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Abstract

A dc optically pumped polarized H- ion source has been successfully

demonstrated at TRIUMF. Some important physical aspects and beam

dynamics problems of the source were studied. The (5,) watl ¡elaxation

time of opticaJly pumped polarized sodium atoms on stainless steel,

copper and dry-film coated walls has been measured as a function of the

applied magnetic field. It has been shown that sodium atoms depolarize

after approximately four collisions on a copper wall at high magnetic

field, whereas they depolarize after one wall collision on a stainless

steel surface. A dry-fllm coated wall is very effective in preventing

depolarization, but is rapidly destroyed when the sodium vapour is

used as a charge exchange target with the incident ion beam.

The charge neutralization cross section a.us of H* ions in sodium

vapour has been examined by using a Faraday rotation method with a

tunable dye laser to measure the target thickness. Results show good

agreement with recent theoretical ca.lculations, in spite of the fact that

there were significant systematic errors in the measurements. However,

the use of the Faraday rotation method has proved to be a useful new

approach to obtain the target thickness with improved accuracy, hence

reducing the erro¡s in o-¡0.

Beam dynamics problems were studied and measured for particle

beams in diffe¡ent parts of the source. The emittance parameters and

brightness of a proton beam, extracted from the ECR (electron cy-

clotron resonance) ion source, were investigated as a function of the

aspect ratio of the extraction electrode system. The method used can

be applied to any ion source with immersed flow beam dynamics.

The emittance of the frnal H- beam was measured and found to be

Iinearly dependent on the magnetic ûeld of the ionizer, as predicted by

theory. The emittance growth of the H- beam ionized in a solenoid by



charge exchange is mainly due to the defocusing action of the fringing

solenoidal field. The emittance of the H- beam was 0.42r mm-mrad at

the 60% contour level of the total beam for a 1.6 kG ionizer field, and

is comparable to the acceptance of the TRIUMF cyclotron.

A beamline for transporting a 5 keV H- ion beam to the injection

line of the TRIUMF cyclotron has been computer-designed using the

measured H- beam emittance as an input parameter. There are two

electrostatic bends, two einzel lenses and a Wien fllter in the beamline,

as well as some beam correcting elements.
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Chapter 1-

lntnoduction

L.1- Overview

Spin polarized proton beams have been used in many precise polarization mea-

surements and particulariy in recent experimental programs studying the possible

violation of some of the fundamental symmetry laws. In many recent proposals for

high energy accelerators, the acceleration of polarized proton beams also forms a

central part of the projects [1,2]. Therefore it is necessary to develop improved ion

sources to produce more intense polarized ion beams for such accelerators. Here,

discussion is restricted to schemes suitable for producing intense beams of polarized

-l-l rons-

Existing polarized H- ion sources can be grouped into three types, namely the

atomic beam source, Lamb-shift source and, recentiy, the optically pumped source.

Atomic beam and Lamb-shift sources have been developed and the physical limita-

tions on these types of sou¡ces have been studied [3,4], whereas it is only recently

that research and development have been undertaken at several laboratories in order

to make the optically pumped source operational.

This thesis will report on some important physical aspects and beam dynamics

studies in the research and development leading to the successfu-l operation of the



OpticaJ1y Pumped Polarized H- Ion Source (OPPIS) at TRIUMF.

In the following sections of this chapter, the schemes for producing intense beams

of polarized H- ions using atomic beam and Lamb-shift sources are only briefly

outlined, as the fundamental principles of these sources can be found in revierv

articles [3,4]. Then the principie of OPPIS and its attractive features are discussed

in o¡der to see why the development of OPPIS is of current interest, followed by a

section on the present status of OPPIS. The physics of optical pumping of Na atoms

in a strong magnetic field is presented in section 1.7.

L"2 Atomic-beam method

In a conventional atomic beam source, a dissociator, nozzle and skimmer are used to

produce a thermal collimated atomic hydrogen beam. The selection of the electron

spin polarization of the atomic beam is achieved by Stern-Gerlach type separation

magnets. The electron spin polarized atomic beam is then exposed to an RF fietd

in order to produce transitions from one ofthe two occupied hyperfine states to an-

other state of opposite electron (and nuclear) spin. After the RF unit, an electron

ionizer is used to produce nuclearly polarized H+ ions, followed by an alkali vapour

target if H- is desired. Alternatively, H- is also produced directly with the charge

exchange reaction H0 + Cr ------+ H- * Cs+. The H- current from the best sources is

-30 pA dc. Although the beam emittance from an atomic beam source depends on

the ionization technique, the normalized emittance is about 0.52'mm-mrad for max-

imum current operation. A block diagram for a conventional atomic beam source is

shown in fig. 1.1. The atomic beam source has the potential for substantiatly higher

cuttent, but a great deal of development effort is required to reach the mA current

range.
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Figure 1.1: A block diagram showing a conventional atomic beam source.



1-.3 T,arnh-shíft sources

Figure 1.2 shows a block diagram outlining the important processes in a Lamb-

shift source. A beam of 550 eV H+ is injected into a Cs charge exchange vapour

(nl - 3x1014 atoms .--') to produce a H(2s) metastable atomic beam. The H(2s)

metastable atoms then enter an axial magnetic field of approximately 0.057 T which

is appropriate to cause level crossing of the H(2\/ù and H(2P172) levels. The

correct choice and configuration of this magnetic field and of d.c. and r.f. electric

fields imposed on the beam while inside the magnetic field cause selective decay of

the unwanted H(2S) hyperfine states via mixing with the H(2P) hyperfine states.

The rema.ining H(2S) beam is thus nuclearly polarized. Selective ionization of the

polarized H(2S) atoms, preferentially over unpolarized H(1S) atoms in the beam, is

accomplished via charge exchange in argon gas to produce nuclearly polarized H-

ions or in iodine to produce nuclearly polarized H+ ions. The H- current from the

best source has increased to -2 ¡rA within a normalized emitta¡rce of 0.352- mm-

mrad. The Lamb-shift sources are reliable to operate, but H- beam intensities are

no longer competitive with other methods.

L.4 Beam emittance from different polarized ion sources

The measure of beam quaJity which is of importance in ion sources used in particle

accelerators is the normalized t¡ansverse beam emittance. Ref [5] gives a detailed

definition of the concept of emittance. For a brief introduction, the transverse beam

emittance is commonly deflned as the r - d or the y - y' phase space aïea, occupied

bythebeamparticles,where xt=ur/ltrandy'=as/a" aretheanglesof divergence

in the transverse ø and 3r directions respectively, and 1)x, u! and a, are the beam

velocities in the n, g and. z directions respectively. The phase space area is often

normalized by multiplying by the relativistic factors B and 7 of the beam.

In the operation of pòlarized H- ion sources, ionization of a beam of nuclearly
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polarized H0 neutrals is carried out in an axial magnetic field in order to preserve

the nuclear polarization. Oh-lsen et al. [6] have predicted that emittance grorvth

occurs when the atomic beam is ionized in a magnetic field. As the trajectories for

off-axis H- particles are defocussed by the radial component B" in the fringe field of

the solenoid, a significant divergence is imparted to the beam. Although there is no

increase in the volume of the 4- D (x , { , A , !') transverse phase space occupied by the

beam particles (Liouville's Theorem), there is an increase in the projection of this

hyper-volume on the ¿ - z' or y - y' transverse phase space plane; this constitutes

an effective emittance growth.

As discussed by Ohlsen et al. [6], the emittance growth increases with the

strength of the solenoida.l field in which ionization takes place. Thus emittance

growth is more serious in the strong solenoidal fields used in the electron bombard-

ment ionizer and alkali metal vapour charge exchange region in atomic beam sources

than in the much weaker fields used in the argon gas cell in Lamb-shift sources. The

emittance growth of the H- beam produced by an optically pumped source has been

investigated and will be presented in chapter 6 of this thesis.

1.5 Frinciple of ûFPIS

A new method of producing polarized ions involves the passage of a beam of ions

through an electron spin polarized target where some of the ions pick up polarized

electrons. The first proposal of this new method was by Zavoiskii [7] who suggested

the production of H- ions by passing a beam of H+ (unpolarized) through a fer-

romagnetic foil magnetized to saturation. Some of the H+ ions capture polarized

electrons forming fast H0 atoms, which then pass through a weak magnetic field

region where the hydrogen nucleus is polarized through hyperfine coupling with the

polarized electron. Finally the fast atoms pass through a second foil to form H- or

H* ions.



Haeberli [8] improved Zavoiskii's idea by suggesting the use eithe¡ of a storage

vessel with electron polarized Ho neutrals or of an optically pumped alkati vapour

as the charge exchange target.

'Witteveen 
[9] constructed a prototype polarized H- ion source based on the

atomic beam technique with a sextupole magnet to produce a thermal beam of elec-

tron spin poiarized Na atoms as a charge exchange target for the incident 5 keV H+

beam. Some of the H+ ions picked up polarized electrons to form H0 atoms. The

H0 nuclei were then polarized in a weak magnetic field via hyperfine interaction.

The nuclearly polarized H0 neutrals subsequently passed through a second (unpo-

larized) Na cell, where the neutrals were partially converted into polarized H- ions.

Although Witteveen's ion source produced a low intensity H- beam with poor po-

larization, it demonstrated that nuclearly polarized H- ions can be produced via the

use of an atomic polarized alkali vapour as the charge exchange target as suggested

by Haeberli [8].

In 1979, Anderson [10] proposed a technique based on the optical pumping of

Na atoms with dye lasers to obtain intense polarized H- currents. It is here called

the Optically Pumped Polarized Ion Source (OPP$). A block diagram of an OPPIS

based on the proposal of Anderson is illustrated in fig. 1.3. This technique involves

polarizing the electron spin of Na atoms in an optically thick Na vapour (n/ )1013

atoms cm-2) by optical pumping with a dye iaser tuned to the Na D1 wavelength

(see section 1.8). An H+ beam, extracted from a proton ion source at 5 keV, is

incident on the Na vapour target, in which some of the H+ ions are neutralized

according to the reaction H+ + Nr(Î) -----* H0(1) + Na*, where the vertical arrorvs

indicate the transfer of the electron spin polarization from the sodium atoms to the

H0 neutrals. The fast H0 atoms emerge from the first Na target and then enter a

second (unpolarized) Na vapour target. The magnetic field at the second target is

aligned opposite to the field in the first target. The electron spin polarized H0 atoms

pass through a region of near ze¡o magnetic field between the two targets. This is

known as the Sona zero crossing [11] which transfers the electron spin polarization of
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the H0 atoms to the nuclear polarization. Charge exchange in the second Na vapour

within the reve¡sed magnetic field, which is strong enough to decouple the electron

and nuclear spins, yields a nuclearly polarized H- beam. The nuclear polarization

of the H- beam is dete¡mined by how effectively the first sodium vapour can be

polarized by laser optical pumping, the polarization transfer efficiency, and the

effectiveness of the Sona zero crossing. The cur¡ent of the nuclearly polarized H-

beam depends on the brightness of the initial proton beam, the beam emittance and

the maximum sodium target thickness that can be reasonably polarized.

1"6 \Mhy is OFFtrS of current interest ?

