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GENERAL INTRODUCTION 

For a better understanding of the spin dependence of the i~teraction 

of nucleons with nuclei it is helpful to carry out experiments with 

beams of polarized particles. Until recently in the Netherlands 

experimental nuclear research using easily manageable beams of charged 

polarized particles could not be performed because a source producing 

such a beam was not available. The reason why many nuclear physicists 

hesitate to start a polarized source project may be found in the 

complex technology of such sources together with the fact that up to 

now producing currents of sufficient intensity to provide a reasonable 

applicability is difficult. 

In this thesis first of all a description is given of a polarized 

proton source of the so-called atomic beam type. This source has been 

developed at the Eindhoven· University of Technology. After completion 

the source was installed on the Tandem Van de Graaf accelerator of 

the State University of Utrecht. This source produces negative ions. 

Furthermore certain aspects are being discussed with respect to a 

source of the same type, producing positive ions, intended for use 

with the A.V.F. cyclotron of the Eindhoven University of Technology. 

In the past few years it has been demonstrated that for negative 

ions, so for use with tandem accelerators, polarized ion sources 

utilizing the Lamb-shift principle are superior to atomic beam 

sources developed sofar. This does not apply, however, to sources 

producing positive ions. In the chapters II up to and including V are 

treated such aspects of an atomic beam source proper which are of 

great importance for the intensity of the ion beam. Design consider

ations, calculations and a number of qualitative measurements are 

being emphasized. 

Chapter IV has been published earlier as: Improvements in the 

transmission of a tandem accelerator (J.A. van de Heide, Nucl.Instr. 

& Meth. 95 (1971) 87). It deals with the ion beam transport through 

the tandem. 

The first nuclear research performed with the source at Utrecht is 

being discussed in the last chapter. A report is delivered on spin 
. 129 

determinations for some analogue resonances in I, 

Throughout this thesis the discussions are given mainly for 
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hydrogen. The guiding principles, however, may be applied also to 

the case of deuterium. For other elements as lithium and helium 

reference is made to the review articles cited at the beginning of 

the first chapter. The same holds for polarized ion sources not 

based on the atomic beam method. 

At numerous places the concepts of emittance, acceptance and phase 

space are used with no explanation. To accomodate for this reference 

is made to A.P. Banford's book: The transport of charged particle 

beams (E. & F.N. Spon Limited, London 1966). 

The sequence of the chapters is such that the movement of the 

constituent particles is followed from the very beginning when they 

leave a pressurized gas bottle until they hit a target material from 

which the desired nuclear information should be obtained. The author 

has tried, however, to write the various chapters in such a way that 

they may be read as independent papers. Each chapter has its own 

reference list. The significance of some symbols is not always the 

same but in each chapter the symbols used are defined. 
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CHAPTER I 

DESCRIPTION OF A POLARIZED ION SOURCE FOR A TANDEM ACCELERATOR 

1. 1. Genera Z. princip Ze. 

Reviews about polarized ion sources can be found in references I) 
2) 3) 4) d 5) 

, , an 

According to an idea of R. Fleischmann 6) polarized ions as protons 

and deuterons can be obtained by producing neutral atoms with 

polarized nuclei and ionizing them afterwards. As a consequence in all 

atomic beam sources for protons and deuterons first of all a dissociator 

is needed to break up the natural hydrogen or deuterium molecules 

into atoms. Then an atomic beam is being formed. This beam traverses 

an inhomogeneous magnetic field which produces a spatial separation 

of the atomic spin components (Stem-Gerlach separation), 

m1 m1 
•112 •112 
•112 -112 

-112 -112 

-1/2 •112 

0 4 6 

- B CS.07x101 TJ 

. Fig.1.1. Ground state energy levels and Zeeman splitting of the 

hyperfine structure states of atomic hydrogen as a function 

of magnetic field strength. 

ro make clear the polarizing processes in fig.!. I the 4 hyperfine 

structure levels of the ground state of hydrogen as a function of 

magnetic field strength are shown. A similar diagram for deuterium 

can be found in ref. 7). A force JJgrad IH:I is acting on the atoms in 

a magnetic ~ield where IJ is the effective magnetic moment associated 

with the various substates (see fig. 1.2), From figs. 1.1 and 1.2 
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·Fig.1.2. The effeative magnetia moments of the hyperfine states of 

the hydrogen atom in a magnetia fieZd. 

it becomes clear that it is possible to separate substates (I) and 

(2) from substates (3) and (4). This in fact is what happens in the 

inhomogeneous field magnet. With an appropriate diaphragm spin 

components (I) and (2) are selected after the beam has passed the 

separation magnet. 

From now on there are different, possibilities. Just as it is done 

now by almost all atomic beam source constructors in this work has 

been chosen the scheme in which hyperfine transitions are induced 

according to the so called adiabatic passage method of Abragam and 

Winter S). This is accomplished in an alternating magnetic f ield which 

is superimposed perpendicularly on a steady field varying along the 

path of the atoms. By action of these fields the particles in substate 

(I) are transferred to substate (3) so that after leaving the 

transition region the atomic beam only contains particles in substates 

(2) and (3). 

Thenthe atoms are ionized by electron bombardment. This is done in 
- 2 a strong magnetic field. Strong meaning B>>B =5.07x10 T. Then proton 

_,. 0 

spin I and electron spin J are decoupled, precessing inde pendent about 

B, m1 and m. being good quantum numbers (in the low field case 1 and j 
J . ± _,. 

are coupled to a resultant <, which precesses about B; now F and IDp are 

good quantum numbers).From fig. I. I i t can be seen that i f B>>B both the 
0 

atoms in substates (2) and (3) have their proton spin direction anti 
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parallel to B(m1=-!). This means that if ionization is carried out 

in a strong field the maximum obtainable polarization is 100 per. 

cent. 

After extraction from the ionizer the positive ions are .accelerated 

to some extent and sent through an electron adding device to generate 

by charge exchanging collision negative ions. 

As has been shown depolarization does occur during neither the charge 
4) exchange processes nor by the ionization of the atoms (ref. I p.24). 

' After being converted into negative ions with polarized nuclei such 

ions can be accepted by an electrostatic tandem accelerator. 

1.2. Short description of the complete source (see fig.l.J ). 

Hydrogen or deuterium gas fed into a glass tube, is dissociated by 

means of a radio frequency electrode less di scharge. The exit opening 

of the discharge tube, together with a diaphragm in front of the 

separator defines an atomic beam. From the dissociator chamber the 

beam passes into the strong magnetic field of a quadrupole magnet. 

Stern-Gerlach separation of the particles results in an atomic beam 

having polarized electrons when the atoms are leaving the magnetic 

field. 

Just behind the magnet the quadrupole field changes into a weak 

dipole field. In this varying field region the spin directions with 

respect to the external field direction is conserved. After passing 

into the weak field region transitions from spin state (I) t o spin 

rate (3), see fig. I . I, are induced. This is accomplished i n an 

alternating magnetic field coaxial to the beam axis with an amplitude 

of a few tents of a gauss. The alternating field is superimposed on 

a steady field of a few gauss. The steady field is perpendicular to 

the beam axis and varies by about one gauss along the path of the 

atoms. 

Having populated the right substates the beam now passes into the 

strong solenoid field of the ionizer. In the latter electrons are 

being accelerated parallel to the atomic beam. A small fraction of 

the atoms is ionized by electron bombardment. The ions are extracted 

by an appropriate system of electrodes and an ion beam is formed. 

This beam which is longitudinally polarized, passes through a crossed 
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electric and magnetic field region (Wien filter) where the ion spin 

direction rotates by the action of the magnetic field, The electric 

field serves as a compensator for the Lorentz force and does not 

influence the spin direction. 

Then the ion beam is accelerated by a single potential gap and is 

focused to a small spot on a carbon foil. Charge exchange processes 

in the foil produce negative ions which are accelerated once more and 

focused towards the injection system of the Tandem Van de Graaff 

accelerator. 

Summarizing, the source can be subdivided into the following parts: 

I. the dissociator to produce atoms from molecules 

2. the collimator and diaphragm to form an atomic beam 

3. the inhomogeneous field magnet to separate atomic substates 

4. the radio frequency transition device to populate the desired 

states 

5. the ionizer to produce positively charged ions 

6. the spin rotator 

7. the electron adding foil to generate negative ions 

8. focusing devices to assure an effective beam transport 

9 . the vacuum equipment 

10. power supplies and controls 

A number of numerical data of this source, so as it was used for an 
12 8 

investigation on Te, can be found in section 7.2, of this 

thesis. Fig.1.4 is a view of the installation, showing the source at 

the left and the tandem injection end at the right. 
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Fig.l. 4 Photograph of the po~arized ion source mounted on the tandem 

acce~erator. The partic~es travel from the ~eft to the right . 

The source is instal~ed on the center injection line of the 

tandem. At the right most side a sma~~ piece of the high 

pressure tank containing the accelerator t ube can be seen . 
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CHAPTER II 

THE DISSOCIATOR 

2.1. Introduction 

On all .Polarized proton or deuteron sources an electrodeless, 

radiofrequency discharge is used because of its high efficiency at 

relatively low temperatures. Very commonly a glass vessel is used 

provided with appropriate entrance and exit openings. The vessel is 

inductively or capacitively coupled to a high frequency oscillator 

which delivers a few hundred watts at a frequency in the range between 

20 and 100 MHz. It is hard to say which one of both the types of 

coupling is superior in principle to the other one. In the following 

a capacitively coupled system will be discussed. 

In the dissociator we are faced with the processes 

H2 + e + 2H + e 

~d 

2H + A ~ H2 + A 

The upper process indicates break up of a molecule into two neutral 

atoms by electron impact, the lower one describes the competing 

recombination which takes place via a third body A. 

A systematic treatment of these processes is given by Keller I) 

He solves two linear differential equations which approximately 

describe the interdiffusion of atomic and molecular hydrogen gas in 

a dissociator without an exit opening. The solution of these equations 

yields an upper limit for the degree of dissocation as a function of 

the various parameters influencing the dissociation and recombination 

processes • . Though the degree of dissociation calculated as a function 

of the pressure in the dissociator qualitatively shows the correct 

trend, compared with the results obtained experimentally with an 

atomic beam, the latter have considerably higher values. Furthermore 

it must be noted that the values used by Keller for the surface 

recombination rate are by two orders of magnitude too small, Hence the 
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deviation between measurements and theory becomes large and cannot be 

explained completely by the approximations and assumptions used in the 

theory. Therefore we prefer to reexamine the parameters influencing 

the dissociator performance. Because of the complexity of the problem 

we do not aim at deriving an analytical relation between the degree 

of dissociation and these parameters. It will be shown instead that 

an unambiguous way exists to set the parameter values for optimal 

design, 

2. 2. Theory 

We define the degree of dissociation .D as 

nl 
D = --'-- (2. I) 

n1 + 2n2 

where respectively n1 and n2 are the partial densities of atomic and 

molecular hydrogen. Considering a long cylindrical discharge tube 

we assume that the design parameters influencing the dissociator 

performance are 

n !n1 + n2 (i.e. the density at zero dissocation) 

.N the total number of particles leaving the dissociator per 

unit of time 

T the gas temperature in the dissociator 

P the power supplied to the discharge 

R the radius of the discharge tube 

t the length of the discharge tube 

Y the recombination coefficient· of the tube wall which is defined 

as the ratio of twice the number of molecules leaving a surface 

after recombination to the number of atoms arriving at the 

surface. 

Aiming at a high atomic beam density we must maximize the quantity 

Dn (2.2) 

The quantity N is related to the dimensions of the e.xit openi~g and 

y depends upon the material of the inner tube wall. 
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The following three processes will be considered now 

I. the production of atoms by dissociation 

2. the loss of atoms by recombination 

3. the loss of atoms by effusion. 

I. In Keller's description the number of atoms created per unit of 

time and per unit of volume is written as 

(2. 3) 

in which t 2 represents the average life span of a hydrogen molecule 

before dissociation 

o is the cross section for dissociation of H2 by electron 

collisions which depends on the electron temperature Te 

v 
e 

is the root mean square electron velocity and 
3kT ! 

equals ( ____ e ) where m is the electron mass and k is 
m e 

e 

Boltzmann's constant 

ne is the electron density in the discharge 

u is the electron drift velocity depending on the electric field 

strength F 

i is the measurable current density in the discharge 

e is the electron charge 

Further in a discharge Te can be maintained by an adequate value of F 

Because T also is a function of D in equation (2.3) o and~ are 
e u 

functions ofF, nand D. The overall form of the product 

v 
o ~ as a function of 

u 

F can be derived from the results of 
n 

measurements compiled in ref.2. The energy efficiency n, which is the 

number of dissociations per eV is given there as a function of 

I where p is the pressure in torr of the hydrogen gas in a direct 
p 

- 3 16 
current discharge. Substituting n (em ) = 3.2xl0 p (torr) it becomes 

ve F F 
easy to derive the dependence of ou = e n tl" on tl" • To our knowledge, 

however, the precise behaviour as a function of D has not been 

investigated. Furthermore a rather large disagreement exists in the 

measurements discussed in ref. 2 and this might be due to differences 
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in D. Therefore a somewhat averaged curve showing the behaviour of 
v 
o~ has been reproduced in fig.2.1. Because we are interested in the 

u 

NE 
0 

\!! .E 
:J 

")I 
b 

i 

1D 

0. 

D.6 

D.2 

%~--L-~1.~0 __ _L __ ~2D~--~~l0 

- n/F(101scrri2'/1) 

Fig.2.1. The arose seation for dissoaiation times the eleatron 

veloaity ratio as a funation of gas density divided by 

eleatria field strength {derived from ref. 2). 

dependence on n this behaviour is given as a function of.f rather 
F 

than n 
For i we can write in the direct current case 

i P 2S 
= 11R2tF = RF 

(2.4) 

where S is the power dissipated per area unit of the discharge tube 

wall. 

Combining (2,3) and (2.4) we may write 

I I ve 2S 
t 2 = e- ouw (2.5) 

2. The recombination rate per volume unit due to wall effects is 
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where v 1 is the mean atomic velocity. The specific recombination rate 

due to volume recombination is k 1n 1
3 where k 1 is the volume recombination 

coefficient having the dimension of a square volume per unit of time. 

The total recombination loss can be described by 

(2.6) 

where t 1 represents the average life of an atom before association, 

3. The effusion rate can be expressed in the particles'stay in the 

dissociator. This time t is equal to ~ where .w is the drift velocity e w 
of the neutrals. For a circular orifice of radius r we can write 

(2. 7) 

where k is Boltzmann's constant 

m is the atomic or molecular mass 

a a dimensionless quantity is a function of the product nr 3); 

for nr<to 15cm-2 a= l (molecular flow) and a increases with 

nr when nr>t0 15cm-2 (transition flow). 

For t we obtain 
e 

t e 

In order to achieve proper conditions it is clear that 
t 
~have to be sufficiently large compared as to unity. 
t2 

written as 

and 

I ve 
4- a -S e u 

v 
e 

~R a u 5 2 
2---; 
r F 

(2.8) 

tl 
both t and 

t]2 
Now- can be 

t2 

(2.9) 

(2.10) 
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We want to examine how (2.9) and (2.10) can be made large for high 

values of n 1• Starting with equation (2.9) it must be mentioned that 

Keller assumes F to have the same value as found in the positive column 

of a direct current discharge over a large range of pressures and 

currents. Then F = 17 V cm- 1• Such a value, however, is doubtful for 

h.f. discharges in which tens of watts per cm3 are dissipated. In ref. 

4 a discussion is given on potentials across h.f. discharges. There F 

indeed is found to be nearly constant over a certain range of the 

discharge parameters. The range of experimental data, however, is 

limited by current values up to 12 mA in tubes with a few ·em diameter. 

Furthermore it is mentioned,· the current being increased over a certain 

value that the potential across the electrOdes rises over the so-called 

minimum maintenance potential corresponding with the above mentioned 

constant value of F. As a matter of fact we could find no data in the 

literature for hydrogen about values for F as a function of dissipated 

power and density in the region of interest. Hence it must be 

concluded that the behaviour of the factor 
ve -1 

in equation (2.9) o-F u 
can be estimated only very roughly. In view of the steep decrease of 

v 
oue at increasing values of W (see fig.2.1) it may be assumed, however, 

ve -1 
that also ~ F decreases with increasing n whatever the correct 

dependence may be. 

