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- ABSTRACT

AN ATOMIC BEAM POLARIZED 3He™ TON SOURCE

'.>A beam of poiarized 3He+ ions has been produced using
atomic.beam me thod techniques. This method has the attraction
of being capable bf producing an ion beam with polarizétions
ﬁp_to,loo%. The polarization of 3He beams presently produced
by optical pumping teéhniques is of the Qrder of 5%. The |
apparatus is composed of three main sections: the atomic
beam source consisting of a supersonic nozzle cooled t6
liquid helium temperatures to produce a low velocity atomic
beam, the tapered bexapole magnet td spatially separate the
particles in the two magnetic spin substates, and the electron

bombardment ionizer to produce 3He“’.ions from'the neutral 3He

atomic beam, The low velocity beam is required because the
nuclear mégnetic moment of 3He is of the order of 1000 times
smaller than the electrohic magnetic moment used»to separate
beams in conventional Stern-Gerlach magnets and to achieve a
high:ionization efficiency. The measured intensity of the

beam produced by the atomic beam source cooled to liquid

helium température was 1 x 1018 atoms/sr-sec, the most probable
velocity was 310 m/sec, and the veiocity full width at half
maximum was 50 m/sec. The béam flux through the ionizer |
increases by a factor of 1.3 when the hexapole field is turned

oh, in good agreement with the theoretically expected increase.

Y



This increase corresponds to a polarization of 65% of the
atomic beam, A 12nA3He* ion beam was obtained corresponding

to an ionization efficiency of approximately 0.15%.
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CHAPTER I
INTRODUCTION

The study,bf the nature of nuclear fdrces énd_the part
'they play in various reaction mechanisms-has been a subject of
considerable interest for many years. _The spin dependent nature
of these forces has been a'subject'of more recent interest. In
essence the spin dependence of the nuclear force implies that
the force between two interacting nucleons depends both on the
mégnitude and orientation of the spin vector characterizing the
magnetic moment of the particles. Various expressions for this
interaction have been postulated and are often represented in
nuclear models by potentiéls; a common example is the spin-orbit
- potential VsoX g-gwhere}gj is the Pauli spin operator and X is
the orbital angular momentum operator. Frbm.an‘experimentalist's
point of view the study of the néture of these fdrces is only |
possibie Because of the availability of spin sensitive detectors,
polarized targets or polarized beams. ' > 
The spin of é particle is measured relative to some
referehce axis, sometimes a magnetic field direction. For spin
4+ particles such as protons, and 3He there are two nuclear
magnetic spin Substates my = +%‘ofdm1 = -} depending on whether
- the nuclear spin lines itself up parallel (spin up) or
antiparallel (spin down) to éhe direction of tﬁe magnetic
| field axis. The polarization P of an ensemble of such particles
iis given by | _1
NG -N(D)
- N(+2)+N(-3)

where N(+%) is the fractional number of'particles in the beam




or target with their spins aligned parallel to the magnetic

' field while N(-%) is the fractional number aligned anﬁiparailel.
A beam or target with equal populations of both substates is
said to be ﬁnpolarized and has zero polarization while a beam or
target with all spins oriented in the positive direction would
have 100% polarization.

Certain techniques héve been deveioped for the study
of spin dependent forces. Because of the strength of the spin-
orbit fbrce the rea¢tion products of any reaction involving
particles with nonzero spin and angular momentum will be
partially polarized. These polarized particles can be
'collimated into a beam for use in a subsequent reaction. Beams
formed in this manner are referred to as secondary béams.

(p,sp) elastic scatteringAcan be used to produce a beam of polar-
ized protons while the D(D,3He)n reaction can be used to produce
| a polarized neutron beam. Unfortunately these seéondary beams
frequentlf have inadequate particle fluxes to be of use in many
~ experiments which might be envisaged to study, for example, the
spin dependence of a selected reaction mechanism. Certain
reactions can also be used to analyze the bolarization of
.desired particles. For example, the elastic scattering of
polarized protons off carbon or helium'results in a 1eft;right'
asymetry about the incoming beam agis which can be related to
the incoming proton polarization.» |

The production of more intense beams of polarized‘
particles has become possible'through the development of

. polarized ion sources. These devices prepare beams of polarized



particles for injection into accelerators. By injéctihg
polarized particles into the accelerator much higher beam
intensities can be produced than by'scattering or reaction
'téchniques, Polarized proton and deuteron ion sources, which
allow the preparation of intense beams wifh polarizations of
near 100% for the case of the protons, have been extensively
developed and they are now available as commercial items.
_‘After the proton ahd'deuteron one‘of the next simplest
particles that could effectively be used in polarization studies
is 3He, an atom with nuclear spin of % and a zero electronic
" spin. Unpolarized 3He has been used extensively as both a
térget and projectile in nuclear physics studies for many years.
vMany of the interesting possibilities for résearch using 3He as
a projectile were diécussed by Bromley and Almgvist (Bré0) in a 
lengthy review article in 1960. ‘Since that time 3He induced
reactions have been widely studied. Because of the strong spin
deﬁendehce of the nuclear force none of these studies can be
considered complete until the detailed effects df spin have been
carefully investigated. In an experiment with unpolarized beams
and targets and with no observatién of the ﬁolarization of the
outgoing particles the detailed spin dependence of the reaction
is lost due to the average over-the magnetic quantum numbers of
initial and sum over the final étatés. Knowing the polarizstion
of some combinétion of incomihg ﬁrojectile, target nucléus, or
the outgoing reaction products can result in much more specific
‘information on the detailed behaviour of the spin dependent
forces. For this reason many previously studied ineléstic,

stripping and pickup reactions may be suitable candidates for



.rehewed_study; G. Co Phillips (Ph66§vhas recently reriewed
. existing nuclear reaction studies using polerized}3He targets
 .and beeinse Studies at Rice University usiné a polarized 3He
| _target in the 3He(d,p)4He reaction (Bab5) have provided_the4_
firétiindication that optical model theories of stripping
proeessee must include tensor forces, It is clear that further
studles with polarized beams and targets need be carried out
| for other stripping reactions to further define their spin
dependence. )
'_ o Polarlzed nuclei can also be used to help make
‘éssignments of spins and parities of excited-states of nuclear
,sYstems. Again the Rice group has used a polarized 3He target
.rin'the study of the unstable nucleus l+Li formed as an
*,.1ntermediate state in'the 3He(p,p)3He reaction (Ba67). They

"have determined information about the'spins and parities of

= i states of the mass system. In this reaction it is
basically impossible to deduce a unique set of phase shifts
if only elastic scattering datatwith unpolarizedhbeams and
targete are available along with spin measurements of the
- ;scattered protont However, if spins'of the 3He are also
measured the degenerate solutions can be rejected and a unique
determination of phase shifts becomes possible. |

‘ ' Polariied 3He beams are aiso of interest because it is
the neutron that is polarizedg ‘thus in a sense one has
available a variéble energy neutron}beam for”reactions involving -
‘the neutron eg. (3He sPP), and perhaps (3He n). |

: o Another 1nteresting possibllity for polarized 3He as

¥ well as all other polarlzed particles is the testing of



151
- conservation iaws° The selection of cfucial experiménts tb test

 parity and time reversal invariance in specific reactions should
be greatly aided by the availibility of cqntrol over the
polafization of the incoming beam. Selection of these érﬁcial
expefiments may be aided by the systematic classification by
'Moravcsik, Csonka and Scadron (Mo66) of all experimental
possibilities for reactions involving four nucleons of given spin.