The reason that an OPPIS has the potential to produce higher polarized H- current

than the atomic beam and Lamb-shift sources can be understood from the follorving

estimate on the potential H- ion current [10]. A 1 W dye laser operating at the

D1 wavelength of Na (589.6 nm) produces 3 x 1018 photons/sec. At a high magnetic

field, in which the nuclear and electron spins of Na atoms are decoupled, 1.5 photons

are required on the average to polarize a Na atom. Therefore,2x1018 atoms can be

polarized per second. The average time between wall col[sions is about 10-5 sec,

assuming the target cell is a long tube about L0 mm in inner diameter. Even if the

Na atoms are completely depolarized at each wall collision,2x1013 Na atoms can

be polarized. The long target tube assures that little polarization is lost by effusion

of polarized atoms out of the ends of the tube. The charge exchange cross section

for the reaction H+ + Na ------ H0 + Na+ at 5 keV is about 4.5x10-15 cm2 (see

chapter 4). Thus 9% of the H+ ions emerge as Ho neut¡als from the flrst target.

The equilibrium fraction of H- ions emerging from the second Na target is 7 .3% [12).

Therefore the estimated current, neglecting aperture restrictions, is about 6 p.A of

H- ions per mA of H+ ions incident on the first Na target with thickness of 2x1013

atoms cm-2. As intense H* ion sources with tens of mA of proton current output

are readily available, it should be possible to produce H- currents from an OPPIS



much higher than the H- currents currently produced by atomic beam sources or

Lamb-shift sources.

As pointed out by Anderson [10], the reaction H+ + Na ----+ H0 + Na+ is nearly

resonant for the fo¡mation of H0 atoms in the n=2 level. The electron capture

leading to the fo¡mation of IIo atoms in the n=2 level has serious implications

for the nuclear polarization of the H- ions produced by OPPIS. The electron spin

polaúzation of the H0 atoms is partially lost in the radiative decay to the ground

level. However, the loss can be avoided by the use of a strong magnetic field at

the first Na target to decouple the L and S in the n:2 level of the H0 atoms

(the critical field to decouple L and S in the H(n=2) is -0.35 T). Therefore, the

electron spin polarization of the H0 atoms after decay to the n=1 level is equal to

the polarization transferred from the Na atoms.

The nuclear polarization of the H- beam can be estimated by the product of

the atomic polarization of the Na atoms achieved by laser optical pumping, the

efficiency of transfer¡ing the polarization from Na atoms to the H0 neutrals, and

the effectiveness of the Sona zero crossing. Experimental results on the (^S") rvall

relaxation time of optically pumped Na atoms show that Na atoms, in a copper cell

of inner diameter 4 mm, can be 80% polarized at a thickness of -4x1013 atoms

cm-2 in a L.2 T magnetic fietd by a 0.6 W laser beam (chapter 3 of this thesis).

The polarization transfer efficiency from Na atoms to the H0 neutrals was found to

be 62% [13]. Assuming that the effectiveness of the Sona zero crossing is 100%, the

nuclear polarization of the H- beam can be therefore as high as 50%. Increasing

the nuclear polarization is possible with the use of a more powerful laser beam to

increase the Na atomic polarization and of a higher magnetic field in the first Na

target to increase the polarization transfer efficiency [14].

The emitta,nce of the H- beam produced by an OPPIS should be less than the

accelerator acceptance, so that most of the H- beam can be accepted for accelera-

tion. The emittance growth of the H- beam produced by OPPIS depends on the

10



strength of the magnetic field in the Ho ------+ H- charge exchange region. It is one

of the research topics of this thesis to measu¡e the emittance of the H- beam and

to observe the emittance growth as a function of the strength of the magnetic freld,

and hence to develop an optimum design for the geometry of the charge exchange

cell and for the beam transport optics.

Attractive features of OPPIS, when compared with the atomic beam and Lamb-

shift sources, are :

ø polarization of the hydrogen atomic beam is directly produced and does not

rely on quenching or removing undesired substates, potentially resulting in a

polarized H0 beam with less unpolarized background.

ø high H- beam intensity mainly limited by laser power; higher laser power will

polarize a higher thickness of Na atoms, increasing the fraction of polarized

H0 neutrals, which are then ionized to H- ions.

ø rapid spin reversal of the nuclear polarization of the H- beam simply by

reversing the helicity of the laser beam without changing the beam energy,

current or emittance, so that the acceleration of the H- beam will not be

affected by the spin reversal.

L"7 Fresent status of OFPIS

The first OPPIS, built at KEK in Japan, has already been used to provide a polarized

pulsed beam for the KEK proton synchrotron. Pulsed at a repetition rate 20 Hz

with a pulse width of -70 psec, the OPPIS at KEK has produced an H- peak beam

current of 50 ¡^tA with a nuclear polarization of 56%. At the INR in Moscorv, a

system containing a duoplasmatron and a neutralizing gas cell replaces the proton

source shown in fig. 1.3. Neutral hydrogen atoms at 5 keV are then brought into the

magnetic field surrounding the sodium target where the atoms are re-ionized in a

L1



helium gas target prior to picking up polarized electrons from optically pumped Na

atoms. The source has been tested both as an H* and as an H- polarized ion source.

A polarized H+ beam of 1 mA with a polarization of 65% has been reported, while

a polarized H- beam of 60 pA with about the same polarization has been achieved.

At TRIUMF, a dc H- source has successfully injected polarized beam into the

cyclotron, and has reached a l0 p,A beam intensity and -50V0 nuclear polarization.

A fourth source, which produces a pulsed H- beam, is in the development stage at

LAMPF.

1-.8 Optical pumping of Na atoms at high magnetic

field

The aim of optical pumping is to create a non-thermal distribution among the dif-

ferent magnetic sublevels belonging to the atomic ground state. The basic principle

of optical pumping may be understood with the D1 transition (2St/zto2P1¡2) in Na

as shown in fig. 1.4. At a high magnetic field ( > 1 kG) the total electron angular

momentum J and the nuclear spin I become decoupled and thus m;r and m¡ become

good quantum numbers. Each of the 251¡2 and 2P1¡2 atontsc states splits into two

mJ = *| substates, each consisting of closely spaced hyperfine levels with m¡ =

t,+,-+,-$. fne hyperfine splitting in the 251¡2 state is 6u¡¡" : \.76 GHz. The

Doppler width for the D1 absorption in Na is óz¿ = \.7 GHz at 240"C.In order to

optically pump Na atoms in a high magnetic field, it is neccessary for the laser light

to interact with the Na atoms in all 4 hyperfine sublevels in the mJ = -| belonging

to the 25172 state and with the Doppler width for the absorption. Thus the laser

light must interact with atoms having a distribution of absorption frequencies rvith

a width of about 6u = |6v¡¡" * 6u¿ ry 3.0 GHz. If left-hand circularly polarized

(o+) Iight is tuned to the D1 wavelength, only the transition Âm..¡, - *1 is allowed.

The atoms in the excited state rapidly (r = 16 nsec) decay to the ground state, with

relative probability 4 shown in fig. 1.4. Because pumping of the mJ = -| substate
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Figure 1.4: Optical pumping of sodium atoms with respect to the D1 transition.
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cortinues, it is eventually emptied in the absence of mixing between the two 251¡2

substates, leaving all atoms in the mJ = *| substate, and thus 100% electron spin

polarized.

1-.9 Organization of this thesis

Chapter 2 describes the general design and development details of the OPPIS at

TRIUMF. It gives some background and the motivation for the research results to

be presented in the following chapters. Chapter 3 covers the details of the investi-

gation and measurement of the (Sr) wall relaxation of sodium atoms on diferent

wall materials. A suitable wafl materia^l for sodium vapour must have a low (5r)

relaxation rate and low vapour pressure and must not ¡eact with Na at -300oC.

Chapter 4 will discuss the use of a Faraday rotation method to obtain the target

thickness in the measurement of the charge neutralization cross section o.'6 of H+

ions in sodium. This approach improves the accuracy of the thickness measurement,

and hence yields improved accuracy in the determination of ûao, which is an im-

portant parameter in OPPIS to dete¡mine the percentage of incident H+ ions being

neutralized. Chapter 5 presents the mathematical formalism and experimental de-

sign of a new method to obtain the emittance paramete¡s and brightness of a H*

beam extracted from an electron-cyclotron-resonance ion source. This method is

used to optimize the geometry of the extracting electrodes for a high brightness H+

beam and can be applied to ion sources with immersed flow beam dynamics. The

interpretation of the results for the emittance measurement of the flnal H- beam

is the subject of chapter 6. The emittance value of the H- beam has been used

as an input parameter in the design of a low energy beamline to transport the H-

beam to the 300 kV accelerating column. Results on the optical properties of some

focussing elements are presented in chapter 7. Future research to improve the beam

intensity and polarization of the source will be discussed in chapter 8.
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Chapt ex 2

The TPPIS at TR,T{JMF'

2"L General description

Since 1977, TRIUMF has been using a Lamb-shift source, which is presently capa,-

ble of producing up to 1 ¡rA of 75% polañzed protons on target. This current is

barely adequate for a number of approved experiments. An OPPß has been under

development for the TRIUMF cyclotron since 1983. This has produced an intense

dc H- beam of -10 p,A at a polarization of -50% from the source and with an

emittance suitable for injection into the cyclotron. Approximately 50% of the ion

source current can be accelerated to full energy in the cyclotron.

In principle, the TRIUMF OPPIS follows the proposal of Anderson [10] (section

1.5), and its layout is shown in fig. 2.1. A beam of 5 keV protons, extracted from

an electron-cyclotron-resonance (ECR) proton source, passes through an optically

pumped Na vapour (neutralizer). Polarized electrons are picked up by charge ex-

change, forming a beam of neutral electron spin polarized hydrogen atoms. An elec-

trostatic field placed in the low field Sona zero crossing [11] region remove charged

particles exiting the Na neutralizer. The H0 neut¡als are ionized to H- ions in a

second charge exchange Na cell (negative ionizer) located in the reversed field of 0.2

T. The transport of the H- beam to the 300 kV accelerating column is car¡ied out
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by a series of elect¡ostatic focussing elements. A beamline extension has been built

to connect this terminal to the existing cyclotron injection beamline.

The OPPIS is now capable of producing a dc beam of -10 /lA of H- ions of -50%
polarization and within a no¡ma.lized emittance of 0.4tr mm-mrad. The TRIUMF

OPPIS is the only existing dc optically pumped polarized H- source.

In the following sections, important parts and operating conditions of the source

are described. Research areas, of which results are presented in this thesis, are also

pointed out.

2"2 ECR proton source

A hydrogen plasma is produced in a multi-mode ECR cavity by ,tp to 600 W ab-

sorbed cw microwave power at 28 GHz from a Varian extended interaction oscilla-

tor (model VKQ-2H35F). With a quartz ìiner in the ECR cavity the proton ratio

[H+/(H+ + Ht + Hl)] is greater rhan 75%. The extraction electrodes and the Na

neutrafizing cell are located in a -1.2 T axial magnetic field. The field has a mirror

configuration with a minimum at 0.8 T, where the hydrogen gas and microrvave

power are fed in radially through the waveguide. The H* current, extracted at an

energy of5 keV from the water-cooled acceleration-deceleration type multi-aperture

(9 apertures of 2 mm diameter each) molybdenum electrodes, can routinely reach

50 mA. The geometry of the extracting electrodes has been investigated in order to

extract a high brightness H* beam from the ECR source.

