at the Foster Radiation

Labora&ory at M<Gill Unive;sityh

r

1.2) Theory of_ isotopic shi fts :

~ | ]

The isotopic ‘shi'fts obser ved in electronic

tfgnsitiéns are easily understood if the nucleus fs taken as

&



having a finite mass ar\1d non-zero radius rather than being a
point of infinite mass. It is then found that the energy of
an electronic level does not depend+s on Z alone but also dn
the mass (Ma) and on ‘the radial charge di"stribution of ‘the
nucleus. Three ,effec;:s contribute. to the observed shift of a
level; they arg,‘ the normal mass shi ft (NMS),\ the specific

mass shift (SMS) and the field shift (F8). They will be-

treated separately in the following sections.

' ¢

v

The Hamiltonian for an atom of infinite °'nuclear

.

“~

mass is ,
L
f . , ,
1.1 " H = Z Pu2/2m = + Z(-Zo/rk)*o- Z 1/f s
PO 3 | L3N

where the symbols have their usual meaning and e=1. It
applies for the following system. '

Fig. 1.1 - !




L]
If the center of mass of the atom is at rest
€1.2> . Za‘..=o . ‘ / , o
~ / '
The energy levels are given by the eigenvalues of
(1.1), and so Xe get: ‘ -
(1.3 He Werd= En Yir.

.

In the case of a finite nuclear mass . the

Hamiltonian 15 modified to allow for motion of the nucleus

" of .mass Ma. If we now assume the center of mass of the ato_m

to be at rest we have;.

v

€1.4)  Hma= z’;p.‘z/zm" - ;qu ;;“'"“* Pra2/2Ma '

A s

¢
where Py is the momentum of the nucleus. We also have;

©

—
a) Put ; Pw=0

(1.3)

From these we get:

1.6> HnA=Zp..z/2}L +1/2Ma Z 3“';1— ZZO/"k'.' Z 1/r.a
X K&\ k K<



|
-~
‘l‘?‘"
a

-10-

¢ , -
' where 1/p=14m, +1/Ma. ) . | : N

Hence the energy levels are now different and are

N

given by;
1.7> Hea %HA(Y)':EQA w-"A(Y). J

N —

The following variable substitution will make the

fini te mass Hamiltonian contain a part that looks 1like the

.
~ s

infinite mass equation, so the'same wave function will salve

both. The eigenvalues w11l be multiplied by a nuclear

-

mass—dependent coefficient and a pertprba{:ion term will

c. . appear.

v
.

\.. ) Do the vari‘aﬁle substitutions:

. (1.8) 'F..'=HIU0EF'.. and B’..'Enh /y,ar:;.. (because 3..=—1—V.g).

! ¢

This gives:

— \ .
I3 )
| ) Do (1.9 HHA=“/m.[Zpk’2/2ﬂb— Zzo/l’n'*' Z 1/va?+
. . x . N kev

o 1_ Z'Fu'- Pa ':' , -
: 2(mgMa) k) . S
; . . [ Z P’ Pa’ —) - "
‘ (nul-M ) kG . |

@ i The eigenvalues of the first term are readi 1}

*




=

s

found since the wave functions are known. Call this term

HHA- L

- 2

(1.10) From Hma®=(p/m) Hl we get Ema®=(f/my) E_.

The narmal“mass shift is:

3

v )

(1.11) O ENMS= E L ®-E, = ~m, Ema®™. .

- MA ) - %‘A
We may write Ema®=E*=P,., where E®*=Pua is the

experimentally measur ed energy of the level if the

pertu%Patxbn term of (1.9) is small. And so:

é . 3

1

1. 12) AENM® = My E-,‘pMA .
- M \ ‘

s -

The quantity which will eyentually be measured is
. \\_,’—/ )
the frequency shift between two isotapes A’ and A for the

o

same t;ansxtxon. it Now evaluété,khe contribution of the
normal mass shift to the‘ freqﬁengy shift. The transition 1s
between a lower level .E, and an upper level Ex and 15 given
by the following expression. 1f the normal mass shift 1s

taken into account: y
4 ' ®

(1. 13)6}1‘;‘,Nn.‘=E;“_m_. ExT‘Ez"'ﬂ. Ez.
Ma Ma
=(Ex1-Ez)-m, (E.+Ez) , with h=1.
Ma

[

[¥}

it T
A similar expression is found for isotope A’ and

the difference in the transition frequencyidue to the norma{

~



mass effect is given by:

tp

¢

(1-14) GV‘A t,Nﬂ.— lﬂk(E;‘Ez) ("AM-MA)/("‘"A-

—Mg,uﬂ- MAA' ’ "AA’ ("A-‘"A)/(Mgngv)

where the convention is to take pA"—p~ for Ma- greater than
MA. T.\

In the same manner, we may evaluate an expression

giving the frequency shift due to the perturbation -term -of

¢

the Ha@iLtoﬁian €(1.9). To first order, usingfthe same wave

function as before we getf

<« e

Z Bt Bt | V>

2(m, TCmg *H) KEL

= 1/m Ve | ‘;\: BB [ V0>

(1.15) QE™ ™ a=p/m, <err )l

1
Again we look at’  a transition "i" between levels

E: and Ea for the two isotopes. A’ and A. ; -
-
pil’!/x> -
%>] .

(1.16> 30~ 1 . mmm=(1/Mae —1 M3 <Y

La | L 3w
L.

where Maa. is defined in (1.14)° and M,,eme contains the

difference in the expectation values " “of 2: P Pa
. W<

between the upper and lower state, and is called the

electron correlation term. -

-~

.
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—

"the condition that V(r=R)=Vo(r=R) gives;
. g .

Thus the total frequency shi ft due to mass effects is
]

(1.17) fpa* , me=Manr M, nmetMy, ave)

¢ £

'

wl';er»e the quantity in brackets“'is independent of the

‘'isotopes involved but depends only on the transition.

Y

"1.2.2) Field shift

— ey i, s e . s ey e e ot

-

The extended quciea‘r charge has a shi fting efféct

only on transitions involving s electrons and transitions in

1 -

which the screening of the inner closed s shell 1s changed.

-—

In the model. used the nuclear charge' is spherically

rQ

symmetric and of radius R. The energy shift OE"™® 15 due to

the 'difference 1n electrostatic pot";entlal between the

extended charge, V(r), and _a point ch‘arge,,vp(r). Thus; v

. 1

L

- (o o] X
(1.18) AE"'"=J'//"CV(V)—V°(I')]¢47rr= dar , .

] o

which is non-vanishing only inside the nuclear radius. The

value of ll’(r) may be taken constant inside the nucleus and
equal to Y£0). The field shift i1s then given by:

) - ' R
(1.19) D EF®= I\b(O)l = ) [Vr)—-Vo(r)1 anr= dr‘ .

0
/

°

For a ®wniform charge distribution, Gauss’ law and

~
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(1.20) a) Vir)= 3/2 € 1/3 (r/R)2-1 ] Ze=/R , r <R

b) . Velr)= -Ze2/r , r 2R, ~

a A .
Put (1.20) into (1.19) to find; P
- "‘ /
(1.21) QEr® = [Y(0)|= 4m/10 e=z°R= . _ \
‘. -

For two isotopes A and A’ it is assumed that the
energy di fference is due only to a d’iffere'nc‘e 1in  nuclear

radius. Thus for the level E, the shift is:

%

(1.22) ~0WE™™ 1) an-= [Y(O)[=, 47710 e=Z OR=

and a similar expression is found for the level Ea. The

’ -

field shift:-in the transition "i" between i'sotopes A and A’,

whose charge radii are different 5!{ is:

T

(1.23) P~ .re = OWE™=,)-0(0E"S,)

Potec

= 47710 e= z OR= [[¥(0)| 2.~ [Y(okaa .

*
’

Generally the lite\;ature writes about the mean
square charge radius, 6or?>="3/5 6R2. Finaily, the field

shift is: oot

-

o
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o (1.24) SpAr’, _pa= Fy 0A~°Cra> . -

k4

. As in. the cases of NMS and SMS, the frequency

shift is expressible in terms of a strictly isotope

.

_ dependant term,ﬁ(r’) and ;n electronic term F,.

”

7

1.2.3) King_ plots

3

The total 1sotopic shift for the transition

labelled "i", between iscotopes A and A’ is the sum of the

three effects just described; -

} : (1.25)6p" "y = u™* i, imat V™™ i ane+V™**" i . ra

| {,o ' = Maar Mi,nmmt Maar Mo, amet F0<r2> . '

o

" One wishes to extract. from 1sotope shift
measurements the change in mean square distribution of the
nucléar charge wheh pairs of neutrons are added. First the
normal mass shi ft part of thé total shift 1s calculated
easily, from equation (1.f4), and 'subtracted f:Bm the

—

measured value. Remaining is the sum of the  FS and SMS which

3 -

areé not easily separated.

/

‘ - . (1.26) 6py™™ 1. roeame™ Maae M, amet FaO<ra> .

o M. .mma contains the electron correlation term



61!“"_,_ re+-ura’/Maar for at least two measured shifts will

o
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a

which is not calculable. F, involves the calculation of the

change in electronic density at the nucleus during the
»

transition. This electronic factor has been calculated for '

the S57 nm transition ( 5s03/212-5p’[1/211 ) in Kr [Ger 791
and ' also_ a model dependent value for (®+—®%<r2> has been
found. From these two values it 1s possible to evaluate,
first, the F, for any Kr transition for which the shifts are
known for at least three i1sotopes, and second, the 6&\'2) for
any pairs of these 1sotopes. Thus, ’1f shifts were measured

on the same 1sotopes for another transition "j", the "™ and

e

"j* equations giving the sum of the FS and the SMS may be

combined to give;

1. 27)75;»%' 1, rmramn/Mane=F /F,; LOY~A*" 4, racermm/Man: 1
o +CM, . era—Fi/F 3 My, amal -
Plotting ovar s rmeare/Maan: as a function of
a 1line whose slope is F,/F4 and tl';e of fset iStMg.nM."F;/FJ
My, mmme TP;is is called a King plot (Kin 84bl. In the case of
krypton, F (557 nm) and fwes—ma Cr3>are known. Thus F (587 _nm)
is known_ from the slaope of (1.27) and the SM5 will be
separable from the FS and §4a"<r2> will be calculable for
any Kr ;s‘otope pair. It must be remembered that .;ny
. o

P 12
evaluation of the SMS or of 0~*°<r2> ultimately relies on

preliminary theoretical estimates.

i

give
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This ch'apt:er will present brie:fly the most popular
C.W. laser. spectroscopic teghniqu{as, starting with Doppler-
limited and then' Doppler-free techniques: The second and
most important part of this chapter deals in greater detgaill

with Doppler—frée polarisation spectroscopy, which is the

technique used in the present work.

©
. 3
N

2.1.1) Doppler—limited technigues o

~

The . first Doppler — limited "technique to be
h Y

discussed is® "absorpqon f«;ﬁ‘e;troscopy; a schematic of;th.e

necessary set—up is shown on fig. 2.1. - R
Fig.r2.1
Figer2.1 | °
hY ° ’ , . " -
s > 12| 151

cell -

Y

LASER

-|calibration

7
\
7
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G Absorption spectroscopy -involves measu}ing the’
transmitted intensity of a freqt;éncyn tunable laser beam

"making multiple péssés inside a cell containing a mixture of
isotopes in gaseous form. As the laser frequency is scanned
im a linear . fashion, *the beam w111l encounter a wvarying

absorption coef%iment around the real or Dappler — sh1 fted

+ transition frequencies of the atoms. Thé amount of -absorbec{\

> a

- intensity depends on the population, N<W, i.e. the number

I3

of atoms whose transition frequency Wo 15 Doppler-shifted to
w, the /frequency of the laser. N(w) 1s .a Gaussian function

which peaks at Wo. The absorption cross—section of each atom

i
follows a’ resonance profile whose width depends only on the

lihewidth of the  transition. Hence, the final absorption
o G‘ profile is a convolution of the Gaussian and the' Lorentzian
| S \
fuhctions and is girven by;
| - .

e o]

2.1 1w = c"éxpc—(c(%—wn/wovi)zd dow' ,
j W-w' d=+(Y/2)>= ,
0 - .

v
'

which is called a Voigt profile CDem 81al.
. On fig. 2.1 the absorption profile is: given by
t I.—Iz and is calibrated in frequency using a Fabry-Perot

‘etalon of fixed mirror separation whose mode spacing is

» .

C- accurately known. The reference signal Iz is used to cancel

Y
’ ~

fluctuations—im the laser output. intev'sity.
The mirror image of an absorption spectrum is an
excitatiion spectrum. In its simplest form, ‘excitation
- - 1

@ spectroécopy Jjust involves _theﬂ detection and 'counting of

]
J

/ . 0
N

|
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individual fluorescent photons. ' The integration of the
number of counts over short ¢time i1ntervals compared to the
scan time is translated into gn 1ntensity profile IW. The'
setfn;:') ;s essentially the same as the one depicted on fig.
2.1 e).(cept that the P.M. 15 aimed at the gas cell. In 0;’der
for tgis technique to be applicable, -certain condithions must
be met; the' probabilaty of deexcaitation through
non—radigtxve processes must be 1low, the 11 fetime of the
excited state must be much smaller than the count
integration time (i.e. the excited atom must not drift out
. ’
of the solid angle of the photodetector) and the detector
must have a constant quantum ‘efficiency over a wide paﬂ: of ¢
the spectral range. )
_In the techniques described above, the si1gnals
invelved are usually very small. The background ncise may be
r educ ed by chopping, the laser beam (mcdulating the

amplitude) or modulating the laser frequency. The detected

signal will be at a frequency coarresponding to the

-modilation and may be discr1m1hatelywamp11f1ed by a lock-1n

i N ‘

ampli fier. More w1ll be said later on the frequency

w3

modul ation method since it 1s the one used 1n 'the present

work . ' .-, .

