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ABSTRACT 

A source of polarized protons and deuterons has been built for 

use on The University of Arizona's six-million-volt Van de Graaff accel

erator. This source, operating on atomic beam principles, utilizes: 

an rf discharge for hydrogen (deuterium) dissociation, a permanent mul-

tipole magnet for atomic state selection, an adiabatic fast passage 

transition unit, and a high field solenoidal ionizer. A new tvro-fre

quency adiabatic fast passage transition unit has been developed for use 

on deuterium. The two-frequency technique has the advantage of using 

the same tapered-pole magnet and rf loop as used for the usual single 

frequency transitions in hydrogen. In addition, a new type of high 

field solenoidal ionizer is described, which utilizes an electron gun to 

inject electrons into the ionization region, resulting in a considerable 

power saving. 

vii 



CHAPTER I 

INTRODUCTION 

Definition of Polarization 

An ion source which produces both polarized protons and deuter-

ons has been built for use on the University of Arizona six million volt 

Van de Graaff accelerator. Although the following chapters will be con

cerned mainly with the design and construction of the ion source, it is 

first worth considering the eventual use of the beams from the ion 

source, partly to justify construction of the source, and partly to ex

plain the choice of beam polarizations. 

Polarization of an ion beam results when the possible spin 

states are not equally populated. For a spin l/2 beam, the polarization 

P is defined by 
z 

N+ - N_ 

where N. is the number of particles with spin aligned in the + z direc-
T 

tion, and N is the number with spin in the - z direction. This type of 

polarization is called vector polarization because it is the average 

-» 
value of the particle spin vector cr, that is, P = \a). An analogous 

average can be taken for spin one particles (deuterons), in which case 

the vector polarization is given by 

1 



2 

P, (a) 
N+ - N 

(2) 
z N, + N + N 

+ o 
> 

where Nq is the number of particles in the zero projection state. The 

vector polarization is not sufficient to describe the non-uniform 

state distribution of a spin one beam. In addition, we define the sec

ond order tensor polarization 

also called alignment. p„_ is a measure of the absence of the zero pro-

jection state from the beam. 

The polarization state of the beam can be completely described 

by the density matrix p. More will be said of this later. 

In the partial wave analysis of scattering experiments, the ini

tial state can be described by an appropriate product of the incident 

particle and target particle wave functions and a wave function of rela

tive motion (a plane wave at large distance). The final state is simi

lar except the relative motion is a spherical wave. It is customary to 

specify a linear combination of product wave functions in both the ini-

tial and final states such that channel spins o\ and cr^. are defined. 

For example, a spin l/2 beam on a spin l/2 target will result in jaj = 0 

and |ct| = 1, the singlet and triplet states, a total of four incident 

channels. 

P 
1 - 3N q  

(3) 

Analysis of Scattering 



3 

In general a complete description of the scattering can be given 

by a matrix MCff^cr^k which specifies the transition amplitude from an 

initial channel with incident particle of momentum k^ to a final channel 

—• —* 

with scattered particle of momentum kf. The initial momentum k. is 

fixed by the accelerator. The final momentum kf is determined by the 

angle of the detector relative to the incident beam. For each partial 

wave of the incident beam, with the initial and final momentum fixed, we 

have a matrix M^^J^(CT-jCTg) which gives the transition amplitudes from in

coming channels to final channels. Most of the present nuclear scatter

ing theories start at this point by predicting the individual transition 

amplitudes between channels, that is, by calculating individual elements 

of J , using some model of the scattering process. But in ordinary 

nuclear scattering experiments nuclear cross sections are measured with

out regard to polarization effects. Usually no attempt is made to de

termine the polarization of the scattered particle. This means that all 

projections of the same total channel spin are measured together, the 

incident beam is unpolarized, resulting in equal population of all inci

dent channels. In comparison with theory we must average over the ini

tial states. Thus all of the spin dependent part of the nuclear inter

action is lost. 

Even a polarized beam cannot in general be described by a single 

wave function. It is convenient to introduce a formalism which takes 

the averaging processes into account. The statistical tensor, or densi

ty matrix p, completely describes a mixed beam, and the matrix opera

tions automatically keep track of the averaging processes. For a beam 

of spin and a target of spin Sg, a spin channel can be written as a 



column vector of (2S^ + l)(2Sg + l) components 

, where t = (28^+1)(2Sg+l) 

The statistical tensor is then defined by 

(5) 

This matrix contains all the spin information about the incident states. 

In the framework of this formalism the scattering is described by 

For an unpolarized beam in channel spin notation the statistical tensor 

is proportional to the unit matrix. It is evident that no information 

is gained about the spin dependence of ^ unless the polarization of 

the scattered particles is determined. 

The statistical tensor p may also be used to completely describe 

the polarization state of the beam. The resulting p is the same as the 

case of the beam and a spin 0 target. The appendix gives examples of p 

for the possible beams which a polarized source might produce. As a re

sult it is shown that in general eight parameters must be specified to 

pfinal MAkikf pinitial Mikikf 

t (6) 
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completely describe a spin one beam in an arbitrary coordinate system. 

However, in the polarized ion source the z axis is taken as the direc

tion of the magnetic field in the ionizer. In this case, for a spheri

cal coordinate system p is diagonal. Since the trace of p must equal 

the beam intensity only two independent parameters are necessary to 

specify the beam polarization condition, P and P . 

The set of spherical tensor moments t^ is a convenient way of 

describing the polarization properties of the beam. These parameters 

transform under the same irreducible representation of the rotation 

group as do the spherical harmonics. In the analysis of scattering ex

periments it is often necessary to rotate the coordinate system. It is 

more convenient to parameterize the beam density matrix in a form which 

transforms like the angular momentum eigenfunctions. The relation be

tween the previously mentioned cartesian polarizations and the spherical 

tensor moments of importance are 

*10 = ylpz > <7a> 

*20 - • <7b> 

For the purpose of constructing an ion source these are the only 

parameters with which we need to be concerned. The eventual aim is to 

have a source which can vary t1Q and t£0 over as wide limits as possible. 

Details of the relation of P P and the t. are given in the appendix. 
z zz 

Several methods have been developed to investigate the spin de

pendence of M. One method, double scattering, involves using a small 
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portion of the scattered beam from one interaction as the incident beam 

for a second scattering. These experiments may be viewed in two ways; 

if the first target has a known polarizing power then density matrix for 

the incident beam of the second scattering is partially determined, mea-
* 

surement of scattering cross sections on the second scattering yields 

information about the second target. If, however, the second target has 

a known analyzing power, it is the outgoing density matrix of the first 

interaction which is being determined. Some triple scattering experi

ments have also been performed. The first scattering polarizes the 

"beam" incident on the second target. The third target analyzes the 

polarization of the scattered particles emerging from the second inter

action. Multiple scattering experiments have two common problems: first, 

a low count rate since it is necessary to use only a small solid angle 

of scattered particles from the first target to insure a small spread in 

momentum and polarization; the second problem is the background radia

tion resulting from the first scattering. The use of a polarized beam 

eliminates the need for the first scattering and the radiation which re

sults. In addition, control over the polarization takes place in the 

accelerator, allowing the same experimental geometry to be used, simpli

fying the analysis of the experimental data. 

Description of the Ion Source 

The polarized ion source consists of four basic units, a dis-

sociator, a separating magnet, an adiabatic fast passage transition unit 

and an ionizer (see Fig. l). Hydrogen gas stored in high pressure bot

tles passes through a series of pressure regulators and valves into a 



TSP 

PROTON OR 
' DEUTERON 

BEAM 

TSP TSP TSP TSP 

IONIZER SEPARATING DISSOCIATOR 
MAGNET FAST PASSAGE 

TRANSITION UNIT 

PARTICLE FLUX: 1017 ~ 1015 ~ 1014 ~ 101X (IONIZED) 

AMBIENT PRESSURE: 5 X 10"*6 1 x 10"5 5 x 10"7 (5 x 10"8) 
(TORR) 

Fig. 1. Schematic Diagram of Polarized Ion Source. 

TSP - 1200 liter/sec Titanium Sublimation Pump. 
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double-walled liquid-cooled pyrex bottle. This bottle sits inside of an 

rf coil which is excited by a 30 MHz oscillator. In the resulting plas

ma the hydrogen molecules are dissociated. The atoms are collimated 

into an atomic beam by a Zacharias nozzle fitted on the exit of the 

bottle. 

The atomic beam then passes into the inhomogeneous magnetic 

field of the separating magnet which "focuses" those atoms with a posi

tive electron spin projection mT relative to the magnetic field. Atoms 

with a negative spin projection are "defocused" out of the beam. Fol

lowing the focusing magnet, the beam could be ionized in a weak magnetic 

field producing a proton polarization of .50 or a deuteron beam with 

P = .33 and P„„ = 0. 
z zz 

However, an adiabatic fast passage transition unit follows the 

focusing magnet. The purpose of the transition unit is to substantially 

increase the proton or deuteron polarization over that available at the 

output of the focusing magnet. When hydrogen is run, a standard"'" radio 

frequency technique is employed to produce atoms which, when ionized in 

a strong magnetic field, will yield a proton beam with P = 1.0. With 
z 

deuterium a new two frequency transition method is employed. With this 

technique we can produce both vector and tensor polarized beams using 

the same apparatus as is used for the single frequency transition for 

protons. 

In the last unit of the polarizer we introduce a new type of 

solenoidal "high" field ionizer which uses much less power than previous 

models and promises to at least match previous ionization efficiencies. 



The remainder of this dissertation will be a discussion of the 

theory, design and construction of the ion source. Chapter II gives 

the basic theory of hydrogen and deuterium atoms in a magnetic field as 

it applies to the separating magnet and ionizer. This will be followed 

by the theory of the adiabatic fast passage transition unit along with 

an explanation of the new two-frequency transition method. 

Chapter III is a discussion of the calculations which must be 

made in the design of such an ion source. Included in this section is a 

discussion of the Zacharias nozzle; the focusing properties of multipole 

magnets and the various design parameters of the ionizer. 

