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GENERAL INTRODUCTION 

In a nuclearreactionexperiment a target nucleus is bombarded 

by a projectile partiele and the resulting product particles are 

studied generally by measuring their linear momenta or their energies 

as a function of their direction of emission. In a more sophisticated 

experiment also the spin orientation of the product particle(s) might 

be measured. In order to extract more specific information on spin 

dependent effects of nuclear structure and of nuclear reaction 

mechanisms, experiments are performed using either polarized or 

aligned target nuclei or polarized beams of projectiles or even 

bath simultane ously. Apart from the case of gaseaus targets nuclear 

reaction experiments with oriented target nuclei are mainly restricted 

to neutrons as projectiles. This is inherent to the methods of crienting 

the nuclei i n solids. Only in high ene rgy physics the opaqueness of 

such targets and their unavoidable surroundings do not impede experiments 

with charged (polarized) partiele beams too much. 

In low energy nuclear physics experiments with charged projectile 

beams , however , one is practically restricted to the use of polarized 

beams only when ~tudying solid targets. 

A beam of polarized particles is obtained from a nuclear reaction or 

f rom a polarize d ion source. In general the latter has the advantage 

of a high intensity,the possibility of variable projectile 

energy and change of spin direction. The two kinds of polarized ion 

sourees widely used at present are the Lamb-shift source , able to 

deliver a polarized hydrogen, deuterium or tritium beam and the 
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atomie beam source, capable to produce the same beams and moreover 

polarized ions of helium and the alkali metals. A souree of a helium 

or an alkali polarized ion beam, however, requires special arrangements, 

making this souree unsuitable for the production of polarized hydragen 

isotopes. In this thesis investigations concerning an atomie beam 

souree will be presented and moreover a new polarized ion souree of 

a more universal type will be introduced. Polarized and unpolarized 

beams of positively or negatively charged ions can be produced by 

this new version. 

The atomie beam souree will be treated briefly in the first chapter. 

Contrarily to the Lamb-shift souree in which the ratio between the 

intensities of outcoming polarized and primary unpolarized beam 

has a theoretical limit, the ultimate performance of an atomie beam 

souree is less transparant. 

The new kind of souree in which two beams are crossed is described 

in the second chapter. The prototype which has been constructed is 

described and it appears that the polarization scheme lookspromising 

and sourees based upon this scheme could be superior to the existing 

ones with respect to intensity as well as applicability to different 

ion species. The most intriguing feature of the proposed souree is 

the high theoretical limit: a polarized negative hydragen ion beam 

with an intensity of about 1 mA and a polarized proton beam with an 

intensity of lOmA.mightbe produced by making use of conventional 

techniques. 
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CHAPTER I 

ATOMIC BEAM SOURCE 

I-1 . Introduetion 

The working scheme of a polarized ion souree according to the 

so-called atomie beam principle is illustrated in fig.l for the case 

of polarized protons (1,2). Nuclear polarization of a beam in a 

polarized ion souree is always achieved after an electron polarized 

beam has been obtained. The method used to produce the electron 

polarization in the atomie beam souree is the oldest one, here an 

atomie beam effusing from a gas discharge in which the_ . molecular 

hydrogen is dissociated is electron polarized by the Stern-Gerlach 

principle in an inhomogeneous magnetic field. The electron beam 

emerging from the magnetic multipole fieLd is sent through a transition 

unit (3). Afterwards the beam is fully nuclear polarized in astrong 

magnetic field • 

Finally a polarized proton beam is obtained when the atoms are 

H H 
quadrupale ~p 

H 
pp 

+ 
H 
PP 

dissociator transition unit ionizer 

2000 l/s 
Hg. diff. 
pump 

4000 Z/s 
oil diff. 
pump 

2000 l/s 
oil diff. 
pump 

Fig.l. Schematic diagram of anatomie beam source. The kind of particles 
at diffePent stages is indicated~ ep: e l ectron polaPized~ pp: proton
polaPized. Pwrrping speeds r efer to the souree _, used for measurements 
Peported in this thesis. 
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ionized by electron bombardment as is done in the "strong magnetic 

field" ionizer. 

A polarized ion souree as outlined above can produce a beam with 

a degree of polarization exceeding 80%. The unpotärized fraction is 

mainly due to ionization of unpolarized atomie hydragen from the 

background gas in the ionization volume. 

Apart from the degree of polarization the intensity and the 

emittance constitute the quality and applicability of the beam . 

In this thesis only the intensity will be treated, some measurements 

illustrate the considerations. 

~2 Intensity parameters 

Fas t electrans ionize the polarized atoms in the ionizer. The ion 

beam intensity will depend on the density of these atoms, the 

intensity times ionization probability of the electrons and the 

efficiency of extracting the formed protons out of the ionizer. 

Whereas the ionization and extraction efficá.end:.ies are dependent 

only on the qual i ty of the ionizer, the density of the atoms will 

be fully determined by the atomie beam apparatus, the dissociator 

i.e. the souree of the unpolarized hydragen atoms and the Stern-Gerlach 

magnet. The r e fore it i s appropiate to divide the dicussion in two 

sections: firstly the atomie beam secondly the ionizer. 

As various authors have predicted a substantial gain in polarized 

ion b e am intensity by cooling the dissociator we will treat . the 

influence of the atomie beam temperature Ton ion beam intensity. 

. -3/2 
In this s e ction it will b e shown why a T depe nde nee of ion 

beam intensity on atomie beam temperature wa s usually expected. 
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Since rather the atomie density n in the ionizer is decisive 
at 

instead of the atomie beam intensity,often aT-~ dependenee on 

the atomie beam temperature T is assumed for the polarized 

-1 
atomie beam intensity (4,5). Further a factor T is attributed 

to the Stern-Gerlach magnet. 

This unit has focussing properties apart from the polarizing 

function. For instanee a magnetic sextupole field may be 

considered as an ideal lens: the force acting upon the atomie 

magnetic moment pb is proportional to its distance to the axis. 

This strictly holds only for an effective magnetic moment that 

is independent of the magnetic field strength. The solid angle 

of acceptance of the particles entering a sufficiently long magnet 

with a given maximum magnetic induction Bm is proportional to the 

-1 
ratio ~bBm/kT of the magnetic and thermal energy, and thus a T 

dependenee of the beam te·mperature for the transmission through the 

magnet can be taken. In these considerations the beam intensity is 

assumed to be independent of T. 

The distance between dissociator and magnet is dictated by the 

vacuum conditions and the ionizer cannot be placed very close 

behind the magnet since the transition unit has to be located in 

between. 

-3/2 
A resulting T dependenee for the atomie beam density in the 

ionizer, however, proves to be toa optimistic as is indicated by 

measurements (6). A more detailed analysis of the temperature 

dependenee will be presented in sectien I-3. 
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A simplified picture has been aften made for the ionizer. Since 

the ionization efficiency is small the polarized beam intensity 

I+ is written as 
pol 

where Iel is the electron beam intensity, a the cross sectien for 

ionization and l the length of the ionization volume. This length 

is limited by vacuum requirements. 

For a given geometry and a magnetically confined beam Iel is 

limited by the space charge law (7): Iel ~ u!{2
• 

The cross sectien is also a function of the electron energy Vel 

and is approximately given by (8) : 

-2 
{in cm 

So the polarized beam intensity generally is assumed to depend 

on the electron beam voltage as: 

V Ue7 
I+ ~u~ 1 ( & J 
pol el n 0.315 

Thus an increase of the electron beam energy of a factor two hardly 

gives any gain whereas the dissipated electric power in the ionizer 

almast becomes sixfold. That this half truth can be a whole lie in 

practice will be elucidated in sectien I-4. 

I-3 Influence of the temperature on the density of the atomie beam. 

The intensity of the atomie beam delivered by the dissociator by an 

increasing souree pressure is limited by the degree of dissociation 

inside the dissociator or by scattering of the beam in front of the 

exit hole. The first limitation can be avoided by an increase of the 
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power input into the discharge~ for instanee by applying a 

magnetic field at the exit of the dissociator tube or by 

enlarging the exit diameter. 

Obviously the loss by scattering is the most important limitation 

for the beam intensity (9) and we will deal here only with this 

effect. A .figure of merit for a flow from an orifice is the 

ratio of the forward intensity 

the total flow k (particles s-
1

) .This is usually expressed by 

the peaking factor K = TII(O)/N, effusion from an ideal hole gives 

K = 1. Flow from a hole changes from effusive to supersonic as 

the ratio of the hole diameter to the mean free path length 

increases from one to larger than say 10. The peaking factor, 

however, varies only from 1 to less than 2, so that no major 

intensity improvement is to be expected from the supersonic 

regime. 

I-3.1 Maximum obtainable beam density. 

2 
The above mentioned gas flow N=~ rd ndv particles per secend 

where nd is the atomie density in the dissociator, rd is the 

-
radius of the hole and V is the average atomie velocity. 

The forward intensity thus becomes 

K 2 - -1 -1 
I(O)~ rd ndv particles s sr The beam intensity 

will diminish between nozzle and skiromer because of scattering in 

the background gas with density nb. We define an intensity I(Z) 

which is the dissociator intensity I(O) corrected for scattering 

over a distance Z, 
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I(Z) = I(Q)exp(-nbZa(g)g/v) where a(g) is the scattering cross 

sectien and g is the relative velocity of the atoms in the 

beam with respect to the velocity of the background particles 

(integration over velocity distributions is omitted for simplicity). 

The factor g/v appears because the veloeities in the beam and 

the background gas are comparable. 

The background density nb is entirely built up by the gas effusing 

out of the dissociator, nb consists of particles which have been 

reflected once at the wall and, in the case of a goed vacuum design, 

not more than an equal contribution of particles which have a longer 

history. 

TI 2 -
We write nb~d rd v/(Avb) where A is an effective pumping surface 

which only depends on the geometry and Vb is assumed to be in 

agreement with the wall temperature. The skiromer is situated at Z=Z 
8 

and we neglect the scattering for i >Z , 
8 

We now want to find the maximum value of I(Z
8

) on varying nd when 

the geometry and the beam temperature are kept constant. Putting 

di(Z J 
8 

~--~ -= 0 we find the condition for maximum beam intensity : 
~ 

and 

4 A vb = TI z- a(g)g 
8 

-1 K A vb 
I(Z8)max = e TI~ a(g)g V 

8 

The corresponding density, ~ I(Z )/v , thus has a velocity dependenee 
8 

Vb/(a(g)g). If the dissociator is cooled down while the geometry 

and wall temperature remain the same, only g and a(g) vary. The 

relative velocity g will diminish only slightly while a(g) increases. 

The total effect on the density can be expected to be small, precise 
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calculations with integrations over the velocity regions indeed show 

that Vb/(a(g)g) is independent of the temperature as long as 

2 
(10). It turns out that the value of nard which gives an 

optimum of the beam density is a measure for the quality of the 

geometry of the nozzle-skimmer system. 

Hence the maximum obtainable density in a beam scattered in its 

"own" background gas is independent of the temperature of the 

souree, at least as long as vb/v~l. 

I-3.2. The transport of the atomie beam 

The atomie beam is transported through a sextupole magnet. The 

particles which are accepted by such a magnet have to be situated 

within a certain region in phase space. Firstly they have to enter 

the magnet at a distance r from the axis with r < r when r is the m m 

radius of the (constant) bore of the magnet. Furthermore the angle 

between the partiele trajectory and the axis of the magnet should 

be not too large in order to avoid colliding of the partiele on the 

poles of the magnet. The maximum angle 

2 
the magnet on the axis is given by r' m 

r' for a partiele entering m 

= 2'flbBm/(mv2). 

The particles which are accepted by the magnet lie within the ellipse 

r 2;r2 + r 12/r 12 = 1 since the potential is harmonie. m m 

As we want to inquire which fraction of the particles effusing from 

the dissociator is accepted by the magnet, the acceptance ellipse at 

the magnet entrance has to be tranposed back over a distance Za to 

the dissociator exit. Doing so one finds 
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2 -k 
This ellipse intersects the r' axis at ± r' (l+x ) 2 and has a m 

total 
2 k 

width of 2 r (1+x ) 2 where x=Zd r'lr. m. ~· m 

The fraction of the gas flow from the dissociator which is accepted 

by the magnet is proportional to the volume in phase space within 

the acceptance ellipse for which r ~ rd. Using the paraxial 

approximation the accepted phase space volume (area times solid 

angle) becomes: 

I: 

The first term within the curly brackets represents the influence 

of the diminished accepted angle by the magnet because of the 

radial displacement of the atom between magnet and dissociator. The 

secend term is due to the loss of acceptance when rd/rm is enlarged 

because of the curvature of the elliptic surface. 

It may be noticed that r' and thus x is velocity dependent and m 

for a complete description of atomie beam behaviour the above 

expression has to be folded with a (Maxwellian) velocity distribution . 

. ~ 
We will restriet ourselves here to the most probable velocity (2kT/mJ 

and see how expression I varies with the dissociator temperature T. 