To perform many of these potential experiments a |

polarized 3He beam is required., To estimate the possible flux
of polarized 3He attainable as a secondary beam, consider the

L

elastic scattering of 3He off He. Phillips and Miller (Ph59)

‘show this scattering can result in near 100% polarization of the

3He under certain conditions. For a SHe bombarding laboratory
energy of 5.2 Mev, the cross section for the production of 100%
polarized 3He scattered at 45° in the center of mass fiame is
0,162 b/sr. If a 100 PA3He beam bombards a hHe gas target

© 300 kev thick (5 atm pressure and 1.2 cm long) and if the solid

_ angle of the resulting beam is reétricted to 1072 sr then the
flux'of-the reSulting scattered beam is 0,01 nA, It is unlikely
all the abové conditions could be achieved in pracﬁise thus
0.001 nA might be a hore reasonable estimate of the possible
.polafized 3He ion current; This intensity 1s too low to be of
much usé for many nuclear studies and thus we must turn to other
- techniques to produce more intenée.beams. o
‘ H 'Two methods have been proposed for the production of
polarized 3ge* ion beams. An opticai pumping technique has been
vu:éucce$Sfdily devéiopéd‘at‘RiCe University. ‘At U.B.C.}an atomic;



-'-‘beam method for the production of polarized 3get proposed by
Warren, Axen and Klinger (Wab63) is under development. initial
'design;-eonstruction and preliminary testing of the U.B.C. ion
source has been reported by Axen (Ax65). The development of the
ionizer.has been reported by Vermette (Veéh} and the |
_differential Pirani detector by Jassby (Jabk). The present
thesis w111 discuss the detailed study of the atomic beam

' formatlon and 1ts subsequent polarization and ionization.

| ‘The contents of this thesis is d1v1ded into the
following chapters. 1In Chapter II a general description of

“the twe techniques used to produce'polarized 3He+_ ion beams is

presented. In Chapter III the theoretical background of the

'~ low temperature nozzle source which is essential to .the

operation of the U.B;C. ion source is reviewed. Chapter IV
gives a detailed description of the mechanical operation of
U.B.C.'s ion source. Chaﬁter V describes the techniques used
"to measure the inteneity and velocity of the atomic beam. The
results of these measurements are presented in Chapter VI.
Chepter VII considers the'effect the hexapole magnet has on
the 3He trajectories and the resulting beam polarizatien.
Possible improvements to the polarized ion source are

considered in Chapter VIII.



CHAPTER II
METHODS FOR PRODUCING POLARIZED 3Het BEAMS
A, The Optical Pumping Method.

The polarized SHet ion source based on optical
pumping techniques, succesfully developed at Rice University,
~delivers H-pA of lons with a polarization measured by a
nuclear double scattering experiment of 0.05%0.01 (Bab8, Fib9).
The emittance of the beam was estimated to be 1 cm»rad'ev%.

The energy levels relevant to the optical pumping
scheme are shown on Fig. 1. A weak self-sustaining electric

discharge in very pure 3He gas, produced by a 50 MH,rf field
around an optical pumping cell, excites some of the 1so ground
state 3He atoms to the 23S] metastable state., Right-hand
circularly polérized resonance light directed into the cell
along the axis of thg épplied magnetié field produces[&mF = +]
'transitions from the»lower (mp = _3/2’._%)2331 hyperfine
sublevels to the 23PO levels. Atoms in the 23P levels de-excite
to the various 2381 levels with néarly equél probabilities. As
this process is repeated over many cycles atoms are removed
from the negative mp hyperfine leve}s Sf the metastable atoms
and are placed in the.positive mF levels, producing a polariza-
tion of the metastable atoms; The negative mp levels can be
populated in the same way using left-hand circularly polarized
vlight, a polarlzatlon of the opposite sign results. |

- The polarization is transferred from the metastable

“atoms to the much more numerous 1180 ground state atoms by means
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Energy Levels of 3He Atoms in an External
Magnetic Field (not to scale)-




9
of spin exchange collisions, and,. under continuous illumination
' from the pumping light the ground state polarization reaches an
equlllbrium value equal to that of the metastable atoms. The rf
discharge produces both atoms in the metastable state as well as
the ions. The ion polarization comes into equilibrium with the
atomic ground state polarization because of a very large
(élO- cmg) cross section for electron exchange via He+-He
_collisions. The ions are extracted from the optical pumping
“cell by standard rf ion source techniques.

The gas polarization in the optical pumping celi was
measured to be 0.05%0.01, which, within experimental error, is
the measured value of the lon polarization. Thus it appears
oossible to extract an ion beam with the same polarization as the
gas in the pumping cell., As polarizations of approximately
60% (Gab5) have been achieved in gas samples under.optimum
conditions, further improvements in the polarization of the
ion beam can be expected. The present polarization appears to
" be limited by the short dwell time in the optical pumping cell.
This may be overcome by increasing the dimensions of the
pumping cell, hence allowing the 3He atoms to remain under the

influence of the pumping radiation for a longer time.
B. The Atomic Beam Method. N

The particles in each of the two possible nuclear‘Spin
substates in an atomic beam of 3He can be separated by passing
the neutral beam through an inhomogeneous magnetic field.

- This technique was suggested by Warren, Axen and Klinger (Wab3)
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as a method for producing a polarized 3He+ ion_beam° Fig° 2
'shows a schematic view of this scheme. An_atbmic beam

: produced using a supersohic nozzle cooled to liquid helium
~temperatures is passed through the inhomogeneous magnetic field
of a hexapole magnet., ' As atomic 3He has no electronic magnetic‘
'momént, those particles with nuclear spin projection +% in the
direction of the applied field'are deflected towards the magnet
pole pieces and subsequently removed from the beam while those
of nuclear spin projection -3+ are deflected toward the central
axls and focussed into the ionizer. Thé very small size of the
3He nuclear mbmént and the need for a magnet of reasonable
length producing conventional magnetic field strengths requires
-that the velocity of the particles entering the magnet be very |
low., In the original proposal an étomic beam with a most
' probable velocity of 180 m/sec was to pass through a tapered
héxapole magnet 50 c¢m in lengfh.. Under these conditions it was
calculated that an atomic beam could be prepared with near 100%
polarization, that is, all the particles passing into the
fonizer would be in the ~% nuclear spin projection state.
Jonization of the beam would be achieved with an electron
bombardment type ionizer; The positive ions so produced would

: be-focussed and’accelerated to produce a beam of polafized'

3He+ ions suitable for nuclear reaction studies. The percentage
'polarizétion of the ionized beam dépends on the magnetic field
strength present at the ionizer and the target. Axen (Ax65) has .
calculated the 3He nuclear polarization expected of singly

ionized 3He atoms for equal fields in'theliohizing'and'target -
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};r regi§ns° ’His results are shdwn'ih Fig. 3.
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o Fig. 3 DNuclear ‘Polarization of Singly JIonized 3He Atoms

for Equal Fields in the Ionizlng and Target
Regions. v , .