Chapter IV is a description of the construction of the source 

including dimensions and methods. This section is also meant to serve 

in lieu of an operation and repair manual for the ion source. 



CHAPTER II 

THEORY 

The Hydrogen Atom in a Magnetic Field 

The most convenient way to polarize protons or deuterons is to 

prepare their atomic states in such a way that the nuclear spins are 

aligned relative to some space axis. This preparation is usually accom

plished by means of an inhomogeneous magnetic field. Care must be taken 

to insure that the magnetic field, as seen by the atoms, changes slowly 

enough that the nuclear moments are not perturbed during passage through 

the apparatus. Ionization must take place in a magnetic field of appro

priate magnitude depending on the atomic states chosen. 

In the ion source the atomic states are first separated by mak

ing use of the relatively large interaction of the electronic moment 

with external fields. Then transitions are caused between the hyperfine 

states to effect polarization of the nuclei. To analyze these processes 

let us first consider the Bamiltonian of an atom in an external magnetic 

field BQ as given by 

—» —»  ̂T -4 —• —• 

K  =  l+ A I  '  J  -  ~  J • B - ~ I * B_ . (8) 
Mo - J ol o x/ 

U + A I • J are the free atom terms, and I and J are the nuclear and 
o 

electron angular momenta respectively. The I • J term accounts for the 

10 
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zero field hyperfine splitting, which results from the interaction of 

the nuclear and electron magnetic moments with strength measured by the 

constant A. The last two terms are the separate interactions of the 

electron magnetic moment n and the nuclear magnetic moment with the 
J X 

external magnetic field. 

The eigenvalue equation for is 

* (F,m) = W (F,m) Y (F,m) , (9) 

where F represents the total angular momentum of the atom, and m repre

sents the z axis projection of F. At zero external field, the electron 

angular momentum J and the nuclear angular momentum I couple to F. For 

the 1S^ state of hydrogen F takes the value of 0 or 1; for deuterium F 

is is or f. As the external magnetic field increases, F ceases to be a 

good quantum number, since I and J couple more strongly with the exter

nal magnetic field than with each other. At high external fields the 

decoupling is virtually complete, and the individual z components of 

angular momentum, raLj. and nij, better describe the states. The total z 

component of the angular momentum, m, commutes with ̂  at all fields; 

therefore, m is a good quantum number at all fields, that is, only 

states of equal m mix as the field increases. In the case where J = •&, 

the eigenvalue problem reduces to solving the secular equation of a two 

by two matrix. The solution is known as the Breit-Rabi formula. For 

hydrogen or deuterium, J = & and 

W(F = I ± 4,M) = - . £ B0 M ± §S /L + |E_ + X* (L0) 
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with x = 
(-T- + T"J*o 

AW 

Aw is the zero field splitting of the hyperfine levels. Av 3 ̂  is 

lteO.H MHz for hydrogen and 327.38 MHz for deuterium. Figure 2 shows 

the hyperfine energy levels plotted from Eq. (10) as a function of the 

external magnetic field. 

Since the energies of the hyperfine states depend on the mag

netic field, there is a force exerted on the atoms in an inhomogeneous 

magnetic field. The separating magnet has inhomogeneous fields such 

that the atoms are focused or defocused depending on the sign of the ef

fective magnetic moment. The force exerted on an atom is 

Att SB cm 

F  = -VW = " 3b~ or" ^eff W  ' ( l l )  

o 

where the effective magnetic moment is given by 

^eff = " H" (12^ 
o 

Figure 3 shows the variation of with magnetic field for each of the 

hyperfine states. Since p. is much larger than p._, it is clear that 
J ± 

those states with positive m_ are focused and those with negative mT are 
J U 

defocused. For hydrogen two hyperfine states, ¥ (F,m), remain after the 

separating magnet. At zero external field they are ̂  (1,1) and ¥ (1,0). 

These may be expanded in terms of the complete set of high field eigen-

states jmjjmj) , 
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Fig. 2. Splitting of the Hyperfine Levels in a Magnetic Field. 
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Fig. 3. Variation of Atomic Magnetic Moments in a Magnetic Field, 



State 1 * (1,1) = |4,i> 
I 

1 (i,o) = 

15 

(13a) 

State 2 (13b) 

If we were to ionize at low field we would obtain a beam with a polar

ization of .5. If we were to effect a transition of all atoms in state 

1 to state 3> ^ (l»-l) = and ionize at high fields (where state 

2, ¥ (1,0), evolves into |̂ ,-̂ ))s we would obtain a polarization of 1.0 

in the negative z direction. The properties of a deuteron beam as a 

function of various transitions is discussed in the Appendix. 

atom beam first passes through an inhomogeneous magnetic field of the 

sort discussed above. By the judicious placement of sin exit aperture, 

some of the electron m states may be eliminated from the beam. The beam 

then passes into an rf loop in a region of uniform static magnetic field. 

The static field causes an energy splitting between the hyperfine states 

and the rf loop produces an oscillating magnetic field which causes 

transitions among the hyperfine states, providing the Bohr frequency 

condition 

The Adiabatic Fast Passage Transition 

The adiabatic fast passage transition first proposed by Abragam 

and Winter1, may be considered as a blend of the atomic beam magnetic 

2 
resonance method of Rabi and the nuclear magnetic resonance method of 

Bloch.^ 

In the usual atomic beams apparatus, such as used by Rabi, the 

v 
P<1 (1*0 
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is met. W is the energy of the pth hyperfine state and h is Planck's 
Jr 

constant. (The selection rules for the magnetic quantum number will not 

be considered here). For multiple (n) quantum transitions the Bohr fre

quency condition is 

v = JL_—E (15) 
pq nh v 

The beam now passes into a second inhomogeneous magnetic field which 

refocuses the beam. If a transition has occurred then that portion of 
* 

the beam will be focused at a different place due to its new magnetic 

moment. The transition probability p depends on the time t that the 

atom spends in the oscillating field, 

P_ « sin3 at . (16) 
pq 

Since the beam has a Maxwellian velocity distribution, t is different 

for the various atoms eliminating the possibility of total transition 

from one state to another. 

In the nuclear magnetic resonance method of Bloch, matter is 

placed in a uniform magnetic field BQ which defines the z direction. 

The magnitude of the paramagnetic polarization MQ that results as the 

matter comes to thermal equilibrium is given by 

M 0  = XB 0  , (17) 

where X is the nuclear paramagnetic susceptibility and M is the 
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macroscopic resultant nuclear moment per unit volume. An oscillating 

magnetic field B is superimposed in the x direction such that 
X 

B 
x 

2 B^ cos u)fc (18) 

If the magnitude of the main field BQ is decreased slowly (adiabatically) 

through the point where |v| BQ = Y being the nuclear gyromagnetic 

ratio, a resonance condition occurs which causes the reversal of M, i.e., 

W is fixed and Bq is varied such that the Larraor frequency = |Y| BQ 

passes through An rf loop in the x-z plane picks up the magnetic in

duction that results as BQ passes through resonance. 

The adiabatic fast passage method utilizes a tapered magnetic 

field enclosing an rf loop, through which the atom beam passes. (See 

Fig. U). From Bloch's point of view the tapered field causes BQ to pass 

through the resonance as the atom passes through the magnet, thereby re

versing the magnetic moment. Before discussing the adiabatic fast pass

age method in detail, let us first analyze the transition mechanism in a 

classical sense. 

where y is the gyromagnetic ratio. If this magnetic moment is placed in 

a uniform external magnetic field BQ, it will precess about the field 

according to 

Consider a magnetic moment, M, related to an angular momentum, 

h i, by 

ft Y I = M , (19) 



B, 
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Fig. b. Single Frequency Transition Fields, 
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J *T* «-•  ̂

= M)(BFL = YU)(B . (20) 

The frequency of precession is given by 

"o = " Y Bo » (21) 

according to the Larmor theorem. If we add a rotating magnetic 

rotating in the x-y plane perpendicular to Bq, our original z direction, 

with angular frequency then 

®rf = B1 ̂  Sin V* + ^ C0S 

We now transform to a coordinate system rotating about B with 
o 

angular velocity If d/dt represents differentiation with respect to 

the rotating coordinate system, 

t s  -  T£ + s x5 .  (»)  

-• 3 i 
where ft I is the angular momentum measured in the stationary frame. —jjr 

is the rate of change of the stationary observer's I as seen by an ob

server in the rotating coordinate system. Equation (20) becomes 

d I v 
w 

-5B = V FT I X (BQ + 7) = Y FT I X (2k)  
er 

where Ber is the effective field in the rotating coordinate system, and 



is defined by 

-+ 
.... .... U) 

Ber = Bo + y 

20 

(25) 

.... 
(See Fig. 5). If we set w = w

0
, then from Eqs. (21) and (24), Ber = O, 

-+ 
i.e., M is a stationary vector in the rotating coordinate. However, 

-+ 
when we introduce Brf into the rotating system, it becomes 

(26) 

.... 
If we set w

1 
= w

0
, then B'rr is a stationary field in our rotating sys-

.... 
tern. The magnetic moment in the rotating system M', now precesses 

about B'rf· {See Fig. 6). A magnetic moment originallY aligned in the 

+ z direction will rotate about B'rf' repeatedly passing through+ z and 

- z with angular frequency w1 = Y' B1 • In general, the transition 

probability for a state in the + z direction to a state in the - z di-
.... 

rection, depends on both the magnitude of Brf and the time the atom re-

mains in the oscillating field. By Eq. (16), 

P « sin2 at , where pq 

.... 
a is the Larmor frequency of the magnetic moment about Brf in the rotat-

ing coordinate frame. 
.... 