2.3 Na polarization and laser system

The Na atoms in the neutra,lizer are polarized by circularly polarized light tuned

to the D1 wavelength of Na at 589.6 nm. The polarization of the atoms depends

on the polarization rate due to optical pumping and the depolarization rates due to
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wall relaxation, effusion of poiarized atoms out of the neutralizer cell, and at higher

target thickness, radiation trapping [i5]. The Na cell was 66 mm in length with

water-cooled baffies at both ends of the cell to confine the vapour. Watl relaxation

of the longitudinal electron spin observable (S,) of optically pumped Na atoms on

copper, 'dry-film' and stainless steel surfaces has been measu¡ed as a function of the

applied magnetic field and will be discussed in chapter 3.

With the TRIUMF OPPIS mounted in a 300 kV terminal of the cyclotron,

the laser system (fig. 2.2) used to polarize and monitor the target thickness and

polanzation of the Na target is located in a room at ground potential. In normal

operation, three laser beams of total power -2 W from three Coherent CR-590

broadband dye lasers are used to optically pump the Na vapour. Narrowing the

bandwidth of each pumping beam from a nominal 30 GHz to -6 GHz with an

uncoated 0.5 mm thick intra-cavity etalon increases the spectral power density of

the lase¡ light within the 3 GHz Doppler width of the Na D1 transition. The beams

from the three pumping lasers combine with each other to form a single pumping

beam before going through a Pockels cell, in which the helicity of the pumping

beam may be flipped at rates up to 100 Hz by applying an external voltage. A

beam of linearly polarized light, emitted by a fourth dye laser of the same type, at

589.3 nm midway between the two Na D lines, is used to measure the thickness and

atomic polarization of the Na vapour. The wavelengths of these four laser beams

can be individually monitored with a wavemeter and their spectral properties can be

measured with a spectrum analyser. A set of functional requirements to computerize

the laser system has been designed and both hardware and software developments

are being implemented to the laser system.

The pumping beam polarizes the Na vapour from the downstream direction of

the source, while the probe beam enters the source from upstream (fig. 2.3). The

probe beam is brought by a fibre optic back to the laser room, whe¡e the thickness

and polarization measurements on the Na vapour are made. As seen in fig. 2.3, a

-20 cm long cell fllled with argon gas at a pressure of about 30 mTorr is used fo¡
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charge exchange of the incident Ho neutrals with the argon gas to avoid the neutrals

damaging the laser window that protects the prism. A transve¡se magnetic field

is applied to this gas cell to eliminate any charged particles produced by charge

exchange of H0 neutraJs with the argon gas in the cell.

2"4 Folarization transfer efficiency

A critica"l step in OPPIS is the transfer of polarization from the Na to the H0 neutrals

emerging from the neutralizer. A parameter Tp, defined as the ratio of electron

polarization of the H0 beam to Na polarization, has been measured to check the

feasibility of OPPIS as it determines an upper limit to nuclear polarization of the

beam.

It is, in generaJ, difficult to measure the vector polarization of protons having

energy below several hundred keV. Instead, the tenso¡ polarization of a deuterium

beam was measured, assuming that ?, is the same for both protons and deuterons as

the transfer is purely atomic. The asymmetric angular distribution of neutrons at 0o

and 90o from the reaction 3H1d-,n¡4He was used to measure the tensor polarization of

the D- beam. To increase the neutron production rate, the D- beam was accelerated

an additional S0 keV above the original beam energy (5 kev) by applying a *50 kV

bias on the titanium tritide target. It was found thatT, = 0.62t0.09 at a magnetic

field of I.26 T for a deuteron beam at 5.0 keV [13], whereas calculations predict

0.8S 
"p 

<0.85 [14]. The discrepancy between the experimental and calculated values

was mainly due to the neutral D0 beam contarnination in the D+ beam originating in

front of the entrance to the Na neutralizing cell. The neutral beam contamination

was mostly created by collisions between the D+ beam and the residual D2 gas

molecules between the ECR source and the Na neutralizing cell.

Theoretical calculations [14] aJso suggest that the t¡ansfer efficiency increases

with higher magnetic field in the Na neutralizer region. It is planned to replace
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the conventional solenoids in the neutralizer region with superconducting coils, thus

increasing the magnetic field to 2.0-2.5 T, where the polarization transfer efrciency

should be at least 85%.

2.5 Ïonizer

The neut¡a.l H0 beam emerging from the neutralizer enters a second alkali cell (ion-

izer), where the H0 neut¡als are ionized by charge exchange, H0 + Na --* H- +
Na+, to form nuclearly polarized H- ions. Sodium is a.lso used as an electron donor

in the ionizer because of its relatively high H- equilibrium yield [12]. The oven of

the ionizer is usually maintained at -300oC and the corresponding thickness of Na

vapour is -1015 atoms cm-2. A pair of air-cooled bafles kept at -150oC is used

to confine the vapour. The outlet aperture of these bafles is 7 mm so that an H-

beam with suitable emittance is selected, and the effective length of the cell is about

65 mm. The ionizer is embedded in a 0.16 T magnetic freld to preserve the nuclear

polarization of the H- beam during charge exchange. The emittance of the H-

beam has been measured as a function of the ionizer magnetic field.

From the H- beam emittance measurements, two diffe¡ent emittances are ob-

served. In addition to the 5 keV H- beam, there is a,lso a sma^ll 2.5 keV H- com-

ponent resulting from the 5 keV Hrl produced by the ECR source. The ionizer

is therefore biased at several hundred volts so that particles experiencing charge

exchange in the neutralizer and ionizer can be distinguished by their energies.

2"6 Tlansport beamline to the accelerating column

A short beamline has been designed and assembled inside a large vacuum chamber

to transport the H- beam emerging from the ionizer to the 300 kV accelerating

column. This beamline consists of a pair of electrostatic bends, a pair of einzel

lenses, a Wien filter and'some beam steering elements (flg. 2.1).



2"T Vacuum systern

The vacuum of the TRIUMF OPPIS is maintained by 3 cryopumps (each 1500

Torr l/s H2), one of which is under the chamber containing the pair of deflectors,

and the other two are under the large chamber containing the transpo¡t beamline.

The pressures in these two chambers are about 3x10-6 Torr during the operation

of the source. The source is occasionally vented in order to clean the electrodes

and to load Na metal into the cells, and can be pumped down from atmospheric

pressure to -10-6 Torr in an hour. A gate valve between the vacuum chamber

containing the pair of deflectors and the ionizer solenoid allows source maintenance

without affecting the transport beamline pressure. Figure 2.4is a schematic diagram

showing the vacuum system in the TRIUMF OPPIS.
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Chapter S

Wall R elaxation Vleasurerr¡ents

3" 1 Overview

In OPPIS, it is neccessary to produce high atomic polarization of sodium vapour by

laser optical pumping. Wall surfaces with low polarization relaxation rates are im-

portant in the polarized Na vapour charge exchange target used in OPPIS. Swenson

and Anderson [f6] have measured wall relaxation rates for a variety of wall sur-

faces at typical operating temperatures of 200-300'C . The most useful material, a

mixture of methyltrimethoxysilane and dimethyldimethoxysilane, baked onto a cop-

per substrate ("dry-fiIm"), allowed up to 1000 (e-1 relaxation) wall coliisions per

sodium atom before depolarization occurred. They also observed the depolarization

of sodium atoms afte¡ one collision with metal surfaces, namely, stainless steel, an-

odized a,luminum and chrome plated copper surfaces. Thei¡ results were obtained

by observing the relaxation ofthe hyperfine level population difference (S .I) at lorv

magnetic fields (1-20 G), and it was assumed that the high field relaxation of the

electron spin longitudinal polarization (5,) was the same, based on the theoretical

and experimental work of Bouchiat and Brossel on rubidium atoms [12].

In this chapter, direct measurements made of (^9,) wali relaxation of optically

pumped sodium atoms at high magnetic fields a¡e reported, using dry-film coatings,
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uncoated 316 stainless steel and copper walls. As expected, a dry-film coated wall

is effective in preventing depolarization at high fields. A coppdr waJ.l has been

found to be less depolarizing at high magnetic fields. Although Zelenskii et af . [18]

first reported the persistence of sodium vapour polarization in stainless steel charge

exchange targets in fields of 10-20 kG, no significant changes in depolarization rates

with applied magnetic field using stainless steel walls has been observed.

3"2 Freparation for different wall surfaces

The copper and stainless steel target cells were prepared by machining either ordi-

nary copper or 316 stainless steel into cylindrical tubes, and then cleaned thoroughly

with acetone. The dry-fllm coated cell was prepared by first cleaning a copper liner

very well with boiling distilled water and then with methanol. A mixture of 80%

distiiled water, 10% dimethyldimethoxysilane and L0% methytrimethoxyacetic acid

was prepared. The copper iiner to be coated was then left in the mixture for 2 or

3 days until a layer of gel had formed on the bottom of the glass container. After

the gel appeared, the coating was ready. The copper line¡ was removed from the

mixture, and was baked at about 200"C for approximately 3 hours in a vacuum

chamber. After baking, the coated part appeared shiny. The coating was tested

by squirting a few drops of distilled water on it. The water beaded up and ran off

without wetting the surface.

3.3 Folarization relaxation measurernent

The sodium (^îr) polarization relaxation was measured in the dark using a Faraday

rotation method. When a linearly polarized light passes through a magnetized

medium, the plane of polarization of the light is rotated about the optical axis,

and this is called the Faraday rotation effect. An unstabilized Coherent-699 ring

Iaser (bandwidth 2 GHz) provided a beam of linearly polarized light at 589.3 nm,



midway between the two sodium D lines, and served to probe the sod,ium vapour.

A 6 GHz bandwidth Coherent 590-03 broadband laser (modified by a 0.5 mm thick

intra-cavity etaJon) optically pumped the sodium vapour with circularly polarized

light at 589.6 nm. Figure 3.1 shows schematically the experimental arrangement.

The power of the 2mm diameter probe beam was ( 1mw. The pump beam (0.6

W) was adjusted to fi.ll the 4.8-4.9 mm inne¡ diameter cylindrical target cell. The

66 mm long sodium cell was situated within a uniform longitudinal magnetic field

which was varied between 0.05 and 1.2T. Sodium atoms entered the optical pumping

region through a 2 mm diameter aperture from a tiquid sodium rese¡voir below. The

sodium density outside the cell was kept very low by cooled 8 mm diameter aperture

condensers at both ends of the cell. The sodium target was conta.ined in a vacuum

chamber maintained at < 10-6 torr by turbo- and cryopumps. Fused silica windows

at both ends of the chamber transmitted the laser beams.

The thickness z/ of the sodium vapor was found from the Faraday rotation of

the linear polarization of the probe beam, d6, produced when the magnetic field

was on. The steady state (5,) polarization P6 of sodium atoms achieved by optical

pumping was found from the further Faraday rotation, 0r, of the linear polarization

of the probe beam, which occured when the pump beam was on. The thickness n/

in atoms cm-2 and P6 are given, in terms of the Faraday rotation angles in degrees

and the magnetic field strength B in T, as [tg]

and

nt=L'Iooxlor3

DopBI-ñ = --" 0o 10.72

(3.1)

(3.2)

where 0s and 0, are within typical rotations of -3-4o and -10o at B : I.2 T,

respectively; n/ is within 4-5x1013 atoms cm-2.

