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1 INTRODUCTION

1.1 The historical background of the investigation

Charged-particle beams from the AVF cyclotron of the EUT are used

for several applications. The energy of the particle beam can be adjusted

and four types of particles can be accelerated routinely: protons,

deuterons, He-particles and a-particles. The theoretical maximum

energies are 30 MeV for protons and a-particles, 40 MeV for He-particles

and 15 MeV for deuterons. The available energies and beam currents

allow routine production of radioisotopes. The production rates of the

radioisotopes which are produced with a solid-state target are mainly

limited by temperature effects and in our case by emission of secondary

radiation.

The cyclotron beam has also been applied for the investigation of
20proton-induced neon plasmas where the detection of the short lived Na

(t, = 0.45 s) has been performed (Coo 76). Some parameters describing

the decay of the neon plasma were determined and further investigation

was set up apart from the cyclotron beam using the afterglow period of

neon d.c. discharges (Ste 79). Since the basic phenomena in both

investigations are the same to a large extent, they can be considered

as supplementary to each other. The use of a gas as target material

for radioisotope production has become more and more important (see

section 1.2) and therefore the interest in optical on-line detection

of the produced radioisotopes and in the description of the properties

of the proton-induced plasma has been renewed.

1.2 General remarks en gas targets

1.2.1 Radioisotopes produced with gas targets

The demand for radioisotopes for medical diagnostics becomes more

and more important. However, the actual medical application of a

radioisotope is strongly dependent on characteristics of the production

process and on nuclear and chemical properties of the involved radio-

isotope. These dependencies are schematically shown in figure 1.1.

-1-



Figure 1.'. : Schematic indication of the relations between the medical

application of a radioisotope and its ahenical, nuclear

and production properties.

The indicated nuclear properties refer to half-life, radiation types

and parent-daughter relations allowing the possible application of a

generator system. The chemical properties of interest mainly concern

the chemical purity and the possibility to transform the chemical

behavior of the radioisotope to the one that is desired for the

application of interest. The production process involves characteristics

as radioisotopic contamination, yields, the possibility of carrier-free

production and the choice of the target material which is important

for the separation of the radionuclide from the target material.

The radioisotope production with charged-partiele beams is very

often performed with solid targets, but the use of gas targets receives

more and more attention (Gui 77, Hes 82, Wie 84). General advantages

of gas targets are mainly the result of:

-1-Relatively simple chemical or physical separation of the radio-

isotope from the target gas.

-2-The pressure-controlled energy interval of the charged-particles

determining the composition of the produced radioisotope mixture

to a large extent.

-3-The possibility to use high beam currents. Heat is produced in a
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large volume of the gas which is cooled by internal flow patterns

to the wall of the target chamber; so high local temperatures

are avoided (Hes 82).

-4-The possibility for a simple regain of the target gas which is

important when use is made of expensive enriched gases (Gin 76).

-5-Use of the target gas for on-line transport of the produced radio-

isotopes. This is important for the applicatiun of short lived

activities, when a generator system cannot be applied (Fio 79).

For medical application of 11C (Van 83), 1 3N, 150 (Fio 79), 18F

(Lam 78) and mKr (Lam 77) the use of a gas target to obtain high

production rates is recommended. The main disadvantage of the use of

gas targets is the necessity of a thin foil, separating the (enriched)

target gas from the vacuum of the beam guiding system. A burst of

this foil will result in a serious contamination of the beam guiding

system, while the (expensive) target material will be lost. However,

the application of buffer chambers and the recent availability of

thin foil materials with improved mechanical strength can reduce this

disadvantage of the use of gas targets.

1.2.2 The krypton gas target

For medical diagnostics there is a large interest in the radio-

isotope Kr (t, = 13 s) which may be used for ventilation studies

(Yan 70, Sho 79) and for perfusion studies (Yan 70, Ric 75, Kap 76,

Bas 80). These studies can be performed also with 133Xe (t, = 5.3 d ) ;

however this leads to substantial problems concerning the waste

activity after diagnostic use. These problems do not exist for mKr

since a simple buffer vessel can be applied for sufficient decay

because of the short half-life of this radioisotope. Another consequence

of the short half-life is that long diagnostic periods do not lead to

accumulation of activity in the human body. The absence of this

saturation effect is convenient when successive diagnostic recordings

are made since the wash out period is very short. This in contrast to

Xe where a long wash out period is required for a proper inter-

pretation of the results. Other advantages of the use of Kr in stead

of Xe can be derived from the characteristics of the emitted
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Table 1.1: The most abundant radiations of Xe and mKr (Led 78).

133Xe t

Radiation

type

>

e

e

X

X

j = 5.3

Energy

(keV)

346

81

45

75

36

6

d 133C^

Abundance

1.00

0.37

0.55

0.08

0.55

0.08

81mRr

Radiation

type

7

e

e

X

t, = 13

Energy

(keV)

190

176

188

14

s > 8 1Kr

Abundance

0.67

0.28

0.05

0.28

radiation presented in table 1.1.

For the determination of an activity distribution in the body, use

is made of the detection of the ^-radiation emitted by the activity.

Because of the higher abundance and the less absorption by the tissue

of the body, the 190 keV •,-radiation of mKr is more favourable than

the 81 keV >-line of ' 3 3Xe. As shown in table 1.1 '33Xe decays by 6-

emission, whereas lmKr decays without emission of charged-particles

from the nucleus. For ventilation studies the radioisotopes are in-

haled so it is useful to calculate the dose of the lungs using the

nuclear properties given in table 1.1. These dose calculations show

that the dose resulting from 8 1 mKr (1.3 10~7 Gy/MBq) is substantially

lower than the dose resulting from Xe (8.0 10" Gy/MBq). So from

the health physics point of view there is a preference for the

application of mKr for medical diagnostics. A disadvantage of Kr

may be its short half-life since at some medical applications the

activity will be strongly reduced by decay, before

diagnostic region of interest.

81m,Kr reaches the

The radioisotope mKr can be obtained by the production of 81Rb

(t, = 4.6 h) since this radioisotope decays to Kr for 97 % as is

shown in figure 1.2. Such a parent-daughter relation implies that it

is possible to set up a generator system filled with 81Rb for the

momentary elution of mKr. One type of generator system can be eluted
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Figure 1.2: Simplified decay scheme of Rb which decays to Kr
n -I

(97 %) and to Kr (S %). The line intensities refer

to the decay of Rb (Lip 77).

with a sufficient flow of air for ventilation studies (Fre 78) while

other types, based on ion exchangers, are used for elution with a

dextrose solution for perfusion studies (Cla 76, Gui 77). The half-
81

life of Rb enables a practical elution period of a 0.44 GBq (12 mCi)

generator system of about 8 h.

81
The Rb activity can be produced in several ways. The most important

production routes, used with cyclotrons for particle energies up to

the indicated maximum energies (see section 1.1) are:

—Reactions involving He-particles on bromine (50.7 % Br and 49.3 %
8 1Br). For 38 MeV 3He-particles the 81Rb is produced by the 79Br

( He.n) reaction and by the Br(3He,3n) reaction. The thick target

yield determined by the irradiation of bromine compounds (such as

NaBr, KBr and CuBr„) was determined by Homma et al. (Horn 79). Their

value of 30 GBq/C is in good agreement with a value determined by

Janssen (Jan 80) who found 27 GBq/C.

—Reactions involving a-particles on bromine. With an a-particle
70

energy of 25 MeV the production reaction is Br(a,2n). The thick
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target yield of this reaction is 12 GBq/C (Jan 80) in accordance

with Horana who reported the same value (Horn 79).

—Proton reactions on krypton gas. The production is mainly due to

the (p,2n) reaction on the 11.6 = abundant Kr. For protons of

26 MeV the target yield of this reaction is 55 GBq/C (see section

2.1.2).

A comparison of the yields of the indicated reactions shows that the
po Q 4

(p,2n) reaction on Kr is best suited for the production of Rb. The
82possibility of the application of enriched Kr gas and the general

advantages of gas targets (section 1.2.1) makes the krypton gas target,

irradiated with protons, a very powerful tool for the routine production
Q 1 O 1

of Rb. With an irradiation period of about 2 h sufficient Rb

activity can be produced for the loading of about 20 generator systems

of 0.44 GBq (12 mCi) at about 8 h after end of bombardment (EOB).

1.3 The aim of this study

When the krypton gas target is irradiated with protons several

important physical processes determine the resulting induced phenomena.

The physical processes basically concern the interaction of a fast

proton with the nucleus and with the electrons of the gas atom. The

interactions involve nuclear reactions resulting in the conversion

of present krypton isotopes to a mixture of rubidium radioisotopes.

These radioisotopes, initially produced in the gas phase will diffuse

to the wall of the target chamber. The passage of the protons through

the target gas results in scattering of the protons and in excitation

and ionization of the krypton atoms. The equilibrium state of the

ionized gas is the result of excitation by the proton beam and the

decay of the formed charged and excited particles. The energy loss

and the scattering of the proton beam result in a place dependent

effective energy density of the proton beam, which in turn leads to a

place dependent production rate of the Rb radioisotopes. The aim of

this study is to gain insight in the proton-induced phenomena in the

gas target. Therefore experimental techniques in several fields of

physics were required.
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1.4 Experimental realization

For the determination of the proton energy dependent yields of

several Rb radioisotopes use was made of a Ge(Li)-detector and a multi-

channel analyser (MCA). With these instruments the y-radiation of

irradiated krypton samples was measured. For measurement of the

scattering process in the gas target a quantitative autoradiographic

technique was developed (see section 2.3.2).

The number of Rb radioisotopes produced in the krypton gas target

is about 16 (section 2.1). The actual densities of the radioisotopes

depend on the applied energy and current density of the proton beam,

on the density and isotopic abundance of the krypton atoms and on

time, ^or the on-line investigation of the production process and the

diffusion properties of the radioisotopes, the sensitivity and

applicability of several Doppler-free optical detection techniques

were determined. The'sensitivities of these techniques were mainly

studied by experimental application to the sodium atom (section 3.3).

For this, use was made of a single mode, frequency stabilized CW

ring dye laser system. This system and the surrounding diagnostic

instruments are discussed in chapter 3.

To aquire beforehand insight in the atomic decay processes of the

excited and ionized krypton species, measurements were carried out in

the afterglow period of a krypton d.c. gas discharge. The decay

processes in these discharges were studied by optical detection of

laser induced atomic transitions of the Kr(1s) atoms in the afterglow

period of the discharge (chapter 4). Therefore the dye laser system

had to operate on the broad wavelength range from 557 nm to 828 nm.

On-line optical detection of Rb radioisotopes produced by the

proton beam in the gas target has so far not been carried out. For

the on-line optical detection of the Rb radioisotopes a new experimental

area in the cyclotron hall has been created. The beam guiding system

was extended with a deflection magnet for 30 MeV protons, ion optical

elements and diagnostic tools for beam control. For undisturbed

laser beam transport at 795 nm an optical fiber system was realized.

At the moment experiments with the on-line optical detection are in

the first stage of realization.
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2 NUCLEAR REACTIONS AND PROTON SCATTERING

In this chapter the nuclear reactions of protons on the

krypton atoms are discussed. The yields of Rb vadio-
81isotopes that may be important when J'Rb is applied in

a generator system, have been quantified, as well as the

decrease of the production rate at high beam currents.

The protons in the target will be scattered by the

krypton atoms. This scattering process was studied by

a quantitative interpretation of autovadiographs made

with an activity distribution on a copper foil by the

scattered protons.

2.1 The produced radionuciides

2.1.1 Product nuciides and their decay properties

For the determination of the (radio)nuclides that are produced by

the irradiation of krypton with protons of 26 MeV maximum energy it

is of importance to know the isotopic composition of the krypton gas.

The natural abundances of the krypton isotopes are presented in table

2.1. A survey of the (p,xn) reactions and of the (p,axn) reactions for

proton energies a 26 MeV is given in table 2.2 and table 2.3

respectively.

Table 2.1: The abundances of the krypton isotopes in krypton gas

of natural isotopic composition.

Isotope

Abundance (%)

78Kr

0.354

8V
2.27

82Kr

11.6

83Kr

11.6

84Kr

56.9

86Kr

17.4
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Table 2.2: Possible nuclear Kr(p,xn) reactions for protons of 26 MeV

maximum energy. The Q—values are taken from Landolt -

Bernstein (Lan 73).

Produced

nuc l ide

77Rb

78Rb

78mRb

79Rb

80Rb

8 I Rb

81mRb

82Rb

82mRb

83Rb

84Rb

8 % b

85Rb

86Rb

86mRb

87Rb

Ha l f -

l i f e

3.7 m

17.5 m

6.0 m

22.9 ro

34.4 s

1.58 h

30.3 m

1.25 m

6.2 h

86.2 d

32.9 d

20.4 m

18.7 d

1.02 ra

5.1010y

t p , . )

target

78Kr

80Kr

8 0Kr

8 2Kr

8 3Kr

8 3Kr

8 4Kr

8 6Kr

reaction

Q(MeV)

4.1

4.8

4.8

5.6

7.1

7.1

7.0

8.6

(p,n)

target

78Kr

78Kr

8 0Kr

8 2Kr

8 2Kr

8 3Kr

8 4Kr

8 4 Kr

8 6Kr

8fV

reaction

Q(MeV)

-9.1

-9.1

-6.58

-5.18

-5.18

-1.82

-3.46

-3.46

-1.31

-1.31

(p,2n)

target

7V

8 0Kr

8 2Kr

8 2Kr

8 3Kr

8 3Kr

8 4Kr

8 6Kr

reaction

Q(MeV)

-19.6

-15.8

-14.0

-14.0

-12.6

-12.6

-12.3

-9.96

(p,3n)

target

8 2Kr

8 3Kr

8 3Kr

8 4Kr
8V

8 6Kr

86Kr

react ion

Q(HeV)

-25.2

-21.5

-21.5

-23.2

-23.2

-20.4

-20.4

O 1

As shown in these tables the radioisotope Rb will be produced

together with many other radionuclides. After the irradiation the

produced radionuclides are usually dissolved in an aqueous solution.

The application of a generator system loaded with this solution will

not be disturbed seriously by the presence of Br radioisotopes. This

is due to the types of generator system that are commonly used:

---The cation exchanger (Cla 76) mostly used for elution with a

liquid flow for perfusion studies (Kap 76) is not capable to pick

the Br radioisotopes out of the initial target solution. Therefore

the Br radioisotopes are not present in this type of generator.

—Another type of generator mainly consists of a sheet of paper

absorbing the target solution (Fre 78). The generator is eluted

with air for ventilation studies (Sho 79), but since the Br radio-

isotopes do not decay to radioactive isotopes in the gas phase

there is no chemical and radiological contamination of the eluens.
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3: Possible nuclear Kr(p,uxn) veaaz-ions for protons of

So MeV maximum energy. The Q-values are taken from

Landoli — Börnsteiv. (Lar. ?Z).

Produced

nucïide

?3Br

7V
76Br

?7Br

78Br

79Br

79mBr

MBr

80m6r

8IBr

82Br
82V
«Br

Half-

life

3.4 m

36.0 m

95.5 m

16.1 h

57.0 h

6.4 ra

•

4.86 s

17.7 m

4.42 h

35.5 h

6.1 m

2.39 h

(P..0

target

78Kr

80Kr

82Kr

82Kr

83Kr

83Kr

84Kr

86Kr

reaction

O(MeV)

-0.1

0.2

0.3

0.3

0.8

0.8

0.4

0.6

(P,.n)

target

78Kr

80Kr

82Kr

8\r

83Kr

8\r

84Kr

86Kr
8(V

reaction

O(MeV)

-12.8

-10.9

-10.3

-7.1

-7.1

-9.S

-9.8

-9.0

-9.0

(p, i2n) reaction

target Q(MeV)

78Kr -21.9

80Kr -20.0

82Kr -18.6

83Kr -17.8

Kr -17.6

8"Kr -17.6

86Kr -16.6

For these reasons the production of Br radioisotopes is of minor

importance.

The decay properties of the Rb radioisotopes that may be produced by

the bombardment of krypton with protons are given in table 2.4. In

this table only the most abundant y-transitions Of the Rb radio-

isotopes are presented. From the table we see that some Rb radio-

isotopes are important when the produced Rb is applied in a generator

system. The isotopes Rb and Rb are stable. The radioisotopes
7 7Rb, 8 0Rb, 82Rb and 8 6 mRb have a short half-life (t, < 4 min). The

loading of a Rb- mKr generator takes place at about 1 to 4 h after

EOB so the activities of these radioisotopes are strongly reduced at

that moment. Therefore the production of these radioisotopes is of

less importance for the generator system. Of the 10 remaining radio-

isotopes only '9Rb (tj = 22.9 min) and 83Rb (t, = 86.2 d) partially

decay to a radioactive krypton isotope. If these Kr radioisotopes

are produced in a generator system, they will be eluted from the
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Table 1.4: Some nuclear properties of rib radio isotopes that may

of krypton with protons with a maximum energy of 26

be produced by the

MeV.

irradiation

Nuc) nis

77Rb

78Rb

7H'"Rb

79Rb

8 0 Rb

8 1 R b

8 1 m Rb

8 ? R b

Halt -

l i f e

}. J nun

1/.5 min

6,0 min

22.9 min

34.4 s

4.58 h

30.3 min

1.2b min

IVi.ay ;

Abundance 1 )

IC

a'

EC /

ir
EC '

EC /

:•' 1

EC /

u /

EC

ü

IT

EC

EC

B

1n0

100

100

15

85

0.1

99.9

73

27

97.8

2.2

5

1 95

Abunda

66.51

17 HA',

455 .3

692 .9

4 b i>. *

664 .7

143.5

182. V,

505 .3

688. 1

620.0

190.4

446.3

06.2

776.5

evi

ii.e ! )

/ 5 9 . t

/ 24 . i

1 100

/ 20

11)0

ƒ 44

/ 1..6

.' 20.1

/ 10.6

/ 23.5

/ 39

/ 96.2

/ 23.4

/ 97.8

/ 13.4

Nuil i.lc

'•""Kh

« K b

M « b

: '4 l"Rb

B5

8 6Rb

8 6 mRb

87Rb

M

I

f,

Hd

32

20

11

1 .

5

i l f

f c

•i

/,'

.9

A

.7

02

10

Ii

A

A

in in

d

min

1 0 y

Dei iy

Abuiuldr

I I ,

a. .'

EC •

IT /

IT /

n" /

i.e i •

n.
/A

100

70

30

100

100

100

100

r n .

«hunii.ii

Wl. '•

619. 1

7/b. ' j

1043.9

1X17.5

':K.i

529. h

I'M 1.4

?15.6

248 .3

463.7

1076.6

556.1

V ) •

1 P

' M./

: 82.6

, 3.3.0

: 2 5 . f

• 46.5

- 30.5

' 67.9

/ 3 4 . 0

•' 63.C

/ 3 1 . 5

/ 8 . 7 8
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generator together with the mKr required for medical diagnostics.

Therefore these Rb radioisotopes are the only ones that are responsable

for radionuclide contamination of the eluted mKr. The other Rb

radioisotopes will be present in the generator system as well, but

since they do not decay to a Kr radioisotope they do not produce any

contamination of the mKr. Their presence in the generator is only

important for the dose rate of the generator system and they will

give rise to a radioactive waste product.

2.1.2 The yields of Rb radioisotopes

For the determination of the yields of the Rb radioisotopes use

was made of the target chamber shown in figure 2.1 (Mul 84).

gas inlet
'valve

"O"-ring.
chamber

_~1cm
EZ3 aluminium
S53 stainless st

Figure 2.1: The target chamber used for the determination

of the yields of the Rb radioisotopes.

The target chamber was made of aluminium and had a 13 mm wide, 15 ym

thick Duratherm entrance window. This window is composed of several

elements (40 % Co, 26 % Ni, 12 % Cr, 10 % Al and 10 % Ti) and has

very good mechanical and thermal properties. During the irradiation

a piece of copper pressed against the end of the target chamber has

served as a thermal capacity to avoid a strong temperature rise of

the target wall. The target chamber was filled with krypton (natural

composition) at a pressure of 1 bar and irradiated with a 0.5 uA

proton beam for a typical irradiation period of 15 min. Before entering

the window the proton beam is passed through a 10 mm wide, 4 segment

diaphragm. After the irradiation the target was removed from the beam
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guiding system and measured three times with a Ge(Li)-detector and a

Canberra S80A multi channel analyser which are schematically shown

in figure 2.2.

Ge(Li) -detector MCA

HV

Figure 2.2: Representation of the Ge(Li)-detector and the nulti

channel analyser (MCA) used for the measurement of

the activities. HV: high voltage supply, SCA: single

channel analyser (window), ADC: analogue-digital

converter.

Due to manipulation and transport of the target holder, the first

measurement was performed at about 20 min after EOB for the
78

determination of the activities of the short lived components, Rb,

79Rb, 81mRb and 84mRb. The second time the 82mRb activity and the
O 1
Rb activity were determined after about 4 h after EOB, allowing

msufficient time for the decay of mRb (see section 2.1.3). Both times

the distance between target and detector was set to 20 cm. The third

time, about 120 h after EOB the long lived components Rb, Rb and

Rb were determined using a target-detector distance of 7 cm to

obtain an increase of the signal strength.

To avoid the necessity of removing the radioisotopes from the

target chamber wall the whole target was measured for the determination

of the produced activities. However, the presence of the aluminium

target chamber wall results in an attenuation of the emitted Y-li
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intensities. Besides, standard calibration factors of the Ge(Li)-

detector can be used for point source activities only. Therefore

calibration factors for measurement of activites in the target chamber

were determined by spraying a known aqueous solution of several Rb

radioisotopes on the inner target chamber wall. After the measurements

the target was opened and the radioisotopes were rinsed from the target

chamber wall to avoid contribution of the long lived Rb components

to following activity measurements.

The measurements of the krypton target showed that radiation

originating from the radioisotopes Rb and Rb was detected a few

times, but the determination of the activities was not possible

without excessive measurement errors. The low production of these
78

radioisotopes is probably due to the very low abundance of Kr. It
77 ft?

should be noted that the presence of Br and Br was confirmed, but

accurate activity measurements were not possible. However, the presence

of Br can influence the results of the measurements on mRb and

will be accounted for when this activity has to be determined with a

better accuracy (see section 2.2.1) than performed at this moment for

the determination of the yields.

From the activity measurements, the time integrated beam currents

and the stopping power tables of Williamson (Wil 67) the yields of

the radioisotopes were calculated. It should be noted that in the case

a parent-daughter relation exists - for example mRb •+ Rb - the

yield of the daughter includes the production via the parent nuclide.

This is because the activity measurement of the daughter nuclide was

only performed at times where the activity of the parent nuclide has
g 1

been decreased seriously. In the case of the radioisotope Rb the

parent-daughter relation has been quantified since this indirect

production may lead to possible calibration errors of Rb- mKr

generators (see section 2.1.3).

The yields of the remaining Rb radioisotopes are shown in the

figures 2.3 - 2.10. In these figures the Q-values for the involved

reactions are indicated by the vertical dashed lines. For a comparison

the figures 2.5, 2.6 and 2.8 show the results obtained by Acerbi et al.

(the dashed curve in the figures) (Ace 81).
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Figures 2.5, 2.6, 2.7 and 2.8 show the yield curves calculated with

the cross section curves given by Lamb et al. (Lam 77) and the

stopping power tables of Williamson (Wil 66) using the formula:

4 A o(E)
Y(E) = 3.18 1CT • (2.1)

S(E) tj

where Y(E) = the yield of the radioisotope (GBq/C.MeV);

o(E) = cross section at energy E cf the involved

reaction (mbarn);

A = the abundance of the krypton target nucleus;

S(E) = stopping power at energy E (MeV.cm / g ) ;

t, = the half-life of the produced radioisotope (s).

Yield curves for the production of 7 9Rb, 8 1 mRb, 83Rb and 86Rb were

not found in literature. It should be noted that the yield of 8 1 mRb

is determined with only the yline of 86.2 keV which is strongly

subjected to internal conversion (aT = 19.5, Lip 77) and that the
or '

yield of Rb is not very accurate due to the low abundance (8.8 ".•)

of the single y-üne of 1076.6 keV (Tep 78). A comparison of the yield

curves with those of Lamb and Acerbi shows in general a good
no on

agreement. The yield curves of Rb and Rb show that these ra-io-
isotopes give rise to waste products ir, a Kr- Rb generator system

81when the Rb is produced in the proton energy range 26 •* 18 Me;. The79 83radioisotopes Rb and Rb both decay to radioactive krypton isotopes.79Since the half-life of Rb is short compared to the time that is
required for the loading and transport of a generator system, the

79 79mdaughter product of Rb i.e. Kr can be removed by a pre-elution

of the generator system. This radioisotope will then no longer be

produced. However, the Rb activity will continuously produce mKr.
p i

For a generator system loaded with Rb produced with protons in the
energy interval 26 + 18 MeV the ratio of the 83nlKr activity and the
8 1 mKr activity will be in the order of 10~3 at about 8 h after EOB

ana will increase with time.

The application of an enriched Kr gas target to obtain an increased
81yield of Rb is commonly accompagnied by a decrease of the yields
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of the radioisotopes 8 2 mRb, 8 3Rb, 84Rb and 86Rb due to a lower

abundance of the respective target nuclei in the enriched gas.

Therefore the use of enriched target gas not only provides a higher
Q 1

yield of Rb but it also ensures a low production of the waste

products ( Rb and Rb) and a lowering of the dose rate from the

generator system (which is mainly determined by Rb). The increase
79of the Rb yield is not harmful since this radioisotope can be

removed by a pre-elution.

2.1.3 Possible calibration errors for Rb- mKr generators

As discussed in section 2.1.2 the 81Rb activity for a 81Rb-81mKr
no o 1

generator system is produced via the direct reaction Kr(p,2n) Rb
and via the indirect reaction 82Kr(p,2n)81mRb + 8 1Rb. This means

81that after EOB the Rb is not decaying exponentially. When generators
O I

are loaded with Rb it will be necessary to account for this delayed

production to avoid calibration errors for the generator system

(Mul 83). Since the measurement of the Rb yield is strongly

influenced by the internal conversion coefficient of the 86.2 keV

Y-line, the production rate of raRb is compared to the production
81 81

rate of Rb by measurement of the time dependence of the Rb
activity.

The activity of mRb and of Rb during the irradiation is described

by the following set of differential equations and boundary conditions:

dA

~ = V - \A, with Am(0> = ° (2'2>
dA,
- 5 = Pdi - AdAd + f A A with Ad(0) - 0 [2.3)

where A , A. = the activity of 8 1 mRb and 81Rb respectively (Bq);
Q 1 m

P , P. = the production rates of the radioisotopes Rb
81and Rb per unit of charge at a given proton

energy interval and an infinitely short irradiation

period (Bq/C);
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\m, Xd = the decay constants of
 81mRb and of 81Rb (s" 1);

i = the proton beam current (A);

the fract"

(Lip 77).

f = the fraction of 81mRb that decays to 81Rb = 0.98

Integration of equations (2.2) and (2.3) over an integration period

T yields:

Am(T) = -ïïl {1 - exp(-XmT)} (2.4)
Am

A,(T) = -9- {1 - exp(-A T)}
(Xm - V

(A - A ,) A , -I
— Ü — - exp(-x.T) + — (exp-XT) (2.5)

A a X m 1
m m

The decay of 8 1 mRb and of 81Rb at any time t after EOB can be described

by the equations (2.2) and (2.3) with i = 0 respectively and new

boundary conditions A (0) = A (T) and A,(0) = A.(T). The solution of
m m Q u Q im

these modified differential equations describing the activity of Rb
O 't

and Rb after EOB is given by:

Am(t) = Am(T) exP(-Amt) (2.6)

Ad(t) = Ad(T) exp(-Xdt)

{exp(-Adt) - exp(-Amt)} fAm(T) (2.7)

From equation (2.7) it can be seen that it is possible to determine

A (T) and A.(T) by measurement of A,(t). Therefore, a krypton sample

was irradiated for 30 s with a 2 JJA proton beam. In the krypton target

the energy was degraded from 24 to 23 MeV. After bombardment the

sample was measured with the Ge(Li)-detector at a distance of 20 cm

to keep the dead time of the equipment below 5 %. Both the 446 keV

Y-line of Rb and the 190 keV y-line of mKr were measured 30 times
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after EOB in the time interval 8.9 to 228 min after EOB. Due to the

high abundance of the 190 keV y-line and the good detection efficiency

at 190 keV, the measurement of this line was used for the calculations

(in the equilibrium state the mKr activity nearly equals the Rb

activity).