Let us consider now what happens as the main field B is slowly 
0 

-+ A .... A 

-varied from B + & k to B - & k. This change in field is accomplished 
0 0 

by allowing the atom beam to traverse a magnet with tapered pole pieces. 
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In the rotating coordinate system there is a z component of the magnetic 

field where the atom enters the radio frequency region. Figure U shows 

how the magnitude of Bz and B'rf vary with time as seen by an atom in 

the rotating system. An atom entering the tapered magnet will see an 

effective magnetic field, B , which is the resultant of B . and B , 
Gx jrX Z 

in the rotating system. As the atom proceeds through the magnet, B , 
z 

varies from +6 to -6. This causes B to rotate about the x' axis. 
er 

Under appropriate conditions the magnetic moment will precess about Bgr 

in such a way that it follows the reversal, thereby effecting the tran

sition. 

The appropriate conditions under which transitions occur are called 

theadiabaticity conditions. One condition states that the Larmor-pre-

cession angular velocity, y B should be much greater than the angular 

velocity at which B rotates. Since B' changes linearly with time, 
6r z 

the most critical point is where B' =0 and B = B.. (See Fig. 5). 
z er l 

Then, according to Bloch, 

An analogous condition applies at the atoms' entry into the region of 

the rf field, 

« (27) 

z 
(28) 

z 

i.e., at the entrance to the rf field the Larmor-precession angular ve-

locity y B'z, should be much larger than the angular velocity of B . 
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A third condition is sometimes stated,^ 

2 B'z » Bx . (29) 

This condition is not of fundamental importance. It is a result of ap

proximating the rf envelope as a rectangle. (See Fig. 5). In this case 

Ber changes abruptly as the atom enters the rf region. It is then im

portant that be as small as possible and still conform to the adia-

baticity condition, Eq. (27). 

When applied to the hydrogen beam in states 1 and 2 at low field, 

BQ ~ 30 gauss, the adiabatic fast passage method causes the population 

in state 1 to be transferred to state 3. The preceding classical de

scription ia not totally correct, however, since it does not allow for 

transitions from the = 0 state, i.e., state 2. 

Quantum mechanically, we can write the Hamiltonian of an atom in 

a combined "static" and rotating magnetic field as 

" - *o+ r Jz Bo * r B1 °°s V + Jysin • <30> 

V is the zero field Hamiltonian of the atom. J.J, and J are the 
o x' y* z 

electron spin projections. Equation (30) neglects the interaction of 

the nuclear magnetic moment with the external field. As in the classi

cal description we now transform to a coordinate system rotating about 

the z axis with angular velocity w. 
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W - % + r~ J B - U>m + 
o J z o T" VJx cos (V + Jy sin (V » 

(31) 

where m is the total atomic spin projection. Clearly when = u>, ft'1 is 

time independent. The stationary solutions of this Hamiltonian depend 

on both and the magnitude of B^. The light lines of Fig. 6 are a 

plot of the eigenstate energies as a function of Bq for a fixed frequen

cy, «) = 30 MHz and B^ = 0. When B^ 5^ 0 the energies of the eigenstates 

"split away" from the asymptotic lines as indicated by the heavier lines 

of the figure. As Bq slowly changes, the actual state associated with 

one asymptote on one side of a crossing point becomes associated with an 

asymptote of another state, i.e., a proton in state 1 undergoes a tran

sition to state 3. 

In order to utilize the same tapered magnet for both hydrogen 

and deuterium, experimental work was undertaken to see if the two-fre-

£ 
quency transition method developed for use in atomic beam machines was 

applicable to the adiabatic fast passage technique. A second rf loop 

was installed in the tapered magnet concentric to the first. (See 

Fig. 7). This second rf loop caused transitions between the stationary 

states of the rotating coordinate system. The dashed arrows in Fig. 6 

show the transitions investigated. 

In the actual experimental configuration the rotating magnetic 

fields are produced by solenoids. A solenoid produces an oscillating 

field which may be considered as two circularly rotating fields rotating 

in opposite directions. The effect of the second rotating component is 
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Fig. 7. Double Frequency Transition Fields. 

Bg is the field amplitude due to the second rf loop. 
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of no consequence to us in the single frequency case. However, in the 

two-frequency transition, both senses of rotation may cause transitions. 

In the rotating system, the condition for transition.is 

lwi"wfl - » (32) 

where YT and are the eigenstate energies in the rotating system. Two 

frequencies will satisfy this condition: u>2, rotating with and , 

rotating in an opposite sense. Then For Anij, =2, (for 

example, the 2 to k transition in deuterium), the Bohr frequency condi

tions of Eq. (lU) transform to 

ft (a^ + u>2«) = AE2,if (33a) 

* (3U)1 " V = *E2,̂  * (33b) 

For Amp a 3 (the 1 to U transition in deuterium), 

ft (2^ + o>2») = ae ^ (311a) 

ft (lw^ - «2) = > {$*>) 

where AEif is the energy spacing of state i and state f in the station

ary system. Figure 8 is a plot of «>2 vs. Bq (solid lines), and a plot 

of «>2' vs. Bq (dashed lines) for the various transitions in deuterium. 

The effect of the magnitude of B^ on u>2 has been calculated to be less 
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than .5 MHz for the used and has, therefore, been neglected in the 

figure. Two separate two-frequency transitions in deuterium have been 

observed, the 2 to ̂  and the 1 to 



CHAPTER III 

DESIGN 

The Hydrogen Atomic Beam Source 

The source of the hydrogen atomic beam was chosen to be a liquid 

cooled radio frequency discharge fitted with a Zacharias nozzle. Previ

ous experience indicated that a suitable source would operate at a pres

sure of between 0.2 and 0.5 Torr and consume up to 500 watts plate 

power. The nozzle collimates the beam by eliminating those atoms which 

would emerge at large angles relative to the beam axis. 

The Zacharias nozzle, or multi-capillary array, is produced by 

fusing a bundle of fine glass capillaries and drawing them to further 

reduce their inner diameter. The multi-capillary arrays are then cut 

from this bundle. These arrays are now commercially available with pore 

diameters ranging from 7 to 250 microns, with a transparency of 50$. 

To choose a particular multi-capillary array, three major fac

tors had to be taken into account. First, the thickness of the array, 

£, had to be such that the atomic beam would not be attenuated by colli

sions in the capillaries. Second, the radius-to-length ratio, r/A, of 

the individual capillary had to give an acceptable intensity distribu

tion of the emerging atomic beam. Finally, the conductance of the array, 

which depends on r/A, had to be kept small enough so that a reasonable 

pressure could be maintained with our limited pumping. 

30 
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The number of atoms dQ, which enter a capillary from the dis

charge bottle, traveling in a solid angle relative to the crossing of 

the capillary axis and entrance plane duj, at an angle 9 to the capillary 

axis is 

dQ (ft?) n v cos 0 Ac , (35) 

where n is the number of atoms per unit volume, v is the mean velocity, 

and Aq is the cross sectional area of the capillary. 

In the case where the mean free path of the hydrogen atoms, 

is much greater than the length of the capillary, X » i, the intensity 
XI 

of the atom beam effusing in the forward direction is not diminished by 

collisions in the capillary. For the part of the beam emerging from the 

capillary at angles greater than r/Z, the cosine distribution of Eq.. (35) 

is greatly diminished. However, in the forward direction with 0 < r/4, 

with cosine 0 « 1, we find 

Xo = f» = W~ Ac » (36) 

where I is the intensity of atoms per unit solid angle emerging in the 

forward direction for each capillary. 

When X ~ A, then it becomes necessary to take into account the 
xi 

scattering of the atoms as they traverse the capillary. The amount of 

intensity scattered out of the forward direction, dl, in a length dx, is 

dl = I n aH dx , (37) 
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where cr^ is the cross section for hydrogen on hydrogen collision. The 

cross section is related to the mean free path by 

h - —'—Z • (38) 
n ffH 

If we assume a uniform pressure gradient down the capillary, then 

PIf J T~ = J no ̂  aH 48 

*o 

in t = * no iCT ^ o 

(~W^/2 -V(2^h ̂  
If = Ioe oK . ioe 11 . (1.1) 

Equation (Ul) is only a first order correction. It takes into account 

only atoms scattered out of the beam. Obviously this equation gives a 

pessimistic answer since, as the number of collisions increases, the 

number of atoms scattered into the beam also increases. As the pressure 

in the discharge bottle rises, the net effect is to move the source of 

atoms into the capillaries, reducing the effective radius to length ra

tio. Calculations of the forward intensity under these conditions have 

been done by others, and will not be reproduced here. 

In the early stages of development of the polarizer, a molybde

num oxide slide was exposed to an atomic hydrogen beam emerging from a 

seven micron diameter capillary array, 1 mm thick. (This technique will 
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be described in the next chapter). With a pressure in the discharge bot

tle of 0.4 Torr, the beam had spread from 2.5 mm diameter at the array, 

to 3.5 mm diameter 10 cm downstream. This gives a half angle of the 

beam envelope of 0.005 radians which is approximately 1.4 times the ra

dius -to-length ratio. A radius-to-length ratio was chosen which was 0.7 

times the half angle subtended by the separating magnet at the array. 

From the results of a computer program, (described in the magnet sec

tion), the multi-capillary array to magnet distance was set at 8 cm. 

The pole faces of the magnet were set on a 5 mm diameter circle. These 

dimensions yield a half angle of 0.031 radians, and an ideal r/ji of 

0.022. The v/S> finally settled upon was 0.025 (l mm thick, 50 micron 

diameter capillary). 

The gas flow Q, through the multi-capillary array, was deter

mined by the following equation 

Q = N K £ nQ v Ac , (42) 

where N is the number of capillaries, v is the mean velocity of the 

atoms, Aq is the cross sectional area of the capillary, and K is 

0 
Clausing's factor, which depends on r/A. Where r » A, K is approxi-

Q 

mately — r/A. For the 50 micron, 1 mm capillary array, the calculated 

flow for hydrogen, QJJ = 2.9 x 1018 atoms/sec at 0.4 Torr discharge 

bottle pressure. For deuterium, Qp = 2.05 x 10la atoms/sec. 

Figure 1 shows schematically how the throughput of the capillary 

array directly affects the actual beam out of the polarized ion source. 