Still another technxaue is that of optogalvanic

spectroscopy. It involves the measurement of the change '1‘n_-

-

effective resistance insidé& a gas discharge which 1 -
N

opi}c’all;‘ .pumped with a laser _beani. A setup for ths

technique is shown on fig. 2.2 ° .

- n - y o _L;.‘__._____..__.__..L_"a_'-_—
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Fig: 2.2 ‘ . _

‘ _ Chopper
R N\ - < .

I = o
3 /\
1 Gas cell .
N
, ( ¢ ' N>\ Ccw
Power - Ref ‘ . Dye
., Supply . Lock-in B ~ Laser|
Recorder ,

-The laser. pumps a lower level to an uppér level,
hence modi fying their respective popufétions. Because of
differences in ionization probability of these two 1levels,
there results a.change in the d?scharge resistan;eygiving a
change in the current at R. If the laser beam is chopped an
a.c. voltage will be méasure& a% R which can be fed directly
into 'a lock-in ampli fier. The voltage amplitude as a
function of the laser frequency gives a spectrdm.

If the 3Pper level of the transition is close to
the ionization limit, _the technique of ioniz€tion
spectroscopy may be used. The excited state may then be
ioniZed through sever;I processes. One of these 'is
photoionization, and the whole techniqge is sometimes

referred to as.."two- photon ionization spectroscopy". Fig;

:&7




]

- 2.3 shows a set-up used in this teéhnique and the ener gy

]

level diagram. : r .

Continuum

ANNARRNVANN

72

Collecting

Electrode p

-
’

Only the ‘beam pumping to;;he lower level need be
tunable, the other may be of fixed frequency but must be of
sufficient energy to'bring the excited electron over the
ionization limit.

' In other schemes the excited atom may be ionized

" through collision with a buf fer gas or through the

application of a strong electric field. In all the methods

Jjust described, the signal is made dp of the collected
electrbns.
This concludes the overview gf the Doppler-1limited

techniques although other more -‘exotic techniques exist [Dem

81bJ.
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2.1.2) Doppler—free_technigues -

The techniques just described are of 1l1little use
for doing isotopic shifts measurements on Kr, which are all
ar ound 100 MHz, because this is the order of the Dc;ppler
broadeningg at room temperature. Dopbler—fvee methods must be
used. They involve the sampling and measurement of a
transition on subgroups of ‘atoms which have a very small
velocity component along the direction of the laser beam.
Many of these techniques «;re refinements of the Doppler-
limited ones; they will be described in the pregént .sed:;.on.

Let us first examine the technique of 1laser
spectroscopylbn an atomic.beam. As stated befo;e it wa§ used
by Champeau [Cha 781 on Kr in 1978. This technique? may be

’

either of the absorption or excitation types. Fig.” 2.4 sh’ows

-

a possible sétup.

Eig 2.9

PM

Oven A

°3
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Atoms to be studied are initially collected and
put in an oven. The oven is heated and the atoms boail off to
form a narrow beam collimated through.a slit.: The probing

laser beam is irdcident at a right angle to the atomic beam.

Thus only the very - small transverse component of an atom’'s-

velocity contributes to Doppler broadening of the

-

transition. This technique offers the wvery interesting

" possibility of spectroscopic measurements orn short lived

mass—separated isotopes, since very rapid on-lire collection
and reemission of these isotopes 1‘5 ;:fossxblAe.\ ‘
Doppler—free spec}troscopy may alssc he dJdone on
at6m§ containgd in a cell. One such method is a modification
on the ab'{,orpti,on technique juét described and 1s called
satura‘tlorll SpectrLoscopy. At any l,asér frequency, the amount
of absorl;ed intensity is determined by the population of

atoms available:«1n the absorbing lower state. In saturation

spectzoscopy a -strong'; saturatlﬁg pump beam depletes the

o -

lower level, thus effectively decreasing the absorption
coefficient for a weak‘er'. probe beam going through the same
volume of gas. For this effect to occur, the two beams must
inter;act with the same group of atoms. 1If the beams are made
to go iﬁ‘opp‘oszte directions they s1multaheously interact

only‘wii-:‘h“atoms at rest along the beam axis, i.e. at the

natural line of the trémsxtion.'*’ The laser linewidth becomes

¢

the limiting factor on the resolution. Fig. 2.5 shows a

o

r ough schecﬁatic of a saturation spectroscopy setup.

&
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Fig 229 ' .

\'%4

PM

< >

Gas Cell

A saturation spectrum displays‘Mpeaksfcorresponding

-

‘to a maximum transmission -of the ;:'n'obe beam at the

transition frequency.

The next section deals with the polarisation

spectroscopy technique used ' in the present , work. Other

& An

techniques are described in th}e/ literature [Dem 8icl.
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2.2)Polarisation_spectroscopy o

— e i e eress Sre v i iy s o s S s S S s i S S W

i S e i W s e S el T s e
T »

'

~ In the case of Kr the isovtopic shift is masked by
the Doppler broadening of the trans.i':ion. Say vx'is the

velocity component along the laser beam axis of a certain

) .
subgroup of atoms. The natural frequency of the transition

——

is Doppler-shi fted with respect to the laser beam according

tos .

+

-

"

In fact, due to the finite line—width of the

laser, ow ’ interaction of the beam will occur w’ith atoms

whose velocities are within an interval Ov. of v. 'so that;

(2.2) W+/-00 =Wotk: yat/~k-Dva .

Doppler—-free polarisation spectroscopy relies on

the anisotropic orientation of the absorbing atoms’ angular

momentum vector and on the birefringence that is produced in
an atomic vépdr by ant intense polarised saturating pump
beam. This will cause a linearly polarised probe beam, .that

intera‘cts with the same suﬁgroup of atoms, to become



elliptically polarised’ with its major axis tilted ‘with
respect " to the _original polarisatio%. The technique is
Doppler—fnee if the two beams go in opposite directions for
the same Peasons as in the case of saturation spectroscopy.
Fig. 2.6 show'a schematic of the exﬁgrlmentag setup needed

for\polarisation spectroscopy.

Fig. 2.6 '

{ , g . /
G@b'kg . ‘
|2 -

. - A/ 4 .
Probe Py, Pump
‘ W LIEEN
_ - | ~ SNy
\ &1 ! : - PM
Gas Cell : P2 |

-The linearly polarised beam I= is «circularly
polarised as it ?6és’through a quarter—wavg plate; As the
laser frequency is tuned ta {ﬁe atomic transition
JI",MI—CJ? ,M+/-1), absorbtion of the pump beam occurs.
Selection rules require that M=+/-1 -for left and right hand

polarisation, where M is "defined along the z axis parallel

to the beam direction. The result wili. be a non-isotropic

s
4
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J
0 angul ar momentum distribution of the population of atoms in
the initial state J" and/or the final state J’, depending on

v \

the value of 06J, as shown by fig. 2.7.

Jr=2 | ] ] Jr=1

\L 1"he counter propagating linearly polarised brobé

/Q/ " beam -may be seen as the sum lof a right and left hand

cirlcull'arly polarised wave ( (0~* and 0 ~-). Due to the

¥

) ./) saturation effect of the pump beam, the available

) popul ations of absorbing atoms are different for the o~ and
¥ o-. combonents of the probe. This amounté to having di fferent

4

absorption coefficients «a* and « ~, and different optical
paths (giving two indices of reéfraction n* and n")' for the
two components. Summing of the remaining waves after a path

length L in the saturated gas 1leaves a net elliptical

¢ -

_ ponlarisatirgn with the -major axis ti lted with "respect to the

i AN boriginal, polarisation directic;n. |
A polarisation spectrum thus invol ves measuring
the light intﬁensity of the probe beam transmitted through a

]
o : polariser, whose axis is almost perpendicular to.  the



/

— original p;obe pol.’arisat‘ion,‘as the laser frequency is
o Y ! ™

varied.

O

2.2.2) The polarisation_spectvrum_

In this section the equation- of a polarisatfion

spectrum will be derived. Call z the.axis parallel to the

- -

beam and x and y the two perpendicular ‘directions. The
linearly polarised probe beam may be written as;
%‘ .

(2.3) E = Ecelswe—kx=> with Eo = (Eox,0,0) = (Eo,0,0?.

-

We may treat E as the sum of a right and a left
& ?

circularly polarised wave by phttiné:
2.4) Eo = Eo/2"‘1Eo/2+Eo/2"IEo“/2 ’

all amplitudes being eqixal because of circular polarisation.
Since each component has in the saturated gas
di fferent & and k, with k=wn/c, we fing‘ that after a path L

through the gas: <
(2.5) E* = Eo/2 (1+i) et cwe—kt L+ 2>

E- = Eo/2 (1-i) et wes—w"Les cQZa>L> " .
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At z=L the total probe wave is E=E*+E-. The
crossed polariser is along the y direction. Of relevance is

the y component of the final wvave:
(2.6) E, = iEo/2 (et Cwt—t L+t <a}'a,._,_.e‘ Cowtt =™ Lot <a7=>|.>)

= -iEo’/2 (escdtdl;<ata;/2>u¢tab_1) et (we+> ,

where Y=-K"- L and Eo’=Eo e— /2 v+, The term '’b’ in the

exponent has been introduced to account for birefringence of

the cell Jindows.
Usually Ok=k*-k— and OQ= Q*—0r— are small and the

-

expanent may be expanded to first order to get:

(2.7) E, = —Eo’ (0+b+WL/2¢) (n*—n=)—i (Q*-0)IL/4) es We—¥ |
-

whi:ch is the transmitted amplitude through th’e crossed

polariser. A constant term Eo'f has been ir;troduced to

account for the transmitted amplitude if the polariser is at

a. small angle from the perfect crossing.

! The differences On=n*—n— and O =0*—0¢ depend on
the laser and atomic transition frequencies. Taking the
absorbing atom as a ciamped harmonic ‘oscillator, we get a
Lorentzian profile for [Dem 81dl. Thus:

Q

€2:8) O0= ®o/C(1+x®) , Wwith x=(Wo—GD/Y, where 7Y is

3
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G« . the transition linewidth.

“_ . The frequency dependent absorption coefficient and

index of refraction are related by the Kramers*>Kronig
o

dispersion relations [Dem 8lel. Thus RS

(2.9) ONh nllo c/Wo %/ (1+xZF) .
. - &)
' <
v

o,
T The transmitted intensity is I=E, E,*. From €2.7)
L3

y

through (2.9) we find

+

.3
-

<

(2.100 *  Ie = lo (E+02+b2+(b/200L-1/200lol ) %/ (1+x2)
»

- +1/74 OOLIZ 1/(1+xB)

LG

- where E has been introduced to account for a small residual

—

transmission through the crossed polarisers. Equation (2.10)

( N
thus becomes:

é (2.11)> Io = Io (A x/(1+x2)+B/ (1+x2)+C) ,

[~
———

' where the set of parameters A, B, w and Y characterises a

peak on the polarisation spectrum, and C is a constant
n A

(usually externally added) offset.

The intensity of the signal I. depends explicitly

I
14
b

"on @, the difference betvween the absorption coefficient of
left and right hand circularly polarised waves. In terms@ of

c’ " the cross-sechtions we may write: ’ |

-
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(2.12) BA=QA"= QA" = nNm{ O*F5ugrm= -3 arm) , ’

]
A}

A

where 0*“~s.s.m vefers to the transitions J"M -~ J'M+! and
Nm is the volume density of the atoms in the sublevél M ef

the lower level J". The dependence of the g’'s on M may be

factored out explicitly! using the Nigﬁer—Eckart theorem
LN

giving:

P 1

(2. 13 O+r=5uzeen =|CT"M 14/-1 J"r1\+/—1>[= ] Osnze o
Thus the magnitude of the polarisation signél‘will
depend on the particular lower and upper level a?d this
‘dependence shows up as a summa§16n of Clebch-Gordon
coe(ficients. Valges for 60X in terms of the C—-G coefficients
haye been tabulated e;blfcitly [(Tee 771 for J=0,+/—-1 for
linear}y‘and circularly polarised pump beams. It turns out
that for J=+/-1 it i; advantageous to uéé a circularly
‘polarised pump; tﬁis is whét‘ has been uséd‘in,the present

-,

work.