The ratio fP /P. was calculated from the measuredm d
81m,,Kr activities

using equations (2.4) through (2.7). Three separate runs were performed.

Applying a least-squares fitting procedure for each run the following

values with 95 % confidence limits were found: 6.3 ± 0.6, 7.6 ± 0.8

and 7.9 ± 0.8. Taking into account the half-lives of 8 mRb (30.3 min)

and of 81Rb (4.58 h), these values of the ratio imply that almost
Q I

half of the final Rb activity is formed via the indirect reaction,

in the energy interval 24 •*• 23 MeV.
Since the ratio fP /P. is known to be 7.3 on an average, the time

o ̂  m u

dependence of the Rb activity can be calculated during and after

bombardment, using equations (2.5) and (2.7). The results are shown

1.5,

05-

0 2

EOB time (h)

Q 7

Figure 2.11: The Rb activity (arbitrary units) during and after

production, calculated for irradiation periods T of 30 s,

1 h and 2 h each with the same integrated beam current.

The Rb activity for T - 30 s uas set to unity.
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in figure 2.11 for three different irradiation periods. The periods
O 1

of 1 and 2 h are typical values used at the routine production of Rb.
81After EOB the activity of Rb increases to reach a maximum value at

about 0.5 to 1 h after EOB. At about 2 to 3 h after EOB the 81Rb
q i

activity starts to decrease with the half-life of Rb. Therefore

calibration errors may result if at the loading of Rb- mKr

generators, the desired activity A(t ) at calibration time t is

matched with the activity A(t,) at the moment of loading t-, according

to the formula:

= A(tc) exp(Ad(tc - (2.8)

At calibration time t an activity A(t ) should be available. If

at t, an activity A(t,) is put on the generator according to formula

(2.8) the real activity at t will not be the value A(t ) aimed at,

but will be a value A'(t ) that is systematically higher according

to formula (2.7). Therefore it is important to calculate the calibration

O.6O1

0.40

5 0.20 r

1 2 3
time lapse t [ Ih)

Figure 2.2'.: The relative calibration error as a function of the

moment of loading t~ after EOB, neglecting the decay

cf ~ Rb to Rb. The error is given for three

irradiation periods viz. 20 s, 2 h and 2 h.
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error in loading generators, using the determined value of fP^/Pj of

7.3 for the energy interval 24 -* 23 MeV. This calibration error is

defined as {A'(t ) - A(t )}/A(t ). Figure 2.12 shows this error as a

function of the moment t, at which the generator is loaded. This

implies that a user of the generator will have a systematically higher

activity than was aimed at, at the moment the generator was loaded.

Figure 2.12 shows that for conditions of routine production of

Rb- mKr generator systems - where the loading of these generators

occurs at about 0.5 h after a 1 to 2 h irradiation period - the

calibration error will be in the order of 10 to 15 % (the calibration

time is set to 4 h after EOB, allowing suffient time for testing,

packaging and transport to regional users).

2.2 Beam current dependent production rates

The irradiation of a gas target with a charged-particle beam will

result in an internal heat production in the target gas at the position

of the beam. Since the atoms can freely move, this heating will result

in an internal flow pattern mainly determined by natural convection

and in a decrease of the local gas density (Rob 61, McD 72). This

decrease of the local gas density results in a decrease of the production

rate (Bq/C) for high beam current densities. The decrease is described

for charged-particle irradiations of various gas targets (Gin 76,

Hes 82). For the irradiation of krypton with protons the decrease of

the Rb yield has to be accounted for. Moreover, the magnitude of the

effect justifies the absence of correction factors for the 0.5 pA beam

current used for the determination of the yields (section 2.1).

The effect has been measured for krypton by determination of the

Rb and the mRb activity produced with various beam currents. The

Kr gas targets used for these experiments were filled once and not

opened again. The half-lives of 81Rb and of 8 2 mRb and their high

abundant y-lines make these radioisotopes very suitable for this

experiment. Due to their half-lives accumulation of the produced Rb

and Rb activities could simply be avoided whereas sufficient time

was left for the accurate measurement of four successively irradiated

krypton targets. A disadvantage of the use of mRb is the simultaneously
82

produced slight amount of Br (t, = 35.5 h). This radioisotope decays
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to the same compound nucleus of Kr as mRb does, and therefore

the most abundant -y-lines of mRb cannot be distinguished from the

radiation of Br. The high accuracy desired for these experiments

required an elimination of the influence on the mRb activity

measurements.

2.2.1 Measurement of the 82fnRb activity

After irradiation the krypton target contains mRb and Br

besides other radioisotopes), both emitting the same y-radiation. To

gain insight in the measurement of these indistinguishable radiations

it is useful to determine the number of pulses P. counted by the

MCA (see figure 2.2) in a time interval t. -+ t~:

P, = —- {1 - exp(-A1(t2 - t^)} A ^ t ^ +
Al

—?- {1 - exp(-A2(t2 - t,))} A2(t,) (2.9)
A

with A., A? = the activity of
 8 2 mRb and 82Br respectively (Bq);

Aj, x2 = the decay constants of Rb and Oi:Br (s~ ) ;

e = the counting efficiency;

fy f2 = the abundance of the 777 keV -radiation from 8 2 mRb

and 82Br with f1 = f? = 0.83.

At any time interval t, •+ t. with t, > t„ the number of pulses

counted by the detector will be:

E fi
P2 = — i {1 - exp(-A1(t4 - t3))} exp(-A1(t3 - t^) A

A1

9
-± {1 - exp[-A2(t4 - t3))} exp(-A2(t3 - tj)) A2(t,) (2.10)
X2
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In fact by determination of P. and P_ the activities A.(t.) and A„(t.)

can be obtained from these equations. A very good and accurate

solution of this problem is a continuous measurement of the activity

decay for a long period of time followed by a least-squares fit to

the obtained results. However in our case such a measurement was not

possible since it requires a long continuous availability of the

detector. Besides, for practical reasons four samples had to be

measured more or less at the same time. Therefore each sample was

measured only twice. However, it is important to realize that the

time between two measurements strongly influences the experimental

error in the activity of mRb. This waiting time t =(*•<" t2) was

used as a variable for the minimization of the experimental error.

For a given activity ratio it will be clear that the accuracy of

both P. and P„ will be high when t = 0 because of the relatively

high countrate for both measurements. However, this high accuracy

will be destroyed since equations (2.9) and (2.10) will be nearly

dependent for that situation. However, the introduction of a long

waiting time t will result in a good independency of the two

equations but in that case the statistical error of P? will become

important since the activities will be reduced by the decay. From

these considerations it will be clear that there is an optimal

waiting time (in the case of a fixed total time of measurement). To

gain insight in deviations from the optimal waiting time a computer

simulation program was set up to calculate the statistical error of

A.(tJ. This program and its generally applicable results are discussed
ft?m ft?

in the Addendum. Here, the results are presented for the Rb- Br

case where the 8 2Br activity is about 5 % of the 8 2 mRb activity; the

total time of measurement (t. - t, + t? - t.) is set to 1 h. The

relative error 6A./A1 has been calculated for some sets of (t. - t,),

(t~ - t.) and the dependence of SAJA. on the waiting time t is

shown in figure 2.13. This figure shows the effect of degeneracy of

the equations for small values of t (t + 0 ) . The influence of large
82waiting times on óA^/A- represents the decay of the Br activity,

resulting in a decreased count rate. The optimal waiting time is about

65 h. Due to practical reasons the applied waiting time ranged from

18 to 30 h, thus leading to uncertainties < 2 % for this effect.
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<

Figure i..7o: The relative error &AJA^ of -Me
82m

Rb activity as a

function of the waiting time t and for three

distributions of the total time of measurement. The

Br activity -'s 5 % of the Rb activity and the total

time of measurement is set to 1 h.

o ; t - t = 600 s, t. - t. = 3000 s;

x .- t, - t = t - t = 1800 s;
Ci J. rx O

A ; t - t - 3000 s, t - t, - 600 s.

2.2.2 Experimental conditions and results

81
For four initial gas pressures, the production rates of Rb and

of Rb were measured in dependence on the proton beam current. In

order to allow a direct translation of the results to changes in the

average gas density at the position of the proton beam, the energy

of the protons was set to 22 MeV. At this energy the cross section

in the energy interval involved (22-*- 20 MeV) may be considered

sufficiently constant for 81Rb and 82mRb (see Lam 77 and section 2.1).

This means that changes in the production rate are only due to

changes in the local gas density.

For the experiments four cylindrical target chambers with a length

of 10 cm were used. The four cylinders were filled with krypton at a

pressure of 0.5, 1, 2 and 4 bar. The maximum energy decrease was 1.9

MeV for the 4 bar cylinder. The cylinders were irradiated several

times with a proton beam, geometrically controlled with the diaphragm
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of 10 mm diameter. The beam currents ranged from 1 to 16 uA. The 190

keV and the 777 keV y-ünes of 8 1 mKr (in equilibrium with 8 Rb) and
mRb respectively, were measured with the Ge(Li)-detector for the

determination of the produced amounts of Rb and mRb. To diminish

the influence of unknown parameters and to limit the errors to a few

percent, attention was paid to the following experimental conditions:

— T h e targets were filled once and never opened or changed during

the experiment to avoid changes of the initial gas pressure. As a

check for possible gas leaks the production rates at a beam current

of 1 pA at the beginning and at the end of the experiment were

compared. Within the experimental error (about 3 %) no gas leaks

were detected.

— T h e diaphragm of the beam guiding system was used to ensure a

"standard" beam profile for every irradiation.

— T h e time interval between two irradiations was always > 48 h to

ensure sufficient time for the decay of Rb and mRb. For these

radioisotopes the activity just before irradiation could be

considered practically zero.

— A f t e r the irradiation the targets were always measured at the same

target-detector distance of 20 cm, to avoid errors due to different

efficiency factors.
09

---During the irradiation the small amount of Br that is produced

might give rise to an -'iccumulation of this activity. For each

irradiation a correction of the mRb activity was made, by

measuring the target two times after EOB as indicated in section

2.2.1. The correction was usually in the range 2 - 6 %.

— W h e n the v-line intensities were measured the total count rate of

the target was not the same for every measurement. To avoid errors

resulting from the dead time of the MCA, no use was made of the

"live-time" (the internal correction method of the MCA) but of a

fixed source method (Hou 83). The fixed source was a Cs
57reference source at 662 keV. The use of Co at 122 keV was also

performed at some times and resulted in the same correction.

Applying the fixed source method it was possible to determine the

half-life of mRb from twelve measurements with a count rate

decreasing from 15000 to 1500 counts per second. A least-squares

fit to the twelve measurements resulted in a half-life of Rb
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of (20.3 ± 0.2) min, corresponding with a literature value of

20.4 min (Erl 79). In the experiment the irradiation period and

the time interval between EOB and the beginning of the measurement

were adjusted, to ensure that the total count rate never exceeded

10000 counts per second. Under these circumstances the fixed

source correction method is considered to be a very reliable

correction method.

0.8

Y*

1.0

0.9

0.8

pressure

I I
f

:1bar

I

1

12 16

0.9

0.8

0 4

* 81Figure 2.~1 - 2.17: The relative production rate Y of Rb and
Q ft

of Rb as a function of the proton beam

current ! * : Sb, • : mRb). The production

rate of mRb at 1 \iA was set to unity.
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The mentioned experimental performance resulted in an experimental

error of about 3 % for the determined production rates. For every

irradiation the normalized production rates Y of Rb and of Rb

were determined. The production rate of Rb for a beam current of

1 yA was set to unity. The results of the experiments are shown in

the figures 2.14 through 2.17 for gas pressures of 0.5, 1, 2 and 4

bar. These figures show an overall decrease of the production rates

for
82m,

o i

for the gas pressures and beam currents used. The yields of Rb and
Rb show the same dependence on the beam current. The largest

decrease of the production rate Y is about 15 •' and occurs at a beam

current of 16 uA and a gas pressure of 4 bar.

With the assumption that in the energy interval 22 •+ 20 MeV the

cross section for the formation of Rb and mRb is constant, it can

be stated that the averaged gas density at the position of the proton

beam has decreased, approximately for about 10 - 15 % at a beam

current of 16 JJA for the pressure range 0.5 to 4 bar.

2.3 The scattering of protons by the krypton gas

O 1

The production rate of Rb can be strongly increased by the use

of an enriched krypton gas target. This gas, which is usually very

expensive, can be recovered after the irradiation for instance by a

cryo pump system (Gin 76). To optimize the use of the enriched gas it

is important to gain insight in the path travelled by the protons in

the target gas. This path is determined by the alignment of the proton

beam and by the scattering process which is the result of interaction

of the protons with the atoms of the entrance window and of the target

gas. The scattering of protons has been investigated by the

determination of the proton current density distribution (the profile)

at the end of a krypton gas target for several target lengths and

gas pressures. Due to proton-induced charge densities in the gas a

direct reliable measurement of this proton current density is

difficult. So use was made of an indirect method: the activation of

a thin copper foil at the end of the target chamber. To determine the

resulting activity distribution in the copper foil a quantitative

autoradiographic technique was developed.
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2.3.1 Activation of the copper foil

For the experiments the entrance energy of the protons was set to

24 MeV, and the energy of the protons at the end of the target chamber

ranged from 24 to 14 MeV depending on the gas pressure and the target

length involved. A suitable foil at the end of the target chamber (see

figure 2.23) can then be activated and the resulting activity

distribution is an image of the current density distribution. For the

experiments on proton scattering use was made of a 0.1 mm thick copper

foil (69 % 63Cu and 31 % 6 5Cu). The effect of an energy dependent

production of the involved radionuclides can be neglected, as is shown

in the appendix.

An activity distribution in the foil can be determined in several

ways. The first one involves scanning of the foil and detection of

the Y-emission of a particular radionuclide. For a good spatial

resolution however this method requires long times of measurement

and/or high foil activities. Moreover, correction for the decay of the

involved radionuclide is necessary.

A second way to determine the activity distribution is to cut the

foil into small pieces and to measure the activity of each piece,

for instance with a Nal well-type detector. In this case less foil

activity will be necessary to obtain the results. However the position

registration and activity measurement of many small pieces is required.

Of course decay correction will be necessary just as a mass correction

since the cutting can easily induce unequal part sizes. This method

can be applied quite well but especially the mass measurements of the

pieces with sufficient accuracy takes quite a long time. The resolution

of the method is mainly determined by the size of the pieces.

A third technique to determine the activity distribution is the use

of an autoradiographic recording (Rog 67) of the foil activity on an

x-ray film. This technique is usually not recommended for quantitative

measurements (Rog 67, Wie 84). However, for proper application this

technique can be adapted in such a way that a quantitative inter-

pretation of the induced image is made possible. After development of

the film the local transmission of light will give direct information

about the activity distribution. The main advantages of this technique

are:
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—-simple handling of the activated foil and no necessity to weigh

or cut the foil;

— n o decay correctior is necessary;

— t h e method has a good spatial resolution which is mainly determined

by the quality of the applied transmission scanner;

---a quick view upon the developed film gives direct information of

the size of the distribution and of possible deviations from

symmetry.

The disadvantage of this technique is that another step is added to

obtain the result, which might give rise to the introduction of errors.

For a proper application of the technique it is important that the

exposure of the film to the foil activity results in a known response.

To obtain a reproducable response it is necessary to use a standardized

development process of the film. If this is not possible a response

curve of the film has to be recorded simultaneously.

2.3.2 Quantitative autoradiography

The energy transfer of ionizing radiation to the emulsion of an

x-ray film can be described by the dose rate D. For our experiments

use was made of a copper foil on an aluminium support with a diameter

of 7 cm. Due to the nature of the scattering process the most active

part of the proton-induced activity will be located at the centre of

the foil. This means that the blackest area of the induced image on

the film will be at the centre of the autoradiograph. This central

area of the copper foil activity serves as a standard position for the

measurement of the dose rate D. By measuring the dose rate D at a

position above the centre of the copper foil as shown in figure 2.18,

the measured value will indicate the area with the maximum activity

of the copper foil.

To gain insight in the decrease of the dose rate a copper foil was

irradiated with a 24 MeV, 1 uA proton beam for two minutes. The dose

rate D from this foil was measured as indicated in figure 2.18 at

several times after EOB with a Babyline 61A ionization chamber. The

result of this measurement is shown in figure 2.19 where the dose rate

D is normalized to 1 for t = 47 h.
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Sez up for the measurement of the dose rate D from

the irradiated copper foil on its support. The

opening of the lead aollimator has a diameter of

1

• Measured dose rate

° Calculated dose rate

20 30
Time after EOB (h)

50

-V: The measured and the calculated normalized dose rate

from the copper foil as a function of the time after

EOB. The measured dcse rate is normalized to 1 for t =

47 h. The calculated dose rate is set to 100 for t - 0.
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The dose rate can also be calculated from the produced activities of

the foil and the radiative properties of these activities. The radio-

nuclidic composition and the calculation of the dose rate are outlined

in the appendix. The calculated dose rate is also shown in figure 2.19.

From this figure a good agreement is found between the slope of the

calculated and the measured dose rate at times after EOB of more than

5 h. The lack of agreement just after EOB is due to the presence of

directly produced amounts of Cu, which have not been taken into

account in the calculations. From the figure it is clear that the

dose rate is decaying almost exponentially at times later than 10 h

after EOB. The half-life of this decay of 9.5 h mainly results from
CO

the presence of Zn (t, = 9.3 h) and its short living daughter
62product Cu (t1 = 9.8 min) (see also appendix). This means that there

is a long period available for several exposures of the activity

distribution to the x-ray film.

The x-ray film used for the experiments was an Osray M3 18 x 24 cm

of Agfa-Gevaert; so four autoradiographs of the total copper foil of

7 cm diameter could easily be made on one film sheet. After exposure

these films were processed by an Illford Speed processing machine.

The local transmission of light was determinea by the transmission

scanner described in the appendix. The output of this scanner is a

voltage V which is proportional to the local transmission. For the

transmission of a developed, not irradiated x-ray film this voltage is

indicated by V„.

To determine the response of the film to the exposure by the copper

foil activity a homogeneous activity spot of 10 mm diameter was

induced in the foil. The dose rate resulting from this spot was

determined with the ionization chamber as indicated in figure 2.18.

With the 10 mm activity spot about 16 autoradiographs were made on one

film within about 15 min. Use was made of three films with some

overlap. The exposures were made at about 20 h after EOB so the decay

of the dose rate is almost exponentially (see also figure 2.19).

Every applied exposure time T was short compared to the decay time of

the dose rate so the dose D can be described by: D = D x. This is the

dose absorbed by the ionization chamber in an exposure period T and

for the geometry shown in figure 2.18. The dose absorbed by the film

Df will be different from this dose: D, = c' D where the dimensionless
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constant c' represents differences in geometry and in absorption of

the radiation from the radioisotopes Zn (+ Cu) and Cu. After

development of the films the transmissions of the diverse spots were

measured by recording the voltage V of the transmission scanner. The

result is shown in figure 2.20 where log(V„/V) is given as a function

of log(D) with D expressed in the practical unit 1/3600 mrad (1/3600

mrad = 2.78 nGy).

2

Figu
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".: The response of the x-ray film to the exposure of this

filr, to radiation from the copper foil activity. The

dose D - D T is expressed in the practical unit 1/3600

mrad and D is determined as shown in figure 2.18.

The response curve shown in figure 2.20 shows a linear relationship

between log(VQ/V) and log(D) for values of D larger than the start

dose D . The straight line crosses the log(D) axis at log(Dn). When

a copper foil with a given activity distribution is used for auto-

radiography the exposure time T will of course be the same for every

part of the foil. Therefore the local activity is proportional to the

local dose. For the deduction of the activity distribution in terms

of the measured voltages a pre-dose D is induced on the film. Then

a dose ADx is added by the copper foil and the resulting total dose

is given by D = D + AD . From figure 2.20 it can be derived that:
X S X

log(Dx) = log(DQ
1/Y

(2.11)
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1/Y
log(Ds) = log(D0 (VQ/Vs) ) (2.12)

So the added dose AD is given by:
X

A Dx = D0
1/Y 1/Y

For a given activity distribution there will be a position with

maximum activity and thus a maximum value of the local dose AD
met A

corresponding to a minimum voltage V • . In the same way as mentioned
above an expression for AD can be derived. Normalizing the dose

max
AD to the maximum dose AD the local activity at any point of thex max
distribution will be given by:

1/Y 1/Y
A AD (1/V ) - (1/V )x x _ x s ( 2 J 4 )

Amax ADmax (1/V . ) Y - (1/Vj Y

From this formula it is clear that with knowlegde of the response

curve i.e. V and y the activity distribution can be calculated fr

the measured voltages at the locations of interest.

An important requirement for the application of (2.14) is that a

homogeneous pre-dose D is induced on the x-ray film. For the films

applied for the experiments this pre-dose was obtained with a 3.7 GBq

(100 mCi) Ra source. The films were positioned at a distance of

1.4 m and exposed to the y-emission of the source for about 5 h. After

development the transmission of the x-ray film corresponded to the

desired value of D . The actual value of V - corresponding to D - is
s s s

simply obtained by measurement of the transmission of the x-ray film

at a location where no exposure to the copper foil activity has been

performed. After a completed two-dimensional scan of the film the

value of V . and of y will be inserted in equation (2.14) and the

voltage distribution is converted to an activity distribution. The

response curve shown in figure 2.20 reproduces very well probably

due to the application of a processing machine. Nevertheless a
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response curve has also been recorded at the beginning and at the end

of a serie of films used for exposure to several activity distributions.

A first experiment with the quantitative autoradiographic technique

concerned the influence of the applied exposure time x on the activity

distribution. To investigate this an arbitrary activity distribution

was induced on the foil and with this foil several exposures were made

at about 18 h after EOB. At that moment the dose rate D appeared to be

4.6 mrad/h. The exposure time T varied from 150 to 900 s and after

development the transmission distribution was determined. The activity

distribution calculated with (2.14) is shown in figure 2.21.

-30 -20 -10 0 10
Position (mm)

20 30

•r.'--•.:."•• i.' ."/ -'he measure f :clit of 2n activity distribution from

ira^ss'-rissicn distrilutijns made with different

c?i o sure times x.

From figure 2.21 it is obvious that the exposure time T does not affect

the calculated activity distribution. This means that the applied

exposure AD added to the pre-dose D of the film has a negligible

influence on the obtained result. It should be noted that the exposure

time T can be best set to a value where the total exposure D will be

-36-



about halfway the straight line shown in figure 2.20. High doses can

induce saturation effects on the emulsion and the measurement error

in the determination of V . will become important. On the other hand

at low total doses a possible inhomogenity of the pre-exposure can

influence the resulting activity distribution.

A second experiment concerned the comparison of the results on the

measurement of an activity distribution obtained with this method and

the results obtained by measurements of the activity of many small

pieces of the foil. Therefore an arbitrary activity distribution was

induced on the copper foil. After about 18 h after EOB this foil was

used to make two autoradiographs on the x-ray film. After this the

foil was removed from the aluminium support and cut into pieces of

2 x 2 mm. The pieces originating from an array crossing the centre of

the copper foil were used for the determination of the activity

distribution. The radiation emitted by these pieces was measured with
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Figure 2.22: Comparison of an activity distribution determined by

quantitative autoradiography and by measurement of

the activity of many pieces (2x2 mm) of the foil.
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an Elscint spectrometer with an adjusted window for the measurement

of the 511 keV radiation. Since the decay is not purely exponential

one piece was used as a reference source for decay correction. Each

piece was also weighed for the elimination of the influence of mass

variation. The resulting activity distribution is shown in figure

2.22. After development of the x-ray film the activity distribution

was determined by scanning the transmission distribution originating

from the same strip that was cut into pieces after the exposures. The

results of two of these measurements are also presented in figure

2.22. As shown in this figure the results obtained with both methods

agree well. This means that the method of quantitative interpretation

of an autoradiographic recorded activity distribution as described in

this section indeed produces reliable results.

Target length L

Support

'O'-Hng Target

O Stainless steel
E2 Aluminium
1X3 Brass

tube 'O'-ring

Mi M2

T T
M3

Vacuum
pump

Cryo
pump

Krypton
reservoir

Air
inlet

M ^ : Magnetic valve

Figure Z.l.c: Schematic representation of the experimental set up

used for the determination of proton current density

distributions in the gas target.

-38-



2.3.3 Experimental results on proton scattering

The experiments on the scattering of protons were performed with

the set up shown in figure 2.23. The main part of this set up is the

target chamber with a 20 ym Duratherm entrance window and the copper

foil on the aluminium support at the end. The length L of the target

chamber can be set to 12.5, 25.0, 37.5 and 50.0 cm by using different

target tubes. The gas in the target chamber was irradiated with a

1 iiA proton beam. After EOB the krypton is removed with the cryo

pump system and the support with the foil is taken out. Before any

exposure to the x-ray film possible deposited Rb activities on the

copper foil were removed. The influence of the gas pressure on the

proton profiles was investigated using a target length of 50 cm. The

profiles at the end of the target were measured for gas pressures of

1, 2, 3 and 4 bar. The measured profiles are presented in terms of

100

50

s.

A: initial profile of the proton beam
B: profile at 1 bar j
C: profile at 2 bar I L . S O c m

D: profile at 3 bar |
E: profile at U barj

-30 -20 -10 0 10 20
Position (mm)

Figure 2.24: Proton profiles in krypton gas at the end of a 50 am

long target chamber for several gas pressures. The

initial proton profile is also shown.
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vertical cross sections of the two dimensional distributions through

the maximum of the proton current density. The profiles are presented

in figure 2.24. In this figure the initial proton profile i.e. the

current density distribution at the position of the entrance window

is also shown. The negative position numbers correspond with the

lower part of the target. Figure 2.24 shows that the full width at

half maximum (FWHM) increases with increasing gas pressure as must

be expected. The wings of the profile at a krypton gas pressure of

3 bar or more could not be measured due to the 7 cm diameter of the

copper foil, but a value of the FWHM can still be determined. The

influence of the target length on the profiles was investigated using

a gas pressure of 2 bar and target lengths of 12.5, 2", 37.5 and 50

cm. The corresponding profiles are presented in figure 2.25. As

expected the profiles show an increasing FWHM for an increasing path

travelled by the protons in the target gas. The FWHM as a function of

100

E BO

L(cm) pressure = 2bar

A =12.5

B -25.0
C =37.5

D=50.0

-30 -20 -10 0 10
Position (mm)

20

Figure 2.ÏL: Proton profiles in a 2 bar krypton gas target for

several target lengths L.
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the target length is given in figure 2.26. This figure actually

indicates a geometrical shape of the proton beam in the target gas.

It is clear that the FWHM is not a linear function of the target

length L.

20 40
Target length (cm)

60

Figure 2.26: The Fh/HM of the proton profile as a function of the

target length for a krypton gas pressure of 2 bar.

The changes of the profiles as a result of the increase of the target

length are important when enriched (expensive) target gas is used.

With profiles as presented in figure 2.25 it will be possible to

estimate the effective path travelled by the protons in the target

with a given geometrical configuration. Using profiles on scattering

it is also possible to adapt the shape of the target chamber to the

geometrical shape of the proton beam for the optimum use of enriched

gas.

