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S U M M A R Y 

A crossed molecular beam apparatus has been built with which 

callision induced transitions within the short-lived (20 nsec) Ne**(2p) 

multiplet (Paschen notation) can be studied: 

The Ne**(2pk) atoms are produced by laser excitation of a Ne* metastable 

beam (90 mm souree to callision region distance). An uncollimated 

supersonic expansion has been employed as a secondary beam souree 

(3·10 20 m-3). Fluorescence radiation from both 2p-levels is collected 

by a parabalie 

filters. Thus, 

suppression of 

mirror and wavelength selected by 1.7 nm FWHM interference 

a detection efficiency of 10-3 and a background 
-6 10 have been obtained. Presently, the thermal metastable 

souree forms the main souree of background light (40kHz typically). 

At 81 meV center-of-mass energy, cross-sections of 0.40 and 1.0 l 2 
have 

been measured for the 2p
6 
~ 2p

7 
and 2p

7 
~ 2p

6 
transitions respectively 

(signals of 300Hz and 1 kHz). For the 2p9 ~ 2p 10 transition (two-level 

system) we find a cross-section of 3.7 l 2 (signal of 45kHz). Future 

extensions of the experiment may include time-of-flight analysis and 

probing as a function of the n quanturn number. 
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I. I N T R 0 D U C T I 0 N 

1 • 1 General overv~ew 

In the past two decades, molecular beam experiments have proven to be 

an excellent way to study many types of atomie and molecular interactions. 

The "Atomie and Optical Interactions" group in Eindhoven has been engaged 

in crossed molecular beam experiments for over ten years now. For a long 

time, primary emphasis has been on elastic scattering of noble gas atams 

in the ground state. With the development of high intensity thermal and 

super-thermal sourees of excited metastable noble gas atoms in our group, 

an entirely new field of research has been initiated. 

To clarify this, figure 1.1 shows the first two excited electronic 

configurations of Ne in an energy level diagram. Because of the selection 

rules for the total angular mamentum. J, two of the four fine structure levels 

of the first excited configuration (ts 2zs 2zp53s) cannot decay back to the 

ground state (ts2zs 2zp6) by emission of radiation, i.e. they are metastable. 

Since their lifetimes are much larger than the time scale of our experiments, 

these metastable atoms can be exploited excellently in a molecular beam 

experiment. Besides elastic scattering, the internal energy is sufficient 
* for inelastic processes such as Penning ionization (VER 84 ). In orde~ to 

excite these metastable atams to one of the ten fine structure levels of 

the second excited configuration (Is2zs 2zp53p), a 0.5 MHz absolutely 

stabilized dye laser system ( VER 82 )has been developed. For Ne, it covers 

most of the ls-2p transitions. Throughout this thesis, we will use the 

Paschen notation with subscripts i and j for the four levels of the ls

configuration and subscripts k and 1 for the ten levels of the 2p-configuration. 

Until now, the laser has mainly been used for the study of optical pumping 

(KRO 81) and separation of the metastable levels (VER~ ). In these 

cases, the short-lived configuration essentially serves as a stepping-stone 

only. 

This project is a first attempt to actually study the collisional 

dynamics of the short-lived Zp-levels. Especially the short lifetimes 

1 •• 



2p1 

2p2 

2p3 

2p4 

2p5 

2p6 

2p'1 

2p8 

2p9 

2p10 

185 ls4 1s3 ls 2 
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621.7 (0.16) 638.3 ( 0. 58) 653.3 (0.26) 702.4 

633.4 (0.34) 650.7 (0.57) ?17.4 

640.2 (1. 00) 
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(0.09) 

(0.00) 

Figure 1.1: Energy-Zevel diagram of Ne~ showing 

the first two exaited electronic con.figurations. 
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.---------------------------------

( -e = l /~ z 20 nsec ) pose severe difficulties on the use of these excited 

atams as scattering partners in a crossed molecular beam experünent. For 

this reason, few people have studied these short-lived levels as of yet. It 

should be noted that although all of the ten fine structure levels of the 

2p-configuration are equally short-lived, the 2p9 level takes a special 

position since it can radiate back only to the metastable ls5 level fram 

which it was produced. The ls5-2p9 transition is therefore cammonly refered 

to as a "two-level system". Accordingly, all the ether transitions will be 

termed "multi-level systems" in this work. Experimentally, this results 

1n an increase in effective lifetime of the short-lived level by over an 

order of magnitude. In a multi-level system only a fraction of the short

lived level is recycled via the resonant ( i.e. with the laser ) channel. 

1.2 Description of the experiment 

The goal of this project was to build a crossed molecular beam apparatus 

( see fig. 1.2) in which we would be able to study callision induced 

inelastic transitions within the short-lived 2p-configuration of Ne, through 

detection of fluorescence radiation fram the short-lived levels. For this 

purpose, a primary beam of metastable atoms fram the thermal metastable 

souree (TMS) is excited to the short-lived configuration with the laser: 

(1. 1) 

Unless otherwise specified, it will be assumed that the ls
5 

level is used 

laser 
beam 

fluorescence 
radiation 

secon~ary beam. 

· Figure 1. 2: Schematia of th.e 

aPossed moZeauZap beam 

e:r:pe r>imen t ~ 
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because of its favorable statistica! weight ( 1 s
5

: 1 s3 dis tribution in the 

beam is roughly 5:1 ) • Most atoms will radiate back to the first excited 

configuration ahnost instantaneously: 

Ne**(2.pk) ~ { Ne*ttsi) + hv1d.1 
re sonant 

(1.2)_ 

This radiation will be refered to as "direct" fluorescence radiation 

throughout this thesis. A small fraction of the Ne~*(2~k) atoms, however, 

will collide with secondary beam particles ( ground state neon, argon, and 

helium in this work ). The center-of-mass energy ( 80 meV for Ne~*-Ne ) 

will then be sufficient to cause inelastic transitions within the short

lived 2p-configuration: 

0 .3)_ 

These newly created atoms will of course decay almost instantaneously as 

well, emitting light of wavelengths differing from the "direct" fluorescence 

light of reaction ( 1.2 ): 

Ne~* (2.pe) ~ ~ { Ne*( 1Sj) + h-vlj l 
J 

(I .4)_ 

This radiation will be refered to as "inelastic" fluorescence radiation 

throughout this thesis. 

In the actual experiment, detection of the "direct" and "inelastic" 

radiation from the 2pkand 2p1 levels will serve as the basis for calculation 

of the densities thereof. In figure 1.3, the processes are indicated, both 

for the two-level and a multi-level system. The most intense wavelength, 

picked up by the optical detection system, will be stray light from the 

laser, followed by the "direct" fluorêscence radiation from the initial 

2pk level. Both the stray light from the laser, as well as the "direct" 

fluorescence radiation, will be many orders of magnitude stronger than the 

actual signal lines from the "inelastic" 2p
1 

levels. Isolation of the 

"inelastic" radiation from an ocean of background light will therefore be 

the main experimental difficulty. Although basically more than one 2p 1 
level is excited in the inelastic process, we will only take one 2pk to 2p1 

4 •• 
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· Figu:i'e 1. 3: Sohematio of the experiment" showing the l-aser Une (fat 

straight a:rrows ) " di1!eot fluo1!e.soenoe ( fat wavy arrows ) a:nd aotuaZ 

signaZ Unes of the ineZastio transition ( thin wavy arrows ) for the 

two-ZeveZ "a" a:nd a rrruZti-ZeveZ system ''b". 

transition into account in most argumentations, since the optical detection 

system can distinguish, without any difficulty, between signal lines from 

different "inelastic" 2p1-levels, in the processes that we will study. 

1.3 _Quantitative analysis 

The qualitative descriptions in the preceding section are now made 

quantitative. For the production of "direct" ( eq. 1.2 ) and "inelastic" . 
( eq. 1.4) photons N per unit scattering volume V we can write 

d 3 Nk = nk Ak d3 Y 

d 3 Nt = n! At cJ. 3Y 

(1 .5) 

( 1.6) 

in which nk and n
1 

are the densities of the short-lived levels, and ~ and 

A1 are the Einstein coefficients for spontaneous emission. For the number 

of inelastic transitions between the 2pk and 2p
1 

levels we have: 

5 •• 



(1.71 

in which n2 is the secondary beam density, g is the relative velocity of the 

scattering partners, and Qkl(g) is the total cross-section for the inelastic 

process fran eq. 1.3 at relative velocity g. We can thus express n
1 

in terms 

of nk: 

= ( 1.8) 

From eqs. 1.5, 1.6~ and 1.8, we find for the fundamental signal-to-background 

ratio for this experünent 

• At 9 Nt Qkt (~) (l • 9) - = Yl2. 
N~c Ak Ak 

in which stray light from the laser has not yet been taken into account. 

Besides the ratio of ( nearly equal ) Einstein coefficients, we recognize 

the commonly known "nlQ-product" of a crossed molecular beam experiment 

( g/ ~ is the average lifepath of the short-lived atom ) • The "nlQ-product" 

may in general be interpreted as the probability of a reaction with cross 

section Q. Substituting typical values for our experiment ( see table 1.1 ), 

we find for the signal-to-background ratio a value of l•I0-5 • This will 

obviously pose high denands on the suppression of background light. 

Assuming that we have optical efficiencies rydet,k and ?det,l for detection 

of "direct" and "inelastic" fluorescence light, we obtain for the experi-

mental intensities I: 

Ik :. ~ olet,k NI< (1.10) 

Ie = ry Dl!t) e f.Je (1.1-1) 

in which it has been assumed that the experimental quantities on the left 

have already been corrected for "left-over" background light, that could 

not be fully extinguished by the optical detection system. In eq. 1.11 this 

wi11 mainly be laser light and "direct" fluorescence light. In eq. 1.10, 

it will be laser light in the case of the two-level system. From eqs. 1.9-

1 • 1 1 , we f ind : 
6 •• 
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I 

?rJet:,e 

') otet, k 
' (1.12) 

This is the most important equation of this thesis. It shows us that for the 

determination of the inelastic cross-section Qk1(g) only the following 

quantities need to be known: 

-ratios of experimental intensities 

-ratios of dateetion efficiencies 

-Einstein coefficients Ak and A1 

-secondary beam density n2 
-relativa velocity g 

Note that no specific information of the primary beam is required, nor 

absolute calibration of the optical dateetion system. 

When calculating the actual experünental intensities, we have to · 

integrate the density ~ of the initial short-lived level over the callision 

region. Assuming that all metastable atans from the TMS ( density n. in the 
l. 

callision region ) are excited to the short-lived 2pk level, and travel an 

effective lifepathll, we get fora primary beam with cross-section s
1

: 

(1.13) 

In the multi-level system, A follows from the velocity v
1 

of the prünary 

beam partiele and the Einstein coefficient ~· Taking into account that 

a fraction ~i/~ is continuously recycled via the resonant !si level, 

we get 

.A k~ = (1.14) 

Eor the TMS,~i is typically 30 pm, which is much smaller than the actual 

size of the callision region. 

In the two-level system, an atom oscillates between tq~ Is5 and 2p 9 
levels continuously. At maximum excitation rate ( infinite :aser power), 

an atom is in the upper level half of the time and we get: 

? •• 



A9s- =- (I. IS) 

As will be discussed later, the actual length 1 of the collision region · er 
will be determined by the width of the laser beam and the specific properties 

of the optical detection system. 

The density n. of metastables in the cellision region follows fram 
~ 

the center-line intensity ji,o ( unit s-lsr-1 ) from the source, which is 

situated at a distance z1 from the collision region: 

(I • I 6) 

Com&îning all tlie above, we can write for the actual signals for the multi

level system: 

Ik 
s1 Ak 

ry àet, k ::. J;.~o z 2. Ak- Akt 1 
(I.17) 

Ie 
s1 . [ At 9 

Qk2(g)J = z12. Ji.,o Ak n2 ~ olet, ~ Ak- A kt. 
( 1 • I 8) 

F'or the two-level system we have: 

Ig = s1 . eer Ag 
~ det, 9 z/- Js-,o 2. y-1 

( 1 • 19) 

It s1 . [ At fcr 9 q 9e ( g)] = z1a J;,o ~ na2 YJ oletJ v1 
( 1 • 20) 

Within square brackets, the "nlQ-products" for both .. systems are recognized 

again. Note that these differ from the "nlQ-product", determining the signal

to-background ratio in eq. 1.9. 

Table 1.1 gives typical values for our experiment, in which the TMS 

is employed as a souree of metastable atams. Also, estimates are given for 

fuoure experiments, in which the ot~~ metastable souree ( hollow cathode 

are - HCA ) will be employed in the same apparatus. To emphasize how small 

the "inelastic" signals from eqs. 1.18 and 1.20 actually are, even in our 

especially designed apparatus, a comparison is made with a typical Penning 

ionization experiment on the "Klavertje-4" ( i.e. ''Four-leaf-clover") 

8 •• 



SignaZ-to-baakground ratio Nz!Nk : 

metastable 
Al/<\ '\ Qkl N/Nk souree n2 g 

'IMS 1240 ms 
-I 

.5·10-20 2 1 .2·10-5 
1020m3 5 ·1 o7 -1 m 

HCA 1.0 
6000 ms 

-1 s 3 ·10-20 2 
m 3. 6 .,) 0 

Primary beam ( 1s5 metastabZe ZeveZ ): 

metastable 
s1 (SI/zi 

2
)ji,O souree zl J. 0 

1., 

'IMS 0.06 m 2 ·1 oi 3 -1 -1 
4.4·109 -1 

1l 2 s sr s 
4mm 2 ·1 o14 -1 -1 9 -1 HCA 0.30 m s sr I , 7 · 10 s 

"IneZastia" signaZs Iz for the multi-Zevel systems: 

metastable 
'\i/'\ ?det, 1 Il souree 

TMS 1 ·1 0-3 
100 

-1 
s 

HCA 0.4 .5·10-3 
500 

-1 
s 

"Inelastia" signals Iz for the two-leveZ. system: 

metastable 
g/v I 1 ?det, 1 Il souree er 

TMS 1.3 1 • 10-3 3000 
-1 

s 
2mm -3 

2500 
-I 

HCA 1.0 • 5 ·1 0 s 

Table 1.1: TypiaaZ vaZues for our experiment" both for the presentry 

empZoyed T.MS metastabZe source" as weZZ as for future experiments 

with the HCA metastabZe source. 

-4 
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Apparatus Metastable Process Metastable 11nlQ" Detection 
souree studied flux (ls

5
) efficiency 

s ' 
.:.12 j. 0 t')det,l zt 1, 

(s-I) (-) (-) 

..-.. ..... ~ulti-
2•10-5 

ft level 
TMS '-' 

5·109 (•10-3 
~Ql two-

6·10-4 
z level 

"Ou r" f apparatus 
.,......~ multi-

6. I0-4 
A. level "'. 

2·1 o9 -3 HCA '-' 

~ 3 ·I 0-3 • 5 ·I 0 two-
Ql 

level z 

"Klavertje Penning 
-411 

'IMS ionization 
2•107 I • 10-3 

• 75 
* (no TOF Ne +Ar 

analysis 

Table 1. 2: Canparison of signal strengths between various experiments. 

In the bottam row~ Iz represents the- Ar+-ion signal. 

In the bottam row~ 

Signal 

Il 

(s -1) 

100 

3000 

500 

2SOO 

15 ·103 



---- --------------------------~------------------------------------------~----------~--~ 

apparatus in our group. The values in the bottom row of table 1.2 pertain 

to an experiment in which Ar is ionized by Ne*(1s5) metastable atoms fram 

the TMS ( typical cross-sectien Qion • 20•1o-20m2 ). The Penning ionization 

signa! in table 1.2 assumes ~ time-of-flight analysis, i.e. an unmodulated 

metastable bean. It is seen that the signals in our experiment are still 

saveral orders of magnitude smaller. In the next chapters of this thesis, 

the reader should be constantly aware of the very smal! intensities and 

high signai-te-background ratios, that are intrinsic to the nature of this 

experiment. 

1.4 orgánizatiön öf-ehis thésis 

Chapter 2 gives an overview over the little experimental and theoretica! 

wnrk already done in the field of cellision dynamics of short-lived atoms. 

Chapter 3 describes the Rroduction of short-lived 2pk levels from the 

ls. metastable levels, by optica! pumping with a laser beàn. 
~ 

The apparatus is described in chapter 4, whereas the actual experiment 

is described in chapter 5 separately. 

Finally, the first experimental results are given in chapter 6. 

11 •• 



II. REVIEW 0 F T H E W 0 R K 0 N S H 0 R T - L I V E D 

A T 0 M S 

2. 1 General overview 

Very little work in the field of callision dynamics of short-lived 

atcms has already been done._ Exper:i.mental werk has been carried out on: 

1) Elastic differential scattering of Na (2P3; 2) in a crossed molecular 

beam apparatus. The short-lived 2P3/2 level is optically pumped 

frcm the 2s 1; 2 level ( i.e. this is a two-level system: F = 2 

to F = 3 ), The work has been done in GÖttingen by DÜren et al 

( DUR 76 ) and in Utrecht by Alkenade, de Jong and Van de Berg 

( BER 83 ) • 

2) Gas-cell and -discharge experiments with Ne**(2pk). In these experi

ments, reaction coefficients have been measured ( see $~ction 2.2). 