-

— e i — — P23
-

) -

\
B In the previous section it was found that the

'inténsity spectrum as a funcélion of the laser frequency is

given by (2.11). Hence, determination of the isotopic shi ft

-
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‘E 'bétween isotopes A and A’ Ifor a transitiqn "i" invol ves
findinng the parahete}s of the equation .describing the
\ intensity spectrum; one of them being w*:., the transition ,
frequency. In fact, the absolute freq;ency is not found on a

' spectrum done over ; limited frequency range, but

di fferences in frequencies are diven. Thus the IS is:
: (2.14) Swanr, =(WAT —~wry) .

In a practical sense the polarisation signal to be
. /detected is extremely weak and may not be detectable over
’ ra - .
the background. In the present work this problem is solved |

by modulating the laser "frequency. This methcod was suggested

«

' G by Pinard [Pin 86]. The peolarisation signal will appear at

the modultting fr‘equen&y and may be discriminately amplified
using a lock-in amplifier.

v

« As the laser frequency """ is scanned it also has ,

o

}70 a small frequenc_j/ mod:x’lahon Aw/lz. Thés the pc-l‘arisation.
spectrum 'I. (W is sampled in small intervals of width 0w and
the lock—(—'in_ amplifier receives a peak\ to peak signal of I
-Oow/;Z)t'to I W- 0W/2). The spectrum will then have the shape

G ' of the derivative of the intensity, i.e., I./0W , and is

. given by:

(2.15) T dIl/dw = I’ ¢ (AC1—x)-2Bx)/(1+x2) + C')

where C' is an externally added offset, to keép the spectrum
i “ ) - ’ * ‘. !

*

' .- \
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positive, and lo’ ‘regroups all the multiplicative constants.
In the case of I., the appearance of resdnance shaped peaks

is favored by the selection of a small crossing ‘angle of the

!

polarisers (i.e.,smaller than 1<) [Aud 851. For the dl./dw

spectrum the opposite is true. For all the spectra shown in

- +

this work the crossing angles are around 2<.

2
-

-



3.1) Experimental set-up and-technigue

o e e e e e e S S i S s e e [ e % e T o e s S e e

-

The following 15 a description of thé experimental
setup al;d technique, some elements of which will now be
familiar ¢to the_ reader ' from the previous section on
polar i sation spectroscopy.;This section ig divided 1r;to four
parts: i) the vacuum and RFF discharge, syst®ms, i1) the laser
and optlcal-- compc-nents! ii1) the signal, processing arnd data
acquxsxt‘xon system, and finally, 1v) a short séction can  the

&

signal optimisation.
° (

- .‘

}

3.1.1) The_vacuum_and RF_discharge_systems

—— T S T e ——— S " s e S o T+ Ry e S e B (e wie v ol . e e e S

7
”

Figure 3.1 shows a schematic of the vacuum system.

As is typical of 's:n.h systems a roughing line, which uses a
;1|echanical pump, brings the pressure down to the op;rating
range"of a turfbo—molecular~ pump. The cafnacitance gauge
operatg;s. in the mTorr range; it was checked with a M<Leod
mercu;'y gauge and fHund to be correct to within +/- 5 mTorr..
Two gas inlet valve;s make possible varied mxtures of
natural Kr and e[m'ichled isotopes (stable and eventually

radioactive). 1It. has been shown [Aud 853 that Kr pressures

of 50 to 100 mTorr give the best polarigsation signals.

3
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The first excited state of Kr lies 10 eV above the
ground state. For this reason the lower levels of optical

transitions must be excited states. The lower level of the

587 nm transition is the short lived S55{3/2]11. The Kr gas

1

cell is wound with a primary coil which carries an RF

signal. - The sécondar; circuit is an LC circuit with the
secondary coi_l also wound around the gas cell. The Kl: gas is
ext;ited via the RF discharge when the ian;t signal 1s,at the
resonance of the LC™ circuit. Again 1t was shown by Audet
[Aud 851 that the best polarisation s{gnals are obt_ained for
transm.i.tted powers of 3 to 20 watts, The RF ‘signal frequency
is' digitally v:-.fried around 30 MHz until the best discharge

-

and power transmission are obtained.

1

&

X

. . The schematic of the 1laser system, spectrum

analysing instruments and related optics ar.é depicted in
figure 3.2. A C.W. ring dye laser is used to get a tunable
beam of monochromatic photons. The dye used is Rhodamine 6G

? 1
which has a wavelength range of S60 to 610 nm with a peak at

roughly 580 nm. At S87 nm it is possible to get 300 to 400
mW of continuous power. The dye laser is pumped witha 6 W
‘ o

[ N beam of 514 nm photons from an argon ion gas laser.

The signal processing technique described in

G chapter 2 calls for the frequency modulation }gf the dye
/—ﬁ\, .
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[
laser. The laser is equipped with a frequency stabilizing

feedback circuit which measures any dri-ft 1n frequency and
\

sends a correcting signal to one of the laser cavity mirrors
mounted on a piezoelectric crystal. This system reduces the
Jitter to 1 MHz. The frequency i\s modulated by driving the
c’rystal with a 1.5 KHz sine wave voltag'e of small amplitude.

Fine tuning of the signal frequency and amplitude is done at

_the time of the experiment to optimize the polarisation

~
- 3

signal.
A ’rough estimate of the laser wa‘velength is
obtained from a wavemeter. ‘The stability of the laser is
moni tored using a spectral analysing etalon which has mode
spacings of %;51.53 +/— 0.8 MHz. During the experiments, an
etalon spectrum is recorded for fixed mirror spacing and
this serves as a frequency calibration for tﬁe associated IS
spectrum. The laser frequency 1s scanned over 5 GHz sol that
the outer Kr®=® hyperfiﬁ‘e‘ strtucture peaks may be observed. ’
The dye laser beam is linearly polarised at P,.
The thick glass plate SR3 is used as a beam splitter;-it
gives two reflection:.:., one on its front and' the other on its

L4 >

back face. This double probe beam is sent alo;wg the axis of
the gas cell. ‘i’he left probe beam on fig. 3.2 is the signal
beam which is overlaping’with the pump beam. The other probe
beam gives a reference rsignal at PM,ur which is used in part
to cancel birefringence of the cell windows or the finite

extinction of the crossed polarisers, P, and Pa. However,

its main function is the cancell'fatic;n of the Doppler
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broadened absorption spectrum. More will be said on this

r

(o)

later.

.The transmitted beam at SR3 carries about 907 of
the oriqinal intensity.. It becomes circucllarly polarised at
\ the A/4 plate. It then reflects on M4 and counter prppagat.es
inside the gas cell with a maximum volume overlap with the

signal p¥obe beam.

*

Figure 2.3 shows the signal p'rocessing and data -

analysis «circuitry. For clarity, some of the . optical

c components are reproduced here.

The relative sizes of the PMeaig and PM.4¢ signals

are varied before subtraction. This is done with a

— differential amplifier (DOP)> which was built by Audet . [At;d
85]. The vresulting signal is amplified with a lock—in
ampli fier whose r.eference is at the same frequency as the

frequency modulation of the laser. This eliminates the (need
z

for external beam chopper and sompletely cuts out any

#
.

background ligﬁht. This way one obtains the derivative of the

polarisation ::'.pectrum as described in chapter 2.

The etalon and \polarisation spectra are recorted
simul tanecusly. A digital—to—analo.g converter (DAC) supplies
the external ramp voltage to the appropriate component

B ,
c # inside the laser cavity! for frequency scanning. The size and




duraéion of this ramp voltage is determined by the

experimenter as the selections of scan time and width are
made.

- The data acquisition system and scan triggering

. and control are done from a computer which communicates with

the analog—té—digital converters (ADC) and the DAC through a

o

" CAMAC inter face.
4

3.1.4) Optimization of the_signal

w7

* )
Some additional precauilons are taken in 6}der«to

optimize the signal.

The RF driven c011§ around the cell emit MTirowave
radiation which may contribute to background noise in the
electronicé, and disturb the 'scanning of the laser. The
problem is solved by énclosing the cgll and coils 1nside a
fine wire mesh cage that acts as a Faraday cage. As well,

"the windows of the «cell are slightly angled L to prevé%t
reflections of the pump beam b;ck into' the detectbrs;
becausé of its ciycglar polarisation and intensity {t would -
~noé be'completly cut at P2 and would saturate the aetectors.

Final signal opéimisation is achievéd‘through the

2

. g
proper balancing lof the reference and signal probe beams,

a2

prober phase adjustement of ~the 1lock—-in amplifier and

maximum overlap of the prqge and pump beam.

T
4

“ o
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3.1.5) Data processing. -

r

In,order to calibrate the frequency axis of the 1S

.- spectrum one records ‘simultaneocusly an.etalon spectrum. This
&

~

consists of the light intensity on the output side of a.F.P.
etaloﬁ of fixed mirror spaciﬁg giving the\familiar Airy
function (see fig. 3.4b>. The ‘spectrum calibration is
determined using a specially written program which finds the
centroid of each peak and averagés multiple pealt (which are
dqé to slight laser instability and the frequency
deulgtion). The aQerage interpeak distance is found and the
spectrum is calibrated using the ynown mode spacing.

Etalon peaks are also used by the data acquisition
program to trigger gcans when multiple scans and summing are
desired. This, 1in principle, ensures per fect channel to
channel correspondence between scans. This ogtion could not
be used in this wor# because of the frequency modugation; it
gave w§dér etalon peaks of émperfect shape leading to an
uneven trigger from scan to scan. The spectrum shown inéphis
work are made up of single scans which were summed afteér the
experiment \yith proper horizontq{ offseting. Typfzélly, each

-spectrum consists of the summation of 8 or 6 scarns, but in

one case 16 individual scans were added-.

§
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% Isotopic shift measurements . have been done
repeatedly on Kr isotopes in natural abundance and on
U mixtures containing enriched amounts of Kr”®, Some of the

"vesulting spectra will be shown in the following section.
A

.zefeneﬂge may be made tp appendix A for the description of

#®

N~

4 D
he Kr spectra.

Natural Kr consists of five even and one odd

!

isotopes in the following abundances (Ger 771; Kr”7® (0.35
%), Kr®o (2,27 %), Kr®2 (11.56 %), , Kr®® (11.55 %), Kr®=
(56.90 %) and Kr*®™® (17.37 7%). The transition studied is
5503/21J=1 to 5p'(3/21J=2. \

Figure 3.4 a) shows a spectrum of 5.6 GHz width of

natural Kr and 3.4 b) shows the related etalon spectrum. The

5 3

« various peaks may be identified on the basis of their
relative intensities. One may also rely on the fact that the
.main contribution to the.total shift comes from the normal

-  mass shift aﬁd is given by:

o -

T4
)

(3.1) " 0rAnT nim = Maar My, reem g "

\ 3

-
< N o
v
Y

n - - . 0 .
-
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an&,is“positiye for M., greater than M.;
“ In the case of the hyper fine stru&ture peaké,
matters are a 1little more complicated. The total angular
momentum J couples with the nCé}ear spin I to give F=J+I,
Qhere F may take any value from J+I to J-I in unit

steps. The energy of a state defined by a particular J, I

and F is displaced from the uncoupled levél by an amount

(3.2) We,I1,J,A,B) = AK/2+4B [3/4 K(K+1)-T(I+1) JCJ+10]
(21 (2I1+-1) J J-131]
with K = F(F+1)-I1(I+1)-JCJ+1) [Klu 771.
\ ’ .

’
4

Idént1ficayion of the hfs peaks calls for the

evaluation of the A and B coefficients (one pair for each J

“

level of the transition). The peaks have been identified on

Y

fig. 3.4 a); the next chapter will show in more deta:]l the

v

data analysis.

Figure 3.5 a)» shows a close-up view of the Kr7®

¥ v

and Kr®° peak region to show the sensitivity é€ the

»

technique. Better statistics are ggtained by summing a
large number of peaks. Figure 3.5 b) shéws the same. rYegion
as above on a spectrum made of the summation of 16 siTigle
scans. In this case the total scan width is onl& I.SQBHz

thus giving more points per peak. It ‘was made’in the hope of
3 e

getting a very precise value for tHe Kr®o-Kr®2 IS to remove

2

some ambiguity in the fésults\pbtained:from wider scans.

The resonance-like shape of the peaks is due to

- the selection of a relatively large angle (2°) away from

L.
< 4 .




transition cannot be done on these

- these two shifts the Kr79-Ky®% shi ft is then known.

-5

b4

a
§

per fect crossing of the tuo polarisers. The parameters of

the-equ?tion (2.19) describing these spectra are found using

a specially written fitting program. A fit is shown

over lapping the data on fig., 3.5 b)),

«

. 3e2«2) Enriched Kr7%,
’ % ¢ ) -

4

A sample of Kr enriched up to .99% in Kr7® is used.’

It was mixed in different proportions to natural Kr. Figure '

3.6 a) shows a spectrum obtained for a mixturé{?of about 20 7%

]

‘Kr”® and 80 % natural Kr. Figure 3:6 b) shows concentrations

s

of 14 % Kr 7w and 86 % natural Kr. These relati ve

¢ ' .
concentrations were deduced from mixing of gas pressures.