The factor 
2 -1 

~ determines the T dependenee of the acceptance of 

the magnet as expected. The correction factor is given in fig. 2.a. 

2 
as a function of x for several values of a . 

Some values encountered in practice for an uncooled dissociator are: 

T = 300 K, Zd = 4cm, rm 0,3cm, rd 

resulting in x= 0.67 and a 2 = 0.125. 

0,15cm and r' = 50 mrad, m 



1.0 

F(x) 

0.5 

2 
a 

1.0 

2 x·F(x) 

0.5 

12 

2 a 

o L _ ___L ___ ___ _ _l_ __ __ .. --'---~ o~~__L __ _L_ __ ..L----1 

0 0.5 1.0 1.5 2.0 0 0.5 1.0 1.5 2.0 

a. x b. x 
. 2 -1 2 2 -2 . 

Fig.2.a. The coy~ect&on factor F(x) = (l+x) -a (1+x) as a funct&on of x. 
The T- depend~nce of the atomie density has to be multiplicated with F(x). 

b. The value of x F(x) detemrines the dependenee of the atomie beam density 
behind the magnet on the temperature of the dissociator. 

If the dissociator is cocled down to 80 K the value of x becomes 1.3 

and a2 
remains the same. From fig.2.a. it can be seen that the correction 

-~ factor behaves in this case like 1/x, i.e. T . 

So the density increase of the atomie beam transported . through' the 

magnet will be 
-k- -1 

proportional to T 2 instead of T on cooling. 

This behaviour was measured indeed by Wakuta et. al. (11). These 

authors also made some straight forward computer calculations in 

which was integrated over the velocity distribution. It was found 

that the density of the beam transported through the magnet behaves 

-~ -1 
like T on cooling down the dissociator and like T when the 

dissociator was heated far above room temperature. The latter dependenee 

also might be seen from fig. 2.b. 

I-3.3 Ionization efficiency 

The transmission matrix for the transport through a sextupole field 

for particles crossing the axis is given by : 
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cosa. 

. -r 'Ir sina. 
m m 
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r Ir' sina.l m m 

co sa. 

which is a rotatien in the (rlr ~r'lr') plane. m m 

One finds maximum beam transmission from dissociator to ionizer 
, 

for tana. = (x+y)l(xy-1)~ a.= Lr~rm~ L is the length of the magnet 

and Y = Z.r'lr where z. is the distance between magnet and ionizer. 
-z- m m -z-

This expression gives excellent estimates for optimal magnet lengths 

if compared with the magnet lengths derived from trajectory calculations 

(12). The author cited, however, showed that the ion beam intensity 

is not very sensitive for changes of the magnet length.This can be 

illustrated as fellows. All particles accepted by the ionizer are 

located within a circle in the phase plane at the magnet exit 

(fig.3.a). The transmission through the magnet is a true rotation 

-1 
in this circle, the angle of rotatien a. is proportional to V ~v 

being the velocity of the particle. The ionizer entrance can be 

r'lr' I / m · I 
/ ~ -+]-/:; 

/ ! I ' 
~ , _' I 

I . -........_ 

I . 

')--... ;· 
I '>..,_ 
I . 

I I 
\ 

'1. I 
a. 

I '.-_ -· 

I I 

y 
· - ----·-··· 1 -

rlr m 
.............. 

........... . 

b. 

r'lr' m 

\ 

' ' ..... --

L.. , 
" ' \ 

\ 
I y 

Fig.3.a. Phase-plane diagram indicating beam transport in anatomie beam source~ 
r~~ x, y and a depend on the velocity of t he individuaZ atoms. 

b. Accepted area at the ionizer entrance fora beam at room temperature ( ). 
If the dissociator is cooZed to LN2 temperature and the x-vaZue is kept 
the same~ the partiele density is raised within the circZe to about the 
fourfold of the former vaZue but the ac~epted area by the ionizer can be 
seen to be diminished seriousZy (--.--.). 
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transformed to the exit of the sextupole magnet as is indicated 

in-fig. 3.a. As the directionsof the rotations caused by magnet 

and space between magnet and ionizer are opposite and in bath 

cases are greater for particles with small velocities, a 

campromise has to be found. Especially when r is about the 
m 

same as or smaller than the radius r. of the ionizer entrance, 
1.-

no sharp optimum can be expected. The figure clearly shows that 

in the case of cooling down the atomie beam temperature the 

atomie density in the ionizer remains the same if rm and 1'i are 

-1: 
scaled up proportional tor~ and thus toT 2

• The increase of 

the ionizer diameter cannot be done without diminishing the ionization 

efficiency and thus cooling of the atomie beam will result in some 

loss because of the smaller area representing the ionizer acceptance 

at the end of the magnet. It should be noticed that no impravement is 

to be expected from an increasing r in order to keep x in the m 

vicinity of 1 for a higher acceptance because at the end of the 

magnet r./r would become smaller, leading toa diminishing 
7.- m 

fraction of the atomie beam entering the ionization volume, see 

fig. 3 .b. 

Optimization of the length of the magnet can be expected to be 

more important if the atomie beam is cooled. The following 

conclusions can be made: 

1) The expected intensity gain of the polarized ion beam intensity 

-~ proportional to T arising from a higher ionization efficiency 

is cancelled by increased scattering of the atomie beam between 

dissociator and magnet when the dissociator is cooled. 
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2) On cooling down the dissociator, a gain proportional to T-l is 

expected because of increased acceptance by the sextupole magnet. 

However, in the case of a proper magnet design for a beam at room 

temperature T0, i.e. (~bBm/kT)~L/rm ~ 1, the gain will be proportional 

T-~ to about because of the small aperture of the magnet. 

Moreover the focussing of the atomie beam into the ionizer 

will then be troublesome unless a very short magnet can be used. 

I-4 The ionizer 

The polarized atoms, having thermal energies, are ionized by means 

of bombardment by electrons having an energy of a few hundreds eV. 

The electron beam is confined by a strong magnetic field which 

moreover assures maximum nuclear polarization. 

Although other ionization mecpanisms have been suggested (13) 

currently all ionizers in operation are based on the same, simple 

scheme as is outlined in fig.4.a. Since already many aspects of 

ionizers have been described in the literature, we will only discuss 

some features which are not fully exploited elsewhere up to now. 

As mentioned in the preceding section, a simple relation for 

+ 
ionization efficiency reads: IpoZ =Ieznatza. 

3/2 
One now could argue as follows: Iez is proportional to Uez and 

hence increasing the electron energy means increasing Iez and so 

+ + 
I 1 • But the gain in I 1 is also proportional to a which 
po~ po~ 

depends on Uez as mentioned in I-2. The cross section has a 

maximum for Uez ~ 70 eV (14) .and because of the increasing heat 

dissipation at higher electron energies, Uez was initially limited 

in our souree to about 300 eV. 



16 

H 

3.0 ---- 8 mA 
-. -.12. mA 

a. --15 mA 

2.5 
8 mA 
12 mA 
15 mA 

2.0 

..... .r·\ 
,., 

I I I 
)...j / )...j I I 
0 ./ 
+l / 1.5 I , . ...._ 

.-t 
./ \ I ,,1 I ........ . I ,. 

~ / ,,.- ... , \ f\ ! I l 
./ ,' 

, - ::l i-hj \ 11 . 
/ -~ 

~ 

I I I I 
~ .... j I ~ ~<~--, I 

, co 1.0 
' 

, ' j I 11 
I ' 

, 
N 

___ , 
\ 

I .I I <l \ I . I 

.......... \ ! I I' 
0 ' I ·' b. i- \ I Ut hJ ' 0 2 14 ' I I 4 6 8 10 12 16 <l \ I! 

0.5 \ .J 

l ( cm) 11 
. 14 

I . 
11 
I. 

. 12 I! 
'I 

0 I • 

. 10 
2 

.08 I 

" l (cm) I 

.06 -0.5 I 
I 
I 

.04 
, 

E-< 

"" .02 

c. 0 d. -1.0 

0 2 4 6 8 10 12 14 16 

l (cm) 

Fig.4.a.Geomety.y of the ionizer, the le ft-handside grid is the cathode, the 
grid at t he right is connected with the housing and serves as anode . 

b.Ionization effi ciency of the background gas as a function of the 
ionization length l. · 

c.Magnetic field strength at the ionizer axis at maxi mum excitating 
current . Better extract ion conditions of the electrans of the cathode 
at lower magnetic field strengths arise from a diminished slope of"·t he 
magnetic field at the cathode . 

d. The differentiated i onization efficiency clearlu shows l arge variations , 
possibly due to scalloping of the electron beam. 



However, after some adaptations the electron energy could be 

raised which gave the result as shown in fig. 5. a. A closer 

inspeetion of the potential in the interior of the electron beam 

easily explains this behaviour. Although the electron beam in our 

ionizer was ribbonlike, for simplicity we will give the discussion 

for a cylindrical, homogeneous electron beam. In such a beam the 

potential on the axis is depressed by space charge. 

Maximum electron current passes when the potential at the axis is 

depressed to about 1/6 of the value U
0 

of the conductor inside 

which the beam travels (15). If the radius of the electron beam rel 

is the same as that of the conductor r ,the potential inside the c 

electron beam will vary between 1/6 U and U going from the axis c c 

to the edge of the beam, and so a will depend considerably on the 

radius. This effect was taken into account earlier {.16). It was not 

recognized,.however, that the axial velocity doesnotchange 

appreciably with the distance from the axis (7).Because of the 

rotatien around the axis for non-axial electrons, the effective 

path length in the ionizer will increase with the distance to the 

axis. Taking a constant electron current density and a Vel dependenee 

as above, the product la varies only slowly. For example for U
0 

=600 V 

and rel = r the ratio of the product la at the edge to that on the c 

axis is about 2/3. This ratio will even increase slightly if 

rel/re diminishes and decrease only slowly if uc is enlarged to 

above 600 V. 
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cathode-anode potentiaZ difference U • The measured electron 
current on the anode is aZso represehted~ showing a nice 3/2 
p~er dependence. Note the constant and large sZope for the 
I z vaZues. 

b.~~endence of the poZarized proton current and the measured 
electron current at the anode on the magnetic field strength 

2 

1 

B in the ionizer. For three of the four presented anode voltages 
the ionization efficiency is doubZed when the magnetic field 
is haZved. 

only 

+ 
steep increase of I 1 when U is raised above 300 V is not 

po~ c 3/2 
caused by the increase of I 1 with U , but Za is still 

e~ c 

The 

increasing in the involved potential region. It is pointed out 

(15) that maximum beam current, and thus potential depression 

on the axis, strongly depends on the ratio r 1 /r . 
e~.- c 

The extraction of positive ions from the ionizer demands a potential 

variation along the axis leading to a decreasing r 1 /r .At the end 
e~.- c 

of the ionizer the magnetic field tends to decrease (see fig.4.c.), 

causing the ratio r 1 /r to increase, resulting in a negative 
e~.- c 

potential dip at magnetic field maximum. Positive ions might be 
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trapped in this dip and so a diminished extraction efficiency 

results. We therefore placed an extraction tube at high negative 

voltage inside the ionizer. Although the ionization length was 

diminished with about 20%, the extracted ion current increased 

with about 300%. 

Another effect, which was examined, is shown in fig.S.b. On 

diminishing the magnetic field strength the extracted ion current 

increases. This behaviour may be explained by noticing the variatien 

of the angle between the magnetic field lines at the cathode and 

the axis for different maximum field values. The scalloping of the 

electron beam therefore will diminish for smaller values of the 

magnetic field strength. The effect of the oscillation will be a 

more or less sinusoidal behaviour of the potential on the axis as 

a function of the position.The wavelength will be of the order of 

magnitude of 1 cm. Protons formed in a minimum cannot be extracted 

and therefore an increase of the scalloping of the electron beam 

leads to a lower extraction efficiency. The effect of a sinusoidal 

varying axial potential might be seen in the measurements presented 

by Leclair (17) in which the ionizing efficiency varies periodically 

in the cm range (fig.4.b,d.). 

Concluding we can say the following about good ionizer design: 

1) A homogeneaus electron beam should be created because of the 

high perveance of such a beam. So the space charge farces 

should exceed the magnetic force on the electrans at the cathode 

if heated wires are used. 

2) . The ratio r 1 /r has to decrease from cathode to the exit of the et- c 
ionizer in order to have the appropriate potential dependenee for 

extracting the ions. An ionizer was constructed with a magnetic 

field as shown in fig.6. Measurements o f the ionization of the 

background gas revealed an increase of about a factor of three 

as compared with the original ionizer geometry of fig.4. 
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The inareasing field strength 

towards the ionizer exit (E} 

assures a deareasing r 7 /r 
e~.- a 

and thus the desired axial 

eleatriaal potential aonfiguration. 

3) Scalloping of the electron beam has to be avoided. This can be 

done by either making the magnetic field strength very high or 

by assuring good entrance conditions of the electron beam into 

the magnetic field and making Brillouin focussing conditions. 