It is known that best performance very often is achieved for 

d . . 10 16 - 3 h h 1 mb' ·; . '11 ensLtLes n 1 ~ em w ere t e vo ume reco LnatLon rate 1s stL 

small in comparison to wall recombination S). From this we conclude 

that the decrease just mentioned starts at a density not larger than 

n -- 10 16cm-3. The d 't' · d · h 1 ' f t' top ensL 1es cLte Ln t e Ltera·ture or opera 1ng 
17 -3 

sources are close to n 1 = 10 em • Hence we must try to maximize the 

factor S 2 
v 1y + 2k1Rn1 

for n 1 values in this range and it depends on this 

factor which value of Dn can be reached. 

A first glance learns that it is useful to take R small when a 

working point is reached at which k 1Rn12 is not negligible. The value 
6) -32 6 -1 of k 1 as given by Marshall is 6.Sxl0 em s 

Second y must be small. According to ref.8 there is no significant 

difference between pyrex and quartz for th'e temperature at whi~h y 

has been measured. For both materials y is strongly temperature dependent. 
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. T 
Down to about 120 K for pyrex y can be approx~mated by y ~ y0 exp T 
where y 0 % t.lx!0-4 and T ~ 100 K l). 

S also is a function of temperature. For a double walled watercooled 

discharge tube the power dissipated inside the discharge is being carried 

off almost completely by the cooling water. Then 8T, the rise of gas 

temperature upon starting the discharge, is proportional to S. 

Finally v 1 is proportional to T!. Neglecting the volume recombination 

then 

s 8T 
T +8T 

(T + 8T) !exp(-0--) 
0 T 

(2. II) 

where T0 is the starting temperature of the dissociator. 

Obviously --5- is large for T 
0 

small and has a maximum as a function 
vly 

of 8T. This means that one should expect Dn to have a maximum as a 

function of P the h.f. power dissipated in the discharge, The optimum 

value P is determined not only by (2.11) but also by the rate at opt 

which ve F- 1 varies with P. Furthermore P increases when volume 
u opt 

recombination becomes more important. 

Taking for T0 roomtemperature respectively liquid nitrogen 

temperature then there is not much difference between the values of 

8T for maximum --5- for these two cases and hence P is about the same. 
V1Y opt 

This means for the low temperature case that a large quantity of liquid 

nitrogen will be consumed. If nevertheless this choice is made --5- rises 
v1y 

ve -1 
by an order of magnitude. Consequently u- F can be taken smaller by 

an order of magnitude. Assuming for T0 at roomtemperature .a working point 

f% 10 15cm-2v-l then by cooling down to liquid nitrogen temperature the 

value of Dn could be enhanced by a factor of 2 provided that fig.2,1 

is approximately correct and F does not change very irregularly. 

Returning to our second conditions to be fulfilled (equation .(2.10)) 
te 

it becomes clear that ~ can always be augmented sufficiently by 
2 

increasing t, the length of the dissociator tube. Therefore in a well 

designed diss·ocator 
t1 

the decrease of -
t2 

at increasing n the maximum of Dn is limited by 
t1 

• Probably under optimum conditions is not 
t2 
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much larger than I. Therefore it seems favourable to take te larger 

than t 1• Since the ratio of te and t 1 is 

the following 

k. > 

2 tR(v1y + 2k1Rn1 ) 

2 ar .. 

condition for t should 

2 2kT a r 
2 R(v1y · + 2k 1Rn 1 ) mn 

hold: 

) ! 

Neglecting again volume recombination and remembering v 1 
a safe criterion is given by 

2 ar 
t > 0,5 -ay-

(2 .12) 

(2.13) 

8kT )! 
mn 

(2 .14) 

From (2.14) we learn that k. has to increase with a and hence with n1 • 

Another point which should be noticed is that for low temperatures 

(y small) and provided that volume recombination is no limitation k. 

must be made large. As a consequence P, which is proportional to t, 

increases so that in order to obtain the utmost maximum for Dn the 

h.f. power at low temperatures by no way can be made small. About the 

temperature dependence we shall say more in the following chapter. 

2.3. Experiments. 

Some ~asurements have been performed on a complete atomic beam 

equipment intended for use with the A.V.F. cyclotron and consisting 

of dissociator, sextupole magnet and beam detector. The detector, 

mounted in a separate vacuum chamber·, is of the compression tube type 

(actually a pitot tube), a description of which is given in chapter IV, 

section 4.4, of this thesis. A schematic diagram of the dissociator 

together with the skimmer between dissociator exit and sextupole 

entrance is given in fig.2.2. Hydrogen gas passes through a distilled 

water reservoir under a pressure of about 600 torr. A needle valve is 

used to control the gas flow. The gas enters the discharge tube through a 
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Fig. 2. 2 Dissoeiator and beam defining eon;ponents. 

(j)diseha:f'ge tube; @and@ eooUng water linea; 

@and~ r.f. electrodes, @is at earth potential ; 

~hydrogen inlet;~skimmer;~aextupoZe magnet; 

(j)2000 t / a mercury diffusion pwnp; @3000 t/s oil 

diffusion pwnp. 



I mm capillary, S em long, serving to prevent the discharge from 

entering the P.V.C.tube. The discharge tube is double walled and 

watercooled; its inward diameter is 6 mm and its length 2S em. Two 

exit geometries were tried, one consisting of a short canal about 

8 mm long, the other one being simply a hole in the glass wall. The 

diameter of the canal as well as of the hole was 2 mm. 

The experiments were carried out with a I kW 80 MHz oscillator%. 

Good power transmission was achieved by inserting an air coil 

parallel to the dissociator. Variation of a series capacitor regulates 

the power dissipated in the discharge. 

The pyrex tubes initially used sooner or later got damaged. 

They were replaced by quartz tubes. A measure for the dissociator 

performance is obtained as follows. The particle beam leaving the 

dissociator contains atoms and molecules. In the inhomogeneous 

sextupole field the molecules are not deflected but the atoms are 

focused or defocused depending on their spin state. A nett increase 

in beam intensity behind the sextupole field arises from switching 

on the magnet and this increase is due to the atomic part of the 

particle flux. 

The intensity in forward direction of the atomic beam l eaving the 

dissociator, i.e. the number of atoms per steradian and per unit of 
. dQI 

t~me --- may be written as 
dw 

(2. IS) 

IS -2 The proportionality constant g(n1r), for nr < 10 em , is equal to 

! and decreases with increasing nr. If K is the compression factor 

of the sextupole magnet (see chapter IV, section 4.1, of this thesis) 

then in the detected signal the magnet on-off difference 6I can 

be written as 

6I (2. 16) 

The value of c follows from the detector dimens ions and the 

calibration factor of the manometer for atomic hydrogen so that a 

%Philips H.F. generator PHI202/0IS fitted with one transmitting tube 
TB 4/12SO 
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measure for the dissociator performance Dn = !n1 is obtained. 

The data were taken by reading the pressure rise from a hot cathode 

manometer connected to the compression chamber of the detector. A 

shutter in front of the beam canal of the detector could be moved into 

and out of the beam in order to measure the background pressure which 

has to be subtracted. 

As to the case of the short· canal exit fig 2.3 shows a plot of AI 

8 8 

~ ~ 
~ ~ 

B B 
"' "' '!2 ' !2 

..... ~ ... 

r r 
• I. I. 

~L6Q----18L0--~2~00~~2~2~0 ---2~1.~Q--~2ffi~--~2~80~~3~00~~3~2~0--~31.8 
- andde current <mAl 

Fig. 2. 3 Atomic beam intensity at constant gas flow rate and varying 

anode current of the r.f. oscil lator. 

I 1 is the intensity with t he sextupole magnet off. The 

magnet on-off difference is given by AI. 

against the current in the anode circuit of the oscillator tube. 

Simultaneously r 1, the signal with sextupole magnet of , has been 
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-I 
drawn in this figure. The throughput was about 1.0 torrts of 

molecular hydrogen at room temperature. Because some hysteresis 

occurred, average values of data taken at increasing and decreasing 

anode current are used. The anode current just before the discharge 

starting was 135 mA. 

Although one cannot draw certain definite conclusions from the 

specific case depicted in fig.2.3, we note that indeed a maximum 

in fii occurs, At the left hand side of this maximum the well known 

crimson Balmer radiation indicating atomic hydrogen rapidly becomes 

prominent with increasing current. Beyond the maximum the radiation 

intensity does not change very much. The maximum shifts towards higher 

anode currents and becomes sharper when the gas flow increases. 

The slight variation in I 1 might be due to the temperature increase 

of the discharge tube. Because the flow conductivity of the exit canal 

is proportional toT! (see also formula 2.7) and the throughput is 

kept constant the density n decreases and consequently the directivity 

of the produced beam, contained in g(n1r) in (2.16) may increase. 

Another series of data for the same exit geometry has been 

obtained by variation of the gas flow. In fig.2·,4 fii, I 1 and r 2, the 

latter being the signal produced by the molecular beam, have been 

plotted versus the molecular throughput, The number of torr liter per 

second was obtained by multiplication of the pressure reading in the 

first high vacuum chamber by a calibration factor for H2 and a 
-I 

measured pumping speed which for H2 appeared to be 1800 ts • In a 

separate experiment the pressure was measured at varying H2 flow 

in a metallic dummy dissociator fitted with an oil manometer. From 

these data can be derived the density of H2 molecules with oscillator 

off. 

At each flow rate the h.f. power was optimized for maximum fii, At 

the maximum value of fii in fig.2.4 the optimum h.f. power was 

measured from the flow and the temperature rise of the cooling water. 

This appeared to be 250 W. Assuming the heat conductivity for amorphous 
-3 -1 -1 

·quartz to be 2x10 cal em K ,the wall thickness being 1.2 mm, then 

the rise of inner wall temperature fiT ~ 65 K. This agrees well with 

the optimum fiT which can be derived from formula (2.10). ForT • tOOK 

and T0 = 290 K we then obtain fiT = 88 K. 
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---• H2 throughput ( torrl s-1 ) 
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em 
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Fig. 2.4.Beam intensities VePsus moleaulaP thPoughput and density. 

The density n2 applies foP the osciZZatoP off situation. 

The auPVes ZabeZed I 1 and I 2 aPe atomic beam'(sextupole 

magnet off) and moleaulaP beam signals PespectiveZy. 

The magnet on-off diffePence in atomic beam intensity is 

given by H. 

The measurements were repeated using the tube fitted with a hole 

in the wall as an exit opening. The maximum of fig.2.4 occurred for 

this case at a flow rate of 0.8 torr t/s corresponding with 1.5 torr 

in the discharge tube with the oscillator switched off. The maximum 

~I appeared to be at least llxl0-6 torr. In this case probably the 

condition for minimum length expressed in (2.14) was violated more or 
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less. From the data given in chapter IV, sektion 4,4, it follows that 

10 10- 6 d b 1016 . . 6I ~ x torr correspon s to a out atoms pass~ng per second 

the entrance diaphragm, being 10 mm ~. of the detector. 

We may conclude that the behaviour of this dissociator can be 

understood qualitatively. It is unlikely that the performance, 

expressed in the value of Dn = !n1 , of a dissodator of th:is type can 

be improved by more than a factor 2 because of two effects occuring 

when n increases 

I. the loss of atoms.by volume recombination will rise significantly, 

2. the atom production rate will decrease rapidly. 

( 
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CHAPTER III 

THE ATOMIC BEAM 

3.1. Introduction 

The problems encountered in the production of an intense atomic 

beam must be solved on the basis of existing knowledge in the field 

of molecular beam techniques I) 2). A recent discussion in connection . 

with sources for polarized ions was given by Glavish 3). 

Generally speaking the particle density in an atomic beam· is 

governed by 

I. the density inside the oven or dissociator, 

2. the oven exit geometry, 

3. the available high vacuum pump capacities and the number of 

pumping stages, 

4. the diaphragms between these successive vacuum chambers, 

5. the path lengths to be covered by the beam. 

In order to obtain an optimal system in the following these aspects 

will be discussed all. 

In the present state of the art the most important limitation in 

atomic beam density is set by the maximum atomic density n0 inside 

h d . . h' h . to 17 - 3 ( h . t e 1ssoc1ator w.1c 1s not over em see t e preced1ng 

chapter). The neutral particle density in the ionizer of a polarized 

ion source has to be maximized, Therefore the density of the beam 

for a certain velocity interval must be integrated over the acceptance 

area in phase space originating from the ionizer dimensions and the 

action of the inhomogeneous field magnet, The ionizer density is 

obtained by integration over the entire velocity distribution and 

then we have a starting point in optimizing the dimensions of the 

essential parts of the equipment. 

As to the oven exit the choice is between an orifice, a single 

channel or a multichannel system 4). Of these the multichannel syst~ 
certainly is not the best one because for high values of n0 a large 

amount of r . f. dissociating power is needed and the resulting high 

temperature will rapidly damage the delicate glass structure • . The 

mean free path A0 in the exit opening, calculated on the basis of 
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viscosity considerations, is in the order of 0.1 mm. The acceptance 

just mentioned of the polarized ion source is such that an exit radius 

r 0 of about 1 mm is useful as will be shown in the following sections. 

Therefore the type of flow is in the transition region between that 

of a continuum and molecular flow S). A channel with a certain length 

then offers more resistance to the gas flow than an orifice so that 

a higher pressure has to be maintained in the dissociator, resulting 

in a poorer dissocation, From this point of view an orifice is more 

advantageous than a channel. 
As to an orifice continuous or laminar flow appears· to occur already 

"a 6) at Knudsen numbers 2r
0 

< 0.1 • If n 1 is the background density ' in 
n 

the exit or nozzle exhaust chamber them for a density ratio _£ > 100 
nl 

the flow behind the orifice becomes supersonic. Although in the 

interesting range of Knudsen numbers supersonic beam formation is 

not yet fully developed in the following discussion nevertheless a 

complete development of this phenomena will be assumed. 

3.2. Nozzle ariteria 

When a gas expands isentropically passing by an orifice (we neglect 

volume recombination of the atoms) the internal temperature Ts 

decreases and the so-called Mach number M increases. M is defined as 

the ratio of the local speed of flow v to the local speed of sound 
kT 5 

which is equal to (y --8 )! where y is the specific heat ratio, m is 
m 

the atomic mass and k is Boltzmann's constant. The internal temperature 

d h Ma h b . d d d' 8) an t e c num er are Lnter epen ent accor Lng to 

where T0 is the oven temperature. The Mach number, which is equal to 

unity at the orifice, continues increasing until either a shock (Mach 

disk) occurs or the density becomes so low that a transition to free 

molecular flow takes place. In the latter case a transition surface 

normal to the jet axis can be introduced 7). This transition surface 

may be regarded as the particle emitting surface which replaces the 
2 exit opening in the case of an effusive oven, The area nrt of this 
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surface, the isentropic core of the jet, theoretically S) has a 

value of 

2 
nr 2 ! { 2+(y-1)M }!(y+J)/(y-1) 

o M y+J (3.1) 

The number of particles leaving the surface in axial direction per 
. . 1 . 2) . . 

un~t of area, sol~d ang e and t~me , wh~ch we may call the br~ghtness 

of the surface, for M > 3 is 2) 

j (o) 
I =-vn n o o 

(3.2) 

where v 
0 

2kT 1 
(--0 ) 2 is the most probable speed of the atoms in the oven. 

m 

According to ref. 9 the velocity distribution of the atoms contri

buting to j(o) is given by the proportionality 

dN 
-'\> 
dv 

( ....:;__ )3 exp 
v 

OS 

(3.3) 

2kT ! 
where v0 s equals (~) and corresponds to the temperature Ts in the 

jet, For the most probable axial velocity of the beam particles vb we 

can write now 

v = v 
b 0 

(3 < M) 

where the approximation is .. correct within 2 per cent. 