P ' W« -

Note on these spectra the 1low intensity of the Kr®® peak

compared to 1ts nei’ghbou?s.vprense positicning of the Ky®e

.

because 1ts peak 1is

[l

. shi fted by the tails of the tyfo intense adjacent ones. On
. such scans 'thg“ Kr7®—-Kr®2 ghift 15 obtained, and, the

,K\(“°—Kr9? shift is found from the natural Kr spectrum; from

v
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Figure 3.4

a) 5.6 GHz scan of natural Kr 46
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Figure 3.5
a) close up of Kr78_K r80 47
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Figure 3.6 Enriched Kr78 spectra.
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3.3.1) Doppler-broadened_absorption profile. -

The shape of the polarisation spect}um is given in
part by equation (2.13). Another effect must be taken into
account. The probe beam give; a signal when its polarisation
axis 1is slightly rotated due its interaction with a
saturated group of atoms whose velocity component along the
beam axis 1is close to zero. This probe beam however is not
immune to Doppler broadened absorption at frequencies other

" than the transition frequency. This'absorption curve follows

-

a Gaussian profile, or:

g

(3.3 . I(W = Io expl—(cW—Wo) /Wove)2],

with Ve=(2kT/MJ)2 7=,

- a
- r

However, the frequency "“@" at which an atom will

.

absorb the laser photon is dependent on the kifetime of the
absorbing transition. The frequency response of the atom is
lrepresented by a Lorentzian profile. As mentioned in the
previous descriptioﬁ of absorption sgectroscopy, the overall
absorption profile is given by a convolution of the Gaussia?‘
and Lorentzian functions;

o0

o (3. I(Ww) = C {expl—C(cWo—W') /Wovpe)2] dw’ .
. W-WI2+CY/2)2

o g



The shape of this absorption curve is further
complicated By the-faFt that at the center off®the spectrum
we have_not one, but four or five closely spaced transition
freq?encies. Equation (32.4) gives a familiar 1inverted
bell-shaped curve. However due to frequency modulat1onCLe

get the derivative as ghown in figure 3.7 a). This was

obtained by deliberately blocking the pump beam and

4 ~
*

unbalancing the signal and reference probe beams. Proper
balancing of the two probes may somewhat flatten out this
curve. In practice however, this .effect always remained
present. Figures 2.8 a) and b» show the peaks of the even
1sotopes saitting on absorption% backarounds of different
shapes. .

If the lafetime of .the transition is short, then
the 1linewidth is large and (3!3) suffices to describe the

background. In the ~ fitting ‘pracedure the background is

approwimated with: - - ‘

(3.9) dI(w)'/dw = Ci expl-(W1~-2/Cz2] (WL~ + Cga .
. . .

The "dummy”" frequency W, should be centered around
the Kr®+ peak since this transition should contribute the
most to the background. Ca characterizes the linewidth and
should be large since it is hoped that (3.5) descriibes the

absorption curve of the five closely spaced transitions.

 Figure 3.7 b) shows the fit of figure 3.7 a) to equation




~5]1~

(3.9). As expected the fit is only approximate, but is very

good in the central portion where the polarisation peaks

will appear. \

3.3.2) Fitting procedure.

LS
1
~
-

The equation to be faitted to the spectrum is:
(3.6) I(W= Z[A; (1-x%,2)-2By X421/ (1+4x,2)2
(9 - .

. 4+C, expl—(W,~wW2/C2] (Wi—+Ca

with  x. = @Wd, ., —/Y .

The sum 1ig over the number of‘peaks present in the
régit_:m to be fitted. Each peak is d:etermined by four
;:')arametevfs and the backgr ound is determined by four
parameters as well. Because of the complexity of the
equation and the proximity of the peaks one may not

determine the center of a transition by simple observation.

Thus a_'fitting program called FITKR3 based on the subroutine

"CURFIT by Bevington [Bev 69] has been written. It employs a

least squares fitting procedure 1n which all the parameters
are searched simultanecusly towards a minimum chi-square.

Many fits have been done on every spectrum to test the

. consistency of the parameters found and to help in the

P

estimation of errors. The fitting program is discussec}\ 1N

- L}

appendi x B.
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;Q fit of the Kr7®—Kr®° region has already been
shown on fig. 3.5. The fig. 3.9 displays the fit of the
central portion of the scan. Figure 3.10 shows the point by
point subtraction of the fit to the data to demonstrate the
goodness of the ;;t. The reliability of a fit is assessed in
many ways: there must be” a maximum overlap. of the fit to thé
;1’ata, the parameter Ca describing ¢+ the constant vertical
of fset mus’t be constant for all the fitted regions o¢of a

given spectrum‘and the 1line width found must be realistic.

Typically one finds line widths of 35 to 40 MHz,- 'which is

very goo}:l considefring that the laser line width is 20 MHz.

The parameter of most importance is (o,

'corresponding to the channel position of the i*" peak of the

fit.” The isotope shi f,t: between peaks "i" and "j" may then be
determined from Wo, s Wo. sy and the calibration given by the
etalon spectrum. A S.6 GHz wide scan over 2048 channels
éives a \calibration of typically’. 2T7BO +/- 0.025
MHz/channel .

Each spect;um gave a set of isotopac sl';ifts, with
errors based on the reproducibility of the fits. The final
results and errors are averages of results and errors from
individual spectra; the fitting routine gave underestimated
errors. The Kr94—Kr®e and Kr®2-Kr®+ shift ree-;ults are based
on six multiple scans, the Kr®°—-Kr®2 results are based ;:?n

three multiple scans and finally two spectra gave consistent

Kr7®-Kyr®2 glhj ft values.




Figure 3.7 “
a)Darivative of the Voigt profile,
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3.3.3) Sensitivity of the_technigue.

Figure 3.5 b) shows that very weak peaks may be

i

qbse'rved by summing a very large number of individual scans;
th-e peak- on the left is Kr?® of 7).35'/. abundance and the,
other 1s~l<r'° of 2.277% abundance. Tt;e relative sizes of
these peaks set?a lowear detection limit of about 0.1% . The
ideal gas equation gives an estimate of the density of atoms
required b
(3.6> = n/V = P/RT Na . -

\—Bor= = 40;nTorr = 53.33 Pa .

T = 300 °K

\ we find: n= 1.3 .x 10*® atoms/cc ,

which is the density. of atoms giving the desired' operating
préssure. Thus, a Kr isotope present in a density of 1.3 x
1022 atoms/cc will givz a detectable signal. The pr‘obe beam

1 4

volume inside the cell is estimated to.be 2 cc and the cell
%
and ‘ad jacent valves and tubing volume is roughly 16 cc; 3 x

10** atoms of any Kr isotope in the beam (i.e. 2, x 10

atoms ‘in the cell) will give a sizable peak.

From these numberé' one finds t\hat 8 mCi of

‘radiocactive Kr7® pixed with 40 mTorr of natural Kr are

rgquired to measure the shift of this isotope. This amount
is withiln the reach of the production reaction Br"’(p,c’ln)
for lt:ang bombardment times. Thus, the present set- up nges".
the possibility of spéctrosg:opy on radioactive isotopes of

moder ate li fetimes, i.e. a few hours.

'
[

]
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Chdpter 4: Data_analysis and results

+

hd ' ]
Finally,  this &hapter will show the results

o .
obtained from the series of spectroscopic measurements

" per formed. The first section is on isotopic shift. The

contributions of the three gffedts to the total shaft wxllo
be examined and 0Cr=> evaluated for four isotope pairs. The

results are to be compared with those”obtgined by Jackson

¢

CJac 801. In the 'second part, the A and B hyperfine

structure coefficients of the upper level of the transition

will Eé derived enabling the identification of the peaks of.

the spectrum shown on figure 3.4 a).

o

/
4

'™ 4.1.1) Isotopic_shift results.

3
Q

v
R ~
o J ‘: ‘4

Each spectrum gave a.set of isotopic shifts, with

©

errors reflecting the reproducibility Pf the parametears

4, ]

génerated by the fitting ' program. The final results and
errors are averages t{om individual spectra. The resulting
Kr®<-Kr®e chi ft val is based on si1x multiple scans, while

the Kr®o-Kr®2 result comes from three multiple scans, one of

them being the sum of 16 single scans. Two enriched Kr7®

q
i

~ . . " ! ’ < - 2
spectra ‘give tzf Kr7®-Kr®x cohift and so the K("-Kr'° shi ft

o £
5

- . <

is determined.

Table 4.1 displays the total sbifts, " the

s
— L L]

[
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calculated normal mass shifts, the residual shift (FS+5MS)

0

and the modi fied residual shifts. The modified sﬁifts are

calculated using s
¥ ] , J,f
(4.1) V™ " ' se, receone= _["_,p-lha OV " sar,ravame
" - MAA’ 4
. &m v
and displayed on a King plot. ' 6\\

r

<

Table 4.1: Kr 1sotope shifts (in MHz) fo¥ the S87 nm line.
i . e

peaks Spe=tar évNM. oyre-ema ’ Oy rs-sna

78-80  131.3 +/— 3.3 89.9 41.4 +/- 3.3 35.8 +/— 2.9
B0-82  125.8 +/- 2.2  85.5 40.3 +/- 2.2 36.6 +/— 2.0

82-84 115.9 +/- 1.9 = 81.4 34.5 +/- 1.9 32.9 +/— 1.8

84-86 112.4 +/— 1.8 77.6 34,8 +/- 1.8 34.8 +/- 1.8

First evidence of a valume effect 1s given con
graph 4.1 where the total shifts are plotted with respect to
the normal mass shift. Without volume effects the total

shift is strictly proporticnal to "Maa.- for /«a given .
transition, as shown by: ’ . ﬂ/
e .

L
L

4.2) 1) Zalald 2, vouar =, Mame c"a.nn.“""g.-n;J + Fy 6‘“'<"2>| <0

.

[y
bl \\\ ,..

»
which is ‘equation 1.25 rearranged.' Departuré from

linearity 1s due to ‘a non-zero field shift term, i.e. a

non-zero 5‘“<r=>.»The graph. shows greater than exbecfed




B @ CL shi fts in the lightest isotopes. ¢ .
N o Table 4.2 shows the Ky ISnmeasui',en;ehts for the 557

S
¢ 0

nm line obtained by Gerhardt [Ger 791, -

/

-

' Table 4.2: Kr isotope shifts (in MHz) for the 557 nm line.

[peaks  prevar pemm gyrecane o gyememne
78-80  102.3 +/- 0.8 - 94.0 8.3 +/— 0.8 7.2 +/~ 0.7
80-82  94.6 +/~ 0.8  89.4  S.2 +/— 0.8 4.7 +/- 0.7,
82-84 84.‘6\1—/* 0.6  B5.1 —0.5 +/= 0.6 ~0.47%/- 0.5
84-86,  87.5 %/’— 0.6, 81.2 6.3 +/— 0.6+ 6.3 +/- 0.6

N +
1
N z ~

‘ .
o ———
,

@ Plotting the modi fied shifts of the 587 nm line

, versus those of ‘theé557 nm line vyields a King plot. A

e o

straight 1line is expected as predicted by (1.27). Its slope
" gives F(387)/F(557), and the offset 1s:

Mo<—as C M(587)°""—I;'(587)'/F(557) M(557 )®ne ] |
- , ‘&
The 237 nm transition’ data’ is—wused-because the electronic

L . factor F(S557) is known and is equal to —0.54 GHz fm—=, with -

" no’error given [Ger 791].
The King plot 1s shown on graph 4.2. Its slope is

N , o]
found to be 0.36 +/- 0.17 which gives F(587)= —0.19 +/- 0.09

i i

.GHz , fm~2. A theoretical estimate of jms—magy2s _has been done

and gave —(32.1 +/- 20.1)x10"® "fm-2 ([Ger 73]. We now have

]

all the refquir;ad ‘information to calculate the ~ SMS
. v ] *

o ~contribution to the- total shi ft and 5““'(;*2‘) for all the

ty -



isotope pairs. The following equations are used:

©(4.3) addy """.‘5-7. wrm SOYSAEe » SHB-reT F(S587) (®=-eag,r2>

’

b) OVAA’° wer yomm = Maa. /Mups—0aV®* %% ag,  ans

~

c) §ArKr3=C v e, areere ‘51’““'5-7.-"-)_/"-(587)

The results are listed in table 4.3.
’ \

- Table 4.3: 5MS for the 587 nm line and 67“'<r=> ) -
‘ peak Op~*° (S587)ame muz;«fﬁfA'ér=>cx13—=- fm) '
78-80 32.9 +/- 6.0 -40.2 +/- 32.9
80-82 - 31.3 +/- 5.7 ~50.0 +/- 40.2°
) 82-84 29.8 +/- 5.4 —24.2 +/- 32.0
84-86 28.4 +/- 5.2 ~-32.7 +/- 20.1

4.1.2) lsotopic_shift results - Jackson_ [Jac_803]

S e s s e e S Sl e T e S et o g S —— - —

L 4 3
For comparison the tollowigg results obtained by’
Jackson in 1980 are 1listed. These are used rather than
Audet’'s [Aud 851 because they include measurements of the
Kr 7®@—-Ky ®o shifts./ Table ,4.4 displays the total shi ft,
FS+SMS, and the modi fied .residu;l shift. The NMS are the

‘same as the ones given in table 4.1.