4) Since the perveance of an immersed electron flow through a 

tube is independent of the diameter of the tube, this tube 

should be made as small as possible for the sake of ion beam 

quality. Whereas vacuum conditions limit the length of the 

ionization volume and thus a wide opening of the ionizer is 

advantageous, the ion beam emittance is proportional to Br!l 
(16), where B is the magnetic field strength in the ionizer. 

An estimation for the attainable ion beam intensity can be easily 

given now, using I+ 7 =I 7 n tla and I 7 = PU3/ 2 • When r 7 /r > 1.3 
po~.- e~.-_g _

312 
e~.- c e~.- c-

then the perveance P ~ 2.10 (AV ). 

Putting U
0 

1200 V and nat 10
11 

at/cm
3

, one finds: 

50 ~A and Iel = 0.83 A. 

The neerled magnetic field strength in this case is designated 

by Brel = 1/4 (Trrun) for"perfect" Brillouin condition. 
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'POLARIZED ION SOURCE BASEDON NUCLEAR POLARIZATION BY CHARGE-EXCHANGE 

G. J. WITTEVEEN* 
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A scheme for ion polarization is presenled in which a primary ion bcam is crossed with an electron-polarized thermal 
atomie beam: the polarization of the primary beam is then aehieved by the transfer of the polarized electron. 

Comparcd with thc usual polarization sehcmes thc ncw onc oiTcrs auvantagcs: il is a universa! schcme. it can be used 
lO polarizc many kinds of parli..:lcs and lhc bcam inlcnsilics which can bc rcachcd are relatively high. A souree with a 
primary 5 keV pmton beam. crosscd by a polari:.:cd sodium beam. has been eenstrucled according lO this scheme. Some 
of lhe features of this polari:.:cd proton souree are diseusscd. 

1. Introduetion 

In the so-called atomie beam sourcel.2) as well 
as in the lamb-shift source 3·4) nuclear polarization 
is achieved through the coupling between nuclear 
and electronic spins. Although the polarization of 
the beams delivered by the atomie beam sourees 
is quite satisfactory, the beam intensity and the 
kinds of' ion which can bc polarized are limited. In 
the atomie beam souree the ionizing efficiency is 
very low until now, except when alkali atoms are 
polarized'). The Jow ionization probability arises 
from the circumstance that the neutral beam is at 
thcrmal energy in order to keep the Jimensions 
for the polarizing magnet within reasonable limits. 
Ionization is done by electron or ion bombard ment 
which is a rather inefficient process. 

In a lamb-shift souree the neutral beam at an 
energy of a few hundred eV is polarized. This en
ergy limit is caused by the selcctivity of the ion
ization process for metaslabie states. 

The new method for obtaining polarized ion 
beams results from our search for a way to polar
ize a beam of particles having an energy of several 
keV. It turns out that such fast particles can be 
polarizcd by picking up or exchanging a polarized 
electron whcn crossing an clectron-polarized atom
ie beam. The fast polarized particles can then be 
ionized with high yiclds by travcrsing a vapour 
cell or a foil~ 7

); aft er t he ionizcr the beam can be 
f'urther accelcrated. IJ' the captured electrans are 
polarized and do not couple with unpaired elec
trons, we have the desired electron-polarized 
beam. With a proper choice of magnetic fields and 
transitions between h.!'.s. states this electron polar
ization can be transposed into a nuclear polariza-

* Present address : Dorpsstraal 25. Leende. The Nelherlands. 

tion as is done in Lamb-shift and atomie beam 
sources. After the polarization process one or more 
electrons can be added or stripped with high effi
ciency in an ionizer because of the comparatively 
high energy of' the beam. The most obvious donor 
of the polarized electron seems to be an alkali
alom. This can be electron-polarized by means of 
optica! rumpingor sending a beam through an in
homogeneous magnetic field . To demonstrate the 
fcasibility of' the schcme, we built a souree in 
which protons can be polarizcd with the aid of a 
sodium bearn polarized in a quadrupale magneL 

2. Polarization scheme 
A schematic diagram of the new polarized ion 

souree is shown in fig. 1. Here it is assumed that 
the particles in the primary beam of accelerated 
ions consist of a nucleus with zero or an even 
number of electrons. The primary beam then tra-

!"lNtralrzatron 
f"e9101"1 - .. ~- • 

non-achabatiC 

C]"'~ ~ [rotaw I 

A0 : t hermal neutral potar,zed alk ah beam 
I0 : fast neutral polcmzed par trcles 
:!: : Chi\rye state 
ep : electron po~anzed beam 
np : nuclear potamed beam 
- · ;xJlarrzat.on drrectron 

Fig. I. Schematic diagram of a polarized ion souree according 
lo the new schemc. The thermal electron-polarized alkali beam 
is here crossed perpendicularly with lhe ion beam. The Iongi
ludinal polarization al the outcome of lhe ionizer is changed 
into a lranversal one by means of a Wien filter. 
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verses an electron-polarized atomie beam, so that 
a fraction of the particles can piek up or exchange 
a polarized electron. The primary charge state is 
such that the transferred polarized electron can 
not couple with another electron. Such a coupling 
between electrens would be detrimental to the in
teraction between the spins of the polarized elec
tron and the ·nucleus. lf the ions extracted from 
the primary ion souree do not directly have the 
proper number of elcctrons, provisions can be 
made to add or subtract one or more electrans be
fore the polarized electron is added. 

Aftcr the transfer of thc polarizcd electron has 
taken placc and the nudcar polarization has been 
achicvcd onc ur more electruns may be exchangcd 
in an ionizer, e.g. a gas or vapour cel!. In order to 
prevent dcpolarization a strong magnctic field can 
be applied, or a foil has to be usedx). As is wel! 

1.5 

\0 
H 

BiBol -0.5 

-~~ 
--'-----' l 

Fig. 2. Electron polarization of the different states of 1 H and 
23 Na as a function of the external magnet ie lield (a). The 
Breit-Rabi diagrams are shown to indicate the different stales 
(b). B0 = 0.0633T for 23 Na aml 0.0517T for 1H. 

known, the nuclear and electron polarization of a 
partiele in a certain h.f.s. state depends on the 
strength of the external magnetic field. This field 
has to be sufficiently strong to decouple electron 
and nuclear spin, both in the donor atom and in 
the acceptor. 

From the expressions of the eigenfunctions [as 
given for instanee by Rudin et al.~)] one can de
duce the polarization in the different h.f.s. states 
as a function of the external magnetic field 
strength <fig. 2). Using sodium atoms in state I, 2, 
3 or 4 the magnetic field strength in the region of 
electron transfer should he between 0.06 T and 
0.1 T to assure an electron polarization of 0.9 at 
least. Polarization of hydragen starts with a pro
ton, to which a polarizcd electron is added. So, in 
a strong magnctic field, hydragen atoms will orig
inate in states I and 2. The proton polarization in 
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a strong magnetic field then equals zero and in a 
very weak magnetic field the degree of the proton 
polarization wilt be 0.5 . As in an atomie beam 
souree the maximum attainable proton polarization 
can be increased to 1 when a transition is induced 
between different h.f.s. states. In this case a tran
sition 1-.J can be accomplished with a non-adia
batic field passage 10

) . 

lf the hydragen atoms, being in state 2 or 3, are 
ionized in a " strong" magnetic field the proton 
polarization of the resulting beam will be I. In the 
case of nuclear spin I particles this souree appar
ently has the same drawbacks as the atomie beam 
souree compared to the Lamb-shift source. No toss 
of beam intensity accompanies transitions in order 
to reach for maximum attainable polarization in 
this source, however, whereas in the Lamb-shift 
souree one or more substales can be selected at 
the cost of intensity but by gaining the maximum 
possible polarization . By applying a non-adiabatic 
field transition the maximum attainable vector 
and tensor polarization will be 0.67 and I, respec
tively. Because of their strengths, the necessary 
magnet ie lields are directed longitudinally. Th is 
implies a longitudinal nuclear polarization at the 
exit of the ionizer. Mostly a transversal polariza
tion is desired and therefore a spin rotator, in or 
case a Wien filter, is used (see fig. 3). 

3. Some design considerations 
For the sake of simplicity the discussion will 

now be restricted to the production of polarized 
negative hydragen ions. The quality of the souree 
is determined by three factors: (I) the polarization 
of the beam, (2) the intensity of the beam, (3) the 
beam quality. i.e . thc volume in phase space oc
cupied by the particles, including both energy 
spread and beam emittance. 

3.1. POLARIZATION OF THE BEAM 

As mentioned before, the maximum proton po
larization in this souree wil! be I. The actual po
larization wiJl be smaller for several reasons. The 
loss of polarization due to the finite magnetic field 
strengths and to the depolarization effects in the 
ionizer will be small as is known from the atomie 
beam sources. A serious effect which might jeo
pardize this scheme wiJl be the neutralization of 
protons by charge exchange with unpolarized at
oms. This can happen before or at the polarization 
region by exchange with particles of the back-

ground gas or unpolarized particles due to incom
plete electron polari-zation of the polarizing atoms. 
All these origins of depolarization c;1n be avoided 
with a proper design of the source. The remedy 
against the unpolarized background gas might be 
bending of the proton beam into the polarization 
region or a suitable choice of the proton energies 
before and at the polarization region and maintain
ing a good vacuum (I0 - 6-J0- 7 torr) at this region. 
If the proton energy over the major part of its tra
jectory differs enough from the exchange energy, 
the Wien filter will select only those particles 
which have been neutralized at the proper energy. 
The electron polarization of the polarizing particles 
can be made almost 1 as is shown for instanee in 
an atomie beam source. At present optically 
pumped targets as a polarizing medium seem nat 
very promising because of too low polarizations, 
mostly at weak magnetic fields, and low atomie 
densities 11 ). A beam of sodium atoms, electron-po
larized by traversing an inhamogeneaus magnetic 
field, is chosen for our source. 

Sodium as a polarizing medium has some fa
vourable properties : it is easy to handle and protons 
of a few keY have a large cross section for neu
tralization in sodium vapour7) . The latter is cru
cial: large cross section means that the density of 
the polarizing atoms can be low, whereas at a giv
en density the vaccum requirements are less strin
gent. A disadvantageof sodium is the high beam 
"temperature" which is needed if an intense at
omie beam is wanted . This high temperature ham
pers polarization by the inhamogeneaus magnetic 
field. To avoid a long and narrow magnet we paid 
some attention to assure maximum magnetic field 
strength at the pole tips of the polarizing magnet. 
The magnetic field strength needed to achieve a 
considerable electron polarization in sodium com
pares favoumbiy to the value required for hydra
gen atoms. This is a fortunate situation as strong 
magnetic fields can be detrimental to the beam 
quality as will be shown. 

3.2. INTENSITY OF THE BEAM 

The intensity of the polarized ion beam /;01 in 
this kind of souree may be written as follows: 

1;ol = 1;rlmF +oFo- · 

I;,;m is the primary ion beam intensity entering 
the polarization region. F + O and F0 _ are the charge 
transfer efficiencies in the polarization and ioniza
tion process, respectively. 
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The estimated intensity of the primary proton 
beam from our rf souree is 1 mA, whereas F0 _ 

might have the maximum value of 0.10 for 5 keV 
protons7

). The factor F+0 =[1-exp(-n/èr+ 0 )]. 

With perpendicular crossing of the proton and so
dium beam we have /'-=I cm. Assuming a sodium 
consumption of the oven of about I g/ h we es
timate in our case with one short quadrupale mag
net for the electron polarization the polarized so
dium density n to be about 3x 1010 cm - 3 . Hence 
I ~~. 1 :::: 30 nA. 

A substantial iocrcase of thc polarizcd sodium 
density at thc polarization region would bccomc 
troublesome because of contamination and relill
ing problems resulting from a high sodium load. 
We therefore constructed a sodium souree which 
at a givcn beam intensity has a consumption less 
than 3% of that of conventional oven types 12 ). If 
the sodium and proton beam travel oversome dis
tanee coaxially and a primary proton beam of 
10 mA is delivered by a duoplasmatron, we arrive 
at a prognosis for the maximum intensity of 
/~" 1 :::: I mA. Also we predict with a neon cell as 
lonizer an intensity of 1

1
; 0 1 :::: 7 mA. 

3.3. BI'AM (.)llALITY 

Thcrc will bc an cncrgy spread in thc beam de
livcrcd by thc polarizcd ion souree but generally 
thc bcam will bc injected into an accelerator and 
the encrgy spread of the injected beam is mostly 
relatively unimportant. Therefore we shall limit 
the discussion here to the beam emittance. 

The beam emittance, being the area the beam 
accupies in two-dimcnsional phasc space times the 
square root of the bcam cnergy, is mainly dctcr
mined by, the primary ion source. In actdition 
beam degeneracy or emittance increase can be 
caused by several mechanisms. Firstly space 
charge effects may disturb the emittance area in 
an irrevcrsible way. Secondly the charge exchange 
at different vector potentials gives rise to a corre
sponding spread in momentum 13). 