- For zéro fiéld-in the twb regions a polarization of 50% is

- achieved and the polarization increases until it reaches
almost 100% with a field of about 9 KG in both regions. Thus
by ibhiZing and placing the target‘in a region of high but not
technically excessive magnetic field it is possible to obtain a
'beam of near 100% nuclear polarizafion. vIt is this very high
polarization which makes the atomic beam method of producing
polérized 3He* ions so potentially attractive in nuclear physics

experiments.
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 CHAPTER III

THE PRODUCTION OF MOLECULAR BEAMS
~A. Motivation for Development of Molecular Beams.

Atomic beams have been instrumentél in the advancement
of many fields of physics. Early experiments verifying the
Maxwellian velocity distribution helped establish the Xinetic
théory of gases. The classic splitting of a silver beam into
two beams as it passed through an inhomogeneous magnetic field
was an early result explainable by spatial quantization,a result
of quantum theory.

Molecular flow beams, beams where flow through the
opening is collisionless, can be finely collimated but the
intensity available is very low. For experiments requiring
higher intensity Kantrowitz and Grey (Ka51) in 1951 proposed a
. system which hopefully would result in considerable improvements
of beam intensitiesand #elocity spread. | |

Their proposal employing a supersonic La?al nozzle
appeared to provide a means of increasing beam intensities by
at least one order of magnitude and to alloﬁ»significant
reductions in the velocity spread of the.beam. Al though
originally propssed as a technique<fof the study of other
physical phenomena, thé‘nozzlé beams rapidly became the subject
of intense study. This étudy came about due to the failure of
most prototype sources to perform in the prediéted fashion.
Subsequent investigations have reveaied much of the true

behaviour of these'nozzle sources and now the expected
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behaviour of a given nozzle system can be predicted with
reasonable confidence. The discussion of theory and results

to be presented will be directed towards a better understanding
of the operation of the nozzle source used in the prbduction of
a polarized 3Het ion beam. The production of this polarized
ioﬁ beam has been the main motivating force for the development
work which has gone into the design of a low velocity atomic
beam source. The last section in this chapter will summarize

- existing work on liquid helium cooled nozzle sources and

discuss possible uses for low temperature nozzle sources.
B. Properties of the Molecular Flow Beam.

Before'discussing the nozzle source the Basic
properties of the moiécuiar flow beam i.e. a beam formed by
- free molecular flow through an orifice will be described.
Molecular flow implies'that.the mean free path,Xof the gas
particles in the source is considerably larger than the diameter
d and length of the orifice that is, the Knudsen number
Kn = A/d is much greatér than unity. The operation of a
‘molecular flow beam has been discussed (Sm55, Ra56) but will be
summarized below for completeness. | '

The rate N at which mqlecples pass through an aperture
.of area A is equal to the number of molecules hitting that area
of the wall per second, and is given by

| N = $nva molecules/sec‘ : ' (1)

'whefe n is the number of molecules per}unit volume in the source

and V = léﬁi[ is the average speed, k is Boltzman's constant,
o ™m , ' _ .



. 15
T the oven temperature (OK), and m the mass of the gas molecule.

The intensity I at a distance r from the oven source is given by

T = L v A cos 6 molecules /(ml-gec.. | 2)

where © is the angle between'the radius vector r and the normal
to the aperture. Eq.2 can be rewritten fof the case of
centerline intensity ie.©= 0 in terms of the total particle

gas flow through the orifice N as
I= NT | O«I—omSle‘Scc (3)

The number of particles passing through the opening with a-

given velocity V follows from Maxwells law and is given by

=V dv cﬂoMs/&mz’Sec

Ty dv = 2T, (%) € ?.Z ~ oy

where o= Zwris the most probable velocity.

The above equatlons represent the physical situation
" providing A>> d holds; however, as the oven pressure is raised
there is a gradual transition from free molecular to viscous
flow. 1In this transition region the intensity is limited by
lack of collimation due to collisions betWeén molecules in the
beam which results in a‘low I/N ratiovand consequently requires

excessive pumping capacity to remove the background gas for the

useful intensity obtained.
C. Properties of the Nozzle Beam,

Kantrowitz and Grey (Ka5l) proposed a supersonic
- nozzle source for the production of molecular beams as‘shown’

in Fig. k.
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"Fig. 4 Schematic Representation of Nozzle Beam Source.
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The cross séction of their nozzle was shaped to produce a flow
with a predetermined Mach number M, equal to the ratio of the
velocity of mass motion W to the local velocity of souﬁd a. The
core of thé beam so produced would be extracted with a suitably
shaped skimmer and collimator system with no anticipated
interaction between the skimming apertures and the beam. The
obvious advantages of such a system were thé large increase in
intensity and considerable reduction in velocity spread of the
beam produced when compared to an oven'beam. The large

- intensity increase arises because 6% the high gas densities in
nozzle flows compared to the iow'gas densities in molecular beam
flows. The attainment of beams with a velocity of mass motion

: in excess of the local sonic vélocity results in a velocity
‘distribution}considerably narrower than that achieved with oven

beams. It was soon discovered, however, that it was not poséible .
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to produce a beam of controlled properties, that is a gas flow
characterized by a predetermined Mach number using the
theoretically shaped»nozzle nor was 1t possible to extract the
beém produced without interference between the skimming elements

and the background gas. The nature of the beam actually

produced is discussed in the following sections.
(1) Gas Flow Through a Nozzle.

The mass gas flow, G, through a nozzle for one-

dimensional, frictionless adiabaticlflow is given by (Sh53):
| | *V ?L"l’ 2 ‘J. Po

_ _ 2} O jzm ¥ 0 fo (5)
G=Nm = A(E)T R 3

where A*

¥

po'and To are the stagnation pressure and temperatures

effective cross sectional area of the nozzle.

1l

ratio of specific heats.

'upstream of the nozzle entrance, that is the pressure and
temperature of the gas in the region where the flow is

| essentially completely random, "One dimensional flow" means
‘that the flow properties are assumed to be constant in any

- plane perpendicular to the direction of flow and hence applies
to the case of a gas flowihg fhrough a nozzle of varying cross-
sectional area,

The effective crosé sectional area of the nozzle is
ﬁnder certain conditions less than the actual geometrical area
‘because of viscous effects. The ratio of effective area to
actual geometrical area is knoﬁn as the discharge coefficient.