(3.4) 

In order to obtain a high density the quantity j(o) being the 
vb 

approximate product of j(o) and the mean value of! should be as . v 

large as possible. It must be noti~~d, however, that the solid angle 

of the source acceptance in a practical design is about proportional 
-2 -3 

to vb and is in the order of 3x10 sterad. Furthermore, as M 

increases, the beam becomes more monochromatic so that a larger part 

of the velocity spectrum can be utilized. The width of the velocity 

spectrum roughly varies as M-l, and a best value for M would be such 

where the velocity spread is equal to or slightly le&S than the width 
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in the transmission-versus-velocity curve of the focusing element of 

the polarized ion source. From calculations made in our laboratory 14) 

we know that for a sextupole magnet in a given source the tolerable 

relative velocity spread is 0.21 (full width at half maximum). Then it 

follows from (3,3) that it is favourable to have M = 10. For smaller 

M values it is better to maximize the quantity M j(~) 
vb 

As a function of the source parameters M at the transition surface 
2) 

is given by the empirical relation 

2r (y-1)/y 
M = c(~) 

II 
0 

(3.5) 

The constant c is not known for atomic hydrogen but is expected to 

be about unity. For mono atomic gases like argon and neon c = ],]7 15 ) 

Another criterion, as cited by Glavish (ref.3 p.273), is that the 

transition to free flow is expected to occur when the mean free path 

becomes comparable to the jet diameter. If the jet diameter is taken 

equal to 2rt then unrealistically large values for M will be found, 

If the jet diameter is taken equal to 2r0 it can be deduced that 

2 2r y-1 ! 
M=y=y{(y) -I} 

0 

(3.6) 

In the region of interest from (3.6) slightly higher values forM are 

derived than from (3.5) 

In order to obtain M = 10 the nozzle Knudsen number 

about 0.005. Taking this value and recalling that 11 0 > 

A· 
0 zr 

0 

0.003 

should be 

em it 

follows that the dissociator exit radius r 0 should be larger than ' 

0.3 em which in fact is a very large value, From gas flow and exit 

d . d . h 1' .· JO) . b d d d h h aperture ata c1te 1n t e 1terature 1t can e e uce t at t e 

highest Knudsen numbers used so far are about 0.025 corresponding to 

M % 5, The di ff iculties for attaining high Mach numbers are three-fold, 

Firs t, as has been mentioned already, the top value of n0 is 

restrictive, Second, much r.f. power is needed to maintain a high 

degree of dissociation because the gas flow increases according to 

r 
2 

0 

I""" • Third, large pumping speeds are required for the same reason, 
0 

The f irst and second point have been discussed i n the previous chapter, 
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The minimal pump capcity in the nozzle exhaust chamber follows from 

the condition that the occurrence of a Mach disk must be avoided. 
. . 1 1 . ll) . . f From an emprr1ca re at1on wh1ch expresses the d1stance ~ o the 

Mach disk downstream from the nozzle as a function of the density ratio 

across the nozzle 

(3.7) 

and an expression for M along the axis of the jet in terms of ~ which 

for mono-atomic gases (y = 5/3) reads 12) 

M 3.2 ( 2: )2/3 > 4) (3.8) 
0 

it is easy to show that the density ratio should be 

n 
0.068 M3 0 (M>8) -> 

nl 
(3.9) 

The gas load passing through the nozzle is 8) 6) 

Q 
( _2_ )1/(y-1) _1_ ) ! 2 rrr v n 

y+l y+l 0 0 0 
(3.10) 

so that the following condition for the pumping speed s1 in the nozzle 

exhaust chamber results 

s1 > 0.11 r 2v M3 
0 0 

(M>8) 

Inserting r = 0.3 em, v 2.5xi05cm s-l and M = JO we obtain 

(3. 11) 

g 3 -1 ° s 1 > 2.5xl0 em s • Although such a pumping speed is not beyond 

reasonable limits there are additional requirements which will be 

discussed in the following sections. 

3.3. The skimmer 

As a consequence of the inevitable heavy gas load the quality of. an 

intense beam would be degraded seriously by scattering if no use is 
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made of a suitable diaphragm, the so-called skimmer. (ref.2 p.292). 

Downstream of the nozzle are two skimmer inlet positions which deserve 

consideration. First a skimmer to nozzle distance may be chosen being 

equal to or slightly less than the distance between the transition 

surface and the nozzle. Second a location downstream of the transition 

surface should be considered. 

The skimmer inlet radius r 9 is suitable chosen so that rs ~ rt • 2) 

In the first situation the supersonic jet is swallowed by the skimmer 

and freezing of the Mach number occurs just behind the skimmer inlet. 

No beam scattering takes place in the nozzle exhaust chamber. 

An estimate of the gas load in the second vacuum chamber Q2 in this 

case is 

r 2 
w = (~) Q 

2 rt 
(3 .12) 

In the second situation the distance ~ between the transition s 
surface and the skimmer inlet must be sufficiently large in order to 

avoid skimmer disturbance of the supersonic jet on the one hand. On the 

other hand a too large value for t 5 gives rise to extra beam attenuation 

due to background scattering. A criterion for optimum design (ref.2 p. 

299) is given by 

(3.13) 

where '\ ~ is the viscosity-based mean free path at the skimmer inlet. 

From the jet density near the skimmer "s can be calculated. If the 

background density is neglected this density ns will be 

(3.14) 

Using the relation between viscosity-based mean free path and density 

(ref.IO p. 142) 

3.6xl014 -2 
em (3 .15) 
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and equations (3.1), (3.2), (3,4) and (3.13) we derive from (3.14) 

for ~s the relation (y = 5/3) 

~ r n M(M2+1.8} 1 
s - 0. 364 { s 0 } ~ 2"r-

o n A 
(3.J6} 

v 

The gas load of the second chamber for the latter case is 

11r 
s 

2 

~ s 

(3 .17) 

This load of cou.rse is less than in the situation mentioned before. 

A disadvantage, however, is that more pumping speed is needed for the 

nozzle exhaust chamber in order to overcome considerable loss by 

scattering. 

When the skimmer inlet is near by the transition surface it is 

useful to introduce an additional pumping stage between the nozzle 

chamber and the beam separator chamber of the polarized ion source. 

This has been put into practice by the Saclay group 16). In order 

to obtain an idea of the merits of an extra pumping stage a number 

of quantities will be calculated numerically in the following section. 

3.4. Calculations 

An expression for a factor of merit of the atomic beam is obtained as 

follows. From the preceding discussion we conclude that in a practical 

design we will have M<10. Then a crucial quantity appears to be 

M iiJL and this has to be integrated over the source acceptance. This 
vb 

acceptance can be written as 11r2£ 
r 

where 11r 2 represents the area and 

fr the solid angle factor. The factor fr has been evaluated foT M=O 

from calculations 14) of the type as described by Witte 17). For a 

given set of source parameters in fig.3.1 fr is shown as a function of 

r and normali zed to unity for r=O. The dependence on M has been 
2 

estimated. From fig.3.1 it may become clear that 11r f for increasing 
r2 

r saturates to a certain value. The actual value of 
2 

by the skimmer inlet area and becomes simply 11rs fr 
s 

11r f is determined 
r 
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1.0 2.0 3.0 
r Cmml 

2 The ratio fr of sourae aaaeptanae to aross seation nr 

as a funation of radius r (normalized to unity for r = 0). 

This aurve holds for the starting point of the atomia beam. 

If we take r 8
2 ~ rt2 then we may assume that M j(j) is constant 

vb 
over the source acceptance. In the following we shall take rs=rt and 

this choice will be justified soon. The result of the integration 

mentioned above, which we define as 10 , is then given by 

2 r n 
I 0 a 0.102 fr ~ M(M2+1,8) 

t v 
0 

(3.19) 

Now beam scattering must be corrected for. Generally this can be 

done by multiplying the beam intensity by exp(-~ ~ n.~.) where i 
n sc ~ ~ ~ 

denotes the number of pumping stages; ni and ~i are the respective 

densities and path lengths inside the various chambers. The value of 

nAsc depends on the scattering angle considered. Keller 13) deduced 

from measurements for angles down to 6 mrad that nAsc l.lxl014cm-2• 

With respect to ni we note that after leaving the dissociator the 

atoms recombine to a certain extent before they are pumped off. This 
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effect can be accounted for by the introduction of a multiplication 

factor having a value between 0.5 and 1.0. We have used the value 0.75. 

Let us consider first the situation with the skimmer downstream of the 

transition surface. Then equations (3.10) 1 (3.16) and (3.17} enable 

us to calculate n 1t 1 and n2t 2. Contributions from i>2 will be neglected. 

Because n2 is proportional to t 1- 2 a minimum exists in n 1t 1+n2t 2• 

The optimum length t 1=tm at which this minimum occurs is given by 
I 

t = 0.98 {M-1(M2+1.8)(1+1/3M2) 2t 2s1s2-lr0
2} l/3 

ml 
(3. 20) 

where s 1 and s2 are the pumping speeds in the first and second chamber. 

_As long as tm >ts' wich holds forM small, a useful expression for the 

beam performance is obtained by taking t 1=t • We note that for this 
ml 

case the attenuation in the first chamber is twice that in the second 

chamber. For the beam performance I we obtain under this condition 

I = I 0 exp [ 
r 2n v 

-1.78 0 00 

n>. sc 

Expressions similar to equations (3.19), (3.20) and (3.21) can be 

obtained for r 8 <rt. Instead of formula (3.19) for I 0 we then have 

2 
rs no M2(M2+1.8) 

~ (I+I/3M2)2 
0 

I ' = 0. 182 f o r 
s 

and instead of formula (3.21) for I we get 

I' I ' 
0 

(3.22) 

(3.23) 

By notifying the powers of rs and r 0 in (3. 22) and (3.23) and taking 

into account the dependence on r 0 of M i t becomes clear that the ratio 
rs 
ro should be maximal. This justifies the choice rs=rt made for the 

derivation of (3.18),(3.19) and (3.20). Recalling relation (3.5) we 

consider the variation of I as a function of r and n in formula 
0 0 

(3.21). By notifying now the powers of r and n in I and the 
0 0 0 

attenuation f actor it becomes clear that in order to obtain a large 
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value for I one has to take n0 as large as possible while r 0 must 

be. fitted in an optimal way, A value for n0 which is well within 

practical limits is n = 3xJo16cm-3 and this value will be used here. 
2r 0 

k . 2 ( 0 )0.4 d . . (3 15) Ta 1ng M = I, --x- an us1ng equat1on , 

as a function of r 
0 

0 

have been computed in arbitrary 

I f - 1 and I 
o rt o 

units. The result 

is shown in fig.3.2. For conve~ience sake also the values of the skimmer 

radius rs•rt and of M have been indicated along the r 0 axis, Although 

for very large values of r 0 the curve of I 0 saturates to a certain 

value this saturation occurs in a region which for other reasons 

is quite inaccessible. 

For the calculation of I more assumptions must be made and therefore 

the data of a polarized ion source which has been built in our laboratory 
6 3 -1 6 3 -1 will be used, These data are: s1=2,2x10 em s , s2a2,9x10 em s , 

2.56xi05 em s-l, With these data we found i 2 = 50 em and v0 

experimentally Xscn = 2.7xlo 14cm-2• This could be deduced from a 

measurement of beam intensities as a function of i 1• Because the 

accuracy was rather poor and the value given by Keller is 1.1xJo14cm-2 

the value 

A n sc 

has been used in the results given below. 

(3.24}_ 

The behaviour of I as a function of r 0 is also shown in fig.3.2. 

We note that a maximum in I occurs for r 0 = 0,078 em, We still have 

to check whether skimmer disturbance occurs. From equations (3.16) and 

(3,20) it follows that iml becomes equal to is for r 0 = 0.148 em. 

Because i 8 rises more rap1.dly than t m1 with increasing r 0 skimmer 

disturbance is unlikely to occur, 

The pumping speeds seriously limit the beam performance, By 

increasing s1 and Si by an order of magnitude a factor 2 or 3 might 

be gained in beam intensity, We want to investigate, however, the 

gain which can be achieved by the addition of a pumping stage, As 

said before the skimmer then should be at the transition surface, A 

second skimmer downstream the first one has to be placed at such a 

distance that no skimmer disturbance occurs, Now the first skimmer may 

by considered as the nozzle. The jet produced by this nozzle, however, 
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Fig.3.2 Atomic beam performances as a function of nozzle radius r0~ 

skimmer radius rs and Maeh number M. The curves are caZeuZated 

for a dissoeiator density n = 3ua16 em -J. I and r are real 
0 

performances under conditions as specified in the text. 
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is what might be called cleaner because its boundary layer is stripped 

off. In this boundary layer no free expansion occurs which is due to 

friction on the first nozzle edge. Downstream of the first skinrner now 

the situation is only different from that downstream of the nozzle 

in the former case because the amount of gas, contained in the 

boundary layer, does not contribute to scattering here. Therefore the 

maximum in fig.3.2 increases and occurs at a higher value of r 0 • 

Unfortunately in this way the gas load after the first skimmer can not 

be reduced by an order of magnitude because the cross section of the 

d . 11 d . 2 18) (. . boun ary layer ~s rather sma as compare w~th nrt ~n equat~on 

(3.12) it is even neglected). 

Another approach is using an additional pumping stage for reduction 

of t 1 and t 2 • Then t 1 can be reduced to ts and the scattering in the 

second chamber can be made negligible. 

Instead of (3.21) we obtain, if the additional pump has a capacity S , 

t nr 3v nr 1~ a 
I exp -0.76 ° 0 0 { -2....2. M!(M2+J.8)(J+J/3M2l}~ (3.25}_ 

0 nA S nA 
sc a v 

r* 

The behaviour of this function for Sa=S1 = 2.2xJ06cm3 is shown in fig. 

3.2 by the dotted curve. The maximum now has increased by a factor of J.S 

and it occurs for r 0 % 0.09 em. 

In the previous chapter it has been pointed out that the dissociator 

performance can not be improved essentially by decreasing the gas 

temperature substantially. From (3.19) and (3.21) it follows that the 

atomic beam performance increases more than proportionally on decreasing 

temperature and thus cooling down to liquid nitrogen temperature still 

looks very attractive from this point of view. In order to maintain a 

moderate nitrogen consumption it might be useful to be content with 

a somewhat smaller value of n0 so that less r.f. power for dissociation 

is needed. 

Very recently a letter was published by Wilsch 19 ) on the cooling of 

atomic hydrogen beams. An increase in performance by a factor J.8.is 

reported. A dependence of the beam performance on the temperature 

following T - 3/ 2 is argued in the paper just as it has been done by 
0 

other authors. A factor T -J is 
0 

acceptance of a focusing magnet 

attributed, as we have done, to the 

and a factor T -! then comes from an 
0 

ionizer efficiency. The latter effect we have accounted for in the 



39 

formulae given above by calculating densities rather than fluxes. 

Then a dependence like T-l results rather than T-J/2 (formula 19). 

Another aspect is the influence of T0 on n0 • In the case of Wilsch's 

letter, where the dissociator exit region is cooled, n0 is different 

from the density nd at which the dissociation takes place. Having 

the maximum value of nd constant (see chapter II) then n0 tends 

to ndTd/T0 where Td is the temperature at which dissociation is 

performed. Hence we may conclude that in ref. 19 a dependence of the 

beam performance following T - 2 is more likely to occur than following 
T-3/2. o 

0 

We want to conclude this section by pointing out that the 

discussions given above are of a rather academic character. The 

conceptions and equations used at several places are mor.e or less 

approximate. So it is said in the introduction of this chapter that 

supersonic beam formation is not fully developed. More experimental 

information doubtless would reveal also molecular flow aspects. 

The treatment given, however, may be helpful for designing adequate 

experiments which accomodate with the need for empirical information. 
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CHAPTER IV 

THE INHOMOGENEOUS MAGNETIC FIELD 

4.1. Introduction 

In a polarized ion source of the atomic beam type an inhomogeneous 

magnetic field is used for the spatial separation of the two fine 

structure states of the hydrogen atoms (Stem-Gerlach splitting). 

The beam is produced by a dissociator and by appropriate beam shaping 

elements. In many sources the selected beam component after leaving 

the magnetic field passes thro~,tgh a high frequency unit where hyperfine 

transitions are induced . Then the atoms enter an ionizer where a small 

fraction is being ionized. 

Apart from its separating function the inhomogeneous field has a 

focusing action. The separation efficiency Pm may be defined as 

p 
m 

pi+ - pi

pi+ + pi-

where pi is the atomic particle density in the ionizer and the + or 

- sign denotes the wanted or unwanted component. The compression 

factor K may be defined as the ratio 

K= 
pi+ + pi-

pd 

where pd is the atomic beam density at the dissociator exit. For the 
2 factor of merit of the inhomogeneous field magnet Pm K (re£.2, p. J02) 

we obtain 

p 2K = (pi+ - p . )2 
1.-

(4.1) m 
pd(pi+ ) +pi-

Apart from the intrinsic magnetic field parameters this quantity 

depends on the dissociator -to- magnet distance, the magnet -to

ionizer distance and the kinetic energy of the atoms. 

It is clear that we are faced with a beam transport problem for which 

(4.1) can be optimized. 
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Restricting ourselves to symmetric 2n-pole fields, (n integer and 

~ 2) the question arises how many design parameters should be 

introduced for optimization purposes. The maximum obtainable magnetic 

induction Bm of a multipole field on the one hand decreases if n 

increases and the acceptance of a multipole magnet increases with 

increasing Bm. On the other hand there is an increase of acceptance 

and the useful velocity interval of the atoms increases when n becomes 

larger, The former argument, however, together with a growing degree 

of complexity for increasing n is conclusive for n > 3 so that almost 

exclusively use is made of n = 2 or n = 3 I). 