¢ , .
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Table 4.4: Kr IS of the 587 nm line - Jackson [Jac 801

peaks ope=v e Syrermme oy’ revens
78-80 133.5 +/- 3.3  43.6 +/— 3.3 37.7 +/- 2.9
80-82 124.2 +/- 3.0 38.7 +/— 3.0 35.1 +/= 2.7
82-84 114.0 +/- 3.0  32.6 +/— 3.0 31.1 +/- 2.9
84-86 113.1 +/- 1.5  35.5 +/— 1.5 35.1 +/- 1.5

i

Jackson’s modi fied residual shifts plotted as_ a
function of the S57 nm,shifts from Gerhardt yield a King

pPlot of slope 0.78 +/- 0.26. This gives an electronic factor
s

é
F(587)= -0.42 +/- 0.14 GHz fm—2. Table 4.5 displays the SMS

and the. §~~"<r2> obtained from these results.

Table 4.5:SMS for the 587 nm line and 6“"<r’>—Jackson

peaks Oymrm(MHZ) §A~"<r2> x10-2 fp3 r
78-80 25.1 +/- 1\1\\.3 Y -44.0 +/- 31.0
80-82 23.9 +/- 10.8 -35.2 +/- 28.8
82-84. 22.é +/- 10.3 -23.3 +/- 26.6
84—-86 21.7 +/- 9.8 -32.7 +/- 20.1
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Graph 4.1 Total shift versus specific mass shift
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Graph 4.2 King Plot Nk, -
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The results of the present work confirm " the
Y
findings of past experiments. The isotopic shifts involving

the s level 1n krypton cannot be due totally to the mass

eTfecé: volume effects are . present. '

+
f

Our reésults for Hy**"<r2> confirm the observation

of Gerhardt who studied the 557 nm transition in 1977 LGer

’

*771. Adding neutrons in the lower half of the ge.,2 shell

(A=78 to A=82) introduces the largest change in&(r’)compared
to~filling the upper half \(A=82 to 86). This is alsd
observed on graph 4.1 which shows shi fts greater than those
expected for the Kr7®-Kr®° and Kr®°-Kr®= pairs.

As expected the 5“’<r2>are,negat;ve, as adding
neutron pairs brings the number of neutrons close to the
magic number. Radiocactive Kr”® is now believed to be one of

the most deformed nuclei in the ground state [Mar 861, while

. the closed shell Kr®s ;g spherical. Thus, the 5‘“'<r2> give

evidence of a change in the nuclear shape from Kr7® to Kroe,
This gives ample motivation to perform studies of the.

Kr 7&-Kr7® shi ft. \\ .
’ ¥

The total shifts measured here are in _ good

agreement with those obtained by Jackson. However, the

residual shifts Jyre-sme 0 very close for all the i1sotope

J b

pairs. These yield a King plot whose slope seems arbitrgry
considering the relative magnitude of the errors. The

electronic factor obtained hete is F(S87)= -0.19 +/- 0.09
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GHz fm—2, while Jackson’s result is —0.42 +/- 0.14 GHz fm-=.
. .
This discreptancy 1s understandable; a difference of only

one channel in a shift measured on a spectrum means
eventually displacing a point by 2.5 MHz on the King plot.
Despite the difference in F(587), the values for the SMS and
5“"<r2>agree with' Jackson'’s results. The most that 6ne may
realistically hope for is to detérm1ne unambiguously the
sign of 6“’(?5>,lpnd estimate the relative contributions of

-

the NMS, SMS and FS to the total shi ft.

4.2) Hyperfine structure.

On figure 3.4 a) four hfs peaks belonging to Kr®>®
are labelled. In this section, the Az and Bx coefficients of
the hyper fine splitting of the upper level wi1ll be
deﬁermined bringing abogt the identification of all visible
hfs peaks. As shown in appendix A, the upper level of the
transition 5553/231—5p'[3/232 has five hyperfine sublevels,
while the lower transition has three, giving nine allowed

transitions. The difference in energy between an upper and a

lower sublevel may be written as:

\ ~
™
(4.4) Ezs = Ezﬂz.‘-;-,—cs,mn) = Eq—Es+(Wea—Wes)

’

where Es and E, are the center of the upper and lower

levels, and We, and We= are the hyperfine splittings of the



™
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©
particular sublevels. The quantity Ex-E; is the exbeéted
transition energy in the absence o} hyper fine splitéihg,
lwhich~ may be assumed to be at the center of the spec;rum,
i.e. very E}OSE to the Kr®=* peak. The energy Wea—Wey is then
the distance of the hfs peak to the Kr®+* peak.

The A and B° coefficients of the splitting of the
lower level have been found by Jackson [Jac 77]. They are:
- Ager = -160.4 +/— 0.6 MHz,
Bjwms = —105.9 +/— 0.6 MHz.

Thus the distance of any hfs peak to the Kr®® peak is given

by:

(4.5) W(I=9/2,3=2,K')-W(I=9/2,J=1,K)=1/2 K' Ax+B2/432

.

[3/4 K' (K’ +1)-148.5] +80.2 K+1.47[3/4 K(K+1)-49.5]

according to equation (3.2). Audet has done a thoroqgh study
of the hfs of Kr®* and found the two leftmost peags to
belong to the transition 11/2-13/2 and 9/2-11/2. 0On our
spectrum these peaks are separated from the Kr®* peak by
-1011 +/— 17 MHz and é1874 +/—= 17 MHz respectively. Putting
these numbers and the appropriate K values in.(4.5) gives
2=—295.4 MHz and B2=143.5 MHz.

Nieh these values of Az and B the two leftmost
peaks may be identified. One could try’ the rémain;ng’seven
hyper fine transitions, put the appropria?e K values in (4.3
and match the measﬁred separations to the calculated ones.

Using some foresight we ¢try the 9/2-7/2 and 7/2-5/2
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transitions. Table 4.6 1lists the measured and calcul ated

separation of the four hfs peaks to the Kr®= peak.‘

Table 4.6 Kr®® to Kr®= peak distances (in MHz).

transition measur ed calcul ated
11/2-13/2 -1874 +/--17 -1874
9/2-11/2 —-1011 +/- 17 ~-1011
9/2-7/2 1887 +/- 25 1987
. ‘ 7/2-5/2 2337 +/- 30 2491 '

The two last transitions lfsted are those which give
the best correspondence between the measured and calculated
separation. Now that four hfs peaks are identified one may
find better values of Az and Bz which do not rely on the
assumption khat the Kr®+* peak and the center of gravity of
the Kg®2 transitions coincide. Instead the actual hfs peaks

“separations are used.
The separation between xthe“two leftmost peaks is
874.5 MHz and yields the equation:
-6.3 Az—.542 B==1854.3‘MH2 -
The separatioq between the two rightmost peaks is
450.5 MHz and yields the equation:
i ’ -39 A2+.437 Ba=1061.6 MHz .
Solving these give Az=-292.5 MHz and Ba=86.6 MHz.
This pleces” the center of the Kr®® transitions 53+/-340MH2
to the left of the Kr®* peak; i.e.,ﬁalfway between‘the Kr o=
N \
Q0
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and Kr®+ peaks. The high error is a reflection of the  high
error in the evdiuation of the position of the low intensity

Kr®® peaks (as shown on table 4.6). There is also a large -

uncertainty associated with the spectrum ¢dlibration due to

non-linearity in the laser scanning, giving a large

cumulative error over wide intervals such as those which

characterise hfs.

«
The other five Kr®® peaks lie between the four

peaks studied. In Audet’s work, the '9/2-9/2 and .7/2-7/2
peaks were clearly visible, but they remain undetected here.

-

However, the-9/2-7/2 peak is found here and was invisible to
Audet; the reason for this is not known. One possibility is
that the frequency modulation technique favors some peaks:

over others due to the different form of the I(WwW) spectrum

(see equation 3.95)




=

&

iy - 69"

°

Conclusion

Thig/zofk has demonstrated the usefulness of using a
double probe beam and f;equency mcodulating the laserr %utput,
"as modifications to the technique of. polarfsation
spectroscopy. Per fect elimination 1of the Doppler-broadened
absarption background could not be achireved, but it could be
substanti1ally reduced. The frequeﬁcy modulation gave spectrum
. and background which are_ derivatives of - the amplitude
modul ated technique; 5515 complicated;somewhat the spectrum
intensity equation. Hence, the positxonxng‘of the transitions
called for a 1lengthy fitting procedure. However , the
sensitivity attained using this &SE?EFEEFd reduc1n§.€echn1que
allows isatopic shift measurements for isotopes present in
con?entrations as low as 0.1 % .
' Measurements of i1sotope shifts were done on the
stable e;en Kr isotopes i1n natural and énriched mixtures. The
_resultiﬁg calculations yielded the separation of the field and
the specific mass shifts and the §<r®>were found. The enriched
mixtures were used tc enhance the signal from the less
abundant k}7° isotope to improve the précxsxon overvprevxous
measurements. Also thg A and B’ hyper fine spllttingA
coefficients of Kr® yere determined for the upper level and
the ceqter of gravity of the hyperfine transitions was found.:

The high senéitivity é%ta1nedszith the present
teéchnique should allow the determination of the.shift between

the radioactive Kr?® and the stable Kr”® isotopes. This should

be most interesting due to the strong deformation of Kr7®.
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Al Even_isotopes -

—— —— - — o o—.
N\

excited energy levels must be found on the basis of jl
coupling, where j is the angular momentum of the core which
has one hole due to the excited electron, and 1 is the

orbital angular momentum of the electron. It turns out that

‘thé levels are grouped 1n pairs with the total angpfar

-

momentum J varying b9 one unit. A conventional way to
describe a state is nl1[KlJ, where n and 1 are the principal
and prbltal angular momentum quantum numbers of the éxcited
electron, K is the angular momentum obtained from the jl
coupling, and may take on the vaiues from |J+ll to |j—ﬂ in
unit step. J is the total angular momentum of the state
obtained f}om the vector addition of K and s, the excited
electron’s spin.l For a given "nl" excited state it day
happen -that this identi fication scheme yields more than one
state of particular K and J valdes. For this reason the one
formed using the lowest j value (hence! highest in energy)
is written as nl’(K]J. .

In the case of KrI, the dround—state is 4p*1So. A
first set of excited levels ié‘found from the 4pS5s® group.
This'leaves a hole in the core having fh=1, sn=1/2 giving
Jj=372, 1/2. The excited electron has 1=0 and s=1/2. The core

angul ar momentum j=3/2 couples with 1 to give the states;

For rare gases L-S coupling does not hold and the

.
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-.  ~ 5s803/212 " and .

SsE1/231 .

N
—

The  angular momentum J=1/2 gives the primed states;
Ss’C1/211 and
) | 5§'[1/230.,
. ‘ The second group of excited levels are from the
érdup ngSp*, and it 1s now easy to show that the following
stgébs are obtained;
with j=3/2;
- Spl5/213  5pC5/212
Spl3/212 Spl3/2121
Spli/211 S5pl1/230 and
with j=1/2;
Sp’L3/212 5p'&5/2]1
Sp’C1/211 Sp'{1/210 . , - o
; The energy level diagram is shown on figure A.1;
The 557 nm line corresﬁondig to the Sp'[3/2]2;5§C3/232
transition and the 585 nm line gorresponding to the

5p*(3/212-5sL3/211 transition are shown.

A-2) Hyperfine gplitting of the 587 om_ling of Kr®a

The last neutrons in Kr fill the gs.,a shell. Kr®=»
has one unpaired neutrbn and thus possesses a huclear spin
I=9/2. An electronic level of angular momentum J has the

B

hyperfine sublevels given by F=J+I. Hence, the upper level
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the hyper fine sublevels 3

of the 587 nm tran;ition‘ has

13/2,11/2,9/72,7/2,5/2, and the lower level has the sublevels

11/2,9/2,7/2. The nine allowed transitions obey the .

selection rules F=0,+/-1. They are shown 1n figure A.2 -.

The ‘origs which show up on the polarisation spectrum are the

11/2-13/2 and 9/2-11/2 on the left, and 9/2-7/2 and 7/2-5/2

‘on the right. of the even isotope peaks.
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A.l:’Energy levels of the 4p®5s?.and 4p®Sp! groups of
KrI. - = ]
Cy= _
v \ s e o i
Sp'li1/2] '
‘ 1
] ‘*% N
3S7nm .
2
Sp'L3/21 "
1
L 587nm .
. 9p'L1/2]
2
Spt3s72y  __ -1
Spl5/721] 3
1 3 @ L - 1 )
, Spli/21]
s
i 1 - -
' 5s'(1/21]
. o
o 4
. . .
Ss(3/21] 2 .
a’ t
!SO -
. Mot



o

F=13/2

F=11/2

F=9/2

F=7/2

F=5/2
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Appendix_B: Programs

A few programs have been specially written to
analyse and display the spectrum. Little will 69 sard abouf
the display program except that 1t is baséd on a graphics
subroutine package called HALO ([HAL- 851. The program,
written 1n FORTRAN, allows the overlay of two spectra, which
shows its usefulness when data and fits are compared; The
etalon C?Iibration and the spectrum fitting programs are

described next in greater detail.

B.1) Etalon_calibration_program .