Govers, Le Roy‘and Deckers (Go69) give experimental values of
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this coefficient for helium gas passing through a nozzle of

‘diameter d as a function df_nozzle Reynolds number,
R = 4m N
€ TTd”/L

stagnation conditions. Their results for Hellum are shown in

s based on experimental flow N and viscosity 7 at

Fig. 5 at stagnation temperatures between 295°K and 1204°K
~using a nozzle with d = 0,266 mm., Although the results do not
coilapse onto a single line they do show what fraction of the
theoretically calculated flow will be achieved under
éxperimental conditions characterized by a given Reynolds number
at-temperatures of 295°K and 1204°K, Unfortunately no results
are évailable for temperatures neaf 7°K where our nozzle will
 §perate. In spite of thé.fact our nozzle will operate at

~ Reynolds numbers in excess of 600 it appears possible that the
disqharge coefficient may be cohsiderably below unity. This

however presents no problems.
(2) The Free Jet Expansion.‘

Conéider an orifice of diameter 4 as shown in Fig; 6
' with a near vacuum on one side anq a pressure sufficiently high
.on the other side that slows can be treated by continuum gas
dynamics techniques, that is A<4¢d, on that side. The flow
through such an opening (Asé6) forms a jet as shown in Fig. 6
defined by a barrel shock and the Mach disk. The Mach disk

and bafrel shock form'the boﬁndary between continuum and free
molecular floﬁ. In this "zone of silence" the flow expands
“isentropically unaffected by the présence of background gas
_outside the jet boundary and can be treated by methods of

continﬁum gas dynamics. This expansion has been described



_19

 295°K

— 1204 °K
=2
ul
O
(1
1
T1]
o
O
Lt
»
X
Q
N
o

2 | B | |

(0] 200 400 600 . 800
Re = 34mN
™TD7

-

Flg. 5 Dlscharce Coeff101ent VS. Reynolds Iumber based on
Experimental Flow and Viscosity at Stagnation Condition}




20
theoretiéally for J = 1.k by Owen and Thornhill (0w52) using the
‘method of characteristics and confirmed experimentally by |

v' Reiss (Feb3) and Sherman (Shé3). | |

jet_boundary
barrel shock

zone of silence

W —eweamiine. Lodisk

— ——— | e ———— s

R

N

|
- . | free
: conhnuum flow | tmoleculor

 flow

LSS

Fig; 6 Schematic Representation of Flow from an
Orifice into an Evacuated Region.

 Their solution is applicable to any Jet flowing into ény
external pressure in that region bounded by the orifice and the
.firStrwavefront which registers the existance of an external
ﬁréssure outside the jet. Askengs and Sherman (As66) extended
Owen and Thornhills' solution to gé;es with¥ = 1.67 (eg. Helium){
They suggest the followihg fofmula-for the centerline Mach |

number of a free jet:

| SRS a1 o -, D»vzcx—n : )
M=) (5 \v"‘>* tF) e
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where x = distance from orifice along the centerline;B, C and

X, are constants such that for ¥ = 1,673 B = 3,26, C = 0,31

and X0 = 0,075, This three term formula is accurate for X Z d
da .

with maximum deviations from the characteristic data of v3% of
| ‘M. The calculated values are shown graphically in Fig. 7. It
| is interesting to note that these results are independent of
the nozzle temperature and pressure.

For adiabatic fléw with densitiesAsufficiently high
that methods of continuum gas dynamics méy be applied, the local
pressure and temperéture py and Ty of a beam, that is the
pressure and temperature measured ih a reference frame mdving
with the‘velocity of mass motion W as the beam expands through
‘a nozzle, may be expressed in terms of the nozzle stagnation

conditions and the local Mach number (Em58). This treatment

gives :
T S ’ (7)
= Y-\ m* S :
T ()M S -
and ' A : S
_E'. = I "}‘_:I :
| o~ \ IV, @
The local sound velocity Q= ’{5%3 (9)
and the velocity of mass motion A\A/=.hA 1%%5 (10)

In the inertia dbmiﬁafeddregion of the free jét
expansion Askenas and‘Sherman'(Aséé) have shown that the density
decreases albng each streamline in proportion to the inverse
”équare‘of distance from an apparent source a distance xo down-
stream from the actual orifice. They also show that the

calculated angular dependence of the density field can be
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represented by the simple formula _ . | . '
n(r,e) : cos? (T/“9> | o (11)
n(r,O) - Z¢ _ : ' .

with an accuracy of'about 3% of n(r,o). That is, their data
from a method of characteristics solutioh differs less than

3% from the results obtained using Eq. 1l1. The constant Sﬁ
depends on the specific heat ratio for the gas used; thus for
X = 1,67, ? = 10365. The distance from the orifice to the Mach
disk Xm is given by Askenas énd Sherman (Asb66), as a function

of the pressure ratio Po/Pbg across the orifice, by:
Xrn 2 |
d — O 67 (12)
- where Pbg is the background pressure in the nozzle exhaust region.

This formula gives reasonable agreement to experimental results

independent of the value of‘X, in the region 15 £ Po/pb%él'?,oooo
(3) “The Freezing Surface.

The free expansion discuésed earlier esséntially
transfers energy from the internal degrees of freedom of the
mqlecules to directed mass motion., Thus we may cdnsider the
beam molecules to be characterized by some local temperature T,
in a local ref;arence frame moving with the velocity of mass
motion. A certain collision:frequency between the molecules of
the beam is required to support tﬁis coﬁtinuous reductioh in the
randomness of the motion of the molecules with respect to the
local reference frame. When the gas density gets sufflciently

low and this minimum collision frequency is not malntalned the
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téxpansion‘to higher Mach number ceases and the system ''freezes"
at a-given temperature., Once this freezing regibn is reached
the gaé continués‘to<eXpand radially, the intensity decreasing
as 1/p2 but with no further change in temperature. It should
be noted that the loéation of this freezing surface is not
4 coihcident with the Macb.disk location. |
- | Empiricai determination of the terminal Mach number M,
at which transiational freezing occurs based on nozzle

v'stagnation conditions, has yielded the result (An6%).
VR (=)
Mg = 18 (Kno) | (13)
This result was obtained for Argon beams at room temperature;
subsequent investigation has showh that 1t also holds for other
_gases‘ However, Abuaf et al (Ab66) have shown that experimental
values for helium fall below the results predicted using this |
equation; his results are shown in Fig. 8. Knuth (Kn6h)
calculated_the location of the freezing planes using thé

 relaxation times for the collision processes involved., He

~ found for a monatomic gas, ¥ = 5/3 that | |

o ' A 0.99 /01 - o

M =0.66 ( Kr\o> (1)

" where Kno = the Knudsen number based on stagnation conditions.

- Knuth's results are also shown on}Fig. 8. The agreement with

o experimental résults for Afgbn is poor for low Knudsen numbers

‘but improves for larger XKn,. - Naturally the transition between
the continuum to transition and then free molecular flow is
'not a sudden process so.that the above formulé and the model
on which théY'are based only represents a first approximation .

. to the réal situation which is properly described only by a
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complete solution of the kinetic equations.
(4)  Velocity Distribution of Particles in the Beam.,

Particles.in an expanding jet from a miniature
supersonic nozzle can be considered to hove with respect to a
local reference frame which is moving radially outwards from the
nozzle with the velocity of mass motion. This behaviour
illustrated in Fig. 9 includeé the presence of the freezing
surface. For simplicity the results presented in this aml the
next section will assume the freezing surface is coincident
with the skimmer opening. Because the radial density variation‘
is the same on both sides of the freezing surface, the inclusion
‘of the freezing surface upstream of the skimmer will have no
effect on the results obtained. The particles as seen in the
moving frame have a Maxwéllian velocity diétribution
.characterized by some local temperature. In fact, careful
studies of the velocity distribution of nozzle beams that
consider both the radial and angular dependence of the velocity
disfribution find that the Maxwellian distribution is |
characterized by one temperature T, in the radial direction u1
and another_Ti in the u, and u3 directions kFié?). At the
orifice T, =‘TL but due to differgnces in the rates for
. translational relaxation the two temperatures progress to the
different terminal valueé achieved when the expansion sﬁops.

| Thus the velocity distribution function can be written



skimmer.