Further, the scattering of the beam particles on 
passing through a foil or vapour target will in
crease the emittance. Finally the cylindrical lens 
action of a Wicn lilter will influence the beam in 
a non-rotationally symmetrie way. These effects 
will be considercd in the discussion on the design 
of thc optica! system. However, none of them will 
bc too serious. Comparable experiments with the 
existing polarized ion sourees suggest that the re
sulting beam will have an acceptable emittance. 

4. Desi~n 
In building a prototype of the new polarized ion 

source, the limitations in time, budget and man
power forced us to the following decisions: 

I) An rf ion souree is used as primary source, 
although a duoplasmatron is undoubtedly 
more appropriate. 

2) The non-adiabatic field reversal is omitted, 
so there is no strong magnetic field at the 
ionizer, and the proton polarization is limited 
to 0.5. 

3) Thc vacuum systcm, which governs many 
propertics of the wholc system is almast 
complctely built up from existing vacuum
pumps, housings, etc. 

4) Only one relatively short polarizing magnet 
is used instead of a doublet of magnetic 
multipoles which might be advantageous 14

). 

5) Perpendicular crossing of alkali and ion 
beams has the advantage of simplicity but 
the enïciency of polarizing (and neutralizing) 
the ion beam will be Jow, because of the 
short distance along which the ions wiJl 
travel through the alkali vapour. Bending of 
thc ion bcam into thc alkali beam would 
have incrcascd thc hcam intcnsity. 

ft will bc clcar that thc purpose of this prototype 
is only to show thc fcasibility of the polarization 
scheme. As mentioncd already thc grcatest diffi
culty seemed to be the maximum continuous 
eperation time of the alkali oven. Although polar
ized alkali beams have been produced by others 15 ), 

and there is neither theoretica! nor experimental 
evidence that the polarization scheme would not 
work. a polarization mcasurement of the extracted 
ion beam was desirable. This measurement has 
been donc with the reaction 12C(p, p)12C at a pro
ton energy of 6.77 MeY 16

), using the 7 MV 
H.Y.E.C. tandem Van de Graaff accelerator of the 
University of Utrecht (see section 5). 

The lay-out of the polarized ion souree which 
has been built is presented in lig. 3. Some features 
of the different components will be discussed 
briefly in this section. 

4.1. THE SOOIUM BEAM 

As was pointed out earlier the critica! quantity 
in this souree will be the fraction of the ion beam 
which will piek up a polarizcd electron. A mini
mum density of polarized sodium atoms will be 
required. The atomie sodium beam is produced by 
an oven. The molecular content can be neglected 
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below a temperature of, say, 900 K 17). Our aim 
was to produce a sufficiently atomie beam density 
during a "long" periód; We succeeded with the 
recycling sodium oven displayed in fig. 4. Using 
this oven we were able to maintain an estimated 
sodium density of 4 x 1010 at/cm 3 during a period 
of 60 h with a total sodium consumption of 2.5 g. 
Th is density. however, could not be increased very 
much because of the differcnce in height between 
the sodium levels in the lcft and right chamber. 
The height of the oven is limited by the dimen
sions of our vacuum housing. The sodium density 
obtained gives in a 4 keV proton beam a neutral 
fraction ofabout 5xJ0· 4 per cm path length in 
the sodium vapour7

). 

In order to polarize the atoms the sodium beam 
has to be sent through a magnet of the 
Stern-Gerlach type. Since the thermal energy of 
the sodium atoms is rather high. it is important to 
make the magnetic field at the pole tips as high 
as possiblc. From some calculations we estimated 
a maximum attainable induction at the pole tip 
surface of an electrically exdted quadrupale mag
net of 1.75 T. This value has been veritïed expcr
imentally giving conlii.lence for a similar estima
tion of 1.3 T lor a sextupole magnet 14 ). These va
lues enabled us to do Irajeetory calculations for 

T · 750K 

Lwat~r 
~ Si~\ =Copptr Q = sodoum = • liSuiator 

Scm 

Fig. 4. Sodium recyling over consisting of two square copper 
blocks. connected by a thin-walled copper tube. The height 
dilTerenee t1h of thc liquid levels in both chambers results 
from the vapour pressure diiTerence. The oven chamber can bc 
equipped with three. the collimator chambcr with two healing 
elements as shown. 

different magnetic field geometries . . We used a 
Maxwellian velocity distribution and a eosine an
gular depence in the calculations for transmil
tanee of the sodium beam through different mag
net geometries*. In .order to avoid problems with 
blocking of the mag.net aperture by condensed so
dium we chose, rather arbitrarily, a magnet aper
ture of I cm. Some results of our calculations are 
presented in fig. 5. 

The criteria lor the choice of the magnet geome
try were: 

I) the atomie derisity should be about the same 
with magnet on or off; 

2) the sodium beam diameter at the neutraliza-

* Similar cakulations have been done for an alornatic hydrag
en beam frum a hydrogen dissociator. and agreed well with 
the experiments18). The ratio between the magnetic induc
tion at the pole tips and the tcmperature of the beam is 
about the same in both cases. 
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Fig. 5. The relativc factor of merit P1 N fora single quadrupale 
(td. a single scxtupole (e). a 15 cm long quadrupolc magnet. 
foliowed by a sextupole with length 5-15 cm ( +) or an octu
pole with length 5-15 cm (0); P is the st rong field electron 
polarization and N the partiele density. In the case of a mag
netic doublet both magnets are spaeed 3 cm. The aperture of 
the m<tgncts is I cm. rour combinations of position (JO cm 
resp. 25 cm) bchind the magnet and the diameter (0.4 cm resp. 
0.8 cm) of the focus spot are taken. 
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tion region should be .not too smal! and yet 
have a sufficient electronk polarization. 

Accounting for this we decided to construct a 
quadrupale magnet of only 20 cm length. This 
short magnet may later be combined with a sex
tupole magnet. With the short magnet, assuming 
a "st rong .. magnet ie field, the averaged electron 
polarization of the sodium beam over a spot of 
1.5 cm diameter at I 0 cm bchinti the magnet is 
calculated to be at least 0.8. 

4.2. THE RF ION SOURCE 

The rf ion souree is shown in fig. 6. The water 
cooling did not noticcably innucnce the discharge 
and serves to prevent fracture of the pyrex vessel 
by overheating. 

The rf souree dclivers an ion beam intcnsity of 
2 mA at an extraction voltage of 6 kV. Thc frac
tion of protons is found to be about 70 W) and the 
estimated emittance of the bcam is between 0.5 
and l.Ocm·rad·(eV)l 19

). The gas load on the va
cuum systcm at opcrating conditions was about 
3 x 10 J torr·/ Is. Variation of the length or the 
-1 mm diameter hole between I and 5 mm hardly 
inlluenced the extractèd bcam intensity. 

Apart from the ions there wil! emerge a beam 
of fast neutral atoms from an rf souree because of 
neutralization of ions in the extraction canal. 

0 5 

These unpolarized neutrats may decrease the de
gree of polarization. By changing the length of the 
extraction canal one can change the ratio between 
protons and fast neutral atoms substantially with
out affecting the extraction process from . the ions 
out or the plasma. 

4.3. THE IONIZER 

As we want to end up with polarized negative 
hydragen ions with an encrgy of at least 20 keV 
(sec section 5), an electron is added to the polar
ized incoming neutral atom in the vapour-cell ion
izer at a high negative potential. A sodium vapour 
cel! seems to be a fair choice for this purpose, be
cause the ionization erficiency is high and the 
scattering may be ncglected at the mentioned par
tiele encrgies2"). The lay-out of the ionizer is 
shown in fig. 7. The diameter of the ionizer canal 
is 1.5 cm, its length about 15 cm. To avoid neu
tralization of protons in the neutralization region 
by unrolarizcd sodium atoms back-strcaming from 
thc ionizer, the distance between the latter and 
the neutralization region should bc large enough. 
We estimate the minimum distance /m in our cir
cumstances to be /m = 12al cm, where a is the ra
tio of the polarized to the unpolarized sodium den
sity. 

water -·----:. 

10cm 

Fig. 6. The rf-source used in our experiments. The hole in the extraction electrode usually had a diameter of I mm and a length 
or 4 mm. 
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SIOE VIEW A-A 
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Fig. 7. Cross sections of the sodium vapour cell used as an ionizer in our experiments. In cross section a tlie beam direction 
is indicated. The ionizer tube and the coaxial healing wire are on a high ncgative potcntial insuialed from earth potenllal by 
Al2 0 3 supports. Thc inscrt with a large diameter at the exit serves to diminish thc lens act ion . . The water-cooled housing at 
carth potent ia! shown in lig. 7b is omittcd in lig. 7a for clanty. Dashcd !mes 111d1catc .the pusslbliltiCS lor adJUStmg. 

4.4. THE SPIN ROTATOR 

The negative hydrogen ions which emerge from 
the ionizer are polarized longitudinally . The polar
ization should be rotaled over Lrz-. This rotatien is 
pcrformcu in a region of crosscu clc<.:tric anu mag
ncti~: lickls, a so-callcd Wien liltcr. Thc device is 
also a velocity lilter and thus offers the possibility 
of distinguishing different kinds of particles at the 
same energy or particles with different energies. 
So the function forspin rotatien can be combined 
with the energy tiltering required for the elimi
nation of protons neutralizcd outside the polariza
tion region. This unit does not leave the filtered 
ion beam uneffected, however ; in its simplest 
form it acts as a cylindrically symmetrie lens. The 
beam direction shall be along the z-axis. We sup
pose a homogeneous magnetic field Bv in the y-di
rection, and a constant electrical field E0 in the x
direction. The beam direction shall be along the z
axis. 

For a nuclear spin rotatien over br rad we cal
culated for 'the lens action a local distance F of oo 

in the Y-plane and F== 31 in the x-direct ion; I is 
the length of the filter. For this reason we had 
built a rather long filter, I = 33 cm, before realizing 
that thc cylindrical symmetrie effect can bc almost 
completely avoided by superposing a quadrupale 
component onto the electric dipole tïeld. Taking 
V= E,,.\·+ Q(x2

- y 2
) as the electric potential inside 

the filter, we get 
- q2 82 F ___ Y V 

Y = 2 m - ' when 
qBl 

Q - ~ - 4m 

and 

F = - qz s; x (I + Eo xz- yz)-r Eo=B ( 2eU /m)lf 
x 2 m 2 (.,'

0 
x ' Y 0 

For our filter, with I:-:= 33 cm and a nuclear spin 
rotation of ! n rad we have an al most rotationally 
symmetrie lens action with F = 200 cm with a per
turbation of less than 2% in thc x-direction. 

4.5. ION BEAM EMITTANCE 

Besides beam intensity and degree of polariza
tion the beam emittance is an important quality of 
a polarized ion source. In our case first of all a 
minimum for this emittance is fixed by the pri
mary ion source. We estimated the emittance of a 
2 mA proton beam from our rf souree between 0.5 
and 1.0 cm· rad ·(eV)l. After extraction from the 
primary ion souree there are three mechanisms 
which can degrade at least the "effective" beam 
emittance, which wiJl be discussed here briefly. 

I) Space charge effects may not immediately 
affect the occupied area in phase space but 
by dislortion the "effective" area will in
crease. lt will be clear that in our case accel
eration of the ion beam directly behind the 
rf souree is dcsirable. Doing this it can be 
stated that space charge effects can be ne
glected in our souree when beam opties is 
properly designed 21 ). In general sernething 
can be learned about this subject from the 
existing Lamb-shift sources. In these sourees 
a primary proton beam of say I mA is neu-
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tralized at 0.5 keV without a significant 
emittance degradation. In the kind of souree 
considered here the neutralization energy 

. wil! lie between 4 and 5 keV for protons. So 
no space charge effects have to be expected 
with proton currents below 20 mA. 

2) The spin rotator. The non-rotational-sym
metric lens action of the Wien filter wil! nat 
increase the area occupied by the ion beam 
in phase space. But when the beam has to 
be transporled through a rotational-symmet
ric system the effective emittance of the 
beam may be increased. In our case this ef
fective emittance increase is about 20%. The 
emittance degrading effect of the spin rotator 
however can be negleeled when the compen
sating electrical quadrupale field is applied. 

3) Magnetic fields. As was pointed out by Oh1-
sen13), ionization or neutralization of a beam 
in a homogeneaus longitudinal magnetic 
field will involve an increase of the emit
tance of the beam on passing the stray field 
in a charged state. When the diameter of the 
bcam in the neutralization region is 2R with 
an applicd longitudinal magnetic field of 80 

the emittance increase will be 

For protons 80 should be about 0.1 T, thus 
in our souree L1t:""' 11 (cm·rad·eVlfcm2)R 2

• 

When a transition between h.f.s. states is in
duced between ncutralization region and ionizer, 
there has to be a "st rong" magnet ie field at the 
ionizer too. This is a favourable situation since 
analytica! studies reveal that the magnetic field at 
the ionizer can almast comrletely campensale for 
thc dcgrading cllcct of the magnetic lïcld at the 
neutralization region. For instanee the two longit
udinal magnçtic tïelds of about 0.1 T in our souree 
at the neutralization and ionization region result in 
a neglcctable emittance increase. Of course beam 
opties should be prorcrly designed in this case, i.e. 
a waist has to be formed at the ionizer. Because 
of a relation between the magnetic field strengths 
and the di stance bet ween the places of neutraliza
tion and ionization the emittance increase is still 
negligible when the neutralization region becomes 
much langer than the I cm of our source. The 
magnetic field geometry has to be suitable shaped 
in that case. 