} - {
The listing of the etalon calibration program,

called FPEAK, 15 given at the end of this appendix. Its
purpose is to find the average etalon peak separation and to
find the calibration using the known mode spacing. It relies
first on a lower threshold parameter , LOTH, and considers
every channel whose content is greater than LOTH as being
part of a péak. The peak’s boundarles'are defined by the
first channel on the left to thé last channel on the right
which are above the threshold. After a peak has been found,
its centroid is calculated (lines 72 to 75).

When all points have been analysed and a set of

peaks have been found, the intervals between all the peaks
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must be greater than a user-specified lower 1limit (line
104> . ° Closely spacea peaks are considered as multiple peaks
caused by the frequency modulation of the laser and a
weighted average center is found (lines 105 and 106).

Finally, the average interpeak separation and average

- deviation from the mean are found, giving the spectrum

calibration and error using the etalon mode spacing.

B.2) The_spectrum_fitting program

/

v

/
The fitting procedure consists of a main program

and three related subroutines. They are:

FITKR2; main program which handles data input /output

©

and the parameter search,

MATINV; matrix inversion subroutine found in Bevington

[Bev 691, ' . .

“

FCHISR; subroutine to'calculatesz, also from [Bev 691,
FUNCTNZ; function 1 subpr ogram containing . the
polarisation equation to fit to the data.

FITK&2 is based on a parameter search subroutine
called CURFIT written by Bevington. It does a simul taneous
search of all @he parameters of the equation to be fitted
through the minimization of the X 2. Following is a
description of the fitting procedure.

Call y(i)» the function to be fitted and y‘ the

data in channel "i". The function y(i) depends on the




=17~ .

parameters a, to be found. The function may be expanded to

first order in the parameters;

NPARA

(b.1) y(i)=y°<i)+2[ay°<i>/aa, JaJ] y
. . _

s

o

wvhere the sum is over the number of parameters. The problem__

boils down to evaluating the 5 ayg's to bring the function
close to the data. To do this the X2 is minimzed with

respect to the parameter increments 6a4’5;

Nl TS neata

(b.2) X == Zl/m’ [y‘—yo(i) -Z:[ay°<1>/aa, 5a,;|] 2
i J

(b.3) aX“’/aaak=—-2Zl/sz‘—yo(i)—E (8yotid/da, JAJ]] '
i J
dyotid/fdan = O .

This yields a matrix equation in 53,'5;

newA, ¢
(b.4) B.;;éaJ O,. with 4 ,
> -
NvaikTs ' C
(b.5) _3:‘=‘Z1/o1= (y1-Yo(i)) Oyolid/0aw
¢
dpaintg

(]

a_,.;z,‘l/(h? Odyotid/day Oyotid/la. .

&
The FITKRZ requires starting input parameters. The
first X= is calculated and minimzed giving the set of n
equations. These yield simultaneously increments to all the
parameters which are put back in the function to be fitted,

"
and a new X= is found. To accelerate the parameter search



and prevent divergence,’a special feature is used to vary

) "the direction of the search in parameter space. The matrix

equation (b.4) is rewritten as;

N

. n ,
(b.6) Bk=.za_, A e (1+5ka) -
J;‘

&

The parameter A determines the search direction.
If it is large the matrix edquation becomes n separate

equations:
(b.7) B,=Nda, a,,

which giwves ‘increments 5a, in the direction of the gradient

ayo(i)/ an. In successive i1terations, if the X= increases,

is multiplied by 10 to accelerate the convergence. If the X=
decreases, then A 1s divided by 10 to slow down the search

and prevent ‘divergence. Other schemes to vary)\may be used
“3"‘;‘, 4

and the -“successfulness of a fit on this scheme and on the
initial input values of N\ and ay’'s.

Now examine the FITKR2 program. The data and
initial parameters are read in lines 60 to 118. Then the
0.'s (WEIGHT(I)) are evaluated from lines 122 to 136. In
lines 142 to 173 t;\e Bk’s and U4, 's are e‘valuated calling
upon the subprogram FUNCTN2. In lines 155 to 162, the
partial derivatives of the function with respect to the
parameters are found. At line 182, the iditial X= is

calculated. The matrix @ is inverted at line 197 and the new

S 3

2
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parameters are found at line 205. These are put back in the
function at line 216. If the new X= is greater‘than the old
one, A is multiplied by ,10 and new parameters are found. If
the neg&X’ is smallgr; the new parameters become the 1nput
parameters to the fit, Ais divided by 10 and a new 1teration
begins. When the X= decreasés by less than a user-specl fied
tolerance value, or when the number of 1terat1§n5 have

reached a preset upper limit, the resultant parameters are

put in a formatted file (lines 246 to 266) and the fit o

-the data is saved (line 272).

The MATINV and FCHIS® subroutine have heen
borrowed unaltered from Bevington [Bev 69]. The FUNCTNZ2
function subprogram contains the derivative of the

polarisation spectrum i1ntensity equation (2.135).

-

Al
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Fage 1
-80- . 08-11-86
13:59:56
Micraosoft FOPTRFAN77 V2.20 02/84
Program FPEAV used to analyse the etalon spectrum. It
finds. the center of gravity of each peal, finds the
number of peals; the mean i1nterpeal distance and the
mean square deviation from this mean. The program
prompts the user for the etalan spacing and thus cali-
brates the spectrum. The program eliminates spurious
peals which are usually below a certain threshold spe-—
z1fied by the user. The priftout will® contain the mean
interpeal distance and 1ts error and the positions of
the peals. The following 1nteqger variables are used:
Xt2048r= array of channel contents
LOTH= lawwer threshaold value
WAFEA= weighted area (sum of chan.# * content) .
AFPEA= sum of channel content within a peal
The fallowing real variables are used:
DIFt(e01I= array containing i1nterpeal distances
AYVIN= average i1nterpeal distance
ETSF= mode spacing =f the etalon in MHz
ETEF= error on ETSF
ZAL= calaibration
EFCAL= error on the calibration -
~CMX(601r= array wcontaining the cm of each peal.
The TOLerance refers to the width 1n channels within
which multiple peals should considered as maling up
a single peal and be averaged. The choice of LOTH and
TOL must be optimised to give the smallest erraor.

FEAL DIF(EQ1,CMX(E0), AVIN, SMEAN, ETSF, ETEF, CAL, EFCAL, EFFOF,
FLOAT, TOL

INTEGER*3 X (4096) ,LOTH, WAFEA (E0) , AFEA(ED) ]

CHAFACTEF %1 ANS1, ANSZ .

THAFACTER %20 DUMMY, PEA}

WFITE (%, S0
CONT INUE

WRFITE(*, 100 .

FEAD (%, {1001 DUMMY : -
OFENC(UNIT=1,FILE=DUMMY, STATUS="0LD* , FOFM="'EINARY’ )
WEITE (%, 150)

READ (%, %) N

NOW READ ALL THE DATA FFOM THE ETALON FILE INTO XtNY.

READ (1) (X(I),I=1,N)
CLOSE (1)

CONT INUE

WPTITE (%, 200 \

READ (%, %) LOTH

WRITE (%, 225

FEAD (%, %) TOL

WRITE(*, %) 'MARKER 1’

J=1

1=1

DO 2 H=1,60

AFEA (} 1=Q : o
WAREA () =0 ‘
CONT INUE

IN THE FOLLOWING LOOFS THE ETALON DATA IS EXAMINED. IF A

[




D Line#
60
€1
el
E£3
&4
&5
(1)
&7
£8
&9
70
71
72
75
74
75
7€
77
78
73
80
81
8z
83
84
85
86

3t 87

r*? 88

T 83

30
1
=
93
94
95
96
37
38
I3
100
101
102
103
104
105
106
107
108
1 103
1 110
1 111
11
113

‘ 114
o 115
116

v 117
118

Page 2

: 08-11-86
. -81- 14:59: 56
1 7 Microsoft FORTRAN77 V3.20 02/84
o PEAK IS FOUND ITS CM IS TALCULATED.~THIS IS DONE UNTIL I=N.
(N . ’
I THE FOLLOWING TEST 1S DONE TO ENSURE THAT WE DO NOT START
o IN THE MIDDLE OF A PEAL. oo
4 CONTINUE : ‘ :
s . IF (XcId .53T. LOTH) THEN
' I=I+1
30 TO 4
ENDIF -
5 CONTINUE ,
- IF (I .3E. N> 30 TO 8
IF «x¢Iy ,aT. LOTH) THEN
WAFEA ¢ J)=WAFEAC J)+(X ¢ 1) —1LOTH) %I
AFEACJ)=APEA(J ) +X¢ 1) -LDTH
. IF «X(I+1) ,LE. LOTH» THEN . T
MX (T =FLOAT (WAFEA(J) ) /FLOAT CAFEACT )Y - >
& I=I+1 :
i J=J+1, - & ’
50 TO S . R
ELSE .
I=I+1 : -
50 TO S ‘
ENDIF
ELSE
I=I+1
50 TO S
" ENDIF
C :
o WE NOW HAVE THE FOLLOWING; J-1 FEAtS FOUND, CMX( )
n WHICH CONTAINS THE J-1 PEAK FOSITIONS.
i
e J=J-1
WFITE (%,%) "MAPKER 2!
IF (J .EOQ. G9 THEN
WRITE (%, 250)
50 TO 60
ENDIF .
i ° A ,
C THE FOLLOWING LOOF DETEFMINES IF THE FPEAFS AFE SINGLE
n OF MULTIFLE PEAVS. :
C i .
L=1
85 ZONT INUE aﬁi
WRITEC*, %) L ¢
IF ((CMX(L+1)—CMX<¢L))» .LE. TOL» THEN
CMX (LY =(CMX (L+1 1 ¥FLOAT (APEACL+11)1+CMX (L) *FLOAT
$ CAPEA(L) )/ CAREACL+1)+APEACLY ) ;
AREA (L )=APEA (L) +AFEA (L+1) r
DO 37 I=L+1,J-1
CMX CIr=CMX ¢ I+1)
AFEACI ) =AFEACI+1)
57 CONT INUE
J=J-1
fIF L LEO. Ty GO TO 36
L=L-1
ENDIF )
o L=L+1
IF (L .LE. «J-111 30 TO BS
36 CONTINUE ) 4
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-82- 08-11-86
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119 » WRITE (%, %) . * MAPYEF 2!
120 C - .
( . 121 © NOW CALCULATE THE AVEPAGE INTERPEAK DISTANCE o
2200 ' .
o3 AVIN=C(CMXC(IY-CMX 1) 1 AFLOAT (J~-1) .
124 Do 10 I1=1,J-1 . . .- \\
1 125 DIF(I)=CMXCI+11—CMXCI) ’ D
1 126 10 CONTINUE
127 DIF(J)=0
128 C
129 C CALCULATE THE MEAN SOUAPE DEVIATION.
120 0 ’ ' .
131 WRITE (*, %) *MAFIEF ! ‘ ~ §§
32 SMEAN=O . .
132 DO 20 I=1,J-1
1 134 SMEAN=SMEAN+(DIF (I 1-AVIN) #%2
1 395 20 CONTINUE >
136" EFPOF=GDFT «SMEAMN /FLDAT -1
137 C
138 C FEAD IN-THE ETALON SFECIFICATIONS. ,
139 L
140 WFITE (%,300) ' ////
141 FEAD (%, %) ETSP,ERSP . : . s
142 CAL=ETSF/AVIN
143 EPCAL=CAL* C(EFPFOF/AVIN+EFPSFP/ETSPF »
144
145 WRPITE (%,400)
146 READ (%, 1100 PEAL

DFEN(UNIT=Z, FILE=FEA}l , STATUS='NEW' ,FORM="FOPMATTED?
ENTEF PESULTS IN THE QUTFUT FILE.