The Vacuum System 

In order to alleviate any problems which might arise due to low 

conductance in the vacuum system, the vacuum chambers which house the 

various sections of the polarized ion source were made as large as pos

sible consistent with the dimensions of the Van de Graaff terminal shell 

under which the entire apparatus must fit. Due to the reasonably large 

gas flow, vacuum pumps with intrinsically high pumping speeds are 

needed. However, due to the low power available in the Van de Graaff 

terminal, the most efficient pumps in terms of liters per second per 

watt are required. For active gases, a classification which fits hydro

gen, titanium sublimation pumps qualify under both requirements. Wires 

of a titanium molybdenum alley are resistively heated to a temperature 

at which the titanium sublimes from the filament and is deposited on the 

wall of the vacuum chamber. Here the pure titanium combines with active 

gases in the system to form relatively stable solid compounds, e.g., 

TiH. 

The pumping speed of a titanium sublimation pump is determined 

by the surface area of uncombined titanium available to the gas. For 

hydrogen the intrinsic pumping speed is approximately 20 liters per sec

ond, per square inch. This assumes that the inlet aperture is of suffi

cient conductance. In order to utilize most of the titanium sublimed, 

it is necessaiy either to sacrifice pumping speed and to tolerate a high

er pressure in the vacuum chamber, or to cycle the pumps with a suffi

cient off period to allow saturation of the titanium layer. 
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The only drawback to this type of pumping is that the titanium 

wires must be replaced periodically. To calculate the amount of titani

um necessary for pumping, we considered that the entire throughput of 

the capillary array must be pumped in the first two chambers. (Only a 

small fraction of the beam is transmitted through the separating magnet 

into the transition chamber). In designing the vacuum system, it was 

more convenient to have the above throughputs converted to units of 

Torr liter per second, 

The titanium sublimation rate, TSR in grams per hour, required to pump 

this throughput can be found approximately, 

Qjj = 8.2 x 10"3 Torr liter/sec (^3a) 

QJJ = 5.8 x 10~a Torr liter/sec (Itfb) 

TSR(gm/hr) = Q(TVsec) x 10 m 

Therefore, 

TSRjj = 0.82 (gm/hr) 

TSRjj = 0.58 (gm/hr) . 

(^5a) 

(U5b) 

These sublimation rates are the minimum required to sublime one atom of 

titanium for each atom of hydrogen and deuterium respectively. 



The number of pumps in the first two chambers was limited to 

three by the dimensions of the Van de Graaff terminal. With a dissocia-

tor pressure of OA Torr, filaments with 1.2 gm of usable titanium yield 

a running time of b.h hours for hydrogen or 6.2 hours for deuterium, per 

filament in each pump. Further details can be found in the chapter on 

construction. 

The Separating Magnet 

Various magnets have been designed to separate beams of atomic 

dipoles. The first such separating magnet was constructed by Gerlach and 

o 10 
Stern. Until Friedburg and Paul, all atomic beam machines relied 

upon two pole gradient field magnets of various design to effect the 

separation. Friedburg and Paul were the first to propose the use of a 
cC. 

multipole magnet. The multipole magnetic fields have the advantage that 

they exert only a radial force (in cylindrical coordinates) on the atom

ic dipoles. They increase the input solid angle, and do not deviate the 

beam axis. Because of the radial force, multipole magnets have been de

scribed as having "focusing" properties. In the case of a four pole 

magnet, this means only that the beam appears compressed. The six pole 

magnet can be treated exactly as a lens with an image and object, and 

without spherical aberration. However, this "lens" has severe chromatic 

aberrations. In terms of an atomic beam machine, this means that the 

lens has different focal lengths for different-velocity atoms. 

Consider the region about the axis of the magnet. Since there 

are no currents or ferromagnetic materials in this region, the magnetic 

scalar potential, cp, which describes the magnetic field by B = Vcp 
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must satisfy Laplace's equation, V2cp = 0. In cylindrical coordinates, 

the general solution of Laplace's equation is 

cp(r,9) = 23 + B,r"n)(c,n cos n 0 + D,n sin n e)} + E • (^) 

Requiring the potential to remain finite at r = 0, and choosing the 

origin of the coordinates such that <?(r,0) = - cp(r*9-9), we have 

B' = C'n = E = o , (if7) 

00 

<p(r,9) = Zj (A r11 sin n 9) . (*lS) 
n=l n 

For a 21J pole magnet the dominant term in the potential is N = n. 

(This will be shown later for the magnets used). 

Taking the gradient of the potential, (retaining only the domi

nant term), the magnetic field is 

Br = .1? = NAN Sin N<p rN"1 

B0 = 7 ll = N\ cos WQ I,n"1 (50) 

|B| = NAjj I*"1 = Hc @N_1 , (51) 

where a is the radius on which the pole pieces are set. 

Specifically for the four-pole magnet, 

IM " Bo (I) • (52) 
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For the six-pole magnet, 

l=Bl - Bo©3 • <53) 

The potential energy, E, of a magnetic dipole, p., in a magnetic 

field is E = - p. • B. The force on the dipole is given by 

F = - VE = V(|T • B) = neff V|B| . (5*0 

For all multipole magnets the force exerted on the electrically neutral 

magnetic dipole is purely radial. 

In classical terms we define = V- cos 9, where |j. is a mag

netic dipole moment precessing about the field at a constant angle, 0. 

On an atomic scale, n - mTg_u , where g_ depends on the atomic con-
SIX O o  O J  

figuration and is taken as positive for the electron. For hydrogen, 

g_ = 2.002. The term m_ represents the magnetic quantum number of the 
J tj 

atomic angular momentum; |aq is the Bohr magneton. 

The force exerted on an atom by a 2N-pole magnetic field is 

B (N-l) rW"2 

F2N = ^eff * ^5) 
a 

Atoms with a positive m_ are deflected toward the axis, "focused". 

Those with a negative mT are deflected outward, "defocused". For the 
0 

four-pole magnet the force is described by 

Fk ~ ^eff a" * ) 
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For the six-pole magnet, 

B 

F6 = ^eff 2 ~s r * <57) 
6t 

Only the four- and six-pole magnets were considered for use in 

the polarizer. Eight-pole magnets have been built by others; however, 

the problem of flux leakage between the pole tips severely limits their 

field and therefore their utility. 

To evaluate the "focusing" properties of the magnets, the atom

ic trajectories were found. 

Fk = mr = neff 5s . (58) 

In the high field region, 

B 
* - -Ss2 (59) ma 

i K 
r  =  r + r t +  —  |j ,  —  t a  ,  (6o) 

o o 2 *0 ma 9 s ' 

where r is the initial radius at the magnet entrance, f is the initial 
o o 

radial velocity, and t is the time in the magnet, t = ̂  . The distance 

into the magnet is z, and v is the velocity of the atoms. These trajec

tories are parabolas. Since we wished to evaluate this type of magnet 

using an extended source which emitted a Maxwellian velocity distribu

tion, and simultaneously to find the beam acceptance and polarization, 
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a Fortran IV program was written for the University of Arizona's CDC 

61+00 computer. When one millimeter diameter beam stop was placed at the 

exit of a magnet with a = 2.5 mm, BQ = 8,000 g, and length S> =10 cm, a 

total beam acceptance of 2.3% was obtained with a polarization of 1.0. 

The calculations assumed a capillary to magnet distance of 8 cm, and an 

exit aperture 2.5 mm diameter, *40 cm downstream. 

For the six-pole magnet, the equation of motion for the atoms is 

F6 = mr = jieff 2 —| r . (6l) 
Qi 

Solving for r, 

r = A sin (uJt + 6) for mj > 0 , (62a) 

r = B sinh (<wt + 6) for mT < 0 , (62b) 

where w is given by 

'Ẑ o\v' 
«. . (63) 

ma 

and again t = — . 

The term 6 represents the phase constant which depends on the 

initial radius and angle of inclination of the atoms at the magnet en

trance . 

r 
6 = arcs in j— , (6^) 
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(65) 

from which, 

r ( '2M„\V2 
£ + arcsin 

r 
o •} 

(66) 

Again a computer program was used. Under the same conditions, but with 

the exit stop eliminated, the six-pole magnet was calculated to have a 

p. 5$ beam acceptance with a .9997 polarization. 

To find the effect of the non-hyperbolic shape of our pole 

pieces, the magnetic scalar potential, cp(r,0), was expanded to fit our 

boundary conditions. 

We assumed that each pole piece was an equipotential of potential | v | .  

Alternate pole faces have opposite potentials. Between the pole pieces 

a constant gradient potential was assumed. This kept the potential 

continuous, and the magnetic field finite. 

00 

cp(r,0) = AJJ rN sin N0 (67) 

For the six-pole magnet, 



*6(r'Q) = Kcos I a)©3sin 30 -1 (cos I a)(l)9sin" 

+ ~ (cos ̂  a)(|) Sin 159 .. . 

+ (-l)n+1 [cos |(2n-l)a] ^sin^n-l) 3e} , (68) 
(2n-l) L ^ J W J 

where a is the angle subtended by each pole piece. 

It is obvious that the first terra dominates the expression since 

V 
— is less than one in the region of interest. The trapezoidal pole tips 

are a good approximation to the ideal six-pole field. From experience 

in other laboratories,^" a was chosen to be 30° for the six-pole magnet. 

An expression similar to Eq. (68) can be derived for the four-

pole magnet. For the four-pole magnet, a was chosen to be 1+5°. 

The Adiabatic Fast Passage Transition Unit 

The design of the transition unit involved the determination of 

several parameters; the "static" field BQ, i.e., the median value of the 

tapered field; the length I of the tapered magnet; the taper of the 

static field ±6; the frequency.of the rf field and its magnitude 2B^. 