For a comparison of the profiles in the krypton gas with the

profiles in xenon gas a measurement was also performed with the

target filled with (natural) xenon gas. The profile of the proton

beam due to scattering by xenon at a pressure of 2 bar and a target

length of 37.5 cm is shown in figure 2.27. The current density

distribution in krypton gas for the same experimental conditions is

also shown in the figure. As can be seen from the figure the profile

in xenon is much broader than the one in krypton as could be expected

from theory (Mar 67) since the number of protons Z is larger for

xenon than for krypton.

So far the influence of the 20 vm thick Duratherm entrance window

has not been mentioned. To gain insight in this influence the proton
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pressure-2bar
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Figure 2.1'?: The proton profile at the end of a 37.5 sin long target

chamber filled with xenon gas at a pressure of 2 bar.

The profile in krypton gas at the same experimental

situation is also shown,

profile was measured at the end of the 50 cm long target chamber when

the window was removed. This profile was compared to the profile at

the same target length, when there was no gas in the target chamber

and the window was present. It appeared that the FWHM was enlarged

with about 0.8 mm by the presence of the window. This slight influence

is the result of the small thickness of the window of 20 vm and its

chemical composition (metals with low Z number, see section 2.1).

Compared to the profile of the proton beam in the case of krypton

gas at a pressure of 1 bar or more, the effect of the presence of the

window can be neglected.

It should be noted that for practical reasons it is convenient to

expose the x-ray film at times later than about 10 h after EOB since

then the produced blackening of the film is caused by the radioisotopes
62Zn (+ Cu) and Cu, which are induced by the proton beam in the

copper foil. The effect of an energy dependent production of these
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radioisotopes can be neglected (see appendix). An absolute inter-

pretation of the results can be obtained by normalizing the integrated

profile to the applied beam current. For other cases however, absolute

values can be obtained from the application of formula (2.13) when

the value of D. is deduced from the response curve. The proton profile

in the krypton gas target shows that there is a serious blow up effect

of the initial proton beam, especially for high pressures and long

target chambers. Therefore the scattering effect must surely be taken

into account when a target chamber is designed.
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Appendix

The blackening of the x-ray film can be quantified by the

measurement of the transmission of light. For the measurement of the

local transmission of light use was made of the instrument which is

schematically shown in figure 2.28.

Photodiode

X-ray film

Figure i1..'.>; Schematic representation of the inetrunental set up

for the measurement of the local transmission cf light.

The main part of this instrument consists of a LED light source (HP -

HEMT 6000) and a subminiature PIN photodiode (HP - 5082-4205). The

LED is driven by a temperature stabilized 5 mA current source. The

output current of the photodiode induced by the received light is

converted and amplified to a voltage V . The value of V ranges from

10 volt to a voltage of 0 volt for the absence and the presence of a

black sheet of paper respectively. The linearity of the system was

checked with a Kodak step tablet No. 2. The LED-photodiode combination

(see figure 2.28) can be scanned in two directions with minimal step

sizes of 0.1 mm. This scanning is arranged by computer controlled

stepper motors. The voltage V representing the information on the

blackening of the x-ray film was supplied to a 12 bit dual slope ADC

with a computer controlled sensitivity. A computer program arranged

the measurement of the two-dimensional transmission distributions on

the x-ray film and data storage and data manipulations such as:

-—determination of the blackest point of the transmission distribution;

—calculation of the activity distribution with equation (2.14);

—determination of cross sections of the two-dimensional activity

distributions.
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The resolution of the transmission scanner was determined by scanning

the step tablet with minimum steps of 0.1 mm and was about 0.8 mm. This

good resolution is the result of the small aperture of the photodiode

and the small distance from this diode to the x-ray film.

To gain insight in the activities which induce the blackening of

the x-ray film, the copper foil was irradiated with a 24 MeV, 1 yA

proton beam for two minutes. After EOB the produced activities were

determined with the Ge(Li)-detector (see section 2.1). The activities

and the yields calculated with cross sections for the involved

production reaction (Mea 53, Col 74) are presented in table 2.5.

It is stressed that the radioisotope Cu has also been identified.

This radioisotope can be produced directly via the reaction Cu(p,pn)

but it is also the decay product of Zn. The direct reaction for

Cu is of minor importance because of the «ery short half-life of

this radioisotope. Therefore no attempts were made to determine the

yield of the Cu(p,pn) reaction. From table 2.5 it can be seen that

there is reasonable agreement between the calculated yields and the

measured yields of the radioisotopes. It will be clear that the

activities listed in table 2.5 will be changed seriously, when the

proton energy is less than £4 MeV due to the energy loss in the

krypton gas in front of the coppper foil. The time dependence of the

dose rate from the irradiated copper foil can now be calculated,

using the activities listed in table 2.5 and the formula:

D(t) = I D^t) = c I {Q.Q £. expf-^t) } (2.15)

where D.(t) = the dose rate of radioisotope i;

Q.Q = the activity of radioisotope i at time t = 0 (Bq);

E. = the energy emitted by radioisotope i transferred

to the Babyline ionization chamber i.e. the effective

energy per desintegration (see ICRP-2);

X. = the decay constant of radioisotope i;

c = a constant used here to normalize the dose rate

to 100 for t = 0.
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Table 2.S: The radioisotopes produced by a 24 MeV proton beam on a 0.1 svr. thick copper foil. The

underlined daughter products are stable. The radioisotope Cu has two .iaunhtt-r products;

it decays to Ni by B and by EC and to Zn by 8 decay.

Produced

radioisotope

62Zn

63Zn

65Zn

61Cu

62Cu

64Cu

Nuclear

reaction

63Cu(p,2n)

63Cu(p,n)

65Cu(p,n)

63Cu(p,p2n)

Cu(p,pn)

65Cu(p,pn)

Half-

life

9.3 h

38 min

244 d

3.32 h

9.8 min

12.8 h

Daughter

product

62Cu

63Cu

65Cu

"Ni

«Ni

Activity

at EOB (Bq)

1.1 106

5.2 106

3.2 102

2.4 105

---

1.1 106

Yield (GBq/C)

measured

9.3

44

0.0027

2.0

...

9.3

calculated

9.2

49

0.0022

2.7

2260

12

Reference

Mea 53

Col /•

Col 74

Mea 53

Mea 53

Mea 53



The dose rate D(t) was calculated by substitution of the effective

energies deduced from nuclear data (Led 78) and the activities and

the decay constants presented in table 2.5. The result of this

calculation is shown in figure 2.19.

A further examination of formula (2.15) shows that at times after

about 10 h after EOB the dose rate is mainly determined by the Zn

(+ Cu) and the Zn activity, as can also be derived from figure

2.19. However, the production of Zn and of Cu in the foil strongly

depends on the applied proton energy. The protons at the centre of the

foil will have a larger averaged energy than those at the edge of the

foil. Therefore it is possible that the assumed proportionality

between the induced activity distribution and the local current

density is disturbed by variation of the local energy. To gain insight

in this effect an approximation for the energy dependence of the

yields of Zn and Cu is deduced from cross section data (Mea 53,

Col 74) and the measured yields presented in table 2.5. The yield

of Zn can be approximated by:

(E - 11)
Y(E) = Y?d — (2.16)

* 13
ft?

where Y„. = the yield of Zn at a proton energy of 24 MeV;

E = the energy of the protons (MeV) with E in the

energy interval 11 s E s 24 MeV.

From this relation a relative yield error in dependence on the energy

error can be deduced:

AY AE
(2.17)

Y(E) (E - 11)

With this formula it is useful to consider a situation with a short

target length of 12.5 cm, filled with 4 bar krypton for maximum

energy decrease per unit of length. In this situation the energy of

the protons at the centre of the copper foil is reduced from 24 MeV

to 21.4 MeV as deduced with data on the stopping power (Wil 66). The

energy difference between protons at the centre of the foil and those

at the edge of the foil is 0.11 MeV. Inserting this energy difference
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in formula (2.17) a value of AY/Y(E) is found of -0.01. This means

that for this situation a yield error of about 1 % is induced. With
64data of Cu an error of 1.3 % is found, but since the dose rate is

r p

mainly determined by the Zn activity the influence of this error

can be neglected. Calculations for all applied experimental conditions

show that AY/Y(E) is 1.5 % or less.

Finally it should be noted that it is convenient to induce

approximately the same Zn activity at the centre of the foil for

each experiment. Therefore it is useful to compensate yield variations

of the Zn activity - calculated with equation (2.17) - at the centre

of the foil due to the application of several target lengths and gas

pressures by variation of the applied irradiation period.
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3 OPTICAL DETECTION METHODS FOR NA AND FOR RB

The irradiation of krypton gas with P. 6 MeV protons

results in the production of many Kb radioisotopes.

To gain insight in the behavior of these, radioisotopes

it is 'useful to apply an optical detection me the d for

the on-line separate detection of the isotopes in the

gas target. Therefore some Doppler-free detection

techniques uere investigated and applied to sodium;

because for this alkali element, visible laser light

can be used. Measurements Here performed with sodiwi

at various densities using a single mode, scanning

ring dye. laser system.

3.1 The atomic level schemes of Na and Rb

In this section the atomic level scheme of Rb will be considered
or o "7

for the stable isotopes Rb and Rb both being present in natural
rubidium to the extent of 72.15 % and 27.85 % respectively. The ground

2
state of the Rb atom is denoted as S, and the first two excited

2 2configurations are the P, and the P, states. The angular moment I

of the nucleus is coupled with the moment J of the electron cloud.

This coupling, represented by the quantum number F - with values

F = |I + J| |I - J| - results in a hyperfine splitting of the

energy levels of the atom.

In the case of 85Rb (I = 5/2) and 87Rb (I = 3/2) the ground state

and the first excited state (both with J = 1/2) are each split

into two levels due to the magnetic dipole moment y of the nucleus.

The second excited state with J = 3/2 is split into four levels
or

(Kop 56). The lower states of the atomic level schemes of Rb and of
O7

Rb are shown in the figures 3.1 and 3.2 (Hir 77). As shown in the

figures atomic dipole transitions from the excited state with J = 1/2

and with J = 3/2 to the ground state are possible at the wavelengths

of 795 nm and 780 nm respectively. It is obvious that the hyperfine

splitting will be different for each of the radioisotopes produced

in the krypton gas target. Besides, the isotope shift (Gar 65) is

also important for the composition of a measured fluorescence or
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33MHz F-l

52P3/2

Figures Z.I and 3.2: The atomic level schemes of "Rb (I - 5/2) and
87

of Rb (I - 3/2) respectively. The numbers at the

vertical lines indicate the relative line intensities

(Hir 77).

absorption spectrum of all Rb radioisotopes together. Finally the

broadening mechanisms (Gar 65} will seriously complicate the detection

of a particular radioisotope from this spectrum. However, the Doppler

broadening mechanism which is the most essential broadening in this

case can be eliminated at the cost of a reduced sensitivity of the

detection technique.

The experiments on the sensitivity of a Doppler-free detection

technique applied to Rb require a tunable laser output at the near IR

wavelengths. For various practical reasons, a tunable laser beam at

the visible is much more comfortable. Therefore the Doppler-free

detection techniques have been tested with Na vapour of variable

density. Na consists of Na (100 %) with I = 3/2 and it is an alkali

metal just as Rb. For this reason it has the same atomic structure

as Rb (see figure 3.3). The transitions at 589.6 nm and 589.0 nm are

termed the D1 and the D„ line respectively. This notation has also

been adopted for the Rb transitions at 795 nm and 780 nm. The
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Figure 3.3: The atomic hyperfïne structure of Na. The numbers

corresponding to the vertical lines indicate the

relative line intensities (Fai 75).

wavelength of 589 nm can easily be obtained with the ring dye laser

system (see section 3.2.2) operated with the very stable, very

efficient dye rhodamine 6G.

3.2 The dye laser system

For the experiments on Doppler-free detection techniques for Na

and for Rb and for the fluorescence studies of excited Kr atoms (see

section 4.4) use was made of a single mode, frequency stabilized CW

ring dye laser system (Spectra Physics model 380D), pumped by an all

lines Ar+ laser. With this laser system frequency scans can be made

with an adjustable range of about 30 GHz maximum.

The experiments required laser output at various wavelength

regions between 557 nm and 828 nm. This could be obtained by the

application of several dyes or dyemixtures; so the output power of

the system depends strongly on the actual situation (see section
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frequency stabilized i'VI ving dye laser system and the

instruments used for laser beam diagnostics.

3.2.2). For experimental profit several diagnostic instruments

surround the entire laser system (see figure 3.4). Some features of

the system that are important for experimental application of the

system are the intensity stability, the stability of the optical

frequency, the frequency scan linearity and the wavelength adjustment.

These characteristics will be discussed below.

Intensity stability

As shown in figure 3.4 the intensity of the dye laser beam is stabilized

by control of the output of the Ar laser. Slow variations (with a

period of more than 0.1 s) of the dye laser beam intensity are

suppressed in this way. To gain insight in the remaining fast

intensity variations, the power spectrum of the intensity was

determined (see figure 3.5). This figure which shows large peaks at

a multiple of the frequency of the main power (50 Hz) is very useful

for the choise of a chop frequency when a laser-induced phenomenon

is detected with a lock-in amplifier (see section 3.3). The time

averaged value of the intensity (the d.c. power) shows variations in

the order of 2 % during a characteristic period of about 1 h.
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Figure 3.5: The spectral power P(dB) within a frequency band of

1 Hz related to the d.a. power as a function of the

frequency v.

Optical frequency stability

The frequency shows three types of frequency variations: frequency

jitter, frequency drift and mode hops due to the resonance frequencies

of the dye laser cavity. The stabilok unit (see figure 3.4) is used

for the frequency stabilization of the dye laser. With this unit the

remaining frequency jitter is about 200 kHz. The drift of the

frequency is reduced by the application of a temperature stabilized

interferometer in the stabilok unit. Experimentally it was found that

this drift is less than 10 MHz/h. The occurence of mode hops (with a

minimum of 200 MHz) and a misfunctioning of the stabilok unit are

made known by a pilot light and an acoustical alarm. The number of

mode hops can be less than 4 per hour.

Frequency scan linearity

A frequency scan is generated by opposite rotation of two galvo plates

in the dye laser cavity. For optimal circumstances the optical

frequency v is proportional to an internal or external generated

voltage supplied to the galvo plates. Due to the (mis)alignment of

the dye laser deviations from this linear relationship may occur. To

be able to account for these deviations and to determine the actual

length of a scan the reference interferometer (F.S.R. = 152 MHz) was

used as a frequency scale.
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Wavelength adjustment

To be able to tune the dye laser to any desired frequency a wavelength

determination system based on a Michel son interferometer was

constructed. In this system the wavelength of the dye laser is compared

to the wavelength of 632.817 nm of a He-Ne reference laser. The

performance of this system was electronically improved by the

application of a Phase Locked Loop as outlined in section 3.2.1. With

this system the wavelength of the dye laser can be determined with

an accuracy of 0.001 nm; so it was possible to tune the dye laser to

a frequency within a typical Doppler width of 1.3 GHz.

The spectrum analyzer was used as a check on the frequency stability

and the scan range and for the visualization of mode hops. Wavelength

tuning is performed by rotation of the three plate birefringent filter

of the cavity. It should be noted that the laser beam is passed through

a weak correction lense (f = 1.5 m) before it enters the experimental

area. The remaining divergence of the laser beam is in the order of

0.1 mrad.

Corner cube reflector

Moving corner
cube reflector

Oye laser beam

Dye fringes

He-Ne Reference
laser beam

Reference
fringes

Figure Ï.6: Schematic arrangement of the Miahelson interferometer for

the determination of the wavelength of the dye laser.
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3.2.1 The measurement of the dye laser wavelength

The wavelength measuring system used for the tuning of the dye

laser is based on the Michelson interferometer (Kow 76). In the

applied system schematically shown in figure 3.6 the wavelength of

the horizontally polarized dye laser beam (xrf) is compared with the

wavelength of the vertically polarized He-Ne reference laser beam

(A ) by counting the respective fringes induced by the moving corner

cube reflector. The accuracy of the measurement is initially limited

by the uncertainty in the number of counted fringes of ± 1. Moreover,

in practice the reproducibility of the measurement was initially

disturbed: probably due to dye laser beam interruptions caused by

bubbles in the laser area of the dye jet stream. For experimental

convenience a better reproducibility and accuracy were highly

desirable.

A better accuracy can be obtained by increasing the path travelled

by the moving corner cube reflector - thus resulting in more fringes

in a longer counting period - or by interpolation of both the first

and the last fringe with a high frequency clock signal (Law 84). Both

solutions however do not solve the problem of the reproducibility

caused by "missing" a number of fringes. The solution which was

carried out here concerns the addition of a digital Phase Locked Loop

(PLL) (Gar 66, Bes 81) resulting in an electronic multiplication of

the fringe frequency by a factor of 10 and in a much better

reproducibility due to the flywheel effect of the PLL.

With this system a value of the wavelength is determined every

second, with an accuracy of 0.001 nm (Mul 85b, see appendix). Moreover,

the missing of a few fringes - at some times more than 2 for each

measurement - no longer has a harmful influence on the measured value.

For the next step to a still better accuracy frequency stabilization

of the He-Ne reference laser is required. It should be noted that the

multiplication factor of 10 can be increased to 100 without changes

of the basic concept (this means that the analogue circuits for the

detection of the fringes and amplification of the fringe signal do

not have to be changed). This would then result in an accuracy of

0.0001 nm and the time of measurement is still kept to one second.
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3.2.2 The applicability of dyes and dyemixtures

The laser system (see figure 3.4) was used for the experiments on

Rb and Na and on Kr, and therefore laser output was required at various

wavelengths between 557 nm and 828 nm. This interval cannot be covered

by one dye. At the visible region rhodamine 6G and rhodamine 560 have

been used. For near IR laser operation the use of LD700 or oxazine 750

has been recommended, using propylene carbonate (PC) as a solvent

(Aum 82). However, these dyes require the use of a Kr laser at 647 nm

and 676 nm as a pump source. Marason tried to pump the LD700 dye with

an Ar laser, using a mixture of LD700 with DCM for energy transfer

(Mar 82). However, the wavelength range of this dyemixture is not

sufficient for the required experimental application. The need for new

near IR dyes which can be pumped with an Ar laser has resulted

recently in commercially available dyes such as styryl 8, 9, 10 and

11 (Hof 82a, Hof 82b, Bad 83, Lin 84). To investigate the performance

of the system operated with standard R6G optics or with standard LD700

optics the applicability of dyes and dyemixtures of rhodamine 6G and

rhodamine 560 and of styryl 8 and styryl 9 was studied (Mul 85a, see

appendix).

As a result of this study the particles of interest were excited

in the following way:

— T h e Na atoms were excited by laser operation at 589.6 nm obtained

with the very stable, very efficient dye rhodamine 6G chloride

using R6G standard optics in the laser cavity.

— L a s e r operation at 557.0 nm for the excitation of Kr(1Sr) atoms was

obtained with rhodamine 560 chloride mixed with 5.3 % (mass percent)

rhodamine 6G chloride and with the R6G standard optics in the

cavity.

— A near IR laser beam for the excitation of Kr(is-) and Kr(1s?)

atoms was obtained with styryl 9 and standard LD700 cavity optics.

A typical maximum single mode output at 823 nm is 175 mW for an

Ar all lines pump power of 4 W.

— F o r the excitation of Rb at 794.8 nm the styryl 9 dye had to be

used at a deluted concentration to diminish the influence of self-

absorption of this dye. A typical maximum output is 60 mW for a
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pump power of 6 W Ar all lines and a fresh dye solution. This

output power is still considered to be marginal for the desired

experimental use.

For the near IR dye styryl 9 it should be noted that the addition of

a small amount of rhodamine 6G (less than 0.5 mass percent) has

hardly any influence on the produced output power (less than 2 % power

decrease) but it helps very well in visualizing the spots in the ring

dye laser, making adjustment of the laser more comfortable.

3.3 Some Doppler-free detection techniques

As outlined in section 3.1 each of the produced Rb radioisotopes

has a characteristic hyperfine structure. The measured spectrum is

subjected to a fundamental broadening mechanism, resulting from the

velocity of the radioisotopes in the gas phase. This Doppler

broadening is given by:

Av(FWHM) = 7.17 10'7 vQ /(T/M) (3.1)

where v. = the central atomic frequency (Hz);

T = the temperature (K);

M = atomic weight (g/mol).

Typical values of AV(FWHM) are 0.5 GHz for 85Rb at 300 K and 1.3 GHz
23for Na at 300 K. These values are in the order of the splitting of

the atomic levels (see figure 3.1 and figure 3.3) and therefore this

broadening mechanism essentially obstructs a simple interpretation

of a measured fluorescence spectrum of many Rb radioisotopes. However,

it is possible to apply Doppler-free detection techniques that result

in narrow signal peaks with a FWHM in the order of the natural line

width (10 MHz for Na and 6.0 MHz for Rb) if additional pressure

broadening can be neglected.

3.3.1 General remarks on saturation techniques

Doppler-free detection techniques (Shi 77, Dem 81) usually involve
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the use of two laser beams originating form the same dye laser and

propagating the sample in (nearly) opposite directions. One of the

beams - the pump beam - induces a change of the physical state of the

atomic ensemble. As a consequence of this change of state a second

weak beam - the probe beam - is affected by the change induced in

the sample by the pump beam, thus resulting in a change of the

characteristics of the probe beam (the amplitude, phase or plane of

polarization). The power of the probe beam is low compared to the

power of the pump beam. When the dye laser is scanned across the

Doppler broadened nyperfine components of the atoms of the sample,

the changes of the probe beam due to the presence of the pump beam

will result in a Doppler-free spectroscopie signal.

This can be visualized by the phenomenon of hole burning; this

means that the pump beam creates a hole in the one dimensional

Maxwellian velocity distribution of the atoms. This hole is detected

by the probe beam if both the probe beam and the pump beam interact

with the same group of atoms. For this group the velocity component

in the direction of the laser beams is about zero. Because of this

hole the probe beam will be less absorbed by the sample since the

pump beam has decreased the number of atoms of the corresponding

velocity. Chopping of the pump beam and synchronous detection of the

probe beam intensity with a lock-in amplifier will result in a

Doppler-free spectroscopie signal.

The interaction of the pump beam with the sample can also be

described by alignment and optical orientation of the atoms, taking

into account the polarization of the pump beam and the degeneracy of

the atomic levels. Due to the interaction with the pump beam, the

atoms are no longer homogeneously distributed over the degenerated

atomic sublevels. This can be demonstrated with the figures 3.7 and

3.8. Figure 3.7 shows a ground state with F = 2 and an excited

state with F = 1. The vertical solid arrows indicate absorption of

photons from a linearly polarized pump beam (Any = 0) (Shi 77). The

upper levels will spontaneously decay to the lower levels by the

transition Amp = 0, ± 1 resulting in isotropic emission of fluorescence

photons. By successive excitation and emission the levels F = 2,

nip = +2 and F = 2, nu = -2 will become more populated than the other
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absorption of vhotonc from a linearly polarised laser

beai'i (solid arrows) and the spontaneous emission (dachas

arrous). Successive absorption and emission result in

alignment of the ground state. The density of each atonic

sublevel is indicated by the height of the involved bleak.

ground levels since atoms of the levels with nip = -2 or ny = +2 cannot

be excited by the pump beam. This process is called alignment. A

linearly polarized probe beam will be less absorbed by a sample if

the atoms of the sample are aligned by the pump beam.

For a left handed circularly polarized pump beam the situation is shown

in figure 3.8. Excitat on of the atoms now involves transitions with

Am„ = +1. The result of the successive excitation and deexcitation is

an increase of the population of the levels F = 2, ny = +1 and F = 2,

nip = +2. This process is called optical orientation. A linearly

polarized probe beam passing the sample with optical oriented atoms

will be affected by the shift of the population of the atomic sub levels.

-1

Figure 3.8: Transitions between atomic sublevels as a result of

absorption of photons from a left handed circularly

polarized laser beam and the spontaneous emission.

Successive excitation (solid arrows) and emission

(dashed arrows) result in optical orientation.
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It should be noted that the distribution of the atoms over the

atomic sublevels generated by the pump beam, can be disturbed by

interaction of the atoms with other particles (collisions with the

wall of the vessel or with other particles) or with a magnetic field.

A magnetic field will force the quantum vector F to a rotation round

the magnetic field vector B with a Larmor frequency (Sho 68):

(3.2)
2TT h

where gF = Lande factor;

VD = the Bohr magneton = 9.27 10"24 J/T;

B = the magnetic field (T);
-^4

h = Planck's constant = 6.63 10 Js.

For an individual atom the rotation of F will result in a time

dependent value of ny. For the total ensemble of atoms this means

that the initial distribution of 'lomic sublevels is significantly

changed if 1/v. is in the order of the interaction period of an atom

with the probe beam. For the F = 2 level with g,- s 0.5 a value of v.

of 4 105 Hz results from the earth magnetic field (B = 5 10~5 T).

A characteristic transit time of the atoms is about 4 us, so the

initial distribution is already affected by the weak eartli magnetic

field.

So far no attention has been paid to the excitation of a ground

state atom followed by spontaneous decay to another ground state.

These transitions are possible if the atom has more than one ground

level. At the D1 transition of Na or Rb four levels are involved (two

ground levels and two excited levels), and this results in four

signal peaks and in cross-over signals between the peaks. This can be

illustrated by the application of the hole burning model e.g. to an

atom with one ground state g and cwo excited states e and e' (see

figure 3.9). The one dimensional velocity distribution now shows two

holes corresponding to atoms sensitive to the transitions g -*• e and

g •+ e'. The probe beam will also interact with two groups of atoms.
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Figure 2.0: Trie velocity distribution oj atowe mi'i one .?«:«?.-.;

level g and two excited levels e and e'. The

frequency dependent abocrpi ion coefficient of the

transitions is indicated by a.

The situations 1 and 3 show a probe beam that interacts with one of

the holes generated by the pump beam at the velocity v = 0. These

are the primary resonances. In situation 2 of figure 3.9 the probe

beam interacts with both holes at a frequency just between the two

primary resonances. This is called a cross-over resonance. In the

case of Na or Rb there is also a second ground state so there will

also be a cross-over signal at a frequency just between the two

ground states. Due to pumping effects there will be no hole in the

velocity distribution but a small peak; so the probe beam will be

more absorbed by this increased density of the involved ground level.

This means that this type of cross-over resonance will have the

opposite sign of a primary resonance.

For Doppler-free spectroscopie detection of Na use can be made of

the D1 line at 589.6 nm or of the D2 line at 589.0 nm. For the D1

line there are 4 hyperfine transitions and for the D„ line 6 (see

figure 3.3). Due to the existence of cross-over signals and to the
p

small hyperfine splitting of the P, level (D- line) there is a
strong preference for the use of the D. line. So this line was used

for all experiments described in the next section.
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3.3.2 Instrumentation

For experimental investigations of the sensitivity and the utility

in our circumstances, some Doppler-free detection techniques were

tested with saturated sodium vapour in a glass cell. This cell was

placed in an oven that could be temperature stabilized between 295 K

and 400 K with an accuracy of 0.2 K. The temperature was controlled

by electronic signals from several thermocouples on the wall of the

oven and on the wall of the sodium cell. In this way the density of

the sodium vapour in the cell could be controlled within the range
11 —^ 1 fi — T

5 10 m to 10 m . The relation between temperature and density

has been taken from saturated vapour data of Fairbank and Coolen

(Fai 75, Coo 76). The variable density allowed experiments on the

sensitivity of the investigated detection techniques.

For Doppler-free detection the pump beam was chopped (with an

adjustable, electronically stabilized frequency) and detection of the

probe beam was synchronously performed with a lock-in amplifier. The

output of this lock-in amplifier represents the Doppler-free signal.