147
‘[: 148

)

143 WRITE(Z,S25) FEAL , DUMMY ) )
150 WRITE (2,450 AVIN, EFROF .
151 WPITE(Z,710) ETSF, ERSF
152 WRITE«Z, 5000 DAL, EFCAL

. 153 WFITE(Z,S0S) TOL

Vo 154 WFITE(Z,510) LOTH
155 WFITE (2, 5500 .
156 WRITE(Z,600) (I,CMX(I),DIF¢I),I=1,T) ‘
157  CLOSE(Zn
158 ¢
159 ¢ DO AGAIN ~
160 WRITE (%, 650)

T 161 FEAD (%, 1500) ANS1
162 IF (ANS1 .EQ. 'N’') 30 TO &0
163 WRITE (%, 700)
164 READ (%, 1500 ANSZ2
165 IF (ANS> .EO. *VY') THEN
166 DUMMY=? '
167 G0 TO 1
168 ELSE
169 G0 TO 3 o
170 ENDIF
171 ¢
172 ¢ WRITE FORMATS: °
» 173 © :
‘3\ 174 S0 FORMAT ('Q', ? THIS FFOSFAM WORKS FOR A MAX OF €0 ETALON FEALS’, /)

175 100 FORMAT ¢’ ENTER THE ETALON FILENAME :', /)
176 150 FORMAT (' ENTER THE .# OF CHANNELS (2048,30965%:', /)
177 200 FOPMAT (* ENTER THE LOWER THRESHOLD =", /)
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y 178
173
180
QE, 181
18z
183
. 184
185
186
187
188
183
120
1391
i9z
133
194
195
136
- 137
~ 1398
1399
200
201
20
—03
t

DUMMY
EFCAL
EFFOF
EFSF
ETEF
ETSF
FLOAT
I

J

b

L
LOTH
N
FEAF
SMEAN
SORT
TOL
WAFEA

J
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oo FORMAT(' ENTER PEAK RESOLUTION IN- # OF CHANNELS:',/»
250 * FORMATY(' NO PEAKS WERE FOUND ABOVE THRESHOLD', /)
300 FORMAT(' ENTER INTERMODE SPAC ING, ERROR IN MHz:’, /)
400 FORMAT (' ENTER OUFUT FILENAME :’,/)
450 FOFMAT(' THE MEAN FEAF SEFAPATION IS ’,F7.3,1X,
$ 'WITH AN EFFOFP OF ’,F5.3,' CHANNELS?’,/)
SO0 FOFMAT(? - THE SPECTRUM CALIBFATION IS ’,FE.3,2X,
$ '"WITH AN EFFOF OF ’,FS.3,' MHZ/CHAN', /)
S05 FOFMAT(’ THE TOLEFANCE IS ',F3.0,’ CHANNELS’, /> o
510 FOFMAT (' THE THFESHOLD IS ',I4,’ COUNTS', /)
525 FORMAT('0O? , 10X, A7,4X,A7, /)
550 FOFMAT(' (0!, 10X, ' PEAF NO.',SX, 'PEAK FOSITION’,7X, " INTEPVAL',
S /T T, LOX, T RN TN T R RRRER N ERRRT T AR RT /)
E00 FOFMAT (' ', 13X, IX,10X,F8.3,11X,FB.3)
E£S0 FORMAT (! _ANOTHER TRY (Y/N) —7)
700 FOFMAT(' PEAD A New ETALON SFPECTFUM (Y/N) ™', /)
710 FOFMAT (' INTEFMODE SFACING IS ’,F&.2," +/— "',
) 3 Fa.2,' MHZ', /)
- e
i ~FEAD FOFMATS: %
~
1100 FOPMAT(AZO) *»
1500 FOFMAT(AL)
C ' ¢
~60 STOP .
END . ;
Type Offset P LClass
CHAF*1 17458 . -
CHAFP*1 17453, o ’
"INTEREFR*4 17106 -
FEAL 17402
FEAL . 17430 :
FEAL 16866
FEAL -
CHAF %20 1734€
FEAL 17424 ‘
FEAL 17418 -
FEAL 17426
FEAL #* ¥ 3 ¥
FEAL 17422
INTPINSIC _ ’
INTEGEFR %4 17270
INTEGEP %4 17286 ‘ \
INTEGEP*4 17390 ' ‘
INTEGER*4 17334 ‘
INTEGER*4 17278 ‘
INTEGER*4 17366 -
CHAR* 20 17428
FEAL 17410
INTRINSIC . \
PEAL 17282
INTEGER*4 16626 —
INTEGER*4 z32 . '
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Program FITKR to fit the IS spectrum over
a predetermined range and find the zenters
a maximum of 7 peaks.’

- Based on the subroutine CUPFIT by Bev1ngton .

and on MANFIP by Audet.
-mplementary subroutines:
" FUNC TN= parameter dependent equatlun of

the spectrum to be fitted

FLHISD=f1inds chi-square of the function

MATINV=matriv 1nversion program,
FITFR prompts the user for the channel i1nterval
tx be fitted and the starting parameters. The .
chi—-square 1s then calculated. The minimisation
tw first order of the chi-square qives NTERMS
equations with an equal number of unknowns. The
matriv 1s 1nverted and new parameters are.found. -
The program loots for the best parameters i1n the
parameteh space 1n steps size set by FLAMDA.

Feal vari1ables:

AINTEPMS)»=parameter avray
DEL TAAINTEFRMSY=1nterval array for derivative
SIGMAA(NTERMS =parameter errar arvay
B(NTEPMS)=new parameter array
DEPIV(NTEFMS)=partial derivative array
YFIT(NPTS)=fitted spectrum array
FLAMDA= parameter space search step size
CHISQ1l=initial chi-square
CHISOT=test chi1-square
CHISQ=final chi—-sqguare
WEIGHT (NPTS1=statistical weight of each data pt
for chi—square minimisation:
BETA (NTERMS
ALFHAINTERPMS, NTEFMS) .
'ARFPAY (NTEFMS,NTEPMS) =1nverted ALPHA matri

Integer variables:
Ni,N2=fitting range 1n channels
NPTS=number of data pts
NTERMS=number of fitting parameters

NFREE=number of degrees of freedom \

ICOUNT=number of 1terations
Y(1000)=data pts array
IDUMC Y=dumping array

Character variables:
FILNi=data filename
FILNZ=fitted parameter filename
FILN3=fitted spectrum filename

CHAFACTER*20 FILN1,FILN2,FILN3,ANS*1

REAL FLDAT,A(E?W,FLAMDK,YFIT(IOOO),SIGMAA(EBY

REAL DELTAA(29Y, ALPHA(29,29),BETA(29),B(29),DERIV(29)
DOUBLE PRECISION ARRAY(29,29),DIFF,CHISO1,CHISO
DOUBLE PRECISION CHISET,WEIGHT (1000

INTEGER N1,N2,NPTS,NTERMS, NFREE, I'ZOUNT
INTEGER*3 IDUMC(2048), Y (1000, IFIX -

INPUT DATA -
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61 WRITEC(#,%) *ENTER THE SPECTRUM FILENAME:'
€2 PEAD (%, 100) FILN1
vg) £3 100 FORMAT CAZ0)
€3 ‘OPEN(UNIT=1, FILE=FILN1,ACCESS=" SEQUENTIAL’, STATUS="0OLD’,
€S $ FOPM='RINAFY'
EE FEWIND ¢ 1)
7 WRITE(*,%) "CURVE TO BE FITTED FROM ,TO ¢(IN CHANNELS) ~!
€8 FEAD(%, %) N1,N2 .
€9 NFTS=NI~N1+1
70
71 C FEAD IN Y(I) ONLY THE PTS TO EE FITTED
72 C .
73 FEAD¢1) IDUM ,
- 74 DO 6 I=1,NPTS »
1 75 YIi=IDUMI+N1-1) . ’
1 76 € CONTINUE
77 CLOSEC1)
78 ﬂ ! ‘
79 C ENTER THE VARIOUS FPARAMETEFS ?
80
81 ' WFITE(%*,%) "ENTEF THE NUMEER CF FEAFS TO EE FITTED (MAX 71:!
-82 FEAD(*, %) NTERMS
83 NTEFMS=NTERMS*3+4
84 WRITE(*,%) 'ENTEF .THE NUMEREF OF OFFSET COUNTS:'
85 FEAD(*, %) ACNTEFMS-37 - N
8E 1C=1
g7 DO 10 I=1,NTEFMS-7,
88 ‘ WFRITE« ¥, %) 'ENTEF A,D,W,3AMMA OF FEAL. # ', IC
é{g 83 FEAD (%, %) ACI), ACI+1), AcI+2), AcT+3) ’ .
1 30 ACT+21=ACI+I1+1.-FLOAT(N1)
1 31 IC=IC+1 o
1 32 10 ZONTINUE
93 WEITE (%, %) * 7
94 WRITE (%, %) ' THE DOFFLEF EFOADENED ARSOFFTION IS, GIVEN’
95 WFITEC(*, #) PRY CU*EXF(—1%(I-W1%*2/C2y%(I-W1), ENTEPF!
, 96 WRITE (%, %) 1,02, Wi
57 FEAD (%, %) ACNTEPMS—-I),A(NTEFMS—1),A(NTEFMS)
38 A (NTERMS)=A (NTERMS ) —=N1+1
93 WRITE(%,%) *ENTEF THE CHISO TOLEFANCE (TOL< "11:' ,
100 READ(*, *) TOL -
101 ©
102 T OUTPUT FILENAMES:
103 C °
104 WRITE(#*, %) 'ENTEF THE FINAL FAFAMETEF FILENAME:’ )
105 READ (%, 100Y FILNZ :
106 WRITE(*,%) 'ENTEF THE FITTED SFECTFUM FILENAME:!’ .
107 PEADC*, 1001 FILN2 " ’ ’
108 C
109 SET INITIAL FLAMDA AND WEIGHTS
110 C b
111 7 WRITE(%*,%) 'ENTER THE NUMBER OF ITERATIONS:' * .
112 FPEAD(*, %) NITS
113 ICOUNT=1 : |
114 WPITE(%,%) *ENTEF STARTING VALUE OF FLAMDA ¢.0001 ~):?
D 115 FEAD: %, %) FLAMDA
116 NFFEE=NPTS~-NTEFMS :
117 IF (NFPEE .LE. O) THEN @ e

118 WEITE«%*, %) ' THEPE IS NO DEGPEE OF FPEEDOM'
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148
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w
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156

S7
158
159
160
161
16z

. 163

164
165
166
167
168
169
170
171
172
173
174
175
176
177

46

oo00oum

7
GO TO 800
ENDIF -

THE WEIGHTS ARE EVALUATED
NUMBER OF COUNTS IS TAMEN

THE OFFSET.

<=
CONT INUE
II=0
CHISOT=0.
IF ¢ICOUNT .G&T.

10) 30 TO

LE=IFIX(ACNTEFPMS=-31+.5)

DO 15 I=1,NPTS-

IF «YeDy .NE LCH THEN

Fage 3
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§

STATISTICALLY AND THE
AS THE NUMBER AWAY FROM

WEIGHT(IV=1./ABS(FLOAT ¢Y( IV ~LE M)

ELSE
WEIGHT (I =1,
ENDIF

CONT INUE

CALCULATE THE DERIVATIVES SUMMED OVEFR ALL PTS
(MODIFICATION OF BEVINGTON'S FDERIWV)

DO 17 J=1, NTEFMS
BETA (J)=0.

- b0 17 K=1,J
ALPHA(J,F ) =0,
CONT INUE

DO 38 J=1, NTERMS
DELTAA(JW"ABSJA(JY/IOO )

CONT INUE

DO S50 I=1, NFTS
DO 42 J=1, NTERMS
AJ=A(J)

A(JT—A(J3+DELTAA(J1
YYFIT=FUNCTN2(I,A,NTERMS)
A(II=AJ-DELTAAC(JI)

EVALUATE THE MATRICES

-

DERIV(J)=C(YYFIT— FUNCTN“(I A, NTERMS) ) /(2. #DELTAA(J))

A(JI=AJ
CONT INUE
DD 46 J=1, NTERMS

BETA(Jﬁ—BETA(J3+NEIGHT(IY*(FLDAT(Y(Iﬁb—FUNfTN° -

$(I,A, NTERMS) Y#DERIV(J)

- DD 46 K=1,J

ALPHA(J, V3‘ALPHA(J V)+NEIGHT(I)*DERIV(J)*DEPIV(V)

i

LDNTINUE
CONT INUE
DO. S2 J=1, NTERMS
DO 53 K=1,J

ALPHA (K, J) =ALPHA (J,K)

CONT INUE

IF THIS IS THE FIRST-ITERATION, FIND THE STARTING .

VALUE OF CHISQR.

]

1S

L

~

s

-

-

A
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196 ¢
197
138
199
200
201
- 202
1 203
1. 204
2 205
" 206
G -
s 208
203
210
211
~1z
212
1 214
1 215
216
217
218
=13
260 ©

hhl

L Sminl
e Kon sl —

-
2‘.0

224
225
226
a7
a2
230 -
, 231
, 232
G 233 103
. 234°
235
236 C

RER

3 ¥

Lol U N

T3 )

EN

o e T B N B 34 )

w
¥

[

7

- : ' ! FPage 4
-87- - 08-11-86
’ 14 \JS-Q
Micrasoft FORTPAN77 V2.20 02/84
IF C(ICOUNT .EQ. 1) THEN
DO 54 I=1,NPTS

'YFIT(I)-FUNCTN2(I A, NTERMS)

‘CALL FCHISQ(Y \JEIGHT NPTS, NFREE, YFIT,CHISQ) .

CHISRI=CHISA " , .
ENDIF > . .
WRITE(*, %) 'CHISO1, FOUND’

WPITE(#, *) "CHISO1=', HISO1

NOPMALISE ALPHA AND INVERT USING MATINV ROUTINE .

CONTINUE

DO 74 J=1,NTEPMS .-

DO 73 k=1 ,NTERMS )

APPAY<J, tr=ALPHACJ,} Y /SOFT c ALFHA (T, J1#ALPHA K, K1)

CONTINUE

ARFAY(J, J1=1,+FLAMDA y
CONTINUE

CALL MATINV(AFPFAY,NTERMS,DET) —
WPITE (%, %) 'ALFHA INVEPTED’

¥

EVALUATE THE NEW FAPAMETEFS AND CALL THEM E(I)

DO B84 J=1,NTEFPMS .

BCIY=A(T) . .
DO 84 K=1,NTEFMS’ ’ .
BECIY=B(JY+BETA (K *ARFPAY (J, ") /S0RT CALPHA (J, J) #*ALFPHA (K, K1) .