The choice of a static field determined o>. The application of the adia-

baticity conditions gave limits on some of the remaining parameters. It 

will be shown that the parameters chosen are consistent with the adia-

baticity conditions. 
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An electromagnet was chosen to supply the tapered field because 

of the ease with which the field may be varied remotely. Magnetic 

fields of about 20 gauss are easily reached. In this field region, re

sidual fields from other magnets and inhomogeneities in the magnetic ma

terial present no problem For states 1 and 3 in hydrogen, the slopes of 

the eigenstates for energy vs. field are + l.U MHz and - 1.4 MHz per 

gauss respectively. (See Fig. 3). An rf frequency of 30 MHz was chosen 

requiring a static field of Bq = 21.5 gauss. If the amplitude of the rf 

field is 2B^ = 1.0 gauss, and is present over U.5 cm where the magnetic 

field changes by 8.0 gauss, then, using 10s cm/sec as the average hydro

gen velocity, the first adiabaticity condition, Eq. (27), 

1 "d B'z\ 
( dt ) <<: Y B1 

becomes 4 x 105 « 7 x 10s in c.g.s. units. The second adiabaticity 

condition, Eq. (28), 

1 (ifi) « y B' 
B' \ dt / Y z 
z 

becomes 4 x 10s « '+.1+ x lcf . Figures 4 and 7 show the calculated 

shapes for the rf fields. 

Photon density calculations show that 2B^ = 1 gauss is a suffi

cient rf field. A 30 MHz photon carries half of the energy difference 

between states 1 and 3 in hydrogen at 21.5 gauss. Since = 2, this 

transition should be a two quantum transition. The energy density for a 

1 gauss field is 8.0 x 10~3 joules/meter3. This corresponds to a 
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photon density of U.O x 1023 photons/meter3. Using the Bohr radius for 

the hydrogen atom, calculations indicate that on the average each atom 

encounters 32 photons per cm of path. The proof that all these parame

ters are consistent was given by experiments to be described in the next 

chapter. 

For the two-frequency transitions, Eqs. (33b) and (3^b) were 

used to determine the second frequency. Utilizing the same static field 

of 21.5 g and the same main rf loop at 30 MHz, the resulting frequencies 

for the 1 to U and 2 to U transitions are 59*8 MHz and MHz, respec

tively. The lower frequencies given by Eqs. (33a) and (3*+a) are not 

used. In the first case the answer is negative, in the second, 0.2 MHz. 

The Ionizer 

The fast passage transition unit requires the use of a high 

field (> 1000 gauss) ionizer. Figure 9 is a plot of the polarization as 

a function of the magnetic field of the ionizer. Electron bombardment 

ionization is required for polarized beams. (Systems using rf dis

charges have been attempted, but the resulting beam had a polarization 

of zero). 

The design objective is to get as high an electron density as 

possible with sufficient energy to ionize the gas. Two types of ionizers 

were considered: the planar magnetron type, and the solenoidal type. 

(See Fig. 10). In the planar magnetron type the magnetic field is per

pendicular to the atomic beam. Thermal electrons are emitted into a 

static electric field perpendicular to the magnetic field. The orbit of 

an individual electron is a traveling cycloid. As the space charge 
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increases, these orbits are perturbed and the motion is no longer ob

vious . 

In the solenoidal ionizer, electrons are injected into the mag

netic field from the end of the solenoid. The shape of the magnetic 

field at the entrance to the solenoid is critical. Improper shaping can 

prevent the electron injection. The orbits of the electrons are spirals 

about the field lines. The radius r of the spiral in millimeters is de

termined by the field of the solenoid B in gauss, and the energy of the 

electrons, E, in electron volts, by 

r(ram) = 33.7 > (69) 

neglecting the slope of the spiral as small. The solenoidal ionizer has 

the advantage that the ionizing electrons are confined to a cylindrical 

volume which is easily controlled. 

A difficulty encountered in the development of most ionizers is 

extraction of the ionized particles. The atoms of the beam have about a 

l/ko e.v. energy. Upon ionization, very small electric fields produced 

by space charge of the ionizing electrons or fields on the surface of 

the ionizer easily trap the low energy ion. Electrostatic fields set up 

exterior to the solenoid for purposes of extracting the positive ions 

are often neutralized by the electron space charge. For these reasons, 

an internal extraction unit was developed which produces a gradient 

field interior to the ionization region by means of a series of conduc

ting planes. 



Concurrent with our decision to develop a solenoidal ionizer, 

work was being carried on in the electron optics section of the physics 

department which utilized equipment similar to that which was under con

sideration. A high field solenoid with an ion extracting system was in

stalled on this equipment, we were able to show that this new hybrid 

ionizer would be much more efficient power-wise, and at least match the 

ionization efficiency of other solenoidal ionizers. 



CHAPTER IV 

CONSTRUCTION 

General Requirements 

In this chapter we will first discuss some of the special prob

lems encountered in the application of the polarized ion source to a 

single-ended Van de Graaff accelerator. This will be followed by a 

statement of some of the physical requirements and construction policies. 

The remainder of the chapter will be devoted to descriptions of the 

vacuum system and the components of the ion source in order of their 

appearance to the beam. 

Several problems have been encountered in the construction of 

the polarizer for use inside the Van de Graaff. The most restrictive is 

the available power. Due to the high potential of the terminal, the 

only power available for use is that which is produced by a ^00 cycle 

alternator in the top belt pulley. This alternator, which is driven by 

the charging belt, produces only b.2 kilowatts. Half of this power is 

used in power supplies for the dissociator, ionizer, gas handling system, 

etc. The use of continuous action pumps such as diffusion pumps or tur

bo molecular pumps was thus rejected due to lack of power. 

Additional problems include: the volume, 18.5 cubic feet, avail

able within the terminal shell for associated equipment, i.e., power 

supplies, gas storage bottles, etc.; the dimensions of the terminal 

which limited the length and diameter of the polarizer; the high 

k9 



50 

pressure (200 p.s.i.g.) environment of the Van de Graaff; the limited 

number of controls which made automation of the sublimation pumps man

datory. 

Cooling also presents difficulties when it must be done across a 

6 MV potential difference. Freon 113 was selected for cooling the dis

sociator, ionizer, and sublimation pumps. The freon is to be piped 

through the column of the Van de Graaff inside of 1 in. O.D., l/2 in. 

X.D. teflon tubing. For the purposes of bench testing, water was used 

to cool the ionizer and sublimation pumps, while Coolanol ̂ 5 (Monsanto 

Chemical Company) was used in the dissociator in order to reduce dielec

tric losses in the cooling jacket between the rf loop and plasma. 

Vacuum System 

Two factors set limits on the maximum pressures which could be 

tolerated in the ion source. First, the mean free path of the hydrogen 

atoms must be long enough that a majority passes through the machine 

without collision. This condition sets the maximum pressure in the 10~8 

Torr range. Second, the ion beam emerging from the ionizer is a mixture 

of all the atoms present in the ionizing volume. In particular, hydro

gen atoms, which are not part of the state selected beam, contribute an 

unpolarized portion to the emerging ion beam. The result is a deteriora

tion of the polarization. Therefore, the lowest possible pressure was 

required in the ionizer in order to reduce the unpolarized background. 

To this end, the high gas load of the dissociator is differentially 

pumped through the separating magnet and two baffle plates before reach

ing the ionizer chamber. (See Fig. l). 
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In keeping with the desire for a good vacuum wherever possible, 

only 300 series stainless steels were used in the vacuum system. The 

vacuum chambers were all heliarc welded and knife edge (Conflat) flanges 

with copper gaskets make the vacuum seals between chambers and on pump 

flanges. Some viton, teflon, and aluminum were used for special vacuum 

seals and will be mentioned as encountered. 

The vacuum system consists of five chambers. (See Fig. 11). 

Four of these are constructed from 8 in. O.D. stainless steel tubing, 

8 in. long, fitted with 10 in. O.D. Conflat flanges. Each of these four 

chambers is fitted with a 5 in. O.D. stainless steel tube which houses a 

sublimation pump, except for the dissociator chamber which has two pumps. 

Each of these pumps is fitted with a cooling jacket which was made by 

soldering 3/8 in. O.D. copper tubing to .010 in. thick sheet copper, 

which was then strapped to the outside of the pump housing. The fifth 

chamber serves as a transition between the polarizer and the Van de 

Graaff accelerator tube. This chamber contains the electrostatic lenses 

which serve to focus the beam extracted from the ionizer, and accelerate 

it to a velocity which is accepted by the Van de Graaff. Provision has 

been made for a possible sixth sublimation pump to differentially pump 

the residual gas from the accelerator tube before it can reach the ion

izer. 

For each pump, three titanium molybdenum filaments (Varian Vac

uum Division), as the source of titanium, are mounted on a modified four 

pin medium current feedthrough. The four pin feedthrough consists of 

four l/b in. diameter monel rods connected to the vacuum system by 

ceramic-to-metal seals. The filaments operate at a constant current of 



Fig. 11. Vacuum Chambers • 
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hi to 50 amperes. As the filament sublimes, i.e., as the cross section

al area decreases, it is necessary to increase the voltage in order to 

maintain the required current. This is done automatically by a motor

ized variable autotransformer. (See Fig. 12). The current sensing 

mechanism is a transformer using a single turn of the filament power 

cable and a pick-up coil, which operates a relay meter. A system of re

lays operates the motor which changes the input voltage on the filament 

current transformer. Limit switches mounted on the autotransformers 

sense when the filament has reached the end of its useful life. At this, 

point another system of relays is brought into operation, which rewinds 

the autotransformer and energizes a solenoid which switches the pump 

filaments. Although it is possible that solid state devices could be 

used to perform bhese tasks much more neatly and compactly, a decrease 

in their reliability results from radiation damage due to the high X-ray 

flux in the terminal. 

The Hydrogen Atom Source 

A schematic of the gas handling system is shown in Fig. 13. The 

gas is stored at 2000 p.s.i.g. in the size U cylinder in. diameter, 

lU in. long) in which it was purchased. The high pressures in the stor

age bottles are reduced by a dome pressure regulator to approximately 

20 p.s.i.a. (The use of dome pressure regulators is necessitated by the 

high pressure environment of the Van de Graaff). High vacuum solenoid 

valves are used to select the gas - either hydrogen or deuterium - and 

to close off the gas supply when not in use. From here the gas flows 

through a double needle valve which adjusts the flow rate to maintain a 



Fig. 12. Automated Sublimation Pump Power Supply. 