This werk has been done in Eindhoven by Smits, Coolen and Steenhuysen 

(SMI 77 ) • 

3) Penning-ionization with Ne**(2pk) +Ar in a beam- cell experiment. 

At a fixed center-of-mass energy, the electron energy distribution 

of the ionization process is measured. This work is presently 

carried out in Kaiserslautern by Hotop (HOT 84 ). In our group, 

we also plan to do Penning ionization exper:i.ments with Ne**(2pk) 

+ Ar in the near future. These will have to result in total cross 

sections as a function of center-of-mass collisional energy. 

Theoretical werk is of even more recent origin and is st~ll in a 

very early stage: 

** 4) Ne (2pk) + He: potential curves and total cross sections for a 

few transitions. By Matnou and Henneeart ( HEN 82 ) and Beijers 

( BEIJ 83 ). In Eindhoven, this workis also being set forth by 

Verhaar et al. 

** 5) Ne (2pk) + Nei' 

*'*< ) 6) Ne 2pk + Ar: 

potential curves have been calculated by Henne~rt. 

work is presently carried out in Freiburg by 

12 .. 



Buszert and Hotop (HOT 84 ). 

2.2 ** Estimates for cross-sections for Ne (2pk) - Ne 

Frrnn the gas-cell experünents mentioned in point 2) in the preceding 

section, Beijers has made estimates for the cross-sections Qk
1

(g) for colli

sional induced transitions within the Ne (2p) multiplet ( BEIJ 83 ). In 

these gas-cell experünents, reaction coefficients ~l are measured. These 

are related to the cross-sections ~l(g) as: 

00 

k~ce = J 9 Qtc:e<9) f(g) Gig (2.1) 
0 

Assumlng a Maxwell- Boltzmann distribution for f(g), absolute values for 

~1 (g) may be deduced from the reaction coefficients kkl' if a model function 

for Qk
1

(g) is substituted. For exothermal transitions ( l>k) Beijers chose: 

for 
(2.2) 

for 

The velocity ~ is determined from: 

(2.3) 

in which p is the reduced mass of the scattering partners and 6~1 the 

energy gap between the 2pk and 2pl levels ( at infinite internuclear 

distance ). For the endethermal transitions ( l<k) the cross-sections 

then fellow fram the principle of detailed balancing: 

(2.4) 

in which E = l/2 pg 2 is the center-of-mass kinetic energy. Figure 2.1 

serves as an illustration for the 2p6 and 2p7 transitions. With this model 

for Qkl(gl, Beijers has calculated absolute total cross-sections from the 

reaction coefficients kkl• These are listed in table 2.1. 

From Beijers' results, estimates have been made for the actual eross

sections in our experiments. In doing so, it has been assumed that the 

13 •• 



2Pz 

2p2 2p3 2p 4 2p5 2p6 2p? 2p8 2p9 

2p2 xxxxx 0.3 1 0.3 - 0.08 - -
2p3 0.3 X :::XXX 45 2 1 - 0.5 -
2p4 1 35 xx:x:xx 6.5 0.5 0.5 0.2 -
2p5 0.4 3 8 X :::XXX 0.1 1 - -

2pk 
2p6 - - 0.3 - xxxxx 4 0.5 -
2p? - - 1.8 1.5 3.5 xxxxx 3 1.5 

2p8 - - 1.5 - 1.5 1.5 :x:x:x:xx 9 

2p9 - - - - 1 20 ? x:x:xxx 

Table 2.1: Calc:u Zated c:ross-sec:tions ~f for Ne**- Ne, by Beijers. 

E [meY] 
soo 1000 1~00 

1 

0 
0 1000 %000 sooo lfOOO booo 

Figure 2.1: Model assumptions for Q67 {g) and Q
76

(g), ac:c:ording to 

eqs. 2.2- 2.4. 

2P1o 

-
-
-
-

0.06 

0.2 

0.3 

2 
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velocity distributions of the thermal metastable souree and the secondary beam 

are peaked around 960 ms-1 ( see sectien 4.3 ) and 780 ms-1 respectively 

( supersonic expansion of Ne at room tanperature ), We thus find for our 

experiment: 

12.~0 

(2.5) 
81 meY 

From Beijers' results, we then find the values listed in table 2.2. Only 

the 2p1 levels for which we have optical filters available at present 

( see section 4.6 ) have been included. 

For future experiments with the other metastable souree ( HCA or ''plasma 

source" ) , we have approximately g = 6000 ms-1, so the cross-sections will 

be roughly a factor of 5 higher. 

2pk 

Tab Ze 2. 2: 

2Pz 

2p6 2p? 2P1o 

2p4 0.09 0.08 

2p5 0.02 0.1? 

2p6 xxx::c 1.2 0.006 

2p? 1.1 xxxx 0.02 

2p8 0.04 0.09 0.03 

2p9 o.oo 0.26 0.23 

. -20 2 *'* -1 Cross-seot~ons Qkz(10 m ) for Ne -Ne at g = 1240 ms , 

oaZcuZated fram eqs. 2.2- 2.4, tabZe 2.1 and TabZe C.l 

(appendix C). 
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III. P R 0 D U C T I 0 N 
I 

0 F S H 0 R T - L I V E D N e '* * (2p) 

A T 0 M S 

3.1 Magnetic sublevels 

In tnis section, we will give a short ~ary of the optica! pumping 

process, by which a metastable lsi level is excited to a short-lived 2pk 

level witn the laser. For more detailed information, see for example 

( BEIJ 82 ), (KRO 80 ), 

The pumping process in whicn a 2pk level is excited from a lsi meta-

stable level ( see fig. 3.1 ) is fully determined by three processes: 

l) rate of absorption: Rik 

2) rate of stimulated anission: ~i 

3) rate of spontaneous emission: Einstein coefficients ~i and ~· 

A fraction ~i/~ radiates back to the lsi level. In a two-level 

system, ~i = J\·· 
Also, we have the selection rule for tne total angular momentum J, Only if 

::. (3. I) 

LS the optica! transition allowed. 

For a correct description, nowever, the magnetic sublevels of the ls. 
1. 

and 2pk levels have to be taken into account. We now get for tne rate of 

absarptien fram the flsi,mi) sublevel to the 12pk,~) sublevel: 

= (3. 2) 

Figurtë J .1 : the basio three 

optioaZ prooesses ( see 

fiq. 1.3 aZso ). 
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in which' is the photon flux of the laser (unit m-2s-1 ) with frequency 

v. The cross-sectien ~ is given by: 

(3 .3) 

In this,~ki is the wavelength, corresponding to the transitions, 'f.('V) is 

the Lorentz function that describes the natural line shape of the transition: 

t, ( v) = { 
1 + Lj ( V-'Vki.)2. }-1 

A'V,,,_ , (3. 4) 

with Av112 ( = 8 MHz ) the natural linewidth of the transition. Finally, 

(Jk~LMjJimi) is a Clebsch-Gordon coefficient. Two important characteris

tics of these Clebsch-Gordon coefficients are: 

( J'k m1c LM I :Ti. m\.) 
(2J'L+1) 

and: 

. 

2. 

= 
( :n. YVIi. LM I J"l< mk )

2 

(2.jl< + 1). 

In eq. 3.6, the summatien i~ singular because of the relationship: 

M = m· 
I. 

(3. 5) 

(3.6) 

(3. 7) 

M may assume three values only, depending on the polarization of the light: 

1) M = +1 ( right hand circular ) 

2) M = 0, Jk + Ji ( linear ) 

3) M = -1 ( left hand circular ) 

Thus, eq. 3.7 may be interpreted as a selection rule for optical transitions 

between two magnetic sublevels. As an illustration, the coefficients from 

eq. 3.5 are indicated in figure 3.2, for transitions between Jk = 1 and 

Jk =2 levels ( or vice versa ) ( p.e. the 1 s
5

- 2p
9 

transition ) • 

The rate of stimulated emission from the l2pk,m~ sublevel to the 

I ls.,m.) sublevel is equal to the corresponding rate of absorption from 
]. ]. 

eq. 3.3: 

(3. 8) 
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-1 0 +1 -

f~~~ - ---
-2 -1 0 +1 +2 

-1 0 +1 

-2. -1 0 +1 +2. 

Figure 3.2: relative transition 

probahiU ties from eq. 3. 5 

for a J i = 2 to J k = 1 tran

sition, 

FigUre :; . 3: branchintJ ratios for 

spontaneous emission from a 

Jk = 1 tevel to a J. = 2 level, 
t. 

accordinq to eq. 3.9. 

The rate of spontaneous anission from the l2pk,mk) sublevel to the 

I ls.,m.) sublevel is now given by: 
l. l. 

(3. 9) 

Figure 3.3 serves as an illustration. 

Since the rates of absorption, stimulated emission and spontaneous 

emission are different for transitions between specific magnetic sublevels, 

the distribution over the j2pk,~) sublevels may very well he different from 

the initial jls.,m.) distribution. In practise, the sublevels of the meta-
l. l. 

stable l.s. levels are most likely equally distributed. Depending on the 
l. 

polarization of the laser beam, the sublevels of the short-lived 2pk level 

thus may he preferentially excited, In this.work~ this effect will he 

neglected. In future studies~ the exact distributions will have to he taken 

into account, however, since the i.nelastic cross-sections Qkl(g) will depend 
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on the quantum numhern, whic~ is the projection of the magnetic spin Jk on 

the internuclear axis. Fora given 12pk,~) distribution in the laboratory 

system, theJl distribution is found from a transformation to the body-fixed 

system. It may be apparent to the reader that actually measuring cross

sections as a function of .n. requires a lot of additional preparation, both 

theoretica! and exper~ental. This subject is still open for future studies. 

3.2 Optical pumping ~n a magnetic field 

In this section, we will give a few considerations on optical pumping 

~n a magnetic field. If ~ magnetic field is applied, the fraction of the 

metastable ls. atoms that may be excited 
1. 

laser ( see eq. 3.7 plus selection rules 

only the m. = -1, 0, +1 sublevelscan be 
~ 

depends on the polarization of the 

for M ). For example, in fig. 3.2, 

optically pumped by linearly polar-

ized laserlight. Neglecting the effect that a fraction ~i/~ of the 2pk 

sublevels is "recycled" through spontanerus emission to the Is. sublevels, 
~ 

we thus see that only a fraction 3/5 of the Is. atoms is optically pumped. 
1. 

If we introduce a magnetic field i, we abserve two effects. First of 

all, we have the Zeeman effect. The (2J+l) degenerate magnetic sublevels 

·of an IJ,m) level are·split into (2J+l) non-degenerate levels with energies 

(3. 1 0) 

where E is the energy of the IJ,m) sublevels in absense of the magnetic 
0 

field, and gL is the Lande factor for the IJ,m> sublevels. The energy 

splitting E (B) - E may become as large or larger than the natural line-
m o 

width of the transition, so that the laser is tuned onto one I ls.,m.) to 
-- 1. 1. 

l2pk,~ transition only. Thus, the Zeeman effect may well be exploited in 

creating preferential j2pk,~) distributions. 

The second effect, induced by a magnetic field, is Larmor precession of ..., 
the magnetic spin of the atom around the B vector of the magnetic field. 

As a result of the precession of the magnetic spin, the spin may sooner or 

later be "oriented" with regard to the laser in such a way that the atom is 

optically excited to the short-lived 2pk level. If we again take fig. 3~2 
~ 

as an example, we see that with a suitable choice for B, all m. levels may 
-- 1. 

be pumped, even in the case of linearly polarized light ( cf. the fraction 

19 •• 



,--------------------------c-------------

3/5 at the beginning of this section ). 

In future studies, bot~ these effects will have to be taken into account 

when using a magnetic field to create preferential l2 distributions in the 

body-fixed system. 

3.3 Optical pumping ~n a gaussian laser field 

As has been mentioned insection 1.1, optical pumping has already been 

stuclied in our group extensively. In this experiment, however, more so than 

in other experiments, it is not only essential that as many atams from the 

1 si metastable level.s are ex ei ted to the short-lived 2pk levels, but also 

that the spatial distribution of the 2pk atams coincide with the ( rather 

narrow ) detection region of the optical detection system ( described in 

section 4.6.6 ). For this reason, model calculations have been made for the 

optical pumping process in a gaussian laser beam profile. The basic assump

tions and simplifica~ions of this model are the following: 

1) The magnetic sublevels are~ taken into account. Thus, fig. 3.1 

gives a complete representation of the optical processes involved. 

2) The problem is kept one-dimensional. An atam travels perpendicularly 

to the laser field at velocity vi along the x-axis. 

3) The laser is tuned exactly to the optical transition, there is no 

Doppler shift, and the divergence of the laser beam is neglected. 

4) The laser beam shows no deviations fram a perfect gaussian profile. 

5) The effects of coherence of the laser field ( "Rabi oscillations" ) 

are not taken into account. The validity of this assumption will be 

further discussed at the end of this section. 

With assumptions I) and 5), we may write down the rate equations for the 

lower and upper level densities ( ni for the !si-level,~ for the 2pk-level ): 

cA 1'1~ 
- "'Rï< n· + ( "R ki. + A k\.) nk = clt I. I. 

(3. 11) 

cArtk = 'R· k n· ( "R ki. + Ak) nk 
dt \. I. 

(3 .12). 

Wit~ 2) and 4), we can write for the p~ton flux from the laser: 

cp(x) =- ~ exp - 2. (~)
1 

o Wx 
(3. 13) 
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The definition of the laser half-width w is apparent from fig. 3.4. With x 
assumptions 1) and 3) and eqs. 3.2 and 3.8, we get for the rates of absarptien 

and stimulated emission: 

(3. I 4) 

Chosing x = 0 as the central position of the laser beam profile, and letting 

the atom beam originate in x=-~, we get the following boundary conditions 

for n. and 
1 

n~ (- oo) = 

nk(-oo) "' 

(3. 15) 

0 (3. 16) 

With assumption 2) and setting x= v
1
•t, the above equations may now he 

solved as a function of the coordinate x. Befare doing so, the following 

sealing is done: 
x 

= 
Wx Wx 

Ako../ Ak 

s = s (~) : = 

(3. 17) 

(3. 18) 

(3. 1 9) 

·Thu~, ~is the dimensionless coordinate along the partiele trajectory, 

~is the branching ratio from the 2pk level and s
0 

is the scaled transition 

rate: 

With these substitutions, eqs. 3.11 and 3.12 become: 

dnt 
di; ::. 

clnk 
= 

d~ 

WxAk 
v1 

WxAk 
v1 

( - S·nt 

( s·nt 

-1- (~+s) nk) 
( 1 + s) nk ) 

(3. 20) 

(3. 21) 

(3. 22) 

From eqs. 3.19 - 3.22, it is now seen that the problem is fully described 

by the three dimensionless numbers ~' s
0 

and wx~/v 1 • Forthetwo-level 

system~ ~=I. Fora multi-level system, we have~< I ( ~ = 0.34 typically 

for the Is
5

- 2p
8 

transition ). The scaled transition rate s
0 

may be deter

mined from the actual laser power P: 
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profile with half-width w • x 

(3. 23) 

in which it has been assumed that the laser has an ellipsoidal waist ( e.g. 

by using a cylindrical lens ) with half--widths w and w • Substituting an x y 
average value for the cross-section dik ( campare with eq. 3.3 ) 

1 . -
3 

(3. 24) 

and using eq. 3.18, we get: 

~ 2.8 ( ~~'-) ~x:y . (3. 25) 

In this, the values 'Aki = 620 nm and ~ = 4.3·107 s-1 have been substituted. 

Finally, the number wx~/v 1 can be interpreted as the width of the laser 

beam, expressed in "lifepaths" of the short-lived excited atom.. With ~ = 
7 -1 -1 

5•10 s , wx = 1 mm and v 1 = 1000 ms ( typical for metastable atoms from. 

the TMS ), we find for our experiment: 

= 5"0 (3. 26) 

As a result, the short-lived atom. experiences· during its lifetime only a 

slowly varying laser field. In other words, there is local equilibrium for ~: 

(3.27) 
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! 

I. 

( Note for the interested reader: the different roles of niand ~ are math

ematically induced by the bou.ndary conditions of eqs. 3. 15 and 3 .16. Only 

eq. 3.16 is a stationary solution. ~ will tend to became zero, however small 

the laser field is. Only in the two-level system are the roles of ni and ~ 

equal ) • 

Although eqs. 3.15, 16, 19, 21, 22 are easily solved numerically ( see 

appendix A), we will also present solutions, obtained with the equilibrium 

assumption of eq. -3.27 in the following sections. 

Before doing so, the validity of the rate equations 3.11 and 3.12 will 

be discussed. As has already been mentioned in assumption 5) at the basis of 

this model ( beginning of this section ), coherent processes, induced by 

the coherent laser field, may cause effects that are not described by the 

rate equations. These are the so-called ''R.abi-oscillations" which are charac• 

terized by the Rabi~frequency. 

..n. rabi. = A s lfz. 
k Q (3. 28) 

In order to observe these oscillations, before they are completely damped 

out by the incoherent process of spontaneous emission, the Rabi-oscillation 

·frequency mustbefaster than the rate of spontaneous emission. With eq. 