4.6. ION-OPTJCAL SYSTEM 

The ion-optica! system consists of two parts. 
First, the relatively intense proton current has to 
be transported from the rf souree to the neutral
ization region. Befare neutralization, the beam has 
to be focussed in such a manner that after neu
tralization it wil! pass through the ionizer. The ex
traction voltage of the rf souree is 6 kV, the beam 
emittance is estimated between 0.5 and 
1 cm·rad·(eV)l, and the neutralization energy is 
about 4.5 keV. Though the design of this part of 
the ortical system does not give any problems, we 
considered the following. In order to avoid space 
charge effects the ions are accelerated immediately 
after extraction. For strong low-cost lens actions 
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Fig. 8a,b. Performance of the lens system between rf ion 
souree and ionizer. lt can be seen that any waist in the ex
traction canal can be transformed into a waist with character
istic length between 2 cm and 7 cm in the ionizer. The shaded 
area indicates the region where the extracted waist is expectcd 
to lie. 
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we used an Einzellens. Because we do not know 
exactly the characteristic length of the waist in the 
extraction canal of the rf souree nor the optimum 
conditions for beam injection into the ionizer we 
need at least two variabie lens potentials. We now 
can choose between varying the potential of the 
inner electrode of the EinzeHens or placing a tube 
with variabie potential between Einzellens and 
neutralization region. There are a number of rea
sans to pref er t he latter sol ut ion , such as: 

I) the inner electrode of the Einzellens should 
only be maue negative because of space 
charge. so th~ pot~ntials of thc outer clec
trod~s might bccomc high; 

2) because the outer electrodes of the Einzei
lens and the extra electrode are on a negative 
potential. variation of the potential of the 
latter will almost exclusively effect the 
(strong) lens action between this electrode 
aml the neutralization region. 

The accelcration of the ion beam after emerging 
from the rf souree wiJl hardly inlluence the situ
ation of the waist in the extraction canal but only 
incrcases thc charactcristic length of this waist. 
We therefore assume. that after this acceleration a 
waist with a characteristic length Xe between 0.2 
and 1 cm occurs in thc extraction canal. The dis
tanee between neutralization region and ionizer is 
30 cm which is used lor placing an electrastatic 
dellector and a LN 2 cooling trap. 

The versutility of the lirst part of the ion-optica! 
system may be seen from fig. 8 in which a waist 
with a tharacteristic length xi of 7 cm or 2 cm is 
formed in the centre of the ionizer. lt can be seen 
that, whether wc have an initia! waist of 0.2 cm or 
I cm in the extraction canal. the desired waist in 
the ionizer can be realized by the system. 

The second part of the ion-op~ical system 
should take care of the transport of the low-inten
sity negative ion beam from the ionizer to the in
jection system of the tandem accelerator. On leav
ing the ionizer the negative ion beam is accelerat
ed to the injection energy being at least 20 keY. 
Tagether with the restricted dimensions of the 
ionizer (high potential, high temperature) the ion 
beam wil! unoergo a strong lens action at the exit 
of the ionizer. There wiJl be a waist rather close 
to the exit of the ionizer. The negative ion beam 
has to bc sent through the rather long Wien filter, 
so in a proper design a lens should be placed some 
distance behind thc waist outside the ionizcr 
which locuses the beam in the middle of the 

Wieh filter. At the exit of the Wien filter another 
lens action would provide matching of the optica! 
system of our souree with the injection opties of 
the tandem. In order to simplify our source, we 
placed the Wien filter as close behind the ionizer 
as possible omitting the intermediale lens at a cal
culated loss of approximately 30 % ion beam cur
rent. 

5. Measurements 
A measurcment of the intensity of the polarized 

H · bcam from our polarizcd ion souree is shown 
in fig . 9. In this mcasurcment thc sodium beam 
is produced by a convcntional sodium sourcc. dif
ferent from the souree displayed in fig . 4. This 
measurement shows nicely that when the sodium 
in this oven is exhausted the sodium beam inten
sity drops very suddenly, and also the negative 
ion beam intensity. The negative ion beam is al
lowed to pass through thc neutralization region by 
removing a sodium beam stop. The settings of the 
Wien filter correspond to those necessary to allow 
a 6 keY proton beam to pass through . Sodium 
bcam intensity is measured with a Langmuir-Tay
lor detector. We used a hot rhenium wire to ionize 
sodium atoms and assumed 100% ionization effi
ciency at the wirc surf'ace. Thc settings or the first 
two electrostalie lenses were far from critica!, thus 
indicating a good beam transport through the ion
izer. 

Slight variations of ionizer potential however in
fluenced the beam transport considerably, as was 
expected. An attempt to imprave the beam trans
port through the Wien lilter was made by insert
ing a diverging clectrostatic lens just bchind the 
ionizer. This lens had to shift the waist towards 
the Wien filter. But the intensity gain was only 
about 10%. and the grid introduced problems be
cause of sodium contamination and discharges in 
the vacuum. Therefore we left out this lens in the 
course of the experiments. 

The negative ion current of about 20 nA inten
sity originating from neutralization in the sodium 
beam is about the expected one. An extracted ion 
current of 2 mA from the rf source, 70% of which 
are protons, results in a proton current of 1.4 mA. 
Taking into account the estimated 30% loss in the 
Wien filter and an ionization efficiency of the 
neutrals in the ionizer of at most JO% . one ex
pects a lower limit for the ncutralization efficiency 
of 2 x 10 ·4

• This agrecs with the following estima
tion. The effective path along which the protons 
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Fig. 9. Time dependenee of thc intensity of the polarized ncgative hydrogen ion beam (curve a) originating from neutralization 
or protons in the polarized sodium bcam. Curve b gives the time dependenee of the currènt of the U!ngmuir-Taylor detector. 
Wh.:n the conventional oven is exhausted. both currcnts drop simultaneously as is indicated by points representing measured 
valu.:s. 

cross the polarized sodium beam is about I cm. 
The maximum current of the Langmuir-Taylor 
detector in fig. 9 corresponds to a sodium density 
at thc ncutralization region of 3x5 10 11

' atlcm 3• So 
with a neutralization energy of the protons of 
5 keV the neutralization efficiency is expected to 
be at most 4 x Jo - ~. 

A serious drawback were the bad vacuum con
ditions we had in our source. During operation, 
the vacuum measured with a tungsten wired ion
ization gauge was typically between 2 x I0- 5 and 
3 x 10 ~ torr. This high pressure gave a back
ground ion current between 100 and 200 nA. The 
path of the proton beam at the neutralization 
energy through the background gas befare being 
deflected was about ten times the length of the 
proton path through the polarized sodium beam. 
Unfortunately wc had no opportunity to imprave 
the vacuum conditions. 

Wc instalfcd thc souree as it was at the tandem 
accelerator of the Robert van de Graaff Labaratory 
at Utrecht. With this machine one nceds an injec
tion energy above 20 keV for a reasanabie beam 
transmission . Therefore we used a suitable accel
eration voltage at the ionizer. Thanks to the high 
sodium beam intensity from our conventional so
dium souree we were able to produce a polarized 
proton beam with an energy of 6.77 MeV in the 
scattering chamber. The temperature of the ionizer 
was kept rather low to prevent depolarization by 

multiple charge exchange in the weak magnetic 
field at the ionizer, while the magnetic field in the 
ncutralization region was 0.1 T. With a fraction t 
of the total negative ion beam being neutralized in 
the polarized sodium beam we expected the proton 
polarization to be about 15%. Simultaneous polar
ization measurements by means of left/right ratios 
with the 6.77 MeV 12 C(i5, p) 12 C reaction at lab 
scattering angles of ± 70° and ± IlO'' yielded po
larizations of 0.193±0.067, 0.140±0.045 and 
0.134 ± 0.062, 0.065 ± 0.056 in two separate runs. 
These figures are corrected for the detector 
asymmetries; other error sourees are negligible. 

6. Possible improvements 
As was pointed out before, our souree is 

not designcd for producing the maximum beam 
quality which is obtainable with this scheme. 
Some improvements are obvious such as using a 
duoplasmatron producing ten times the current of 
an rr ion source, and applying for instanee an elec
trastatic deflector23 ) to increase the neutralization 
path length from I cm to say 10 cm. A further in
crease of the ion beam intensity might result from 
the installation of a magnetic multipale doublet. It 
should be noted that the sodium beam intensity in 
our case was limited by the height of the recycling 
oven. We have no reason to assume a less stabie 
manner of operation of a recycling oven when 
higher beam intensities are produced. 
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To reach a high nuclear polarization the vacuum 
in the neutralization region has to be improved to 
better than I0- 6 torrunder operating conditions of 
thc sourcc. Furthcrmorc a non-adiabatic field 
rcvcrsal and a strong magnetic field at the ionizer 
have to be applied. In that case the emittance of 
the ion bcam delivered by the polarized ion souree 
will be mainly determined by the emittance of the 
beam delivered by the primary ion source. A low 
emittance of the primary ion beam is therefore 
highly desirable. Possibly another extraction de
vice19) can imprave the quality of ion beams ex
tracted from rf or duoplasmairon ion sources. 

lt is of importance that the neutralization in 
electron-polarized sodium and the subsequent ion
ization is done as efficient as possible consictering 
the known cross sections. We have done several 
measurements under various conditions resulting 
always in a neutralization efficiency times ioniza
tion efficiency of at least 50% of the maximum 
expected value. 

7. Concluding remarks 
The polarization scheme which is presented is 

universa!. Any ion beam which can be extracted 
from an rf souree or duoplasmairon can be polar
izcd in a similar manner as is described here for 
protons. Those atoms which can be ionized on hot 
surfaces such as for instanee alkalides can be po
larized in the atomie beam line. The surface ion
izcr is to be located in the neutralization region. 
The scheme can work also for positive polarized 
ions. For instanee using neon in the ionizer in
stead of sodium wil! give an ionization efficiency 
of incoming ncutrals to protons of about 80 % 6 ). 

Hcnce polarizcd proton currcnts can be made 
more intense than negative ion beams. 

This souree can bc uscd also for the production 
of unpolarizcd ion bcams. Since thç change from 
positivc to ncgative ions occurs at two dil'lercnt 
potcntials, the extraction encrgy of the primary 
ion soun:e. the charge exchange energy and the 
injcction encrgy into thc accelerator are scparated. 
This feature which can be used profitably in some 
particular cases is obtained without significant loss 
of cl'lidem:y of thc charge exchange proccsscs or 
the necd of much elcctrical power on a high po
tential. As to the emittance of an ion beam de
livered by this kind of polarized ion sources, it will 
be about thc emittance of the ion beam extracted 
from the primary ion source. 
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Some measurements of ion beam intensities extracted from a water-caoled rf ion souree are presented. These measure
ments lead to an extraction device, which results in an increase of more than 50% of the extracted ion current. 

This impravement indicates a possibility of extracting high brilliance ion beams from rf or duoplasmatron ion sources. 

I. Introduetion 
For our experiments to produce polarized pro

tons1 ), we needed a low cost reliable hydragen ion 
souree with low gas consumption, because of the 
rather limited capacity of the available vacuum 
pumps. We thcrcforc decided to build an rf ion 
sourcc 2 ). 

Thc gas consumption of the souree dcpcnds on 
the prcssurc insidc thc souree and on the gas flow 
cunductanu.: ol" thc extraction canal. In thc extrac
tion canal, a substantial l"raction of thc ion bcam 
extractcll from the plasma may bceome ncutral
ized. The rcsulting fast atoms are highly unwant
ed in our expcrimcnts . As the neutralized fraetion 
is expected to inerease with the length of the ca
nat, we were mainly interested in short and henee 

* Present address: Dorpsstraat 25. Leende. Thc Ncthcrlands. 

TABLE I 

narrow canals. Variatien of the length of the canal 
gives insight in the extraction mechanism, which 
enables to imprave the extraction geometry. 

2. Various rf ion sourees 
In table I the characteristics of a number of rf 

ion sourees are givcn. Wc normalizcd the pub
lishcd values of the ion eurrcnt to /+ at an 
extraction voltage Uc of 6 kV. assuming an Ut 2 

dcpcndcnec. 
For ion sourees with magnetic ficlds in the ex

traction region the values for f+ ld 2 , indicating tJ:le 
current density in thc canal, tie rather close to
gether. 