Having fixed the value of n the length lm of the magnet and the 

aperture radius rm must be determined. Next must be asked whether rm 

should be kept constant along the magnet axis; if not its function of 

the axial coordinate z must be chosen. 

The case of a sextupole magnet with constant rm has been investigated 

fully by Witte 2). In the following section the case of rm being a 

linear function of z is treated for a few sets of values of the 

remaining parameters. 

4.2 Quadrupole magnet s 

In our laboratory it was initially intended to build a source 

equipped with a low field ionizer situated as close as possible near 

the separation magnet exit . Because in such a case pure lens properties 

are not very important a quadrupole magnet was constructed. 

· The length and aperture were chosen in such a way that the unwanted 

component densi.ty at the magnet?exit was very low. The following values 

were used: 

length of the magnet: lm • 400 mm 

entrance pole tip radius: r 2,5 mm 
mi 

exit pole tip radius: rm = 7,5 mm 

These values agreed with the crit~ria reviewed by Dickson I). As 

expected the maximum fnduction at the pole tips Bm appeared to be 

about 1,1 T. 

In order to achieve a higher degree of polarization it was decided 

in a later stage to use high frequency transitions and a strong field 

ionizer. Then, after having worked with this quadrupole magnet, we 
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wanted to match the quadrupole geometry and the larger magnet -to

ionizer distance. Therefore we started writing a computer programme 

in order to calculate a set of optimum parameters. 

The general equation of motion of a hydrogen atom in a tapered 

quadrupole magnet field can be derived in the way Dickson has 

indicated (ref. I p. 118). Then we obtain 

(4.2) 

where r is the radial distance to the axis 

z is the axial coordinate; its origin z=O is fixed at a distance 
r 

Z• 
1 

m. 
l. 

- r 
m. 

1 

in front of the magnet 

(+)- stands for the (de)focused component 

In equation (4.2) the coefficients are given by: 

A and B 

where )Jeff is the effective magnetic moment which is approximately 

equal to the bohrmagneton r - r 
m m. 

a is the tapering angle, i.e. tan a e 1 
] · 
m 

m is the mass of the hydrogen atom 

v is the axial atom velocity 

r. is the radial distance of a particle at z z. the magnet 
1 l. 

entrance 

yi is the angle relative to the z-axis at z = zi caused by the 

azimuthal component of the velocity 

In the derivation of (4.2) all angles, including a, relative to the 

z-axis are assumed to be very small. 

For particles having angular momentum zero with respect to the axis 

B = 0 and a solution of (4.2) for the focused atoms then is 

r = r . + (A+ r' 1.) (z- z.) - Az ln =-
J. l. z. 

(4.3}_ 
l. 

and 

r' r'. - A ln =-
J. z. 

(4.41 
l. 
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where the primes indicate derivatives with respect to z and the indices 

i refer to the magnet entrance. These equations hold as long as a 

particle after entering the magnet does not intersect the axis. From 

the point of intersection z; z1, where r' ; r' 1, instead of (4.3) 

and (4.4) the following equations should be used 

r ; (4. 3a) 

and 

r' r' +A ln ~ I z 1 
(4.4a) 

This change of ray equation, caused by the changing sign of the force 

should be accounted for at every intersection of the axis. 

For B f 0 equation (4.2) must be solved numerically. 

In the computer programme (4.2) has been solved for a large number 

of starting conditions ri' r'i• yi and v. During the ray tracing it 

was checked whether r < B z. If r ~ Bz the particle was supposed to 

be lost. At z; ze' the magnet exit, it was checked whether re' r'e 

and ye were such that the atom was passing a circular orifice of 

radius RI at a distance zi - ze from the magnet exit. If this appeared 

to be not the case the particle was considered to be lost as well. 

RI and zi described the radius and location of the ionizer. 

To take into account the velocity distribution as well as the 

ionization probability each particle was given a weight factor 
v2 

exp (- ~ ) 2 in which v was the most .probable velocity inside the 
v 0 -2 

v 0 
0 

dissociator. 

A quality factor Q2R ;z -z (having the dimension of a density times 

an area) for a given _mainel hgs been obtained by adding up the weight 

factors of those particles that passed the circular orifice. 

For all the magnet geometries calculated, unless specified otherwise, 

the distance from dissociator exit to magnet entrance has been taken 

as ld = 4 em, the diameter of the dissociator opening as 2rd = 0,25 em, 

the magnet length as lm ; 40 em, the magnet to ionizer distance as 

zi 29 em, the ionizer diameter as 2R1 = 1,2 em while for 

~)! a0 ~ the value 0,042 has been used. The angle a0 means 
m v 

0 
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with respect to a particle having v " v0 and starting at ri = 0 the 

maxi= angle that can be accepted by a magnet having tapering anBle 

8 • 0. For each geometry the trajectories were calculated for 23000 

different sets of starting conditions, taking about 70 minutes computer 

time and yielding an accuracy in Q better than J per cent. The details 

of this programme have been discussed more fully by Witteveen 31. 
It must be noted that in 

f f . 2 . actor o mer~t Pm K 1n eq. 

this· way K is optimized rather than the 

(4.1). It must be kept in mind, however, 

by Dickson for the separation efficiency that the criteria mentioned 

Pm are far too pessimistic for an ionizer at some distance from the 

magnet exit. Witte 2) has calculated that, for a sextupole magnet and 

zi-ze • 35 em, optimizing Pm2K did not yield magnet dimensions different 

E e 

E 6 
... 

! 5 

4 

3 

• 140 
/ 

~'? 
9 

.~ 
o-o(l.' 

Fig.4.1 Intensity ~eve~ diagram for the ionized partic~e aurrent. 

The quantity Q (in arbitrary units) holds for an ionizer 

having an effective diameter of 12 mm and Zocated 290 mm 

after the magnet exit. Aiong the axes are written the 

magnet entrance and exit radii r and r respectively. m. m 
'!. e 

The diagram applies to a magnet length of 400 mm except 

the point indicated by 4 which is for a Zength of 200 mm. 

Other conditions are specified i n the text. 
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from those found by optimizing K. Furthermore a quadrupole magnet has 

a better separating action than a sextupole magnet because the 

defocusing forces are relatively large for r % 0. Hence it may be 

assumed that optimizing K means optimizing Pm2K. 

In the way described above 33 quadrupole geometries, all differing 

in entrance and in exit radii were examined. The results are plotted 

as level countours in fig.4.l. The solid curves are estimates from the 

33 points calculated. From fig.4.l it appears that the best geometry, 

which will be referred to as quadrupole ~· has rm. and rm values of 

3.2 resp. 18.5 mm. For the conditions mentioned a1 gain ineion current 

of 33 per cent. may be expected by modification of the old geometry 

(which will be reffered. to as quadrupole ~) into quadrupole ~· 

For quadrupoles a and b we also calculated Q12 values for z1-ze 

25 em and .35 em. The results are plotted in fig.4.2. It follows that 

300 ,--.---.--,-----,-----,---,------,---,--,------, 

t' 
~ 

·.E 250 
'-
~ 

N 

0 
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0 

[m_ 

em 

-e 40 

~ 40 

£ 35 

Q. 20 

10 

rill" rm., 
mm mm 
2.5 7.5 old geometry 

3.2 18.5 best one from fig. 4.1 
3.5 16.0 new geometry 
3.9 10.0 best one for lm = 20 

20 30 40 so 

Fig.4.2 Ion current as a function of ionizer to magnet distance for 

different quadrupo~e magnets. 
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the dependence of Q12 on the magnet -to- ionizer distance for zi-ze 

~ 29 em can be expressed as 

quadrupole ~ 

quadrupole b 

-J = - 0,026 em 

- 0,016 cm-1 

It may be concluded that even foT the best matched magnet it is still 

worth while to decrease zi - ze. 

For the old geometry the arrangement of magnet, high frequency 

transition unit and ionizer becomes clear from fig.J.3, p. 8. 

It appeared possible to reduce zi - ze by means of 

I. reducing lm by about 5 em. 

2. mounting the polarizer inside the magnet chamber 

3. mounting the ionizer chamber directly onto the magnet 

chamber. 

In this way we could reduce z1 - ze by about 7 em. To get an idea of 

the influence of a reduction of lm upon Q a number of magnet geometries 

having lm = 20 em were examined. The best values calculated for this 

case lead to the point indicated in fig.4.1 and in fig.4. 2 as (quadrupole) 

d. It seems that if rm . and rm are optimized for each lm value 
J. e 

variation of lm between 20 em and 40 em has very little influence on 

the maximum Q value. 

r 
m 

Another point which should be noticed is that if a large value of 

is used (as for quadrupole ~) much more ampere turns are needed 

ineorder to reach the saturation value of B • For quadrupole a the 
m 

available number of ampere turns was 5000 per pole while, at rm 7. 5 

mm, B reached 0.9 of its maximum value at about 3300 A. The ma~et m . 
yoke, poles and pole tips were made of armco iron. 

Taking into account the effects mentioned it was decided 

I. to shorten the magnet yoke to lm = 35 em 

2. to machine the pole tips so that r = 3 ,5 nnn and 
m. 

r = l6 mm l. 

m 
3. toewind new coils with adapted length. 

These modifications being made the field Bm along the pole tips was 
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Fig.4.3 Pole tip field and pole tip radius along the axis of 

quadrupole magnet £• The excitation = 5400 ampere turns. 

measured at maximum excitation. The result is shown in fig.4.3. 

It appears that at the magnet exit Bm decreases from its maximum 

value of 1.24 Tat small rm to about 0.8 T. This dependence of Bm on 

z has been introduced into the computer programme. Then again Q12 was 

calculated as a function of zi - ze. The results are shown in fig. 

4. 2 as the curve .£·. Averaged over the ionizer, reaching now from 

zi - ze = 25 em to zi - ze = 41 em, the difference with quadrupole 

b is not significant. 

It may be concluded that the gain in ion current obtained by the 

modification of quadrupole~ to quadrupole::_ is about 40 per cent. The 

decrease of 7 em in the magnet -to- ionizer distance yields about 

13 per cent. The total gain amounts to 58 per cent compared with the 

old situation. 
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4. 3. The diaphragm 

In the former situation (fig.J.3) the focused beam passed through 

a glass tube of about 12 em length and 12 mm inner diameter which 

served as a flow restriction to maintain a large pressure difference 

between magnet and ionizer chamber. In the modified situation the 

dimensions of an other flow restriction had to be considered again. 

Of course, the available space along the axis decreased considerably 

by the modification and hence the minimal acceptable diameter of the 

flow restriction had to be found. 

For the ionization of the beam the atom density p is the crucial 

quantity, Therefore also p(r) • -21 ddQ was calculated. In fig.4,4 11r r 
the results are shown for different z-values . The accuracy of these 

curves is an order of magnitude less than same of the Q(z) curves but 

may be estimated to be better than 10 per cent. 

From fig.4.4 we conclude that at zi - ze = 35 em, being near by 

the ionizer centre, for r ~ 6 mm p has dropped to about 0.3 of its 

value for r • 0. From data reported recently 4) it becomes evident 

that only ions created very near by the axis are suitable for 

acceleration, On account of both these points it is obvious that only 

such atoms passing the ionizer very closely to the axis need to be 

considered for the diaphragm design. 
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Fig. 4. 5 Phase space dia(J1'am at the entrance of quadrupo~e magnet~ 

for v = v0 • 
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In order to get an idea of the origin and tracks of those particles 

contributory to p(r ~ 0) phase space diagrams have been calculated. 

This was done for particles having zero angular momentum with respect 

to the axis and having an axial velocity equal to v0 • In figs. 4.5 

and 4.6 these phase space diagrams are shown for the magnet entrance 

-60 
"0 .. 
~ 40 

ro 
0 

-20 

-40 

-6~5 -10 -5 0 5 10 15 
-rtmm) 

Fig.4.6 Phase spaae diagram at the exit of q~pole magnet g 

fa~ v = v0 • The dashed lines ~efe~ to points i ndiaated in 

fig . 4. 7. 

and exit respectively. The broken lines zi and zf in fig.4.6 indicate 

the particles which intersect the ionizer axis at its entrance and 

exit respectively. From these data and from the considerations on 

gas flow a geometry has been chosen as sketched in fig .4.7. The 

edges of the flow restriction are indicated in fig.4.6 as the lines 

Fi and Fe 

4.4. Measurements 

In order to check the theoretical predictions a series of measurements 

has been carried out on both the old and the modified quadrupole 

geometry. For this purpose a compression tube was used fitted with 

a hot cathode manometer as a beam detector. With such a detector, as 

a fact, a partic l e f lux is measured rather than a particle density. 

Therefore a number of calculations was repeated using now as a weight 
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v 3 v 2 factor for each particle track (;-) exp(- v- ) instead of 
0 0 v 2 v 2 ( v- ) exp (- v- ) • 

0 0 

A measure for the quadrupole quality is the relative magnet on-off 

effect i.e. the ratio of a pressure rise due to an atomic beam focused 

by the magnet to the pressure rise originating from an atomic beam 

without focusing (see also section 2.3, p. 19.) 

In fig.4.8 an example of such a pressure is given as a function of 

the gas inlet indicated by the pressure in the dissociator chamber. 

The conditions were: 

t 2.0 
.s 

ID 

'52 

.D c.. 

1'5 

2 4 6 10 
- 5 

Pdiss (10 torr )· 

Fi g. 4. 8 Pressure rise caused by an atomic beam entering a compression 

tube detector. The pressure rise i s given as a f unction of 

the pressure in the di ssoaiator exit chamber. 



compression tube length 

its inner diameter 

55 

diameter of diaphragm at tube entrance 

40 em 

15 1IDI1 

.• JO DD11 

distance between tube entrance and quadrupole exit: 35 em 

diaphragm between magnet and detector chamber 

manometers: air calibrated 

14 DDil 

The compression tube dimensions have been chosen in such a way that on 

the one hand the main part of the beam is caught by the detector and 

on the other hand a reasonable sensibility is obtained. 

The general form of curves similar to those in fig.4.8 is discussed 

by Collins et al. 5). From fig.4.8 it is clear that the magnet on-off 

ratio decreases on increasing dissociator pressure, indicating a 

decreasing dissociation degree. It may be assumed, however, that at 

low pressures the degree of dissociation is about the same for the 

measurements on both the magnets and not far from 100 per cent. 

Graphs like those in fig.4.8 were taken for different magnet 

excitations. Flux values were computed using Bm(z) values (see fig. 

4.3) at the same excitations. In table I are given both the experimental

and the flux values calculated, normalized to the flux corresponding 

to the old magnet. The measuring conditions for both the magnets were 

as described above. 

Table I. 

quadrupole excitation particle flux measured particle flux 
calculated 

! 5400 A 1,00 + 0.03 1.000 + 0.007 

.£. 1200 A 0.65 + 0.07 0. 72 + 0.01 

.£. 2400 A 0.91 + 0.06 1.01 + 0.01 

.£. 3600 A 1.10 + 0.07 1.15 + 0.01 

.£. 4600 A 1.32 .:. 0.09 1.26 + 0.01 

.£. 5400 A 1.20 + 0.06 I. 18 + 0.01 
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4.5. Conclusions 

It may be concluded that a reasonable prediction about the 

focusing power of a quadrupole magnet for an atomic hydrogen beam can 

be made. It appears from fig.4.1 that the magnet dimensions i.e. 

length, pole tip radius and tapering angle may be varied by 20 to 30 

per cent. without losing more than a few per cent. in beam density, 

From an extrapolation of the-intensity contours in fig. 4.1 we 

estimate that tapering of the pole tip yields a Q value about 30 

per cent higher than an optimized constant rm profile of the same 

length. For that case the pole tip radius had to have been 

rm = rm. % 6 mm. The calculations on quadrupole i yielded roughly 
e 1 

the same gain by tapering the pole tips. Then for lm = 20 em 

optimizing rm leads to rm = rm. % 5 mm. 
e 1 

The improvement originating from tapering may be explained by the 

fact that the sum of the potential and kinetic energy belonging to 

the radial motion partly is converted into axial kinetic energy. For 

a particle having yi = 0 this part, ~W, normalized to ~BBm can be 

written as 

z. 
1 

z 
ln.=_+ 

z. 
1 

2 z , zi z 
ln -)+r . (l--- ln -) 

z. 1 z z. 
1 1 

(4.5) 

provided that the particle· ray does not intersect the axis. 