Rotation angles were measured by rotating polarizer [2 (see fig. 3.1) so as to

produce minimum transmission of the probe beam, and then equating the amount

of rotation necessary to produce a new minimum transmission of the probe beam
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to any change in Faraday rotation within the sodium vapour. The correctness of

this procedure was checked by rotating polarizer fl1 a known amount and conflrming

that the same rotation was necessary in polarizer fl2 to produce a new minimum.

The accuracy in measuring the rotation angles was within a tenth of a degree.

After calibrating the system with a steady state polari zation measurement (as

described above) for a given set of experimental conditions, polarizer fi2 was re-set

to produce minimum transmission of the probe beam for zero sodium polarization.

The pump beam was then chopped at L20 Hz with a pulse width of 230 ¡zs, rvhich

allowed the (.9,) polarization of sodium atoms to reach the steady state vafue. FiS-

ure 3.2 shows the photomultiplier signal when the pump beam was on and. off. A
Tektronix 2430 digital oscilloscope was used to signal average and store the photo-

multiplier output. The signals were transfo¡med into time dependent poiarizaf,ion

P(ú) according to (see Appendix A for derivation)

P(t) = 
Pfi,;,-' 

[ffi";,,, ,or7''' (3.3)

where .9(t) is the photomultiplier signal as a function of time and 5(0) is the signal

at the instant when the pump laser beam is chopped off. The chopper system time

resolution of 1.5 ¡-rs, obtained from the decay time constant of the chopper signal (fig.

3.2), corresponded to a resolution of 3 ¡^cs when transformed into P(f). Pigure 3.J

plots examples of the raw relaxation signals from the oscilloscope traces and their

t¡ansformed polarization relaxation from eq.(3.3) in semi-logarithmic co-ordinates

for dry-film, copper wall and stainless steel target cells. The exponential decay curve

was fit to a single relaxation time [6". The polarization relaxation was measured

as a function of the magnetic fleld within the range 0.05 - L.2 1 . A fast decay rate,

iimited by the time resolution of the detecting system, was not included in the fit
for ?o6". At magnetic fields less than 0.2 T, the relaxation time To6" of the (.9")

polarization, determined from the slope of the exponential decay curve (fig. 8.3), is

unafected by the precise value assigned to the steady state polarization, which was
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diameter = 4.85 mm.
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not accurately determined

fields.

by the Faraday rotation method at such low magnetic

3"4 R.elaxation results and analysis

The experimentally observed (S,l polaúzation relaxation time To6" is given by the

expression

r*I : T;t +T;1 (3.4)

where 7L is the relaxation timedue to wa"ll collisions andT*is that due to molecular

flow of the atoms out of the cell through the exit apertures and reservoir entrance.

In fig. 3.4,To6" is plotted as a function of the applied magnetic field for different rvall

surfaces. The sodium thickness was -4x1013 atoms cm-2 and at this thickness, the

steady state polarization of Na vapour achieved by laser optical pumping is not lim-

ited by radiation trapping [20]. In other experiments, no signiflcant correlation was

found between the sodium thickness and To6" over thicknesses 2.6-11.1x1013 atoms

cn-2, implying that the relaxation time [6" of the (.9,) observable is effectivety

independent of spin exchange collisions between sodium atoms at these thicknesses.

The purpose of the present work was to determin e T* for the cells with copper or

stainless steel walls, and hence the mean number of non-depolarizing wall collisions

N = T-D lÐ, where D is the target cell inne¡ diameter and ã is the mean thermal

velocity of sodium atoms at a temperature of 240'C corresponding to sodium thick-

ness of -5x1013 atoms cm-2. To determineT, fromeq.(3.4) and hence.ly', one also

needs to know fl,r, which depends on the cell geometry and was assumed to be jn-

dependent of the wall material. As reported by Swenson and Anderson [i6] for their

ceII geometry, the observed relaxation time for dry-film coated wall was nearly equal

to the relaxation time 7L. For the cell geometries used in the present work, T* was

calculated to be -250 ps using the pumping conductance [21] for the atoms flowing

out of the cell through the exit apertures and reservoir entrance, and was compara-
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ble to the observed relaxation time (-3¡g ps) for dry-film coating data at high freld

(fig. S.+(a)). Hence T*was estimated to be 300 ¡.rs using the dry-fllm coating data

at high field. Figure 3.5 shows the variation of I[ as a function of magnetic field for

a copper wall. It can be seen that at high fields, .lf increases to 4. However from fig.

3.4(b) the wall relaxation time for the stain-less steel wall remained very close to the

time for one wall collision (7 p") even at high fields. Figure 3.a(a) shows that the

effectiveness of the dry-film coating in preventing depolarization a.lso increases with

applied magnetic field. A similar effect with paraff.n wa,ll coatings and polarized

rubidium atoms has been previously reported [17].

Figure 3.6 shows the magnetic freld dependence of the steady state (^9,) polariza-

tion of sodium atoms for the different wa.ll materials, showing progressive improve-

ment going from stainless steel to copper to dry-film coated walls. Such improvement

is due to the different relaxation times associated with the wall materials. The equi-

librium value for the sodium polarization increases as the rate of depolarization is

decreased while maintaining the polarization rate due to optical pumping. Therefore

higher steady state polarization can be achieved with the surfaces having a longer

relaxation time.

3"5 Calculation of local magnetic field and correlation

time

Upon striking the wall of the target cell, an atom does not necessarily immediately

rebound, but can be adsorbed by the surface for a finite time before it returns back

into the cell. During this time, the atom is subjected to a local magnetic field induced

by the vibrational motion of the atoms of the wall, and consequently the orientation

of its atomic magnetic moment with respect to the external magnetic field can be

destroyed. As pointed out by Bouchiat and Brossel in the case of rubidium atoms

[17], the effect of the interaction of the adsorbed sodium atom magnetic moment with
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the local magnetic field is to induce transitions among different (sodium) Zeeman

sublevels, hence causing relaxation. It is possible from the experimental data to

estimate the strength of the local field and the time the atoms dwell on the wall

before returning back into the cell. The strength of the local field can explain the

observed difference in the (^9") wall relaxation times of sodium atoms on copper,

sta.inless steel and dry-film coated wails.

The obse¡ved wall relaxation rate T;1 as a function of the exte¡nal magnetic

field B shows that T-1 has two components, one of which is B dependent (";1(B))
and the othe¡ is B independent at high fields Q*t). T;1 can be written as the sum

of the two components, i.e.

T*1 =r^'@)*T"zL. (3.5)

The field dependent wall relaxation rate f^t@) of an isolated spin S in an external

magnetic field is given by [17]

";'(B) 
: Ci(a) (3.6)

where

j(r)=(L+a2r:)-1 (3.7)

is the spectral density function with correlation time r" and c¿ is the La¡mor fre-

quency for the electron spin in the external magnetic field. The coeff.cient C, inter-

preted as the amplitude of the relaxation rate, is given by

c =? '" ,2h2r^3r"lr¡' (3.8)

where r" is the dwell time of an atom on the wa,ll at each wall collision, 7 is the

gyromagnetic ratio of the electron, å is the local magnetic field strength at the wall,

and r¡ is the flight time (7 ¡-rs for the cell geometries used) of the atom between rvall

collisions.

In the wall relaxation calculation, it is usual to approximate r" = r" [16,11 and



since ry ) r", eq.(3.8) is reduced to

Tn(B) can then be written as

n 272h2r!
-3rJ

r¡(B)=ärr+(ff"")"J

(3.e)

(3.10)

where fr is the charge-mass ratio of an electron. PlottingTú(B) against 82 gives

the values of $ from the vertica.l intercept and of ä(*,r.)'from the slope. Using

these relationships, r" and å were obtained from the field dependent relaxation data

for different wall materiaJs and are tabulated in Table 3.1. The error estimates were

derived from the statistical errors in the data analysis and from the systematic errors

associated with the measurable quantities, namely, the Faraday rotation angles and

the applied magnetic field. The rotation angles could be measured to an accuracy

of t0.1o, which, in the worst case, contributed to an error of.5% at low magnetic

field (0.1 T) and to an error of.2% at high field (1.2 T). The cur¡ent in the applied

magnetic field could be set to an accuracy of 0.L%, although the absolute field

was not measured better than 2%. The errors associated with the fitted values

for the non-field dependent term (?"2) were -3%, and were significant to the error

derivation for å and r". Other less significant sources of errors were the flight time

r¡ (*0.07 ¡zs) of the atom between wall collisions arising f¡om the uniformity of the

inner diameter of the cells and the resolution of the exponential relaxation in the

time dependent polarization (-2%).

As seen from Table 3.1, the local field for the stainless steel wall is twice as

strong as that of the copper wall, implying that atoms relax faster on the stainless

steel surface than on the copper surface. The dry-fllm coated wall has a relatively

weak loca.l field and therefore the atoms can have a large number of wall bounces

before depolarization occurs.



Table 3.1: Tabulation

materials.

of local magnetic field and co¡relation time for different wall

3.6 Summary of the chapter

The (.9,) wall relaxation time of optically pumped polarized sodium atoms on stain-

less steel, copper and dry-fllm coated walls has been measured as a function of the

externa,l magnetic field. It has been shown that the mean number of wall collisions

on a copper wall increases to about four at high field before depolarization occurs,

whereas the atom depolarizes after a single collision on a stainless steel surface. The

dry-fllm coated wall can a.llow more than 40 wall collisions, and is very efective in

preventing depolarization. The differences in the depolarizing properties among the

materials used are a consequence of different strengths of the local magnetic field at

the waII surface.

One problem of the dry-film coated wall, afecting the performance of optically

pumped polarized ion sources, is the rapid destruction of the coating when the

sodium vapour is used as a charge exchange target. However, sodium atoms, even

in an uncoated copper cell, can be 80% polarized at a target thickness of 4x1013

atoms cm-2 (fig. 3.6) by a 0.6 W laser beam. Increasing the laser power by a

factor of 2-3 should inc¡ease the steady state polarization of the sodium atoms to

nearly 1,00%. To achieve the same polarization with a stainless steel cell requires

considerably more laser power, which is relatively expensive. Therefore, copper is

Local Magnetic Field ä

(r)
Correlation Time r"

(10-12 sec)

Stainless steel wall

Copper wall

Dry-film coated wall

0.401 + 0.032

0.214 + 0.013

0.048 + 0.004

6.6 + 0.3

19.4 t 0.8

82.5 + 4.9
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believed to offer good promise a,s a wall surface for use on polarized charge exchange

target cells in the optically pumped polarized ion sources.
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Chapt ex 4

øa6 Vleasurements of F{+ ----+ F{0 in Na Vapour

4"L Overview

The determination of the charge neutraüzation cross section ø.r-6 for the reaction H+

* Na -* Ho * Na+ has been studied both theoretically [22)and, experimentally

L72,231, and its value is an important parameter to determine the percentage of the

incident H* beam being neutralized in optically pumped polarized H- (or H+) ion

sources. In all experimental measurements of ø.¡s so far, the Na target thickness has

to be dete¡mined. Most previous measurements have re]ied on target temperature

measurements to obtain the Na vapour thickness from vapour pressure data. In

some recent reported values of o-'e l23rL2l the uncerta.inty in the measurement of

target thickness was estimated to be 15-20%.