CONTINUE

FUT THESE PARAMETERS IN THE FUNCTION. IF THE NEW CHISO IS
GREATEF THAN THE PREVIOUS ONE THE SEARCH PARAMETER FLAMDA
IS MULTIF‘LIED BY 1 OFR 10, IF IT IS SMALLER FLAMDA IS DIVIDED

"BY 10.

DO. 32 I=1,NFTS -
YFITC(II=FUNCTNZ CI,B,NTEFMS) )
CONTINUE

CALL FCHISOCY,WETIGHT, NPTS, NFREE, YFIT CHIS®)
WRITE(*, %) 'NEW CHISO 'AND YFIT FOUND’“

NBITE(*,*) 'CHISO1= ' ,CHISO!1
WRITE(#,%) "CHIS@E= ', ZHISO o

DIFF=DABS ( (CHISO1-CHISQY/CHISM

IF (CHIS@ .GE. CHISO1> THEN .
IF- (CHIS@ .EQ. CHISOTY 30 TO 110 ‘
I1=I1+1 . ' '

IF ¢I1 .EQ. 4 GO TO 110 -

CHISOT=CHISA . .

FLAMDA=FL AMDA*10. . . ) .
GQ_T0 74 ] ‘ ' . ) .
ELSE ) .

DO 103 J=1,NTERMS .

ACTI=B(D) , '
SIGMAA(J’—SQRT(ARRAY(J,J)/ALPHA(J J) T .

CONT INUE _ )
FLAMDASFLAMDA/1O. '~ ‘ 3 e
ENDIF ‘ ¢ , ‘
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iF (DIFF .LE. TOL) 80 TO 110

IF (ICOUNT .EQ..NITS) GO TO 110
ICOUNT=ICOUNT+1

CHIS@1=CHISE - X
G0 TO 16 -

. CONTINUE \ -
. (y' * - ' )
¢ *SETUPs THE QUTFUT FILES,, . ,

OFEN(UNIT=1,FILE=FILNZ, STATUS="NEW',FOFM="'FOFMATTED")
WPITE¢ 1,550 FILN1,N1,NZ )
WRITE(1,SS1) FILNZ
WRITEC1,%) * THE NUMBEF OF ITEFATIONS IS:', ICTOUNT
wl=1 .
DO 162 I=1,NTEFMS—7,4 .
ACI+2Y=ACI+20 +FLOAT (N1Y~-1
WRITE 1,560 IC '
WRITE(1,570) ACI),SIGMAACIY At I+1),SIGMAACI+1),

$ AtI+2)y SIGMAACT+2) , ACT+32) , SIGMAACI+3)
IC=IC+1 T

=

ZONT INUE . Coe
WRITE(1,%*) * THE NUMERER OF OFFSET COUNTS 1S: ’, - /
$ IFIXCAINTERMS-21+.51,' +/- ', IFIX(SIGMAACNTEPMS~3 1+
WRITE¢1,580) LCHISO1, TOL. .
WRITECL1,%) ?*FLAMDA="' ,FLAMDA . :
WRITECL1,%) *C1=", ACNTERMS-2),"’ +7-! ,SII}LMAA(NTEF’MS—.‘.’ )
WRITEC1,%) ri2=", ACNTERMS-1), ' +/~',SIGMAACNTEPMS~1)
ACNTEFMSI=A (NTEPMS ) +N1-1
WRITEC1,%) *Wi=' ACNTEFMS),'+/~",S5IGMAANTEFMS)
LCLOSEC) . ’
OFENC(UNIT=1, FILE=F ILN3, ACCESS="SEQUENTIAL',
$ S'I\'ATUS=’NEW , FORM='EINAFY' 1=
DO 400 I=1,NFTS '
IDUMCID=IFIXCYFITCIN+,5)

CONTINUE — i
WRITEC1) (IDUM(I), I=1,NPTS)

CLOSEC 1) '

WPITE(%*,#) *FLAMDA=' FLAMDA

WRITEC*,%) *DO AGAIN (Y/N» =7 «
READ (%, 162) ANS . '

FORMAT (A1)

IF (ANS .EQ. 'Y’ .OF. ANS, .E0. ’y') .50 T0 7

WRITE FORMATS: ' ..

t
?'OPMAT(' FITTED FILE IS: ',A15,' FROM CHANNEL ',I4,
$ ' TO CHANNEL °’,I4, L.
$ /7 T, T HRREENRRRENRRR /)
FORMAT ('0’,7 PARAMETER FILENAME IS : ',A20,/) .
FORMAT ¢(’Q’,* RESULTANT PARAMETERS FOR PEAK NO: ', IZ2,/)

FORMAT¢' A= ' ,Fit.4,' +/— ",FB.4,' D= ',Fil.4,' +/~ ',F8.
% ‘7 ', JFREQUENCY= ’,F11.4,7 +/- ' ,F8.4,
$ ' LINEWIDTH= ',F8.4,%—+/~ " ,F7.4,/% = |
FORMAT (* CHIS@=""',D30.17,
s /," ','TOLERANCE= ',F10.8,/7% g
' STOP . . ) ‘
. END e ‘ ‘

.

4,
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1 SNOFLOATCALLS:
2cC Subroutine MATINV to invert a symmetric matrix -
3 .C and find its determinant (from Bevington).
4 C
5 . SUBROUTINE MATINV CARRAY, NTEF‘MS DET) * G ) e
€ INTEGER®4 IK, JK
7 DOUBLE PREr;smN AFFAY, AMAX, SAVE . N
8- DIMENSION ARRAY (293,29, IV (29), JK(29) .
3 10 DET=1. ,
10 11 DO 100 K=1,NTERMS . . .
11 c : ‘ ) ) : .
12 © FIND THE LAPGEST ELEMENT ARFAYGI,J1 IN THE REST OF MATFIX
12 . \ . .
14 AMAX=0. . - —
1521 DO 30 I=K,NTERMS , ) ' .
16 »DP0 30 J=K,NTEFMS A L CoT - ’
17 23 IF (DAES(AMAX)-DABS( (1,J32)) 24,244,320
18 24 AMAX=ARFAY ¢-I, J) ' r .
.13 KK =1 , . -
20 JKCKY =T o , )
21 20 CONTINUE . ‘ ' _
2 C :
23 ¢ “INTERCHANGE ROWS AND COLUMNS TO PUT AMAX IN ARRAY (K,K) |
24 - &« v ’ .
25 31 IF (AMAX) 41,32,41 ’
26° 32 DET=0.
27 GO TO 140 .
28 41 I=1K (KD ~ T ,
29 IF (I-K) 21,51,43 ‘
30 43 DO SO J=1,NTERMS _ v T
31 " SAVE=ARRAY (¥, J) ) Lo . '
I APPAY (K, J»—APRAWI I : .-
33 S0 ARRAY (I ,J)=~SAVE : .
34 Si J=JK (K
35 IF (JLK) 21,61,53 S , R
36 S3 pd 6o I=t, NTEF’MS e ‘ Co
37 SAVE= ARRAY(I K " , o )
38 ARRAY (I,K)= ARReY(I Jv o ) —
39 €0 AEFAY(I J)=—SAVE S ,
40 O
41 C ACCUMULATE ELE}jENTS OF INVEPSE MATRIX .
42 C ] .
43 61 DO 70 I=1,NTERMS - :
44 . IF (I-K): 63 70,63 ' . T .
45 63 ARRAY (I, K)=—ARRAY(I M/AMAX -
46 70 'CONTINUE ' : 5 ' .
47 .71 - DO 80 I=1,NTERMS
48 DO 80 J=1,NTERMS : . .
49 IF (I-K) 74,80,74.
50 74 IF (F-K1 75,80,75 _
51 75 ARRAY (I, J)=ARRAY(,I J‘)+ARRAY(I K)*ARRAY(K .n "
52 80 CONTINUE . ]
353 81 DD 90 J=i, NTERMS . Cooe . -
54. IF (J-K) 33 90,83 - 5 ' o
55 83 - ARRAY (K, J)=ARRAY(K J)/AMAX ‘
56 90 C’ONTINUE N ‘ . . )
57 ARRAY (K,K)=1. JAMAX : . ,
%8 100 DETBQET*AMAX .- ’ y \_\
= ¢ ) . ‘
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"60 C RESTORE - ORDERING OF MATRIX
61 C .
€62 101 - DO 130 L=1,NTERMS
0 © 63 K=NTERMS—L+1
1 64 -, J=IK(K) ‘ ‘
1 ES IF (J-K)» 111,111,105 -
1 €6 105 DO. 110 I=1,NTERMS
2 67 SAVE=ARRAY (1,K)
2 €8 ARRAY (I, K)=-ARRAY (I, J)
> €3 110 ARRAY(I, J1=SAVE & -
1 .70 111 I=JF (KD L
1 71 IF (I-K 130,130,113
1 72 112 DO 120 J=1,NTEFMS
2. 73 SAVE=APRAY (K, J) ~
"oz 74 ARRRAY (K, J)=-ARRAY (1, J)
2 75 120 ARRAY (1, J)=SAVE
1 76 130 * CONTINUE
77 140 PETUPN .
78 . END
‘Name Tyaeq;' Offset P Class
AMAX  REAL %8 242
ARPAY. REAL#8 R I %
DAES , 2 INTRINSIC
DET . REAL - 8 * .
I INTEGER#*4 . 250 .
LI . INTEISER#4 - o
INTEGER*4 . 258
K INTEGER*4 118
o . INTEGER*4 234
L INTEGER#*4 310
NTERMS. INTEGER#4 N -
SAVE_~ PEAL %8 282
Name Type - Size Class
MATINV SUBROUT INE
" Pass .One No Errors Detected .-
. 78-Source L.ineg
iy
L] \ .
[N
| ' L V]
1 -
» V4
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-1 SNOFLOATCALLS

2¢C Funtion FUNCTN(I A,NTERMS) is the derivative
0 3 C of the intensity of a laser polarisation spectrum.
4 C
o, -3 - FUNCTION F’UNCTNA(I A, NTEPMS)
) INTEGER I,NTERMS . . '
7 REAL A(2‘93 S, FLOAT . *
8L ~
9 FUNCTNZ2=A (NTERMS- z)*EXP( 1. #(I-A(NTERMS), 3¥*2/A(NTEPMS 1))
' 10 - 8 . *(I-ACNTERMK) Y+A(NTERMS-3) i s
¥Y1°7 - DO 10 J=1,NTERMS-7,4 - -
1 12 ’ ‘ S=FLUAT(I) . . 'Y
1 13 s X=CACT+2)-8)/ACT+3) n T
1 14 FUNCTNZ=FUNCTN2+(A(JT) #(1- X*x)+A<J+1)*x1/c1+X*xw*2
3 15 10 CONTINUE ; .
16 RETURN o ® o , . A
17 ‘END .
‘ . y
Name Type Of fset P Class - )
. 1 ® .
A REAL 4 » X N
EXP ! . INTRINSIC '
FLOAT INTRINSIC
I INTEGER*4 0 ® - . .
J INTEGER#®4 2 . .
NTERMS INTEJGER*A B » ‘
8 REAL” 10 -
X . REAL 14,
C a ‘ -
Name Type - Size Class . -
" FUNCTN REAL. ~ FUNCTION .
Pass One  No E¥rqrs Detected \
"17 Source Lines !
» B - N
= i n t
o -
’ ) - 1] « d . ‘-{
° . f v /
- - /
[] \ (u'.{ /
- ; —_—
[] . N ,
o - - :
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~ -92- . 08~11-86
. ' 14158130
o D Line# 1 7 , Microsoft FORTRAN77, V3.20 02/84
. 1 SNOFLOATCALLS . i :
2C FCHIS®@ SUBROUTINE TO CALCULATE THE CHI-SQUARE )
o 3 C OF THE FITTED FUNCTION FUNCTNCI,A,NTERMS). -
4 C
S SUBROUTINE FCHISO(Y,WEIGHT,NPTS,NFREE, YFIT, CHIS@) .
6. DOUBLE PRECISIO NEIGHT(10003 PHISQ ’ -
' 7 REAL YFIT(1000),FLOAT .
‘8 . ., INTEGER¥4 Y C1000) : - <
9 . INTEGEP NFPTS,NRFFEE )
10 . ‘ >
1. CHISE=0 , . - 1
212 IF (NFREE .LE. Q) 30 TO <00 ' :
13 «, DO 300 I=1,NPTS - . :
1 14 ' . CHISQ=C HISQ*—NEIL:HT! D *(FLOATCY ¢ IV =YFIT(I) r**ﬁ
. 1 - 15 300 CONTINUE . ; -
. 16 C ‘
17 CHIS@=CHISO/FLOAT (NFREE )
18 400  RETURN v
19 END . .
Name Type Offiet P Class .
CHISQ PEAL#B 20 » e .
FLOAT _ ' INTRINSIC : o
1 INTEGER %4 2 . . . . :
NFPEE INTEGER#*4 12 =
NPTS  INTEGER*4 © 8-# . ‘
WEIGHT PEAL¥8 4 » ;
INTEGER#4 Q *
GF‘IT PEAL 16 *
- . ° e
L\ ' )
Name Type Size Class
FCHISR SUBFOUTINE " ,
. ' A
qus Dnz No Errars Detected -
19 Scurce Lines : ' v
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