N

detector

- plaene

: ; Ir,1) |

NN\S

st XS_

' Fig. 9 Schematic Representation
a Skimmer to a Detector.

of Radially Expanding Flow through

L2



28

. 'F(UD'?(My_) ((H;B A\U\ O\ul du“s

- L ‘ : ' 2 . 1 ) . o .‘
/. N\ /m A (W ] e[ Uz] |
z (erk"l'u) (an-[l} exP[ZR'II( ' €xp 2R (15)

, | _ _ _
-m J du, du, du

This.function represents the fractional number of particles in
the beam with velocities uy, u2,‘u3 in some range dujy, duo, dug.
If velocity diétribution measurements are made only along the
beam axis it is not possible to determine both T, and T_L_énd

it is common to set T | =T 1 =T, , thus resulting in the
simplified velocity distribution

'>F(m)¥0h)$(ug)du\duldu3

o 2 1 1

The above équations give the velocity distribution of particles
at some point in the beam. The fractional intensity or
differential intensity distribution function,IIu):-iE s of
particles with a given felocity arri?ing at a detecég; depends
on the restraints imposed by the géometry of the complete nozzle
system in summing over all possible velocities to obtain the
total intensity of particles at the detector. If parallel flow

at the entrance to the skimmer is assumed (one of Kantrowitz and

Grey's original assumption) Eq.B8 of‘Appendix B gives
dT _ Tis T sin®otg / m -Y/z_

- du oW 2mRT 3(“\ i-(Bl8)
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' where olw) = u e o _ | - (B19)
ahd‘Iis is the centérline isentropic beam intensity expected
from a free jet expansion unéffected by the presence of a

- skimmer as discussed in Section 3C and Xg is the half angle
subtended by the skimmer'witb respect tobthe nozzle exit as shown
in Fig. 48. Now if the radial flow‘divergence of the beam at

the skimmer is included in calculating the intensity at the

detector Eq. B8 of Appendix B gives

A]: m 'f4 u |
. WZ (2 ) q (u) G(u) o (B20)

du T RT,

where g(u) is as before and

o=t e () (- “’S"‘S)]g (B21)

| T 2Uuwm ~
now ZRT, 3 M thus

"when the skimmer subtends a Very‘small half angle
2 - 2 &
ZXM Sin (.23) Ved ] and G(u) X %L o Cor\S‘fa.f\*Pv

Then 3Ilti g(u) as in Eq. B18 where the flow at.skimmer is
u .

assumed parallel. When the skimmer subtends a large half angle

2¥M? sin (“‘) 721 and
exp [-2¥M?] Sln (“5) ~ 0 and
- G(W =
thus modifing the velocity dependence of Eq. B8 to
d g(u}.G(uB =~ W e"PL}T{r, (u—-w)zj _ (17)

du
when the radial dependence of the flow is considered for flows

with appropriate Mach number .and skimmer radius. This is the

form of the differential intensity distribution function recommended’
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by Hagena and Morton (Ha67)

' (5) | Intensity Available From Nozzle Beams.
(1) Freely Expanding Jet.

The case of the freely expanding jet without a skimmer
or colllmator using Eq. 11 to represent the density field about
the beam axis has been considered. As shown in a simple
calculation given in Appendix A the expected flux density I
on the beam axis is

I

0.6N atoms/steradian - sec - (45)

where N = G/m = particle flow through the nozzle given from Eq. 5.
The equivalent expression for molecular flow beam is |

I = IV/ﬁi atoms/steradian - sec - (3)
(1ii) Bean Intensity Downstream from the Skimmer.

.The theoretically expected beam intensity after the
‘gas has passed through a skimmer is discussed in Appendix B.
Two cases are considered: One assumes the conditions of'thé~
Kantrowitz and Grey model (Ka5l), naﬁely:

(1) isenfropic flow‘upstream of the skimmer
(2) . parallel flow at the skimmer |
and (3)‘:éollisionless flow downstream of the skimmer.,

while the other considers the case as suggested by Hagena and
Morton (Ha6?7) where criterion (2)>in the Kantrowitz énd Grey
model is modified to take into account the divergent nature of

the flow at the skimmer.
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: The result of this analysis is
(1) Parallel fiow at skimmer entrance. - ‘
I:Iis Sin“ g (% + \é_’;_—’—‘z> ' | _'(B_17),
(2) Radially diverging flow at skimmer entrance.
T=Ty(1-cos®os e s s 2y e
Both Egs. Bl2 and Bl?iare for the case of the detector-skimmeg
separation,(77,xsg the nozzle-skimmer separation, and make use
of tne simplifications afforded by essuming M > 3.

Eq. B17 based on the Kantrowitz-Grey model predicts
anAintensity proportional to the skimmer area but it is clear
that 1t predicts unreasonably high intensities I>1Iis if the
skimmer is so large that(%**——gﬁ\l)ﬁﬂlxs > | . This |
unphysically high intensity is due to the neglect of thev
divergent nature of the flow approaching the skimmer. Including
the divergent nature of the flow in the calculation results in
Eq. Bl2. .This second equation no longer shows an unlimited
increase of I with either M or sinXs but predicts an intensity
approaching I4g, the intensity one would expect if no skimmer

had been present at all.

(6) Deviations From Ideal Behaviour.

ot

EXperimental investigatione have shown that the
intensities predicted in the‘previous section are not always
_‘achieved in practice. This discrepancy be tween theory and |
experiment is caused at least in part by ﬁhe assumptien in the

theoretical calculation that.
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(1) the beam in unaffected by the presence of the

| skimmer | ' R |
and (2) the beam ié'unaffected by the presence of
| backgrouhd gas '

The effect of thése idealizations is often a severe
reduction of beam inﬁehéity below that expected from the
previoué analysis. ,

The presence of a shock wave at the skimmer entrance
was expected to cause a reduction of the beam intensity due to
the presence of the skimmer but the eiedtron=beam flow-
visualization photographs of McMichael and French (McM66)

- failed to deteét any local build up of gas molecules upstream
of the skimmer. The skimmer interference 1is now postulated to
>,:occur downstream of the ékimmer entrance ie; inside the skimmer,
and to be caused by a éloud of low velocity molecules whose
creation is caused by molecuies reflected off the inside of the
: skimmer. The skimmer degrédatidn of the beam can be avoided by
placing the skimmer in a regioh where 235'71' (An66). This
criteria generally results in large nozzle-skimmer separations.
| Scattering of the béam by background gas occurs ih
~all regions of the apparatus if the pressures are sufficiently
high. The beam"intensity at a distance f from the source can be

o

calculated using . ' ' _

. _S'no-dg? .
I:Io e . . (18)
where I and I, are the attenuated and unattenuated beam
"intensities, n the local gas density and ¢ the scattering cross

section., Scattering of the beam in the nozzle-skimmer region is

»
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a special case, as the presence of the barrel shock partially
_ prevents the beam from scattering in the region between the
nozzle and the Mach disk location. Scattering ofjthe beam
ocecurs downstfeam of the Mach disk’énd occurs under certéin
conditions to a lesser extent ups tream as well (Br66é, Ané5b).
Thus to reduce scattering in the nozzle-skimmer region to a
‘minimum the skimmef should be upstream of the Mach disk
location which can be predicted using Eq; 12, This condition
usually conflicts with the separation for minimum skimmer
interference and hence a compromise situation develops.

| Typical experimental intensity profiles obtained as
a function of nozzle-skimmer separétion are shown in Fig. 30,
The intensity maximum is the physical realization of this

- compromise between background gas scattering and skimmer
interferencé. Downstfeam of the maximum, background scattering
dominates while upstream, skimmer interference dominates. At
small nozéle skimmer separations the relatively high beam
intensity is caused by the free jet "popping"vthrough the

- skimmer and expanding towards the cdllimator which now acts as
a skimmer. With increased separation the jet slowly returns to
its normal location and skimmer interference is at its maximum

" hence the minimum in beam intensity at Lk;A'S.
(7) Low Temperature Nozzle Sources and their uses. .