First we copied the souree of Eubank 3) but were 
not able to reproduce the values he reported. 
Thereupon we tried an extraction geometry similar 
to that proposed by Bentz10

). In order to reduce 

Reported performances of some rf ion sourees for protons . The extraction geometries are shown schematically. The authors are 
EubankJ ). Reifenschweiler4 ). Goodwin5 ), Moak 6). Ganguly 7 ), PreleeS ). Kowalewski9 ), Bentz 10). Those with•ctid not apply a mag
netic field at the extraction region. K- 1 I+ I d2 represents the ratio between extracted ion current and gas now conductance of 

the extraction canal: K is the Clausing factor. 

~aluminium IZZ?Za insuiator 

l l 

~ ~d 
-

~~~~ 
~ td ~~ 

~ ~ ~~ 
fig. I fig. 2 

\ 
J+ (mAl 16 4 0.55 1.25 8 4.6 2.5 3.0 3.0 2.0 
I+ ld 2 1.6 0.8 0.2 0.5 0.8 12 1.1 1.3 1.3 2.0 
K- 1 t+fd 2 7 8 1.6 1.5 3.7 4.3 5.7 4.8 5.6 5.6 8.7 
lH + 1/ ~ 0.9 0.9 0.9 0.9 0.7 
dCmm) 3.2 2.25 1.6 1.6 3.2 2.0 1.5 1.5 1.5 1.0 
/(mm) 15.2 2.25 12.7 12.7 13.5 8.5 6 6 6 4 

Ref. 3* 4* 5* 6 7 8 9 10 souree A souree B 
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aumnum probe 

l F 

0 

Fig. I. Souree A from table I. The extraction geometry is simil~r to that used by BentzlO). 

Aluminum pro•• 

j 

To oaciltator 

0 IOcm 

Gu<H2l ·f 
Fig. 2. Souree B from tablc I. The extraction canal is si mi lar to the one used by Reifenschweiler4 ) . Bccause of the low ion density 
wc do not nccd quartz or Al2 0 3 at the extraction region. 
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the iisk of fracture of the pyrex vessel at maxi. 
mum current output*, we provided our souree 
with a watercaoled mantle. With the souree 
shown in fig. 1, the va lues reported by Bentz 
could be reproduced and thanks to the water-cool
ing we had no troubles with overheating. 

Decreasing the gas pressure to diminish the gas 
consumption, one observes a lowering of the light 
emission and he nee of the ion density, when thc 
output power of the oscillator and the magnelic 
field strength remain unchanged. In order to ob
tain the same ion current one might incrcase the 
ion emitting plasma-surface by cnlarging the canal 
aperture. but then thc gas flow conductance is in
creased as well. Thcrclürc wc prcfcrrcd the extrac
tion gcometry as uscd by Rcifcnschwcilcr•) cxpcct
ing a lowcr gas load or the vacuum system. Jlow
ever. the current dcnsity in the extraction canal of 
this souree is not vcry high. due to thc absence of 
a magnetic field in the extraction region. Kceping 
the dilTerenee between thc performance of the 
Goodwin') and Moak~) ion sourees in mind, we 
applied a magnetic licld and tried the geometry of 
tig. 2. 

Because of the exrected low ion density at the 
large ion emitting surface wc did not use quartz or 
Al 20 3 in the vicinity of thc extraction electrode 
but water-cooled pyrex, which sutliced . The lower 
ion density implies a lower proton fraction of the 
total beam (cf. table IJ; thus the high value of 
I" I (fl for our second souree is somewhat 
flattered. The form of the extraction electrode, as 
shown in fig. 2, otTers the advantage that one can 
vary the diameter and length of the canal without 
affecting the extraction of the ions from the plas
ma. 

3. Ion bt'am intensit~ and canal len~th 

We measurcd lor our ion sourees (figs. I and 2) 
the dependenee of the extracted ion beam current 
on u., d and I. 

For optimum values of oscillator power. pres
sure and magnetic field strength at each value of 
uc we also Jound the u} dependenee for the ex-
tracted current for Ue~6kV. . 

The extracted beam intensity increased propor
tional with the area of the hole in the extraction 
electrode for d~ I .5 mm. 

The gas consumption increases also, the gas 
conductance bcing proportional to Kd2 , in which 

* Private ~:ommuniutlion L)r. E. Bentz. 

the Clausing factorKis a function of Ild 11 ). The 
results of our measurements of the extracted ion 
current on varying the lengthl of the canal 
shown in fig. 3. The current to gas conductance 
ratio K -l f+ ld2 has an optimum as indicated in 
fig. 3. . 

The gas laad of the vacuum system of 
I= 4 mm, d= 1 mm is estimated to be less than 
3 x I0- 4 torr·l/s. 

4. Ion beam formation and emittance 

The Vei dependenee can find its origin in the 
space charge limited current through the extrac
tion canal. Thc perveancc Pof a cylinder, diame
ter d and lcngth I. is given by P=7.l(dll)2 

mAkV l for protons. In this case the ion beam 
intcnsity shou!J vary with (c/11)2 which, howcver, 
is nol in agreement with our lindings (sec fig . 3); 
thc calculatcd ion current . tor d = I mm and 
I= 2 mm is also onc order of magnitude larger than 
our experimental value. . 

Another possibility is that the U} dependenee 
originatcs in the limitations lor the current density 
in the "diode" formed by extractor electrode and 
plasma surface. A rough estimation of the maxi
mum current through this diode can be made as 
follows . Consider the ion emitting plasma surface 
as a part of a spherc, radius Pc, centered in the en
trance of the canal. lmagine a second concentric 
sphere with radius P; < Pc at a potential difference 
U kV. Then the maximum current between the 
two spheres is imax = 22Ul l a. 2 mA 12 ); a.2 depends 
only on the ratio p0 1 P;. With an area of the plas
ma emitting surface of 40 mm 2 (diameter 7 mm) 
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Fig. 3. Relative extracted current intensity as a function of lid 
of the extraction canal. The mcasured valucs are reprcsented 
by dots (lcft-hand ordinale). Thc ratio of thc extractcd currcnt 
intensity and thc gas flow wnductan~:c is imli~o:atcd by thc dot
led linc (right-hand onlinatc); 1\ is thc Clausing factor . 
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on the sphere with Pe~9 mm we get 
i=0.87 Ul la2 (mA). lf we take the virtual inner 
electrode in the opening of the extraction elec
trode, then Pc I P; ~ 2 and a2 = 0. 75. Estimating U 
between 0.5 U" and 0.7 Uc we find i= 6-10 mA, 
and a diameter of the beam between 2 and 3 mm 
at the entrance of the extraction canal in reasan
abie agreement with the beam size as indicated by 
the colouring of the aluminum around the extrac
l ion canal. 

If we now have a beam with a rather low bril
liance, there should be a waist in the middle of 
the canal and the extracted beam intensity would 
vary with d 2 ·d211 2• The d 2 factor represents the 
acceptance of the aperture, whereas the d 2 // 2 fac
tor reflects the solid angle of acceptance of the 
canal. From fig. 3 it may be concluded that the 
t/2/ / 2 factor is absent. 

Obviously we have a more or less parallel in
coming ion beam collimaled by the entrance aper
ture of the extraction canal. The current density is 
proportional to U}. The current through the aper
ture is now proportional to the area of the aper
turc. Thc angular spread in this beam will be 
correlatcd to the ion "tempcrature" of the plasma. 
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Fig. 4. Movement in phase space under inOuence of space 
charge forces; we assumed a current density independent of r 
at : = 0. For an initia! parallel beam the oc~o:upied area remains 
a straight line. The quantity C = 5 1- l U~, I in mA and Ue in 
kV. 

The axial electrical field strength in the postttve 
column wil I be several V /cm, the mean free path 
of the ionsis between 0.1 and l cm and the mean 
electron energy is a few eV. This wil! lead to an 
"cff'ective tempcraturc" of the ions of say 5 eV. 
The angular spread in the "parallel" beam will 
then be or the magnitude of (5/U0 )l, in Ol!r case 
I I 35 rad. The constancy of the intensity shown in 
fig. 3 until I= 4 mm for d =I mm indicates an 
even smaller divergence of the beam. 

U ncompensatec..l space charge repulsion has the 
effect as outlined in fig. 4. A completely parallel 
beam at z = 0 can be reprcsented by a straight hor
izontal line between the origin and 2rld=1 (be
cause of rotation symmetry only r>O is shown in 
fig. 4). 

Although this beam will spread under intlucnee · 
of space charge for z>O the beam emittance will 
remain zero and phase space representation re
mains a straight line; for dillerent z-values this 

r' 

Fig. 5. Occupied area in phase without (-) and with (--)a con
verging lens action combined with a drift space. The accep
tance of a canal with diameter d and length I is also shown 
(- ·-). The area accepted by the canal wil! only increase by im
plying a lens action and drift space if the initia! beam diver
gence is smaller th<m di l. 
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line lies between the origin and the points indicat
ed in fig. 4. 

However, the small "temperature" spread wil! 
be responsible for a high "èffective" beam emit
tance as can be seen from the movement of pÓint 8 
in fig . 4. Assuming an initia! r' of only ll / 80 rad, 
I in mA, this point reaches the position indicated 
with 8' for :: l d=C. This indicates that at any time 
phase space will be kept occupied between about 
-id and +!d along the r-axis. Therelore thc "ef-
fective" beam emittance wil I be a bout dil Uc -! (in 
cm·rad·(eV)l if d in mm, I in mAand Uc in kV). 
It can be seen that unfortunately one can hardly 
distinguish a bcam having an emittance of 
2.2 rad ·(eV)! ·dat the exit of the canal, from one 
with the same "effective" emittance because of 
thc spacc charge. Up to this it is rather irrelevant 
whcthcr the bcam is a nearly parallel onc on en
tering the extraction canal or is focussed in a waist 
in the middle of the canal. The only way to keep 
the " effective'' emittance low could be to acceler
ate the ion beam immediately behind the extrac
tion canal. For instanee ::l d = C means in our case 
acceleration within the first centimeter after thc 
extraction canal. However, an incoming parallel 
beam can bc transporled more enïciently through 
a canal or collimator by lïrst applying a converging 
lense action. Tagether with a certain distance be
tween lense action and canal opening this results 
in phase space in a clockwise rotation (fïg. 5). lt 
will be clear that thc transmission of an incoming 
beam w !t h an emittancc of t he sa me order as t he 
acceptance of the canal will nol be improved by 
such a lense action . 

5. lU iun suurct.• wilh flualin~ extraction channcl 

With the device of lig. 6, we studied a possible 
iocrcase of the extractcd ion current. Electrode I 
acts as a normal cxtractor with a rather large area. 
Electrode 2 has a hole with d = I mm and 
I= 4 mm and is electrically insulated. 

If a current is extracted through the hole in 
electrode I. electrode 2 becomes positively charged 
and thus we wil! get some lense action on the 
beam between the two electrodes. The angle of ro
tation in phasc space can now be regulatcd by in
crcasing thc ion currcnt, part of it falling upon 
electrode 2. 

Sim:e clcctroJe 2 gels a positivc potcntial with 
respect to grouml. the bcam cnergy in thc canal is 
lowcr than it would be in the case with one 
grountled extraction canal. Should the space 

electrode 1 electrode 2 

~ 
~· 
~msulator 

OIIIIIIliiii electrode 

Fig. 6. Extraction device with a floating potential of electrode 
2. 

charge effect inside the canal limit the extracted 
beam intensity, our device should give a lower ex
tracted ion current. Furthermore lowering of the 
bcam encrgy results in a smaller current through 
a canal with a lïxed acceptancc. lnstallation of the 
extraction device of fig. 6 gives, without any opti
mization of geometry or distance between the two 
electrodes, an increase of extracted ion current of 
more than 50%. 

With this gain the souree operated in a stabie 
manner. Raising the ion density by means of in
creasing thc oscillator power, thc magnetic field or 
the prcssure rcsulted in a further increase of the 
extractcd current, but signs of heating of electrode 
2 became visible. This heating finally ended up in 
melting of electrode 2. Repeating the measure
ment with another ion souree and extraction de
vice gave thc samc results. 

Othcr distances bet ween the electrades I and 2, 
or another geometry of the second electrode, 
might give a further increase of the extracted ion 
current. Especially a better matching between the 
diameters of thc holes in thc two electrades could 
give better focussing without too much heating. 

6. Final remarks 
Since the outcome of our measurements strong

ly indicates a small ion beam emittance inside the 
extraction canal, the most advantageous applica
tion of such an extraction device could be the use 
of electrode 2 on a high negative potential. Appli
cation of a strong divergent lense action behind 
electrode 2 may then result in high brilliance ion 
beams from rf or duoplasmairon ion sources. 

Thc author thanks Mr. F. Timmers anti Mr. 
J. van de Berg for technica! assistance, and Prof. 
0. J. Poppema and Prof. N. F. Verster for reading 
the manuscript. This work was performed as a 
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voor Fundamenteel Onderzoek der Materie" 
(FOM). with financial support from the "Neder
landse Organisatie voor Zuiver Wetenschappelijk 
Onderzoek" (ZWO). 
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DESIGN OF AN OPTIMAL MAGNETIC MULTIPOLE FOR POLARIZING 
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The criteria for obtaining a maximum field at the tips of a multipole magnet are given. A quadrupole magnet constructed 
according to these criteria proved to have the expected field of I. 75 T at the tips. The obtainable po ie tip field in a sextupole 
magnet can be estimated to be 1.3 T. Knowledge of the p.t.f. allows to calculate the optima! magnetic geometry for polarizing 
an atomie beam; in our case of a sodium beam the best geometry appears to be a quadrupole-sextupole doublet. 

1. Introduetion 

An atomie beam with J # 0 can he electron polarized 