C1 
- 0.5 P-f, 600 V capacitor. 

C2 
- 2.0 (J.f, 200 V capacitor. 

D1 
- 200 ma, 1+00 PIV selenium rectifier. 

K1 
- DPDT 10 amp contacts, 2k V coil relay. 

*2 
1+PDT 10 amp contacts, 2k V coil relay. 

h 
- DPDT 10 amp contacts, 2k V coil relay. 

- DPDT 10 amp contacts, 2k V coil relay. 

- SPDT 1 amp contacts, 9000 si, 2.k ma coil. 

*6 
- SPDT 1 amp contacts, 9000 si, 2.k ma coil. 

*7 
- SP3T 50 amp, 2k V coil stepping relay. 

Mi - 50 p-a relay meter. 

R1 
- 5 Mit, 1/2 watt resistor. 

**2 
- Shunt to match and T^. 

R3 
- 50 Ktl, 1/2 watt resistor. 

r4 - 50 Ka, l/2 watt resistor. 

R5 
- 50 Ka, 1/2 watt resistor. 

(identifications). 

Rg - 50 Kr>-, 1/2 watt resistor. 

S - 0.02 MEM, kOO Hz, synchronous motor. 

S1 - DPST switch on cycling timer. 

Sg - SPDT miniature limit switch. 

- SPDT miniature limit switch. 

- SPDT miniature limit switch. 

- 5 ampj 115 V, U00 Hz variable auto-
transformer. 

Tg - 50 amp 6.3 V transformer. 

To - Single turn of Tg output and 0lU7 A + B 
relay coil on laminated iron core. 

V1 - 12AT7 tube. 
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dissociator pressure of 200 millitorr for hydrogen, or 250 millitorr for 

deuterium. For bench testing a McLeod gauge was used to monitor the 

dissociator pressure. It was necessary to install a liquid nitrogen 

trap between the McLeod gauge and the dissociator to prevent mercury 

from entering the discharge. A Pirani gauge has been calibrated with 

the McLeod gauge and is to be used in the final installation. 

The dissociator bottle is mounted inside the vacuum system, 

again because of the high ambient pressure in the Van de Graaff. (See 

Fig. lk). The gas is fed into the dissociator by means of a stainless 

steel bellows connected to a stainless steel two ferrule fitting. Tef

lon ferrules are used to seal to the pyrex tabulation of the dissociator 

bottle. The bellows eliminates tension on the glass, and allows the top 

section of the dissociator mount to be laterally displaced to aid in 

aligning the collimator. The bottom section of the dissociator mount 

serves to hold the front of the bottle solidly, and also to shield the 

bottle from the titanium pumps. Oversize holes in the mounting plate 

allow the entire mount to be displaced for easy alignment. 

The dissociator bottle was produced by The University of Arizona 

Chemistry Department's glass shop. The bottle is double wall pyrex, 

constructed from concentric 2h mm and 13 mm pyrex tube, resulting in a 

k mm cooling jacket. Before use, the bottle was cleaned and etched with 

a 30$ hydrofluoric acid solution and rinsed in distilled water. The 

hydrofluoric acid dissolves the glass leaving a clean, smooth surface. 

Under normal operating conditions, the dissociation was seen to 

increase over the first few hours of operation. This was detected with 
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the aid of a hand-held spectroscope through a window in the dissociator 

vacuum chamber. When the rf power was first turned on, the Balmer lines 

of atomic hydrogen were barely visible on top of the continuum due to 

the molecular hydrogen. After a few minutes of operation the Balmer 

lines are clearly visible and the background is markedly decreased. 

This improvement continues until the molecular continuum is barely visi

ble. At this point, a reasonably high degree of dissociation is 

12 
assured. The dissociator may be opened to air for a few hours without 

requiring cleaning. However, if exposed for more than a day, the clean

ing procedure must be repeated to insure maximum dissociation. 

The multi-capillary arrays which are used to collimate the beam 

were produced by Mosaic Fabrications, a division of Bendix Corporation. 

It was originally hoped that an array with 25 micron capillaries, l/2 mm 

thick, could be used for an r/i> of .0025. However, it was found that, 

after a few hours of operation, the array warped, probably due to the 

low heat conduction from the center of the array to the outer edge which 

is connected to the cooling jacket of the bottle. Thus a thicker array 

was chosen with the same r/A (50 micron capillary diameter, 1 mm thick). 

The array was inset into the nose of the bottle to give the best thermal 

contact. It was attached with a mixture of sodium silicate and quartz 

dust (talc also works). This mixture hardened in about four hours and 

gave an extremely rigid mount. It is possible to remove the arrays if 

cleaning of the bottle becomes necessary. Unfortunately, a 30% fatality 

rate has been experienced. The bottle may be cleaned with the collima

tor in place if extreme care is taken not to wet the collimator with the 



hydrofluoric acid. Even prolonged exposure to hydrogen fluoride vapors 

has a disastrous effect on the arrays. 

The rf power is supplied by a 250 watt push-pull amplifier driv

en by a crystal-controlled oscillator. (See Figs. 15 and 16). The am

plifier was coupled to the rf loop around the bottle through a ceramic-

to-metal seal supplied by the Electron Tube Division of Litton Indus

tries. A reasonable amount of difficulty was encountered in coupling 

the bottle to the amplifier. This was due partly to the capacitance of 

the can which encloses the bottle and loop, and partly due to the change 

in character of the amplifier as it was loaded. The final configuration 

consists of a 7 l/2 turn, 1 in. I.D. coil, 2 in. long, around the bottle 

with an 11 turn, 3A in. I.D., 2 in. long, coil coupled to the amplifier. 

The atomic hydrogen which emerges from the dissociator was de

tected with a molybdenum oxide (Mo 0^) coated glass slide. The Mo 0^ 

was used to distinguish between atomic and molecular hydrogen. Only 

atomic hydrogen can cause the reaction H + Mo 0^ " Mo^ 0^ (0H)g, which 

13 
changes the pale yellow Mo 0^ to a dark blue. The Mo 0^ slides were 

prepared by igniting a thin strip of molybdenum in a gas oxygen torch, 

then removing the burning strip from the flame and condensing the smoke 

on a glass slide. This process was repeated several times until an even 

coating was obtained. A rough calibration of the number of particles 

emerging from the source per second may be made by calibrating the slide 

ll|. 
to first visibility. However, at best this subjective method is only 

good to an order of magnitude. The Mo Og slides have been used as an 

aid in alignment and, along with a two-pole Stern-Gerlach magnet 



Fig. 15. 30 MHz Oscillator. (identifications). 

C1 
- 10 pf ceramic capacitor. 

C2 
- 0.001 p-f ceramic capacitor. 

L3 

C3 
- 3 pf ceramic capacitor. % 

CU 
- 0.001 jif ceramic capacitor. 

L5 

C5 
- 0.001 nf ceramic capacitor. % 

c6 
- 5.3 - 102 pf adjustable capacitor 
(Hammerlund HF100). 

R1 

*2 

R3 
C7 

- 5.3 - 102 pf adjustable capacitor 
(Hammerlund HF100). 

R1 

*2 

R3 

c8 
- 0.001 tif ceramic capacitor. 

C9 
- 6.3 - 1^2 pf adjustable capacitor 
(Hammerlund HFlUo). 

R5 

C10 

C11 

- 0.002 [if silver mica capacitor. 

- 0.002 [if silver mica capacitor. 

k6 

*7 

R8 

T1 

C12 
- 3.2 - 31.5 pf adjustable capacitor 
(Hammerlund MA.C30). 

k6 

*7 

R8 

T1 

C13 
- 0.001 p.f ceramic capacitor. V1 

L1 
- 1 mh, 300 ma rf choke (Miller ^559)• V2 

Y1 

15 turns No. 20 wire on Rc. 

5 turns No. 18 wire, 5/8" diam, 8 turns/inch 

5 turns No. 18 wire, 5/8" diam, 8 turns/inch 

6 turns No. 16 wire, 3/^" diam, 8 turns/inch 

2 turns No. 16 wire, 3A" diam, 8 turns/inch 

100,000 ohm, 1 watt resistor. 

220 ohm, l/2 watt resistor. 

22,000 ohm, 1 watt resistor. 

22,000 ohm, 1 watt resistor. 

10,000 ohm, 1 watt resistor. 

100,000 ohm, 1 watt resistor. 

25,000 ohm adjustable resistor. 

k,600 ohm, 1 watt resistor. 

6.3 volt filament transformer (Triad Fl6-X). 

5763 vacuum pentode. 

5763 vacuum pentode. 

15 MHz fundamental crystal. 
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Fig. l6. 30 MHz Amplifier. (identifications) 

- 8.2 - 32 pf dual section variable capacitor. 

Cg - 1500 pf silver mica capacitor. 

- 1500 pf silver mica capacitor. 

- 1500 pf silver mica capacitor. 

- 1500 pf silver mica capacitor. 

Cg - 1500 pf silver mica capacitor. 

0^ - 1500 pf silver mica capacitor. 

Cg - 8.2 - 32 pf dual section variable capacitor. 

- 500 pf 20 KV capacitor. 

F - Fan (Roton UllffS). 

- BNC Connector (Amphenol UG/657U). 

J2 - 7 pin connector (Amphenol MS3102A16S-1S). 

- MHV connector (Amphenol UG/931U). 

L1 
2 turns No. 18 enameled wire 
l/2" diam. 

*6 
- 7 turns No. 18 enameled wire 
l/2" diam, 16 turns/inch. 

L3 
- 7 turns No. 18 enameled wire 
l/2" diam, 16 turns/inch. 

\ - U turns l/8" copper tubing, 
2" diam, b turns/inch. 