The frequency scan and data storage were arranged with an LSI 11-03

micro computer and a modular Eurobus interface system (Nij 79). The

analogue signals from the lock-in amplifier and from the reference

interferometer (figure 3.4) were converted by a 12 bit ADC and

simultaneously supplied to a 2-pen x/y recorder. The signal from the

reference interferometer was used as a check on the occurrence of

mode hops and as a frequency scale required for the calculation of

the atomic hyperfine structure from the measured Doppler-free

detection signal. It should be noted that the influence of the (earth)

magnetic field on the Doppler-free signal could be reduced by placing

the cell within a p-metal box. However, this box has not been used for

all experiments, and if it was omitted this is indicated at the

corresponding figure of the signal.

3.3.3 Saturation spectroscopy

The experimental set up used for saturation spectroscopy is shown

in figure 3.10. The dye laser beam is split into two linearly polarized
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probe Na cell

beam

Figure 'f.10: The experimental set up fcr saturation apectroscopy.

fi4: 2;<?a« attenuator.

beams: the pump beam with a typical power of 100 yW and the probe

beam with a typical power of 10 yW. The angle between the probe beam

and the pump beam is less than 4 mrad, resulting in a residual Doppler

width (FWHM) of less than 4 MHz for Na at a temperature of 400 K. The

detector used is a BPW34 photodiode (Siemens). The current induced by

the probe beam is converted and supplied to the lock-in amplifier. A

Doppler-free spectroscopie signal obtained with this method is shown

in figure 3.11.

I I I I I I I I I I I I I I I I I 1 I I I I I

Figure 3.11: A saturated absorption signal of Na. The four primary

resonances are indicated with V - P and the cross-over

resonances with C. The \i-metal box has been omitted.

The lower pulse train corresponds to the transmission

peaks from the reference interferometer (FSR = 152 MHz);

see also figure 3.4.
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The four primary resonances shown in the figure correspond with the

atomic dipole transitions between the hyperfine levels (figure 3.3).

The cross-over signals between P. and P„ and between P, and P. are

the result of the simultaneous interaction of the bpams with two groups

of atoms sensitive to transitions from a ground level to the two

excited states. The central cross-over group between P^ and P., is the

result of the simultaneous interaction of the beams with groups of

atoms sensitive to transitions from the two ground states to the two

excited states.

The saturated absorption signal can also be calculated with the

density matrix formalism applied to all possible transitions between

the eight sublevels of the ground state and the eight sublevels of the

excited state. This concept has been worked out by Nakayama (Nak 80) in

the case of polarization spectroscopy (see section 3.3.4) and concerns

the calculation of the complex electrical susceptibility x(v ,\>) for a

given density due to the presence of the pump beam as a function of

the optical frequency v and the velocity v of the atoms. This

susceptibility is related to the absorption coefficient a by (Shi 76):

Im(x) = -(a C)/(2TT V ) (3.3)

Q _ 1

where c = the speed of light = 3 10 m s ;

v = the optical frequency (Hz);

a = the absorption coefficient (m ).

With a given electromagnetic field a is calculated for each transition

in the case of an on-resonance pump beam (a^) and in the case of an

off-resonance pump beam (a„). The difference Aa = (a. - a„) represents

the change of absorption as detected by the probe beam. In the case of

the Na cell with length L the absorption is very small (aL « 1).

This means that the intensity of the probe beam after passage of the

sample depends linearly on a and that the signal from the lock-in

amplifier follows Aa. The dependence of Aa on v has been calculated

with the same concept as given by Nakayama (Bra 83) and the result is

shown in figure 3.12.
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Figiwe <-.l'..: The calculated saturated absorvtion npectrur < Fra S,-'>.

A comparison of the calculated signal with the measured signal

(figure 3.11) shows that one of the calculated cross-over resonances

is negative, while the corresponding measured signal shows a positive

cross-over signal. This might be a consequence of the presence of the

earth magnetic field resulting in a disturbing influence on the

alignment of the atoms caused by the pump beam (see 3.3.1). To

investigate this the cell was placed in the y-metal box and the

saturation signal obtained for this situation is shown in figure 3.13.

U JL
1S2MHz

Figure 3.13: The saturated absorption signal of Na with the cell

placed in the y-metal box to prevent influences of

the (earth)magnetic field.

A comparison of this signal with figure 3.11 shows that the cross-

over resonance has changed sign and now the signal agrees with the

calculated saturation absorption signal (figure 3.12). The height of

the cross-over resonance which is negative now is lower than the
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corresponding calculated cross-over resonance and this is contributed

to the imperfect shielding which cannot reduce the influence of the

magnetic field to zero. Besides, discrepancies may also result from

the approximations made in the calculations (Nak 80, Bra 83). The

influence of a magnetic field on the signal is also confirmed by

Rinneberg et al. (Rin 80) who report a vanishing of the cross-over

resonance at a field of about 1.5 10~ T.

The sensitivity of the technique is quantified in section 3.4 for

fixed experimental conditions, but here it is already mentioned that
14 -3detection of Na at a density of about 1.3 10 m is possible as is

shown in figure 3.14. The chop frequency can be best set to 73Z or

768 Hz (see figure 3.5). This is confirmed by the experiments with

saturation spectroscopy which show that the use of these chop

frequencies results in a lower noise level than for a lower value of

the chop frequency (for instance 32 Hz, see Bra 83).

152Mhz

,-ttl I I I I I I I I I I I I I I

Figure 3.14: A saturated absorption signal at a Na density

of 1.3 10U m~Z.

3.3.4 Polarization spectroscopy

For polarization spectroscopy the optical orientation of the atoms

is of major importance; with this technique a better signal to noise

ratio is expected (Dem 81, Nak 81). The experimental set up is shown

in figure 3.15. This figure shows that the pump beam passes a quarter-

wave plate so a circularly polarized pump beam interacts with the Na

atoms resulting in optical orientation of the atoms (section 3.3.1).

The polarizer P. is added to improve the natural horizontal, linear

polarization of the probe beam. The probe beam passes through the

cell and a crossed polarizer P., before it reaches the detector D.
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Na cell
pump

beam

Figure 3.if; The set up used for polarisation spectroscope.

I', Po: crossed polarizers, i,;W: quarter-Dave plate,

D: detector, CH: chopper, I.I: lock—in amplifier,

BA: beam attenuator.

At the entrance of the cell the probe beam can be described as a

linear combination of right-handed and left-handed circularly

polarized beams with equal amplitude. Due to the optical orientation

of the atoms one of the circularly polarized beams ;s more attenuated

than the other in the on-resonance case. So after the sample there

will be an elliptically polarized beam that has a field component

along the polarization axis of P~. So in the off-resonance case there

will be a zero signal from the detector whereas a small signal results

from the on-resonance case. This in contrast to the technique of

saturation spectroscopy where the Doppler-free signal is the difference

between two large detector signals.

For polarization spectroscopy the noise level is mainly determined

by the quality of the polarizers P. and P„. In this case use was made
-4

of polarizers with an extinction ratio of about 10 . However, it

should be noted that the signal itself is very small. Therefore it is

convenient to use an offset angle between the polarization axes of P.

and P2 of 90° + 0, with e « 90°. A typical polarization spectroscopie

signal with 0 = 1° is shown in figure 3.16. The polarization signal

calculated by Nakayama (Nak 81) is presented in figure 3.17.
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Figure S. 10: 1'he signal obtained uith polarization speatvosoopy

Uith 0 - 1°.

v(GHz)

Figure 3.17: The calculated signal for polarization

spectroscopy with 0 - 1° (Nak 81).

As shown in the figures 3.16 and 3.17 there is a good agreement

between the measured signal and the calculated signal. It should be

noted that measurements with polarization spectroscopy could only be

performed with the p-metal shielding. Without the shielding no signals

could be obtained at all. This emphasizes the importance of the

optical orientation of the atoms. A Na detection signal at a low

density of 1.7 10 m with 9 = 4.4° is shown in figure 3.18.
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Figure 3.18: The polarization np^ctvoscopic cignal of ;,> vbiaivc-.l

at a density of 1.7 1CJ? >v~c' (Q = -1.4°).

3.3.5 Intermodulated fluorescence spectroscopy

For intermodulated fluorescence spectroscopy (Sor 72) use is made

of the response of the fluorescence power to simultaneous interaction

of two pump beams chopped or modulated at different frequencies v1

and v2- The experimental set up for this technique is shown in figure

3.19. As shown in this figure there are two pump beams - each with a

power of 100 yW - propagating in the sample in opposite directions.

Both beams produce fluorescence photons that are detected with a

photomuKipiier.

pump-1

beam

Figure 3.19: The experimental set up for intermodulated fluorescence

spectroscopy. The two pump beams are chopped at

different frequencies v^ and v . PM: photomultiplier,

D: detector, LI: loak-in amplifier, BA: beam attenuator,

CH: chopper.
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At a laser frequency v-, the absorption coefficient for pump beam 1

with a constant intensity I- can be approximated by (Shi 76):

al(v1,vl) = agtv,,^) (1 - a I.,) (3.4)

with ctg(v.,v,) = the absorption coefficient at zero intensity;

v.j = the velocity component in the direction of the

laser beam for atoms sensitive to the transition

induced by the laser beam at frequency v,;

a = a constant depending on the atomic structure

and on the transition probabilities.

The fluorescence power P. due to the absorption of photons from

pump beam 1 is then given by:

P^ = E I1 {1 - expt-o^L
1)} (3.5)

where e = a constant representing geometrical factors;

L' = the length of the path travelled by the laser beam

from the entrance window to the area of detection.

The pump beam is chopped with a frequency v1 so 1̂  can be approximated

by:

I., = I {1 + cos(v1t)} (3.6)

Inserting 3.4 and 3.6 in 3.5 results in an approximation for the

fluorescence power P., and similarly for P2 resulting from pump beam 2:

P, = e L' I aQ(v1,vl) {1 + COS(v1t)}

{1 - a I - a I cos^t)} (3.7)

P2 = E L' I ao(v2,Vl) {1 + cos(v2t)}

{1 - a I - a I cos(v2t)} (3.8)
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In the off-resonance case the total fluorescence power is given by

P. + P„, representing components at zero frequency, v,, Zvy v„ and

2v„. In the on-resonance case both beams interact with the same atoms

i.e. v. = v„ = O. In that case the fluorescence power is given by:

P = e L' ^ ( O . v ^ I' (1 - a I') (3.9)

with I' = I [{1 + costvjt)} + {1 + cos(v2t)}| (3.10)

So in the on-resonance case terms arise at frequencies (v. + v„) and

(v. - v„). In the off-resonance case these terms are not present

(neglecting the total absorption decrease due to recovery of the

Maxwell velocity distribution). The two major advantages of this

technique are: the use of a photomultiplier (a low noise detector)

for the detection of the fluorescence light and the low signal level

at the sum frequency (v, + v„) in the off-resonance case.

For the experiments use was made of a RCA C31304-02 photomultiplier

mounted in a Peltier cooled house for operation at 253 K resulting in

a low dark current (about 10 counts per second). A typical inter-

modulated fluorescence signal at the sum frequency (v. + v~) is shown

in figure 3.20. It should be noted that the frequency ratio v./v~ =

3/5 is used so (v. + v„) * n vi ? w ^ n < 8. The technique of

intermodulated fluorescence spectroscopy results in detectable
12 -3signals for a Na density of 10 m or more (see figure 3.20).

152MHz

I I I I I I I I I I I I I I I I I I

Figure 3.20: The intermodulated fluorescence signal at a

density of 7.9 10

p-metal shielding

12 -~ 3
density of 7.9 10 m measured without the
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3.3.6 Applicability for the detection of Rb

It appeared that the techniques discussed in the previous sections

have several characteristics that determine a possible application

for the detection of Rb atoms produced in a krypton gas target. The

most important features of the techniques are the sensitivity and the

possibility of experimental realization in an environment with ionizing

radiation.

It is stressed that the Rb atoms are produced in a gaseous krypton

environment where excited Kr atoms (see chapter 4) decay to a lower

level with emission of visible and near IR photons. This means that

detection of fluorescence light as performed in section 3.3.5 requires

the application of a wavelength selector (e.g. a monochromator) in

front of the photomultiplier. During irradiation there will be a high

neutron and y-field in the neighbourhood of the target, and this

results in a substantial increase of the detector background. The

influence of these fields can be reduced by increasing the target-

detector distance and application of neutron and y shielding materials.

Yet, these conditions will result in a decreased sensitivity of the

intemodulated fluorescence spectroscopy compared to the situation

presented in section 3.3.5.

For the on-line optical detection of rubidium it is desirable to

avoid the presence of expensive optical components in the neighbourhood

of the target, since they are subjected to radiation effects such as

neutron activation. It is of advantage to transport the laser beam

from the dye laser to the target (a distance of about 30 m) with an

optical fiber system. This is also the case for the return of the

probe beam, realizing detection of the probe beam (intensity or

polarization) far from the target. However, an optical fiber system

will destroy the detection mechanism for polarization spectroscopy.

For this reason polarization spectroscopy is less suited for the on-

line detection of the Rb radioisotopes. Besides the required shielding

of external and internal magnetic fields (generated by the earth

magnetic field and by the presence of several types of charc,;^-

particles) will be problematically.
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These considerations and the desire to apply fiber transport of

the probe beam resulted in a further examination of noise reduction

techniques for the saturated absorption signals. This can be achieved

with frequency modulation (FM) spectroscopy and with differential

saturation spectroscopy, both based on absorption of the probe beam.

This implies that the information of the detection method is given

by the intensity of the probe beam, thus allowing the application of

an optical fiber. In section 3.4 these techniques are discussed and

the experimental sensitivities are quantified and compared to the

sensitivity of saturation spectroscopy.

3.4 Experimental comparison of some saturated absorpt on techniques

The Ooppler-free signal obtained with the saturated absorption

technique is the result of the change of the absorption of the probe

beam due to the presence of the pump beam. In this signal the noise N

mainly results from fluctuations of the dye laser beam intensity.

Reduction of the noise level in the signal obtained with saturation

spectroscopy is possible with FM spectroscopy and with a new Doppler-

free technique (Mul 85c) that will be named: differential saturation

spectroscopy. An experimental comparison of the relative sensitivities

of these techniques with respect to each other is only useful if the

change of state of the Na sample is the same for all experiments i.e.

the change in absorption of the probe beam due to the interaction of

the sample with the pump beam, must be the same for each experimental

performance. For a good comparison of the results the following

experimental quantities were used to ensure an experimental "standard"

condition:

-a-The sodium densi'v. The 15 cm long sodium cell was placed in the

M-metal box and the temperature was stabilized at 352.0 ± 0.2 K.

The corresponding Na density was (5.54 ± 0.05) 10 m" .

-b-The various characteristics of the pump beam such as the power

(100 uW), the linear polarization and the diameter (2 mm).

-c-The chop frequency which was set to 732 Hz corresponding to a low

level of the noise power of the dye laser beam intensity (see

figure 3.5).
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-d-The time constant of the RC-fïïter for tfie output of the ?ock-irt

amplifier (300 ms) as well as the dye laser scan period (400 s).

-e-The spatial overlap of both beams in the Na cell. The dye laser

frequency was set to a Doppler-free signal peak and the pump beam

was moved slightly across the sample till optimal overlap was found.

With these experimental conditions a Doppler-free signal was made with

the set up for saturation spectroscopy [zee figure 3.10). It should be

noted that the angle between the 100 yW pump beam and the 2 mm probe

beam of 10 yw is 4 mrad. The measured signal is given in figure 3.21.

_ .15? MHz

1111 i i iTT i i i i i i i i i i i i i i i i i i

,l.J: The iia'y.raied absej". r;':*; cig^.a'

"ctandar-d" renditions. The quency

Kurnbcrc refer t ; the hyperfinc spl iiiinj of the

jni the "T, level of the V.a ato^i.

The signal from the reference interferometer was used to determine
2 2

the hyperfine splitting of the S, level and the P, level with a

computer interpolation procedure. The signal shown in figure 3.21 is

used for the calculation of a signal to noise ratio for a comparison

of this signal with those obtained with techniques described in the

next sections.
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3.4.1 FM spectroscopy

With FM spectroscopy the absorption signal is originally obtained

at a high modulation frequency where the noise power of the dye laser

intensity is negligible. The obtained high frequency signals are

transformed to the d.c. level, so this technique may result in an

absorption signal with a better S/N ratio compared with the saturated

absorption signal (Bjo 81). The experimental set up for this technique

is shown in figure 3.22.

probe Na cell
pump

EDM beam

Figure 3.22: The experimental set up for FM spectroscopy.

EOM: electro optical modulator, DBM: double balanced

mixer, D: detector, CH: chopper, LI: lock-in amplifier.

f'ofore the probe beam enters the sample the phase of the probe beam

is modulated with an electro optical modulator (EOM - Coherent

model 28) at a frequency v = 15.8 MHz. This modulation of the phase

can be described in the frequency domain where the probe beam is

represented by several components as indicated in figure 3.23. The

main components of interest for the experiment are the central

frequency component at v-, and the two side bands at v, - v and
vl + vm r e sP e c t i v e ly- !t should be noted that the side band at the

frequency v^ - v^ is called the ''* rad out of phase" component

indicated by the negative arrow in figure 3.23 (Car 75). For this

experiment the amplitude of the voltage supplied to the EOM was set

to 80 V resulting in two side bands, each with 8.5 % of the initial
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Figure 3.23: 'H-ie representation of the probe beam in the frequency

domain. The vertical dimensions indicate the amplitude

of the respective frequency components.

power of the probe beam. So about 83 % of the initial power was

available for the central frequency component at v,.

After emanating the EOM, the probe beam enters the sample and each

component is subjected to absorption and phase shift as a result of

the imaginary part and the real part of the refractive index. At the

detector (a reverse biased HP 5082-4220 photodiode) photomixing will

result in a signal with a beat frequency v . The difference in

absorption and in phase shift will be significant only if one of the

two side bands is affected by the change of state of the sample (due

to interaction of the sample with the pump beam). To transform the

signal to the d.c. level the detector output is mixed in a double

balanced mixer (DBM) with the oscillator signal at 15.8 MHz (see

figure 3.22). Varying the length of the connecting coaxial cables the

phase difference between the signals entering the mixer was adjusted,

so that the mixer output was proportional to the difference in

absorption of the two side bands. This absorption signal (also termed

the in-phase signal, see Hal 81) was the input of the lock-in amplifier.

The power of the 2 mm probe beam was set to 40 yW. The effective laser

power producing the beat frequency at the detector was 10 pW. The

absorption signal obtained with the set up shown in figure 3.22 is

presented in figure 3.24.
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Figure 3.24: The absorption signal obtained with FM speatrosaopy

measured at "standard" conditions. The frequency

numbers refer to the hyperfine splitting of the

S, and the JP, level.

The number of peaks of the signal obtained with FM spectroscopy is

twice the number of peaks of the signal for saturation spectroscopy.

This is the result of the successive absorption of each side band.

With this signal it was also possible to determine the hyperfine

splitting of the ground state and the first excited state as indicated

in the figure. It will be clear that the application of a high

modulation frequency is essential for FM spectroscopy. The RF frequency

of 15.8 MHz is, however, easily picked up by the electronics of the

detection circuit. Moreover, there was a disturbing influence on the

temperature stabilization unit of the Na cell. To avoid these

problems a new Doppler-free saturation technique was developed. This

technique will be named differential saturation spectroscopy.

3.4.2 Differential saturation spectroscopy

Another way of reduction of the noise in an absorption signal can

be achieved if the sample is crossed by two probe beams originating

from the same dye laser (Mul 85c). Subtraction of the equal intensities

of the beams will result in zero output, unless the two probe beams

have different absorptions. This will be if their optical frequencies

are slightly different, as was also important for FM spectroscopy.
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Figure 2. 25: Schematic representation of a laser beam passing

through an AOM with a running acoustic wave. The

beam is split into several spatially separated beams.

Such a stationary frequency difference can be obtained by diffraction

of the probe beam on a running longitudinal wave as present in an

acousto optic modulator (AOM) (Got 83). A laser beam passing through

this modulator is split into several spatially separated beams, each

with its own optical frequency (see figure 3.25).

probe-1 Na ceil

AOM
beam

Figure S.26: The experimental set up for differential saturation

spectrosaopy. AOM: acousto optic modulator,

D: detector, CH: chopper, LI: lock-in amplifier.
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In the experiment the AOM (Isomet 1201-1) was driven by a 40 MHz

oscillator and only the zero and the first order beams were used. These

beams have the optical frequencies v-j, v-j - 40 MHz and v-j + 40 MHz.

The beams indicated with n = -1 and n = 1 (figure 3.25) were used as

the two probe beams simultaneously crossing the pump beam in the

sample. The power of each probe beam of 2 mm diameter was set to 10 pW.

The experimental set up is shown in figure 3.26. The intensities of

both probe beams after passage through the sample were measured with

two BPW34 photodiodes. The currents of these photodiodes induced by

the probe beams are subtracted. In this case the resulting signal is

proportional to the difference in absorption of the two probe beams.

The beam with no frequency shift (n = 0, see figure 3.25) was used as

the pump beam. A possible decrease of the amplitude of the running

acoustic wave in the AOM then results in an increase of the pump beam

intensity, leading to an increase of the "hole" in the velocity

distribution. But the intensities of the probe beams will be reduced

simultaneously. So the resulting signal will be less sensitive to

amplitude fluctuations in the AOM. At this experiment the angle

between the pump beam and each probe beam was 4 mrad. The spectroscopie

signal that was obtained is shown in figure 3.27.

_ _ J ^ 152 M H z

I I I I i I I I I I I I I I I I I

Figure 3.27: The absorption signal obtained with differential

saturation spectrosaopy applied at "standard"

experimental conditions. The hyperfine splittings
2 2of the S, and the P, level are also indicated.
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As shown in this figure the shape of the signal resembles the FM

spectroscopie signal since the difference in absorption of the two

probe beams with the slightly different optical frequencies corresponds

with the difference in absorption of the two side bands in the case of

FM spectroscopy. In figure 3.27 the determined hyperfine splitting is

also indicated.

3.4.3 Results

As shown in figure 3.21 saturation spectroscopy applied to the

sodium density involved, results in a good signal. Comparison of this

signal with the one obtained with FM spectroscopy, applied at the same

conditions of the sample (see figure 3.24), shows that FM spectroscopy

results in a better absorption signal. Also differential saturation

spectroscopy results in a better signal compared with saturation

spectroscopy. The comparisons can be quantified by the introduction

of a signal to noise ratio, defined as the height of the last absorption

peak divided by the average deviation from the mean value of the signal

in the off- resonance case. With a so defined S/N ratio a value of 70

is obtained for saturation spectroscopy, 180 for FM spectroscopy and

120 for- differential saturation spectroscopy. This means that the best

signals can be obtained with FM spectroscopy, but it also shows that

differential saturation spectroscopy - that can be applied with a less

complex experimental set up - may be a good alternative for FM

spectroscopy and indeed provides elimination of a part of the noise

in the signal obtained with saturation spectroscopy. As a remark on

this comparison it should be noted that the noise level for FM

spectroscopy might be influenced by electronic pick-up of the 15.8 MHz

RF frequency. Besides, the noise level obtained with this experiment

required thermal isolation of the sodium sample at 352 K. A higher

initial noise level was probably caused by gentle free conwection of

the air at the beam entrance of the oven, resulting in undesired phase

shifts of the probe beam.

Regarding the sensitivity of the Doppler-free detection techniques

presented in the sections 3.3 and 3.4 it appears that intermodulated

fluorescence spectroscopy has the best sensitivity. However, in the
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case of on-line detection of Rb atoms a wavelength selector will be

necessary and special care should be taken for the use of a photo-

multiplier. The techniques saturation spectroscopy, FM spectroscopy

and differential saturation spectroscopy can be applied easily using

an optical fiber transport system for the beams. Of these three

techniques FM spectroscopy has the best sensitivity but the set up is

rather complex. Besides, care should be taken for electronic pick-up

and undesired (time dependent) phase shifts. Differential saturation

spectroscopy can therefore be recommended since the phase shift is

not important and highly sensitive electronics for high frequency

signals are not used with this method.

A final remark concerns the hyperfine splitting of the levels of
2

the Na atom. For the S, level 1780 MHz was found with saturation

spectroscopy, 1779 MHz with FM spectroscopy and 1777 MHz witli
2

differential saturation spectroscopy. For the P, level the respective

values are 190.2 MHz, 188.1 MHz and 189.6 MHz. These values can be

compared with values reported by Fairbank et al. (Fai 75) (1772 MHz

and 192 MHz respectively) and with values deduced from the results of

Huber et al. (1771 MHz and 188.5 MHz respectively). So within the

limits of the accuracy of the FSR of the reference interferometer

(about 1 %) the results on the hyperfine splitting agree very well.
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1. Introduction

The performance of any dye laser system is not
only dependent on the dye and the opticaJ structure
of the dye laser system but also on the reflection and
transmission of the output coupler. It is suggested
that the tuning range of a system with a given mirror
set can be influenced by variation of the dye concen-
tration and by the addition of a few percent of an ad-
jacent dye [1]. For near IR cw User operation the use
of LD700 or oxazine 750 has been recommended, us-
ing propylene carbonate (PC) as a solvent [2]. How-
ever these dyes require the use of a Kr+ laser at 647
nm and 676 nm as a pump source. Marason tried to
pump the LD700 dye with Ar+, using a dye mixture
of LD700 with DCM for energy transfer [3]. The
need for new near IR dyes pumped with /.r+ has re-
sulted recently in commercially available dyes such
asstyryl8,9,10 and 11 [4-7].

At the department of physics of the EUT a field
of interest concerns fluorescence studies on Kr and
Rb atoms. These studies require laser output at 557.0
nm and at 794.8 nm. The laser system we make use
of is a Spectra Physics single mode ring dye laser
38OD operated at a dye pressure of 100 psi and
pumped with an all lines Ar+ laser. In this paper we
present the results on laser emission obtained with

0 O3O-4O18/85/S03.3O © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)

this system using dyes and dye mixtures of rhodamine
560 and rhodamine 6G and also of styryl 8 and styryl
9. Our experiments on laser output at 557.0 run re-
sulted in the determination of an optimal rhodamine
560/rhodamine 6G mixture using R6G optics in the
laser cavity. Laser output at 794.8 nm could be ob-
tained by optimization of the concentration of styryl
9 for this wavelength using LD700 optics in the cavity.

2. Rhodamine 6G and rhodamine 560

An optical property that is important for the appli-
cability of any dye solution is the wavelength depen-
dent absorption (per cent absorption). Another im-
portant property is the emission, defined as the num-

r of photons per unit of wavelength interval gener-
:d per second by a small volume of the dye solution

irradiated by the Ar+ pump beam. For the dyes rhoda-
mine 6G chloride (molecular weight = 479) and rhoda-
mine 560 chloride (molecular weight = 367) both ob-
tained from Ex.'ton we determined the emission and
the absorption curves. Because the dyes were dissolved
in methanol the absorption and emission of this sol-
vent were determined also. It appeared that the ab-
sorption and emission of this solvent can be neglected.
This is also the case for ethylene glycol (EG) that was

295
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- l O O r - - -
rhodamine 560
• pure [046 g/1)
" -R6G-12 mg/l

5570nm > -R6&-23mg/l

wavelength (nm)

Fig. 1. The absorption (A), emission (E) and laser output
curves (L) for rhodamine 560 and rhodamine 6G. Typical
maximum output for rhodamine 560 at 0.46 g/1 and 5 W Ar+

all lines is 350 mW. Typical maximum output for rhodamine
6G at 0.60 g/1 and 5 W Ar+ all lines is 500 mW.

used as fhe carrier of the dye liquid in the laser system.
The m.-xiii ••n of the absorption curve shown in fig. 1
has been set to 95 per cent absorption. The emission
curve is corrected for self absorption and the maxi-
mum of this curve has been set to 100. The single
mode output of the laser system operating with R6G
optics and the dye dissolved in a mixture of methanol
and ethylene glycol (methanol/EC = 1/75) is also
shown in the figure. The output curve is normalized
to 100 for maximum output. It should be noted that
it is necessary to adapt the 3 plate birefnngent filter
in the laser cavity to the dye. The strong decay of the
laser output of rhodamine 560 at about 555 nm is
perhaps due to the transmission properties of the
R6G output coupler. The performance of rhodamine
560 at the desired wavelength of 557.0 nm is very
poor. Therefore we tried to get improvement of the
laser output by mixing rhodamine S60 with rhodamine
6G which is also suggested by Drullinger [1]. This con-
cerns the addition of small quantities of rhodamine
6G to increase the petiormance of the red wing of the
laser output curve. We made some mixtures of rhoda-
mine 560 with different small concentrations of rho-
damine 6G. The behaviour of these mixtures in the
laser system is shown in fig. 2, where the laser output
curves of pure rhodamine 560 (at a concentration of
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550 560
wave length (nm)

Fig. 2. The laser output curves of rhodamine 560 at a concen-
tration of 0.46 g/1 and of the mixtures rhodamine 560 + 12
mg/l R6G and rhodamine 560 + 23 mg/l R6G.