by sending it through an inhomogeneous magnetic 
field 1

). If a rotationally symmetrie beam is desired, 
mostly a magnetic quadrupole or sextupole field is 
used. In this case the factor of merit of the system is 
proportional to ihe ratio of the energy change due to 
the magnetic induction and the thermal energy, i.e. 
to BP/T, BP being the magnetic field at the pole tip and 
T the "temperature" of the beam. As we planned to 
polarize a sodium beam with T up to 800 K to get a 
high intensity, it is crucial for our experiments to have 
BP as high as possible. In this paper the criteria will 
he given to attain the maximum possible value of the 
field at the pole tips in a multipole electromagnet. 

The magnetic field has three functions: to accept, 
polarize and focus the atomie beam: 

I) The acceptance, the solid angle wherein the 
particles may enter the magnet without hitting 
the poles, should he large. 

2) The beam has to become polarized, so the gra
dient should he sufficiently high at a certain length 
of the magnet 

3) The beam has to he focused at the desired spot 
behind the magnet. 

When comparing a quadrupole and a sextupole 
field, the first two conditions wiJl he fulfilled better by 
a quadrupole geometry due to the higher BP and due 
to the presence of a gradient on the axis, while the 
focusing, at least for monoenergetic beams, is done 
best by a sextupole field. Knowing the values of BP 
in the different cases one can decide which magnet 
contiguration is appropriate for a particular beam. 
We have extended former calculations 2

) and computed 
the effect of a few simpte magnet systems on our 
sodium beam. 

2. Design of the magnet 

The discussion on the design will he restricted to a 
quadrupole magnet but is essentially the same for 
higher order magnets. In fig. 1 a schematic cross
section of a part of a quadrupole magnet is given. The 
shape of a pole is designated by f(x). 

Starting from x0 it can he seen that for decreasing x 
the magnetic induction inside the iron, B;, tends to 
increase because of the diminishing thickness of the 
pole. 
There will he, however, a continuous flux decrease 
because of the stray field B~ between the poles. The 
change in flux inside the iron wil! equal the flux toss, 

(1) 

We have assumed that the field in the iron B; is 

Fig. I. Cross-section of the relevant part of a quadrupole magnet. 
Half the pole thickness as a function of the distance to the yoke is 
designated by f(x). 
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homogeneaus and parallel to the x-axis and that the 
field in the gap B. is normal to the iron surface. 
A maximum of the magnetic induction inside the iron 
wil\ occur at x = xm when ( d/dx) B1 (x) = 0: 

In general there wil! be more than one maximum in 
the induction inside the iron. With a good design of 
the magnet the highest maximum will be found at 
xm near to the pole tip. The iron will become saturated 
at x= xm and a further increase of the number of 
ampere-turns will hardly influence the field for x ~xm 
any more. The maximum field at the pole tip will then 
be determined by the available flux at xm and the 
geometry of the pole tip for x<xm . For a pole as 
drawn in fig. 2 the field at the tip can be easily estimated. 

Fig. 2. Geometry of the pole tip. The hyperbalie surface of the 
tip can be replaced by the circular geometry without making a 
large error. The flat surface is represented by f(x)oox tan ex. 

The field at the flat surface is supposed to vary inversely 
with the distance to the opposite pole whereas for the 
field at the round surface a quadrupale geornetry is 
taken. The ratio BP/ B1 (xm) is represented as a function 
of the pole angle a in fig. 3 for different pole widths H. 
Furthermore the value of xm is indicated . 

As far as the choice of the material is concerned, it 
is important to have a material with a high B .. , in the 
vicinity of xm . Since these materials generally are non
ductile the geometry of the pole should be easy to 
manufacture. Recause of the steep field drop between 
xm and the pole tip, the round part of the pole may be 
made of Armco or even ordinary soft steel. The 
induction inside the pole between xm and x0 has to 
drop as rapidly as possible under the condition of 
minimal flux increase in the iron in order to keep the 
yoke of the magnet as smal! as possible. For the sake 
of simplicity of machining bere we have chosen also 
for a flat surface. A good value of a. in this region 
proves to be 24° as may be deduced from eq. (I). 

These considerations led to the following design of 
the quadrupale magnet. The pole tip is made of soft 
steel, H/R = 0.64, the material around Xm is permen
dur"' (B .. , = 2.35 T) and a= 38°: At x= 4R, a becomes 
25° while the pole for x> 11 R is made of Armco iron. 
The end of the pole is at x 0 = 22R and the yoke is of soft 
steel plates, 12R thick . 

From these dimensions the induction in the yoke is 
estimated to be 1.2 T with maximum field at the pole 
tips of 1.75 T. It should be noticed that, although 
field lines inside the iron behave almast like spaghetti, 
they do not do so completely and so the induction at 
the transition from pole to yoke should not be more 
than about 1.2 T. 

• Supplied by Telcon Metals, Crawley, Sussex, England. 
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Fig. 3. Ratio of the pole tip field B. and the induction in the iron at the maximum ciosest to the tip as a function of the angle <X of 
the flat pole surface. The right hand side ordinale indicates the place of the maximum of the induction in the îron. 
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3. Measurements 

With the magnet geometry as described above some 
measurements of the magnetic field have been done to 
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Fig. 4. The magnetic induction in the pole of the magnet deduced 
from the field at the surface and the dimensions of the pole. The 
maximum induction at x= Xm lies close to the saturation value of 
permendur, 8 ,,. = 2.35 T . 
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Fig. 5. The magnetic field at the surface of the pole at three 
different positions as a function of the magnetizing force. 
Saturation effects can be seeo to start between the points I aod 2. 

test the predictions. To avoid end effects the measure
ments have been done inside the magnet at a distance 
of 5 R from the edge. 

From the measured field along the pole surface the 
flux inside the iron can be deduced. This and the 
geometry of the pole give B1 (x) . Fig. · 4 shows that the 
maximum of B1 (x) occurs at the expected place and 
has a value close to 2.35 T. To show that saturatio~ 
occurs at the desired place and oot elsewhere in the 
magnet, measurements of B. at different places as a 
function of the number of ampere-turns are presented 
in fig. 5. When we try to measure the induction at the 
pole tip directly the thickness of the used Hall probe 
wilt cause a serious error because of the high gradient. 

In order to find BP; the field therefore was measured 
as a function of the di stance to the axis of the magnet. 
By linear extrapolation BP is found to be about 
1.75 T (fig. 6). 

4. The polarization of a sodium beam 

From consideration similar to those given above for 
a quadrupole field we estimate BP in a sextupole and 
octupole geometry to be 1.3 T and 1.0 T respectively. 
With these figures the relative field gmdient as a func
tion of the distance of the axis can be givèn for the 
three magnetic fields (fig. 7). lt cao be expected that a 
doublet system of a quadrupale and a following sex
tupole or octupole magnet has a greater ácceptance 
than a single magnet. In the doublet the particles fee! 
the strong 4-pole force when they are still close to the 
axis while the higher 6-pole or 8-pole field gradient is 
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Fig. 6. The quadrupole field in the magnet as a function of the 
distance tQ the axis, e along the x-axis, + at 45• to the x-axis. 
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2,01r----------------, 

Fig. 7. Relative force on a constant magnetic dipole moment in a 
quadru-, sextu- and octupole magnet with maximum fields at the 
pole tips. 

used in the region of maximum amplitude. With a 
computing program, based on earlier calculations of a 
hydrogen beam in a quadrupole field which proved to 
be consistent with measurements, several magnet 
systems have been investigated. The calculations have 
been restricted to a sodium beam emerging from an 
oven orifice a:t a temperature of 800 K, a diameter of 
3 mm at a distance of 5 cm from the magnet The 
magnets have equal . apertures of 10 mm but various 
lengths and are 3 cm spaeed in the case of a doublet 
system. In the cloubiets a quadrupole magnet of 15 cm 
is taken as the first magnet. As the factor of n:ierit 
P2 N of the beam is taken, P being the electron polarîza
tion in a strong field and N the partiele density. In 
fig. 8 this factor is given for different positions behind 
the magnets and different spot diameters. It should be 
noticed that the results are somewhat flattered in the 
case of a single sextupole geometry because no correc
tion is made for the lowering of the effective magnetic 
dipole moment of some substates in low fields. 

5. Conciosion 

It is possible to predict the maximum field strength 
at the pole tips of a multipole magnet within a few 
percents. The maximum values, which are somewhat 
higher than in magnets generally used, are of course 
independent of the distance between axis and pole tips. 
The maximurn value can also be attained with tapered 
poles. Frorn the maximum fields the best magnet 
contiguration can be calculated for polarizing a given 
atomie bearn, 
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Fig. 8. The relative factór of merit P2 N for a single quadrupale 
( L':. ), a single sextupole (e), a 15 cm long quadrupale magnet, 
foliowed by a sextupole of length (1 - 15) ( +) or the same qua
drupale foliowed by an octupole with length (1- 15) ( 0 ). The 
aperture of the magnets is I cm. Four combinations of position 
(10 cm resp. 25 cm behind the magnet) and the diameter (0.4 cm 
resp. 0.8 cm) of the focus spot are taken. 

In the case of a "high temperature" beam where the 
polarization condition asks for long and narrow 
magnets the application of a quadrupole-sextupole 
doublet yields a high P 2 N value. Moreover the 3 cm 
spacing between the two short magnets gives the 
advantage of better vacuum conditions. 
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A sodium atom beam souree is described in which those atoms which intercept 
the collimator surface are retumed to the oven chamber, thus miniruizing the 
total sodium consumption for a given collimated ~am intensity. 

INTRODUCTION 

For experiments with polarized sodium atoms we need 
a beam souree giving an intensity /(0) of about 5 x 1018 

atoms/sr sec in the forward direction. Defining the peak
ing factor K = TT I(O'(N, in which iv_ is the sodium con
sumption per unit time, one finds N = 2.2K-1 g/h. 

The value of K depends on the kind of flow from the 
oven orifice. If the mean free path À in the oven is large 
compared with the diameter d and the length of the ori
fice, then K can be 4-5. 1 Even if dis very small, using a 
multichannel array, the area needed is too large for the 
beam to be accepted in the polarizing Stem-Oerlach 
magnet. 

Increasing theratio d/À means that K decreases and 
approaches unity when d/À = I. A further increase of 
dj À will result in a more or less supersonic flow. In this 
case the value of K will be at most 2. 2 The brightness of 
the beam can be sufficient now, but the sodium consump
tion will be more than l g/h. In this paper an oven is 
described with an effective K of about 40. This high 
value of K is achieved by recovering a great deal of the 
sodium effusing from an oven orifice and transporting it 
back into the oven chamber. In this way the effective 
consumption can be decreased to a few percent of its 
value without recycling. This recycling diminishes, of 
course, the problems of contamination and maintenance 
substantially, whereas the beam intensity in the forward 
direction re rnains unaffected. 

Essential for this recycling is a low vapor pressure at 
the melting point. This feature, common to all alkali 
metals, permits us to have the sodium as a liquid in the 
vacuum system without having a high evaporation rate 
at the surface. 

PRINCIPLE 

The way in which the sodium can be recycled is indi
cated in Fig. l(a). The temperature T 1 is chosen to pro
vide the desired beam intensity and depends on the 
diameter of the orifice. The temperature T2 of the 
collimator chamber is slightly above the melting point of 
the sodium. The bulk öfthe sodium vapor emerging from 
the oven orifice is condensed on the walls of the collima
tor chamber and finds its way downwards. The vapor 
pressure inside the collimator chamber is sufficiently 
low to prevent beam attenuation as wei! as substantial 
losses through the openings of the collimator chamber. 
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As a consequence of the pressure difference in both 
chambers, there will be a difference !lh in height of 
the liquid levels; in the case of sodium !lh = 15 
mm/Torr. 

This height difference can be avoided by closing the 
connector tube by means of a valve or a cold spot. 
Another solution for overcoming the height difference 
may be provided by ending the connector tube in the 
oven chamber above the liquid surface. In this case the 
geometry of the tube and the temperature gradient have 
to be designed carefully to prevent blocking; the difficul
ties due to the vapor stream and the resulting heat 
flow are then not too serious. 