3.28, we get: 

(3. 29) 

As will be seen in the next sections, this condition is only satisfied in 

case of the two-level system. Scaled transition rates s larger than 1 are 
0 

required 1n the two-level system, if maximum efficiency is pursued ( section 

3.3.1 ). For the multi-level system, the requirement for maximum efficiency 

is (as will be shown 1n section 3.3.2 ): 

(3.30) 

With ~ = 0.34 and wx~/v 1 = 50, wethen find s
0 
~ 0.1. 

~fe thus conclude that for the multi-level system, the rate equations 

3.11 and 3.12 give a good description for all practical cases. Only for high 
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laser powers ~n the two-level syst~ are deviations expected. 

3.3 .I Solutions for the two-level system 

Inthetwo-level system, we have at all t~es n;(~) + ~ (~) = n. 
... J:c ~,o 

From eqs. 3.15, 16, 19, 21, 22 and the equilibrium assumption of eqs. 3.27, 

we then find : 

nk(~) = 5 0 e.~p(-2€,~) (3. 3 1) 

ni..,o 1 + 2.S
0 
exp (- 2 ~2.) 

Note that this salution depends on the scaled transition rate s only, nat 
0 

on the parameter w ~/v 1 • The ûnportant characteris~ic·of ~ (~)/n. is xK l:C ~,o 

that the max~um s /(1+2s ) saturates for high s • ~ (~) is broadened relative 
0 0 0 l:C 

to the gaussian laser bemn profile. Especially for s ~ I, eq. 3.31 may be 
0 

approx~ted by the gaussian distribution 

= 
(3 .32) 

1 + 2.50 

(::,r = 1 

·which has the same max~um and full-width-half-maxûnum as the salution from 

eq. 3.31. 

Figure 3.5 gives the exact solution, the solution ( eq. 3.21 ) abtairred 

from the equilibrium assumption, the gaussian approxünation ( eq. 3.32 ) 

and the gaussian laser beam profile for comparison. Figures 3.5.a and 3.5.b 

refer to situations with 30 percent and 90 percent efficiency ( as defined 

in eq. 3.35 ). It is seen that for our exper~ental situation ( wx~/v 1 = 50, 

see eq. 3.26 ), the solution, obtained with the equilibrium assumption, is ~n 

excellent agreement with the exact solution. For a much smaller value of 

wx~/v 1 , we see that the exact salution is shifted with respect to the 

"equilibrium solution". From fig. 3.5, it is also seen that the gaussian 

approx~ation from eq. 3.32 is indeed accurate for small s only. 
0 

In the actual experünent, it is mainly the integrated density n (~) 
k 

over the callision region that is of ~portance. The effective size of the . 

callision region is determined primarily by the optical detection system 

( see section 4.6.6 ). We will as·sume here that we have a uniform detection 
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equilibrium model ( eq. 3.31 ) 

gaussian a:pproximation ( eq. 3. 32 1 
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region of length 1 , 
er in whic~ case the integrated density becomes: 

lc:/2. 
= J nk(x) dx 

- 2er-/2. 

(3 .33) 

Because in the two-level system ~ saturates for high laser power, the max-

imum value of <~1) is: 

(3 .34) 

We therefore introduce the efficiency n
1 

for the two-level system as: 
I aser 

? o ("?, w.x) =- < nk~) / < Ylk t >~ .. V .lll.ser ......... 
(3. 3 5) 

As has been indicated, the efficiency n
1 

depends on the laser power P 
I aser 

and the laser half-width w , for given values of 1 and w • Figure 3.6 
x cr y 

gives ?1 (P,w) curves for a callision region with 1 = 2 mm, and aser x er 
perpendicular laser half-width w = 1 mm ( with w = 1 mm, the effective 

y y 
transition rate at the side of a 1 mm dianater metastable beam becomes 

exp( -2(0.5/1) 2 )•s = 0.6 • s ). Also shown in fig. 3.6 are the efficiencies 
0 0 

(3 .36) 
I 
2. ni.,o 

in which it is assumed that the central density ~(o) holds for the entire 

collision region. The optimum P - w combinations ( maximum efficiency at 
x 

minimum laser power ) have also been indicateq, As would be expected, the 

best result is obtained with a waist of approximately the si2e of the collision 

region ( w ~ 1 /2 ), This optimum value for w depends hardly on the laser 
x er x 

power. 

One shoula be aware that a threefold increase of efficiency ( e.g. 

from 0.3 to 0.9 ) may require a 25 - fold increase of laser power ( from 

0.13 to 3.2 mW ). This means that ~n the experimental situation, operation 

at only 30 percent efficiency may be fovarable because of better signal-to

background ratio. 
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3.3.2 Solutions for thé multi~levèl system 

Frrna the equilibrium assumption ( eq. 3.27 ), we find a relationship 

between ni and ~· With this, we can solve eqs. 3.15 and 3.21 for ni. 

Consequently, we then find for ~: 

~ 

{ 
WxAk I So exp(-2.1A2.) } 

e~<p - ( 1-A)- du 
,- V1 1 + 2s., exp (-2.1.41

) 

-tO 
= 

Vlt,o 
(3 .37) 

For further sûnplification, the terms s · exp(-2~2 ) in the denaninators will 
0 

be neglected. This is allowed, since for the multi-level system, laser powers 

with s < 1 give the best results, as will be seen at the end of this section. 
0 

Furthermore, for s
0 
~ 1, it turns out that the major part of~(~) is located 

on the upstream wing of the laser óemn, where the small values of the exponen-

27 •• 



I 

i" 

tials justify this step. The integral can then be expressed in the error 

function and we find: 

::. S
0 

exp ( -2 ~'") exp {- ( 1-~) 50 w~;k i (~)~2 ( 1 + erf ('/i~))} 
(3 .38) 

The shape is gaussian-like. The posision ~ of the maximum is shifted "7ro.ax 
toward the upstream side of the laser beam and is, after differentiating 

eq. 3.38, found from: 

c:' - i (1-a.' s WxAk exp (-2. e 2.) 
"'~m~x ~ "' ,-; 0 v1 "'mo.x (3 .39) 

This equation may be solved with the help of fig. 3.7. 

Unlike the two-level systen, ~(~) is characterized mainly by the inte

grated ~ underneath, not by the maximum. This integrated area is given by: 

oO 

J nk(~) d~ ::. 
Y\; 0 -oo -. 

For large values of the argument of the exponential, the integrated density 

·saturates at the exact value, expected from the assumptions that 

i) all atans are excited to the short-lived levels 

ii) a fraction ~ is continuously recycled and re-excited 

iii) the lifepath .A of the short-lived atom is .A :. V1/ Ak 

The distribution from eq. 3.38 can be approximated by the pure gaussian 

dis tribution ; 

(::,) 
(3 .-41) 

which has the same max~ in the sane position as eq. 3.38, and the sane in

tegrated density. 

It is interesting torenark tnat the density distribution ~(~) in 

the multi-level system ~s fully characterized by the paraneter 
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Figure 3. 7: Cha:z>acteristics of the mu Ui-leve t system as a function 
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0

·wxAk/rJ1" 

- : satul'ization ( from eq. 3. 40 ) • Exact de fini tion is gi ven in 
eq. J. 43. 

: position of the ma:x:ûrrum - f. = -x Iw ( from eq. 3. 3 9 ) • 
max max x 

: width of the nk (l;) distnöution ( from eq. 3. 41 ) • 

(J-~)·s0 ·wx~/v 1 • Figure 3.7 gives, as a function of this parameter, the 

saturization ( from eq. 3.40 ), the position of the maximum ( from eq. 3.39) 

and the width of the ~(~) distribution ( from eq, 3.41 ), 

Figure 3.8 gives the exact solution, the solution (eq, 3.38 ) obtained 

from the equilibrium assumption, the gaussian approx_imation ( eq. 3. 41 ) , 

and the gaussian laser beam profile for comparison. Figures 3.8.a and 3,8.b 

refer to situations with 34 percent and 98 percent efficiency ( as defined 

in eq. 3,35 ), Again, for the experimental situation ( wx~/v 1 = 50 ), the 

solution, obtained from the equilibrium assumption, is in perfect agreement 

with the exact solution, Once again, fora much smaller value of wx~/v 1 , we 
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-·-. equilibrium modeZ ( eq. 3. 38 ) 

- .. - . ga:us sian approximation ( eq. 3 • 41 ) 
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see that the exact solution is shifted with. respect to the "equilibrium 

solution". The gaussian approxi.m.ation from eq. 3.41 is in excellent agree

ment with the "equilibrium solution" in all the cases, shown in fig. 3.8. 

If the laser power were further increased with respect to the situation 

of fig. 3.8.b, the ~(~) distribution would shift to the lefteven more, 

the maximum would increase, and since the integrated area would be saturated, 

the width of the profile would decrease. 

Just as in the preceding section, we will investigate the efficiency of 

the pump~ng process as a function of laser power and laser width. For this 

reason, we will again calculate the density, integrated over a uniform calli

sion region of length 1 • The expression has already been given in eq. 3.33. er 
From eq. 3.40, we find: 

= 
1 

1- {!> (3. 42) 

From eqs. 3.33 and 3.42, we can calculate the efficiency n
1 

(P,w) as 
t aser x 

defined in eq. 3.35 ( see fig. 3. 9 ). In this calculation, we will use the 

gaussian approximation from eq. 3.41 and we will assume that the laser is 

positioned so as to have the maximum of ~(x) in the middle of the callision 

region, Also shown in fig. 3. 9, are the efficiencies 

(3. 43) 

thus assuming that all the short-lived atoms are contained in the callision 

region. Finally, the positions of the maxbnums of ~(x) are indicated. 

It is seen that a laser half-width w < 1 /2 gives the best results. 
x - er 

For larger waist diameters, the distribution of short-lived atoms will be 

spread out over a region, wider than the callision region. With w ~ 1 /2, x er 
the shift of the maximum of n (x) can be limited to less than 1 mm. In 

k 
comparison with the two-level system, only about 10 percent of the laser 

power is required to obtain equal efficiencies. This is not surprising, 

since the integrated <~1> density is over a factor of 10 smaller than that 

of the two-level system. 

31 •• 



s ,..., 
e 
E 
'-' 
~)( 

1 

0.01 0.05' 0.1 'P(mW] o.s 1 

FigW'è 3".9: effiaienaies ?zaser fora multi-Zevet system (~ =0.34 J, 

as a funation of the Zaser pOtJer P a:nd laser naZf-width wx ( wy = 1 rrm" 

Z = 2 mm" w Ak!v1 = 50 for w = 1 mm ) • 
()1' x x 

----: ?~ as defined by eqs. 3.33, 3.42, and 3.35. 
~.-as er 

--: ?~ as defined by eq. 3. 43. 
~.-as er 

-----: po si ti ons x maz of the mazimum of nk (:x:) ( :x: maz = - ~az w :x: from 

eq. 3. 39 ) • 

3.4 More detailed calculatiöns 

Investigation of the optical pumping process ~n a gaussian laser field 

is nat restricted to the simplifications summed up at the start of sectien 3.3. 

First of all, the magnetic sublevels I lsi,mi) and l2pk'~) may be taken 

into account. Insteadof the two rate-equations 3.11 and 3.12, we now get 

a set of (2Jk+l)·(2Ji+l) rate-equations, which will contain the Clebsch

Gordon coefficients. This set of equations is easily solved numerically 

( see appendix A). 

Also, the two effects induced by a magnetic field ( see sectien 3.2 ) 

may be taken into account. The Zeenan effect may simply be incorporated by 

substituting the energy splitting ( eq. 3.10 ) in the Lorentz line shape 

of the transition ( eq. 3.4 ), which in turn detennines the cross-sectien 
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for absorption ( eq. 3.3 ). 

The effect of Larmor precession of the magnetic spin will also have 

to be taken into account if a magnetic field is present, since it affects 

the distribution of the mi and ~ sublevels. 

All these effects will have to be closely investigated and described 

numerically, when preferential Jl- distributions in the body-fixed system 

are pursued in future experUnents. 
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IV. TH E A P P A R A T U S 

4.1 Design considerations 

The experiment as described in sectien 1.2 could basically be carried out 

on the "Klavertje - 4" ( i.e. "four-leaf-clover 11 
-) apparatus in our group. 

In it, fluorescense radiation fram the cellision region is collected with 

a spherical mirror-lens combination, transported via an optica! fiber to 

a monochromator and measured with a photomultiplier ( see fig. 4.1 ). However, 

the "inelastic" signals (eqs. 1.18 and 1.20) would be several orders of 

magnitude too small to be measured. 

One reasen for this is that the primary and secondary beam sourees are 

situated too far away from the cellision region ( 1375 mm and 53 mm respec

tively l. 
The secend reasen is that only a small fraction of the radiation, emitted 

from the cellision region, is accepted by the monochramator. This can be 

illustrated by introducing the optica! phase volume ~,defined as the product 

of area S and solid angle .n : 

spherical 
mirror 

~ = s. n 

lens optica! fiber lens 

· F{gu:i:'e 4 .. 1: optiaaZ deteat'Con system in tb.e 1'KZavertje-4 1' apparatus. 
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For a circular callision region with radius rcr = 1 nnn we have: 

2.1l sr 

2. n rnm 
(4.2) 

(By using a spherical mirror, the radiation from the callision region is 

condensed into a half solid angle'#) For the monochromator we have: 

{ 

Smon = 

Jlmon = 

hslLt wsli.t 
2. 

:. 1.35 mm 

21l ( 1 - cos -!Jrno.x /2. ) 2. 
"=' Tl frnon ::. O.OÓ1 sr 

(4.3) 

in which hslit( = 9 nnn) and WslitC = 0.15 mm) are the height and the width of 

the entrance slit, ~ is the maximum (full) angle of acceptance (16°), max 
and ~nis the f-number of the monochromator (1/7.2). Incompressibility of 

the optical phase volume thus sets an upper limit for the optical detection 

efficiency_! 

?aet ~ 
~man 
~er 

(4.4) 

With the disadvantages of "Klavertje - 4" in mind, a completely new 

apparatus has been built. Its main differences with "Klavertje - 4" are: 

a) primary and secondary beam sourees are situated as closely as pos

sible to the callision region (92 mm and 2- 10 nnn respectively). 

bl fluorescense radiation is collected by a parabalie mirror. Wave

length selection is óbtained by the use of interference filters 

instead of a monochramator. As will be pointed out in section 4.6, 

this results in a much higher detection efficiency. 

The above specifications have resulted in a very campact apparatus. 

The gain in fluorescence signals relative to the "Klavertje - 4" apparatus 

should be roughly a factor 4•106 (primary beam factor 200, secondary beam 

factor 100, and optical detection system factor 200). The following sections 

will describe the coarse frameworkof the apparatus, the primary and 

secondary beams, the laser beam, the optical detection system, and possible 

future extensions of the experiment. 
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4.2 The framewerk 

The apparatus has been built in such a way that it forms a separate 

unit (see fig. 4.2). The actual vacuum chamber, made out of asolid block 

of aluminum, is mounted on a cylindrical vessel, which in turn is mounted 

on a large flange. This flange may be placed directly over a 2000 1/sec 

diffusion pump, which is installed in the "mini-beam." apparatus ( KER 83 ) , 

which was already present in our group. The primary beam. is kept in standard 

position with respect to the "mini-beam." apparatus, so that the experiment 

may be directly inter-connected with other equipment in our group. For this 

reason the vacuum cham.ber is not centered exact1y above the diffusion pump, 

as a result of which the effective pumping speed in the cham.ber is reduced 

to 1200 1/sec. 

The chamber for the primary beam. souree is separated from the main 

. chrunber by a disk that holds a 0.5 mm diameter skimmer (further described 

in sectien 4.3). This souree chanber is differentially pumped by a 110 1/sec 

turbo-molecular pump, which is attached via a cylindrical pumping piece. 

On bath ends of the apparatus, viewports may be installed for aligiiD.ent 

procedures. 

Except for the primary beam. ·source, the top-flange holds all the 

essential parts of the experiment. It may be lifted off the apparatus by 

a pulley. Four pens, sliding through holes outside the vacuum cham.ber, 

assure that no drunage to the interior can be caused by tilting or displacing 

the f1ange. Two positioning-pins make it possible to accurately reposition 

the flange after it has been removed from the apparatus. Electrical connee

tions and a conneetion for the second·ary beam gas are also made via this 

flange, Practically the entire interior of the cham.bers have been painted 

black for suppression of stray light. 

Because the primary beam. axis has been kept in standard beam position, 

it should be relatively easy to mount the HCA metastable souree ("plasma 

seurce") on the apparatus in the future. This may be done at either end of 

the cham.ber. If so desired, the top flange may be rotated 180° with regard 

to the vacuum cham.ber. 
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Figure 4. 2: Sehematiaal drawing of the apparatus. 

1) thennal metastable souree 
2) 0.5 mm diameter aonieal skimmer 
3) vertiaally adjustable nozzle tube 
4) parabo Zie mirror 
5) primary beam defining diaphragms 
6) eleatrodes 
? ) light guide 
8) mierameter for nozzle adjustment 
9) filter assembly 
10) rotatable disks with five filter positions eaah 
11) filters 
121 lid for changing of the filters 
13) photamultipier housinq ( cooled to -20°C I 
14) no-dew assembly with aspheriaal lens 
15) photomuUipUer twe 
16) blind flange or window for primary beam aZigrurcent 

2.oomm 
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4.3 The primary bema 

Mainly because of its canpactness and sünplicity of installation, the 

apparatus has been equiped with a TMS metastable souree for the first 

experünents. An elaborate description of the TMS is given elsewhere (VER 84 ). 