Inside the magnets discussed above the change in radial momentum 

takes place mainly in the magnet entrance region whereas the exit 

region contributes relatively little to the focusing effect. Further

more it is clear from fig.4.2 that a decrease of z1 - ze is favourable 

and hence that a shift of the effective part of the quadrupole magnet 

towards the ionizer would be attractive. 

Both the advantages of energy conversion and shortening the effective 

ionizer distance might be achieved by using a magnet in which the 

tapered profile is repeated in a sawtooth profile. It is clear from 

the phase space diagram in fig.4.6 that a great number of particles, 

being acceptable for the quadrupole, cannot be directed into t~e 
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ionizer by a geometry of the type used. Although the acceptance of the 

magnet would decreases somewhat by a sawtooth profile it looks worth 

while to try to exploit the large unused part of the phase space. From 

equation (4.5) it appears that profiles should be tried for which 

rm. zitane ~ 3 to 4 mm 
1 
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CHAPTER V 

STRONG FIELD IONIZERS 

5.1. Introduction 

In polarized ion sources of the atomic beam type use is made of an 

ionizer which converts the constituent part icles of the atomic beam 

into positive ions. In order to obtain a higher polarization degree 

and because the polarization is easier to be manipulated high frequency 

transitions between the hyperfine states of the atoms are often intro

duced. In this case ionization must be carried out in a strong magnetic 

field, "strong" in the significance large as compared to the characteristic 

field strength in the coupling mechanism between nuclear and electron 

spins of the atoms. 

Up to now ionization of hydrogen is accomplished by electron 

bombardment. Owing to the small cross section in the precess 

e + H ..,. 2e 
+ 

+ H 

and owing to the high thermal velocities of the atoms only a very 

small fraction of ·the neutral beam , in the order of 0.1 per cent, is 

being converted into ions. Furthermore it always appears that the 

optical quality of an ion beam produced in this way is rather bad, 

resulting in poor transmission through an accelera tor having a 

relatively small acceptance. 

In the following sections geometrical aspects together with mag~etic 

and electric field conditions are considered which determine the merits 

of strong field ionizers of the commonly used type. 

5.2. General description 

In figure 5.1 a schematic diagram of a strong field ionizer is shown. 

The design possesses many features of ionizers as built in Auckland 
I) 

Z) d. b and Erlangen • Some a Justa le parameters have been added. 

Electrons are drawn off a filament by a grid E1• Inside the elec trodes 

E2 and E3 .an electron beam is formed which is confined by the axial 
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Fig.5.1 Design of a strong field ionizer. Electrode E3 encloses the ionizer volume proper. 

M1 indicates the main magnetic field coil. M2 and M3 are auxiliary field coils. 

The electrodes are designed for voltages with respect to ground potential of 

+ 4. 5 kV on the filament, + 5 kV on E
3

, 0 kV on E5 and E
7 

and -5kV on E
6

• An 

axial magnetic induction of 0.2 T must be produced by currents through M1, M
2

, 

and M4 of 400 A. 
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magnetic field produced by the coils M1, M2 and M3 • By the potentials 

of electrodes E4 and E5 , being negative with respect to E3 , the 

electrons are reflected so that they tTavel to and fro between the 

filament and the virtual cathode at the end of E3• The ions produced 

are extracted towards E4 and E5• A cross-over or waist is formed some

where inside E4• Next the ions are accelerated by E5• The lens formed 

by E5 , E6 and E7 is used to handle the beam as is desired for its 

subsequent transport. 

For an atomic beam density p, an ion1z1ng length 1 and an ionization 

cross section cr the positive ion current I+ can be approximated by 

crpU, (5 .1) 

From this equation follows that the electron current I- should be 

maximized. However, the useful current may be limited by the accept

ance of the accelerating equipment for which the ionizer is designed. 

This means that only the ion produced within a prescribed emittance 

area will pass through the accelerator. Therefore, if we put 

j+ the ion current per unit of emittance 

£ the emittance 

A m the accelerator acceptance 

rather the integral 

should be maximized. 

(5. 2 ) 

From the geometric conditions and the space charge effects in the , 

ionizing region the ultimate ion beam emittance may be deduced, By 

extraction, acceleration and focusing, however, the beam quality may be 

deteriorated substantially. 

In the following sections the processes of formation of an electron 

beam, ionization, extraction, vacuum conditioning and ion beam formation 

will be discussed. It is assumed that the atomic beam has axial symmetry 

about the ionizer axis and that its radial density p(r) has a maximum 

along this axis. 
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5.3. The e lectron beam 

The usefulness of a parallel electron beam for the ionization of a 

coaxial atomic beam has been demonstrated by Glavish J1 and Clausnitzer 

et.al. 2). From the work of Pierce J1 we know that for a space charge 

limited homogeneous electron beam of diameter 2r0 in a tube of inner 

diameter 2R at potential U corresponding with electron kinetic energy 

eU the maximum electron current I- is given by 
m 

where c 1 (I + 2 ln !_)-1is called the perveance and 
r 

0 

30 ~Av-31 2 (see also ref.JO). 

(5. 3} 

Due to the space charge of the electrons the potential along the axis 

is depressed by an amount 6U given by 

6U c I ( l + 2 ln !_) 
2 3" r u 0 

(5.4} 

where U is an average potential in the beam and c2 takes the value 

c2 ~ 15.3 v312 mA-l 

The ions produced in the potential gutter occupy a phase space area 

E which is equal to 

It has been shown by Graw 4) that (5.3) can be written as 

c u312u! 
_ E_{ I } 
wr R 

0 c2(1+21n r) m 
(5.5) I 

0 

The cross sec tion for ionization of hydrogen a toms by electrons 

having kinetic energy of more than 100 eV is well descri bed by a 

formula of Brown 51. 

-J5 .2 
0 ~J . 37x10 (Vcm)_ln ( U (5. 6} 

u 0.325 v 
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+ I+ 
Putting j £ and taking U% U we deduce from (5.1), (5,5} and (5,6) 

for the maximum value of j+ in (5,2) 
m 

1 
.+ 1 c 1• ln 3.1 U 

Jm ~ P ro (I + 2 ln !_)! 
r 

0 

(5. 7) 

In this formula the quoted value of c 1 can be obtained only if the 

perveances of the real and virtual electron guns at both sides of 
. . 1 h ( - R -I fl d' d the 10n1zer are not ess t an c 1 I + 2 ln r-) For a at 10 e 

A -3/2 ° system the perveance equals 2.3 -z~AV where dis the cathode-to 
d 

anode distance and A is the electrode area. 

The diameter 2r0 of the magnetically confined electron beam is 

proportional 'to B-i if B is the axial magnetic induction. The electrons 

describe cycloidal paths, perpendicular to the axial motion, under the 

influence of space charge and Lorentz forces. This results in a 

rotation of the beam around its own axis. Under typical conditions e.g. 

B % 0,2T and U % 300V the rotation per unit length is about 0.6 rad/m. 

Under these conditions the radii of the cycloidal loops are in the 

order of 0.01 mm. 

From (5. 7) we may conclude that the best results are obtained with 

a large ratio of~. The upper limit of ~ is set by beam homogeneity, 
ro ro 

correct geometrical and magnetical alignment and also by ion extraction 

and vacuum conditions. 

As to beam homogeneity it is important to use a cathode filament 

composed of a large number of thin wires connected in parallel to its 

heating supply in order to ascertai~ a low potential drop. The 

transparancy, necessary for passage of'the atomic beam, of course 

should be high. Apart from homogeneity another advantage of many thln 

wires over a small number of thick wires is that less heating power 

is needed which favours vacuum conditions. 

The grid E1 in fig.5.1 together with the cathode serves to supply an 

electron current large enough to build up a space charge limited beam, 

This grid also must have a fine mesh and a high transparency. 

By means of an adjustable current through the coil M2 the magnetic 

field at the ionizer entrance region can be varied independently of 

the main magnetic field excited by coil M1 • This feature combined 

with the potential of E2 may be used to obtain an optimum value of r 0 . 
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5.4. Ionization and extraction 

The ions produced in the ionizing volume start oscillations around 

the axis by the action of the potential gutter and are finally 

extracted by the potential of E4 • The extraction may be supported by 

the voltage of E2 as is reported by Glavish J). In the middle of E3 

there is hardly a potential gradient originating from E2 or E4 • From 

formula (5.4) it is clear that an extraction gradient may be applied 
I 

by variation of the quantity RB~. In Glavish's design, however, good 

extraction is accomplished with R being constant and without a 

reported shaping of the magnetic field. 

The proportionality of ion yield to ionizing length has been 

checked experimentally for an old type ionizer. In fig.S.2a a schematic 

drawing is given of this apparatus. The stepmotor can move the 

extraction electrode similar to a piston along the axis. The extraction 

electrode at the same time serves as an ion collector. In fig.S.2c 

the ion current per unit pressure is given against the piston position 

for different values of Ia' the current hitting the ionizer inner wall 

and the grid. In fig.S.2b the magnetic field in the ionizing region is 

given. The ions were produced from residual gas in the vacuum chamber 

having a pressure of a few times J0- 7 torr as measured with a nitrogen 

calibrated hot cathode ionization manometer. The most striking effect 

is the occurence of a minimum in I+/p at relatively low electron 

currents and z % 9 em. This might be attributed to electron beam 

instability. Due to the up and down movement of the electrons the 

effective beam current I is larger than Ia. The multiplication factor 

q in I qia depends upon grid transparency and on the relative 

positions of filament and grid wires. In this ionizer the primary 

electron beam leaving the filament is ribbon shaped. Due to the electron 

reflections the beam becomes more or less homogeneous by consequence of 

its axial rotation. Now the angle of rotation (proportional to z and 

depending also on space charge) together with the relative filament and 

the grid wire position may cause a sudden fall in q so that more electrons 

must be injected to restore a high I value. 

The ribbon shape of the electron beam has been checked experimentally 

in a separate measurement. A plate with ionizer potential, placed at 

the exit of the ionizer, growing black due to electron bombardment 
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Fig.5.2 Measurement of ion current versus ionizer length . In (a) t he 

equipment is shown. The axial magnetic induction along t he 

axis of the ionizer is given in (b) . The ion ev~rent per unit 

of pressure in the vacuum chamber as a function of the 

extractor position is shown in (c) f or di fferent values of 

the .emitted electron current . Note that some hysterese occurs . 
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produced a sharp image of the filament. 

On the whole a rather good proportionality exists between ionizing 

length and ion current. From (5.J) it is easy to calculate q. Using 

the slope d(I+/p) at z ~ 4 -cm the value q = 4.5 is found. This agrees 
dz 

well with measurements of Glavish J) who reports the value q = 5. 

On the other hand it is beneath what might be expected from grid 

transparency '' Assuming a fractional electron loss 

grid passage a value for q may he computed from q = 

' = 0.9 as is the case here amounts to q = 9.5. 

of 1-T at each 
2 T2 which for 
]-T 

At z being slightly less than ~ the extracted current passes a 
-1 

maximum. In this region the electron beam diverges as B 2 • Therefore 

the outer part of the beam is intercepted by the inner wall of the 

tube. The current contained in this part does no longer contribute 

to q so that I + decreases and hence I • 

During these measurements a considerable gain in time stability of 

I+ was obtained after stabilizing Ia by means of feedback to the 

filament heating power supply. 

It may be concluded that the requirements for homogeneity and 

alignment as mentioned in the preceding section have been confirmed 

by the results given above. Furthermore the possibility of adjustment 

of the magnetic field at the extraction end of the ionizer seems to 

be important. In the design shown in fig.5.1 this can be done by 

means of the current through coil M3• 

5.5. Vacuum conditions 

Since the vacuum conditions are not ideal, a polarization degree P 

of 100 per cent. cannot be obtained. This may be expressed as 

p 

where p is the density of the JOO per cent. polarized atomic beam 
p 

and pu is an equivalent density of unpolarized hydrogen atoms. 

Noting that the factor of merit of a polarized ion source is P2j+ 

it follows from (5.J), taking r 0 

given by 

R, that a crucial quantity is 
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2 
P2j+ ~ pp ~ 

Pp + Pu R 
(5,8) 

where the densities are averages over the ionizer volume, 

From the work of Witte 6) it becomes clear that an atomic beam 

envelope r(z), defined -e.g. by half the maximum intensity in general 

can be approximated by a hyperbolic shape 

(5.9) 

where at z = z , a point close to the multipole magnet exit, the 
m 

atomic beam radius is minimal and equal to rm. The angle a represents 

the beam divergence. 

From (5.9) we see that inside a long narrow cylinder the beam is 

partly intercepted when assuming the inner radius to be 
2 2 2 ! R ~ {r m + a (z-zm) } • This may essentially raise the unpolarized 

background density as will be illustrated now. 

Considering pressures p instead of densities p we may state that the 

unpolarized background is added up to pu = PI + P2 + p3 
where p 1 is the pressure rise caused by the atomic beam portion 

hitting the cylinder wall. 

p2 originates from the finite speed of the high vacuum pump 

which should remove the total amount of hydrogen gas 

contained in the atomic beam. 

p3 is the equivalent pressure of ultimate gas components 

yielding protons by various ionization processes. 

Assuming an amount of gas s hitting the inner wall of the cyl inder 
.. d . h h .. 7) per un1t t1me an per un1t area t en t e mean pressure r1se p 1 1s 

as ;- ( ~ + bR) 
R 

where a and b are mass and temperature dependent quantities. 

For an atomic beam according to (5 .9) s can be written as 

where 

s 
R 

z. - z vpp 
1 m 

pp is the beam pressure at the ionizer 
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z . is the mean z coordinate of the ionizer cylinder 
L r 0 

zi - zm is assumed to be large as compared to ~ 

v is the particle velocity 

The pressure rise p2 may be expressed as 

where 

2 
f nr v 
-s-~ 

S is the pumping speed at the ionizer chamber 

f denotes the ratio of the total quantity of gas entering the 

ionizer chamber to the quantity of gas entering the ionizing 

region proper as a beam. The value of f must be reduced for such 

atoms that associate to molecules during their stay in the 

vacuum chamber. (This effect has not been considered for 

p1 because the time that the atoms stay in the ionizing 

cylinder is much smaller there), The value of f strongly 

depends on the diaphragm geometry between ionizer chamber 

and atomic beam source (seep. 51 ). 

About p3 may be said that without an atomic beam a few per cent. of the 

total current delivered by the ionizer originates from protons. The 

cross sections for ionization of ultimate gas components into protons 

are a factor 3 to 4 higher than those for atomic hydrogen on the 

average so that p3 could be taken as 0.1 time the pressure reading of 

a manometer calibrated for air. 2 
pp ~ 

We now can optimize the quantity - R by variation of R and ~. 
pp + pu 

It then follows that for R the smallest practical value should be 

taken while the optimum length ~ is m 

p 
t {(I +~ R + 
m pp 

Taking R 0.2 em 
-6 

pp 10 torr 
-8 

p3 5.10 torr 

f 3 

it turns out that t = 13 em. m 

nfv R3 } 
s 

given by 

z. - z 
L m 
av 

v 3. 105 cm/s 

s 106 cm3/s 

z.-z • 30 em 
L m 

From the above point of view a somewhat better design would include 

a cone-shaped cylinder so that the beam does not hit the inner wall. 
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Then, however, the perveance would decrease so that a compromise 

must be sought. 

It may be concluded from the arguments in this section that a good 

knowledge of the atomic beam parameters is necessary for designing an 

ionizer matching well the available atomic beam. 

A second conclusion is that the optimum ! value obtained in this way 
r 

is considerably higher than those reported in the literature I) 2) 
12) and 13) t Probably the best value of r is determined by a compromise 

between the proportionality expressed in (5.8) on the one hand and the 

extraction efficiency, as discussed in section (5.4), on the other hand. 

5.6. Ion beam f ormation 

The exit of the ionizer may be regarded as an ion emitting surface. 

Contrary to e.g. the emitting surface of a cathode-ray tube the 

initial velocities of the charged particles may not be neglected. The . 

intensity distribution of ions leaving the emitting surface is not 

homogeneous in phase space, because a relation exists between slope 

and radial distance as a consequence of the shape of the potential 

gutter in which the ions are formed 2). 

Just as in a cathode-ray tube the beam particles form a cross-over 

at short distance behind the emitting surface. Precise knowledge of 

the parameters of this cross-over or waist allows the designing of an 

optimal focusing system for further beam transport. These parameters 

are: 

axial position 

2 diameter 

3 divergence 

4 particle energy at cross-over passage 

The parameters are influenced by: 

I electrode geometry in the extrac tion region 

2 extraction voltage 

3 magnetic field strength in the extraction region 

4 electron beam intensity and geometry 

5 extracted ion current intensity. 