OVEN DESIGN 

In previous experimenis we found that condensing 
sodium can give liquid drops. Because of the high sur
face tension of sodium, these drops can block a small 
opening. We therefore took 6 mm for the diameter ofthe 
collimator and the connector tube. In order to keep the 
heat flow through the connector tube small, it was de
cided to select stainless steel as the tube materiaL This 
furthermore offers the advantage of having adequate 
strength. As we have the experience that liquid sodium 
creeps through a welded conneetion between stainless 
steel and copper, we built the whole oven chamber and 

A. T1·7SOK T2·400K 

I 

- STAINLESS STEEL 

~ co~~ER 

~ STEEL 

iJllm ALUMINIUM-OXIDE 

~ SOOIUM 

FIG. I. (a) Recycling oven and (b) heating element. The tempera
ture T2 is slightly above the melting point of the sodium. The 
height difference !::Jz arises from the pressure difference in the oven 
and the collimator chamber. 
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the Iower part of the collimator chamber of stainless 
steel. 

To ensure uniform heating, capper housing is placed 
around the oven chamber. The collimator chamber con
sists of a similar capper block mounted around the 
widened connector tube. The healing elements can he 
mounted on these housings. 

To prevent problems which might arise from the pres
enee of a hot surface in the collimator chamber, we 
situated the oven orifice outside this chamber, teaving a 
split of 3 mm between oven and collimator chamber. 
The entrance of the collimator chamber has a diameter 
of 36 mm, the oven orifice, one of3 mm. To hesure ofthe 
control of the temperature of the liquid sodium surface 
in the collimator chamber, a capper baffle was placed in 
the liquid. The heating is provided by elementsas shown 
in Fig. l(b). One element with a tungsten wire of0.5-mm 
diameter and 30-cm effective length has a healing 
capacity of about 600 W at a current of 17 A. The oven 
chamber can be equipped with three, the collimator 
chamber with two such elements. Operaling the oven 
at 750 K, we need 350 W for heating. The energy toss by 
conduction through the filled connector tube and the 
supports is IO W, the evaporation of the sodium con
sumes Ie ss than 2 W, so the heat toss by radiation- will 
dominate. Because ofthe construction in which the oven 
and collimator chamber face each other at a short dis
tance, about 70 W will be transferred from oven to 
collimator chamber by radiation. This large energy flow 
permits a quick regulation of the temperature of the 
collimator chamber. The test run revealed enough about 
the heat conditions to enable us to adjust the conduc
tance from collimator chamber to the water-caoled 
support, so that no auxiliary healing of the collimator 
chamber is needed. We found that drop formation could 
be eliminated by using a temperature far enough above 
the melting point of 360 K. At 400 . K the sodium con
denses in a thin film. No beam attenuation bas been ob
served at this temperature. 

With this geometry of oven and collimator chamber, 
97%-98% of the sodium eme~gi~g from the oven orifice 
is expected to he captured. When the temperature of 
the collimator chamber is carefully chosen, this figure 
depends only slightly on the forward intensity. 

MEASUREMENTS 

In order to obtain an idea of the gain of a recovery 
oven, we first performed some measurements with a 
standard oven. The sodium detector is of the Langmuir
Taylor type; the sodium atoms are ionized on a rhenium 
wire of0.4-mm diameter. The beam is diaphragmed over 
a height of2.5 mm, giving an effective surface of 1 mm2 • 

The work function of rhenium is about 0.1 eV higher 
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than the ionization potential of sodium.3 Therefore the 
ionizing efficiency Tl will be at least 40%,3 but it de
pends on the wire temperature. Furthermore, our 
vacuum condition is relatively bad, lQ-l>-J0-6 Torr, 
which could influence Tl also. At a distance of 36 cm 
between oven orifice and detector this corresponds to a 
charge of 2.8." K 11-A h/g of sodium. 

At a current through the rheniumwire of 5.5 A and a 
potential difference between wire and housing of 150 V, 
in three separate runs, 3.7, 4.5, and 4.3 11-A h/g were 
measured. 

The beam flux during these measurements was about 
3."~ 1(1015 atoms/cm2 sec) at the detector. The mean free 
path of the sodium atoms in the oven is much smaller 
than the diameter ofthe orifice, and thus K lies between 
1 and 2, indicating Tl > 60% . Aft er preliminary measure
ments with the recycling system, it became clear that 
the baffte in the collimator chamber was superfluous. 
After removing the baffte, we tilled the ov'en with 12.5 g 
of sodium. 

Under the same conditions of detector and vacuum as 
during the .test runs, the ovèn then deliverèd a Jo ad of 290 
11-A h. 

By weighing the oven befare and after cleaning and 
by a determination of thee amount of sodium in the 
vacuum system, the sodium consumplion is estimated to 
be 2.5 ± 0.5 g. 

It can he concluded that this oven has a net sodium 
consumption of about 3.5% of that of a camparabie 
oven without recycling. This, of course, may be further 
improved by a more sophisticated design ofthe collima
tor chamber. As stated before, however, the principle of 
recovery is applicable only for elements or compounds 
having a sufficiently low vapor pressure at the melting 
point. 
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CHAPTER III 

CONCLUDING REMARKS 

A discussion concerning some developments in polarized ion souree 

design will be presented here as a completion of this thesis. 

The two topics in the case of the atomie beam souree are the cooling 

of the atomie hydrogen beam and the improvement of the ionization 

efficiency. 

The cooling will be advantageous because of the increased atomie 

beam transmission through the magnet (I-3), the lowering of the gas 

load of the vacuum system and the diminished chromatic aberration of 

the sextupole magnet since the magnet length is about proportional 

to ~ . An effective cooling of the beam is possible when a roetal 

dissociator nozzle can be used. Hydrogen atoms are expected to 

recombine completely when impinging on a metal surface (1). However, 

since the pressure inside the dissociator is rather high (>1 torr) 

it may be that the adsorption rate of hydrogen at the surface, 

especially at low temperatures, is high (2). In that case the 

impinging hydrogen atoms are not reflected by the metal surface 

but by the adsorbed hydrogen layer. 

Preliminar measurements indeed showed that no complete recombination 

occurs at a liquid nitrogen cooled coppe~~ · surface. Later on our 

measurements have been confirmed (3) whereas similar measurements 

have been also reported from Göttingen (4). We do notknowat the 

moment if the recombination in a cooled metal nozzle is sufficiently 

low. 
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From I-4, fig.S it can be seen that the ionization efficiency 

steeply increases when the electron energy is raised. Furthermore 

good injection conditions for the electron beam into the magnetic 

field and an adequate magnetic field strength to prevent scalloping 

of the electron beam have been shown to be important (I-4). 

Recent informations suggest a large impravement of the ionizer 

efficiency which seemingly has been accomplished by the use of an 

anode voltage of a few keV in a magnetic field of 4T (5). 

The crossed beam polarized ion souree as it is described in chapter II-1 

can be improved in many trivial ways as it was only set up to 

prove the feasibility of the method. Only two possibilities will 

be considered here. 

Firstly the use of a solid ionizer was invesigated since it would 

be much easier to handle than a vapour target. Therefore the 

scattering of a proton beam with an energy between 5 and 10 keV 

in a carbon foil of about 5 ~g/cm2was measured. The emittance 

increase, however turned out to be disastrous so that it is not 

to be expected that foils can be used in this kind of polarized 

ion sources. 

Secondly, an intriguing possibility which is worthwhile to be 

pursued is the production of a gas of electron polarized sodium 

atoms, produced by the injection of the polarized sodium beam 

into a heated container. There are indications that the electron 

polarization is nàt lost during the wall collisions in a strong 

magnetic field (6). 
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SUMMARY 

In this thesis werk on polarized ion sourees is described. 

The measurements which are presented in chapter I have been 

performed on a souree following the atomie beam principle . 

which was built by dr. J. A. van der Heide. 

The investigations on the dissociator and ionizer as presented 

in I-4, resulted in an appreciable impravement of the beam 

quality Also it is shown that the atomie beam (I-2 and I-3) 

as well as the ionizer (I-4) can be further improved. 

Such improvements have nat been accomplished by lack of time 

since we wanted to construct a polarized ion souree based on 

navel scheme which is described in II-1. This new souree contains 

a complete atomie beam apparatus similar ta that of the souree 

outlined in chapter I. 

In the new source, however, sodium atoms are electron polarized 

instead of hydragen atoms. Since the temperature of the sodium 

beam is about 800K, we paid some attention to the design of a 

streng, inhamogeneaus magnetic field in the polarizer (II-3) and 

an efficient sodium oven with a high peaking factor (II-4). 

In this new souree it is important to dispose of a primary ion 

beam with an energy of 5 to 10 keV with goed beam quality. 

Same measurements and remarks on this subject can be found in 

II-2. 



SAMENVATTING 

In dit proefschrift wordt experimenteel werk beschreven , 

dat is uitgevoerd aan twee gepolariseerde ionen bronnen. 

De metingen, vermeld in hoofdstuk I, zijn verricht met 

behulp van een bron, werkend volgens het atoomstraalprincipe 

en gebouwd door dr. ir. J.A. van der Heide. De onderzoekingen 

aan de dissociator en de ionisator, zoals gegeven in I-4, 

hebben geleid tot een aanzienlijke verbetering van de bundel

kwaliteit. 

Daarnaast blijkt uit de beschouwingen van zowel de atomaire 

bundel (I-2 en I-3) als de ionisator (I-4) dat er nog meer 

verbeteringen mogelijk zijn. Deze verbeteringen zijn tijdens 

het hier beschreven onderzoek niet gerealiseerd omdat tijd 

vrij gemaakt moest worden voor de bouw van een gepolariseerde 

ionenbron volgens een nieuw principe zoals beschreven in II-1. 

In deze nieuwe bron bevindt zich een complete, electron gepolari

seerde atoomstraal zoais hij ook te vinden is in de in hoofdstuk I 

beschreven bron. Nu echter dient een bundel natrium atomen te 

worden gepolariseerd. Daar de temperatuur van de natrium bundel 

ca. 800 K bedraagt is er speciale aandacht geschonken aan het 

ontwerp van een sterk magneetveld (II-3) en een economische 

natrium oven (II-4) . 

Daarnaast is het voor de nieuwe gepolariseerde ionenbron van 

belang dat er een primaire protonenbundel van 5 à 10 keV met een 

goede bundelkwaliteit geproduceerd kan worden. Enkele metingen en 

beschouwingen hierover zijn te vinden in II-2. 
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De intensiteit van de gepolariseerde ionenbundels, geproduceerd volgens 

de twee bekende principes, is onderworpen aan een fysische begrenzing. 

Deze beperking nu wordt doorbroken met als resultaat een grotere 

intensiteit, wanneer de ionenbundels worden geproduceerd volgens het in 

dit proefschrift beschreven schema (II-1). 

2 

De duurzaamheid van de Cs-oven, een essentieel aspect voor de instand

houding van een tijdstandaard, wordt in aanzienlijke mate vergroot door 

toepassing van een kringloopoven zoals beschreven in II-4 van dit 

proefschrift. 

3 

De verslechtering van de bundelkwaliteit van een geladen deeltjesbundel 

onder invloed van ruimtelading is ten dele te ondervangen door 

toepassing van electrastatische lenzen met positieve sferische aberrati• 

4 

De toename van de bundelemittantie die wordt veroorzaakt door het 

gebruik van een Wie n-filter als buncher, kan voorkomen worden. 

J.G. Cramer, Nucl. Instr . and Meth. 128 (19 75) 597. 

Dit proefschrift, II-1. 
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Bij het ontwerp van pooltipvormert in multipoolmagnéten kan met vrucht 

gebruik gemaakt worden van empirische formules zoals . die in de vloei

stofmechanica ontwikkeld zijn. 

6 

De· kwaliteit van ionenbronnen is van groot belang voor' het welsl·agen 

van bepaalde fysi sche experimenten. Het ontwerp en de const-ructie 

van goede ionenbronnen vergt specialistische bekwaamheden. Daarom is 

het gewenst dat er een groep wordt opgericht die voor alle daartoe in 

aanmerking komende laboratoria in Nederland de verschillende soorten 

bronnen en de bijbehorende optie k ve rzorgt . 

7 

Indien een optimum van e en grootheid naar een aantal variabelen is 

vastgesteld, dienen de tweede afgeleiden samen met de plaats van 

dit optimum gegeven te worden. 

8 

Een fatsoenlijke kostenvergelijking van de electriciteitsproductie 

uit verschillende primaire energiedrager s , dient voor wat betreft de 

kernenergie gepaard te gaan met een uitvoerige analyse van de kos t en 

veroorzaakt door de nucleaire afvalproducten. 



9 

De tijd gedurende welke bestaande 1 pataboiische zonnecollectoren 

energie absorberen, kan aanzienlijk vergroot worden door de 

collector te vullen met materiaal met een hoge brekingsindex, 

10 

Gezien de gevolgen is het de vraag of de westerse uitvinder van het 

buskruit wél zo · sliin is geweest als spreekwoordelijk wordt aan<jénomeri. 
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