In this chapter, an experimental setup used in a previous measuremnt of o¡s is

briefly described. Then a new approach is reported, that uses the Faraday rotation

method which does not rely on temperature measurements to determine the values

of øao (at incident H+ ion energies of 2.6,5.0 and 8.0 keV) and typically gives the

Na thickness to an accuracy of 5%.
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4"2 Frevious experimental setup

The apparatus used in a previous experiment [12] is schematically shown in fig.

4.7. A, beam of H* ions was extracted from a duoplasmatron ion source, and was

then momentum analysed by a 10o bending magnet. The beam was collimated by

a pair of defining apertures. Following the collimation section, the ion beam passed

between two parallel electrostatic beam deflection plates which deflected the beam

into a suppressed Faraday cup located off the beam axis. The measured incident

current, /", wæ given by I" = qNr, where g was the electronic charge and .lü" was

the number of H+ ions incident per second on the target. When the plates were

grounded, the ion beam passed the plates undeflected and entered the Na target.

The Na vapour target was 165 mm long and was constructed from stainless steel.

To reduce the Na vapour flow out of the target, stainless steel tubes 51 mm long

and 6.4 mm inner diameter were used for the ent¡ance and exit apertures. The Na

vapour pressure as a function of the Na temperature was known 1241, and the Na

vapour density, n, in the target was then calculated f¡om the Na vapour pressure

and the temperature of the target [24]. The target thickness, in atoms cm-2, was

given by

(4.1)

where .t was the length of the target cell, L"n¿ ar.d L",;¿ were the lengths of the

entrance tube and exit tube respectively. The uncertainty in the measurement of

the target thickness was estimated by Anderson et al. [12] tobe 120% primarily

due to the uncertainty in the vapour pressure of Na as a function of the target

temperature.

A magnet located after the exi t aperture of the Na target cell deflected the H+

and H- ions emerging from the target into two suppressed Faraday cups located at

4o on each side of the beam axis. The currents measured by these Faraday cups

were L,. = 8N+ and -I- = qN- whe¡e .l/.r- and If- were repectively the number of

positive and negative ions incident per second on the positive and negative Faraday

7r : nlt *|tt",t * L.,;r¡]
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cups.

The neut¡al beam was incident on a heated and polished copper disc. The

secondary electrons ejected î¡om the disc by the incident neutrals were collected by

a positively biased ring located in front of the copper disc. The current to the ring

was Is = qNsR(E), where y'{o was the number of neutrals per second incident on

the copper disc, and .R(E) was the average number of electrons ejected from the

copper disc per incident neutral.

Therefore by measuring the currents I"rI+r.I- and 16 simultaneously at different

target thicknesses, Anderson et aJ. [12] have measured o4s for 1-25 keV H* ions

incident on a Na vapour target.

4"3 Experimental setup for the present work

Figure 4.2 shows schematically the experimental arrangement using the Faraday

rotation method to measure the Na thickness. A Na oven target cell of length

66 mm and diameter 33 mm was situated within a uniform 1.2 T longitudinal

magnetic fleld. The Na thickness outside the cell was kept very low by cooled B

mm diameter aperture condensers (at about 100"C) at both ends of the cell. An

unstabilized Coherent-699 ring dye laser (bandwidth 2 GHz) provided a beam of

linearly polarized light at a wavelength midway between the two Na D lines (i.e.

589.3 nm) and served to probe the Na vapour. The method to measure the target

thickness from the Faraday rotation de ofthe probe beam within the Na vapour (fig.

4.2) has been described in chapter 3 (section 3.3). The target thickness n/, in atoms

cn-2, is given by [19]

nI=r'Toox1013 (4.2)

where ds is in degrees and B is the longitudinal magnetic field in T, both of which

can be measu¡ed accurately leading to the 5% error estimation.

The H+ beam, extracted from the ECR ion source, passed through the target
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cell and was intercepted by an annular beam stop situated about 200 mm from the

exit of the solenoid. Both the ion source and the target cell we¡e located inside the

solenoid. The beam stop was biased *9V to recapture secondary electrons. A 10

mm diameter aperture on the beam stop, on axis with the ion beam, a.llowed the

probe lase¡ beam to pass through the cell and also minimized the interception by

the beam stop of the neutral H0 beam produced within the target cell. The H* ions

Ieaving the cell were defocused, so that the beam stop measured a known fraction

of the post-sodium-cell H+ current. Preliminary measurements showed that the ion

beam extracted from the quartz-lined ECR plasma chamber could be contaminated

by ,tp to 25% of Hf and Hl- ions. Any errors due to the presence of these ion species

were minimized by the smaller deflection of the heavy Hll and H¿F ions relative to

that of H+ in the fringe field, and hence significantly smaller proportions of Hf and

Hf ions were detected by the beam stop.

As the Na vapour thickness was increased from zero, the measured H+ current,

1, began to drop. I is given by

I = [*¿-nlo+o (4.3)

where.Il is the H* current at zero Na thickness. A semi-logarithmic plot of (IlI+)
against target thickness at a H* energy of 5.0 keV is shown in fig. 4.3. The slope

of the straight line least-squares fit gives øao. As shown, a correction to (1/1a) was

made for data at higher values of n/, compensating for the reduction in measured

H* current due to H- current,.I-, produced by double charge exchangein the trvo

step process H* --' Ho ------* H- in Na. I- was calculated according to the equation

(4.4)

where os- is the cross section for the reaction H0 + Na ---+ H- * Na+ and was

taken to be (1.4-1.9)xt¡-t6 cm2lZSl depending on the energy of the H0 particles. In

the de¡ivation of eq.( .a) the average position for the production of Ho particles rvas

assumed to be in the centre of the cell, giving a factor of Il2 in the exponential term.

I-=(r+-Ð[t -*4-Sl
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Table 4.1: Tabulation of charge neutralization c¡oss section ø.¡s for H+ ions in Na

vapour at different energies.

* Measured at incident H+ ion energy 2.5 keV.

Furthermore, the maximum target thickness taken in the measurement was less than

25x1013 atoms cffi-2, so that the ¡esult for aao would be relatively independent of

o0-.

4"4 R esults

The results of ø.¡o measured at different H* beam energies are summarized in Table

4.1, and are in fair agreement with the ¡ecent theoretical ca.lculations of Kimura

et a.l. l22l up to 5 kev H* beam energy but a¡e at the lower range of previous

experimental measurements by Ebel and Salzborn [23] and Anderson et al. [12]. The

error estimates were derived from the statistica.l errors in the data analysis and the

systematic errors associated with the Faraday rotation angles and the longitudinal

magnetic field. The rotation angles could be measured to an accuracy of *0.1o,

which contributed to an error of 2% at 'J,.2 T magnetic field. The current in the

magnetic field could be set to an accuracy of 0.7%, although the absolute field was

not measured bette¡ than ZVo.

H+ Energy

(kev)

oa6 (10-15 cm2)

Present Work Kimura et al.

rcr. l22l

Ebel & Salzborn

ref. [23]

Anderson et al.

ref. [12]

2.6

5.0

8.0

4.5 * 0.5

4.9 * 0.5

3.5 t 0.6

4.7

3.8

2.5

6.7 t 1.3*

5.7 + 1.1

6.6 + 1.6*

6.1 + i.5

3.7 + 0.9
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As a result, the charge neutralization cross section o16 of H* ions in Na vapour

has been measured by using the Faraday rotation method as a new approach to

improve the estimate of the target thickness, hence reducing the error in ø..s arising

from the uncertainty in the target thickness.

Although the va.lues of ø4s are in fair agreement with recent cafculations and

measurements, some unavoidable systematic errors existed in these measurements.

The simple beam attenuation technique used could not measure the H- current

produced in the two step charge exchange process H*----- Ho---H-. There were

Hll and HlF contaminants in the proton beam during charge exchange neut¡alization

process, as the proton beam had not been subjected to momentum analysis.

To overcome these systematic errors, an analysing magnet should be used to

select the H+ ions prior to charge neutralization, and particle identification detectors

should be used to measure the number of particles of H+, H0 and H- simultaneously

after the charge neutralization, as shown in fig. 4.4. A proton source is used to

produce a beam of intense H* ions. A pair of defining slits allows a collimated

ion beam to enter the analying magnet, with which a beam of H+ ions is selected

and its beam current is measured with a retractable Faraday cup prior to charge

neutralization. Two retractable mirrors are placed upstream and downstream of the

Na neutralizing cell located inside a solenoid, so that the probe laser beam can go

through the cell and monitor the thickness of the target using the Faraday rotation

method. A pair of electrostatic deflectors separates the H0, H- and H+ components

exiting the neutralizing cell, and these components are then detected simultaneously.
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Chapter 5

Emittance and tsnightness Measurements For

E'CR lon Source Extractïon

5.1- Overview

ECR ion sources are used as charged particle sources for accelerator injection and

fundamental atomic physics research [26] as well as in the production of polarized

ions [27]. Since the ECR source and its extraction system are located inside a

solenoid producing an axial magnetic freld, the ext¡acted beam envelope is normally

amplitude modulated with axial distance. This kind of beam dynamics is known as

immersed flow. In discussing the quality of an extracted ion beam from an ECR

source, the determination of the emittance parameters of the beam is important

for the design and performance of the source and in particular for the beam optics

problems associated with charge exchange in solenoids [28]. There are several con-

ventional methods of measuring the beam emittance, e.g. using a movable Faraday

cup or pepper-pot method [29]. However, in all these methods the measurements are

carried out where the beam drifts in a field free region. These conventional methods

are not suitable for the emittance measurement of the beam extracted from an ECR

source, as the extraction takes place inside a solenoidaf magnetic field. To obtain the

beam emittance parameters at the extractor, one has to carry out the measurement
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inside the solenoid in order to avoid effective emittance growth in the transverse

plane due to the defocusing action of the fringing field of the solenoid [6] (also see

section 6.2).

In this chapter, the design and application of a simple method are described

for measuring the beam emittance parameters and then calculating the emittance

and brightness of the ion beam. The quality of the extracted ion beam and the

chararteristics of the ion source can be interpreted from data obtained with this

method. This method is generally applicable to an azimuthally symmetric ion beam

extracted from an ion source with immersed flow beam dynamics.

The idea behind this method is to relate the modulated beam envelope down-

stream of the extractor with the three emittance parameters of the beam at the

extractor, namely the beam size, angular divergence and correlation parameter, by

the linear TRANSPORT forma,lism approach. By measuring the beam envelope

radius as a function of axial distance, these emittance parameters, and hence the

emittance of the beam at the extractor, can be determined.

In the following sections, the mathematical framework of the method is ex-

plained, followed by the description of the measuring device. The method has been

applied to the ECR ion source employed in the TRIUMF OPPIS in order to investi-

gate the variation of the extracted H+ beam emittance and brightness as a function

of the aspect ratio of the extraction electrodes. The results obtained are discussed

in terms of the beam optics associated with the extraction system.