0.46 g/1) and of the dye mixtures rhodamine 560 +
12 mg/l R6G and rhodamine 560 + 23 mg/l R6G are
presented. From this figure it is clear that the laser
output curve is shifted to the red with an increasing
concentration of rhodamine 6G. The output at 557.0
nm is also increasing with increasing rhodamine 6G
concentration, but since the maximum of the curve
is decreasing an optimal mixture of rhodamine 560/
rhodamine 6G can be determined. An optimal output
at 557.0 n. has been obtained for a concentration
of 23 mg/l l odamine 6G (and a concentration of
0.46 g/1 rhodamine 560). The increase of the laser
output at 557.0 nm is about 250%, so indeed dye
mixing can be considered very useful.

3.Styryl8andstyryl9

Dyes styryl 8 (molecular weight = 434) and styryl
9 (molecular weight = 528) were obtained from
Lambda Physik. They were examined with our laser
system operating with LD700 optics. The dyes were
dissolved in PC and the absorption and emission curves
were determined. The influence of tho absorption and
emission of the solvent PC was found to be negligible.
The styryl curves presented in fig. 3 show a very broad
absorption band in contrast to the rhodamine dyes.
For the styryl dyes we determined the optimal con-
centration defined as the concentration where the la-
ser output curve has the highest maximum. For styryl.
8 we found 0.73 g/1 with a mixture of PC and EG an
a solvent (PC/EG = 1/8). For styryl 9 we found 0.77
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500 600 700 800
wavelength (nm)

Fig. 3. The absorption (A), emission (E) and laser output
curves (L) for styryl 8 and styryl 9. Typical maximum laser
output for styryl 8 at 0.73 g/1 an 5 W Ar+ all lines is 175 mW.
Typical maximum output for styryl 9 at 0.77 g/1 and 4 W Ar+

all lines is 175 mW. The dashed lines represent the absorption
and emission curve of styryl 8 obtained from another manu-
factorer.

g/1 with PC/EG = 1/11. The single mode performance
of the system with the 3 plate birefringent filter ad-
justed to each dye is a so shown in fig. 3. The dashed
lines in the figure for styryl 8 present the absorption
and emission curve of a styryl 8 dye obtained from
Exciton. We did not succeed in producing laser action
with this dye applying a concentration of 0.82 g/1
(PC/EG = 1/8) and purr.;) powers up to 8 W Ar+ all
lines. This is probably due to the output coupler but
it is remarkable anyway that though both dyes repre-
sent styryl 8, their absorption and emission curves are
-learly different. From fig. 3 we see that the laser out-
out of styryl 8 (obtained from Lambda Physik) starts
at about 715 nm and does not exceed 760 nm. In the
ame interval the emission curve shows a strong de-

cay, so the decrease of the laser output is probably
caused by the strong emission decay in combination
with the LD700 output coupler. The output of styryl
9 is also limited by the output coupler since the reflec-
tivity of the output mirror reduces from 95.4% at 800
nm to 92.6% at 850 nm.

To enlarge the laser output of styryl 8 we added a
few percent of styryl 9 applying the same idea as re-

ported above for the rhodamine 560/rhodamine 6G
case. The only result however of the addition of a few
percent of styryl 9 was lowering of the whole output
curve and no shift at all. For a styryl 9 concentration
of 26 mg/1 the peak power was reduced by about 40%.
This effect is probably caused by the slight overlap
of the emission curve of styryl 8 with the absorption
curve of styryl 9 and by the poor emission of styryl 9
at about 750 nm. So in this case dye mixing does not
give any improvement. With the dyes styryl 8 and
styryl 9 applied with LD700 optics we did not get
laser action at the desired wavelength of 794.8 nm us-
ing the optimal concentration of the dyes. From fig. 3
we see that at 794.8 nm there is still small overlap of
the absorption and emission curves of styryl 9 result-
ing in sufficient self absorption at this wavelength.
This self absorption is strongly influenced by the ap-
plied concentration. To investigate this effect of self
absorption we set the laser wavelength to 794.8 nm
and recorded the output as a function of the concen-
tration of styryl 9.

The result presented in fig. 4 shows an optimal
output power for a concentration of 0.44 g/1. The de-
decrease of the output for higher concentrations is
due to self absorption of the dye. At the top of this
curve a maximum output of 60 mW was obtained for
an Ar+ all lines pump power of 6 W. Extrapolation of
the curve shows that there is hardly any output at the
concentration of 0.77 g/1, previously determined as
the optimal concentration. Though the output at
794.8 nm is raised from zero to about 60 mW by low-
ering the concentration from 0.77 g/1 to 0.44 g/1 we
still consider this output to be marginal because a part
of the output is required for laser beam check and
contiol. Besides the 60 mW output is only obtained
with c fresh solution of styryl 9.

03 04 05 06
concentration (g/l)

Fig. 4. The output power at 794.8 nm as a function of the
concentration of styryl 9 operated with LD700 optics.
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4. Final remarks
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The concept of dye mixing is valid for the rhoda-
mine 560/rhodamine 6G dyes operated with R6G op-
tics. It results in a laser output increase of about
2507c at the cross over point of these dyes. The near
1R dyes styryl 8 and styryl 9 can be both operated
with LD700 optics, but they leave an "unlased" inter-
val ranging from about 760 run to approximately 795
nm. The length of this interval cannot be reduced by
the concept of dye mixing of styryl 8 and styryl 9.
The dyes styryl 8 obtained from two different manu-
factorers have different absorption and emission
curves which will lead to different laser output curves
at a fixed mirror configuration.

For practical considerations we notice that the ad-
dition of a small amount of rhodamine 6G (less than
a concentration of 4 mg/1) to styryl 8 or styryl 9 so-

lutions has hardly any influence on the produced
output power (less than 2% power decrease) but it
helps very well in visualizing the spots in the ring dye
laser, making adjustment of the laser more comfort-
able.
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Electronic improvement of
interferometric measurement of
dye laser wavelengths

J.J.L MULDERS, P.A.M. STEEMAN, A.H. KEMPER, L.W.G. STEENHUYSEN

The wavelength of a dye laser beam has been determined with a Michelson
interferometer with one moving mirror. The addition and design of a phase
locked loop (PLL) to multiply the fringe frequency is discussed. Experimentally it
appeared that the addition of a PLL has two main advantages: an improvement
in the resolution of the system by a factor of ten, and an improvement in
reproducibility due to the flywheel effect of the PLL.

KEYWORDS: lasers, interferometry, phase-locked loops, wave meters

Introduction
The cyclotron group of the liindhoven University of
Technology' is interested in the interaction of a proton
beam with a Kr gas target. This requires the
application of several spectroscopie techniques, such as
saturation speclroscopy' and fluorescence
measurements on excited Kr atoms, and on Rb
radioisotopes formed by nuclear reactions on
krypton'-5. For this study it was necessar. liiat our cw
single mode ring dye laser operated on wavelengths
ranging from 550 nm to SOU nm for the optical
excitation of melaslable and resonant Kr atoms and
ground stale Rb atoms. To be able to tune the dye laser
within the Doppler width of the desired atomic
transition, the wavelength of the laser beam had to be
known with an accuracy of 0.1H11 nm.

The wavelength measurement system already available
was based on the Michelson interferometer with one
moving mirror1. With our system the wavelength was
measured every second with an accuracy of 0.01 nm. In
this system, shown in Fig I. the wavelength of the
horizontally polarized dye lasi-r beam (Xj) is compared
to the wavelength of the vertically polarized HeNe
reference laser beam |Ar) by counting the respective
fringes induced by (ht moving corner cube reflector.

The accuracy of the measurement was mainly limited
by the uncertainty in (he number of counted fringes of
±1. Moreover, in practice the reproducibility of the
measurement was disturbed: probably due to dye laser
beam interruptions, caused by bubbles in the lasing
area of the jet stream. A belter resolution can be
obtained by increasing the path travelled ' y the
moving corner cube reflector — thus resulting in more
fringes in a longer counting period — or by

The authors are in the Department of Physics, Eindhoven University of
Technology. PO Box 513. 5600 MB Eindhoven. The Netherlands.
Rece.ved 3 December 1984.

interpolation of hoih the first and the last fringe with a
high frequency clock signal5. Both solutions however,
do not solve the problem concerning the
reproducibility. The solution we have chosen concerns
the addition of a digital phase locked loop (PLL)'
resulting in an electronic multiplication of the fringe
frequency by a factor oi ten and in a much better
reproducibility due to the flywheel effect of the PLL.
The application of the PLL is discussed helev».

System description
A complete scheme of the electronic set up is shown in
Fig. 2. The parts not belonging to the dashed block are
commonly present in any circuit counting fringes from

Moving
corner
cube
reflector

Beam
splitter

12*3 cm

Corner cube reflector

12 cm

Vertical
polarizer

HeNe reference
later beom

Reference
fringe!

-Dye loser
beam

\
-Dye fringes

Horizontal
polarizer

FICJ. 1 Schematic arrangement of the Michelson interferometer for the
determination of the wavelength of a dye laser
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Dye --*-»• Photo
fringes—* defecte | converter

Two LED _
indicotors

Start pulse

Two LED

Reference-*jPhoto
fringes • amplifier

Fig. 2 Block diagram of the defection and
counting circuits. The circuits inside the dashed
block indicate the addipc-n of a PLL system and
its surrounding timinr, circuits

a Michelson interferometer. The parts drawn in the
dashed block are added to the system and they contain
the PLL and a facility to arrange the start and stop of
the counting process of the fringes.

The four main parts of the system (the analogue part
the PLL. the timing circuits and the counters) are
discussed below.

The analogue part

The fringe frequency/= CU/2JT with a maximum of 400
kHz is detected with a reverse biased BPW34
photodiode. The current induced by the 100 u.W laser
beam (at the detector) is then converted to about 50
mV. It is important that a possible phase shift A0 due
to this conversion can be considered as a linear
function of the frequency: A</> = - ( ' u . The necessity
for this linear dependence is that the signal passing the
circuit is delayed by a time Ar = |A0Au | = C. which
does not depend on the frequency. So both reference
and dye laser signals will be subjected to the same very
small delay. Also, for further amplification following
the high pass filter at 5 kHz. this relationship is
necessary to prevent undesired phase shifts.

After amplification the amplitude of the signal is
detected and checked by a window comparator (lower
level = 1.5 V and upper level = 1.9 V). This window
detection is indicated by two LEDs and it is switched
on and off by Timing circuit 1 to prevent
misinterpretations during the reversal of the moving
corner cube reflector. With the amplitude between the
adjusted levels, the Schmitt-trigger which converts the
analogue signal to a square TTL signal will operate
properly; the hysteresis of 20 mV to prevent the
influence of noise in the signal will not lead to
substantial amplitude-dependent phase shifts.

For proper operation of the PLL the output of the
Schmitt-trigger is latched by Timing circuit 1 to
prevent any influence of the very large frequency
changes during the reversal of the moving corner cube.

The PLL

A block representation of the PLL is given in Fig. 3.
The digital PLL actually consists of a phase detector, a
regulator — also called the loop filter — a voltage
controlled oscillator (VCO) and a divider. The PLL

will multiply the fringe frequency (in our case by a
factor often) and lock the phase of the divided output
signal to the original fringe signal.

To gain insight in :he operational characteristics of the
PLL we present the relation- hip between the input and
output in the Laplace domain, that is. the transfer
function of the PLL:

* o u t ( s )

The variables is the Laplace transform variable and
//,(.v). Hz{s). H,(s) and \/N represent the transfer
functions of the successive devices (see Fig. 3). In
practice //,(*) and H3(.s) are not dependent on s and
will be considered as constants. The regulator is a PI-
regulator. so W2U) is given by':

H,(s) = (1 + T,s)/T,s

where 7", and T2 are the two constants of the regulator.
In fact the integrating action of this regulator
represents the flywheel effect of the PLL By
substitution of// ;(i). the transfer function of the PLL
becomes:

«j-outfr) _ N(.H-TlS)

with <o„
<i)n and

Jtf' and cj = ia„(TJl). The variables
are known as the natural frequency and Ihe

I

r»

Lock
detector

Phose
detector

«,(*)

I'jts) ftegulotor
Voltage
control led
oscillator

•outte)

)
Divider

Fig 3 A block diagram of the PLL where a signal for the lock detector
is derived from the phase detector
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Fig. 4 The step response of the PLL with the damping constant f as a
parameter

dumping constant respectively. With this equation the
step response of the system can he obtained by
inserting <t>M,b) = l-'.v and solving for the phase error
0c(') = 0inW ~~ 0J(')- The result of this operation' is
shown in rig.-4 for several values off.

As shown in this figure, for a damping factor of about
I. a settling lime A; is found lo be: A/=- K/iu,,.

The values of <un and 4 are directly dependent on the
choice of components. Since //, and Hs are factory sel
for the chosen components, the desired values of wn
and £ can be obtained by adjusting the two constants
7', and T2 of the regulator. The phase detector used was
the Motorola MC 4044. This phase detector has a
transfer function //, = 0.12 V rad"1 and operates for
phase differences between — 2n and +2ir. Therefore, for
every initial phase difference the PLL will lock in. The
voltage controlled oscillator (VCO) used was the
Motorola MC 1658 with // ; = 3.7 MHz V at a
frequency range adjusted to 1.5-7.2 MHz. For the
complete PLL T, and T, were adjusted lo obtain
( = 2.5 and ci>„ = 4.S X ÏO4 rad s'1. Thus, the time
needed by the P'.L lo lock in is about 17» /its. An out
of lock' signal is derived from the phase detector of the
PLL. If the dye laser beam is interrupted for a while so
that some fringes are missing the PLL will gel out of
lock. Due to the flywheel effect a short drop out of
10 /is of the dye laser beam can be bridged by the PLL
The lock detector (see Figs 2 and 3) will deactivate
Timing circuit 2 if the PLL is out of lock for more than
Id /is. This means that for a fringe frequency of 400
kHz the missing of four successive fringes does not
affect the counting result

The timing circuits
Timing circuit 1 is added to the system to prevent
misinterpretation of Ihe window indicator LEDs. but
moreover for the latch of the Schmitt-trigger during the
reversal of the moving corner cube. The actual timing

depends on the speed of the moving mirror and on the
moment the start pulse comes in. Timing circuit I is
switched on by the start pulse and switches itself off
about 100 ras before the next reversal of the corner
cube. Timing circuit 2 is necessary since counting
fringes can only begin if both PLLs are in lock. Timing
circuit 2 is activated by the start pulse and after KM)
ms. which is far more than the time the PLL needs to
get in lock, a check is made if both PLLs are in lock If
this is the case the gale inputs of both counters are
activated and counting will begin. Timing circuit 2 will
slop Ihe counting if one of the PLLs becomes out of
lock for more than 1(1 /is.

The counters
The dye counter is a built-in counter which counts up
to 632817. being the wavelength of the reference laser
in pm. The indicator LED will light if lhis number is
actually reached, while the counter immediately resets
itself. The dye counter generates a gate pulse with a
pulse width of 632X17 periods of the multiplied fringe
frequency. This gate pulse enables the reference
counter. The reference pulses are counted by an
external LED display counter having eight digits, an
adjustable sample rate, and a maximum input
frequency of 50 MHz. When the reference counter is
disabled, the display gives the wavelength of the dye
laser in pm.

Measurement of missing fringes
To investigate the reproducibility of the measurement
and the presence of bubhles in the lasing area of the
dye jet stream we have performed some measurements
with our Spectra Physics cw ring dye laser model 38OD.
This laser was set to a wavelength of 587.0% nm. where
the corresponding gale period lor the reference counter
was 130 ms. During this time pulses at both inputs of
the phase detector of the PLL locked to the dye fringe
signal were counted .simultaneously.The difference
between the counted pulses equals the number of
missing fringes during one measurement.

Time (min)

Fig. 5 The number of missing fringes in 100 measurements as a
function of the time after the start ot the dye circulator
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For 100 successive measurements — with a total
measurement time of 13 s — we observed about four
fringes missing. After just the replacement of the dye
this number can increase to two or three fringes for
each measurement The number of missing fringes is
strongly dependent on the dye circulator, where for
example, internal spraying can result in air bubbles
being taken up by the dye. These air bubbles are
generated after a change in the circulator system: for
example after the start of the circulator. This is
confirmed by the determination of the number of
missing fringes during I(K) measurements at intervals
after the dye circulator is turned on.

These measurements, presented in Fig. 5. show that the
number of missing fringes decays from 50 to about
four within 15 min. This indicates that after several
minutes most of the bubbles have been removed from
the system.

Conclusions
The insertion of a PLL which multiplies the fringe
frequency results in an increased measurement
accuracy. A further important advantage is that the
missing of a few fringes — sometimes more than two
for each measurement — no longer has a harmful
influence on the measured value.

For our equipment, frequency stabilization of the
reference laser is the next step to a higher accuracy
and it should be emphasized that the dividing factor N
= 10 can be increased to 100 without changing the
basic concept. Some care should then be taken since
both the damping factor and the natural frequency are
dependent on N. So higher accuracy can be obtained
wilhoul changing the analogue part, keeping the time
between two measurements still at one second.
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4 KRYPTON DISCHARGES AND KRYPTON AFTERGLOWS

'file irradiation of a krypton gas target with protons

results in excitation and ionisation of the krypton

atoms, 'flie excited and ionized krypton atoms arc sub-

jected to decay processes such as ccllisional trans-

fer and ionic recombination. For an investigation of

these decay processes the afterglow period of Kr d.c.

gas discharges were examined by measurements of laser-

induced fluorescence of the Kr(s) atoms.

4.1 Optical detection of Kr and Ne

The passage of the proton beam through the target gas, not only

results in nuclear reactions, but also in excitation and ionization

of the krypton atoms. The decay phenomena following the excitation and

ionization can be examined separately from the cyclotron by the

investigation of gas discharges induced by an electrical current. The

present studies form a continuation of earlier studies on gas dis-

charges in neon which have been the subject of several, mainly

spectroscopie investigations. The neon atoms were excited either by

a charged-particle beam from the cyclotron (Bag 74, Coo 76) or by

electrons in a d.c. gas discharge (Die 79, Ste 79). However, there are

a number of differences between Kr and Ne some of which can be derived

from the level schemes. To consider these differences the lower part

of the atomic level schemes of Kr and Ne are presented in the figures

4.1 and 4.2. In these figures the levels are indicated by the Paschen

notation; this notation represents an energy sequence of the levels

as initially introduced by Paschen (Pas 19) for the neon atom. As shown

by the figures there are four levels, marked by M, R, S and T. The M

and S levels are metastable states whereas R and T are the two resonant

levels. In the case of Kr the group of s levels and the group of p

levels are each split into two subgroups. This is due to the large

difference in energy of the two configurations of the krypton core.

This effect increases from Ne towards Xe. The energy gap between the

two groups of atoms is important for possible conversion of s atoms as

a result of collisions with ground state atoms (see section 4.2.3).
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For neon the wavelengths corresponding to the strongest transitions

from the p levels to the s levels are in the visible region. This

implies that detection of photons originating from these transitions

can be realized with a photomultiplier with a S20 photocathode. The

corresponding situation for krypton shows that the strongest p ->- s

transitions are in the near IR (785.5 nm to 850.9 nm). This spectro-

scopie region can be covered by a recently available, cooled photo-

multiplier with a GaAs photocathode which has a high quantum efficiency.

This may explain that comprehensive neon studies were within the reach

of the early spectroscopie investigations, whereas measurements of

Table 4.1: The denotation of excited KrI fine structure states.

Energy level

Paschen

S5

S4

S3

S2

P10

Pg

P8

P?

Pe

P5

p4

P3

P2

Pi

Spectroscopie

5s{3/2}2

55(3/2},

5s'{1/2}Q

5S-C1/2),

5p{1/2}1

5p{5/2}3

5p{5/2}2

5p{3/2},

5p{3/2)2

5p{1/2}0

5p'{3/2)1

5p'{1/2},

5p'{3/2}2

5p'(1/2}0

Modified Racah

5s1,2

5S1.1
5s'o,o
5s'0,1

5p0,1

5p2,3

5p2,2

5PU
5p1,2

5p0,0

5p'i,2
5p"o,o

Energy (eV)

9.915

10.032

10.562

10.643

11.303

11.443

11.444

11.526

11.545

11.666

12.100

12.140

12.143

12.256
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krypton p •* s transitions were mainly limited to the visible lines

ending en the s,- and s. level. For neon the excitation of s atoms with

a dye laser beam (Ste 79) can be realized by the application of the

very stable, well known dye rhodamine 6G. However, near IR laser

emission necessary for the excitation of Kr(s) atoms, only became

possible very recently (Aum 82, Hof 82a, Mul 85a).

On the other hand the resonant transitions of the s. and the s„

atoms to the ground state can be better detected for Kr than for Ne:

Li F windows allow the transmittance of the VUV radiation of krypton

without excessive loss. Still, probably due to the overall spectro-

scopie accessibility, so far more attention has been paid to the

behavior of the s atoms in the neon gas discharge than to the behavior

of the corresponding s atoms in the krypton gas discharge.

As shown in figure 4.1 the atomic krypton levels are indicated by

the Paschen notation. However, in many references other types of level

indication are commonly used. Therefore a conversion table for the

energy levels of krypton is presented here (see table 4.1). It should

be noted that in literature the s levels M, R, S and T are also
3 3 3 1referred to as P~, P«, Pn and P. respectively (Russel- Saunders

notation). Throughout this chapter the Kr(s) levels will be indicated

by the Paschen notation with omission of the first number (1 for the

s levels and 2 for the p levels). So the levels indicated by M, R, S

ard T are also referred to as Sg, s., s.. and s~ respectively.

4.2 Processes in the afterglow of a krypton gas discharge

Simultaneously with the production processes of both the s atoms and

the charge-carriers in the continuous discharge these particles are

subjected to several decay and conversion processes. When the exci-

tation source of the discharge is turned off the density of both the

s atoms and the charge-carriers will decay to zero. The time dependence

of the s atom density in this decay period - the afterglow period -

represents the sum of all elementary decay and conversion processes.

In this section these processes will be discussed and the corresponding

reaction constants will be given as far as they have been found in

literature. In this section an excited atom is indicated with an

asterisk.

-95-



4.2.1 Natural decay of resonant s atoms

When the resonant atoms decay to the ground state they emit VUV

radiation of 123.6 nm and 116.5 nm respectively. The reaction for this

process is:

Kr(s.j) ->• Kr + hv. i = 4, 2 (4.1)

As a result of the presence of many ground state atoms, the emitted

resonance radiation is easily absorbed by a ground state atom. A con-

sequence of this so called resonance radiation trapping (imprisonment)

is an increase of the natural life time x... of the resonant s atoms

to an effective life time T£.. The effective life time x ^ has been

calculated by Holstein who considers two limits, corresponding with

the dominating broadening mechanism (Hoi 47, Hoi 51). In the case of

a Lorentzian line shape of the resonance line (i.e. mainly pressure

broadening) the effective life time is independent of the density.

From his measurements on krypton Turner (Tur 67) concluded that for

gas pressures of 0.4 mbar or more the effective life time can be

considered constant. Therefore we assume that for krypton pressures

used here v - may be given by (Tur 65, Tur 67, Ku 73):

x R
J Ü • (-0) i = R, T (4.2)
0.205 Xi

with xN- = the natural life time of the i level (s);

R = the radius of the cylindrical tube (m);

A. = the wavelength of the resonance radiation (m).

However, it should be noted that deviations of Xr- according to

equation (4.2) may occur for low krypton pressures. The differential

equation describing the decay of the resonant s atoms is given by:

dn.

dt eff.

life time

1

TEi

n, l = R, T (4.3)
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In the experimental situation use was made of cylindrical tubes with

an internal diameter of 1.35 cm (see section 4.4). Substitution of the

value of radius R , the wavelengths and the natural life times of the
o 5 - 1

respective resonant s levels (Aym 78) results in: (1/Tpn) = 1-59 10 s
and ( 1 / T E T ) = 1.75 105 s"1.

4.2.2 Diffusion of s atoms to the wall

The s atoms diffuse to the wall of the discharge tube. At the wall

deexcitation occurs and the concentration gradient will give rise to

a diffusion process. This diffusion process is slow compared with the

decay of the trapped resonance radiation for the R and T atoms, and

therefore this process is only considered for the metastable atoms:

dt

where

D, 1 3 3
= JL__(r-)n

j-j-r • n r 3r 3rdiffusion g

i = M, S (4.4)

Di = the diffusion coefficient for unit density (m s );

n = the density of the ground state atoms (in"3).

If the stationary radial distribution of the atoms n.(r) is given by a

zero order Bessel function, a diffusion process according to the lowest

mode (the fundamental mode) is involved (McD 64). In that case the

operator can be replaced by 1/A where A is the fundamental diffusion

length given by:

2.4
(4.5)

In this expression L is the length of the positive column in the dis-

charge tube and for the experimental situation (section 4.4) L = 15 cm,

so A = 5.59 10~3 m. Values for the diffusion coefficient of the M and

the S atoms are summarized in table 4.2. Measurements of the dependence

of D„, D<- on the gas temperature T were not found in literature but

the kinetic theory of gases (Bir 60) describing diffusion predicts

a linear relationship between D„ (Dg) and /T .
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Table 4.L The diffusion coefficient of the krypton M and

S atoms at a gas temperature T - 300 K.

Coeffici mt

DM

DS

Value

0.98

1.21

0.95

1.7

1.1

(m~V1)
10Z0

1020*

1020

1020

1020

Reference

Smi

Pal

Tra

Ku

Tra

63

69

76a

73

76a

* theoretical value

4.2.3 Collisions of s atoms with one ground state atom

In the discharge the s atoms collide with ground state Kr atoms.

The energy gaps between the M and the R level and between the S and

the T level are 0.117 and 0.081 eV respectively. These energies are

in the order of the kinetic energy of the gas atoms at room temperature

(about 0.0259 eV) and therefore such a collision may result in con-

version of a M atom to a R atom. The inverse process may also occur.

The reaction is given by:

Kr(M) Kr Kr(R) Kr (4.6)

This process will be indicated as "atom coupling" and it may also

occur for the S - T pair of levels. However, due to the large energy

gap between R and S (0.530 eV) atom coupling is very unlikely to occur

between an atom of the lower pair of levels (M, R) and an atom of the

upper pair of levels (S, T). It is stressed that atom coupling from

s- to s• results in a decrease of the s- density and in a simultaneous

increase of the s. density. The decay of the s atom density as a result

of the two body collision process is given by:

dn.

dt
(4.7)

two body

collisions
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In equation (4.7) K.. is the atom coupling coefficient and j) =

(M, R ) , (R, M ) , (S, T) and (T, S). From the atom coupling coefficient

K. . the value of K.. can be determined from tne principle of detailed
i J 3'

balancing:
g. U. - U.

K -1 e xp(- J I

Ji kT
(4.8)

where g., g. = the degeneracy of the s. s- level;

U i ' U j
k

T

the energy of the s^, s. level (J);

= Boltzmann's constant (= 1.38 10~23 J/K);

= the gas temperature (K).