Few experimental results exist describing the nature
of helium beams formed by nozzles cooled to liquid helium
temperatures. Becker, Klingelhofer and Lohse (Be6l,;Be62)

report observing a condensed helium beam withvan intensity of
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" 1.2x10%9 atoms/sr-sec, é velocity of 165 m/sec and a velocity
FWHM corresponding to a Mach number of about 80, These results
were obtained with a 0,15 mm diameter nozzle operated at 740  Torr.
‘They report no observations of an uncondensed beam at‘liqﬁid

helium intensities. Zapata, Ballard and Cabrera (Za69) have

- recently made some measurements of intensityvand velocity

distribution of LfHe beams produced by a cryogenically cooled

nozzle source. They report a-peak intensity of 6XlO17 atoms/

sr-sec and a beam. velocity of 320 m/sec. This corresponds to a

~ nozzle temperature of 10°K. These results obtained with a

0.11 mm diameter nozzle operated at pressufes up to 200 Torr
are in reasonable agreement with corresponding results presented
later in this work. ©No work has apparently been done with 3He
‘nOZzle beams cooled to liguid helium temperature.

The study of condensation fragments in low temperature
‘Afgon beams has been cafried out by Milne and Greene (Mié7)
" using mass spectrometer techniques and Audit and Rouault (Aub9)
uéing electron diffraction techniques, Both these éxperimenters
were interested in studying_the intermolecular potential acting
between groups of Argon atoms. Milne used these experimental
ﬁeasurements to test theoretical calculations for the
concentration of dimers, trimers etc. in a partially condensed
beam. Hopefully studies with helium beams similar to thbsé'
made with argon beams will’shbw reéulfs attributal to quantum
effects which would be present with helium at low températures
but which would not have played a noticeable role in the case of

* Argon. The use of both 3He_'and'l‘LHe may result in intereéting
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differences becaﬁsé of the Fermi-Dirac and Bose Enstein
Statistics obeyed by the two gases.

| Becker et al (Be5%, BeS56, Bebl, Be62) in their
- original work with low temperature nozzle beams were interested
in studying condensation phenomena. Partiélly condensed beams
formed.from a mixture of the isotopes, 3He and hHe, might
- be used to preferentially enrich the resulting beam with one
of the isotopes. Such a techniqde at higher températures
could possible bé used in the separation of light and heavy
water vapour, a process of considerable commercial interest.
Isotopes can be enriched in the free jet expansion without
.condensation because of the dependence of the velocity components
on the mass of the particles.

Knuth and Fisher (Knbé8) have used Argon beams expanded
from room temperature to measure viscosity cross sections at
temperatures as iow as lO°K. Similar studies couid be carried
- out with hélium beams starting from room, liquid nitrogen or
liquid helium temperatures. Again the_availability of beams of
both 3He and L+He allows comparison between the effects due to
their different statistics. As will be mentioned later in fhisv
work, the difference in scattering cross section for 3He and'hHe'
has been obéervéd for Jets expandeddfrom a liquid helium cooled
nozzle.

The availability of a low energy helium beam is of
interest in the study of gas-surface interaction. Zapata,
._Ballard and Cabrera (Zab69) have constructed a ligquid helium

cooled nozzle source to allow the study of the surface phonon
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Spéctrum of.a crystél by écattering an aerodynamic beam of
partiéles off a pure, isotropic crystal, |
A low temperature helium beam may be oflusévin the
study of thé fréé jét expansion itself, in particular in the
nature of the tfanslational felaxatioh effects which even for
helium beams expanded from room teﬁperature show a behaviour

different from that of most other gases.



37
CHAPTER 1V

THE POLARIZED 3He' BEAM SOURCE
A, The Low Temperature Atomic Beam Source.

(1) General description of Atomic Beam Source.

Fig. 10 shows the full atomic beam apparatus. SHe
gés precooled to liquid nitrogen temperature passes through a
cryostat filled with liquid helium and subséquently flows
through a nozzle, skimmer and collimator system thus forming
the atomic beam; | A

The copper cryostét weighing 10 kg is supported at the
"top by a single stainless steel tube. The liguid helium
‘entering the cryostat passes through a transfef line-inserted
| through the center of this tube; the evaporating gas paSsés up
| inside the support tube through a heat exchanger used to precool
the incoming 3He gas and fhen back to the hélium recovery system.
Tge_bottom of the cryostat is connected to the liquid nitrogen
cboléd shield by a thin stainless steel bellows, acting és é
differential pumping bulkhead. ,

The design of the cryostat, its:supports and
* connections along with the quality of the vacuum surrounding the
. chamber, determines the heat leak to the liquid helium and hence
| thé évaporation rate. The calculated and measured heat leaks
of the various components of the cryogenic system in different
stages of assembly are summarized'in;Table 1. The heat leak
was determined by measuring the rate of helium gas boiloff from

the cryostat; The reduction of the radiation heat load from:
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Detailed Summary of Heat Leaks into the Cryostat of the Low Temperature‘Atomic Beam Source..

~ System Condition

' Stripped cryostat (no bellow; solid 

plates over all openings)

Bellows between L°K cryostat and
copper heat shield .

Radiation over 10" diffusion pump

(pump not operating)

' Radiation baffie on Cu heat shield
Pumping to Leybold pump -

' Operatibn of large diff pump

Pumping ports on Cu heat shield

Total

. Table 1

Measured

' heat
leak
(watts)

- 0.25
0.16
s
0976
0.63

0.2
0.25

‘2.55

Expected -
heat
leak

(watts)

0.34%

0.16

Finally

reduced
to

(watts)

002'

0,16

6¢
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300°K surfaces by painting 77°K baffles with high emissivity
- aqua dag was essential to the succesful operation of the
cryostat. The heat load on the System was actually reduced
by about 10% when gas flow through the nozzle was introduced.
This confirms the expected high efficiencj in excess of 98%
of the heat exchanger system and also indicates that the cold
gas flowing in the channel to the Leybold Ejector pump acted
as a sink for a fraction of the heat leak coming through the
me tal bellbws there. The total measured heat leak for the
syétem was 0.6 watts, With a cryostat capable of holding
6 liters of liquid helium this allowed 7 hours operation between
‘ fillings. Typical cool down and initial filling of the cryostat
‘ réquiredvl9 liters of liquid helium. Precooling of the system
rto 77°K for 8 hours réquifed'ébdﬁﬁﬁéd:liters of 1liquid nitrogen
while the continﬁed operation 6f the system required 8 liters/
hoﬁr. | |