5"2 The beam matrix in TR"ANSPOHI

The linear TRANSPORT formalism approach [30] has been used to relate the en-

velope of the modulated beam downstream of the extractor with the emittance

parameters at the extractor. For a brief int¡oduction, TRANSPORT assumes that

a bundle of particle rays forming a particle beam may be represented in coordinate
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phase space by a 6-dimensional ellipsoid with coordinates (r,,r',!,!',2,á). The co-

ordinates ø and y are the transverse directions, and c' anð^ g'represent the slopes of

the projection of the trajectory in the c and y direction, respectively. The quantity

z represents the longitudinal direction of the particle relative to a particle travelling

on the reference trajectory with the reference momentum. The last coordinate 6 is

the momentum diference of the particle from the reference momentum. The iin-

ear TRANSPORT approach is a matrix calculation which truncates the problem to

first order in a Taylor series expansion about the reference trajectory. Pa.rticles in

the beam are assumed to lie within the boundaries of the ellipsoid with each point

within the ellipsoid representing a possible ray. The volume of the ellipsoid is known

as the phase space volume occupied by the beam. Furthermore, the projection of

the ellipsoid in any two dimensions, i.e. (r,r') or (y,y'), is a phase ellipse. The area

of the phase ellipse is the beam emittance. All the important physical parameters

of the beam ellipsoid may be expressed as functions of the matrix elements of the

beam matrix o(z) at a longitudinal position z. In particular the square roots of the

diagonal elements, (ou)t/', are the projections of the ellipsoid upon the coordinate

axes and thus represent the maúmum extent of the beam in the various coordinate

directions. The correlation between components (the orientation of the ellipse) is

determined by the off-diagonal terms, ø¡ with i + j, of the beam matrix.

5"3 Beam transport in a solenoidal field

When the beam is ext¡acted from the ECR ion source with an energy given by

the extracting potential, its initial beam matrix at the extractor is defined as ø(0).

After undergoing a mat¡ix transformation -R, the output beam matrix of the beam

is

o(z) = Ro$)Rr (5. 1)

where o(z) is the beam matrix at a distance z downstream of the extractor and ,??

is the transpose of .8. Since the beam is traversing the solenoidal magnetic field,



the transformation -R is the solenoidal transfer matrix given by [31]

R_

1

0

0

0

psini

coszp

0 p(I - cosi)

0 si,nzp

psini

cosz,

(5.2)
-p(t - cosi) 1

-s'inz 0p

where p = mu,l(QB),ql* is the charge-mass ratio of the ion, B is the axial magnetic

field strength and o, is the axial velocity of the ion beam.

In general, the aperture of the extractor is circular and produces an azimuthally

symmetric beam, so that the initial beam matrix o(0) at the extractor can be written

AS

a(0) =

ort(O) otz(0) 0 0

otr(0) ozz(0) 0 0

0 0 o¡(0) otr(0)

0 0 orz(0) orr(0)

(5.3)

where J"-ø and 1/oÇ@ are the maximum half-width and maximum half-angular

divergence of the beam envelope at the extractor respectively, and ørz(0) is the

correlation parameter between ott(0) and o22(0).

Hence, from eq.(5.1) and multiplying all the matrices together, o(z) becomes

( A B\
o(z)= 

[, _, 
^ )

(5.4)

where the submatrices

A = [ 
ot'(O) | 2op(0)psini * 2o22(0)p2 (I

I

\ op(O)cosi * o22(0)psini

)

- cosi) op(O)cosi * o22(O)psini

ozz(o)

and

.-( 0 -op(0)si,ni-ozz(0)p(I-cosi)D: I

\ o12(0)sizi + o22(0)p(t - cosfi) 0
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Therefore the maximum ha,lf-width, r^o, of the beam envelope in the ø-plane as a

function of axia.l distance is given by the square root of the matrix element ø11 of

o(z). Hence

tmox = lorr(o) ¡2o12(0)p"inZ^ +2o22(0)p2(r - "o"1)f'/' . (5.5)L P PJ
The above expression also holds for the half-width of the beam envelope in the

y-plane, as the beam is azimuthally symmetric.

The emittance, 6, of the beam at the extractor is defined as the area of the phase

space ellipse occupied by the beam particles in the ø-plane,

, = n 1[o11ço!ouçq1| - r?r) (5.6)

where

__^ _ ørz(o)
'" - JÃtr6õ@'

5"4 Emittance measuring device

As stated earlier, the emittance parameters o11(0), orr(0) and o12(0) can be obtained

from the beam envelope by measuring the beam profile at several axial positions.

The measuring device consisted of a rigid and non-magnetic rotating probe, with

seven 0.51 mm diameter tungsten wires each separated by 10 mm axially and 45o

azimuthally. The azimuthal separation angle between the wires was large enough

so that no more than one wire intercepted the beam at any rotation angle of the

probe. In addition, a beam stop measured the extracted beam current. Figure 5.1

shows the emittance measuring device.

5.5 Experimental method

The emittance measuring device has been used to obtain the beam envelope of a 5

keV H+ beam extracted from the ECR source employed in the TRIUMF OPPIS. The



Figure 5.1: A schematic diagram of the emittance device.

seven wi¡es; B: beam stop.

P: rotary probe with



extraction system ofthe ECR source was a three electrodes acceleration-deceleration

type, as shown in fig 5.2. The aspect ratio ^9 of the extraction system is given by

S = rld, where r is the aperture radius of the electrode and d is the first electrode

gap.

In the measurements, the probe was inserted into the bore of the solenoid at

a uniform r.2 T magnetic field, and was offset from the beam axis by r2.7 mm

(fig. 5.3). The wires and the beam stop were biased +4bV to suppress secondary

electrons produced by the incident ion beam. Cur¡ent from the wires was fed into

an electrometer and then to an X-Y chart recorder producing the beam profiles. By

rotating the probe through a complete revolution, seven beam profiles corresponding

to seven axial positions were produced. The half-widths of the beam envelope were

obtained from the beam proflle data as follows. The angular rotation of the probe

was firstly calibrated, in terms of rad ilffi-l, by measuring the length of the chart

corresponding to a complete revolution of the probe. Then by measuring the half-

widths at half-maximum (HWHM) of the profiles in mm from the chart, the half-

widths of the modulated beam envelope) r,nar in mm, of the beam at different axial

positions downstream of the extractor were obtained according to

r mac = 72.7 sinl0.024(Hw H M)l (5.7)

where L2.7 mm was the offset distance between the beam axis and the probe axis,

0.024 rad mm-l was the calibration factor for the angular rotation rate of the probe.

5"6 ,{pplication and. results

Figure 5.4 shows an example of a beam profile scan and its corresponding beam

envelope after transforming the HWHMs of the profrles into the half-widths of the

beam envelope tmax. The profiles numbered in fig. 5.a(a) correspond to the r*o,
numbered in fig. 5.4(b). The profile ft7 in fr.g. 5.4(a) corresponds to the c-o"
furthermost downstream of the beam envelope due to the location of the wire at the
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Figure 5.2: Dimensions of the extraction electrodes system used in the present work.

The thickness of the electrodes D = 0.8 mm; the gap between electrodes d = 3.0

mm; the aperture radii of the electrodes r we¡e varied from 0.5 mm to 1.75 mm.

The aspect ratio ^1 = rf d.
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start of the probe rotation. The

of the wires. The different peak

modulation of the beam size.

beam envelope has been corrected for the width

va.lues and HWHMs of the proflles indicate the

The profrles and the beam envelope obtained by this emittance measurement

method may also be used to monitor the operation of the ECR source. The presence

of residual gas impurities in the ECR plasma chamber or a poor vacuum inside the

solenoid resulted in an increase of background level between the proflles. Also any

mis-alignment of beam axis with the magnetic field axis would give a non-sinusoidal

beam envelope.

As pointed out by Green [32] and Coupland and Green [33] theoretically and

experimentallS the beam optics properties using a three electrodes acceleration-

deceleration type extraction system are mainly determined by the conditions of the

first gap. The variation of the beam emittance and brightness of an H* beam

extracted from the TRIUMF ECR source has been measured as a function of the

aspect ratio .9 of the extraction system (fig. 5.2) in two cases; namely, when the

extraction system was located at a magnetic field strength B = 0.gB*o, and at

B = 0.998-o", where B*o, was the 1.2 T magnetic field of the solenoid (fig. S.3).

Throughout the investigation, the aperture radii of the electrodes were varied

and the other conditions, which were the extractor gap, biasing potentials to the

electrodes and magnetic field, were kept constant.

In order to ascertain the position of the extractor corresponding to z = 0.0 in

eq.(5.5) in the least-sqaures fit of (r,,o,)" against zf p to obtain the emittance pa-

rameters at the extractor, the beam envelopes have been traced back to the extractor

region. As the extracted ion beam fills the aperture of the extractor, the ratio of the

beam envelope width to the radius of the aperture, r^or/r, should remain constant

at the extractor for different aperture radii. The standard deviation of the ratio

x^or/r corresponding to all the radii of the extractor aperture has been calculated

in the neighbourhood of the extractor region. If the extractor origin is correctly
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identified at z : 0.0 in the least-squares fit of eq.(5.5), the standard deviation of

x*or/r should be a minimum at the extractor position. In doing so, it has been

found that, in the case where the extractor system was located at B : 0.98*o, the

minimum of the standard deviation of r^o, f r fo¡ all radii is exactly at the extractor

position, i.e. the position of the extractor has been correctly taken at z : 0.0 in

the least-sqaures to (r,,o,)2 against zlpin eq.(5.5). However, in the case where the

extractor was located at B = 0.998*ou this minimum occurs at 2 mm upstream of

the extractor, i.e. the correct extractor position has been offset by 2 mm in the mea-

surements. This offset could arise from the measurement of the distance between

the extractor and the wires of the probe, which picked up the beam proflles as a

function of the axial distance z. To co¡rect this offset, the emittance parameters

have been obtained at the position where the minimum of the standard deviation

of x^o"f r occllrs 2 mm upstream of the extractor in the measurements.

Tables 5.1 and 5.2 tabulate the emittance parameters and also the extracted

beam current obtained by this emittance measurement method at different aspect

ratios for the extraction system located at B = 0.98*o, and at B = 0.998*o,

respectively. It should be noted that in the Table 5.2, the emittance parameters for

r=0.5 mm (^9:0.17) arc not well determined due to the uncertainty in finding the

minimum of the standard deviation of r^orf r close to the extractor region. The

emittance is calculated using eq.(5.6) and corresponds to the 50% contour level of

the total beam. The phase space ellipses at the extractor at diferent .9 are shorvn

in fig. 5.5.

It is usual to define the normalized emittance er. by

en = B1e (5.8)

where B and 7 are the usual relativistic factors for a 5 keV H+ beam. One may also

further define the normalized brightness, B,r, of the ion beam by

n^=4
€;
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Table 5.1: Tabulation of the emittance parameters and the extracted beam current

at diferent aspect ratio for the extraction system at B = 0.98*or.