Substitution of data for M, R, S and T at T = 300 K results in KMR

= 1.32 10"10"36.55 1 0 3 K D M and KCT = 1.32 1 0
1 KTC. A value for KMD of (7.6 ± 0.6)_po , -Kn ol lo MK „.

10 m s is reported by Turner (Tur 67), and a value of 9.0 10"

m s for K<--r is reported by Ku et al. (Ku 73). In general the value

of K. . will depend on the velocity of the colliding particles i.e. on

the gas temperature. However, no measurements of this dependence have

been found in literature.

4.2.4 Collisions of s atoms with two ground state atoms

A three body collision of a s atom with t\o ground state atoms can

result in the formation of an excimer:

Kr(s) 2Kr Kr2 + Kr 3Kr + hv (4.9)

The radiation emitted at the dissociation of the excimer (hv) is a

part of a VUV continuum as a result of transitions from the close

vibrational and rotational states of the excimer. The decay cf the s

a tons is given by:

dt
i "g

three body
i = M, S (4.10)

collisions

where Yi is the three body collision coefficient that depends on T .
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It should be noted that in measurements of excimer formation a linear

dependence on the gas pressure has been found. Therefore it is suggested

that excimer formation by a two body collision process might be

important as well (Tur 67, Wie 81). In this thesis however, only

excimer formation by a three body collision process is considered.

The values of y„ reported in literature are summarized in table 4.3.

Tablt 4.S: Valuer jf the three body collision coefficient

foi' krji'ton at a gas temperature T - 300 A'.

Coefficient

YM

Value (mV1)
-44

3.8 10 *

4.0 10'44

2.59 10~44

3.91 10'44

5.35 10~44

Reference

Smi 63

Tur 67

Tra 76a

Wie 79

Ku 73

4.2.5 Collisions of s atoms with electrons

The s atoms also collide with the electrons and since the electrons

have an average energy of about 3.7 eV (at the beginning of the after-

glow period, section 4.5.1), conversion of s atoms as a result of

collisions with electrons is possible:

Krts^ + e Ï Kr(Sj) + e i ,j = M.R.S.T (4.11)

The decrease of the density of the s atoms as a result of collisions

with electrons is described by:

dt
= " Eij ne ni i,j = M.R.S.T (4.12)

el. coupling

where E.. is the electron coupling coefficient. For neon the value of
' J
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E. . increases with increasing electron temperature T , but for krypton

no measurements concerning the temperature dependence were found in

literature. From E.. the value of E .. can be derived from the principle

of detailed balancing (as for K.., section 4.2.3), using the electron

temperature T in stead of T . A value of E„R has been measured by

Blagoev and Pilosov (Bla 81) at a temperature of T = 1360 K: EMC =
-14 3 -14.2 10 m s . They also estimated that the value of E..<. must be

less than 5 10"16 m 3s~\

4.2.6 Mutual collisions of s atoms

The mutual collisions of the s atoms may result in the production

of an (atomic or molecular) ion and an electron. It should be noted

that mutual collisions play an essential role in the decay of the s

atom density if the densities are sufficiently high. Due to the rapid

decay of the resonant s atoms in the afterglow period these processes

are usually not taken into account for the R and T atoms. The reaction

mechanism is given by:

KrCs^ + Kr(s.) -> Kr+ + Kr + e (4.13)

Kr(s,) + Kr(s,) + Kr* + e (4.14)

The decrease of the s atom density as a result of this process is given

by:

dt mutual

collisions

= - a., n2 - a., n. n. 1 ,j = M.S (4.15)
" 1 J J

where o.. is the reaction rate constant for collisions between s. and
I J I

s. atoms. The values of a.,., and ass at 300 K were determined by Angelov
et al. (Ang 79): oMM = (9.3 + 0.4) 10~

15 m3s"1 and oMC = (3.2 ± 1.0)
-14 3 -1 m '^

10 m s . From these values a rough estimate of act- can be made
-14 3 -1assuming a hard sphere collision: ass = (7 ± 2) 10 m s . However,

the results reported by Angelov et al. strongly depend on the applied

current. This may indicate that the contribution of electron coupling

to the decay cannot be neglected, so their value of o may be too high.
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This is confirmed by Kolokolov and Toronov (Kol 83) who report a lower

theoretical value of o M M = 5.2 10~ m s and an experimentally ob-

tained value of a.,,. = 5.1 10 m s" .

4.2.7 Conversion of atomic ions into molecular ions

Among others the atomic ions Kr + are created by direct or stepwise

ionization of ground state atoms by the electrons of the discharge.

The krypton atomic ion collides with neutral atoms and that may result

in the formation of a molecular ion by a three body reaction:

Kr + 2Kr Kr (4.16)

This loss process for the atomic ions is the main production process

for the molecular ions and it is presented by:

dn„

dt
conv.

where n., n«

3

ein-

dt
(4.17)

conv.

the density of the atomic and the molecular

ions respectively (m ) ;

the ion conversion coefficient (m s ).

The coefficient B at T = 300 K has been determined by several

investigators. Some values of 3 are given in table 4.4. A comparison

Table 4.4: Values of the atomic conversion coefficient 6 at T - 300 K.

Coefficient

3(Kr+)

@(Kr+,2P3/2)

Value

2.3

(2.81 ±

(2.4 ±

(2.23 ±

(2.2 +

(mV1

IQ'43

0.12)

0.13)

0.49)

0.2)

)

10"43

ID"43

w-^
10'43

Reference

Bha
Smi

Tra
Bru

Gro

70

72a

76b

77

81
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-5/4temperature dependence they propose a T dependence of P for T

of the data presented in table 4.4 shows that there is a good agreement

between the reported values. The coefficient 5 depends on the gas

temperature T . Smith et al. (Smi 72a) have tried to determine this

dependence. Though they show that there is no simple relation for the

temperature dependence t\

between 300 K and 510 K.

4.2.8 Recombination of ions and electrons

Both the atomic and the molecular ions may collide with a free

electron and recombine to form a neutral atom. The corresponding

reaction mechanisms are:

Kr+ + e + Kr + hv (4.18)

Kr* + e + Kr* -> Kr + Kr + E k i n (4.19)

The decay of the ion densities due to these processes is described by:

dt
 = " "i "e ni i = 1 , 2 (4.20)

recomb.

where a- and a2 are the total recombination coefficients for atomic and

molecular ions respectively. The process given by (4.18) represents

radiative recombination, but an additional process is the collisional

radiative recombination (McD 64). In this process an additional

electron is involved. However, for both processes the decay rates are
— ifi T — 1

small (a. is in the order of 10 m s , Bat 62) compared with the

decay rate resulting from ion conversion described by equation (4.17)

(for the applied experimental situation n., n, and nQ are in the order
1 R 1 f\ "3

of 10 to 10 m" ). Therefore the atomic recombination process will

no longer be considered.

The reaction mechanism (4.19) presents the so called dissociative

recombination. The molecular state Kr„ dissociates into two species:

a Kr ground state atom aid a Kr atom in a highly excited state. The

decay of the latter atom to lower states is accompanied with emission
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of photons from the p -*• s transitions (figure 4.1) resulting in a

production of s atoms. The fraction f. of the total dissociative

recombination that results in the production of s^ atoms has been

determined for s5, s., s, and s-. These fractions are called recombi-

nation distribution fractions and this production of the s atoms is

considered in more detail in section 4.4.3.

The dissociative recombination coefficient mainly depends on the

relative velocity of the particles, in particular on the velocity of

the electrons (the electron temperature T ). Numerical values of a2

at T = 300 K are reported by Lennon (Len 59) - a2 < 1.1 10 m s -

and by Oskam and Mittelstadt (Osk 63): 1.2 10~12 m3s~1. The temperature

dependence of a„ is given by Shiu and Biondi who propose (300/T ) '

and report cx2(300 K) = 1.6 10~
12 m V 1 (Shi 77). This is in good

agreement with Miküs who reports 1.48 10"12 (300/Te)
0-53 m V 1 (Mik 78).

4.2.9 Ambipolar diffusion

Another loss process for the charged-particles results from ambi-

polar diffusion (McD 64). The decrease of the respective densities is

described by:

dr^

dt amb.

1 3 3
D . (r — ) n, i = 1, 2 (4.21)

r sr 3r

diff.

Expressions for D . and D „ are derived by Oskam (Osk 57) and they

contain the density n., the mobility u^ and the coefficient D. of free

diffusion of the charged-particles. Application of the Einstein relation

D.j/ii.j = kT^/e (McD 64) and assuming y, s y2 « y results in an

approximation for the ambipolar diffusion coefficient (Ste 79):

; k
!— (T. + T ) i = 1,2 (4.22)

Assuming that T. = T2 = T and writing kT./e = U. equation (4.22)

becomes:

Dai = u. (U + Un) i = 1, 2 (4.23)
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The actual values of the mobilities v^ and y„ depend both on the gas

pressure and on T and can be derived from the reduced mobility u .:

ui = yoi

1013

Po 273
i = 1, 2, e (4.24)

where p denotes the filling pressure in mbar. Some values of the zero

field reduced mobilities found in literature are presented in table 4.5.

Table 4.S: Zero field mobilities of Kr , Kr„ and electrons in Kv gas.

Coefficient

Pn(Kr
+)

u

P0(Kr
+(2P3/2))

vo(Kr
+(2P1/2))

uo(Kr*)

yo(e)

Value (m2V-1

(0

(0

(0

(0

s"1)

.9 - 0.95) 10

0.90

.848 ± 0.

876 ± 0.

1.18

1.21

995+0.

3.97

4.65

IQ"4

008)

008)

IQ"4

IQ"4

009)

IQ"1

10"1

-4

IQ"4

IQ"4

IQ"4

Reference

Var

Bio

Hel
Hel

Var

Bio

Hel

Hay

Hay

52

54

76

76

52

54

76

83

83

4.2.10 Electron energy relaxation

The electrons in the discharge gain and loose kinetic energy by

many processes. Generally the associated electron temperature T is

larger than the gas temperature T and when the excitation source is

turned off, the electron temperature will decrease by collisions of

electrons with ground state atoms and with ions. In addition to these

collision processes, the space charge built up by the electrons as a

result of ambipolar diffusion, will only allow the fast electrons to

reach the wall of the discharge tube. This implies that the average

energy of the electrons decreases; this is called diffusion cooling

(McD 64).
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Smith et al. (Smi 72b) have shown that at pressures below 0.04 mbar

diffusion cooling leads to T < T . At a pressure of 0.061 mbar they

have determined an exponential decay of T for the first millisecond

of the afterglow period of a RF discharge:

Te(t) = Te(0) exp(-vdct) 0 < t < 1 ms (4.25)

with a value for the decay frequency for diffusion cooling of 2.3 10

s . For higher filling pressures v, is expected to be lower, since

at higher pressure the importance of ambipolar diffusion decreases

due to a lower value of D . and D „ (see section 4.2.9).

Dean et al. have determined the relaxation of T as a result of

elastic collisions with ground state atoms. For low pressure discharges

they determined an exponential relaxation of T to T :

T (t) = T (0) exp(-v t) + T (1 - exp(-v t)) (4.26)
c c ca y tra

where T is in the range 300 K to 1300 K and v is given by: v =e . _. ea ea
(0.78 ± 0.05) 10 p 0 s with the filling pressure pQ in mbar. The

measured decay of T for T > 1300 K was not only the result of

collisional relaxation since in the very early afterglow (T > 1300 K)

diffusion cooling is an important additional process. Indeed for

T > 1300 K they determined a higher decay rate. The contribution of

elastic collisions of electrons with atomic and molecular ions was

calculated to be less than 103 s~1 for n1 + n 2 s 10 nf3. For the

experimental situation under investigation (0.5 < p < 50 mbar) the

most important process for the electron temperature relaxation will

be elastic collisions with ground state atoms and, for the early

afterglow period at low pressures additional diffusion cooling.

4.3 The total decay of s atoms and charge carriers

The s atoms and the charge carriers are simultaneously subjected

to the decay phenomena discussed in the previous section. Summation

of all the decay processes results in 7 coupled differential equations

describing the density of the particles as a function of time and

place. Moreover, there is also an equation for the description of the
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relaxation of the electron energy (section 4.2.10). The equations

describing the decay of the particle densities are given below:

dn,, D,, , o

d T = TTT 37(r3F)nM • YMngnM " KMRngnM + KRMngnR "

(EMR + EMS + EMT)nenM + (ERMnR + ESMnS + ETMnT)ne "

(oMMnM + 0MSnSnM} + fMa2nen2 (4"27)

dn

'- "vERnR * KRMngnR + KMRngnM " (ERM + ERS + ERT)nenR +

(EMRnM + ESRnS + ETRnT)ne + fRa2nen2 (4"28)

dnS DS 1 3 3 2

d T = ̂  7 ̂ ( r 3 F ) n S " V g n S " KSTngnS + KTSngnT "

(ESM + ESR + EST)nenS + (EMSnM + ERSnR + ETSnT)ne "

(aMSnSnM + "SS"^ + fSa2nen2 (4"29)

dnT

W ~- -vETnT • KTSngnT + KSTngnS " (ETM + ETR + ETS)nenT +

(EMTnM + ERTnR + ESTnS)ne + fTa2nen2 (4-30)

ir-^iFir^-i " W i "Bngni

J9(aMMnM + aSSnS + 2aMS nM nS )

dn2 1 3 8 2
d T = Da2?3?(r3F)n2 - W 2 + engn1

i ( 1"9 ) (WM + aSSnS + 2oMSnMnS)

ne = n1 + n2 (4.33)
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These differential equations can be solved numerically. Our computer

program initially set up for similar equations describing the decay

of the neon atom densities (Ste 79) has been changed for the case of

krypton. The program makes use of the Euler method and needs the

following input data:

-a-Experimental data such as the tube characteristics, the gas filling

pressure and the applied discharge current.

-b-All constants for the various processes, as described in section

4.2. As far as these constants are not known they have to be

estimated e.g. from related constants of other gases. For constants

that depend on the gas temperature and/or on the temperature of the

electrons this dependence is taken into account.

-c-Boundary conditions for the differential equations. These concern

the densities of the particles on the tube axis as well as the

radial distribution at the beginning of the afterglow period.

Moreover, the initial electron temperature and the gas temperature

as well as their radial distributions have to be available as input

data for the program. As discussed in the next section some of the

boundary conditions are experimentally determined for the equilibrium

state of the continuous discharge.

The main output of the program is the density of the s atoms and

of the charge carriers as a function of the time in the afterglow. The

program also presents partial decay frequencies v. = 1/n.(dn./dt).

(i = M, R, S, T) as a function of time in the afterglow i.e. the decay

as a result of process j only. A comparison of the partial decay

frequencies reveals the importance of each process. This can be very

useful to determine the relevance of each process at any time in the

afterglow.

4.4 Experiments

To acquire experimental data on the decay of the excited Kr atoms,

use was made of the detection of fluorescence light from the p •*• s

transitions in the afterglow period of krypton d.c. gas discharges.

The configuration of the discharge tube that was used for the experi-

ments is shown in figure 4.3.
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L=150mm

-\r

Figure 4.3: The geometrical configuration of the krypton discharge tube.

As shown in this figure both the anode and the cathode are hollow

cylinders to achieve a good axial symmetry of the discharge. The

cathode is made of tantalum with an induced layer of tantalum oxide

to prevent sputtering of Ta atoms into the discharge. To prevent

additional heating of the gas atoms, there is no direct heating of

the cathode. The use of hollow electrodes allows an axial passage of

a laser beam for absorption studies. Use was made of a set of 8 tubes

with filling pressures at 295 K of 0.50, 1.0, 5.0, 10.0, 15.0, 20.0,

30.0 and 50.0 mbar. Before filling the tubes with krypton gas they
_Q

were baked out for several hours at about 700 K and a pressure of 10

mbar.

The tubes with a filling pressure of 15 mbar or more showed con-

traction of the discharge for discharge currents in excess of 8 to

10 mA. At lower pressures the use of higher discharge currents resulted

in residual sputtering of the cathode. At currents below 3 mA the

tubes with a filling pressure of 30 mbar or more could not be operated

in a pulsed mode, due to the limited range of the HV power supply. For

these reasons the discharge current was set to 5 mA for all tubes.

Pulsed operation of the tubes, with an adjustable duty cycle in the

order of 10 ms, was obtained by closing a triode parallel to the dis-

charge tube. As a result of the requirements of pulsed operation the

anode resistance had to be set to 650 kn.

4.4.1 Optical detection of the krypton p -»- s transitions

When a laser beam with the proper optical frequency excites the s.

atoms to some p. level, this p. level will decay to an s-, level. At
J J '
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this decay a photon corresponding to the energy difference of the p.
J

and the s., level (see figure 4.1) is emitted. A laser beam of the

proper frequency generates the isotropic emission of light. This

phenomenon is called fluorescence.

In the experimental situation a laser beam (2 mm diameter), almost

perpendicular to the tube axis, passes through the centre of the

positive column of the discharge. A part of the induced fluorescence

track is detected with a two-lense system (1 : 4) and a 25 cm Jarell

Ash monochromator followed by a cooled photomultiplier (section 3.3.5),

The total set up for the optical detection is shown in figure 4.4.

I 650 k

discharge
tube

beam stop

L L 0

driver

mono-
chromator PM

photon
counter

eurobus
system

L S I
computer

Figure 4.4: The experimental set up for the detection of laser-

induced krypton p -* s transitions. T: triode HV switch,

L: lense, AOM: acousto optic modulator, D: diaphragm,

BA: beam attenuator, PM: photomultiplier, HV: high

voltage supply.
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The monochromator was not used with the 100 vm standard slits, but

with 40 vim slits. With these slits and a diaphragm to limit the full

angle of acceptance to 7.5° a resolution of 0.14 nm was obtained

(FWHM value of a narrow resonance line). This was required for the

separate detection of the p„ + Sg and the p„ •*• Sg transitions (see

figure 4.1). The photomultiplier has a GaAs photocathode and enables

detection of the krypton p -*• s transitions in the range 557.0 nm to

892.5 nm. This implies that several weak p -> s transitions cannot be

detected. The relative detection efficiency for each involved krypton

transition was determined with a tungsten lamp and normalized to 1 for

540 nm.

It is stressed that light from the p •+ s transitions is also pre-

sent when the dye laser beam is absent. These transitions are the

result of atomic decay following excitation and recombination, and

they form a background signal for the measurement of the laser-induced

p -* s transitions. To minimize this background signal the height of

the entrance slit is limited to 8 mm to match the entrance of the

monochromator with the image of the fluorescence track.

As shown in figure 4.4 the laser beam passes through the acousto-

optic modulator (see also section 3.4) and only the first order beam

passes through the discharge tube if the driver of the AOM is acti-

vated by a TTL pulse. The computer and the interface system arrange

a time scheme for the on/off switching of the discharge tube, for the

activation of the AOM and for the counting of pulses from the photon-

counter. This time scheme is discussed in the next section.

4.4.2 Arrangement of the afterglow measurements

The actual time organisation for the measurement of the decay of

the s atom density is realized by a series of sealers and preset

sealers of the Eurobus modular interface system (Nij 79). Besides,

two sealers take care of the fluorescence and background measurements

which are stored by the computer.

The on/off period of the discharge tube is generated by counting

the pulses of a 200 ns clock signal. This counting is software con-

trolled and both the on-period and the off-period of the tube can be

adjusted. Generally data are gathered in the off-period of the dis-
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charge, so the on-period is best suited for data transport from and

to the applied sealers. These instructions are executed at the machine

level and they set a lower limit to the on-period of 5 ms. A typical

on-period is 6 ms and the off-period ranges from 5 ms to 12 ms (de-

pending on the gas pressure of the tube).

The AOM is not continuously activated. The resonant laser beam may

cause depopulation effects of the s level of interest (see section

4.4.4). To minimize this influence of the laser beam on the involved

s density the beam is only present in the afterglow period for a short,

adjustable period with a typical value of about 50 us. This is obtained

by activation of the AOM at one adjustable time in every afterglow

period.

The collection of fluorescence data is arranged by two sealers. A

start time signal at t is deduced from the moment the discharge is

turned off. The presence of the laser beam at a time t results in a

fluorescence signal added to the background signal: F. + B.. However,

the density of the s atoms depends on F, so the corresponding back-

ground radiation must be measured separately and subtracted Beginning

at t the afterglow is scanned at fixed, chosen time intervals both

for the background radiation and for the laser-induced fluorescence

added to the background. To use the afterglow period in an efficient

way, one background measurement and one fluorescence + background

measurement are performed at each afterglow period, as indicated in

figure 4.5. The time scheme shown in this figure shows that both the

pulse supplied to the AOM and the gate periods At of the two sealers

are shifted by a period At for every afterglow period. During the

on-period of the discharge the data collected by these two sealers in

the previous off-period are stored in an array and the sealers are

cleared. It should be noted that both the gate period At and the

scan period At can be adjusted in such a way that At and At are

small (< 50 ys) for fast decay phenomena. In this way a good re-

solution is ensured for every measurement. The number of pulses

counted during the gate time of the sealers is very low and therefore

the whole cycle (with cycle time t ) has to be repeated many times.

The number of cycles ranges from 1000 to 60000 and determines to a

large extent the statistical accuracy of the measurement.
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background
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Figure 4.5: A time scheme for the measurement of the s atom density

at 3 moments in the afterglow period. The 4 on/off

periods represent one cycle period t .

For the measurement of the recombination distribution fraction

(sections 4.2.8 and 4.4.3) the background radiation of all p -*• s

transitions has to be measured at several moments in the afterglow

period. In this case the start time signal at t is used to trigger a

multiscaler. With this multiscaler the pulses from the photoncounter

are gathered. The multiscaler has its own memory for the storage of

data. So in this case the afterglow radiation is sampled many times

during one period of the afterglow. Therefore this is a very time

saving way of measuring the background radiation of all detectable

p -* s transitions.

4.4.3 Measurement of the recombination distribution fractions

As discussed in section 4.2.8 dissociative recombination is an im-

portant production process of s atoms in the afterglow period of the

discharge. The excited Kr atoms initially formed by the recombination

are subjected to a stepwise decay to the p levels, followed by decay

to the s levels. This implies that dissociative recombination actually

produces the p •+ s transitions which are observed as afterglow radia-

tion. To gain insight in the behavior of the signal from the p ->• s

transitions as a function of the time in the afterglow, it is useful

to consider the decay of the electron density by combining equation
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(4.31) with equation (4.32). Assuming a zero order Bessel function for

the distribution of the electron density and neglecting the mutual

collisions of metastable atoms, the electron density is given by:

dn D
— = " — ne - a2n2n (4.34)
dt A e ^ e

In this equation D represents the decay of the electron density asae
a result of ambipolar diffusion. After the cessation of the discharge

current the electron temperature decreases much faster than the electron

density. As a consequence the decay rate of the molecular ions in-

creases because of the T ' temperature dependence of c<2 (see section

4.2.8). So for a time interval that starts after the electrons have

cooled down (a„ is constant), and up to the moment the ambipolar

diffusion becomes important the dissociative recombination is the

dominant mechanism for the decay of the electron density. At higher

pressures most of the ions are molecular and therefore we should

expect n to follow a solution of the equation:

dn 9 n
- £ = -a9np ; np = £2 (4.35)
dt 2 e e d + - 2 n e o ( t - t o ) )

p
At the same time a_n is the source term for the p •+ s transitions; so

for the signal S of a p •+ s transition the following time dependence

can be expected during the above mentioned time interval:

-i
(Sr) = Cjt + c2 (4.36)

where ĉ  and c~ are constants. It should be noted that this linear

relationship only holds for the indicated period of time. It is repor-

ted by Shiu and Biondi that for a 13 mbar tube this period ends at

about 4 ms, since then deviations from the linear dependence occur

(Shi 77).

A typical measurement of the intensity of a p •* s transition as a

function of the time in the afterglow period is shown in figure 4.6a
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Mms)

Figure 4.6a: The signal Sp from

the p •* s transition as a

function of the time in the

afterglow at a pressure of

5 mbar.

Figure 4.6b: The signal S from

s transition as athe p9

function of the time in the

afterglow at a pressure of

SO mbar.

for a krypton pressure of 5 mbar and in figure 4.6b for a krypton

pressure of 20 mbar. From these figures indeed a linear relationship

between S~^ and the time t is found for t > 400 ys and t > 25 ys

respectively. For the time intervals shown in the figures deviations

from the linear dependence do not occur. Therefore it is assumed that

ambipolar diffusion is not important in the indicated time interval.

There is no linear relationship at the beginning of the afterglow

period. This is the result of an increase of the dissociative recom-

bination due to an increase of a- and a (more important) decrease of

direct excitation.

It should be noted that with figure 4.6a,b and the application of

equation (4.35) and equation (4.36) it is possible to calculate a

momentary value of the electron density in the linear part of the curve.
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The fraction of the total number of recombinations that result in the

production of each s atom is given by:

n(p.)
i = M,R,S,T (4.37)

where n(p.) is the density of the p. level populated by dissociative

recombination and A., the transition probability for the transition

j to i. Detection of light from this transition results in a signal

^ with S-- = .) so A-in(pj) =^ j n ^ . This implies that

the recombination distribution fractions f- can be determined by

measurement of the signals S.. resulting from all p •+ s transitions.

The tubes were examined this way and the signals S - were determined

at 5 moments in the afterglow period (up to 1 ms). The influence of

the transitions that could not be detected (see 4.4.1), was estimated

from the transition probabilities of the corresponding levels. It

appears that the 1 % error due to this effect is small compared to the

total error of about 15 %.

pressure

(mbar)

0.5

1

5

10

15

20

30

50

fM

0.54

0.56

0.59

0.54

0.47

0.57

0.53

0.60

fR

0.33

0.29

0.31

0.35

0.33

0.27

0.28

0.27

0

0

0

0

0

0

0

0

f S

.04

.04

.03

.03

.05

.07

.05

.03

0

0

0

0

0

0

0

0

f T

.09

.11

.07

.08

.15

.09

.14

.09

Table 4.6: The measured dissociative recombination distribution

fractions ƒ„, ƒ„, ƒ„ and ff for several krypton pressures.
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Within this total error no dependence of f. on the time in the after-

glow period was observed. The values of f. as a function of the gas

pressure are given in table 4.6 (see also Ste 84). The results show

that within the measurement accuracy f,,, f,,, f<- an f-r do not strongly

depend on the gas pressure and that most of the recombinations result

in the production of s atoms of the lower pair of levels, especially

the Sg atoms.

With the signals measured for the determination of f. it is also

possible to determine the relative densities of the p levels in the

afterglow, because the signal strength is proportional to the density

and the involved transition probability. For the 50 mbar tube it

appears that 17 % of the dissociative recombination events results in

the production of p., p», p, and p. atoms (of the J = 1/2 core) and

83 % of the events results in the production of p,-, p,, p_, p_, p. and

p.g levels (of the J = 3/2 core). So for dissociative recombination

there is a preference for population of the lower set of p levels.

4.4.4 The density of the s atoms in the continuous discharge

The s atoms with density n- can be excited to a p. level by a

resonant laser beam. The following decay of the p. level to as., level

is detected and the fluorescence power is measured. The experimental

set up used for this measurement is given in figure 4.4. If i * i'

the detected fluorescence wavelength differs from the wavelength of

the laser beam so in that case laser light scattered by the wall of

the discharge tube has no influence on the measured signal. For this

reason there is a preference for i * i'. The measured fluorescence

signal depends on the involved transitions , the detection efficiency

n, the power and characteristics of the laser beam and the density of

the ŝ  level. For this density it can be derived that:

g(Sl) z A d i s.v
n. = c ! r (4.38)

9("> W X P

where c = a constant representing the detection volume and

the diameter of the laser beam;

-117-



g ( s - ) , g ( p - J = t h e d e g e n e r a c y o f t h e s - , p . l e v e l ;
' J i J

11

= the transition probability for the decay of p. to
-1s. and to s•, respectively (s );

= the detection efficiency for the p.-»- s., transition;

= the wavelength of the resonant laser beam (m);

= the detected fluorescence power for the transition

from p. to s-, (counts per second);

= the power of the laser beam (W).