For a horizontal cross-section of tne apparatus see figure 4.3. 

Neon expands through a small orifiee in the souree. With a eonieal 

skimmer (dimaeter 0.5 mm), the expansion is collünated into a more direction

ally defined bema. By creat~ a discharge in the expansion, metastable 

atams are formed. The souree is mounted on a pole and may be manipulated 

fram outside the vacuum ehanber while in operation. The metastable flux 

may be optimized by varying the souree pressure ( ~ 150 torr), the discharge 

current ( :::=s 10 mA) and the souree-skimmer distanee ( ~ 7 mm). The maximum 

eenter-line metastable intensity for the TMS, operated with Ne, is about 

2•1ol 3 s-lsr-1 ( 1s5 :1s3 ratio is roughly 5:1 ). The velocity distribution 

is peaked around 960 ms-1, Figure 4.4 shows a typical time-of-flight 

spectrum of the TMS. 

v1 I: ms-1] 500 
~1 r-------~~~~r--r~--~~----r---~~~ 

2.000 1000 

:::r 
d 

&....J 

LTOF = 2.."fl.f5 m 

1 2 3 'i 5 ó 
fl~ht- tl..me [trnsr 1

] 

YigUre 4.4: typiaaZ 

time-of -fUght 

speatrum of the 

XMS for neon~ as 

measured in another 

apparatus. 
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Behind the skimmer, ions and electrens from the TMS are extracted by 

two grids at potentials of +100 V and -100 V, so that they will nat interfere 

with processes in the callision region. Finally, the beam is defined by a 

1.0 mm diameter diaphragm. A 2.0 mm diameter diaphragm downstreamof the 

callision region is used for alignment of the primary beam. The alignment 

procedure is described in appendix B. 

4.4 The secondary beam 

In order to have a high-density secondary beam, an uncollimated 

expansion from a supersonic nozzle has been chosen ( see fig. 4.2 ), The 

distance from the nozzle to the callision region may be adjusted by a micro

meter outside the vacuum chamber from 0 - 12 mm. A pin-lever construction 

has been used with a lever-r~ia of 1:1. 

The capper nozzle is soldered onto a stainless steel tube, on which a 

heating element may be mounted. (Since thè velocity of atoms fram the super

sonic expansion is proportional to the square root of the temperature, 

heating of the nozzle results in a higher secondary beam velocity.) In the 

bottam of the tube, a little window is mounted. By placing a bright light 

-underneath this window, one may check if the nozzle opening (optical diameter 

50 pm) is unclogged. For suppression of stray light from the laser, the side 

wall of the nozzle has been painted black. 

4.5 The laser beam 

The laser system has been described in many previous reports (VER 79 ), 

(VER 82 ). The dye-laser, operated with the dye "Kyton- red" to cover the 

range 600 - 660 nm, is frequency-stabilized to 0.5 MHz. 

For the specific opties used-ln this experiment, see (BEU 84 ). The 

laser power is controlled and stabilized with an electra - optical - modu

lator. The beam enters and exits the apparatus through rotatable brewster 

windows. Two diaphragm-tubes minimize the amount of stray light from the laser 

beam and light from the surroundings. The beam passes through two beam holes 

in the parabalie mirror. 

With a beam splitter, part of the beam is branched off for modulation 

of the metastable beam (nat possible with the two-level system). In future 
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experiments tnis tecnnique will be used for time - of - flight diagnostics. 

4.6 The optical detection system 

4.6.1 Gèneral èónsidèrations 

The optical detection systan is obviously tne most vital part of the 

exper~ent. From tne qualitative analysis in sectien 1.3, it fellows that 

a high detection efficiency and strong background suppression are absolutely 

essential for de teetien of "inelastic" fluorescence radiation.. _( see fig. 1 .3). 

Although basically inelastic transitions between any two Zp-levels could be 

studied, tnere are a good number of serieus restrictions in practise: 

a) The 2p 1and 2p 3 levels ( J = 0 ) cannot be optically excited fran the 

metastable ts5 and 1s3 levels because of the selection rules for J. 

b) The "inelastic" signals (eqs. 1.18 and 1.20) are directly proportional 

to the cross-sections Qk1 . The smaller Qkl' the smaller the signal. 

c) Only one of the wavelengtns emitted from the "inelastic" 2p
1 

level 

can be detected. Thus, the detection efficiency ?det,l(eq. 1.11) will 

contain the branching ratio A1j/A1 • Lines with high branching ratios : 

are to be prefered. 

d) The extinction of background,light will depend on the resolution 

of the optical system. Of importance are the spacing between the 

laser line and the "inelastic" signal line: 

(4.5) 

and the spacing between the "direct" and "inelastic" fluorescence 

lines: 

(4.6) 

The smaller àA
1 

andAAd~ t .,, the more difficult will it be aser •ree ,~ 

to isolate the "inelastic" signal from the laser stray light and 

"direct" fluorescence light. 

e) In the exper~ent, we basically have different inelastic transitions 
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simultaneously (p.e. 2pk to 2p1 and 2pk to 2p 1 , ). If the first 

process is studied, whereas the second one has a much higher cross

section, the wavelength spacings 

(4. 7) 

may also become important. F or Qkl « Qkl' and A~11 , small, one 

may not be able to separate the signal lines from the first process. 

In appendixCare tabulated the products (A1j/A1) Q~~ (from table 2.1), 

and the wavelength spacings AA
1 

and AAd. . ,. This table has served aser ~reet,~ 

as the main guideline in selecting those inelastic processes that allow the 

best cambinations of high signals and strong background suppression. 

When measuring the "direct" fluorescence radiation from. the 2pk level, 

the wavelength spacings 

6 1t i.nU: t' = Ä kt' - ?>. ki. 
' 

(4.8) 

determine how easily the laser line may be suppressed. These values are also 

tabulated in appendix C. 

4.6.2 Wavelength selection 

To avoid the llinitation pos~d on the optical detection efficieney by 

a monochromator (see eq. 4.4), narrow bandwidth (1,7 nm FWHM) interference 

filters have been used for wavelength selection. Fig. 4.6 gives typical 

transmission curves for two filters purchased. The curves apply for normal 

incidence ( IX = 0° ) on the filter. If the angle of incidence CC. is non-zero, 

the transmission peak is shifted toward lower wavelengths. As a result, 

background light with a wavelength smaller than the actual signal line will 

be transmitted more effectively, whereas the transmission of the signal line 

will decrease. The last effect is visualized in fig. 4.7. It is seen that above 

(4.9) 

the actual signal line is hardly transmitted anymore. Since the filters have 
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an effective diameter dfilt = 46 mm, we get for the quantities from eq. 4.1 

that determine the optical phase volume of the filters: 

11. 2. 2. 
li dfut = 1735 mm 

(4.10) 

= 2n ( 1 - cos ~mi1X, fü.C) = o. 0~4 sr 
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and we find for the ratios of the optical phase volumes of interterenee 

filters and collision.region ( r = 1 mm ): er 

= 3 > 1 (4.11) 

When camparing this with eq. 4.4, we do indeed see that, unlike a monochro

mator, an interference filter poses no serieus limitation on the acceptance 

of the optical system. 

The disadvantage of interference filters is that for each wavelength, 

a different filter has to be used. On the basis of the criteri~ in the 

preceding section, interference filters for three neon transitions have 

been purchased: 653.3 nm (2 filters), 692.9 nm (2 filters), and 7à3.2 nm 

(1 filter). It was expected that with these filters, at least the 2p
9 
~ 

2p 7 and 2p9 ~2p 10 (two-level systan) and 2p6 ~2p7 and 2p
7 
~2p6 transitions 

could be studied. 

1 
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and 1--aos oe. 

a Zong a:r:e~ J. T i~ tfie ma:x:itnum tra:nsrrriss-îon of the fiZter at the 
ma:r: 

indiaated waveZength. 

45 •• 



I. 
In combination with the interterenee filters, red glass cutoff filters 

are ideally suited for furtber discriminatien of signal lines and background 

light. Furthennore, when measuring direct fluorescence radiation, a neutral 

filter may be used to attenuate the signal, so as to have approximately 

equal count-rates for "inelastic" and "direct" radiation. Same typical curves 

for cutoff and neutral filters are also shown in fig. 4.6. These filters 

are absarptien-type filters and have no significant angle-of-incidence 

dependence, Their effective diameter is dfilt = 47 mm. 

All the interference, cutoff and neutral filters have been thoroughly 

investigated and calibrated. This work has been published in a separate 

report ( RUY 84 ), 

4.6.3 Colleetien of the fluorescence light 

When using interference filters, light enitted frcm the callision region 

will have to be converted into a parallel beam, which strikes the filters 

perpendicularly. In order to fully exploit the gain in optical phase volume, 

as a result of using interference filters instead of a monochrcmator, the 

standard·solution of a spherical mirror-lens combination near the callision 

· region has been discarded in favor of a parabalie mirror. Namely, in the 

first case, the solid angle efficiency ?~ of the optical device (defined as 

the fraction of the light detected of an isotropie point source), is 

determined by the d/f ratio of the lens (diameter over focal length). For 

practical lenses (d/f' 1.6) we find 

= 0.22. (4.12) 

~n which the factor 2, gained by the spherical mirror, has been taken into 

_account. 

For a parabalie mirror, used in combination with interference filters, 

the maximum solid angle efficiency is determined by the following considera

tions: 

1) Light being emitted not exactly in the focal point of the mirror 

will not be reflected parallel to the optical axis and will not 

strike the interference filter perpendicularly. If the angle is larger 
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than ~ f'lt' the transmission of the filter becames negligable. max, ~ 

With a radius r of the cellision region and focal length f of er par 
the parabolic mirror, we can thus set the requirement: 

a.rctan ( .!k..) 
fpcar 

f par ~ 

oc max, 

10 mm 

fi..lt 

(4.13) 

2) The effective ~tside ~iameter of the mirror will be ~pproximately 

that of the filters (dfilt), 

3) Space has to be provided for the two atan beams and the laser beam. 

4) Only a limited number of parabolic mirrors are commercially available. 

Most mirrors have an opening in the bottom (diameter dbot). 

Having taken all the above into consideration, an f = 10.2 ·~ 0.5 mm par 
parabolic mirror ( Melles Griot 02 RPM OOI ) has been selected, which has 

a 16 mm opening ~n the bottom. A spark-erosion technique has been used to 

cut the mirror, so as to bring the outsi~e diameter from 80 mm to 54 mm, 

and to make ports for the primary beam and laser beam ( d . • 6, 6, 6, 8 mm). 
port,~ 

See fig. 4.3 also. This technique has proven to be very satisfactory. No 

visible damage to the mirror or its coating bas been caused. 

The solid angle efficiency of this mirror is given by: 

1& r 120:" 2. 
,. q 

dport,L2. 
(?.n.)par 

1b fpctr E = 
&bo~2. + 1b fpo.r 2. df~ltz. + 1b fpo/" -ib fpoi· 

~= 1 

Substituting for the actual values, we find: 

interferenae fiZters : 

cutoff fiZters : 

( ~-n_) por = o. LfO 

( ry..Jl.) par = o. Lj I 

The fractional solid angle of the four beam ports is 0.026. 

(4.14) 

(4.14,a) 

(4.14.b) 

The nickel mirror bas a rhodium coating which is extremely hard and 

durable. The reflection coefficient as measured with a He - Ne laser 

( ~ = 632.8 nm ) turned out to be 

'R par : 0.15 :1: o. 05 (4.15) 
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Fig. 4.8 gives the reflection coefficient as specified ( MEL 82 ) • 'There is 

only a slight wavelength dependence. We may conclude th!t, indeed, a higher 

detection efficiency has been obtained by using the parabalie mirror, instead 

of a spherical mirror-lens combination. 

The mirror is clamped into the mirror-holder witharing ( see fig~. 4.5 ) • 
. 

The two primary beam defining diaphragms have been aligned a little ( 0.5 ± 

0.2 mm ) above the focal point of the mirror, on the basis of the results 

from sectien 4.6.6. The aligrnnent procedure is described in appendix B. 

4.6.4 Lightguide and filter assembly 

In order to be able to simply interchange filters during the experiment, 

they have been kept outside the vacuum chamber. To minimize the loss due to 

the divergence of the light, reflected by the parabalie mirror, a long cylin

drical plexiglass cylinder has been used as a transparant vacuum seal, instead 

of a flat window. Light striking the inside vertical wall of the lightguide 

is kept inside the guide, because of complete internal reflection, whereas, 

without the lightguide, it would be lost. A more detailed analysis is given 

in sectien 4.6.6. Plexiglass has a negligable absorption in the range 500 -

720 nn, so the transmission T guide (defined as the fraction of the intensity 

transmitted) is determined solely by the reflection losses at the entrance 

and exit surfaces: 

(4. 16) 
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Euough space has been left open between the mirror and the lightguide, to 

avoid building up a high background pressure along the primary beam axis. 

Appendix D.l gives the considerations that have led to the dimensions as 

they are. 

A special filter assembly has been designed, which combines easy 

interchangeability of the filters with het:metical optical sealing. Essentially, 

the assembly consists of two flat disks, which have five filter positions each 

( see fig. 4.2 ). The disks may be rotated independently by hand, so as to 

bring any of the five filter positions in the light path of the optical 

system. Through the use of various fabrics, sandwiched between both movable 

and non-movable parts, it has been assured that no light from the surroundings 

can penetrate into the optical system. Neither can light from the experiment 

in any way circumvent the filters, through which it is supposed to go. In a 

separate experiment, the light absorbing and dynamic characteristics of the 

employ~d fabrics have been tested out (appendix D.2). 

By removing the lid, opposi~e from the photamultiplier housing, the 

filters may be rearranged in the disks. For this reason, one filter position 

in the upper disk has been sacrificed to give access to the filters in the 

lower disk. The lower and upper disks accommodate one and two filters per 

·position respectively. 

It has been found that the requirements of easy interchangeability of the 

filters and op ti cal sealing are excellently met in this setup. 

All the filters have been mounted in standard filter-holders. The cheaper 

cutoff and neutral filters have been glued into these filter-holders. The 

more expensive interference filters have been clamped with fabric and secured 

with two safety screws. In both cases, it should be impossible for any light 

to circumvent the filters at their perimeters. 

The present setup allows the combined use of up to three filters. When 

combining two interference filters, an absorption-type filter should prefer

ably be sandwiched between, to avoid a cavity-effect ( RUY 84 ). 
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4.6.5 The photamultiplier 

The actual light detector is a selected red-sensitive EMI 9862 K 

photamultiplier tube, which is used in the pulse counting mode. Pulses from.~th~ 

maltiplier are converted into TTL pulses by a pulse amplifier/discriminator. 

The quanturn efficiency of the cathóde material, as specified in an EMI 

catalog, is shown in fig. 4.9. Only the relative efficiences need to be 

known for the actual experUaent ( see eq. 1.12 ). The tube is mounted in a 

"Products for Research" RF TSA housing which is cocled to -20°C. Thus, a 

dark-count-rate of about 10 Hz is obtained. 

The ( ~ 50 mm diameter ) lightbeam from the parabolic mirror is 

focused onto the 9 mm diameter cathode ( rcath = 4.5 mm ) by a lens. In doing 

so, one more cutoff angle ( CC. 
1 

) is introduced. Assuming the lens to be · max, ens 
ideal, it is easily shown that auy light, incident on the lens with an off-

normal angle larger than 

oe. max, Lens = ~rctan ( rCAt:h \ 
fLer~s / 

(4.17) 

is not focused onto the cathode. Matching this angle with the cutoff angle of 

the interference filter ( eq. 4.9) and the quantity in eq. 4.13, we find 

·f1 ~ 40 mm. An f 1 = 39 mm aspherical lens, that was present in our group, ens - ens 
has been used ( the lens is most likely a Melles Griot 01 LAG 017 ). It has 

been glued into a no-dew assembly which has been purged with dry nitrogen 

and sealed. The photamultiplier housing is equipped with a heating ~lement 

that should prevent condensation on the front side of the no-dew assembly. 

The transmission of the front window of the no-dew assembly, the aspheri~ 

cal lens, and the window on the front of the photomultiplier should be abnost 
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wavelength independent. Because of the strong curvature of the lens, the 

reflection losses at the surfaces do depend on the distance r from the optical 

axis. The cambined transmission of these three elements may be appraximated 

by ( appendix D.3 ): 

(4.18) 

At the edge of the lens (r = 23 mm ), we thus find a correction of 5 percent. 

4.6.6 The total detection efficiency 

When fluorescence radiation of wavelength ~lj fram the inelastic process 

( eq. 1.4 )_is measured, using one or two interference filters with central 

wavelengt~ A
1
., the total detection efficiency ( eq. 1.11 ) may be written as: 
J . 

?aet, f 
A~· 7.t ry opt ( Afj) (4.19) 

in whic~Alj/A1 is the branching ratio for the signal line, and ?opt(~lj) is 

the actual detection efficiency of the optical system itself, at ~1 . 
J. 