L5 
- U turns l/8" copper tubing, 
2" diam, 4 turns/inch. 

L6 
- 1 turn l/8" copper tubing. 

R1 
- 51 ohm, 1 watt resistor. 

*2 
- 2000 ohm variable resistor. 

BFC1 - 10 mh, 60 ma, rf choke. 

Rfc2 - 10 mh, 60 ma, rf choke. 

efc3 - 1 mh, 600 ma, rf choke. 

V1 
- 10250B beam power tetrode. 

V2 
- UCX250B beam power tetrode. 
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discussed later, have been used to detect transitions in the transition 

unit. 

The Separating Magnets 

In all, three separating magnets were constructed. Both a four-

pole and a six-pole magnet previously discussed were built so that a 

comparison could be made. In addition a two-pole Stern-Gerlach magnet 

was built to analyze the beam after the fast passage transition unit. 

In all three of these magnets Alnico V was used for the permanent mag

netic material. The Alnico pole pieces were made as large as possible 

(consistent with the magnets' overall dimensions), so that the largest 

field flux could be obtained. Armco iron was used for the pole tips and 

yoke due to its low magnetic reluctance and its machinability. The pole 

tips of both the four- and six-pole magnets are set on a five millimeter 

diameter circle. In both cases the pole tips subtend angles equal to 

their separation, i.e., or = 30° for the six-pole, and a = U50 for the 

four-pole. Figures 17 and 18 show the magnets as constructed, and Figs. 

19 and 20 give pertinent dimensions. 

Magnetization of the magnets was carried out in the University 

of Arizona Electrical Engineering Department's power laboratory. Each 

pole of both the four- and six-pole magnets was wrapped with 9 l/2 turns 

of No. 1^ enameled wire. Alternate poles were wrapped in opposite di

rections and the coils were connected in series. A 5 mm diameter mild 

steel rod was inserted into the magnet gap to act as a keeper, and to 

help in forming the field during magnetization. Both magnets were sub

jected to a 300 ampere current for approximately one-half second. For 
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the six-pole magnet, the resulting maximum radial field, Bq, was 7000 

gauss; for the four-pole, Bq was 8300 gauss. The difference in field 

was to be expected since the pole tips of the six-pole are much closer 

together, resulting in more flux leakage between the pole tips. 

An ionization gauge manometer, a device similar to a Stern

ly 
Pirani detector, was used to compare the efficiencies of the four-pole 

and six-pole magnets. The ionization gauge manometer consists of a long 

tube connected to an ion gauge. (See Fig. 21). The beam emerging from 

the magnets is reasonably well collimated. Since the mean free path of 

the atoms was much longer than the tube, the beam flows unimpeded into 

the ion gauge. As the pressure in the ion gauge increases the atoms 

randomly diffuse down the tube and out the entrance aperture. A beam 

stop located behind the separating magnet was controlled by a linear mo

tion feedthrough. Two equilibrium pressure readings were taken with the 

ion gauge: one with the beam stopped, P_; and one with the beam enter-
o. 

ing the tube, P^. The difference in the two readings, P^ - Pg = AP, can 

be applied to the flow rate equation, 

Q = F Ap , (70) 

where Q, is the flow rate, and F is the conductance of the ion gauge, 

tube, and orifice combination. The conductance for the system was ob

tained from the conductance of the separate components by 

F  - S i - .  ( 7 1 )  
system i i 
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The conductance of the individual component was calculated by 

T \ V 3  
F = 3.6^ K' A [±J liters/sec (72) 

where A is the cross sectional area of the tube, T is the temperature of 

the beam in degrees Kelvin, M is in grams per mole, and K' is given by 

K* = krj , (73) 

where A is the length of the tube, and a is the radius. The conductance 

of the system was 6.8 liters per second. With a correction factor of 

2.5 for the ionization efficiency of hydrogen, a flow rate of 5 x 1013 

causes a AP of 1 x 10~7 Torr. 

For both the four-pole and six-pole magnets, the dissociator 

pressure was set at 100 millitorr, and the entrance orifice of the tube 

was located at the entrance of the ionizer chamber. For a series of 

five readings each, the pressure differences were ~ 5 x 10~a Torr and 

1.5 x 10"7 Torr, respectively, i.e., was 2.5 x 1013 atoms per second, 

and Qg was 7.5 x 1013 atoms per second, with a 100 millitorr dissociator 

bottle pressure. These numbers indicate that the six-pole magnet is 

even better than the computer program indicated. 

In addition to the data taken with the ion gauge, Mo 0^ slides 

were taken behind each magnet. The set taken 17 cm behind the magnet 

in the center of the transition region showed beam diameters of 5 Dim and 

3.5 mm for the four-pole and six-pole magnets, respectively. By both 

comparisons, the six-pole magnet appears to be the better choice. 
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The two poles of the Stern-Gerlach magnet were each wrapped with 

20 turns of No. l4 enameled wire, and magnetized in the manner previous

ly described for the four-pole and six-pole magnets. The resulting 

maximum field of 12,000 gauss was much too strong, requiring that the 

magnet be partially demagnetized to 6,000 gauss. Discussion of the use 

of this magnet will be given in the section immediately following. 

The Adiabatic Fast Passage Transition Unit 

The transition unit consists of an electromagnet with tapered 

pole pieces and two rf loops. (See Fig. 22). The electromagnet is made 

of Armco iron because of the combination of low reluctance and low 

remanence. The low remanence decreases inhomogeneities due to the past 

history of the material. The tapered magnet was chosen to be an elec

tromagnet so that the field could be easily varied. The winding con

sisted of kOO turns of No. 28 enameled copper wire. A current of 150 

milliamperes is provided by a current-regulated power supply. Figure 23 

shows the field vs. distance into the magnet and the center field as a 

function of current. 

The rf loops are mounted coaxially. The main loop is 10 turns 

of No. 18 copper wire 5/8 in. in diameter, 2 in. long. The 30 MHz rf 

power for this loop is tapped from the dissociator amplifier. The sec

ond loop consists of two turns of No. 18 copper wire, 1 in. in diameter, 

l/8 in. apart. The second coil was used as an aid in determining the 

magnitude of the field in the main coil, and also as the second loop in 

the two frequency transitions of deuterium. The 52.5 MHz rf power used 

for the second loop was supplied by a homemade frequency doubler and 



111111111111111 1111111111 ljllllllllllll llljlll llllf I 

3 4 5 6 7 8 9 10 1 2 3 4 

Fig ,. 22 " Tapered Pole Magne't " 

7 E 

Scale 
in em. 



72 

01 
w 

faO 

30 

25 

20 

15 

10 

Magnetic Field 

at 0.30 Ampere 

I Magnet 

JL _L _1_ 
2  k  6  7 .5  
centimeters 

O tn 
% 
bO 

30 

25 

20 

15 

10 

Field at 1+ cm 

JL J I I L J L 
0.10 0.20 0.30 

amperes 

Pig. 23. Tapered Magnet Characteristics. 

o.Uo 



73 

amplifier driven by a General Radio signal generator. Two separate 

crystal-controlled oscillators are to be used in the Van de Graaff. By 

simply switching from one oscillator to the other, the character of the 

beam will be changed. 

Detection of transitions was accomplished by using the two-pole 

Stern-Gerlach magnet and Mo 0^ slides. A one-millimeter slit was posi

tioned at the entrance to the two-pole magnet which was located in the 

ionizer. The Mo 0^ slides were introduced into the vacuum system 

through an air lock arrangement, eliminating separate pumpdowns for each 

slide. Since the atom was initially state selected, i.e., only the 

mT = ̂  state is present, no transition is detected by a single spot on 
(J C. 

the Mo 0^ slide. When the one to three (l 3) transition occurs in 

hydrogen, two spots of equal intensity appear since, for state 3, 

1 
mT = - Transitions in deuterium are detected in a similar manner, 

u d 

For either of the transitions of interest, (2 -* ^ and 1 U), an 

mT = - ~ state results. Positive identification of a "flop" situation 
<J d 

is more difficult, as only one-third of the atoms undergo transition. A 

series of several slides was taken with 30 MHz on the main coil, and 

52.5 MHz on the second coil, with a range of values for the tapered mag

netic field. Figure 2k is a plot of the occurrence of transitions as a 

function of the static magnetic field, as measured by a Hall probe 

mounted on the magnet at the second rf loop. The clear separation be

tween the static fields at which the two transitions occur indicated 

that this two frequency transition method would be feasible without 

problems of overlapping transitions. 
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The Ionizer 

The ionizer consists of three main parts: the electron gun, the 

high field solenoidal magnet, and the electrostatic extractor. The 

electron gun uses less than twenty watts total: less than ten watts for 

filament heating, approximately five watts in the focusing solenoid, and 

only one watt for the accelerating potential. The main solenoid re

quires approximately 200 watts for a one-kilogauss field. The extractor 

uses negligible power. This is a substantial saving when compared with 

the usual electron bombardment ionizer. 

The focusing electron gun (see Fig. 25) replaces the usual hot 

filament electron emitter most often used in electron bombardment ioniz

ers. The design is intended to avoid producing useless electrons, i.e., 

electrons which cannot be injected into the ionization region. The fil

ament of the gun is a 100-micron diameter tungsten wire bent to as sharp 

a point as possible without fracturing the wire. Only the tip of the 

bend ejects electrons into the focusing solenoid. The conical shield 

around the filament serves two purposes: first, it keeps electrons 

emitted from extraneous parts of the filament from being accelerated; 

second, it acts as a weait lens helping focus the useful electrons. The 

field of the solenoid on the end of the electron gun focuses the elec

trons into the fringing field of the main solenoid. The yoke of the 

focusing solenoid is made from Armco iron, while the bobbin for the coil 

is 30*+ stainless steel. The remainder of the gun is oxygen-free (OFHC) 

copper except for the insulating material which is Teflon. A wiring 

schematic of the gun is shown in Fig. 26. 
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Fig. 2.6. Electron Gun Schematic, (identifications). 