This formula shows that n. depends inversely on the power of the laser

beam i.e. a linear relation between the fluorescence power and the dye

laser beam intensity should exist. However, experimentally it has been

found that this is only true for low laser beam intensities. This is

demonstrated in figure 4.7.

6 -

100 200 300
power (^JW)

Figure 4. 7': The relation between fluorescence power and the power

of the dye laser beam. The s_ atoms of the 15 mbar tube
o

were excited with a 806.0 nm dye laser beam. The fluo-

rescence is detected at 850.9 nm.

As shown in this figure indeed a linear relationship exists, but al-

ready at laser beam powers of about 70 yW, deviations occur. This is

due to depopulation effects of the s, level, induced by the (strong)
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laser beam. The slope of the curve in the origin has to be used as the

fluorescence power per unit of dye laser beam power (S .i,/P^ -) and

this value is inserted in equation (4.38).

Formula (4.38) can be applied for the determination of the relative

s atom densities, since the unknown constant c is the same for all

experimental situations. The second factor of formula (4.38) depends

on the actually involved transitions and can be calculated for every

situation. At the axis of the discharge tube the densities of the

SP, s,, s, and s? atoms were determined by laser excitation re-

spectively at 811.3, 819.0, 806.0 and 826.3 nm and measurement of the

corresponding fluorescence powers at 811.0, 760.1, 850.9 and 785.5 nm.

For each tube a curve of the fluorescence intensity versus dye laser

beam power was made. For each curve the corresponding value of

S.../P.. was determined from the slope in the origin of a least-

squares fit of a quadratic function to 8 measured points at low dye

laser beam intensity.

With regard to the derivation of formula (4.38) it is assumed that

when photons from the dye laser beam are absorbed, the whole spectral

line profile (represented by A.-) is involved. However, due to the

small spectral width of the dye laser beam, only the absorption at the

central atomic transition frequency is important. This should result

in a correction factor for A.., and due to the presence of pressure

broadening a decrease of the absorption for increasing krypton

pressures has to be taken into account. For this reason the krypton

absorption profiles were determined with the fluorescence technique

for every involved wavelength and all applied krypton pressures. The

correction that concerns the actual value of A.- is given by the ratio

of the top of the profile (multiplied by the constant spectral width

of the laser beam) and the area of the profile. This correction factor

cannot be neglected, especially for the resonant atoms. This is demon-

strated in figure 4.8. In this figure the FWHM value of the profile is

given as a function of the krypton pressure. From the straight line

it appears that mainly pressure broadening is involved. For the 819.0

nm line and the 826.3 nm line the broadening is 73 MHz/mbar and 63

MHz/mbar respectively. These values are in the order of the broadening

constant for the s. •+• pg transition at 758.7 nm (95 MHz/mbar) and for
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Figure 4.8: The FWIJM value of the absorption profile of the s

transition (819.0 nm) and the p„ transition (826.,

nm) as a function of the gas pressure.

the s. P1 transition at 768.5 nm (80 MHz/mbar) reported by Vaughan

and Smith (Vau 68).

A last correction that has to be considered for a proper applica-

tion of formula (4.38) concerns the actual value of P.. at the tube

axis. Experimentally P.. is determined by measurement of the power of

the laser beam that enters the discharge tube. The small reflection at

the wall of the tube is easily accounted for, but absorption of the

dye laser beam by s atoms between the wall and the axis of the tube

depends on the wavelength and on the average density of the involved

atoms. This absorption has been taken into account and it appears that

absorption can be neglected, except for the Sg atoms (for all dis-

charge tubes) and for the s- and s- atoms at 0.5 mbar.

With the measured absorption profiles, the fluorescence curves

(figure 4.7) and formula (4.38) the relative s5, s-, s3 and s- densi-

ties were determined. The relative densities have an accuracy in the
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10 20 30 A0
pressure (itibar)

s^, s , and s c atoms as aFigure 4.9: The relative densities of s

function of the krypton filling pressure. The densities

are determined at the tube axis for a continuous dis-

charge current of S mA.

range 15 to 20 % and in figure 4.9 they are given per unit of statis-

tical weight. The densities of the s atoms as they appear to be in the

active discharge are mainly the result of the loss processes and the

direct excitation of the ground state atoms by energetic electrons in

the tail of the Maxwell velocity distribution. For the resonant atoms

the main loss process is their decay to the ground state. Therefore

an increase of their densities towards lower pressures may be the

result of either a decrease of the effective decay frequency (a de-

creasing loss process) or an increase of a production process such as

electron coupling with the metastable levels. As shown by the figure

for low pressures most of the s atoms are in the metastable levels

Sr and s3. The decrease of the densities at higher krypton pressures

is the result of the increase of two and three body collisional decay.
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However, the decrease of the density of the s., s, and s^ atoms is not

found for the sg atoms. Therefore we suggest that the s^, s, and s2

atoms are converted into s5 atoms as a result of collisions with

ground state atoms and with electrons. For the 50 mbar tube 83 % of

the s atoms is in the s,- level, 14 % in the s. level, 2 % in the s,

level and 0.4 % in the s~ level.

An absolute value of the s,- atom density for the 20 mbar tube has

been determined from the absorption of a low power dye laser beam

(811.3 nm) passing through the discharge along the tube axis. The

density follows from the exponential decrease of the dye laser beam

power and the cross-section a for the absorption of photons in the

top of the absorption profile. For a Gaussian absorption profile o

is given by (Mit 71):

2 In2 \\ g(pj 1
= / (—) -5 L - (4.39)

M>D TT 8ir g(s5) T

where Avp. = the Doppler width (FWHM) of the profile

see formula (3.1) (Hz);

\ = the wavelength corresponding to the transition (m);

g(s 5), g(Pg) = the degeneracy of the s^, pg level;

T = the life time of the pg level (s).

In our case the profile was measured and it was not purely Gaussian.

Therefore the value obtained with (4.39) was corrected for the decrease

of a which was determined by a comparison of the actual profile and

the theoretical Gaussian profile.

With the absorption measurement and the corrected value of a the
16 -3density of the s^ atoms was determined to be: n» = 1.8 10 m .It

should be noted that this value represents a density averaged over

the length of the tube along its axis. For comparison the absorption

of a dye laser beam perpendicular to the tube axis was also measured.

With this measurement and the radial distribution of the sK atoms a

value of nM = 1.5 10 m~ at the tube axis was found. So the values

agree within the experimental error of about 15 %.
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4.4.5 Radial profiles of the and s. atom densities

Radial profiles of the Sr and the s. atom densities have been

determined by the detection of laser induced fluorescence as a function

of the distance r to the tube axis. This implies that the detection

volume is displaced along the fluorescence track. The fluorescence as

a function of (r/R ) then represents the radial density profile. For

values of (r/R ) close to unity light originating from the passage of

the dye laser beam through the wall of the discharge tube, may scatter

into the monochromator. Therefore it is necessary that the excitation

wavelength differs from the wavelength corresponding to the detected

p •+ s transition. Moreover, the intensity of the laser beam has to be

kept low to prevent depopulation of the s level of interest.

T.
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Figure 4.10 and 4.11: The measured radial distributions of the

M atoms and the R atoms and the results reported by

Saheibner. The shape of the zero order Bessel function

is also shown.
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For the measurements of the Sr radial distribution the atoms were

excited with a 557.0 nm laser beam and the fluorescence signal at

828.1 nm was recorded. The s. atoms were excited with 587.1 nm and the

resulting fluorescence was detected at 826.3 nm. Some radial distri-

butions of the Sg atoms and the s. atoms are shown in the figures 4.10

and 4.11. Radial profiles for a krypton pressure of 0.66 mbar and a

discharge current of 20 mA have been determined by Scheibner (Sch 77)

from the absorption of a light beam emanating from the central region

of a reference Kr discharge. His results are also shown in the figures

as well as the radial distribution according to a Bessel function of

order zero. As shown by the figures the results of Scheibner do not

agree with ours for values of (r/R ) close to unity. This may be due

to the large width of his light beam (2 mm diameter) compared with the

diameter of the applied discharge tube (10 mm). Moreover, he has no

special arrangement to avoid a disturbing influence resulting from

scattering of his light beam by the wall of the discharge tube. The

measured radial profiles resemble the shape of the zero order Bessel

function, but the radial distributions in the 0.5 mbar discharge tube

can also be approximated by a Gaussian function. It is assumed that

the profiles for the s, and s„ atoms are of similar shape. This was

indeed the case for the 20 mbar tube, as determined from a comparison

of the profiles of the s3 and s- atoms to the profiles of the s,- and

s, atoms.

4.4.6 The decay curves of the s atoms

With the set up and the time scheme as discussed in the sections

4.4.1 and 4.4.2 the decay curves of the s<-, s., s, and s~ atom den-

sities were determined at the axis of the discharge tube. For measure-

ments of the Sg atoms the dye laser was filled with the rhodamine 560/

rhodamine 6G mixture as discussed in section 3.2.2. With use of this

dye the atoms were excited with a laser beam at 557.0 nm and the

fluorescence was detected at 828.1 nm. The s, atoms were initially

excited with 587.1 nm (rhodamine 6G) and the fluorescence was detec-

ted at 828.1 nm. However, later on the s. level could also be excited

with a laser beam at the near IR wavelength of 819.0 nm, and the

corresponding fluorescence light was detected at 760.1 nm.With this
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Figure 4.12a - 4.12d: The decay curves for the M, R, S and T

atoms at krypton pressures of 0.5, 1, 5

and 10 rrbar. The decay is determined at

the tube axis for a discharge current of 5 mA.
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Figure 4.lie - 4.12h: The decay curves for the M, R, S and T

atoms at krypton pressures of 15, 20, 30

and SO trbar. The decay is determined at

the tube axis for a discharge current of 5 mA.
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dye laser wavelength a better signal to noise ratio was obtained, and

this is especially valuable for the s4 atom density. This density

already has a low value at the beginning of the afterglow period for

high krypton pressures (see also section 4.4.4). With the near IR

laser light the decay can be measured over two decades. The s, and the

s? level were excited with 806.0 nm and 828.1 nm; the fluorescence

light was detected at 850.9 nm and 785.5 nm respectively. The length

of the total time of measurement depends on the desired accuracy and

on the allowed power of the laser beam (to ensure a linear relation-

ship between laser beam power and fluorescence). It ranged from 1 h

to 1 d for each curve. The computer controlled measurements were

stopped, when the acoustic alarm of the stabilok indicated that the

frequency of the dye laser bear - and thus the fluorescence yield -

had changed as a result of a mode hop (see section 3.2).

The measured decay curves are presented in the figures 4.12a through

4.12h. The densities at t = 0 correspond with the densities in the

stationary afterglow as determined in section 4.4.4 and presented in

figure 4.9. It should be noted that the absolute values of the decay

curves have an error in the range 15 to 30 % as a result of the error

in the determination of the absolute intensities and of the deter-

mination of the actual position of the curve at t = 0 obtained by

extrapolation. Usually tha decay curves consist of two or more parts,

as a consequence of strongly different decay frequencies at the begin-

ning and at the end of the afterglow period. Short time intervals at

the end of an afterglow period are not recommended since the low count

rates for this part of the afterglow result in a decrease of the

accuracy, which can then only be compensated by a long total time of

measurement.

As shown by the curves, the s atoms can be well detected in the

afterglow period of the discharge i.e. depending on the initial values

the densities can be determined for two or more decades. The length

of the considered afterglow period is more or less set by the actual

decay of the s atoms but also by the desired accuracy. The less

accurate measurements concern the density of the s« level, and this

is probably caused by the low initial density.
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At low pressures (0.5 and 1.0 mbar) the curves show a slow decay for

the s5 atoms and a constant decay frequency in the late afterglow. In

the same period the s,, s~ and s~ atoms show a decrease of more than

two decades. The curves show that the resonant atoms do not follow the

decay corresponding with their effective life times. So the decay of

these atoms as shown in the figures reflects the time dependence of a

production process. Besides, at low pressure in the late afterglow

their decay rate differs from the decay rate of the metastable atoms.

So at this moment there is no strong coupling between the resonant and

the metastable atoms. The slow exponential decay of the metastable

atoms at the later part of the afterglow mainly results from diffusion

to the wall of the discharge tube.

At the pressure of 5 mbar the decay curves in the late afterglow

are more or less parallel, and they aproach an exponential decay. At

10 mbar ths densities of the s,-, s3 and s~ atoms increase to a maxi-

mum in the very early part of the afterglow. This implies that in the

early afterglow an increasing production process or a decreasing loss

process is involved. In the early afterglow the electron temperature

will decrease so the relative importance of the dissociative recom-

bination will increase as a result of an increasing coefficient ay

(s=e 4.2.8).

For the higher pressures the curves seem to be parallel in the

later part of the afterglow. It should be noted that at the initial

part of the decay curves for M and for S the relevance of the three

body conversion reaction becomes evident. At higher krypton pressures

at late times in the afterglow all s atoms decay more or less with

the same decay frequency. For these pressures there is a strong

coupling between the levels, and their decay then reflects the time

dependence of a population process (dissociative recombination).

4.5 Calculation of the decay curves

As discussed in section 4.3 the differential equations (4.27) to

(4.33) were solved numerically. The values of the constants of the

decay processes that were used in the calculations were taken from

the data given in section 4.2. The applied values are summarized in

table 4.7.
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Table 4.7: Values of the constants of t~he decay processes used for

the calculation of the decay curves.

Coefficient

DM
DS

M̂R
KST
RM
r\i i

yM

aMM
°MS

°SS

8.4

1.0

2.5

9.0

4.2
3.9

5.4

5.2

1.8

3.8

Value

1 0 + 1 9

10+2°
10'21

10'21

10'14

IQ"44

ID'44

10'16

!o'15

m-Y1
m"1s"1

m+3s-1

m + 3s' 1

m + 3s' 1

•A"1

m + 6s" 1

m+
+Y;

I+Y1

Coefficient

a1

L.

B
u

v

v

g

1

1

2

9

8

3

0

Value

.00

.43

.23

.95

.60

.97

.5

10"16

10"12

10"43

IQ'4

IQ"4

10"1

m + 3s" 1

iVY1

m+6s"1

m+2V-1s-1
m+2y-1s-1

It should be noted that the value of the electron coupling coefficient

E M R is not very accurate and that information of the expected

dependence of this coefficient on the electron temperature is not

available. Moreover, it is expected that the electron coupling

mechanism is not only restricted to the M and R levels.

4.5.1 Applied boundary conditions

To be able to calculate the decay curves with the program (see

section 4.3) additional input data mainly concerning the boundary

conditions of the problem were required; the gas temperature, the

initial electron temperature and electron density distribution.These

data were measured, estimated or taken from literature. The boundary

conditions will be discussed below.

The gas temperature

As mentioned in section 4.4 the cathode of the discharge tube was

not directly heated. The electrical power dissipated in the discharge

tube ranged from 1 to about 3 W (for the applied current of 5 mA). The

temperature of the wall of the discharge tubes, operated with a current

of 5 mA were measured externally and appeared to range from 296 K to
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302 K, depending on the gas pressure. From these wall temperatures,

the low dissipation and the absence of a directly heated cathode it

is assumed that the gas temperature for pulsed operation is in the

range 295 to 300 K.

The densities and radial profiles of the s atoms at t = 0

The radial distribution of the s atoms has been determined from the

local fluorescence. For the calculation of the decay curves the pro-

files are approximated by a zero order Bessel function (see section

4.4.5). The absolute values of the s atom densities for each tube

correspond with the values given in figure 4.9, scaled with the value

of nM = 1.8 10
16 m"3 for the 20 mbar tube (see section 4.4.4).

Density, energy and radial profiles of the electrons at t = 0

The electron density at the beginning of the afterglow period was

taken from literature. Zaitsev et al. (Zai 79) have performed

measurements on the electron density profile and on the electron

energy for several krypton discharge tubes with pressures ranging

from 0.67 mbar to 5.7 mbar. It appears that the radial distribution

of the electron density can be described by the zero order Bessel

function and this profile has been adopted for the calculations. Their

measured values of the electric field E in the positive column of the

discharge tube were extrapolated and converted to our experimental

situation. From each value the drift velocity v, of the electrons in

each tube was determined from the relation between v . and E/p re-

ported by Varney (Var 52). The average value of the electron density

then was determined from the electrical current i, the tube radius R

and the drift velocity v. by:

i
rC = —-, (4.40)

The value of n (0) at the tube axis was calculated using the average

value obtained with (4.40) and the radial Bessel distribution. The

actual values of the electron density are < 10 m~ for low krypton

pressures and > 10 m for high krypton pressures. However, it

should be noted that the data on the electron density are not very

accurate, since they have been obtained by extrapolation and applica-

tion of formula (4.40).
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The electron energy has also been measured by Zaitsev et al. and it

appears that the energy is about 3.7 eV at the tube axis and it de-

creases to 3.3 eV at the edge of the tube. These values were used at

the calculations assuming a parabolic profile for the electron energy.

The electron energy appears to be hardly dependent on the krypton gas

pressure and on the electrical current.

The atomic and molecular ion density at t = 0

The density of the molecular ions and the atomic ions at the begin-

ning of the afterglow period is calculated from the electron density

and equation (4.32) with dn„/dt = O in the active discharge. The pro-

duction of molecular ions as a result of metastable-metastable col-

lisions is neglected. The ratio of the molecular ion density n„ to the

density of the atomic ions n. is then given by:

(4.41)
sng

This ratio is calculated for each discharge tube and from n. + n- = n

the values of both n. and n„ are calculated.

4.5.2 The calculated decay curves

The data given above are used for the calculations on many decay

curves. Some calculated results for the 30 mbar and the 50 mbar tube

are given in figure 4.13 and figure 4.14. Comparing the calculated

curves with the measurements, we see that there is a good agreement.

At the last part of the afterglow all atom densities decay at the

same speed, which is in agreement with the measurements. This final

part of the afterglow follows from production of s atoms by dissocia-

tive recombination and destruction of atoms due to resonance radiation

(R and T) or destruction by three body reactions with ground state

atoms (M and S).

An example of the calculated decay of the electron energy is given

in figure 4.15 for the 20 mbar tube. This figure shows that the

electrons cool down very fast. After about 20 ps T has decreased to
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about 1 % of its initial value. At this moment the dissociative

recombination coefficient a~ becomes constant. Since the production of

molecular ions as a result of ion conversion can be neglected at this

moment, the electron density decreases according to dissociative re-

combination only (until the moment ambipolar diffusion becomes impor-

tant). This is confirmed by the measurement of the recombination light

as shown in figure 4.6b.

The shape of the calculated decay curves is very sensitive to the

initial electron density. This is especially true at low pressures,

since in that case the elctrons cool down very slowly. Therefore some

coefficients such as the dissociative recombination coefficient and

the unknown electron coupling coefficient show strong variations at the

beginning of the afterglow period. The lack of accurate knowledge of

the electron density and the elcetron coupling coefficients is the

reason for a poor agreement between calculated and measured decay

curves at low pressures at the beginning of the afterglow.

4.6 Results

From the measured decay curves of the M, R, S and T atoms some decay

constants were determined. The decay of the M and S atoms in the 0.5

mbar and 1 mbar tube is exponential in the very late afterglow. At this

moment the decay of M atoms can be approximated by:

- » « » " T " n » (4'42)

It is stressed here that equation (4.42) is only valid at times in the

afterglow where the production of M atoms as a result of collisions

of R atoms with ground state atoms can be neglected. For the low kryp-
2

ton pressures the contribution of Y M n to the total decay frequency
is very low. Therefore equation (4.42) can be applied to determine a

value for D,, and for KMR from the decay frequencies of the M atoms in

the 0.5 mbar and the 1 mbar tube. As a result of the low influence of

the three body reaction an error in YM will not seriously destroy the
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accuracy of the determined values. The decay frequencies of the M

atoms were determined with a least-squares fit and the value of yM
was varied between 2.5 10 HH mDs and 4.0 10 HH m s . With this

procedure we found D = (8.4 + 0.7) 1019 m"1s"1 and KMD = (2.5 ± 0.3)
-?1 1 -110 m s .It should be noted that the error in the value of DM

also contains the uncertainty in the tube radius R . The value of D..

reported here corresponds with the values derived from the measurements
9 n - i - i ?n

of Smith (DM = 0.98 10
 u m 's ', Smi 63) and Tracy (DM = 0.93 10

rn s , Tra 76a). The value for KMn corresponds with the value of
~?1 3 -1

2.3 10 m s reported by Turner (Tur 67).
For the S atoms an equation analogous to formula (4.42) can be set

up. However, for the s atoms a very strong decay at the beginning of

the afterglow period is found and this results in a larger statistical

error in the late afterglow period. For this reason and due to the

contribution of the three body conversion reaction the error in K<-T
-AA fi -1 -AA fi -1

is large. Application of Y S between 2.7 10 m s and 5.4 10 m s
(section 4.2.4) results in the following values: D<. = (1.02 ± 0.08)
?n -1-1 - 9 1 3 - 1

10£U m 's ' and KSJ = (1.3 ± 0.5) 10
 cl m°s '.A comparison of these

values with those reported in the sections 4.2.2 and 4.2.3 shows that

our value of D<- agrees with the one reported by Tracy (1.08 10 m s ,
20 -1 -1Tra 76a). But our value does not agree with the of 1.7 10 m s

reported by Ku et al. (Ku 73). Moreover, our value of K<--r is about
7 times lower than the only value found in literature (Ku et al.,

-21 3 -1Kcj = 9.0 10 m s ). A reason for this discrepancy may be that Ku
et al. have attributed the decay of resonance radiation from the T

atoms to destruction processes of S atoms only (for pressures in the

range 0.13 mbar to 33 mbar). The high discharge currents between

600 mA and 2600 mA that were used by Ku et al. may also result in

other processes resulting from interaction of electrons with excited

atoms. From our measurements we found that at low pressure the decay

rates of T and S atoms are slightly different. Due to this difference

and to the large discharge currents used by Ku et al. their values for

Dj. and Kg, may differ from the values reported here.

From the early part of the decay curves at a krypton pressure of

30 mbar and 50 mbar the three body reaction coefficients yM and y<-

can be derived. The contribution of the two body reaction at those
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pressures is calculated to be in the order of 10 %. From the slope of

the decay curve we found the following values, corrected for the two

body reactions: Y M = (2.5 ± 0.4) 10~
44 m6s'1 and Y S = (4.3 ± 1.0) 10~

44

m s~ . The value of Y M agrees with the one reported by Tracy (Tra 76a,

YM = 2.6 10" m s" ) but it is smaller than the ones reported by

Turner and by Wieme (Y M
 = 4.0 10 m s , see section 4.2.4). Our

value of Yc is smaller than the only value found in literature: Y<- =

5.6 10~44 m6s'1 reported by Ku et al. (Ku 73).

-135-



5 CONCLUDING REMARKS

The phenomena induced by protons passing through a krypton gas

target have been considered as nuclear reactions (production of radio-

isotopes and scattering of protons) and as atomic reactions (production

and decay of excited and ionized krypton atoms). The nuclear reactions

of protons on krypton (natural composition) mainly result in the

production of Rb radioisotopes.

The measured yields of the produced Rb radioisotopes

show that with the irradiation of krypton with 26 MeV
81

protons, routine production of Rb for medical

application is possible (section 2.1). A higher yield
81of Rb can easily be obtained by the use of enriched

82 81
Kr gas. The delayed production of Rb via the meta-

stable state must be taken into account to avoid errors

at the loading of 81Rb-81mKr generators.

When an enriched gas target is used for the production of radioisotopes,

it is highly desirable to use the expensive target gas efficiently. To

determine the optimal shape of the target chamber, the scattering of

protons in the target must be taken into account.

For the determination of the scattering of protons in

krypton gas a quantitative autoradiographic technique

is developed (section 2.3). With this technique reliable

results on the proton current density distribution can

be obtained. The profiles in the krypton gas indicate

that the scattering process results in a serious blow

up of the initial proton profile, for a target thickness

usually applied at routine production conditions.

The Rb radioisotopes are initially produced in the gas phase. An

investigation of the behavior of these radioisotopes soon after they

have been formed can be set up, if a proper detection method is

available. For this reason optical detection methods have been inves-

tigated. In these methods use has to be made of a tunable single mode
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dye laser beam for the excitation of the Rb atoms. To allow the use of

an Ar laser as a pump laser for the ring dye laser, some recently

available dyes were investigated.

The dyes styryl 8 and styryl 9 can be used to obtain

a near IR beam from the dye laser operating with standard

LD700 optics in the cavity and an Ar laser as a pump

source (section 3.2.2). To obtain a single mode dye laser

beam at 794.8 nm (Rb D. line) the optimal concentration

of styryl 9 (0.77 g/1) has to be reduced to 0.44 g/1 to

reduce the effect of self absorption of the dye.

Because of the large number of radioisotopes that is simultaneously

produced elimination of the influence of the Doppler broadening

mechanism on the detection method is highly desired. Therefore

saturated absorption spectroscopy and related techniques have been

investigated and experimentally tested with Na because of the visible

D. transition. The element Na can be excited with a laser beam from

the dye laser filled with the very stable and efficient dye rhodamine

6G.

For the on-line detection of Rb radioisotopes use can

be made of saturated absorption techniques. The technique

of differential saturation spectroscopy was developed

(section 3.4) and this technique can be recommended for

practical reasons. Intermodulated fluorescence spectro-

scopy may be applied as well, if additional problems

involving background radiation from the target can be

solved. The spectral resolution of the on-line detection

signal is determined by the sensitivity of the detection

method and the applied krypton pressure.

The atomic excitation and ionization of the krypton atoms has been

investigated by fluorescence studies of krypton s atoms in d.c.

krypton discharges at pressures in the range 0.5 mbar to 50 mbar and

a discharge current of 5 mA. The krypton s atoms can be excited with

the near IR laser beam obtained from the dye laser filled with styryl

9. However, for the sg atoms the use of visible laser light at 557.0
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nm (obtained with a mixture of the dyes rhodamine 560 and rhodamine

6G) can be recommended to avoid the influence of absorption by pre-

ceding gas atoms.

The relative densities of the s atoms in the discharge

can be determined from fluorescence measurements.

Corrections for pressure broadening of the absorption

line of the s, and s„ atoms and for depopulation and

absorption effects of the metastable atoms are required.

At krypton pressures of about 20 mbar or more most of

the s atoms are in the Sr level. At low pressures (less

than 1 mbar) both the metastable s,- and s, levels are

strongly populated (section 4.4).

The excited and ionized krypton atoms are subjected to several loss

processes; these processes were investigated in the afterglow period

of the discharge. The decay of the s atom density is described by 7

coupled differential equations which are solved numerically.

At low pressures (0.5 mbar and 1 mbar) the decrease of

the density of the metastable atoms mainly results from

the diffusion process. At these low pressures the cal-

culated decay curves do not agree with the measured decay

curves. This is due to both the uncertainty in the electron

density and the unknown electron coupling coefficients.

For higher pressures (30 mbar or more) the calculated decay

curves agree with the measured curves, but the calculated

curves are sensitive to the assumed electron density at

the beginning of the afterglow period. For a krypton

pressure of 20 mbar or more the most important loss

processes are the three body collision process (meta-

stable atoms) and decay to the ground state (resonant

atoms) and the most important population process is the

dissociative recombination.
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From the measurements on the afterglow period of the krypton discharge

and the calculation of the decay curves, it is clear that more know-

ledge about the electron density and the electron coupling mechanism

is desired. In particular it is desired to know the dependence of the

electron coupling coefficient on the electron temperature. It is

expected that this process influences the early decay of the particle

densities at low pressure. Therefore it is desired that electron

densities and electron coupling mechanisms are the main subject of

future investigations of krypton afterglows.
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ADDENDUM: Optimal time scheme for a two-step measurement of radiation

from two indistinguishable activities

As outlined in section 2.2 an accurate measurement of the activity

of mRb (t, = 6.2 h) was obstructed by the simultaneously produced
no 2 O9

br (t, = 35.5 h), which decays to the same compound nucleus of Kr

as mRb does. A generally applied solution of the problem is a

continuous measurement of the activity decay for a long period of

time, followed by a least-squares fit to the obtained result. However,

our problem was complicated by the presence of a number of samples

that had to be measured more or less at the same time with the same

detector. Therefore each sample was measured only twice and the time

interval between the two measurements was used as a variable for

minimization of the error in the activity of Rb.