In fig.5.3 a qualitative sketch has been given of the potential dis-
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accelerating 
electrode 

Fig.5.3 Qualitative co~se in the extraction r egion of equipotentials 

( -- ) a par> tie le track (- - - - -) and the beam envelope 

(- - - -). The magnetic field and its influence is not 

indicated. 

tribution in the extraction region together with the envelope of an 

extracted beam and a single ion track. 

From reported datal) 2 ) and by own experience we know that the 

extractor voltage should be kept near by the cathode voltage. From 

this we may conclude that the equipotential representing the 

virtual cathode must be inside the extractor, as shown in fig.S.3. 

A much stronger extraction voltage would yield a virtual cathode 

surface protruding into the ionizing cylinder. Apart from this the 

extraction voltage is not very critical. 

Another point of importance is that the potential should drop 

gradually from ionizer exit to accelerating electrode in order to avoid 

loss of optical beam quality due to lens aberrations. }lore exactly, if 

E is the electrical field strength and W is the ion kinetic energy 

then the ratio~ should be kept at a low value and should vary slowly. 

The accelerating electrode mostly is maintained at a voltage of a few 

kV with respect to the ionizer potential because otherwise the 

divergence of the ion beam would be very large. 

From the arguments given above it may become clear now that: 

1 the diameter of the extractor should not be smaller than the 
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inner diameter of the ionizer cylinder 

2 the length-to-diameter ratio of the extractor should be 

about 0.5 to 1.0 (see also p.74) . 

3 sharp edges at ionizer exit and at extraction and accelerating 

electrodes should be avoided. 

From fig.5.2b it can be seen that in the extraction region the 

magnetic field decreases from its maximum value down to about zero 

within a few centimeters. Because the ion velocity is still very low 

the influenc.e of the fringing magnetic field on the formation of a 

cross-over is great. Not only the axial field component but also the 

radial field component should be taken into account. Because the ions 

are born inside a magnetic field region an auxiliary magnetic field 

situated somewhere cannot compensate for completely the fringing 

field action. 

The purpose of coil M3 in fig.5.1 is, apart from what is mentioned 

in section 5.4, to favour cross-over conditions. Of course the two 

functions of supporting the extraction and of cross-over formation 

cannot be observed independently. The same holds for the influence 

of electron beam density upon ion current on the one hand and for 

cross-over formation on the other hand. 

The dependence upon ion space charge is considerable because, as 

has been said, the ion velocity is low. An estimate of the importance 

of the various effects may be obtained from the general paraxial ray 

equation, although in practice the conditions for paraxiality are 

b dl Th . . 1 . d . 1 d. I I) k a y met. e ray equat1on 1n cy 1n r1ca coor 1nates ta es 

the following form 

where 

Of the 

U' 
0 

2U 
0 

dr + _r_ {U" 

dz 4U 0 

0 

eB2 
+ __ o_ + 

2M 
J..!_ 

E 
0 

M 

2eU 
0 

o. 

U0 ,U' 0 and U"0 are the axial potential, its first and second 

derivatives with ~espect to z, 

B is the axial component of the magnetic induction 
0 

J is the ion current density 

£ 0 ,e and M are dielectric constant, ion charge and mass. 

form in braces denotes the first term the z-component of the 

electric field gradient, the second one the magnetic field influence 
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and the third one the space charge effect. 

Taking for a certain z typical values as e.g. 

u 100 v 
0 

u" 100 V/cri 
0 

B0 O,l T 

J 10 11A/crn2 

the three terms mentioned become lOO V/crn2 , 30 V/crn2 and 20 V/cm2 

respectively. 

The cross-over parameters of the ionizer in fig.5.2 have been 

determined experimentally. For this purpose the ion current density 

as a function of r and z was measured in a field free drift space in 

which the ions were travelling after extraction. A set of concentric 

isolated metallic rings as indicated in fig.5.4 was used as a beam 

detector. Each ring was connected with a separate feedthrough for 

current measurements. The detector was mounted on a rod which could 

be moved axially by the stepmotor mentioned in section 5.3. 

The current on each ring divided by the ring area yielded the; current 

extractor detector 

3SOV sov 

I 
fig. 5. 4 Equipment for the measur>ement of the ion CUI'rent distribution. 
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density as a fun~tion of r and z. By taking at each z the r value at 

which the current density had dropped to a given percentage of its 

maximum we could roughly deduce a beam envelope and so the position, 

the diameter and the divergence of the cross-over. 

The measuring conditions appear from fig.5.4. The potentials were 

chosen in such a way that the extractor together with the ring system 

was kept near by earth potential whereas the extraction voltage was 

obtained by adjusting the ionizer potential. 

In fig.S.S various beam envelopes are shown at different extraction 

voltagesUe and currents of emitted electrons Ia being a measure for the 

total electron beam intensity. 

25 

Extractor 

20 

15 

10 J 
I 
I 

i X • • 0 6 + 

Ia 10 10 10 20 10 20 m~ 
Ue 700 700 700 roo 15415 v .,, 10 Xl so 10 10 10 .,, 

s 

I 

OL-----~----_L----~----~L_ ____ ~ ____ _L ____ ~----~ 

-4 -2 0 2 4 6 8 10 12 
z \em) 

Fig.5.5 PreLiminaPy resuLts of measurements bn ion beam enveLopes. 

The measuring conditions aPe specified in the insert. 
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Conclusions which can be drawn from fig.S.S are: 

'E 20 
§. 

assuming that a cross-over exists its position will be at 

z < 5 em 

2 at low extraction voltages (8 and +) the beam is partly 

intercepted by the .extractor; this indicates a high beam 

divergence. 

Extractor 

-z<cml 

Fig.5.6 Beam enveZopes measured after modification of the extractor 

and the ion current detector. The conditions are specified 
in the insert . 
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For these reasons the extractor length was decreased from 40 to 13 mm. 

Furthermore a second ring detector was constructed the outer ring 

diameter of which was chosen slightly under the ionizer inner diameter. 

With both the ring detectors and the modified extractor an other series 

of measurements was carried out. The results are shown in fig.5.6. The 

usefulness of the portions below z = 0 is not quite clear.· 

The potential distribution for these points is disturbed of course 

by the presence of the detector. This explains also why the two 

left most points lie at an equal radial distance. For these points 

in front of the detector the potential distribution is dominated by 

the detector itself and consequently will shift simultaneously in 

accordance with the detector. 

In the field free region at right of the extractor the ions seem 

to originate from a cross-over which can be characterized by: 

a location very near to thP ionizer exit 

2 a diameter being smaller than the inner diameter of the 

ionizing cylinder by at least a factor of 4 

3 a diameter being independent of the extraction voltage and 

the electron beam density 

4 a diameter-to-divergence ratio being independent of the 

relative i ntensity .level. 

These conclusions are of great importance for designing a well 

matched accelerating and focusing system.This will be discussed in 

the following section. 

5.7 Accelerating and focusing system 

The design. of a system for realizing an appropriate beam transport 

down from the extractor is dominated by the requirements of the next 

source components. These requirements need the ions to form a waist with 

a certain radius r 2 and a divergence r' 2 at some place z2 along the 

axis for a certain particle energy w2 • Having fixed these four 

quantities and also the analogous quantities r 1, r' 1, z and w1 of the 

preceding section the position and the diameter of one or more inter

mediate lenses may be calculated. Furthermore elliptical phase space 

figures may be assumed as is shown in ref. 2) 
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Calculations of this type are being described in chapter VI. Fig. 

5.1 at the right shows an example of the results of such calculations. 

Here the electrodes E5 and E7 are supposed to be at earth potential 

whereas the ionizer is kept at +5 kV. From the data in section 5.6 

has been concluded that the accelerating potential of E5 does not 

influence z 1 nor r 1• 

Because rj is large a rather. strong lens is needed. The symmetrical 

grid lens system in fig.5.1 possesses a high focusing power at moderate 

voltages. Moreover it shows small aberrations as it is being discussed 

in ref. 8. 

The waist data r 1, r' 1, z 1 and w1 of course are not very accurate. 

A deviation from the presumed values may be compensated to some degree 

by applying on E5 a voltage differing from the earth potential. 

Calculations regarding problems of this kind can be found in ref. 9. 

5.8. Final Pemarks 

In the foregoing sections an attempt has been made to describe the 

working principles of strong-field ionizers in order to obtain an 

optimal design. The top limit in the ionize r performance appears to 

be about lA per cmrad(eV)! and per torr of atomic hydrogen beam 

pressure. 

Among other points being ignored so far we might mention the following 

ones. The limit set by the space charge of the electrons possibly 

could be raised to some extent by neutralising ions from an 

appropriate buffer gas. From the work of Pierce J) follows that in 

this way the electron beam intensity can be raised by a factor 6. 

However, it is probable that this limit cannot be attained · because 

another limitation is set by the recombination of the polarized ions 

to neutral atoms. On the other hand the positive space charge effects 

in the extraction region would increase by an order of magnitude so 

that a suitable extraction geometry has to be built up. 

In connection with the foregoing a better knowledge of the extraction 

mechanism would be very useful. The axial potential in the ionizer 

volume should be computed from an equation like 
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iu 
--2 =g-
dzl o 

where i+ is the ion current produced per unit of ionizer length. 

An other point which could be exploited, possibly combined with space 

charge neutralization, concerns the energy spread of the produced 

ion beam. Accelerated beams generally have an energy spread in the 

order of a few keV or more. This is far more than is caused by a 

strong field ionizer. Therefore may be tolerated a much greater 

potential variation along the ionizer axis. This decreases the time 

the ions spend in the ionizer and consequently the recombination 

probability. 
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CHAPTER VI 

IMPROVEMENTS IN THE TRANSMISSION OF A TANDEM ACCELERATOR 

(reprint from Nucl.Instr. & Meth. ~ (1971) 87 ). 

Abstract 

First order calculat.ions are given which were carried out to obtain a 

good optical matching of a polarized ion source to the 12 MeV H.V.E.C. 

tandem Van de Graaff of the Utrecht State University. Two alternative 

injection systems are compared with one another and a relative 

transmission figure is given. The influence of higher order effects 

may be diminished by relatively simple means. The ion injection energy 

may be decreased considerably without significant loss in transmission 

efficiency if this is required for constructional reasons. 
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6.1. Introduction 

There is a number of applications in tandem work in which it 

would be attractive to inject the negative ion beam at a very low 

energy. For ion sources with direct negative ion extraction, for 

instance, only a small increment of the particle energy would be 

necessary after the beam has left the source, so that the latter could 

be kept at a moderate potential versus earth. In cases where a 

positive ion source is used negative ions are produced by means of 

collisional attachment of electrons. Then in many injection schemes 

the injection energy Wi is approximately given by 

W. aW 
1 ce 

where Wee is the energy at which charge exchange takes place, and a 

depends upon the charge state of the ions (a = 2 for singly charged 

ions). The energy Wee is approximately equal to the potential of the 

electron adding device times the positive ion charge. 

Now, very often the charge exchange efficiency can be increased 

substantially by decreasing W and by application of the best adapted 
1) ce 

attachment gas or vapour • This would be especially of interest for 

weak intensity sources as e.g. polarized ion sources where no space 

charge problems exist in the charge exchange region •. If, however, 

Wee -thus Wi- is decreased in favour of a higher charge exchange 

efficiency then below a certain Wi the transmission of the beam through 

the tandem decreases. This originates from an increasing deviation from 

linearity of the ion optical behaviour of the accelerating tube. 

6. 2 First order description 

In fig.6.l the geometry of our low energy accelerating tube is 

given schematically. Injected particles traverse 5 fringing field 

regions, 3 more or less constant field regions, 2 field free drift 

lengths and then enter the stripper canal. The fringing fields are 

situated around the points zi' The constant fields and drift lengths 

always lie between or outside the points zi. The fields between 

z2 and z3 on the one hand and z4 and z5 on the other hand are the 
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entrance 
portion 

Fig.6.1 Schematic diagram of the acceleration tube (not to seale). 

The rays A and B are just hitting the electrode at z2 and 

the right side edge resp. the left side edge of the stripper 

eanaZ. 

inclined field portions of the tube. The drift lengths are 

at the mechanical connection of the two tube halves and at the 

region between the last inclined field portion and the stripper 

canal. 

The linear optical behaviour of the accelerator tube can be 

described by the successive action of matrices representing fringing 

fields, constant field regions and drift lengths 2). These matrices are 

fringing field: I -e!E 
4t;W ~I (6. Ia) 

lw. 
21 ---=1'---

constant field: (6 .I b) 

0 

drift lenth: (6. I c) 

in which 
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W particle energy 

wi,f ~ particle energy at element entrance resp. exit 

6E difference in electric fieldstrength on both sides of 

the element considered 

s correction factor according to ref. 3)(0 < s < 1) 

e elementary electric charge 

£ geometrical length of the element considered 

In (6.1a) the product e8E is positive if an accelerating field becomes 

stronger. 

The distance and the slope of the ion path with respect to the 

optical axis are expressed by r and r'. For each starting condition r 

and r' of a particle one can calculate by matrix multiplication the 

corresponding quantities at the stripper position. This can be done 

as a function of Q where Q is defined by 

w 
s 

Q = w 

in which W 
s 

w e 

e 

p~rticle energy at stripper position 

particle energy at tube entrance 

Now the ions arrive at position z2 (see fig.6.1) with an energy gain 

8W which is about 8% of their total energy gain at stripper position. 

This total energy gain may be put equal toWs. 

(or if Q >> 12.5) the optical action beyond z2 
Then for the calculation of particle rays as a 

Then if W << 0.08 W 
e s 

is independent of Q 

function of Q, with 

the restriction Q >> 12.5, we have to know only one matrix of the 

type (6.1a) and one matrix of the type (6.lb) as a function of Q. 

An application of the foregoing is the determination of the contours 

of the acceptance diagram in phase space 4). The results of such a 

calculation are given in fig. 6.2, for a position in the centre of 

the stripper canal. The points ~ rs on the r axis are marking the 
2r 

diameter 2r s of the stripper canal, the points + __ s 
- 1 

on the r' 
s 

axis being further determined by the length ls of the stripper canal. 

The points As en B result from the internal diameter of the tube 
s 

electrodes, This is illustrated by the rays A and Bin fig.6.1, from 

which it becomes clear that the acceptance is limited by the first 

of the small diameter electrodes 2). Because the small diameter 
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mrad rr· 
2r5 

Is, \ 
I \ 

I \ 
I 6 \ 

8 I \ 
~~- - ..... A, 

I 
\ 
\ I 
\- --I 
I I 
1-6 1 
\ I 
\ I 

- 2r5 \ 

~ 

\ 
\ 

r -

Fig.6.2 Aeeeptanee diagram at mid-stripper position. The eoordinates 

of As and Bs are eorreet for Q >> 12.5 and for the plane 

having the largest eleetrode aperture. A1 and B1 are relevant 

for Q = 1. 

electrodes of the inclined field portions have in fact slotted 

apertures the coordinates of A and B are different in the horizontal 

and vertical plane. The coordinates are given for the plane having 

the largest aperture. For Q = I -e.g. for neutral particle injection

A8 and B8 shift to A1 and B1_. 

The area surr·ounded by + r , A and B multiplied by lw gives the 
- s s s s 

acceptance of the low energy tube for large Q. A small piece of the 

acceptance area in figure 6.2, is cut off when singly positive ions 

leaving the stripper are accelerated through the high energy tube. 
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For this case the dotted line in figure 6.2 arises from transformation 

of the aperture of the focusing quadrupole magnet situated just 

behind the high energy tube. Using an ion source of which the 

emittance is larger than the tandem acceptance, as is commonly the 

case, then an increase of the quadrupole aperture may yield a small 

increase in transmission. 

6.3 Waist to wai st transport 

Having obtained the correct phase space contours we could transform 

this figure to the injection side of the accelerator and check whether 

a good matching i.e. a good overlap of accelerator acceptance and ion 

source emittance could be obtained with the available injection lens 

system. A somewhat different approach, however, is the following. 

We deduce the thick lens parameters of the entire tube from the 

product of the matrices representing the separate actions of the 

tube elements, We define 

f 1 first focal length 

f 2 second focal length 

zH coordinate of first principal plane 
I 

zH = coordinate of second principal plane 
2 

Furthermore we approximate the contours in figure 6.2 by an upright 

oriented ellipse representing the waist at mid-stripper position. 