Aperture

Radius (mm)

s Current

(*A)
orr (o)

(**)'
orr(o)

(101 mm-mrad)

orr(o)

(10{ (mrad)2)

€¡

(z mm-mrad)

0.5

0.75

1.0

r.25

1.5

1.75

0.17

0.25

0.33

0.42

0.50

0.58

0.1

0.6

1.7

2.0

2.7

2.5

0.t2

0.23

0.70

1.04

1.08

2.32

1.14

-7.57

6.39

-2.81

-2.64

-9.69

0.90

0.54

1.15

1.36

1.98

3.51

0.10

0.10

0.27

0.38

0.47

0.87

Aperture

Radius (mm)

s Current

(*A)
ott (o)

(**)'
or, (o)

(101 mm-mrad)

orr(o)

(104 (mrad)2)

en

(r mm-mrad)

0.5

0.75

1.0

7.25

1.5

i.75

0.17

0.25

0.33

0.42

0.50

0.58

0.03

0.6

1.5

2.0

2.4

2.5

0.12

0.L2

0.77

r.29

1.83

2.77

-7.70

-1.25

0.51

0.16

-5.89

-72.79

0.35

0.83

0.79

1.30

2.26

3.0i

0.04

0.10

0.25

0.42

0.64

0.72

Table 5.2: Tabulation of the emittance parameters and the extracted beam current

at different aspect ratio for the extraction system at B = 0.998*o".
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where 1is ihe extracted beam current measured by the beam stop, and ,f=0.5 is the

fraction of the total beam within the ø - ø' phase space ellipse emittance contour

corresponding to the HWHM of the beam profi-les [3a].

Using the results from Table 5.1 and Table 5.2, the ratio enf S and the normalized

brightness Bn of the H+ beam can be calculated and are shown in fig. 5.6 as a

function of the aspect ratio 5. For the case when the extraction system is located

at B = 0.98*o,,, the ratio enf s has a minimum at .9 = 0.2b (fig. 5.6a). when the

extraction system is located at B = 0.ggB**, Iog(e"l S) varies linearly with Iog(S)

with the slope of the straight line being -2 (fig. 5.6c). This ljnear dependence

suggests that e' depends on ,93 in immersed flow beam dynamics. The maximum

normaJized brightness at ,9 * 0.25 fo¡ both cases (fig. 5.6b and fig. 5.6d) shorvs

that the TRIUMF ECR ion source should operate at this aspect ratio in o¡der to

deliver a high brightness H* beam.

It is interesting to note that the average of the ratio x-orfr at the extractor

is -0.73 for all the radii of the extractor aperture used in the present work. This

ratio has an interpretation as the fraction of the total beam within the ¿ - ø' phase

ellipse emittance contour, and is equivaJent to / (taken to be 0.5) corresponding to

the HWHM approximation in the calculation of the normalized brightness (eq.(S.S)).

Therefore the normalized brightness of the extracted H+ beam, presented in flg: 5.6,

has been underestimated if / should be 0.23 in immersed flow beam dynamics.
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Chapter 6

Ðrníttance Growth of F{- Bearn F}"orn F{0 -----)

F{- Tn a Solenoid

6"I- Overview

In the operation of any type of polarized ion source, ionization of a nuclearly polar-

ized neutral atomic beam is carried out in an axial magnetic fre1d in order to preserve

the nuclear polarization. Ohlsen et aI. [6] have predicted the emittance degradation

of an atomic beam ionized by charge exchange in a solenoidal magnetic field and

have calculated that the effective emittance growth (Ae) as the beam leaves the

fringe freld is given by

Ae: (6. 1)

where p = ffi, qlmis the charge-mass ratio of the ion, B, is the axial magnetic

field in the ionizer region, r is the ¡adius of the beam envelope in the ionizer and u"

is the axial velocity of the ion beam.

It is of importance to measure the emittance of the H- beam and then to verify

the validity of the above equation as applied to the OPPIS at TRIUMF. The emit-

tance is a fundamental parameter important in the design of the ionizer as well as

in the H- beam optics required for transporting the H- beam to the accelerator.

,
7tT-

,p
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6"2 Ðerivatíon and justification of (Ae)

In deriving the above equation, it is assumed that a particle travels with velocity

u, parallel to the axis of the solenoidal magnetic field, and is then ionized inside

the solenoid at a radius r from the beam axis. Flom the impulse approximation

of the field gradient, 1), is assumed to be large compared to any additional velocity

components which are acquired as the particle leaves the solenoidat field after ion-

ization. Furthermore, the particle, which is ionized at the radius r, remains at the

same ¡adius when leaving the fringe field. Therefore the trajectory of the particle

in the solenoid is considered to be a straight line for the purpose of estimating the

velocity change. The force on the particle is given by the Lorentz force

,:*#-qvxB, (6.2)

(6.6)

where r¿ is the particle mass, B is the magnetic field vector, and v is the particle

velocity vecto¡. Since only the z component of v is assumed to be non-zero, eq.(6.2)

reduces to
duo*ã = Qa"B, (6.3)

where B' is the radial component of B and up is the azimuthal component of v.

Substitutin g D"t for $ and integrating over the path of the particle , u6 is obtained

AS

(6.4)

However, by Gauss' theorem,

zn, f,* B,(z)d,z = rr2Bz (6.5)

where B' is the uniform magnetic field in the ionizing region. Substituting eq.(6.5)

into eq.(6.4), aB becomes

uo = fiÙ"r,
which shows that an angular velocity is imparted to the off-axis particle when the

particle is leaving the solenoidal field.



The quantity of interest is the effective emittance growth (Ae) given by

-Ttr2
A,e = raa-" ?)" 2p

(6.7)

which is eq.(6.1).

6"3 Emittance rneasurement and results

In the OPPIS at TRIUMF, the H- beam is produced by charge exchange of an

atomic Ho beam in an alkali vapour cell located in a solenoid. The trajectories for

off axis H- particles are defocussed due to the ¡adial component B, in the fringe

field of the solenoid. Hence, a significant divergence, which depends on the radius

at which particles are ionized, is imparted to the beam upon leaving the solenoid.

Although there is no increase in the volume of the 4-dimensional transverse phase

space occupied by the beam particles (in accordance with Liouville's theorem), there

is an increase in the projection on the c - c' or the U - U' transverse phase space

pì.ane, i.e. effective emittance growth of the beam in the transverse plane.

The purpose of the present work was to measure the emittance of the H- beam (5

keV energy) produced in the TRIUMF OPPIS as a function of the ionizer magnetic

field.

The H- beam emittance was measured with a Los Alamos type slit scanner [35]

placed 500 mm downstream of the ionizer solenoid (fig. 6.1). Figure 6.2 shorvs

schematically the scanner and the trajectory of an H- particle. The scanner was

driven across the beam in a transverse direction, X. The divergence angle X/, at

which the H- ions enter the scanner and are then deflected by the pair of deflecting

plates through the second slit into the Faraday cup, is given by

u, -\LVp4SVu
(6.8)

where .t and ^9 are the length and separation of the deflecting plates respectively,

Vo is the ramped potential applied to the plate and V6 is the potential of the H-
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Figure 6.1: A schematic diagram showing the TRIUMF OPPIS and the position of

the Los Alamos slit scanne¡ used in the measurements of the emittance of the H-

beam. The magnetic field proflle aJong the beam axis is shown in the lower part of

the diagram.
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beam. For every position in the beam (X), a curve of beam intensity versus the

angle (X') is generated. A three-dimensional view of the beam in phase space is

obtained. Taking a slice parallel to the x - X, plane produces a contour, which

is labelled by the percentage of the measured current within this contour. The

area enclosed by the contour is the emittance for the X - Xt plane. An example

of a measured emittance at a 0.1 T ionizer field is shown in fig. 6.3 for several

emittance contours. For the contour containing the highest percentage of the beam,

two different emittances are observed. In addition to the 5 keV H- beam there is

also a small 2.5 keV H- component resulting from 5 kev HIF produced by the proton

ion source. The analysis of emittance growth has been at a 60% contour level where

the contribution from H- resulting from the Hll component is negligible.

The normalized emittance growth (4.)" of the H- beam is defined by

(4.)" : By(Ae) (6.e)

where B and 7 are the usual relativistic factors for a 5 keV H- beam and (Ae) is

given by eq.(6.1). The dependence of the normalized emittance as a function of

ionizer fields is shown in fig. 6.4 for the 60% contour level. The aperture ¡adius

of the iotuzer used in the H0 ----+ H- charge exchange was 6 mm and the beam

envelope radius corresponding to the 60% contour level is therefore 3.6 mm. Using

eq.(6.9)' the slope of the straight line in fig. 6.4 implies a beam radius of (8.6*0.2)

mm. It is therefore concluded that the theory of Ohlsen et al.. correctly describes

the observed emittance growth of the H- beam as a function of the ionizer field.

The intercept at the vertical axis in fig. 6.4, which is 0.07¡. mm-mrad, is due to the

normalized emittance of the H0 beam accepted by the ionizer, and the emittance

growth due to the scattering during charge exchange. The acceptance of the ionizer

for the H0 beam has been estimated to be 0.0787r mm-mrad at the 60% contour

levei. Thus the emittance growth resulting from scattering is negligible.

In summary, the transverse emittance of the H- beam in the oppls at TRI-

UMF has been measured and found, under its operating conditions, to be linearly
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dependent on the ionizer magnetic field in agreement with the theory of Ohlsen et

a"l.
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Chapt ex 7

Bearmline Ðesign

7 "L The beamline

A beamline with electrostatic focussing elements is needed to transport the 5 keV

H- beam exiting from the ionizer of the OPPIS to the accelerating column of the

300 keV injection beamline for the TRIUMF cyclotron. The design criteria for the

beamline are compactness and mininum beam loss. Two spherica.l 45o electrostatic

bends are used to separate the H- beam from the unwanted H0 beam. A spìn

rotator is needed to rotate the nuclear spin of the H- beam by rf2fromhorizontal
to vertical direction so that the spin direction is parallel or anti-parallel to the

cyclotron magnetic field. Two einzel lenses are used to focus the H- beam into the

spin rotator and into the accelerating column. Some correcting plates are also used

to steer the beam horizontally and vertica^lly. The beamline together with the souïce

mounted onto the HV terminal is shown schematically in fig. 2.7. In this chapter,

some significant design characteristics and operating parameters of these focussing

elements are presented.
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T "2 Spin rotator design aspects

7"2.L calculation of the magnetic and electric field strengths

The direction of the nuclear spin of the H- ions from the OPPIS is longitudinal.

In order that the spin direction is parallel or anti-parallel to the cyclotron magnetic

field, the spin must be rotated by rl2. A Wien fllter is a device which consists of
crossed electric and magnetic fields such that the particle trajectory is unaffected by

the fields, but the magnetic field rotates the spin direction. It is therefore neccessary

to calculate the magnitudes of the fields.

In general, the rate O at which the spin of a particle precesses in a uniform
electrogmagnetic field is given by the Bargmann-Michel-Telegdi (BMT) equation

[37]

a: L{8. r.t,)l(l- 1) - #,* (û.8 x n)1f - r;¡ (7.1)

where ñ is the unit normal vector of the unit velocity vector û; B and E are the

magnetic and electric field vectors respectively; 7 is the usual relativistic f.actor; g

is the g-factor and ef m is the charge-mass ratio of the particle.

In a Wien filter, the B, E and v are orthogonal to each other. The BMT equation

reduces to

a = 
gLz.t*7' $-2)

Q is given by ff where d is the angle of precession. The Wien filter has length of /
so that dt = d!. Hence,

(7.3)

For spin rotation of rf 2,

BI = T2r2
g e'

Applying the above equation to the spin precession of protons from the longi-

tudinal to transverse direction (the g-factor is 5.58 for proton) and for a velocity

corresponding to a 5 keV proton beam, it is found that Bt = 0.0057 Tesla-m.

,,!!-ge B
- dl 2m1z'

(7.4)



The length of the Wien filter is 0.1 m, therefore the magnitude of the uniform

magnetic field is 0.057 T.