A computer program was set up to gain insight in the influence of

the waiting time on the error in the determination of the activity of
mRb and this program was generalized to allow application of the

results to many similar problems (Mul 85e). This may be the case for

many samples in a sample changer when two activities of the sample

cannot be measured separately, either due to the detector resolution

or to the origin of the radiation as was important for the mRb/ Br

case. For the generalization of the program the half-life ratio, the

activity ratio and the total time of measurement were used as

additional parameters.

A.1 Numerical procedure

For a description of the problem, the activities of the two

independently decaying radionuclides 1 and 2 that emit indistinguishable

radiation are defined as A. and A~. The decay constants of the

respective radionucl ides are x1 and x2 (^ > x 2 ) . The sample with the

radionuclide mixture is measured twice: the first time at the time

interval t^ -»• X,~ and the second time at the time interval t~ •* t..

The waiting time t is defined as t = t, - to. The total time t

available for the measurements is given by t = t- - t- + t0 - t-.
in T1 o e. i

Abstaining from efficiency factors and y-üne abundances, the number

of pulses P1 and P„ counted in the respective time intervals t1 •+ t?
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and t3 •+ t. respectively are given by the equations (2.9) and (2.10)

with e = f. = fp = 1:

1
P, = — {1 - exp(-X1(t2 - t^)} A^t,) +

A1

1

— {1 - exp(-A2(t2 - t,))} A ^ t ^ (A.I)
X

1

and Po = — {1 - exp[-\,{t, - t,))} exp(-x.(t-, - t,)) A.tt,.) +

1
— {1 - exp(-X2(t4 - t3))} exp(-X2(t3 - t,,)) A2(t1) (A.2)

With these equations A. and A„ can be resolved easily by inserting

the decay constants and the number of counted pulses P. and P„.

However, due to the statistical nature of the decay process P. and P2

will be subjected to measurement errors. These errors strongly depend

on the total time of measurement, the half-lives and the activities

of the two radionuclides and on the waiting time t . As outlined in

section 2.2.1 one may expect that, for a given experimental situation

there will be an optimal waiting time for which the error in the

determination of A. is minimal. For practical reasons it is important

to know the optimal waiting time for an actual situation as well as

the increase of the experimental error, when this waiting time cannot

be realized.

For a general treatment of the problem we introduce the following

set of variables and their respective ranges used for the calculations:

-1-The activity ratio h~/h. with 0.01 s A2/A, s 100.

-2-The half-life ratio x2/x1 with 0.03 < x?yx1 s 0.9.

-3-The dimensionless waiting time T = x.t with 0 s T S 30.
W I W W

-4-The dimensionless time available for measurement
T = x , ( t . - t , + t , - t . ) with 0.001 i T £ 10.

m 1 t j c 1 m
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-5-Qt representing the ratio of the length of the first measurement

period and the total time available for measureirent:

Qt = (t2 - t ^ / C ^ - t3 + t2 - t,,) with 0 < Qt < 1.

For the calculation of the error only the statistical one is taken

into account. This error (the coefficient of variation of the counted

pulses) is set equal to 6P/P = /P/P. Furthermore it is assumed that

the decay constants X̂  and X„ are known with sufficient accuracy i.e.

the influence of errors in the decay constants is not taken into

account. Summarizing the simulation program that was set up uses

equations (A.1) and (A.2) that can be written as a matrix equation

with £ = (P1 ,P2) and A = (Aj.Ag):

£ = M A (A.3)

The values of the coefficients of the matrix M follow from x., Xp, *i>

tp, t, and t,. For a given value of £ the vector k can be calculated

by the inverse of (A.3) and so the error SA = (óA.j.óAp) is given by:

6A = M~1 <5P (A.4)

The equations (A.3) and (A.4) were normalized and used in the program

for a two-step calculation of 6A as a function of x for a given set

of A2/A1, Xp/X. and x .

step 1 - a value of Q. is generated and £ is calculated with equation

(A.3);

step 2 - with £ the vector 6£ is simulated and 6A is calculated with

equation (A.4).

It should be noted that the program has a built-in optimization

procedure to minimize SA^A. for the generated values of Q. i.e. step 1

and step 2 are repeated until a value of Q. is found with a minimal

value of 5A1/A1 for the given values of Ap/A-, Xp/x., x and x . In

this way the error «A1/A1 and the corresponding value of Q. were

calculated using x as a variable and A9/A,, X9/x. and x as

parameters.•
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A.2 Results of the calculations

-2

The simulation program has been run for several sets of parameters

and a typical calculated curve is shown in figure A.1 for W ^ i set to

0.5 and T set to 0.1. The parameter A„/A. has the respective values

0.1, 1, 10 and 50. The error 6A./A. is expressed in arbitrary units:

the equations (A.3) and (A.4) were normalized to obtain óA./A. = 10

at A„/A.| = 0.1, T = 2.5. This normalization has been used for all

calculations presented in this addendum. In general the curves of

figure A.I show that a clear minimal value of 6A./A. indeed exists

and that a proper choise of the waiting time can indeed essentially

contribute to a low error.

15

Figure A.I: The normalized relative error &A^/

dimensionless waiting time t for

as a function of the

A-, =0.5 and T =0.1.

The parameter A,/An has the values 50, 10, 1.0 and 0.1.
-2The relative error is normalized to 10 for T = 2.5 andw

Ag/Aj =0.1. The dashed curves for AJA = 50 and for

k„IA^ =0.1 show the influence of an additional systematic

error in the second measurement (see text).

As shown in the figure the minimal value of 6A1/A1 for A2/A1 = 50 is

higher than the minimal value of 6A1/A1 for a lower value of A2/A..

This is what indeed can be expected since the presence of sufficient
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amounts of radionuclide 2 (a large value of Ag/A^) obstructs an accurate

determination of the activity of radionuclide 1. The minimal value of

the curves for A,/A4 = 50, 10, 1.0 and 0.1 are obtained at T = 2.8,

2.8, 3.2 and 4.4 respectively. The fastest increase of fiA./A. with

T increasing from the optimal value is found for A2/A1 = 50. The

results of the built-in minimization procedure resulting in an optimal

value of Qt for every value of x are not shown in the figure.

Approximately it can be stated that Q. = 0.5 at the minimal value of

6A./A. whereas Q. > 0.5 at the left side of the minimum and Q. < 0.5

at the right side of the minimum. This implies that when a long waiting

time has to be applied the emphasis should be at the second measurement.

The influence of the decay constant ratio is shown in figure A.2.

In this figure X~/X. is used as a parameter whereas A„/A. has been set

to 30 and T has been set to 0.1 again. The similar shape of the curves

as those shown in figure A.1 can be recognized here. In this case the

minimal value of SA./A, for \J\. = 0.9, 0.5, 0.3 and 0.03 is obtained

for xw = 2.6, 2.8, 3.1 and 5.0 respectively. Note that for x„/x. the

minimal error increases rapidly. This is due to the approaching

Figure A.2: The normalized relative error SA^/Aj as a function of the

dimensionless waiting time T for Ao/A^ = 30 and T =0.1.

The parameter X./X has the values 0.9, 0.5, 0.3 and 0.03.
-2

The relative error is normalized to 10 for T =2.5,

X2/X2 =0.5 and - 0.1.
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degeneracy of the problem. From the curves shown in figure A.2 the

curve with W x . = 0.9 has the largest increase of the error for values

of T W larger or smaller than the optimal waiting time. The same rule

of thumb is valid for Q. as was the case for figure A.I.

The influence of the total time of measurement T has also been

investigated. The program has also been run for Tm = 0.001, 0.01, 1.0

and 10. It was found that the shape of the curves shown in figure A.1

and figure A.2 did not change, except forj = 10. In this case the

curves become more flat for small and for large values of i . Thus the

main effect of a change of xm is a vertical shift of the curves due to

a longer or shorter total time of measurement.

As shown in figure A.1 and figure A.2 it is important to ensure the

application of a proper waiting time. The influence of the waiting

time on the error is evident. The error can easily increase by a factor

of 10 by a wrong choise of the waiting time. As a rule of thumb an

optimal waiting time in the order of 4 to 5 times the half-life of the

shortest living component can be applied for all situations. Figure A.1

and figure A.2 allow an estimate of the increase of the error for many

experimental situations, when the optimal waiting time cannot be

realized. The optimal waiting time may especially be valuable if many

samples have to be measured with a sample changer. It is useful to set

the period required for the first measurement of all samples equal to

the optimal waiting time.

It is stressed that the problem discussed in this addendum is

simplified by the assumption of the absence of a background signal.

In fact this background resulting from environmental radiation or from

the sample itself (e.g. residual compton edges), is another parameter

of the problem. A constant background will mainly affect the second

measurement whereas a decaying background mainly influences the error

of the first measurement. The way a background can actually be taken

into account for each measurement depends on the origin of the back-

ground radiation and, in the case of a sample-induced background, on

the total spectrum. In general a constant background will shift the

curves of figure A.1 and figure A.2 upward, but the optimal waiting

time will not change substantially.
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A final remark concerns the influence of repositioning of the sampl"

for the second measurement. This may result in geometrical differences

for the first and the second measurement. To investigate this effect

we simulated a systematic error of 2 % in the count rate of the sample

for the second measurement. The result of this operation is shown in

figure A.1 by the dashed lines for Ap/A. = 50 and for A„/A. =0.1. The

main effect of the additional systematic error is an upward shift of

the curve especially of the left wing. The small influence on the right

side of the curve can be explained by the large contribution of the

statistical error to the total error for large values of x . As shown

by the figures the position of the optimal waiting time is shifted

slightly for A„/A. = 0.1 whereas the shift is more important for

A2/A1 = 50.
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In this thesis proton-induced phenomena in krypton gas are described.

The considered reactions of protons on krypton are both nuclear and

atomic. The nuclear conversion processes mainly result in the production

of several Rb radioisotopes, such as Rb (t, = 4.6 h) that is used in

Rb- Kr generator systems for medical diagnostics. The irradiation

of krypton gas (natural composition) with protons of about 26 MeV can

be used for the routine production of Rb from the direct production

reaction 82Kr(p,2n)81Rb and from the indirect reaction 82Kr(p,2n)81mRb
ft 1 R?

-> Rb. Since the natural abundance of Kr is 11.6 % the use of
enriched Kr gas is recommended to obtain a higher yield of Rb. The

81
production of Rb via the indirect reaction must be taken into account,

to avoid errors in the loading of Rb- Kr generators in the order

of 10 %. The irradiation of krypton with protons results in a yield

(Bq/C) that is dependent on the applied beam current as a result of

the heat produced in the target gas. For a beam current density of 12

m and a krypton pressure of 4 bar a decrease of the yield of 10

to 15 % was measured.

To determine the scattering of protons in krypton gas targets a

quantitative autoradiographic technique was developed. With this techniue

it is possible to determine an activity distribution on a foil from the

transmission data of an x-ray film exposed to ionizing radiation from

the foil. The proton profiles have been determined from the proton-

induced activity distribution on a copper foil and it appears that an

initial profile with a FWHM value of 7.3 mm is enlarged to a FWHM of

43.5 mm at a pressure of 4 bar and a target length of 50 cm. This

measurement indicates that for the design of the target chamber the

scattering of protons must be taken into account.

For the on-line detection of produced Rb radioisotopes several optical

detection techniques were investigated. For the optical excitation of

the Rb atoms (D. line at 794.8 nm) use can be made of a ring dye laser

operating with styryl 9 at a deluted concentration of 0.44 g/1 and

standard LD7Ü0 cavity optics. The same dye can also be used for the

excitation of Kr(s) atoms using near IR wavelengths between 806.0 nm

and 826.3 nm. To study the possibilities of Doppler-free detection

techniques for the Rb radioisotopes several techniques were tested
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with sodium because of the visible D. transition at 589.6 nm. A

technique of differential saturation spectroscopy was developed and

this technique will be used in the future for on-line detection of Rb.

When this technique is used the transport of the dye laser beam from

and to the krypton gas target, can easily be arranged by an optical

fiber system. The technique of intermodulated fluorescence spectroscopy

can also be used, if additional problems concerning background radiation

from the krypton target are solved.

The atomic reactions of the proton beam in the krypton gas result

in the production of ionized and excited krypton atoms. The destruction

processes for these atoms were examined by an investigation of the

afterglow period of Kr gas discharges in the pressure range 0.5 mbar

to 50 mbar and a discharge current of 5 mA. Use was made of fluorescence

measurements at several times in the afterglow period of the discharge.

This method was also used to determine the density of the Sr, s,, s,

and s„ atoms (M, R, S and T respectively) in the stationary afterglow.

It appears that at krypton pressures in the range 20 to 50 mbar most

of the atoms are in the M level. From the measured decay curves the

diffusion constants for M and for S were derived: DM = (8.4 ± 0.7)
IQ 1 1 ?n -1 1

10iy m s ' and Dg = {1.02 ± 0.08) 10 m s . The two body destruction
coefficient for the M atoms was also determined to be (2.5 ± 0.3)

-21 3 -110 m s . For the S atoms an atomcoupling coefficient K S T = (1.3
± 0.5) 10"21 m V 1 was found.

The decay curves of the excited and ionized krypton atoms were

also calculated by numerically solving differential equations which

describe the decay of the particles. The calculated decay curves show

a good agreement with the measured decay curves for krypton pressures

of 20 mbar or more. However, the calculations are sensitive to the

assumed initial electron density for which no accurate data were

available.

-156-



SAMENVATTING

In dit proefschrift worden verschijnselen beschreven die een rol

spelen bij de interactie van een protoner.bundel met krypton gas. Deze

interactie betreft zowel nucleaire als atomaire reacties van protonen

met de krypton atomen in het target. De nucleaire reacties betreffen

hoofdzakelijk de productie van verscheidene Rb radioisotopen, zoals
81Rb (t, = 4.6 u) dat gebruikt wordt in de 81Rb-81mKr generator ten

81

behoeve van de medische diagnostiek. Het Rb kan routinematig in vol-

doende hoeveelheid worden geproduceerd door krypton in de natuurlijke
O 1

samenstelling te bestralen met 26 MeV protonen. Het Rb wordt dan ge-
82 81vormd uit de directe reactie Kr(p,2n) Rb en uit de indirecte reactie

82Kr(p,2n)81mRb + 81Rb. Daar 82Kr van nature voor slechts 11.6 % aan-

wezig is, zal voor een hogere opbrengst gebruik worden gemaakt van bij-
82 81

voorbeeld verrijkt Kr. De productie van Rb via de indirecte reactie

moet niet over het hoofd worden gezien, omdat er anders fouten in de

orde van 10 % optreden bij het ijken van de Rb- mKr generator. Bij

de bestraling van krypton met protonen is de opbrengst (Bq/C) afhanke-

lijk van de gebruikte bundel stroom. Bij een protonenstroomdichtheid

van 12 yA/cm bedraagt de afname van de opbrengst 10 tot 15 % bij een

krypton druk van 4 bar.

Voor de meting van de verstrooiing van de protonenbundel in krypton

gas werd een kwantitatieve autoradiografische techniek ontwikkeld. Het

is mogelijk om hiermee een activiteitsverdeling op een folie te bepa-

len aan de hand van de gemeten plaatsafhankelijke transmissie van een

röntgenfilm, waarmee een contactafdruk is gemaakt van het folie. De

vorm van protonbundel profielen werd bepaald door een koper folie met

een protonenbundel te activeren, zodat op het koper folie een activi-

teitsverdeling ontstaat. Bij deze metingen is gebleken dat een ingangs-

profiel met een breedte van 7.3 mm (volle breedte op halve hoogte)

wordt vergroot tot een breedte van 43.5 mm, bij een druk van 4 bar en

een targetlengte van 50 cm. Dit betekent dat bij het bepalen van de

vorm van een targetkamer zeker rekening gehouden moet worden met ver-

strooiing van de protonenbundel.

Om de gevormde Rb radioisotopen te kunnen detecteren werden enkele

optische Doppler-vrije detectiemethoden onderzocht. Rubidium atomen

kunnen worden aangeslagen met een laserbundel (voor de D. lijn van Rb
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is een golflengte van 794.8 nm nodig) afkomstig van een ring dye laser

die werkt met een verdunde concentratie van styryl 9 en standaard

LD700 optiek in de laser cavity. Dezelfde dye kan ook gebruikt worden

voor de aanslag van Kr(s) atomen waarvoor een golflengte nodig is

tussen 806.0 nm en 826.3 nm, in het nabij infrarood. Om de mogelijk-

heden van verschillende Doppler-vrije detectiemethoden voor Rb te

onderzoeken werden de methoden getest met natrium dat een zichtbare

D.| overgang heeft bij 589.6 nm. Hierbij werd de techniek van differen-

tiële verzadigings spectroscopie ontwikkeld: deze techniek zal in de

toekomst gebruikt worden voor de detectie van Rb radioisotopen gevormd

in de krypton omgeving. Voor het transport van de dye laserbundel van

en naar het gastarget kan dan gebruik worden gemaakt van glasvezels.

Ook de techniek die gebruik maakt van geTntermoduleerde fluorescentie

kan worden toegepast, maar dan zullen problemen als gevolg van een

achtergrondstraling van het krypton target eerst moeten worden opge-

lost.

De atomaire reacties van de protonenbundel met het krypton gas re-

sulteren in de productie van geïoniseerde en aangeslagen krypton ato-

men. De vervalprocessen waardoor de dichtheid van deze atomen afneemt,

werden bestudeerd door de nagloei van krypton gasontladingen te onder-

zoeken. Voor een ontladingsstroom van 5 mA en een druk van 0.5 mbar

tot 50 mbar werd de fluorescentiestraling genieten op verscheidene

tijdstippen in de nagloei van de ontlading. Met behulp van fluorescen-

tie werden ook de dichtheden bepaald van de s,,, s., s, en s2 atomen

(M, R, S en T) in de stationaire ontlading. Hierbij is gebleken dat de

meeste atomen zich in de M toestand bevinden bij een druk tussen 20

en 50 mbar. Uit de gemeten vervalcurven zijn de diffusieconstanten

voor M en voor S bepaald: DM = (8.4 ± 0.7) 10
1 9 m ^ s " 1 en Dc = (1.02

20 -1-1± 0.08) 10 m s . De tweedeeltjesvernietigingscoefficient van de
-21 3-1

M atomen bedraagt (2.5 ± 0.3) 10 m s . Voor de S atomen werd een
-21 3-1

atoomkoppelïngscoefficient Ks_ = (1.3 ± 0.5) 10 m s gevonden.

De vervalcurven van de aangeslagen en geïoniseerde krypton atomen

werden ook berekend door het oplossen van gekoppelde differentiaalver-

gelijkingen. De berekende curven tonen een goede overeenkomst met de

gemeten curven voor een druk van 20 mbar of meer. De uitkomsten van de

berekeningen zijn echter afhankelijk van de begindichtheid van de elec-

tronen, waarvoor geen nauwkeurige gegevens voorhanden waren.
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Het onderzoek dat in dit proefschrift wordt beschreven is tot stand

gekomen dankzij de medewerking van velen. De technische ondersteuning

van Ad Kemper was onontbeerlijk, zoals voor de experimentele realisa-

tie van de fase-modulatie spectroscopie waarbij zijn inzet voor de

electronische verwerking van de hoogfrequent signalen van wezenlijk

belang is geweest. Veel hulp op het gebied van computersturing en data

opslag heb ik verkregen van Huib Schouten, die in het bijzonder zorg

heeft gedragen voor de programmatuur, benodigd bij de krypton after-

glow metingen.

Bij dit onderzoek is het stagewerk van een groot aantal studenten

van belang geweest: Francois Lier (HTS), Simon Boelens, Jan Jacobs,

Robert van der Kall (HTS), Geert Gijsbers, Jo van Engelen, Nico van

Bree, Marijn van den Bogaard, Jean-Paul Boerekarnps, Ruud Janssen,

John van Stekelenborg, Paul Steeman, René Leenen, Gerard van Gastel,

Erik Hameleers, Wim van Helden, Mark Vester, Clemens van den Berghe,

Harm Munk, Ronald Gilde, Laurens de Bever and Gerard Brooijmans. Jan

Jacobs heeft ook buiten zijn stagetijd een belangrijke bijdrage gele-

verd aan de totstandkoming van de "generalisering van het meettijdver-

delingsprobleem" zoals dat beschreven is in het addendum. Belangrijke

bijdragen voor het onderzoek zijn verder gekomen van Jan-Willem

Brands en Harm Munk die in de vorm van afstudeerprojecten op enthou-

siaste wijze aan het onderzoek hebben deelgenomen. Aanvankelijk is het

de bedoeling geweest, de dampdichtheidskromme van rubidium in dit

proefschrift op te nemen. Deze heb ik echter achteraf buiten be-

schouwing willen laten. Niettemin is het mij gelukt haar te bepalen,

en wel mede door de steun van Alex van der Spek en HTS-stagiair Eg-

bert Heuvelman.

Een gedeelte van het onderzoek is verricht met een protonenbundel

van het cyclotron. De bedrijfsgroep heeft er steeds voor gezorgd dat

aan mijn wensen inzake energie, stroom en bundelvorm kon worden vol-

daan. Voor het meten van de geproduceerde activiteiten kon ik gebruik

maken van een meetopstelling bij de stralingsbeschermingsdienst. In

de testfase van de kwantitatieve autoradiografie heb ik van de fa-

ciliteiten in gebouw Athene in ruime mate gebruik kunnen maken, waar-

bij vaak assistentie werd verleend door Piet Thijssen, Wim Kok en

Jack Vermeulen.
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Bij experimenteel onderzoek is het essentieel dat aan opstelling

en meetinstrumenten op de juiste wijze vorm wordt gegeven. Bij de

realisering van de gebruikte opstellingen voor dit onderzoek is de

hulp van de afdelingswerkplaats van groot belang geweest. Ook heb ik

gebruik kunnen maken van de hulp van Jan Versteeg en Leen Kik van de

CTD, die gezorgd hebben voor de krypton gasontladingsbuizen en voor

de diverse hoogreflecterende spiegels. Eveneens kon ik bij hen te-

recht voor de bepaling van de absorptiecurven van de diverse dyes die

voor dit onderzoek nodig waren. Bij de uiteindelijke verwerking van

tekst en figuren van dit proefschrift heb ik hulp gehad van Wim Ver-

seijden (tekstverwerker) en van Ruth Gruyters, die het merendeel van

de gepresenteerde figuren heeft getekend. Al deze mensen zijn in mijn

direkte werkomgeving van groot belang geweest. Ik wil hen en de an-

dere bewoners van het cyclotrongebouw dan ook bedanken voor de pret-

tige samenwerking in de afgelopen tijd. In het bijzonder wil ik Loek

Steenhuysen bedanken voor de prettige wijze waarop wij diverse dis-

cussies hebben gevoerd, zowel op het fysische als ook op het niet-

fysische vlak, en wil ik mijn collega Piet Berkers bedanken voor zijn

inzet gedurende de laatste maanden van dit onderzoek. Tenslotte be-

dank ik Liesbeth voor het geduld en de ondersteuning die zij mij ge-

geven heeft en die in belangrijke mate bijgedragen hebben tot de uit-

eindelijke totstandkoming van dit proefschrift.
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Enkele persoonlijke gegevens

De auteur van dit proefschrift is geboren op 17 december 1954 te

Vught en heeft in 1973 aan het St. Janslyceum te 's-Hertogenbosch

het diploma H.B.S.-b behaald. Het ingenieursexamen - Technische Na-

tuurkune - werd behaald aan de Technische Hogeschool Eindhoven op

6 februari 1981.

Daarna was hij van 6 april 1981 tot 6 oktober 1985 middels een

l.t.d. contract werkzaam bij de vakgroep deeltjes fysica, onderwerp-

groep cyclotron toepassingen.
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STELLINGEN

behorende bij het proefschrift van

J.J.L. Mulders

Eindhoven, 13 december 1985



1

Met autoradiografie kan een activiteitsverdeling ook in kwanti-

tatieve zin bepaald worden. Het is derhalve niet juist om auto-

radiografie te rangschikken onder de kwalitatieve meetmethoden.

Wieland et al., Int. J. Appl. Radiat. Isot. 35 (1984) 387;

dit proefschrift, hoofdstuk 2.

2

Bij het gebruik van styryl 9 als lasermedium maakt het toevoegen

van een kleine hoeveelheid rhodamine 6G het afregelen van de

cavity minder moeilijk, terwijl de gevolgen voor de laseroutput

verwaarloosbaar zijn.

Dit proefschrift, hoofdstuk 3.

3

Voor het testen van de laserwerking van kleurstoffen in een kleur-

stoflaser alsmede voor het optimaliseren van de gewenste laser-

instelling is er dringend behoefte aan een uitkoppelspiegel met

instelbare transmissie.

Dit proefschrift, hoofdstuk 3.

4

In gastargets met hoge gasdrukken wekt een bundel geladen deel-

tjes van voldoende vermogen een lokale verlaging van de gas-

dichtheid op. Deze lokale verlaging kan worden bepaald met be-

hulp van fluorescentiemetingen aan een spectraallijn van een

tracer in de gasfase.

5

Het onderzoek naar verschijnselen in gastargets is van groot be-

lang voor een efficiënt gebruik van verrijkte gassen.

6

Het verdient aanbeveling om bij elke aandelenkoers een vermenig-

vuldigingsfactor in te voeren die het mogelijk maakt een waarde-

ring toe te kennen aan in het verleden gerealiseerde herstructu-

rering van de reserves.



7

Bij een toenemende complexiteit van deterministische modellen

en de aanwezigheid van computers waarmee grote hoeveelheden

gegevens verwerkt kunnen worden, is te verwachten dat het ge-

bruik van modellen, waarbij de relatie tussen ingang en uit-

gang een statistisch karakter heeft, zal toenemen.

Daar deeltijdarbeid gepropageerd wordt als een middel om te ko-

men tot een betere verdeling van de beschikbare arbeid, dienen

de sociaal-economische en rechtspositionele nadelen verbonden

aan deeltijdarbeid in versneld tempo te worden weggenomen.

9

In verband met stralingsbelasting voor de patiënt is het juist

bij radiopharmaca noodzakelijk de kennis van het stofwisselings-

proces zodanig te benutten, dat van het toegediende radiopharma-

con een zo groot mogelijk deel naar het te onderzoeken orgaan

gaat.

10

Daar in steeds grotere mate waarde wordt gehecht aan het bezit

van een (of meer) rijbewijzen dient het behalen van een rijbe-

wijs gezien te worden als een maatschappelijk gewenste vorming.

Daarom verdient het aanbeveling om het behalen van een rijbe-

wijs onder te brengen in het van overheidswege gesubsidieerde

onderwijssysteem.

11

Een nadeel van de twee-kleuren lichttransmissie methode ter

bepaling van de deeltjesgrootte verdeling van aerosolen is

de a priori veronderstelling omtrent de vorm van de verdelings-

functie. Dit nadeel kan ten dele worden ondervangen door bij

meting gebruik te maken van meer kleuren.



12

Bij het vergroten van de capaciteit van een cyclotron zal bij

de keus tussen uitbreiding van een bestaand cyclotron en de

aanschaf van een of meer nieuwe cyclotrons de lange wachttijd

bij een cyclotron als gevolg van activering in de risico-

analyse betrokken moeten worden.