When the density of the initial 2pk level is measured by its "direct" 

fluorescence light ( eq. 1.2 ), more than one line may be detected simultane

ously, depending on the filters used, and the detection efficiency from 

eq. 1.10 becomes: 

(4.20) 

The optical efficiency ? for a photon, emitted from the collision region, opt 
will depend on: 

1 ) its wavelength 

2) the position x in the collision region from which it was emitted 

3) its direction 

4) its polarization 

Neglecting the last two factors ( isotropie production of non-polarized 

light ) we can write 
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(4.21) 

in which ?QE(~) is the quantum efficiency of the photamultiplier tube (fig. 

4.9), T (~) is the cambined transmission/reflection of all the optical opt 
elements, and n~(x) is the canbined geometrie dependence. ForT · (~) we 

I - opt 
can write: 

Topt ( ~) = "R ):lar(~) • Tgutde · l1 { Tfi.l~ ( 1-, « = oo)} 

• T Lens ( r = 0 ) 

(4.22) 

in which R is the reileetion coefficient of the parab~lic morror ( eq. par 
4.15 and fig. 4.8 ), T 'd J.s the transmission of the light guide (eq. 4.16), guJ.e 
Tfilt are the transmissions of the various filters used ( figs. 4.6 and 4.7, 

interference filters at ~ = 0° ) and T
1 

is the transmission of the cambina-ens 
tion of the no-dew lens module and photamultiplier window ( eq. 4.18 with 

r = 0 ). The angle-of-incidence dependenee of the interference filter and the 

radial dependenee of T
1 

are thus contained in the geometrie function nJl(~) • ens ., 
This function has been calculated numerically ( appendix E ). In this cal-

·culation, the four ports in the mirror ( for primary beam and laser beam) 

have been evenly "spread out" over the circumference of the mirror, so that 

perfect cylindrical symmetry is obtained. Thus ryJl(~) is reduced to a function 

of the variables r ( distance fram optical axis ) and z ( vertical position · 

with focal point at z = 0 ). The calculated ry~(r,z) curves are shown in 

figure 4.10. The values are scaled with the calculated ~ficiencies ?.n\0-rl)) 

in the focal point of the mirror ( marked with a dot in fig. 4.10). 

We will give here a brief analysis of the results. In appendix E , a 

more detailed analysis is given. Figure 4.10.a gives ?~(r,z) withno inter

ference filter in the system. In this situation, the shape of ?..n. is mainly 

determined by the fact that light, not being emitted in the focal point of the 

mirror, has a reduced chance to hit the lens and be focused onto the cathode 

of the photanultiplier. Figure 4.11 is self-explanatory in showing why the 

efficiency for points with z > 0-;::.:i.s: fi.iglier ·than for points with z <.0. Part of 

the light with z <0 ( ray "3" in figure 4.11 ) is ref'lected back into the 

system. by the light guide. This accounts for the "bulge" in the ?A.(r ,z) 

curves for z < 0. 
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Ff1U:t'è 4.11: schematic light paths for 

tnree po~nts in the aollision region. 

In figure 4.10.b and 4.10.c, the "Op 692.9· .nm" and "Fa 692.9 nm" 

interference filters have been included respectively. This was clone by substi

tuting the scaled T/T (oc) curves fran fig. 4.7. The effect of the narrower 
max 

transmission curve of the Fa 692.9 filter with respect te the Op 692.9 filter 

in fig. 4.7, is directly traeed in fig. 4.10. If both filters are used simul

taneously, ?A(r,z) shows no further narrowing with regard to fig. 4.10.c. 

From figure 4.10, it is obvious that the effective size of the cellision 

region, seen by the optical detection systen, is fairly narrow, especially 

when using an interference filter with a norrow T(oc) profile ( refer to fig. 

4.7 ). 

As has already been mentioned in sectien 4.6.3, the primary beam has 

been positioned at z .. ,0.5 ± 0.2 mm, because at this height, the detection 

·efficiencies are the highest. 

4.7 Future extensions of the experiment 

In this section, a few considerations on future extensions of the experi

ment are given. 

Metastable source: As has been already mentioned in sections 4.2 and 4.3, the 

HCA ( "plasma source" ) may be çonnected to the apparatus instead of the 

presently employed TMS metastable source. 

Magnetic field: A magnetic field across the cellision region can either b~ 

applied by small permanent magnets near the collsion region, or by Helmholtz 

coils around the apparatus. One has to be aware of the effect that the nickel 

mirror will be easily magnetized and cause a pennanent magnetic field. However, 

it is to be expected that this field will have axial symmetry and because 

of the orientation of the mirror, it should be parallel to the optical axis 
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Time-of-flight analysis: Except for the two-level system, a time-of-flight 

( TOF ) analysis may be performed by modulating the metastable beam with the 

laser. Introducing the laser as indicated in fig. 4.3, a flightpath LTOF ~ 
-I 

90 mm is obtained. For metastable atoms from the TMS ( v 1 ~ 1000 ms ), 

the flight-time is then typically 100 ~sec, which is sufficiently high for a 

TOF analysis ( typical chopper frequency is 1/100 psec = 10 kHz and with 10 

channels the,channel tbnes became 100 psec/10 = 10 psec ). Depending on the 

signal-to-noise ratios in the experbnent, either a single-burst or a pseudo

randan-correlation technique may be used. 

Optical detectión systan: It mig~t prove to be advantageous to change the 

f = 10.2 mm parabalie mirror for an f = 19.1 mm mirror ( Melles Griot 
pu pu 

02 RPM 011 ). With this mirror, the solid angle efficiency ( ?~) will par 
be reduced to ?..D..= 0.19 ( eq. 4.14 with dbot = 22 mm, dfilt = 46 mm and 

·r t . = 0 ). On the other hand, the be~s will be positioned about 10 por ,~ 

mm above the mirror, which has the advantage that 110 beam ports in the mirror 

are necessary ( probably resulting in a reduction of stray light from the 

laser). Also, the rys.L( r,z ) profiles become wider ( see fig. 4.12 ), 

which will facilitate the alignment of the beams and deconvolution of the 

measured signals. 

3 

-3 -4 

Fif[l)!'e 4.12: ?.nfr,z)/ ?..o.fO,(Jf for an fpar = 19.1 mm mirror. AU other para

meters the sameasin fig.4.10.b; ?~0,0) = 0.20. 
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v. A N A L Y S I S 0 F TH E E X P E R I M E N T 

In chapter 1, a fundamental description of the experiment has been 

prense.nted. The reader is reminded of eq. 1 .12, which clearly shows the 

esse.ntial parameters of the ~perime.nt. Insection 5.1, the considerations 

will be given that determine the ch.oice for the secondary beam density n2 . 

In section 5.2, the measuring routines will be described, with which the 

actual signals I
1 

and ~ from eqs. 1.12 can be determined. Finally, some 

considerations will be given in section 5.3 on convolution effects in the 

experiment. 

5.1 Thè sèèöndary beam dertsity n2 

In polar coordinates ( see fig. 5.1 ), the density n2 of noble gas 

atoms ~n a supersonic expansion is given by ( BEIJ 81 ) 

o. = o.ao6 (5. 1) 

in whic~ n is the reservoir density in the nozzle, and R is the radius 
o n 

of the nozzle aperture. For primary beam atoms, traveling in the plane of 

tlie nozzle, at a distance zn from the nozzle, we can write n
2 

as a function 

of the coordinate x along the primary beam exis ( nozzle at x= 0 ): 

secondary 
beam ax· s 

primary 
beam axis 

Ftgyre- 5--.l: schematic of tne uncoUi

mated superson~c expansion 
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(5. 2) 

The average density over a collision region of length 1 then becanes: er 

n2. = 

The last factor heemnes of importance for z ~ 1 . 
n er 

(5 .3) 

Fram eq. 5.3, it is seen that, in order to have a high secondary beam 

density n
2

, the distance zn must be small, and the reservoir density n
0 

must he hig~ There is one crnnplication, however, which is attenuation of 

the primary beam metastahle flux, thro~n elastic scattering by secondary 

be.am atrnns. The "transmission" Tso of prim.ary beam atoms through the un

collimated expansion may be approximated by 

0 

Tsb = exp - J n1 (x) Qel clx = exp ( -j o..7.n0 1.."2 Qet/Zn ). (5. 4) 
-oo 

where Qel is the cross-section for elastic scattering of primary beam atans 

by secondary beam. particles. In eq. 5. 4, the factor g/v 
1 

( relative velocity 

·divided by primary beam. velocity) has oeen ignored. Since the rate of 

inelastic transitions of the process stuclied is proportional to the primary 

and secondary beam. densities ( see eq. 1.7 ), the most favorable secondary 

beam conditions are those, for which the product Tsbn2 is the largest. From 

eqs. 5.3 and 5.4, we can now find the optUaum reservoir density n for 
0 

fixed z : 
n 

}n ( Tsb n2) = 0 ( ) 3Zn 
IA 0 ~ nO opl: : 2.0..'-"K.n2. Qel 

( 1 e 1
) C5.5) 

( -) 3 .~. 1+t;~ 
Tsb na ma.x = ( , 7.)31 

2. Zn Qe~. e 1 + ~ ~ 11. 

-20 2 
Substituting Rn = 25 pm and an estimated value Qel = 100·10 m , we find 

for the optimum reservoir pressure at room tenperature: 

( P ) 11 0 [ torr mm1 J . z n o opt = (5 .6) 
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• 
The actual gas flow N thr~gh the nozzle for Ne ( see eq. D.4 from appendix 

D ) ~s then given by: 

[ 
torr ~ s-1] 

~055 · Zn rnm 
(5. 7) 

The (Tsbn2)max values are given in fig. 5.2. 

5.2 Measuring routines 

The actual goal of the experiment is to measure the "inelastic" and 

"direct" fluorescence signals as defined in eqs. l .11 and 1 .1 0. Ideally, 

the net signals could be measured by simply using different optical filters. 

In practise, however, corrections will have to be made forbackground 

light, which cannot be fully suppressed by the optical system. This may 

be "direct11 fluorescence from the initial 2pk level, stray light from the 

laser, light from the TMS, or light from the surroundings. In order to 

correct for this background light, two more diagnostics are used. 

The first one is modulation of the secondary beam, which may easily 

be turned "off" and '*dn". Ideally, the only consequence would be modulation 

·of the inelastic process. There are several c~plications, however. These 

are attenuation of the prünary beam (as described in sectien 5.1 ), and 

2 

1 

Qel = 100 Äa. 
Lc.r = 2 mm 

z[mm] 10 

Piqure 5. 2: ma::cimum attain-

a]; Ze product of primary 

beam transmission T
8
b and 

average secondary beam 

density n2 ( fram eq. 5,5 ) 
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Rayleigh scattering of stray light from. the laser, the TMS and the surround

ings. Also, there may be excitation of secondary beam atom.s to the short

lived contiguration by electron~ from. the TMS: 

(5. 8) 

These short-lived atoms will contribute to the fluorescence signal measured. 

The secènd additional diagnostic is modulation of the optical pumping 

process, by which the initial 2pk levels are proquced. Turning the laser 

"off" and "on" has the disadvantage that no easy correction for stray light 

from the laser is possible. Instead, the laser is detuned enough to prevent 

excitation of the metastable atoms. On the other hand, the wavelength 

change is so small that it goes unnoticed by the optical system. 

Another method, which we have not used yet, for modulation of the 

initial 2pk level, is depleting the metastable beam by optical pumping with 

the laser, befare the callision region ( see fig. 4.2 ). This methad 

cannot be used with the two-level system. Modulating the metastable beam 

by turning the TMS "off" and "on" is impractical and has the disadvantage 

that no easy correction is possible for background light, caused by the 

TMS. 

In table 5.1, the experimental signals are listed for all the combina

tions of the above diagnostics. The signals have been written out in their 

different components, being "inelastic" radiation from the collisional 

induced 2p 1 level, "direct" radiation from the initial,2pk level, and all 

other background light. The underlined components of the r
11 

and ~~ 

signals are the net "inelastic" and "direct" fluorescence signals, as defined 

in eqs. 1.11 and 1.10 respectively. The optical detection efficiencies have 

subscripts that indicate which filter combination is used, and have between 

parentheses a schematic indication of the wavelength(s) of the different 

components. The factor Tsb ( ~ I ) takes into account the attenuation of 

the primary beam by the secondary beam. In first order approximation, the 

factor Tsb should be independent of the filter combinations used. The 

factors~ and R1 (~ I l schematically take into account the effects of 

Rayleigh scattering of background light at the high density secondary beam, 

and the electron - atom process from eq. 5.8. 

From table 5.1, we may deduce which signals have to be measured, Ln 
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-----------~--------------~--------~~----.--- ------- ------~ --,--- ----. .- ----------.-----------,--------

Filters for Secondary Laser 
"inelastic" "di reet" 

beam tuned Signal = + + background 
(l=on, (l=yes, 

fluorescence fluorescence 

O=off) O=no) 

l Ill = TsbNl ?det,l (1) + TsbNk ~det ,1 (k) + R I 
I 

1 back, 1 

0 Il2 = R I 
"Inelastic" 

1 back,1 

2p
1
-levels . 

I Il3 = Nk~det,1(k) + I 
back ,1 

0 
0 Il4 = I 

back,1 
- . 

I Ik I = (TsbNl ?det ,k ( 1) )+ TsbNk~det k(k) + ~Iback,k 
' I 

·o Ik2 ~Iback,k 
"Direct" 
2pk-levels 

l Ik3 Nk ~det ,k (k) + I 
back,k 

0 
0 Ik4 I 

back,k 

Table 5,1: Experimental signals~ expressed intheir constituent camponents. The first three 

columns give the possible cambinations of the main three diagnostics, The underlined 

camponents are the net "inelastic" and "direct" fluorescence signals. The "inela.stic" 

camponent of the Ikl signal has been placed between parentheses and may be neglected 

for all practical purposes, 



i 
i 

I. 
I 

order to obtain the desired quantities. For exmnple, the coefficients R1 
and ~ fellow from: 

(5. 9) 

The transmission factor T
5
b of the primary bean through the secondary bemn 

may be determ.ined from. 

(5. 10) 

in which the "inelastic" component of \.l has been neglected. 

The ratios of "inelastic" and "direct" fluorescence radiation ( see 

eq. 1.12 }, from. which- the cross-sections Qkl for collisional induced 

transitions will be determined, fellow from.: 

Nt , ~et. 2 (f) 
Nk ~ det:;k,(k) 

(5 • 1 1 ) 

Again, the "inelastic" component of \.t has been neglected. The symmetry 

of eq. 5.11 suggests that tuning and detuning the laser ( third column 

in table 5.1 ) should be chosen as the basic diagnostic of the experiment. 

·The accuracy, with which each of the eight signals in eq, 5.10 must be 

measured, will depend on the experimental situation. 

It is interesting to r~ark that, when the laser is detuned, eq. 5.11 

remains valid, even if a fraction E > 0 of the metastable atoms is still 

pumped. In this case, all the signal differentials I
11 

- I12 , etc. will 

contain a factor (1-E). These factors will cancel out in eq. 5.11. 

The "direct" fluorescence signals \. are easily measured, because of 

their high intensities. In the two-level system, it will not be possible to 

preferentially suppress the stray light from the laser. On the other hand, 

the net "direct" fluorescence signal will be even higher. 

In order forthelast term of eq. 5.11 to be only a small contribution 

to the I 1/\, ratio, the following condition must be met: 

(5.12.a) 

which becomes, with the help of eq. 1.9 ( making the approximations 
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A1/\; =I and rydet,l(l) = l ): 

9 
n2, A~c. Qke(g) ?; ?detJ ( k) (5.12.b) 

In other words, the fundamental "nlQ" product of the experiment must be 

larger than the transmission of "direct" fluorescence radiation by the 

optical system, equiped with filters for the "inelastic" fluorescence radi

ation. 

It should be noted that eq. 5.11 ~s only one out of several ways to _ 

determine the desired r1/~ ratio. If modulation of the secondary beam is 

used as the basic diagnostic, it is more illustrative to write for I1/~: 

.!!. = Nt ~ cAet:, ten = Ik Nk ~áe.t:,k (k) (5. 13) 

= It1 .:.. 'Itl 
+ ( 1- Tsb) 1aet.f (k) _ ( Rt- 1 ) I bcacl<ae 

Ik1 - Ik2. Tsb ~olet:,k (k) Tsb Nk ~ ~et,k (k) 

It is seen that irr order for the last two terms to be small, the attenua

tion of the primary bema must be small ( T
5
b ~ 1 ), as well as the effect 

of Rayleigh scattering and electron processes ( R
1 
~ 1 ). The contributions 

·of the last two terms would have to be determined se~aTately. 

In the a~ove analysis, it has been assumed that radiation from only 

one "inelastic" 2p
1 

level is measured by the optical system. In practise, 

more than one collisional induced transition will take place. As has already 

been pointed out in pointe) of section 4.6.1, this may cause canplications 

if the collisional induced 2pk ~ 2p
1 

transition is studied, whereas the 

2pk ~ 2p
1

, transition ( 1' :/: 1 ) has a much higher cross-section, and produces 

fluorescence radiation of abnost the same wavelength as the 2p
1 

level does. 