The vacuum pumping system was separated}intovfour parts.,
One section was used to pump the nozzle-skimmer fegion; one to
pump the skimmer-collimator region; one to pump the region
surrounding the cryostat and magnet, and a foufth to pump the
lonizer chamber. The pumping system for the nozzle-skimmer
.region consisted of a Leybold Hg.MS mercury ejector pump with
a pumping speed of 45 liters/sec atda pressure of 10'l Torr
and.20 liters/sec at 1073 Torf. This pump was capable of
operating into a backpressure of 30 Torr for a closed
recirculating 3He gas system but was'normally provided with a

" Welch 1402 pump. The skimmer-collimator region was.pumped
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with a CVC lO"voil diffusion pump having a pumping speed of
4000 liters/sec at pressures below 103 Torr. The surrounding
region was pumped with 2 Heraeus 6" diffusion pumps each
having pumping'speeds of 1500 liters/sec. The ionizer chamber
was pumped with a CVC 6" diffusion pump having a pumping speed
of 1400 liters/sec. The 10" and three - 6" diffusion pumps
were backed with a Stokes 40 e¢fm rotary backing pump to
maintain the necessary forepressure; The 10" and two Heraeus
6" pumps were provided with water cooled baffles, the Léybold
pump was provided with a liquid nitrogen cooled trap and the
CVC 6" pump was provided with a freon cooled baffle.

| | Pressure measurements in the nozzle-skimmer and
}skimmer—collimator regions were made by means of Pirani gauges
attached to the end of long stainless steel tubes with inside
diameters of 2,54 mm and 2.4 mm respectively. These tubes
passed frqm the appropriate region through the reduired thermal
and vacuum bulkheads to the outside of the main vacuum chamber.
'Since one end of the tube was normally at room femperature and
the other at either 77°K or 4.2°K corrections for thermal
transpiration effects were necessary. These corrections will be
~ discussed in detail in the next section of this chapter.
- | The pressure in the main.system was monitored with
an ionization géuge. It was possible to interlock the ion
" gauge control box trip out circuit to a relay controlling the
diffusion pump power to prevent damage Fo the diffusion pumps
"should the pressure in the system become excessive. The oil
diffusion pumps used Dow Corning 705 Silicone fluid which

proved to be a very reliable and robust pump fluid withstanding,
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without,damége, many accidental exposures to atmospheric
pressure. | |

Nozzle input and nozzle stagnation pressures were
- measured with 2 Waliace-Tiernan gauges; one 0-760 Torr and'the
other 0-400 Torr range. For nozzle pressures in excess of
1 Torr the thermal transpiration cbrfections.required were less
than 3% and were hence ignored.

- Details of the nozzle, skimmer, and collimator
‘system is shown in Fig. 11. The nozzle-skimmer distance could
be adjusted by revolving the skimmer-collimator carriage on a
screw thread (26 threads per inch) cut on the main nozzle
assembly. The gear on the end of the skimmer-collimator
carriage could be connected by a gear‘chain system to a rod
, paSsing thrbugh the vacﬁum chamber wall, An O=ring seal
allowed the rod to be rotated from outside the vacuum system.

One complete revolution of this rod correcponded to 1/8 of a

- _revolution of the skimmer-collimator carriage which increased

or‘decreased the nozzle-skimmer separation by 0.0048 inches.
This éxternally adjustable system functioned only with the
nozzle at room temperatufe as the O-rings freeze at liquid
nitfogen tempefature and below. Nozzles, skimmers, and

' collimatofs of'appropriateFSize and shape coﬁld be installed on
this framework, Precise alignmentdwasbachieved by mounting

the framework in a lathe and'observing the various apertures

with a telescope as the nozzle system was fotated._

(2) " Thermal Transpiration Corrections to Pressure

+ Measurements,
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When one end of a pressure sensing device is at a
temperature different from the other end it is necessary to

correct the measured'pressure for thermal transpiration effects.

Fig. 12 Conditions for Thermal Transpiration Effect.

A typical situation is shown in Fig. 12 in which two volumes Vy

and Vo at temperaturés Ti'and T, are connected by a tube of

diameter d. If the density in the volume is sueh that A >> d

-then the gas flow through any opening according tb Eq. 1 is

| proportional to nT%. The steady state is established when -
. -_77|T142 :_71 7}”2

2

- , | . (19)
P (T‘>'/z
. . R T2 _
When collisioné between molecules predominate over collisions
against the walls, ie.A{{d, then the condition for equilibrium
! iS’Pl = Pse.. Numerical values for the ratio'pl/p2 wheré Ti“T2
are presented by Roberts and Sydoriak (Ro56) for 3He and Me.

Their results are given as a function of the product po>d which

allows the necessary correction for tubes of varying sizes to
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~ be easily determined. The length of the tube does not enter
.into these considerations, The apprbpriate results from their
work relating to the measurement of pressure in the nozzle-
skimmer and skimmer-collimator regions are shown in Fig. 13.
.At the low pressure end the dependence approaches the
E£A=.(3£> relationship expected from free molecular flow

P, T, :

considerations while at the higher pressure end the dependence
‘approaches the P; = P, dependence expected from continuum

considerations.
(3 Carbon Resistor Temperatufe Measurement.

The temperature of the nozzle in the atomic beam
-apparatus was measured with a 33.(0 Allen Bradley resistor in
one arm of a A.C. Wheatstone bridge operated at 1 K éycle as
shown schematically in Fig. 14, It was possible to null the
bridge to 10 at ligquid helium temperatures. The null
- resistance at near liquid helium temperature as a function of
oscillator input voltage is shown in Fig. 15, Normal operation
of the bridge was in the plateau region of this curve where the
power disipated in the resistor was so small that it did not
influence the resistance of the carbon resistor. The calibration
of this resistor at room 295°K, liquid nitrogen 77°K, and liquid
heiium 4.,2°K temperature is shown in Fig. 16. The resistance R
~of such a resistor aé a function of temperature T normally can
be expressed by the relationship (0152)

. _
(&;‘ﬁy:aﬂ’”R*b o
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Fig. 13 Thermal Transpiration Corrections to Measure-
' ments of Nozzle-Skimmer and Skimmer-
Collimator Pressure.
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where a and b are suitable fitting constants. The straight
"dotted line in Fig. 16 is a least squares fit to the experimental
points with a = 0,45 and b = -2.17,

hp oscillator

lke

4
decade -
box

7
| ' : )
-1 LA g
}l S . . impedonce transformer

£

scope

Fig. 14 A.C. Bridge Used to Monitor Resistance of Carbon
Resistor Thermometer. S ,

~ Bs The Hexapole Magnet. -

The tapered hexapole magnet, 50 cm long, used to
separate the particles in the two possible nuclear spin substates
of}3He is shbwn.in Fig. 17. This magnet was originally designed
by Axen‘(Ax65) to produce a nearleO% separation of nuclear spin
states for a Mach 4 nozzle source operating at 2.2°K., The
neasured field strength in the region of the pole tips as a
fuhctidn of the electrical current through the coils, and the
measured value of the magnetic fiéld strength as a function of

the radial distance from the central axis are shown in Figs. .18
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and 19 respectively. The average field gradient in the region
r=2.5t r=23mis 70,000 gauss/cm while the measured

field at the pole tips Ho is 9000 gauss.
C. The Electroh Bombardment Jonilzer.