Now we are able to give expressions which describe the waist to waist 

transport from the injection side to the stripper position. This is 

done in the way Banford has indicated 4). We derive for a thick 

bipotential lens 

-fl 
+ 

-f2 
(6.2a) 

xlx2 xlx2 
zl + z2 + 

z2 ZJ 

and 

(6.2b) 
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in which 

distance from input waist to zH 
1 

distance from zH to stripper waist 
2 

maximum radius and ri 2 . maximum divergence in the 

ellipse concerned. 

Using the relation r 2r 2• /Q = r 1r 1' we can give the position z1-zH , 

the radius r 1 and the divergence r 1' of the injection waist as a 1 

function of Q. This is shown in figure 6.3. The numerical data for 

~,-zH,j 
mm rrrad m 

5 100 1.0 

0.8 

0.6 

o.t. 

0.2 

10 20 50 100 200 a -
Fig.6.3 Radius r1, divergence r1 ' and distance to tube ent rance 

z1 - zH of waists required for correct matching plotted as 
l 

a funct'/..on of Q. 

the thick lens parameters were obtained from High Voltage Engineering 

Corporation. 
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It is easy now to draw the envelope of a beam which completely fills 

up the tube acceptance 4). This has been done for a few Q-values in 

figure 6.4. From figure 6.4 we may draw the conclusion that for Q > 70 

the beam is strongly intercepted by the 5" lens in its original 
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position and by the steerers. This has been reason for us to move the 

5" lens towards its new position and to replace the electrostatic 

steerers by magnetic ones having a much larger aperture. 

Because one needs at least two parameters to fulfill the conditions 

set by (6.2a) and (6.2b) and because the source parameters are in 

general not suitable to "fulfill one of these two we installed a 3" 

Einzellens in the injection beam line (see fig.6.4). 

If in e.g. the third accelerating electrode of the low energy 

tube a finely meshed grid is mounted then also a higher transmission 

can be obtained. This is incorporated in the so-called High Trans

mission System recommended by H.V.E.C. the potential of this electrode 

can be varied, within certain limits,independently of Q through a 

special feedthrough built in the pressure tank wall. The grid prevents 

the electrostatic tube field from protuding into the beam pipe just 

in front of the tube which otherwise would give rise to a strong lens 

action according to (6.1a). Application of the grid replaces the Q 

determined lens action by a Q independent and adjustable action which 

can be made much weaker. The grid potential may be used as the second 

parameter which, together with the potential of the 5" lens in its 

original position as the first parameter, fulfills conditions (6.2a) 

and (6.2b). We have calculated the quantities shown in figure 6.3 in 

exactly the same manner for the tube fitted with the grid. In figure 

6 . 5 z 1-zH , r 1 and r 1' are shown as a function of Q for the case 
1 

that the grid is at earth potential. We observe the occurrence of 

virtual waists as z 1 - zH is negative. Comparison of figure 6.3 

and figure 6.5 demonstrat~s the large influence of the entrance 

fringing field. 

The question arises if the grid system can be used at large Q values, 

perhaps even higher than in the modified case of figure 6.4 which in 

first order is used up to a Q value of about 200. For this purpose 

we have investigated the influence of the grid potential for Q = 200. 

In figure 6.6 the position and diameters of the waists which can be 

formed with the .grid lens are given as the horizontal resp. vertical 

coordinates of the left hand curve points. At the right hand side a 

similar curve is given for the 5" lens action (with this lens in its 

original position) on a source waist somewhere in the middle of the 



88 

r,f r;f z1- zHj 
mm mrad r, m 

6 30 -10 

-2.5 

r·, 
L -2.0 

-1.5 

-1.0 

5 -0.5 

10 200 __9_.._ 

Fig.6.5 Same quantities as in figure 3 without action of fringing 

field at tube entrance. Note changes of scales and 

especial ly that z1 - zH is negative now. 
1 

20° inflection magnet. Points of intersection of the two curves 

indicate correct matching conditions. An equivalent matching 

criterion could be obtained using the divergence r' or the blow-up 

distance X of waists instead of diameters. The use of X offers 

some advantages in particular when thin unipotential lenses are 

used. This is .illustrated in 4>. From the use of r, however, the 

connection with beam envelopes follows more easily. 

For the bipotential grid lens the parameters were taken from 

V . d . f 5 ) Th . 1 h 1 f 'd erster as c1te 1n re erence • e quant1ty q a ong t e e t s1 e 

curve in figure 6 . 6 is the ratio of the energies the ions have when 

passing the grid and far before passing the grid. The unipotential 

5" lens has been treated as a thin symmetrical lens. For compar ison 
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,, -,_lfBGll 
- ,,,_J..Q 

-3.5 -3.0 -2.5 

S"leros 
(ong1nal 
rosi!Jon) 

centre 20° 
!!)ilgnet 

r 

3.5 4.0 m 
--L. 

Fig.6.6 Curves gi ving position z and r adius r of waists. The l eft 

hand curves f ollow from variation of the grid potential 

indicated by q. The right hand eurves follow from the 5" 

lens vo l t age. The points denoted by • ar e zero lens power 

points. the points • i ndicate correct matchi ng condi tions . 

the same curves for Q = 20 are shown. We may conclude that for Q 200 

matching conditions can easily be fulfilled and even -better than 

in the modified case of figure 6.4. 

6.4 Limitations of both inject ion systems 

The limitations and imperfections of the system with the 3" and the 

5" lens on the one hand and the grid lens with the 5" lens in its 

original position on the other hand will be considered. 

a. The grid lens syst em. 

A disadvantage of the grid lens system is the occurence of kicks 

in the tandem voltage which may originate from s econdary electrons 

due to intense particle bombardment on the grid wires. These 

particles may be charged or neutral ones. With modest negative beam 

intensities of say below lO ~A and without intense neutral be am 

component this eff ect is not serious. 
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Another disadvantage of the grid is the occurence of deterioriation 

of beamquality. All single meshes have in fact a defocusing 

action, causing a scattering effect. The half angle of scattering 6) 

a~ is given by 

Herein is 

ellE 
__s. 
w 

g 

n the number of meshes per unit area of the grid 

llE difference in electrical fieldstrength on both 
g 

sides of the grid 

particle energy at grid plane 

(6.3) 

wg 
The value of c depends upon the product din where d is the grid wire 

diameter. According 
llE 

The quantity~ 
g 

earth potential. For 

I to ref.6 c % 0.2 _when d = ~ 

is proportional to Q only if the grid is at 

practical potential adjustments, however, the 

proportionality remains valid. The value of "i must be small as 

compared with [lr', the spread in divergence of those particles 

that can be sent through the accelerator. Therefore we must l ook 

at the phase space diagram at grid position. For Q = 200 t his 

diagram is shown in figure 6.7. 

With help of formulas (6.1) it is easy to show that llr' is 

proportional to I Q which means th·at 

It appears, for a grid as we used with Z = 25 meshes per cm2 and 

a transparancy of 92 per cent., that"! % llr' when Q has reached the 

value 200. 

b. The 311 and 5" lens system. 

We next will consider the limitations of the 3" and 5" lens system 

withou£ grid in the case of large Q values. Except for the first 

order restriction as mentioned in the preceding section (see fig.6.4) 

these arise from higher order effects in the entrance region of 

the tube itself. As we have seen the fringing entrance field 
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Fig.6.7 Phase space diagram at grid position. The spread in 

divergence Ar' is shown. The points Ag and Bg qorrespond 

with the points As and B8 in figure 2. 

posesses a very strong lens action which is expressed by the 

quantity 6~ i~ (6.la). More precisely we can say that along the axis 

the quantity ~ grows very rapidly to a maximum value and then 

decreases slowly. Particle tracks in such a system will show 

larger deviations from linear behaviour than in a system in which 

~ increases more slowly and to a lesser extent. Of the nonlinear 

deviations spherical aberration is the most important one. The 

influence of geometrical conditions upon spherical aberrations has 

been investigated by Rose and Galejs 7). There is also a 

dependency upon focal length (through ~ ) and wai·s t conditions and 

thus upon Q. The higher the value of Q the more nonlinear the 

transformation of the beam emittance diagram will be. This results 

in deterioriation of beam quality, thus an effective loss in beam 
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transmission. 

Regarding our polarized ion source we got the following experimental 

results. At first we worked without grid and with the 5" Einzellens 

in the original position. After mounting the grid as indicated by 

H.V.E.C. we found an increase of roughly a factor 10 in beam trans

mission (Q% 120). 

The system without grid, but with the 5" lens in the new position 

together with the 3" lens gave at least a factor 5 increase in 

transmission. Applying now the grid a growth in beam transmission 

of 40% was observed (Q = 120), For completeness we may note that 
~1 a:' takes the value 0.7 at Q = 120 and t hat the grid transparancy 

is 92 per cent. 

For the unpolarized proton and deuteron source of our machine a 

Q value of 60 is representative. For this value the transmission 

problem is less serious. From observation we found here also a 

slight improvement. 

6.5 PossibLe improvements 

In order to get a better transmission at high Q values the following 

is suggested. 

The grid could be improved rather simply by taking more meshes per 

cm2, maintaining a good transparancy. It is also possible to use a 

lattice type of grid. 

Looking at formula (6.3) we notice that it is also poss ible to 

diminish ~! by decreasing aEg. This can be done by lowering the 

resistance value of the first column resistors . The large diameter 

portion of the tube is composed of 20 electrodes connected to each 

other by 200 Mn resistors while the small diameter parts contain 124 

sections with 400 Mn resistors. It is recommendable to replace the 

200 Mn resistors by a set giving a more gradual increase in electric 

field strength, This also holds for the system without grid, as 

discussed in the preceding section. One could e.g. for Q = 200 

calculate a set of 20 resistors in such a way that the relative energy 

gain per accelerating section is a constant up to the 20th section 

where the resistance value has become 400 Mn . In this case the ideal 

value of the first resistor will be 30 Mn while the sum resistance 
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value across the first 20 electrodes amounts to 3160 Mn instead of 

4000 Mn which is the actual situation. A useful approximation is 

already a set of resistors consisting of 7 times 100 Mn, 7 times 

200 Mn and 6 times 400 Mn. 

Finally we may point out the following. Inclined field tubes with 

slotted electrodes cause an asymmetry in acceptance figures for the 

different planes and probably a slight asymmetry in focusing action 2) 

This means that asymmetric matching conditions occur which could be 

accounted !or by a slight additional focusing with two weak quadrupole 

fields in the injection beam line. 

6.6 Conclusions 

The results of the modifications des cribed in the preceding section 

are strongly dependent upon the emittance of beams as produced by 

various sources. More precisely the effects depend upon the current 

density distribution within emittance areas. As long as the current 

density is nearly constant over an emittance area much larger than 

the accelerator acceptance the suggested modifications will yield very 

little improvement. The same is true when a source emittance is much 

smaller than the accelerator acceptance. For these two cases the 

matching points in figure 6.6 must be seen as matching regions. The 

latter situation will not occur very~often because in general ion 

sources produce the more current the higher their emittance may be. 

In a situation in which emittance and acceptance are about equal to 

each other it is recommendable to take into account all the points 

mentioned in the preceding sections. This situation occurs in par

ticular at high Q values because in that case the acceptance is 

relatively high. A high Q value is desirable for a high charge 

exchange efficiency and modest potentials. 
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CHAPTER VII 

SPIN DETERMINATIONS FOR SOME ANALOQUE RESONANCES IN 129I 

7.1 Introduction 

After its installation and test period on t he tandem Van de Graaff at 

Utrecht the polarized ion source as described in chapter I, is used 

for nuclear experiments. The experiment reported on in this chapter 

is the first one in a series of investigations on the even Te-isotopes 

with the purpose of 

of levels in the odd 

investigated through 

determining spins of resonances which are analogues 

Te-isotopes. The level scheme of 129T has been 
l) e 2) J) 

the (d,p) reaction and the (p,p) reaction , 

and the results are in good agreement. The spins of the levels in 
129Te have not been determined sofar. The great level density and the 

small spectroscopic factors for most levels indicate strong spreading 

of the single particle strengths. Only the strongest levels show up 

as resonances in the (p,p) reaction, and due to the high density some 

of these can not be resolved. This is the case for the doublet at 

about 2.37 MeV excitation energy in 129Te and the spins of these two 

resonances could not be determined with certainty. 

7.2 The source for polarized protons 

In between the periods of use of the source several attempts have 

been made to improve the beam features as target current and degree 

of polarization. Therefore the source data which will be given here 

are indicative only for the time of the measurements under discussion, 

A schematic drawing of the source is shown in fig . 1.3 p. 8 of this 

thesis. Dissociation of molecular hydrogen is obtained by means of r.f. 

discharge in a pyrex glas tube. The frequency is 100 MHz and the power 

dissipated in the discharge is about 80 W. The tube is provided with 

an exit opening of 2.5 mm 0. This opening together with a di.".phr agm of 

5 mm 0 in front of the separator defines the atomic beam. 

A tapered quadrupole magnet is used to separate the substates of the 

hydrogen atoms. The magnet is 400 mm long. The gap between opposite 

pole tips increases from 5 mm at the entrance to 15 mm at the exit. 

The maximum induction at the pole tips is 1.2 T. 
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A weak field transition unit is positioned outside the vacuum 

chamber between the quadrupole magnet and the ionizer. It is a copy 

of the Saclay type. The unit is operating at a frequency of about 

10 MHz. Ionization is obtained by means of electron bombardment in .. 

a strong solenoid field of about· 0.2T. The ionization volume is enclosed 

by a doubly walled stainless steel tube which is cooled by an air 

stream. The inner diameter is JS mm and the length is JBO mm. The 

ionizer is operated at + 2kV with respect to ground potential. After 

extraction the protons have to pass a Wien filter. This simultaneously 

serves as a .. spin rotator and a mass filter. 

The H ions .are obtained by means of charge exchange in a carbon 

· I 2 · s f . fo~l, 5 ~g em th~ck, operated at -J KV. A carbon o~l adder has 

several disadvantages such as a rather low efficiency, short life time 

and a degradation of the beam quality. It will soon be replaced by a 

gas adder system. 

Much attention has been paid to achieve a good optical matching 

between the source and the accelerator 4). 
The maximum current that can be extracted from the ionizer is 0.5 ~A 

with 0.35 ~A as the quadrupole magnet "on-off" effect. In order to 

extend the life of the carbon foil, the ionizer efficiency is reduced 

so that the current load on the foil is kept mostly at about 0.3 ~A. 

Under this condition a current of 2.5 nA (H-) can be injected into the 

tandem accelerator resulting in about 0.2 nA analyzed current. The 

beam polarization, checked by scattering on carbon, is 0.35. 

Recently it became evident that the high frequency transition unit 

has functioned badly during this work. We hope in the near future to 

increase the polarization to some 0.65 or 0.70. 

7.3 Experimental procedure 

The experiment was performed in a 50 em diameter scattering chamber 

with four or six solid state detectors positioned symmetrically in 

pairs on both sides of the beam. The solid angles were about J0-2sr. 

Every 60 seconds the polarization direction was changed from spin up 

to spin down and vice versa. The spectra from the four detectors were, 

by means of a routing system, directed into different subgroups of 

the memory of a pulse height analyzer. Also different groups were used 
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for spin up and spin down measurements. The change of polarization 

direction was obtained by means of reversing the magnetic field 

direction in the ionizer. A small change in beam intensity was observed 

for the two spin directions. No change in the ~gnitude of the beam 

polarization was observed. The degree of polarization was also found 

to be constant in time. This was checked by means of scattering on 

carbon 5 ) immediately before and after a measuring series. 

The target was made by evaporating enriched 128Te onto 20 ~g/cm2 carbon 

foils. The. thickness was about 2 mg/ cm2 and the enrichment was more 

than 95 per cent. The isotope was obtained in metallic form from Oak 

Ridge National Laboratory. 

7.4 Analys is and r esults 

The cross section for elastic scattering of polarized protons on a 

spin zero nucleus 6) can be written as: 

Here g and h are the non spinflip and spinflip amplitudes, respect ively. 

The proton polarization is given by £ ; ~ is the usual unit vector 

defining the scattering plane. With (£ • ~) = 1£1 one obtains: 

A 
(J - c 

+ 

1£1 (J + + 0 

2Re (gh*) 

1£.1 lgl 2+1h l2 

where a· and a 
+ 

are the cross s ections at equal angles to the left and 

to the right of the beam, and A is the vector analyzing power of the 

reaction in the scattering plane. For analogue resonances, g and h 

each may be written as consisting of a potential or background term 

and a sum over contributions from the various analogue resonances. 