In this case, an even more detailed analysis is necessary. 
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5.3 Convolution effects 

In section 1 .3, ·a quantitative analysis of the experiment has been 

given, resulting in expressions for the experimental signals ( eqs. 1.17-

1.20 ). Although these expressions are basically correct, a number of simpli

fications have been made. It is not our goal to give here an exhaustive 

list of all the camplications involved. Rather, we will mention some convo

lution effects, that may be expected on the basis of the preceding chapters. 

First of all, we have neglected the relative velocity distribution. 

Since the velocity distributions of primary and secondary beam sourees 

are fairly narrow, we should still obtain reasonable Qkl values at the 

average relative velocity g in tne experiment. In future time-of-flight 

studies, more information will be obtaîned on the Qkl(g) dependence. 

Another convolution effect is due to tne nature of the confinement 

of the collision region. Unlike most other beam appartuses in our group, 

the collision region is b.ighly non-isotropic. This is illustrated in fig. 

5.3, which gives the quantities, determining the "inelastic" signal I 1 
( see eqs. 1.18 and 1.20 ), along the primary beam axis. In this situation, 

the "size" of the collision region is determined mainly by the ~ distri

bution ( i.e. by the laser beam ) and the optical detection system. With 

·the two-level system, the ~ distribution will be wider ( see fig. 3.5 ). 

The "width" of the optical detection efficiency depends on the optical 

filters used. The secondary beam density n2, the relative velocity g and 

the transmission of the primary beam Tsb will all depend on the distance 

z between the nozzle and the center of the collision region. 
n 

Of course, there are similar effects in the plane, perpendicular to 

the primary beam axis. For a correct analysis, we also should take into 

account the distribution of metastable atoms in this plane ( virtual 

souree distribution, skiromer - diaphragm geometry ). 

Another effect that has been neglected so far LS divergence of the 

primary beam. Besides effects as indicated in fig. 5.3, this will cause 

Doppler shifts, In our experimental situation, these may be as much as IS 

MHz at the sides of the primary beam. This will have a relatively strong 

influence on the optical pumping process. 

Because in our experiment tatios of intensities are measured, the 

spatial convolution effects will only have relatively small inf1uences on 
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the determination of the cross-sections Qkl(g). They may betaken into 

account as small correction factors on the fundanental ralationship of 

eq. 1.12. This we will leave open for future studies. 
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FiWJ:l! 5.3: SaaZed vaZues of the factors, aontributing to the 

"ineZastia" signaZ Iz_* ( Iz * = Tsb *.nk*. r/'. 1det *' ) aZong the 

prûrrary beam a:r:is ( souree at x = - oo ) • List of parameters: 

- seaondary beam density n2: eq. 5. 2 with zn = 3 mm 
-1 -1 - reZat,ive veZoaity g: v 1 = 960 ms and v 2 = 780 ms 

- transmission Tb: eq. 5.4, integrated from -oo to x; 
2 2 s 

(2/J)z n R Q ..,/z = 1, z = 3 mm. o n e~.- n n 
:- short-Uved ZeveZ density ~: muUi-ZeveZ system with gaussian 

profil-e ( haZf-width wx = 1 mm, see seation 3.3.2 ). In nk, 

the transmission Tsb has not been taken into account. 

- deteation efficiency ?aet: fran fig. 4.10.a at z = 0.5 mm. 

64 •• 



VI. E X P E R I M E N T A L R E S U L T S 

6.1 General performance 

Since the apparatus has not became operative until the end of this 

project, experimental results are still at a very early stage. In this 

chapter, we will give an overview over the present results. 

All experiments have been carried out with a linearly polarized laser 

beam, The half-width of the waist ( as defined in figure 3.4 ) is w = 0.7 mm. 
x 

The laser power is absolutely stabilized as described ln sectien 4.5. In the 

present set-up, the maximum attainable laser power is about 0.4 mW. By 

modifying the laser opties, we may easily gain a factor of 10 in the future. 

The laser beam has been aligned so as to pass through the middle of the 

Brewster windows and so as to give a maximum "direct" fluorescence signal. 

Signals are measured with the help of the PDP 11/23 computer in our 

group. Tuning and detuning the laser ( proposed as the basic diagnostic in 

section 5.2 ) is clone by the computer. By detuning the laser by 100 MHz, 

the modulation of the fluorescence signals is more than 99 percent ( see 

eq. 3.4 ). This way, we automatically obtain the signal differences 

I 11 -I12 , •.• , Ik
3
-Ik

4 
( see table 5.1 ). Typical (net) measuring times are 

10- 100 seconds per differential signal. 

The thermal metastable souree ( TMS ) lS optimized so as to give 

maximum fluorescence signals. Surprisingly, we find a rather low optimum 

pressure ( 40 torr, 400 V, 15-20 mA). 

Table 6.1 gives the background signals, caused by light from the 

surroundings, the laser, and the TMS. With an interference filter ln the 

system ( suppression of foughly 106 outside the transmission peak ), we 

see that the contributions from the surroundings and even the laser become 

negligeable, compared with the TMS. Since the TMS produces exactly the same 

wavelengths as those that we want to study in our experiment, it will not 

be possible to further suppress the background from the TMS by optical 

filters. However, we expect to be able to reduce the stray light from the 

TMS by modifying the primary beam defining diaphragms and the beam ports 
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interf erenee filters 
no filters 2p6(693 nm) 2p7(653 nm) 2p10(703 mn) 

surroundings 100 kHz 0 0 0 

TMS 3.6 HHz 45 kHz 4 kHz 50 kHz 

Laser 621 mn 250 MHz 250 Hz 250 Hz 250 Hz 
0.3 mW 

Tab le 6.1 : Main sourees of background light in the experiment 

~n the parabalie m~rror ( see fig. 4.5 ). ( By covering the parabalie 

mirror, it has been proven that the stray light fram the TMS originates 

from the parabalie mirror itself. ) Furthermore, we see that scattering of 

laser light off the nozzle tip only becames of importance when the distance 

between the nozzle and cellision region becames less than mm ( in which 

case the nozzle tip is actually placed in the laser beam ). 

6.2 The "direct" fluorescence signal 

When measuring "direct" fluorescence radiation, a neutral attenuation 

filter ( NG 10, T ~ 2•10-4 ) is used to keep the signals within the linear 

range of the photomul tiplier. Table 6. 2 gives the measured "direct" fluo

rescence signals. In all cases, the 2p-levels are excited from the Js
5 

metastable level at approximately 0.30 mW laser power. The detection effi

ciencies have been calculated according to eqs. 4.19- 4.22. For the 2p
8 

level, for which no interference filter ~s available, a summatien has been 

carried out over the three fluorescence lines from the 2p
8 

level ( see 

fig. 1.1 ). For the specific numerical values used, see appendix F. 

If we leave the efficiency n
1 

, with which metastable atoms are 
f aser 

excite& by the laser, as a free parameter, we can calculate the effective 

metastable flux (s
1
;z

1
2)j. • ?

1 
through the cellision region with the 

~,o aser 
help of eqs. 1.17 and I .19. Forthetwo-level system, we have arbitrarily 

chosen the effective size 1 of the cellision region to be the waist 
er 
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Figure 6.1: Effective metastable flux through the coUision region as a 

function of the laser pCTI.Jer and the saturization parameter 

( 1- ~). s o ·1.û xAk/v 1' 

67 •• 



diameter of the laser ( 1 = 2w ) • Also, the values of the parameters 
er x 

that determine the efficiency n
1 

have been indicated. These are s for 
I aser o 

the two-level system ( section 3.3.1 ) and (1-~)·s 0 'wx~/v 1 for the multi-

level system ( section 3.3.2 ). Since the effective metastable flux is 

different for the different 2p-levels, the supposition arises that the 

optical pumping process has not yet saturated at the laser powers used. 

This ~s verified by fig. 6.1, which gives the effective metastable flux 

as a function of the laser power and as a function of (1-~)'s 0 'wx~/v 1 for 

the 2p
6 

level. In fig. 6.1, the data points for the 2p
6

, 2p
7

, and 2p
8 

levels from table 6.2 have been indicated also ( at the respective 

(1-(?!)'s 0 'wx~/vl values ). 

From fig. 6.1, we can make an estimate for the saturated ( n
1 

= 1 ) ., aser 
metastable flux ( 3·10 10 s-I ). Substituting for s

1 
and z

1 
( 1 mm diaphragm 

at 60 mm from the TMS ) we find an actual metastable flux of 

. 
Ji..,o ::. 

14 
1.Lf . 10 -1 -1 s sr (6. 1) 

which is almost a factor of ten higher than expected ( see section 4.3 ). 

Most likely there is a correlation with the low pressure at which the TMS 

~s operated. 

With the above estimate for the actual metastable flux, we can deter

m~ne the efficiencies ~1 for the optical pumping process. In order to 
I aser 

have 50 percent efficiency for the multi-level system ( effective meta-
. 10 -I 

stable flux of 1.5•10 s ) , we experimentally find the requirement: 

(6.2) 

This is a factor of 15 larger than is predicted by fig. 3.7. In other words~ 

a 15 times higher laser power is required. 

For the two-level system, we have an efficiency of 30 percent 

( 1.1·10 10 ;3•10 10 ). From figure 3.6, we find a theoretical prediction 

of 0.13 mW laser power in order to have a 30 percent efficiency at w 0.7 mm. 
x 

This value is only a factor 3 off with respect to the experimental value of 

0.3 mW. It should be noted hawever, that for the two-level system, arbitrary 

choices for the length of the callision region have been made. In this stage, 

we do not have any well-founded arguments with which the discrepancy between 

theory and experiment can be explained. 
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6.3 The 11 inelastic11 fluorescence sigrtal 

We have been able to abserve several callision induced transitions 

within the short-lived Ne(2p) multiplet. We will concentrate here on the 

2p6~ 2p
7 

transitions, for which the most experimental checks have been 

carried out. 

6. 3 .l Behavior as a function of nozzle pressure 

Basically, the signal r
11

-r12 ( see table 5.1 ) is the signal, caused 

by the inelastic process. At a fixed nozzle to callision region distance 

zn' we expect this signal to have a maximum as a function of the reservo~r 

pressure n in the nozzle. This behavior has been found indeed (fig. 6.2 ). 
0 

For small n
0

, the density n
2 

of the secondary beam gas is too small to 

have a high signal. For too large n , elastic scattering of primary beam 
0 

particles becomes the restricting factor. The last effect is illustrated 

in fig. 6.3, which gives the transmission factor Tsb as a function of the 

nozzle pressure p • Tb is calculated from the "direct" fluorescence signals, 
0 s 

as defined in eq, 5.10. The theoretical behavior of T b(n) ( eq. 5.4) 
s 0 

- ~n Tsb I'V no (6.3) 

boo I I I 

r-1 
N 

::1: 

,'{'!--!-. __ wsoo 
.............. I/l l_ _, 
H 
1 tcoo I ' - Figure 6.2: Inelastic signal I ... 
Q) 

H 
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~s verified perfectly. The value of p for vlhich Tb= 1/e is of special 
0 s 

importance since at this point the inelastic signal is at its maximum 

( eqs. 5.4 and 5.5 ). Indeed, the value of p in fig. 6.3, at which 
0 

Tsb = 1/e is in perfect agreement with the value of p
0 

in fig. 6,2, at 

which the signal (I 11 -I12 ) has its maximum. The optimum 

even agree reasonably with the predictions from eq. 5.6. 

values for p 
0 

At z = I .6 and 
n 

2.6 mm, we have predicted values of 180 and 290 torr, while we find the 

optimum at 130 and 160 torr respectively. Given the simplicity of the model, 

used insection 5.I, this may be considered a very reasonable agreement. 

In fig. 6.4, we have plotted the ratio of "inelastic" and "direct" 

fluorescence radiation, as defined ~n eq. 5.11. The theoretical expression 

for I 1/Ik is given in eq. 1.12. We see that this signal ratio should be 

proportional to the secondary beam density n
2

, which in turn ~s propor

tional to the nozzle reservoir pressure p . This behavier is found exactly 
0 

in fig. 6.4. The linear dependenee of the signal on the pressure p provides 
0 

very strong evidence that we are indeed observing a collisional induced 

process. The actual "nlQ" product for the inelastic process is obtained 

from I/Ik by correcting for the detection efficiencies for "inelastic" 

and "direct" radiation. Their ratio has been indicated in figure 6.4. It 

has been calculated from the values, mentioned in appendix F. As an 

illustration, at z = I .6 mm and p = 130 torr, the "nlQ" product is 
n o 

0.08/1620 = 5•10-5 • From this, the cross-section q
67 

may he directly cal-

culated. This will be clone ~n section 6.4. 

As has been mentioned ~n section 5.2, the non-zero value of the signal 

(I13-I
14

) at p
0 

= 0 is caused by a finite transmission of the filter for 

"direct" fluorescence radiation. From table 5. I, we f ind: 

= 
1 o(et, t( k) 

~ oltt, k (k) 
(6.4) 

Substituting (I13-r14)/(Ik3-Ik4) = 0.009 ( from fig. 6.4 ) , and substituting 

the values from appendix F for the optical elements, we find a transmission 

of 4·10-6 for "direct" fluorescence radiation by the filter for the "inelastic" 

radiation. This value agrees reasona5ly with what would he expected on the 

basis of the calibration of the filters. 
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6.3.2 Behavior as a functión of nózzle distance 

Another check on the validity of the basic equation 1.12 ~s the beha

vior of the "inelastic" signal as a function of the nozzle to callision 

region distance z. Since n2 is basically inversely proportional to z 2 , 
n n 

so should the quantity r 1 /~. Figure 6.5 gives r
1
;rk as a function of zn 

for both the 2p6 __,. 2p7 and 2p7 ~ 2p
6 

transitions. Since a double-logarith

mic plot has been used, the data points should be on a straight line with 

slope -2. For small z , there seems to be a significant deviation from the 
n 

theoretical values. For z > 3 mm, too little data points are available 
n 

for definite conclusions. 

We can also look at the behavior of the transmission factor T
8
b as a 

function of z. Theoretically ( eq. 5.4 ), we expect 
n 

1 

Zn 
(6. 5) 

The values -ln(T
8
b) have been plotted double-logarithmically in figure 6.6. 

There are several convolution effects that might have an influence. One 

of them is the averaging effect ( eq. 5.3 ), due to the finite confinement 

of the callision region. For 1 = 2w = 1.4 mm and z 1.6 rnm, we find er x n 
a decrease of 15 percent with respect to the theoretical prediction for n

2
. 

This means this effect could account partly for the measured behavior of 

I/Ik. 

Another explanation is possible by assuming that the short-lived atoms 

are produced not exactly on the secondary beam ?Xis, but a distance x away 

from it ( angle'-9, see figure 5.1 ). Taking into account the behavior of 

the secondary beam density n2 (~), the relative velocity g(~) ( assume 

v 1 = v 2 = v) and the cross-section Qk
1

(g) ( assume proportional to g), we 

can write for the "nlQ" product from eq. 1.12: 

(6.6) 

The ~-dependence may also be written as a (x, z ) dependence. This correc
n 

tion has been indicated in fig. 6.7. All curves are scaled so that at z 4 mm 
n 

the correction factors are equal to I. We see that for both negative ( upstream 

of the metastable beam ) as well as positive ( downstream) x-values, the 
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experiments can be brought in agre~ent with the theory. 

For Tsb' we can use a similar argumentation. In this case, we suppose 

that the cross-sectien for elastic scattering Qel ~s g-independent. Taking 

into account the effects of n2 (~) and g(~), we find: 

- Ln Tsb 
x 

= J n (x) ~(x) Q d.x 
2 v1 el 

-oo 

(6 0 7) 

Again, these correction factors have been scaled with the values at z = 4 mm 
n 

(fig. 6.8 ), We see that for Tsb only negative x-values give the desired 

result. From figs. 6.7 and 6.8, we see that if the short-lived atoms are 

producedat x= -1 mm (i.e. I mm befere the cellision region ), both the 

discrepancies for small zn for r
1
/Ik and Tsb are solved. A misalignment of 

the laser bemn by 1 mm certainly may not be discarded as a possible explan

ation. 

6.3.3 Behavier as a function of laser power 

The signal ratio r
1
/rk should basically be independent of the laser 

power. For the 2p6 ~ 2p7 transition, r
1
/rk has been rneasured as a function of 

the laser power, for fixed z and p • The results are shown in fig. 6.9. 
n o 

It is expected that with increasing laser power, the effective position of 

the short-lived atams shifts to the upstream part of the rnetastable bearn 

( sectien 3.3.2 ), Assurning an efficiency of 0.7 for the optical purnp~ng 

process at P = 0.30 mW ( see fig. 6.1 ), we can make an estimate for the 

shift Ax with the help of figure 3.7. At the value of (J-A) ·s •w A /v 1- 0 X-K 1 

at which the efficiency ( "sat." in fig. 6.1) is 0.7, we find for the dis-

placement Ax a value of 0.22•w = 0.15 mm. From the curves in figure 6.7, 
x 

we may then conclude that there will hardly be a significant change in 

r 1 /~. This is verified by figure 6.9. It should be noted that the actual 

r
1
/rk values from figure 6.9 differ frorn those in figures 6.4 and 6.5 

because a different filter combination has been used. 

In figure 6.10, the values of Tsb have been plotted. Since the effective 
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position of the short-lived atoms is expected to shift upstream of the meta

stable beam with increasing laser power, the transmission Tsb should increase. 