- 10,000 |J.f, 10 V capacitor. 
R1 

- 100 .a, 1/2 watt resistor. 

C2 
- 1.0 , 600 V capacitor. 

*2 
- 100 Ay 1/2 watt resistor. 

C3 
- 0.02 p.f, 600 V capacitor. 

R3 
-0.5 Ma, 1/2 watt resistor. 

D1 
- H0186A diode. \ - 30 Ka, l/2 watt resistor. 

D2 
- 1K1186A diode. 

T1 
- 2 amp variable aatotransformer 

D3 
- 1N1186A diode. 

T2 
- 6.3 V transformer. 

DU 
- 1R1186A diode. 

L1 
-0.1 henry, 500 ma choke. 

-0.1 henry, 500 ma choke. 

L3 
-0.1 henry, 500 ma choke. 
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The high field solenoid and extractor are shown in Fig. 27. The 

entrance to the main solenoid is inclined 27° relative to the atomic 

beam axis. The electron gun is inclined 20° from the beam axis. By-

varying the electron gun potential and the extractor potential, electron 

injection can be achieved over a considerable range of lateral adjust

ment of the electron gun. 

The winding of the main solenoid consists of three-inch-wide 

0.010-inch-thick copper sheet wound on a stainless steel bobbin, with 

0.001-inch-thick mylar used as insulating material. The end of the 

winding is separated from a cooling plate by a 0.020-inch-thick layer of 

epoxy. The solenoid winding is vacuum sealed inside the yoke of the 

magnet. The stainless steel tube on which the coil is wound is heliarc-

welded to the top of the yoke. This assembly is then sealed to the main 

cylindrical part of the yoke by two viton o-rings. Power is supplied to 

the winding by means of a commercial 150 ampere ceramic-to-metal feed-

through which was also heliarc-welded to the cover plate. The coolant 

feedthroughs are double ferrule tubing fittings made of 316 stainless 

steel, sealed to 0.250-inch-diameter 0FHC copper tubing. The perform

ance of this magnet is shown in Fig. 28. 

The extractor serves two purposes: first it prevents the ions 

from being trapped by the space charge of the electrons; second, it 

serves to help inject the electrons since it is operated with a positive 

potential at the electron entrance and grounded at the solenoid exit. 

The extractor is a series of eleven overlapping tubes, each of which is 

electrically connected to one pin of a twenty-pin vacuum feedthrough. 

The overlap of the tubes prevents the ions and electrons in the 
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ionization region from being in line of sight of the insulating material 

(in this case glass rods) on which the extractor sections are mounted. 

Locally high electric fields might otherwise result from electrons 

trapped on the insulating surface. 

This ionizer has been tested on the atom beam of the polarized 

ion source and has yielded an initial beam of ten nanoajnps above back

ground. 



APPENDIX 

THE DENSITY MATRIX DESCRIPTION OF A PARTICLE BEAM 

The density matrix is introduced to completely specify a polar

ized beam. The matrix to be discussed here differs from that of Chapter 

I in that only the beam is described, not the product of beam and target. 

For a spin 0 target these two descriptions are identical. The nuclei in 

a polarized beam are not usually all in the same spin state. Even in 

the case of protons there will always be some in each of the two spin 

states resulting from background gas in the ionizer, incomplete separa

tion by the magnet, etc. In such a case, the beam cannot be described 

by a single wave function since it is a mixture of "pure states". Con

sider a beam of spin l/2 particles, e.g., protons, all oriented in the 

same direction (a "pure state"). This beam is then specified in an ar

bitrary coordinate system by a single wave function, 

¥ = aa + bp (Al) 

where 

a spin in + z direction 

spin in - z direction 
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The coordinate system can be rotated such that the new z' axis 

is in the spin direction, i.e., b' = 0. This cannot be done for a mixed 

beam since two spin states will always be present. The von Neumann den

sity matrix or statistical matrix adequately describes a mixed beam. 

Consider an experiment performed on a mixed beam. The result is 

the expectation value of an operator, (G>, operating on the beam, 

<°> • S »n WT 
v n» n' 

(A2) 
n 

where is the weight function of \ in the beam, and , G^n) is the 
n n nJ 

expectation value of G for a beam in a "pure state". The states, ¥ , 

,m 
may now be expanded in a complete set of orthonormal spin states, Xg 

Jj'or spin 1, aeuterons, such a set is 

(A3) 

Then, 

* = 2 qM 
n m m 

m 

/«£•> \ 

Q(n) 1 

9 

V G(n) J \ (2S+1)/ 

(Ah) 

Substituting into Eq. (A2), 
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<0> = § ? rrry °'n) GJ<n> Q $ • (A5) 

Let G„ represent the matrix element (^Xg, G X^), and with (^n>\) equal 
01 

to the intensity I in state Y , then 
n n' 

<G> = i £ D G?n> G*(n> G.. , (A6) 
^ ij n ^ «J J1 

I 
where W = — . 

n I 

As in Eq. (5) > the density matrix is defined as 

p =SSS Q<n> GtW , (A7a) 
U n=l 1 3 

or 

2S+1 . 

n=l (n) (n) 

Obviously, the trace of p is equal to the total beam intensity, 

(A7b) 

Tr (p) = I (A8) 

and 

<G> . 
1 

Tr(p) 
2 P. . G 
id id di 

Tr(pG^ 
Tr(p) 

(A9) 

Once the density matrix is known, all the information about the beam is 
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specified, i.e., the result of any operation on the beam can be pre

dicted. 

As an example, the density matrix of a proton beam of unit in

tensity can be written where all the protons have their spin in the + z 

direction, 

¥ • 1 or . (A10) 

In terms of the basis set a and 0, 

0 
P = 

(1 CX 

(.0 o) • <A11> 

For the proton beam resulting from the ionization of states 1 

and 2 of atomic hydrogen ionized in a weak field, 

/2 

and 

^ = la (A12a) 

¥ = J: (a + 0) (A12b) 

1 /3 °\ 
e = 5 (o J • <A13> 

In general, for a spin l/2 beam of polarization, Pz, 

(A14) 
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For deuterons, the density matrix is a three by three square. 

For the basis set of Eq. (A3), the density matrices are in diagonal 

form. An unpolarized beam has the form of the unit matrix, 

''unpolarized = J I 0 1 0 | . (A15) 

In the analysis of experimental data, it is sometimes necessary 

to describe the beam in a new coordinate system. In such cases it is 

convenient to have the density matrix described in terms of parameters 

which transform under rotations as do the spherical harmonics. To this 

end, the density matrix is expanded in terms of a complete orthonormal 

basis of irreducible spherical tensors, T , . The orthogonality property 
qK 

can be stated as 

Tr <V = (2S +15 V-

Since p is hermitian, it requires (2S + l)a parameters for a complete 

description, 

(2S+1)3 

p - % V ** • tAr?> 

To evaluate both sides are multiplied by T ̂  and the trace is 

taken. Then, from Eq. (Al6), 
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r(2S+l)3 t n 

ir (Tgk p) = Tr L S Xqk Tqk T^j (A18) 

2S+1 

<V 1 " % V <2S + X> 6kk- V " '2S + \jc ' <*«» 

Now, let 

v - <v • \» > (A20' 

then, 

r 2S+1 + 
p = 2S~Tl fk W * (A21) 

The parameters, t^, are called the "tensor moments of the polarized 

beam and transform under rotations by 

%' -  ?  v  4 -  w * > >   ̂

where the . are the Wigner Jf" ,. matrices. 
qq' " n-n* 

The explicit forms of the T^k matrices are 

T 00 

'l 0 o\ rr /0 -1 o\ ft /l 0 o\ 

i n )  •  ° - i ) .  t i o  -  y i  I * ) -



1 /l 0 0\ 0 0 0 
Tpn = — I 0 -2 0 )> TP i = /P 1 0 0 )> TP P = ̂  
20 /2 \0 0 1/ 2"1 \ 0-1 0 2-2 

/ 0 0 o\ 
[ 0 0 0 ) . 
\-l 0 0/ 

p = § 

(A23) 

From Eqs. (A2l) and (A23)» it follows that 

fa  WI  ̂  y lw w /31 2_ 2  ^ 

"v>/l t̂ii+ 1 • ̂  y? ̂i-i- ̂ -I^ 

2̂2 "-/11̂ 11" ̂ 1̂  1 + J~2. \o~ J\ t10 J 
(A2k) 

The following are some explicit forms of the density matrix for 

a deuteron beam. The subscripts on p indicate the atomic hyperfine 

states present before ionization. For a deuterium beam ionized in a 

strong magnetic field, the density matrices and polarizations are 

P123 = 3 . Pz = °> pzz - °> *10 ° °' *20 " 0 
\J J-
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b o o '  
p23b = f [ ® 3 0 ), P.- + S, P, 

2 
9* ~zz 

8t . 
9* 10 ~ 

-i /I 
3 V 3 '  *20 = 0 

13^ = 9 

3 

0 

0 0 
1 0 
0 5 

" Pz 
- £ P 
9» zz 

2 t 

9' 10 
1 /2 

" 3 V 3 '  20 = 3 

P12U = 9 
0 
0 

0 0' 
2 0 ), P. 
0 3 

+ 1 p 
9' zz 

-  5  t  _ 1 / I t  = / 2  
= " 9* 10 " 5 V 3' 20 T * 

For a deuterium beam ionized in a weak field, the results are 

123 
I 
3 

'2 .  0 
1 
0 

°p„ 
Pz = 3 s  Pzz = " 3» t10 = *20 = " 3 ̂  

23^ 
I 
3 

'i 
0 
1 
0 

0 P — » i p — _ + 
z  ~ 3 '  z z  3 '  x 1 0  -§*  

p^ = 3 0 5 I) 

I 
124 ~ 3 Pz = & Pzz " " b t10 

JL_ t = - JL-

2/5' 20 6 y2 

The beams produced by this polarized ion source are described by the 

strong field Pg^ and 
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