Since E = -v x B and v I B, the corresponding electric field strength of the

Wien fllter is therefore 557 Vcm-l.

7"2"2 Focussing properties of a 'Wien filter

In the design of a Wien filter, its optical properties should also be examined. As the

Ð, B and v are all orthogonal to each other in a Wien filter, their vector components

are given as B = Bs, E - E, and v = 't)z is the beam velocity along the beam

direction z, where ø and y are the two transverse directions.

It has been shown [38] that the equations of motion, expressed in matrix form,

of the H- beam in the c and y direction of the Wien filter are given as

(; ) =(-"::,Y1,
r)"är'"') 

(;; 
)

(7.5)

(7.6)

and

(;)(;;)(;)

where / is the length of the Wien fllter, Ís and uf are the initial position and

divergence respectively in the ø-direction of the beam at the entrance of the Wien

filter, and simila¡ly for !s and g[ in the y-direction, k = E,l2Vo where E, andVs

are the electric field strength (577 Vcm-l) of the Wien filter and the potential of

the H- beam (5 kV) respectively.

The equations in the ¿-direction, i.e. along the electric field vector direction, are

the same as those for the converging part of a magnetic quadrupole lens. The¡efore

the beam is focussed along the electric field vector direction but drifts along the

magnetic fleld vecto¡ direction (y-direction) in the Wien frlter.

The focal length of the Wien filter in the electric field vector direction is given
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by

f = fksin(kl)l-l (7.7)

For the geometry of the Wien filte¡ (/ : 1O cm) and for a 5 keV H- beam in the

OPPIS, the foca.l length along the direction of the electric field vector in the Wien

filter is therefore about 32 cm.

7 "3 Einzel lens design aspects

A pair of einzel lenses of foca.l lengths 10 cm and 18 cm are used to focus the

H- beam. Their geometries were designed by using computer codes RELAX3D

[39] and TRTWHEELRE [40]. The potential djstribution Q of the lens was firsrly

numerically calculated by solving the Laplace equation with Dirichlet condition in

cylindrical coordinates (r, r),

v2 ó(r, z) = o (7.8)

where z is the longitudinal direction and r is the radial direction, with the over-

successive-telaxation numerical method employed in RELAX3D. The output of the

potential distribution was stored in an external computer flle.

By recalling the potential distribution calculated by REIAX3D, the computer

code TRfWHEELRE then traced the H- trajectory through the lens by numeri-

cally integrating the equations of motion in (r, z) coordinates with the Runge-Kutta

nume¡icaI method. The outer electrodes of the lens were grounded while the inner

elect¡ode was positively biased. For a 5 keV Id- ion with trajectory parallel to the

beam axis at a height rs into the lens, the focal length / ofthe lens can be calculated

according to

î-- To
J - (rt)r=t,r=o

where r' is the slope of the trajectory of the particle crossing the beam axis at z = l.

For convenient machining and assembly of the two lenses, both lenses have the

same geometry, as shown in fig. 7.1.

( 7.e)



Figure 7.1: The geometry of the einzel lens used in the transport beamline of the

OPPIS at TRIUMF, showing full scale of the lens.
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It was found that the focussing power (: Í-t) of the lens increased with increas-

ing biasing potential of the inner electrode. In order to have focal lengths of 10 cm

and 18 cm, the inner electrodes of the two lenses have to be biased = *10 kV and

+8 kV respectively. The variation of the focal length of the lens as a function of the

height r0 of an H- particle incident parallel to the beam axis is shown in fig. 2.2

for different biasing voltage of the lens. As seen in this graph, the foca^l lengths of

the lens change less than 5% for rs ( 5 mm, which is about the radius of the H-
beam incident on the lens.
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Chapten E

Tnitial Comm.issíoning Ðxperience,&nd

F'uture Reseanch ûn T'he T''RÏ{JVÏF tPPfS

8.1 Initial commissioning experience

Maximum H- current measured in front of the 300 kV acceleration column was

about 13 p'A at a sodium target thickness >1014 atoms cm-2 in the neutralizing

cell. Typical current at a more usua.i thickness of 2-3 x 1013 atoms cm-2 was -r þA,
with ha,lf that accele¡ated to 290 MeV.

Figure 8.1(a) shows the nuclear polarization of the proton beam at 290 MeV

and the atomic polarization of sodium at 7.2 T magnetic field as a function of the

sodium thickness for a single experimental run. The sodium polarization was limited

by laser transmission losses in the argon gas cell (fig. 2.3). A sodium polarization

of 87% at a thickness of 2.9x1013 atoms cm-2 was produced with the argon cell

removed. The solid curve in fig. 8.1(b) shows the ratio of the nuclear polarization of

the proton beam to the atomic polarization of the sodium vapour. The fall in this

ratio at low sodium thickness is due to the background hydrogen neutra.lization. The

extracted beam cu¡rent increases with hydrogen gas to the ECR plasma chamber,

while the proton polarization decreases due to the neutra.lization. At high sodium

thickness, the ratio rises to 80%, which is close to the theoretical limit calculated
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by Hinds et aJ. [1a] for a r.2 T field in the sodium neutralizing cell region.

The nuclear polarization of the proton beam is flipped at rates up to 100 Hz

as the result of flipping the helicity of the pumping laser beam through a Pockels

cell, to which an external voltage is applied (see fig. 2.3). A test on the intensity

of the proton beam has been made [36] when the nuclear polarization of the proton

beam was flipped. This was done by digitizing the signal f¡om a beam current

measuring ionization chambe¡ as a function of time following spin flip. Figure 8.2

shows the intensity of the signal when the nuclear polarization of the proton beam

was flipped in up, down and off state. The intensity changes between the polarized

and unpolarized states of the proton beam. When the Na atoms in the neutralizing

cell are polarized, any H0 neutrals formed, by charge exchange of the H+ ions with

the poiarized Na atoms, are less likely to undergo a second charge exchange witlr

the polarized Na atoms due to the Pauli exclusion principle, resuìting in a higher

intensity of polarized H- beam from the OPPIS. However, between the up and dorvn

states, no change in beam intensity can be observed at a level of 0.I%, showing the

stability of the proton current after flip.

8.2 Ftuture research

Immediate and futu¡e efforts are to improve the brightness and polarization of the

H- beam. A superconducting solenoid will be used to replace the conventional

solenoid in the ECR source, and will increase the magnetic field in the sodium

neutralizer cell region to 2.5 T. This will increase the polari zation transfer efficiency

from 80% to -95% lL4l.

In addition, the inner diameter of the bore of the superconducting solenoid will

be twice of that of the present conventional solenoid, thus greatly improving the

vacuum pumping and hence reducing the background hydrogen gas. The use of the

superconducting solenoid also allows an assembly of permanent sextupole magnets
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to be installed inside the ECR source chamber. The use of a strong axial mirror

and a multipole radia.l magnetic field in the ECR source has been known [26] to

increase the confinement of the plasma density in the ECR chamber, and therefore

to increase the brightness of the extracted H+ beam.

The high axial magnetic field (2.5 T) produced by the superconducting solenoid

will also increase the wall relaxation time of the sodium atoms (see chapter 3), and

hence increase the steady state polarization of the sodium vapour.

An important effect in the optical pumping of the alkali vapour is the trapping

of the pumping light. Trapping occurs when the vapour is sufficiently dense (-101¿

atoms cm-2) that multiple scattering of the light is important for one or more

radiative decay branches of the vapour, therefore limiting the atomic polarization

of the alkali vapour achievable by optical pumping. Tupa and Anderson [20] have

theoretically shown the limitations imposed by radiation trapping on the atomic

polarization in an alkali vapour by optical pumping in a large magnetic field, and

found that atomic polarizations of 90% are possible with sodium thicknesses up to

1014 atoms cm-2 in a large magnetic field. Recent experimental results by Mori

et al. [41] show a rapid relaxation rate due to the effect of ¡adiation trapping in

optically pumped sodium atoms at a thickness -1014 atoms cm-2. Experimental

work should be carried out to investigate the degradation of sodium polarization

due to radiation trapping.

Search for suitable wall coating materials to prolong the wall relaxation time of

sodium atoms should be continued. Such materiaJs are of low local magnetic field

and are not destroyed by the incident H+ beam. The geometry of the neutralizer

cell should be long enough to minimize the effusion of polarized atoms through the

apertures at both ends of the cell, and the inner diameter of the cell is slightly

greater than the size of the enveiope of the incident H+ beam. The pumping laser

beam must fill the neutralizer cell so that only polarized elect¡ons are captured by

the H+ beam.
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In general, fu¡ther research on the OPPIS ¡emains in two domains; namely, the

particle beam optics of the OPPIS and the physical limitations in optical pumping.

The beam optics problem is particularly concerned with the extraction system opti-

mization and immersed flow beam dynamics for the ECR source in a2.5 T magnetic

field. Beam diagnostic techniques should be designed and used in the ECR chamber

for better understanding of the plasma conflnement. Radiation trapping is consid-

ered to be an important physical limitation in optical pumping, as higher sodium

density is always needed.
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Appendix ,&

Ðeråvatíon of P(t)

In this appendix, the time dependent polarization P(t) of optically pumped sodium

atoms is derived in terms of measurable physical quantities in the measurements of

sodium (S,) *ull relaxation (chapter 3).

The polarization relaxation time T, after the pumping laser beam is chopped off,

gives rise to a time dependent angular rotation of the Faraday rotation angle |o(t)

of the linear polarization of the probe laser beam (see flg. 3.I). |e(t) is given by

ïe(t) = ïoe-tlr (A.1)

where do is the steady state Faraday rotation angle.

The intensity of the transmitted probe laser beam through polarizer [2 (fig. 3.1),

as measured by the output of the photomultiplier (PMT), is given by

5(t; = Iosin2op(t) (A.2)

where Is is the intensity of the incident probe laser beam on the polarizer fl2, and

îo(t) is given by eq.(A..1). Therefore

S(ú) : Issinz leo"-'t'1 (A.3)

1

e-tlT - lsin-t
ge

ot

Solve eq.(4.3) for e-tlr,
t¡ø

V/' (A.4)



The time dependent polarization P(l) during relaxation is

by

P(t) = Ps¿-t/r

where Ps is the steady state (5,) polarization of sodium atoms

pumping.

Substitutin E e-tlr from eq.(,{.4) into eq.(,{.5), P(f ) becomes

exponentially given

(A.5)

achieved by optical

(A.6)

The quantit] -16 can be obtained by relating the steady state PMT signal from the

oscilloscope traces and the steady state Faraday rotation angles as follows.

At steady state, ú = 0, from eq.(4.2)

't(0) = Issin27, (A'7)

where 5(0) is the PMT signal at the instant when the pumping beam is off (see fig.

A..1). Therefore

, .9(0)
¡lJ 

- sznoup
(A.8)

Substituting .16 from eq.(4.8) into eq.(4.6),

P(¿) = 
Pfi"tr-'

P(¿) = 
Pfi"t,-' 

1ffi,0,r,, orl''' , (A.e)

which is eq.(3.3) in chapter 3.

Therefore the time dependent polarization P(ú) during relaxation can be ob-

tained directly from the measurable quantities Po,Op and the PMT output.

s(ú)
Is
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Figure 4.1: Example of a photomultiplier (PMT) signal.
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