This seems to be the case in figure 6.10. With ~Tsb = 0.03 from figure 6.10, 

we can make a rough estimate for the displaceme~t, using the calculated 

curves in figure 6.7. If we assume that x= -0.7 mm is the central position 

of the short-lived atoms, the displacement that gives rise to ATsb = 0.03 

H roughly 0. I nnn. 

If the effect of effective displacement of the short-lived atom distri

bution is to be investigated more accurately, higher laser powers should be 

used. This is obvious from fig. 3.7 in which it is seen that the displacement 

will continue to increase, while the pumping process has already saturated. 
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6.4 Experlinental ètoss~sections 

When the r 1 ;~ ratio has been determined experlinentally, only the remain

ing quantities of eq. 1.12 have to be substituted in order to obtain absolute 

values for the cross-sections. The results for the transitions we have stuclied 

have been summarized in table 6.3. No attempt has been made to make corrections 

for the z dependence, as has been described insection 6.3.2. Instead, we 
n 

have simply used eq. 5.2 at x = 0. Another systematic error ~n the Qkl values 

is caused by some uncertainties in the determination of the detection efficien

cies, We have noted that combinations of different filters do not always 

yield the signals, expected fran the calibrations of the filters. Discrep

ancies of a factor of 2 - 3 have been found. These effects will have to be 

further investigated, Measurement of "direct" fluorescence radiation provides 

a good way to directly calibrate the filters in our apparatus. Also, the 

quanturn efficiency of the photomultiplier tube is a souree of uncertainty, 

because we do notknowhow accurate the specifications are (fig. 4.9 ), 

However, the most important conclusion at this point is that we are able 

to measure collisionally induced processes, namely for the 2p6~ 2p
7

, 

2p
7

-4 2p
6

, 2p9~ 2p 10 , and 2p8 ~ 2p 10 transitions. Comparing these values with 

the predictions from table 2.2, we see that especially the last two have much 

higher cross-sections than was expected. The very large inelastic signal for 

the 2p 9~ 2p 10 transitions may be excellently employed to study the zn 

dependenee over a wide range. Surprisingly, the 2p 9~ 2p
7 

transition comes 

out smaller than expected also. It is interesting to remark that the "direct" 

fluorescence radiation from the 2p
8 

level is still very reasonably sup

pressed by the optical system, because the 2p
8 

level has a fluorescence line 

with a wavelength of 2.6 nm less than that of the actual signal line. From 

the signal of 3400 Hz, we may deduce that the effective transmission of the 

Optilas 653,3 nm filter at~= 650,7 nm is 2•10-4• This leaves a lot of 

hope in case we want to study transitions with smaller waYelength spacings 

1n the ftiture. The very large unsuppressed "direct" fluorescence signal that 

we find for the 2p
7 
~ 2p

10 
transition is caused cy a fluorescence line that 

lays 0,8 nm above the signal line. 
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A. 

trans i-
k 

Il/Ik '?det,l Al/~ g/~ z Po n2 Il Tsb 1 l back- Qkl 
ti on n ground 20 -3 (I 0-5 m) (10-20 m 2) (mm) (torr) ( 10 m ) (Hz) (llz) (Hz) ?det ,k 

2p6 -2p7 2.6 150 2.97 290 50 4200 0.047 + 0.005 1620 1.06 2. 71 0.34 + 0.04 - -

2P6 ....... 2PIO 1.6 130 6.81 0 3400 50000 4770 0. 70 2. 71 

2p7-+2p6 2.6 130 2.58 520 100 44000 1.52 + 0.18 26200 0.94 2.56 0.93 + 0.11 - -

2P7 ....... 2P 10 2.6 130 2.58 0 370000 100000 26800 0.66 2.56 

2p8-2p6 1.6 130 6.81 0 0 42000 3170 1.13 3.06 

2p8-2p7 1.6 130 6.81 0 3400 4000 < 0 .OI 1090 1.20 3.06 < 0.04 

2P8~ 2Pio 2.6 130 2.58 1800 100 51000 0.263 + 0.009 3220 0. 79 3.06 I .31 + 0.05 - -

2p9;. 2p6 2.6 130 2.58 0 0 48000 5260 1.06 2.86 

2p9-2p7 2.6 130 2.58 0 40 3900 <0.002 1820 I. 12 2.86 < 0.013 

2P9....,. 2Pto 2.6 130 2.58 46000 500 50000 0.907 + 0.018 5340 0.74 2.86 3 .I I + 0.06 - -

Table 6.3: Experimental results for the transitions studied. ~ is the direct fluorescence signal that is 

not suppressed by the optical system. 



Córtclt.is ion 

The measurements and analyses, given ~n this chapter, are still in a 

very eéirly stage. Even though a lot of work remains to be done, we may con

clude that the apparatus and experiment live up to the expectations. In 

this regard, we would like to consider this project quite successful. 
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APPENDIX A 

Numerical solution of the rate~equátions 

The set of equations 3.19, 3.21 and 3.22 ~s of the type: 

{ 

d.y :: 
ei x 
dz - = dx. 

A(x) · y 

C(x) · ::J 

+ :B(x)· z 

+ J)(x) • z 

It ~s solved numerically through discretization ~n the midpoint x 1 : 
n+z 

Y'fi+1-Yn 
AX 

d.z 
same for dx 

(A.l) 

(A.2) 

ln the right hand side of eq. A.l, it is then necessary to take for the 

midpoint values: 

= SaVY\e for z (A.3) 

Substitution gives an im.plicit set of equations, from. which y 1 and z 1 n+ n+ 
are found: 

Yn+1 '::in + 2 
O(.Yn + ~Zn + (~1- ccb) .Yra 

= 
(1-e<)(1-b)- ~· 

Zn+1 = Zn + 2 0 YY\ + ó z n + ( ~l- e< & ) 2. n 
(A.4) 

(1-ot)(1-s) - ~r 

()(.. = ! Ax A(x"..1) > so.me for ~) 1', QV\Q 6. 2 z. 

. 2 This discretization sch~e is stable and convergent of the orderAx • The 

initial conditions fran eqs. 3.15 and 3.16 may be written as: 

y(-oo) = 1 z(-oo)=O (A.5) 

The numerical salution is started at an x - value, at which the relative 

deviation ( say E) fran the initial conditions is still small. From eq. 

3.21 and eq. 3.19 we find: 

nL(-oo)- nt(l;) 

1'\i.(-oo) 
-oo -oo 
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WxAk 
r1 -2.~4 

< s .1.(~) e <. ê 
v1 0 2 2 , 

-~start > {i ~n ( w~:k 1 (1t /'J . 5o 2 2 é 
) }12 (A, 6) 