For higher Z-values . of the target nucleus and not too high proton 

energies, the vector analyzing power far away from resonances is 

usually very small. This implies that the potential term in h is small 

and it is usually put equal to zero. It turns out, however, that this 

approximation is too rough for the resonances at JO MeV and higher in 

the present reaction where the background analyzing power is cons iderably 
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different from zero. 

The calculation of A in this paper has been performed with the 

computer code RESFIT 7), In this program the off-resonance contributions 
dcr 

to dQ and A are calculated by means of an optical model expression. 

In order to calculate the vector analyzing powers in the 128 .... 
Te(p,p) 

reaction one has to know the resenance parameters as we11 ·· as the optical 

model parameters. The former may be obtained from the 128Te(p,p) reaction 

as measured either by Burde et.al. 3) or by Foster 2). The difference 

between these data would hardly influence the fit between our measured 

and calculated A values and certainly not be of interest for our spin 

assignments. The data of Foster were used and these are given in table Ja. 

Table la 

Resonance paPameters of 128Te (p,p) used in the calculations, 

corresponding excitation energies in 129Te and best fit spin 

values. spin values enclosed in paPentheses aPe in some question. 

data of Foster 

E t r r Excitation c.m. p energy E J 1T 
(MeV) (keV) (keV) (MeV) X 

7.854 2 6.6 54 o.oo 3/2+ 

9.939 3 6.5 58 2.11 7/2-

10.049 3 4.7 56 2.22 7/2-

10.116 I 1.0 30 2.26 (3/2)-

10.172 l 13 103 ( 2. 36} (3/2)-
2.38 

1/2-10.531 I 17 110 2.70 

Three different sets of optical model parameters were tried. One of 

these was obtained from Hiddleston 8), the other two sets are from 

Foster 2). The spread in the A curves obtained with the different 

parameter sets amounted to at most 0.025 but was on the average 

considerably lesser. The parameters are reproduced in table lb. 

The notations are as used by Fricke et,al. g), The set indicated 

as Foster II has been used for fig.7.1. 
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Table lb 

Opti cal model parameter sets . Foster I I is used in fi g.2. 

v w WD vs ws r coul 
(MeV) (MeV) (MeV) (MeV) (MeV) (F) 

Foster I 58.7 3.50 6.00 7.50 0.00 1.22 

Foster II 58.7 3.50 6.00 7.50 o.oo 1.28 

Hiddleston 63.0-0.5Ep 0.00 11.00 7.50 0.00 L25 

r a r' a' rs as 0 0 

(F) (F) (F) (F) (F) (F) 

Foster I I. 22 0.65 1.22 0.65 1.10 0.65 

Foster II I. 22 0.65 I. 22 0. 65 1.22 0.65 

Hiddleston I. 22 0.67 1.23 0.67 1.22 0 . 67 

Seven resonances were investigated. The lowest one has J 2 

and is the analogue of the ground state in 129re. Due to po~r 
statistics wi th polarized ion beam work the weak resonance at 

2.26 MeV could not be resolved. Also the levels m the doublet 

at about 2,37 MeV, which have an energy spacing of about 20 keV, 

could not be resolved in the present investigation. 

The results are shown in fig.7.1. The ground state analogue was 

measured a t 135° and 150°, the others at 11 6°, 140° and 165° l ab

angles. The vector analyzing powers were determined separately f rom 

the spin up and spin down measurements, and the points shown in fig. 

7.1 are the values averaged over the spin up and spin down values. 

In this way the asymmetries in the detector solid angles were averaged 

out without being influenced by the s light di f ference in beam intensity 

for s pin up and spin down. 

The solid line in fig.7.l is the vector analyzing power calcula ted 

under the best fit assumption that the ground state spin is 3/2 and 

the resonances at E 
p 

which are analogues of 

9.94 (1 =3}, 10.05 (1 =3) and 10.53 MeV (1 =J), 
p p -129 p 

the levels 2.JJ, 2. 22 and 2.70 MeV in Te, 

have spin 7/2, 7/2 and 1/2 respectively. 
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Fig.?.1 Experimental and theoretical vector analyzing powers for the 
128Te(p,p) reaction. The solid lines are the analyzing 

powers calculated with optical model parameter set II of 

Foster. The dotted line gives an idea of the asymmetry 

which should be caused by the al ternat i ve spi n value 3!2-

at Ep = 10.53 MeV. 

The dotted curve indicates the asymmetry which 

alternative spin value 3;2- should be assigned to 

resonance. This assignment is made by Burde 3) on 

should appear if the 

the E = 10.53 MeV 
p 

the basis of an 

analysis of the angular distribution of inelastic scattered protons at 

this E value. His determination, .however, has been rather roughly and 
p 

our results are strongly in favour of J = l/2. 

The 1 c l doublet around E = JO.J7 MeV is treated as one resonance 
. .P 3 p . 

w1th sp1n equal to /2. Calculat1ons were also perJ;ormed treating the 

doublet as two resonances with the four spin combinations (3/2, 3/2}, 

(3/2,1/2), (1/2,3/2) and (J/2,1/2), In these calculations the ratio 
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of the two partial widths was set equal to the ratio of the (d,p) 

spectroscopic factors of the corresponding levels l) in 129Te, 

However, no definite conclusion could be drawn concerning the correct 

spin combination, One may only conclude that at least one of the 

resonances has spin 3/2. This problem will be further investigated. 

From a shell model point of view one expects to find for the 129Te 

levels under discussion the following single particle states: the 

2d3; 2, 2f512 , 3p312 and 3p112 states, The ground state corresponds to 

the filling of the 2d312 shell, The two lp=3 levels correspond to the 

2£712 state. The lp=l level at 2.70 MeV represents the 3p112 state 

and one would expect the lower lying 1 =1 levels at 2.26, 2.36 and 
p 

2.38 MeV to have spins equal to 3/2. A more extensive discussion 

about the level sequence is given in ref. 2, 
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SUMMARY 

Nuclear research with beams of polarized ions in many nuclear 

laboratories is a wish which can be fulfilled only in a relatively 

small number of cases . On the one hand this is due to the complexity 

of the sources producing such beams and on the other hand to t he 

comparatively low intensity of the beam available at the target. Both 

reasons apply as well for the conventional sources based on the so

called atomic beam principle as for the sources of the Lamb-shift 

type. Since 1965 there has been reported about the latter type . It 

appears that these sources, for negative ions, are capable to produce 

beam currents which are one or two orders of magnitude larger than 

those produced by the atomic beam type. 

In this thesis a treatment is given of those components and aspects 

of an atomic beam type source which are of importance for the 

intensity of the ion beam produced. In chapter I after a brief outline 

of the operation principle a description is given of a source for 

negative polarized ions which has been built for utilization with the 

Tandem Van de Graaff accelerator of the State University of Utrecht. 

Chapter II contains an analysis of t he dissociation process of 

molecular hydrogen. In searc~ing for the production of an optimal 

atomic hydrogen jet two conditions for the dissociator are derived. 

To this end a number of aspects has been qualitatively verified using 

parts of a source for positive polarized ions. This source has been 

built for use in the near future with the A.V,F. cyclotron of the 

Eindhoven University of. Technology. 

The formation of a jet of atomic particles is being discussed 

in chapter III. Proceeding from the fact known from molecular physics 

that the best results are achieved with supersonic nozzle beams, 

experimental conditions are derived theoretically which lead to 

maximal intensities in a polarized ion source. 

In chapter IV calculations are presented on the transmi ssion of 

an atomic beam. passing through the field of a quadrupole magnet. 

These calculations carried out with a computer programme, served 

to yield optimal dimensions of the magnet in the source at Utrecht. 

A discussion on the functioning of a so-called strong-field ionizer 

can be found in chapter V. A number of measurements on the operation 
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of such an ionizer and a new ionizer design for the source at Eindhoven 

are being discussed. 

Chapter VI has been published already as: Improvements in the 

transmission of a tandem accelerator (J.A. v.d. Heide, Nucl.Instr, & 
Meth. 9? (1971) 87). From a study of the ion optical behaviour of the 

tandem accelerator at Utrecht a· mismatch became apparent between the 

source and the accelerator in the arrengement used till then. Two 

alternative improvements are discussed and compared. 

The last chapter of this thesis reports on the first nuclear 

investigation performed with the source at the Utrecht tandem Van 

de Graaff accelerator facility. Spin determinations for some analogue 
. 129 . J 28 ~ 128 resonances ~n I could be made through the react~on Te(p,p} Te. 
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SAMENVATTING 

Ret uitvoeren van kernfysische experimenten met bundels van gepo

lariseerde ionen is in vele kernfysische laboratoria een wens waar

van de vervulling voor nog slechts weinige binnen de mogelijkheden 

ligt. De oorzaak hiervan ligt enerzijds in de ingewikkeldheid van de 

bronnen die dit soort ionenbundels produceren, anderzijds in de veelal 

betrekkelijk geringe intensiteit van de uiteindelijk op het tref

plaatje beschikbare bundel. Beide redenen gelden voor zowel de con

ventionele bronnen, werkend volgens het zgn. atoomstraal-principe, als 

voor de bronnen van het Lamb shift type. Over dit laatste type wordt 

sinds 1965 gerapporteerd en er blijkt dat deze bronnen, uitgevoerd 

voor negatieve ionen, een bundel kunnen leveren die tien a honderd 

keer zo intens is als die van het eerste type bran. 

In dit proefschrift worden die onderdelen en aspecten van een 

gepolariseerde ionenbron volgens het atoomstraal-principe behandeld, 

die van belang zijn voor de intensiteit van de door de bran geleverde 

ionenbundel.In hoofdstuk I wordt na een korte aanduiding van het 

werkingsprincipe een beschrijving gegeven van een bran voor negative 

gepolariseerde ionen die gebouwd werd voor gebruik bij de tandem Van 

de Graaff-versneller van de,Rijksuniversiteit in Utrecht. 

Hoofdstuk II bevat een analyse van het dissociatieproces van mole

culair waterstof. Voor dit proces, dat nodig is voor de productie van 

een atomaire waterstofstraal worden een tweetal voorwaarden afgeleid 

die kunnen leiden tot een efficiente werking. Een aantal aspecten 

werd kwalitatief geverifieerd met een opstelling die deel uitmaakt van 

een bran voor positive gepolariseerde ionen. Deze bron werd gebouwd 

voor gebruik over enige tijd met het A.V.F. cyclotron van de Technische 

Hogeschool te Eindhoven. 

De vorming van een atoomstraal wordt besproken in hoofdstuk III. 

Uitgaande van het in de molecuulfysica bekende feit dat met supersone 

nozzle bundels de beste prestaties bereikt zijn, worden theoretisch de 

experimentele.candities afgeleid die tot maximale intensiteiten in 

een gepolariseerde ionenbron voeren. 

In hoofdstuk IV worden berekeningen weergegeven over de transmissie 

van een bundel atomen door het veld van een quadrupoolmagneet. Deze 

berekeningen, uitgevoerd met een computerprogramma, dienden om te 

komen tot een optimale dimensionering van de magneet in de bron te 
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Utrecht. 

Een discussie over de werking van een zgn. strong-field ionizer is 

te vinden in hoofdstuk V. Een aantal metingen aan een dergelijke 

ionisator en een nieuw ontwerp voor de bron te Eindhoven worden be

sproken. 

Hoofdstuk VI verscheen reeds als publikatie getiteld: Improvements 

in the transmission of a tandem accelerator (J.A. v.d. Heide, Nucl. 

Instr . & Meth. ~ (1971) 87). Uit een bestudering van bet ionen

optische gedrag van de Utrechtse tandem-versneller bleek in de tot dan 

toe gebruikte samenstelling een slechte optische aanpassing aanwezig 

tussen bron en versnellingsmachine. Twee alternatieve verbeteringen 

worden besproken en vergeleken. 

Het laatste hoofdstuk van dit proefschrift handelt over het eerste 

kernfysische onderzoek uitgevoerd met de bron in het Robert van de 

Graaff laboratorium te Utrecht. Van enige analoge resonanties in 129r 
konden de spins bepaald worden met behulp van de reactie 128re(p,p) 128re. 
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STELLINGEN 

behorende bij het proefschrift van J,A, van der Heide 

Eindhovon, 23 juni 1972 

Het meten volgens de looptijdmethode van de anelheidaverdeling van de 

deeltjes in de atomaire waterstofbundel van een gepolar~seerde ionenbron 

zou een betrekkelijk eenvoudig experiment zijn en veel relevante informa

tie opleverenr 

Il 

Het niet gepubliceerde voortgangsrapport '~na souree de protons polarisés" 

van Kellar, nick en Fidecaro heeft van veel constructeurs van ge~olari

aeerd~ ionenbronnen niet die aandacht gekregen die het verdient. 

Bij bet ontwerpen van inhomogene magnestvelden voor de focussering van de 

atoomstraal in een bron van gepolariseerde ionen dient de toepassing van 

magneten met acht of meer polen te worden overwogen, ondanks de conclusies 

van Lsmanick, Pipkin en Ramilton dat de afname in dispergerende werking 

met een toenemend aantal polen slechts ge~ing is. 

A, Lemonick, F.M. Pipkin en D.R. Hamilton, Rev.Sci.Inatr. !!(19SS)ll12. 

J.M. Daniels, Oriented Nuclei, (Acad.Press, New York en tondon 1965) 

p. 175-176. 

De door Wilach veronderStelde te~peratuurafhankeliîkheid van de kwaliteit 

van een atomaire waterstofbundel in esn bren van gepolariseerde ionen 

geldt sls~hts onder onrealistisahs condities. 

H, wj1sch. J,Chem,PhyG, 1!(197~)1412, 

Dit proefschrift P• 38-39. 



V 

De afleiding die Massey en Burhop geven voor de formule die in oen gasont

lading het aantal g~produceerdc dissociatiEs per eenheid van in die ont

lading gedissipeerde energie beschrijft is onj~ist. 

H.S.W. Massey ~n E.H.S. Burhop~ Electronic and ionic impilct phencmen~~ 

znd ed. (ÇlarendM Press, Oxfor,t 1969) Vol. U p. 890. 

VI 

De axiale f'ocu&sering van e43n in een cyclotron versnelde ionenbundel utordt 

<lcor het magnetisch veld bepaal<! en door het elektrisch veld tussen de. 

dees. Ter vergelijking van beide effecteo wordt door Reieer de invloed van 

het elektrisch veld uitgedr~kt in een equivalente foc~sseringsfrequentie. 

Bij de: berekening van dezli3 frequentie wordt ten aanzien van dispers.ievu 

eigensch~ppen een onjuiste veronderstelling gemaakt die de oortaak is van 

een aanzienlijke fout in het resultaat, 

M, !\eiser, Techn.Rep. 70-125 Univ. Maryland 1970. 

VII 

In ~ijn argumentatie voor de keuze van kool•tof als dragermateriaal van 

dunne trefplaatjes wekt Longequeue ten onrechte de indruk dat de ~a~mte 

die in het trefplaatje bij beschieting met ionenbundels wordt ontwikkeld, 

voornamelijk ~ord~ afgevoerd door geleiding via het dragermateriaal. 

J.P. Longeque~e, Contrib~tion à l'étude des niveau~ excités d~ 12C 

obtenus par les rl>actions lls(p,o0) et llB(p,«1), Th~se, Grenob).e 19!)3. 

VIII 

Het door De Vries voorgestelde $taforgaan dat de huidige en toeko~$tige 

problemen op het gebie.d van o,m, het onderwijs aan de univer~?it:eJt.eo en 

hogescholen wetenschappelijk zou moeten aanpakken zou ruime aandacht 

d~enen te schenken aun de stelling waarin Kobussen, De Muynck en Vennekens 

bepleiteft om hét univ~r~itaire einddiplo~ te vervangen door een curricu

lum rapport. 

n.A. de Vries, Universiteit en Hogeschool ~(!96~-70) p. 41 I. 

J.A. ~ab~ssen~ W,M, de M~ynck en H.P.JiJ. Vennekens~ Universiteit en 

Hogeschool !i(l969-70) p. 36. 



!X 

Het streven n~ar euk~ne van de Christelijke kerken dient uit te monden 

in Ben uiteindelijke eukumcne met het Jodendom, 

x 

Sinnea een bedrijf of instelling kan een lijnfunctionaris niet gelijk

tijdig algemene veiligheidsfunctionaris zijn. 

XI 

Fabrikanten v~n kinderspeelgoed touden ~oeten overwegen om ter verbetering 

v~n de wegligging van autootjes, treintjes en dergelijke, de hoogte van 

het bevestigingspunt van een tr~ktouwtje te kiezen in afhankelijkheid van 

de hoogte van het zwaartepunt en de Spoorbreedte~ 