For the ( worst case ) values wx~/v 1 = 50, s
0 

= 10 and E= 0.001, we find 

the requirement for the starting point - ~ t > 2.5. 
star 

for 

The stepsize a~ may be determined fran eq. 3.22. To assure that 

~~~ « 1 we have: 

<.<. 1 (A.7) 

With the above values, we thus find the requirement .A~« 0.002. The sol

utions from figs. 3.5 and 3.8 were obtained with t; t t = -5 and A~= s ar 
0.0005 or 0.001. For small wx~/v 1 , where the solutions fran the equili-

brium assumption ( eq, 3.27 ) are very accurate, there is excellent .agree

ment wieh the numerical solution, which proves the reliability of the latter 

one. 

If the rate equations for a complete set of magnetic sublevels have to 

·be solved, the procedure remains essentially the same, except that the ûn

plicit set of equations fran eqs, A.l - A.3 will became more camplicated. 

Matrix calculation will then be the most appropriate methad to solve for 

Y 1, z 1 etc. ( compare with eq, A.4 ). n+ n+ 

ii .. 



APPENDIX B 

Alignment prócedure 

Because of the narrow ?.n. (r,z) curves of figure 4.10, it is important 

that the beams are accurately aligned with the focal point of the parabalie 

mirror. 

The following method has óeen used to align the prim.ary beam defining 

diaphragms ( see fig. 4.3 ) onto the focal point of the mirror ( actually 

0.5 mm above the focal point). See fig. B.l. If a pointsouree were placed 

exactly in the focal point F, the reflected beam would be parallel to the 

optical axis. If one looks down on the mirror with one eye, positioned on 

the optical a~is at point 0 ( distance 1 above F ), one will actually see 

light, emitted from point H, which is at a distance h above F. Point H 

is seen as a ring with radius r on the mirror surface. For given values 

of f ( focal lengthof the mirror), 1 and r we can determine h from: par 

(B.I) 

As a point source, we have used a 0.5 mm pencil lead of which the tip had 

been whitened with a little tipp-ex ( see fig. B. 2 .a ) • Hïth the eye at 

· ll::l 500 mm, the little white tip was maneuvered until the mirror surface 

was "covered" as much as possióle with the reflection from the white pencil 

head ( fig. B.2.b ). This method has proven to give very good reproduci

bility ( within 0.1 mm ). E~perimental values were ( f = 10.2 mm, 1 ~ par 
500 mm ) : 

r1 = 10 mm __...,. h1 : 0.3 mm 

r:t = 2'1 mm ~ hz. = 1.1 
(B. 2) 

mm 

The difference h
2 

- h 1 = 0.8 mm was indeed the length of the white tip of 

the pencil lead, which proves the consistency of this very simple method. 

Fr.om eq. B.2, it is seen that the middle of the white tip is positioned at 

hm = 0.7 mm (B.3) 

above the focal point of the mirror. The two primary beam defining diaphragms 

-cii: •• 



can then be easily aligned with the white tip of the pencil lead. 

Befare the mirror plus diaphragms were mounted into the apparatus, the 

skiromer and nozzle were aligned with each other with the help of a measuring 

telescope ( positioned about 2 meters away fram the apparatus ). Then, the 

mirror was placed over the nozzle with the aid of a cylindrical piece~ that 

fits exactly between the bottam opening in the mirror and the nozzle. Spacers 

underneath the mirror holder were used to bring the diaphragms of the mirror 

on the correct height. Finally~ the mirror was rotated around the nozzle, so 

as to bring the diaphragms onto the axis of the measuring telescape as well. 

With this alignment procedure~ we are confident that the primary and 

secondary beams are aligned within 0.2 mm accurately. The lightguide~ filters, 

lens and photanultiplier have not been aligned specifically with the second

ary bean axis. Their alignment is nat critical and is accurate within 

roughly mm. The cathode of the multiplier tube is positioned within 

roughly mm fran the focal point of the aspherical lens. 

FH = h 
FO = ~ 
FB " fpo,. 

~ ·B.1: light pathfrom 

point H to eye in 0. 
f'Ç&rZ: B. 2: traaing the foaal point 

of tlie paroho Zia mi!'!'or by the 

re.fZeation from a whitened penaiZ 

fzead. 
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APPENDIX C 

Tables for the neon system 

In table C.l are tabulated respectively 

- finallevel after the "inelastic" process ( eq. 1.3) 

- detection line for "inelastic" radiation and branching ratio for this 

line 

- initial and final level of the "inelastic" process 

energy gap between initial and final level; exothermal transitions 

have negative values for LlE 

- product of branching ratio and predicted maximum cross-sections from 

table 2.1 

- wavelength spac~ng between laser line and "inelastic" fluorescence 

line ( eq. 4.5 ) 

- wavelength spacings between "direct" and "inelastic" fluorescence 

lines ( eq. 4.6 ). Lines with branching ratios smaller than 0.001 

have been placed between parentheses 

In the last two colums, it has been assumed that the laser is tuned onto 

the ts
5 

metastables. If the ts
3 

metastables are optically pumped, the 

underscored numbers have to be interchanged with the numbers in the 

· tJ 1\ 
1 

-column. as er 

In table C.2 are tabulated for optical pump~ng from the Is
5 

and Is3 meta

stable levels respectively: 

- initial short-lived level ( eq. 1.1 ) 

- laser line and wavelength spacings AÎ\ .. t • 1 from eq. 4.8 
~n~ ,~ 

1Sï. 155 153 

2P~c Aki. [nm] A"z. .. ~ i.' [nwn] lki.,[r\wt) AA~.~t;.c.~ [11m) • 
Tab te C. 2: 

.2.p~ 5'88. 2. t1'i +2.8 +r2. "1'- .4 -2.8 -1?. +44 
see text. 

ap,. S"9l.f,') t15" +1?. 

2.p~ 59r.é t-15' u.~ +14 b2."·1 -2.~ -14 +45' 

1p& 614.3 +1b +79 

2.p1 b2.1. -:r + 11 +12. (+81) b-5'3.·; -32. -15' (+49) 

2.Pa 6 ~~. 4 + 11 +84 

2.p, "40.2. I'!Ot\e 

1-41 1 P1o "f03.2. i-2.1 +l.f1 (+1o5) 74~.9 -1~ ( +'-4) 

v •• 



~ 
~. 

~-. . 

2Pt 

2p'f 

~t· [~YIIJ b~lc( 
:J :2-~lc:~Zft [~e.Y] (ALj/At) 

b2.1-7 10~7 +232 
(0.1b) ~-7 +5"8 

a....."7 1-31 
b-1 . -1..4 
5-+7 -81 

4-1 -~1 

2-7 -114 

Ó3B.3 1t>-+7 t232. 
(0.58) ~~7 t58 

8 -+7 +?>-=t 
b~=t -2.4 
5~1 -81 

4--..=t -11 

2-=t -114 

10 -=..7 +232 

bs3.3 ~ -+; t58 
(0,2.b) s -'P'J +;7 

b-+7 -2J.( 

r;; -+-=t -81 

4 -'>1 -g1 
2 _".7 -114 

Table C.l: continued 

~MAX A" !A~ .6 ~tAi.iut-, L' ' 
Qkf 

(~M] [nm] [~l.] 

.... 82. + 10 ?> + 12ll+1&:t' 

3. 2. +1g 1'\o~e. 

0.2.4 +12.. +2'3 +~l:. 

o.fo4 -7 +'J +71 
0.1h - 'Llf -g +5 +St> 
o.o'S -2"=1 -12. +4b 
0.013 -?>4 -19 - s +3'8 

+(.,s- + 6b +10b (+170) 
11·" +2. no~e 

0.87 -s +12 +==Jc3 
2.3 -2.4 - '& +55 
o.!)8 -41 -2lo -12 +33 

o.z.~ -4q -2.'3 +~o 

o.o~ -~-o - 3S - 22.. + 2.2. 

+St> +11 t-91 (+1$5) 
'5".2 -13 t~one 

o.3~ - 2.C> -~ t-b4 
1.C> -3'j -2.~ +4o 
D.2fo -se, -41 -.lJ: +IS 

o.13 - 5"<3 -44 +15" 
0.07... -b-5" -5[) -~7 -t1 

2.Pa hH.4 10 -'>8 +1$ +-=to + ~1 -t 111 l i 1~ 
(0.34) 9~B t 21 4.o +1 no'te. 

1-B -37 1.7 -12. +5 +2D l~) 

h---,B -b1 0.2q -19 -3 +bo 
s-a -11B -'3b - z 1 -=3:. -t 32. 
4~8 -17& 0.11 -~9 -24 -t34 

6so.7 1o~B +195 t53 +74 +~3 (-t1~) 
( o. 5f) 9-+8 tl.1 4.o -11 Vlotte.. 

7-+& -37 1.7 -2Cj -12 +3 (+SZ.) 
6~a -b1 0.'2.9 -3b -2o +42. 
5--+8 -11'6 -53 -3'B ~ +21 
4~& -12B 0.11 -'5"(:;, -ltl +1t 

2.p9 b4o.2. 10-'>9 +î-f4 +b3 +84 t-104 (-ttb8' 
(1.0) B-9 t- 2.1 9.0 -7 -t-11 +71 

7-+9 -~ 1.5 -19 - 2 +1~ ( +bz.) 
b~~ - 82.. -2.(:;, -1o +5~ 

2
P1o 70~.2 9~10 -114 1.2 -h3 \llone 

(o.bo) 8~10 -1'}S" 0.18 -Tf;> -$3 +14 

7~o -2"32 0.12 -82 -Co~ -50 (t1) 

b~10 -2.~ 0.04 ~8~ -73 -10 

724.5 9 """"P10 -114 o.ho -'84 ho \'Ie 

(o."~o) a~1o -1'jS" o. C>9 -~1 -t'-1 -T-

7-10 -2.~2 o.oh -103 -ab-71 (-u) 

b~1o -2.Sb 0.02. -110 -':]4 -$2. 



<;! 

~-. . 

2 Pr 

2p2 

2p3 

21='4 

1\~ (nrn] 

(A~/ At) 

ÓIÓ.Lf 

(0,27) 

65'~.q 
(O.Lf2) 

bo=t·4 
( 1.0) 

594.5 
(0.21) 

bo!j.b 
(o.33) 

{,{,7.8 
(o.4l,) 

2.f\~2Pt 
AEk2 
[me "V] 

5 ...-+2 t- 3~ 
4 ___,..2 +22 

5 ---+2. + 33 
4 ---+2 + 22 

7~3 +~~ 
b...-+3 +15 
5 _".3 +18 

4~3 +1·3 
.t~3 -15' 

9-+lt +149 
B --:;.4 +12.'8 
1-'>'t -t ~1 

b~4 -t l:.'=f 
5-?4 +11 

2~ -22 

~~4 +149 
<g~4 +118 

=t~4 -t- ~1 

b-'>t., + b7 
5~4 t 11 
2~'1 - 2.2 

9_",.4 +149 
8 __..,.4 +1X6 

1~4 +91 

b-4 + "1 
5 ->;.4 + 11 
2 ___..,4 - 22.. 

L-- ---- -----

~-IC ó'A~ A 'À rJ.tr«J: , t' . 
~tQkt 

Á1] [hrr!] [nm] 

0.11 -1'3 -4 t1o +55" -
0.2.7 -22 -=t +s-1 
0.17 -62. -41 -33 + 12 

0.42. -65 -5D f8 

t1Lf t31 + 4b (1-'ts) 

+7 t23 +8b 
3.0 -10 +!> +19 +hl! 
35' -H +2. +bo 
o.~ -19 -4 ~ t5?> 

+4'-' "ol'te 
0.31 +39 15b -1-123 

0.3S +2.1 t- 44 + 5~ (+~) 
o.oh +20 + '3b +98 
1.7 +3 t 1'6 + 32. +17 
0.21 -b +- 9 +22.. +h5 

+31 ~one 

0.50 +24 +l.fl +108 
o.bo +12. +2g t!l!J (~) 
o.to +S +21 +'83 
:;2.b -12 +-3 ±.!1 +b2 

o.~~ -21 -=t ±3 +5l> 

-28 hone 
o.b~ -34 -17 ;-so 

0.8~ -4{:; -30 -1S" (BS) 

0.14 -54 -?ij +2.5 

3.7 -yo -5'5" -41 +4 

D.4b -Bo - b5 -5( -8 

2p5' bZb,'=f ~---+5 +139 +14 VIOV\e 

. (O.If2.) 8-?S + 118 +1 +2.4 -t-131 
7_.,5 + 81 O.b3 -5 +12 +2] l-t-=f{;.) 
b---+5 +51 -12. 

+4 + "" 
4-?li) -11 2·7 -32 -1=t +41 
:2.-?5 - 3~ 0.13 -3~ -2q -11> +'l3 

b'=f1·7 9 _.,.5 +B9 -32 Vlo~e 

(0.44) 8--"P 5 + 118 -3e. -21 +4t. 
~--+5 t 81 O.b3 -so - 3~ -1S (+31) 
b-+5 +s=t -5=, -41 +21 
4~5 -11 2.1 -=t=t -b2. -4 
z.~s -33 0.13 -84 -~ -55 -12 

2pb 01q,3 lo-+b +25h +8~ +110 t1'?>0 (-tf:tl') 
(0.4-=f) .9-+b +62. 0.47 +2b ~o~e. 

B-.b +{,1 0.71 +1~ +~ t1o3 
J7b +24 1.b +1 +2t1 +39 (tW) 
576 -57 0.05 -17 -2 +12 +Si 
4 -+{, -{g:f 0.24 -20 -5 tSL.f 
2-'>b -89 -Zb -11 + 2. -t4b 

b92.9 10-?{, tz.st, +10 t3z. -t-51 {!11s) 
(0.42.) 9 -"> {, +82. 0.4Z -53 hoVIe 

rJ ~{, +b1 O.b3 -bo -42 +2.5"' 

7 -»b t-2.4 1·5 -71 -55 -4o (-t1o) 

5 ~{, -57 0.04 -~!) -8o - "" -2.1 
4 -»b -h=, 0.22. -j8 -83 -z.s 
2..--""b -89 -106" -~o. -J1 -33 

Table C.l: see text 



APPENDIX D 

Optical system misce.llàneoos 

D.l Pumping speed conside.rations 

The following considerations have played a role in determining the 

minimum distance between the nozzle and the light guide ( see fig. D.l ), 

at which attenuation of the prûnary beam through elastic scattering with 

background gas is still negligióle~ 

First of all, only part of tne supersonic expansion "hits" the front 

surface of the. light guide. Since tlie supersonic expansion has a cos 3 '19-

"'C/2 

J 
1 ~~~ = 1 - 4 cos g~tcle (D, I) 

depe.ndence. ( see. eq, 5.1 ), thîs fraction f 1.s given by: 
ge om 

f '~ 
f 

, .. _. 3 

eos ~ $i.n~ cHt 
0 f geom = 

0 

For practical value.s for r ~d and h ~d ( as they will fellow from. the 
gu~ e gu~ e 

next consideration ), we see that f is nearly I, meaning that practically 
ge om 

all the gas "hits" the light guide. 

If we assume that all the gas from the expansion is trapped in the 

volume between the light guide and the mirror, and is pumped away through 

an effective area of 

A = 

. ~----

2.:n. r . 
I\'ILrror 

/ " / 

h gui.de 

Fivuré D.l: Zight guide and 

pa:roaEoZia mirror. 

(D, 2) 
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we find for the pumping s.peed. throu.gh.. this. area ( VER 7 4 ) 

G = .1. . A . 2. 0(. 
~ ~ . 0 (D.3) 

with ~ the thermal velocity of the gas. The gas flow from the supersonic 
0 

expansion for noble gas atans is ( BEIJ 81 ) : 

. 
N = (D.4) 

with n the reservoir density Ln the nozzle, and R the nozzle radius. The 
o n 

background density ~ack then follows from: 

n back = 

Elastic scattering of the primary beam particles is determined by the 

"nlQ" product which is given by 

( n ~ Q) boek = n back r mi.rror Q el 

(D .5) 

(D.6) 

in which Qel is the cross-section for elastic scattering. From eqs. D.2 -

· D.6, we find: 

(D. 7) 

This "nlQ" product has to he compared with the "nlQ'' product that is fund

runental for the uncoll~ated supersonic expansion. This is given by ( see 

eq. 5. 4 ) 

= (D. 8) 

in which z is the distance between nozzle and prünary beam. In order for 
n 

the elastic scattering by background gas to he ~aller than that, caused 

by the supersonic expansion itself, we now find a very sünple requirement 

for h 'd from eqs. D.7 and D.8: guLe 

(D. 9) 

i;,; •• 



Practical values for z are 2 ~ z ~ 6 mm. On this basis, the distance n n 
between mirror and light guide has been chosen to he h 'd ; 30 mm. The 

gu~ e 
fraction f from eqs. D.l ( r . = 25 mm) is then 0.91, which is geom m~rror 

nearly 1 indeed, 

D.2 Fabriés for optical saaling 

A special experiment has been carried out to investigate the light

absarhing and dynamic characteristics of the fabrics that are em.ployed in 

the filter holder. Figure D.2 gives a schematic of the methad used. A 

photomultiplier housing is covered with a plate that has a 10 mm diameter 

opening. With a strip, sample pieces may he pressed against the cover. 

Vatious combinations of fabrics, black painted and bare metal surfaces· have 

been used between the sample and the cover, and between the sample and the 

strip. A 60 Watt light bulb was placed at about 100 mm from the opening in 

the cover. By varying the distance d, àone by tightening and loosening the 

strip, the force on the sample piece was varied. For each combination of 

fabrics, the dynamic range DR was determined as the range of (d-t) values 

( distance d minus thickness tof sample piece ), in which the sample piece 

· could still easily he rotated by hand and the count rate of the PM tube 

was less than 500 Hz. The photon flu·X of the light bulb ( in the wave

length range that can be detected by the PM tube), through a slit of 

0.5 x 10 mm was estimated to be 3•10 17 photons/sec. A 500 Hz countrate is 

then equivalenttoa "detection efficiency" of 10-15 , which should he 

sufficiently small for all practical purposes. 

For the specific results, as well as for the details of the above 

calculation, the reader is refered to the laboratory hook ( "Optika 3 -

Bundel Experiment, pages 9-20 ). We will mention here that the best result 

was obtained for a certain type of fabric on one surface, with the opposite 

surface being bare metal. For this combination, the dynamic range is 0.3 mm 

per pair of opposite surfaces. Blackening the bare surface had no influence. 

By using the same fabric on bath ( opposite ) surfaces, the dynamic range 

was decreased to less than O.I mm, which means that the sample piece either 

dose not absorb the light, or does not allow itself to be rotated. 

x •• 
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PH 
T~&& 

\ 

l~gjttbulb 
. 6oWGtt 

stri.p 
lfO X 16f' IIIM 

sample 
6oxbo mm 

Figure D.2: schematic of the 

experiment for testing out 

fabrics for opticaZ seaZiYIIJ 

·D.3 Transmission of aspherical lens and PM window 

The transmi.ssion of light through a surface is determined by the indexes 

of refraction at both sides of the surface, the angle of incidence, and the 

polarization of the light ( see fig. D.3 ). The transmission factors, 

defined for the transmitted intensity of the parallel and perpendicular 

components respectively, are given by (ALO 78 ): 

T1l = { 1 + .1. (!!! - cos{; )2.}-1 

lf n1 cos et 
(D. 1 0) 

TO" = { 
1 + 1 ( .!!! ~ )2.}-1 

~ 1 - n1 c.os cc (D. 11 ) 

The angle cc. fellows from Smellius' law: 

(D. 12) 
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With eqs. D.IO - 0.12, the transnission of the aspherical lens and the window 

of the photom.ultiplier tube have been calculated as a function of the distance 

r fran the optical axis ( see fig. D.4 ). It has been assumed that the light, 

incident on the lens, is parallel to the optîcal axis ( only light with 
. 0 

an off-parallel angle smaller than about 6 is detected ). The curvatures 

of the lens surfaces have been roughly measured. For a number of r - values, 

we have thus calculated the successive angles ~1 , ~ 1 ••• oc4 , ~4 ( using 

refractive indexes of 1.5 for both the lens and the window ). A curve 

fit was used to obtain the result 

T ten,+ w~f\dow ( r) = 0.838 ( 1 - 8.0 · 1ó
5 

r
2
[miTI]) , 

o ~ r ~ 2.5 mm 

(D, 13) 

In eq. 4.18, an extra ( constant ) factor of 0.912 has been included for 

the no-dew window. 

r 

As~eratc:.o.l 
lens 

'P.M. 
wtndow 

Figure D,3: transmission of Zight 

through a surface. 

Figure D. 4: gra:phicaZ method for 

the caZcuZation of the Zight 

patn through Zens and P.U 

UJindOUJ. 
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APPENDIX E 

Numerical caléulatiön óf 1JOL(r,z) 

The geometrie dependenee ryJt(r,z) of the optical detection system 

( section 4.6.6) has been calculated numerically, See fig. E.l. The para

bolie mirror is described in cartesian coordinates as 

z = (E. t) 

with tha focal point F in tha origin. The mirror has outside and inside 

radii r and r .• Integration will take place over the projection of 
max m~n 2 

the mirror on the y;-y plane ( polar coordinates r and 1f). The area d A 

on the mirror surface then follows from 

r dr ollf (E. 2) 

in which n = (x,y,-2f l is the normal vector on the mirror surface in the par 2 point (x,y,z). The solid angle of d A, as seen by a point P(p ,p ,p ) x y z 
in the collision region is then 

ICn,~)l 

I Qll ~I 
(Ë.3) 

in which ~ = (x-p..,., y-p , z-p ) is the vector from P to the mirror. The 
A. y z 

~re E.1: numeriaal aalaulation 

of ~Jt ( r" z J • 
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----------------~----

total fractional solid angle of the mirror, as seen from P, thus becomes 

r mo.x Tt 

ry.n. ( Px , P:t > Pz.) = 4~ 2 j f d. :t Jl (E, 4) 

Because of symm.etry, the integration over tp may be reduced by a factor 

of two. Rowever, befare the integration is carried out, the effect of the 

other optical elements in the system are taken into account: 

1) ~~~-22!E!= in order to maintain the cylindrical symmetry of the 

problem, the four bemn ports ( radii r t .) are evenly spread out por ,J. 
over the circumference of the mirror, thus descrihing them as an 

effective reflection coefficient: 

2. l. )~2 
( rport,L. - Z. 

2) highE Eath: reflection of t l.n the mirror gives: 

5. ·- 1:. -

(E.5) 

(E, 6) 

Calculation of the new position (p , p , p ) of the light at any 
x y z 

position in the system is now trivial. The angle ~ with the optical 

axis follows from: 

cos ()(. = 
tlr. 
\tl 

(E. 7) 

3} ~ghE-~i~~: the light guide is represented as a cylinder, extending 

from z . .d = 33 mm to z .d = 159 mm, with radius r .d ml.n, gul. e max, gul. e gul. e 
= 25 mm and refraction index n .d = 1.5. Light either misses the gul. e 
light guide: 

i.F x.'l. + ':/ 

then 

2. 
> rgu\.de 

dr. .Jt ·= 0 

or is transmitted without any 

The new coordinates x, y, t , 
x 

z = Z. mi..n, gui.de (E.8) 

los s, t , and thus 01. , remain unchanged. 
z 

and t at the exit surface at 
y 

z = z . are calculated as max, guJ.de fellows ( see fig. E.2 ): 

a) the displacement "a'' follows from 

.xi.v • • 



OR = r !5"\.de 
PQ. : a ( see l.eft) 

Figure E.2: side view (a) and top view (b) of 

light path throuqh the light guide. 

0.. = h gui.de sln tX. 

( :t ' '2. )92. ngui.de - Sl.n cc 
(E. 9) 

b) From the displacement "a", the position of Q at the exit surface 

is calculated. 

c) If Q is outside the light guide, Q is reflected in the tangent 

in R, yielding position S. If S is still outside the light guide, 

the process is repeated, 

d) Th.e new values t and t 
x y 

4) Th~~b.H~~: The tran~ission 

_.. 
are calculated: (t ,t ) ~ RS. 

x '! 
curves T (I-cos oe.) from fig. 4, 7 have 

been described with three straight lines each, which is a very 

reasonable description, For each interference filter Ln the system, 

we then get: 

d2 ...0.. := d:tJl. • T ( 1 - cos IX) (E .I 0) 

The size of the filters has not been explicitly taken into account. 

Instead, the filter dianeters have been substituted for the effective 

diruneter of the lens ( next item), Since the diruneters are approxL

mately equal, there will not he a significant difference, 

5) !h~l~g~-~gs_~~ho~~: Finally the lens/cathode assembly is programmed 

as follows 

at z = z 2ens 

(E. 11 ) 
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tan oc (E. 1 2) 

(E. 13) 

For eqs. E.l2 and E.l3, see eqs. 4.17 and 4.18 respectively. 

The results shown in figure 4.10 ( 33 x 25 data points ) were obtained with 

dr = ( r -r . )/ J 0 and dm = -n. /10. Typ i cal compu tational times on the max m1n T 

B7700 computer ( including the platting routines ) were 10 - 30 seconds 

typically. 

In order to visualize the effects of the different optical components, 

fig. E.3 gives ~~(r,z) curves, calculated for the net optical elements. 

It is seen that the fractional solid angle, enclosed by the mirror, hardly 

depends on the position in the callision region ( fig. E.3.a ). Fig. E.3.b 

shows the effect of the interference filter. Fig E.3.c shows the cut-off 

behavior of the lens-cathode combination. It 1s seen that the effects of the 

filter and the lens are approximately equal for positive and negative 

z-values. However, the effect of the distance between lens and mirror ( fig. 

E.3.d ) is distinctly different for positive and negative z-values. As 

has been explained in section 4.6.6, points above the focal point have a 

higher detection efficiency ( see fig. 4.11 ). The light guide (fig. E.3.e) 

leaves the efficiencies for z>O essentiallyunchanged. For z<O, light is 

reflected back into the system by the light guide by which the detection 

efficiency is increased. 

Figure Fa 653 lens + 
filter cathode 

E.3.a 0 0 

E.3.b I 0 

E.3.c 0 I 

E.3.d 0 0 

E.3.e 0 0 

2
lens 

5 mrn 

5 mm 

5 mrn 

267 mrn 

267 mm 

light 
guide 

0 

0 

0 

0 

I 

Figure E.3: Calculated 

detection efficiencies 

Y).n_(r_,z)/~JL(O_,O) for 

the net optical elements. 

In all cases ~~0_,0) = 

0.40. 

For the actual figures 

see next pages. 
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APPENDIX F 

Numerical values used ~n the calculation of the dètéctiön efficiencies 

The following transmissions have been taken from ( RUY 84 ), 

Interference filters: values T from figure 4.7. 
max 

Cutoff filters: 0,6B x 0.916 for both RG 645 filters at 653 nm. 

-5 Neutral ~G 10 filter ( T/10 ) and quanturn efficiency of the photomulti-

plier ( from fig. 4.9 ) respectively: 

2p6: 692.9 nm 19.5 0.038 

2p7: 621.7 nm 2.3 0,064 

638.3 nm 3.0 0.055 

653.3 run 4.2 0.051 

2p8: 633.4 nm 2.8 0.058 

650.7 nm 4.0 0.052 

717.4 nm 42.0 0.030 

2p9: 640.2 nm 3.2 0.0.54 

2pl0: 703,2 I'.m 29.0 0,035 

Branching ratios: from fig, I, I. 

Solid angle efficiency: ~Jl= 0.40 ( eq, 4.14 ). 

Reflection coefficient mirror: R par 
0, 7 5 ( eq, 4. 15 ) , 

Transmission light guide: 0.916 ( eq. 4.16 ) , 

No-dew lens assembly: T
1 

= 0.768 ( eq, 4.18 ), ens 
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