The ionizer used in this experiment was-an electron
‘bombardment type ionizer similar to one built by Weiss (Webl)
but employing side ihstead of axial extraction. The development
of the prototype ionizer is described by Vermette (Veél).
Vermette uséd filaments with rectahgular cross section while

the present ionizer's filaments are circular in cross section.

A schematic end view of the ionizer used in.this experiment is
shown in Fig. 20. The filaments consist of 5 lengths of 0.010"
diameter tungsten.wire. The active ionization volume has a
rectangular cross section 0,25" wide by 0.22" high and a léngth
of 4.75". The ion current is collected on a plate (negatively
biased) immediately at the side bf the ionizer and was measured
using a Hewlett Packard Model 425A DC microvolt-ammeter. The
electronics used are shown in Fig. 20A. The above technique

Was suitable for measuring ion current yields by introducing
calibration gases at known pressures into the ionizer chamber,
Measurement of .ion yields from the actual atomic beamvwés'
complicated by the necessity to separate the ion beam yield from
the residual background gas ion yield. The lack of-a bulkhead
separating the ionizer region from the magnet vacuum chamber

and also excessivé outgassing of the ionizer during operation
was mainly responsible fof this condiﬁion. These two difficulties

were overcome by the installation of a beam chopper between ‘the
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- end of the magnet and the entrance to the ionizer. The motor -
éndvreference signal‘circuit ﬁsed are identical to those
described in chapter 5 for the time-of-flight velocity
measuring apparatus, . The chopper used in the.ion yield
measurement was essentially the same as that shown in Fig. 21
~except that the two-slofs'have been widened to O,8vcm and
lengthened to 4 cm. The electronics used in making the ioh
beam current measurement_empldying the chopper system is shown
in Fig. 20B.

- The ionization efficiency of the ionizer for hydrogen
gas was determined by slowly raising the background pressure
in the ionizer chamber and measurihg the resulting ion yield.

" The results are shown in Fig. 22. The pressure measurements
- were made with a Bayard-Alpert type ionlzation gauge and were
inéreaséd by a factor of 2.2 to ailow fof the relative
‘sensitivity of the gauge to hydrogen and nitrogen, the gas for
" which the gauge is calibrated. The operating conditions of |
the ionizer during this measurement are summarized below.

L ‘Plate and grid voltage 260 V
Plate + grid current - 600 mA
The resulting ionizatibn efficiency of the ionizer
for‘hydrogen gas at room temperature is 6.5 A/Torr. This
vield shown as a dashed line'on Fig. 22 compares favourably
with the 6 A/Torr reported by.Glavish (G168) of Auckland
University for a strong field axial ionizer. The University of

British Columbia ionizer has an ionization volume of L. 2 cm3
-while the Auckland ionizer has an effective volume of 3.5 cm3°

These volumes are relevant in comparing ionization yields of the
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background gas but are not the relevant volume when considering
- actual beam ionization efficiencies. .The latter efficiency
dependé more on the active'volume through which the atomic
beam passés. Thé lgngtb of the ionization zone, 14 cm for the
Auckland ionizer and 12 cm for the U.B»C.'ionizer, gives a better
~indication of the ionizing ability.” On the surface, the two
ionizers appear roughly comparable but the Auckland ionizer is
much superior in at least two.vréspects, first it is a strong
field rathér then weak field ionizer thus ailowing substantially
higher polarization values and second its axial design results

" in beam emittances much superior to the side extraction ionizer.
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CHAPTER V
TECHNIQUES FOR MEASUREMENT OF ATOMIC BEAM INTENSITY AND VELOCITY

A, Measurement of Atomic Beam Intensity.

Measurements of atomic beam inténsity weré achieved
using a differential Pirani detector. This detector, described
by Jassby (Jé64),'has a sensitivity of 1.0%0.1 x 101> atoms/
sr - éecbifivolt sighal measured with a hHe oven source  bean.
Jassby shows that the relative sensitivity S of the detector

for uHe and 3He depends on the ratio of specific heats Cy and
accomodation coefficients c{ of the two gases according to the

 following relation

s

. SaHe CV3He ‘XsHe

He Cv4Hc e | | RGN

-
~

At room temperature the specific heats of the two gases are

identicalj thus the ratio reduces to

O(q.He ' | (22)

Thomas, Krueger.énd Harris (Thé69) give an experimental value for
the ratio aque/<x3He of accomodation coefficients on clean
tungsten at 308°K as 1.088%.029, It is unlikely that the
tungsten filaments used in our detector operating at 560°K will
be particularly cleanj nevertheless this number indicates the

approximate differencé in sensitivity of the gauge for 3He and

l“'He that should be expected.
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B, The Time-of-Flight Measuring Apparatus.

The velocity of the atomic beam was measﬁred using
a timelbf-flight system. Fig. 23 shows the main components of
this system.‘

The chopper used in this system is shown in Fig. 21
and consists of a 14 ecm diameter disk 0.8 mm thick with 2 slots
each 2 mm wide and 2 cm long. The reversible motor located
inside the vacuum chamber ié capable of revolving the disk at
30,000 rpm. A trigger reference signal is provided by the
phototfansistbr in the circuit shown in Fig. 24. The length of
~the flight path from the chopper to the center of the ionization
gauge 2.5 ém in diameter and 2.5 cm long was 57.% cm. The low
frequency electronic noise on the signal was removed by the high
-pass filter shown in Fig. 25. The high frequency signal was
displayed on a Tektronix 564 oscilliscope screen. The reference
signal from the phototransistor was used to trigger the
oscilliscope; the time Separation of the trigger and signal
pulse was measuréd with the chopper rotating in both clockwise
and counterclockwise directions. Measurements in both directions
were required to eliminate errors due to inaccurate mechanical
’ alignment which resulted in the phototransistpr being triggered
slightly beforé or after the atomig beam was chopped. The
average of the two times and.the measured flight path are then
used to calculate the most probabie velocity of the beam.

‘_ " In Appendix D the shape of the time-of-flight signal

| S(t) is shown to be related to the differential intensity

distribution function I(v) for the case of an infinitely short
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shutter function and detector length by the relationship

S(+) = constant J\7 T (D1)

"(,u}\ere v= L

For a given I(v) the full width at half maximum FWHM of the
~ signal S(t) is used to obtain the Mach number M of the beam.

_ a ion gauge signal
' b reference signal
- |

| 1000 pf
1 14 .
! P | i

ion gauge | 500K |

detector |

T ‘ o5
L= | , ——Ompu‘io scopeg
b — — — B - Oinputb ingg%g
high pass filter |

light photo transistor

-‘Fig. 25 Schematic of Ion Gauge Signal Circuit,
Reference Signal and Oscilliscope D:Lsplay.

The éffect a finite width rectangular shutter
function and detector length has on the signal shape S(t)
are also considered in Appehdix D; The relationship between
_ the FWHM Ato of the signal S(t) with an infinitely thin shutter
~ function and the FWHM At for a recfangular shutter function

of finite width T is shown in Fig. 26. The calculation of At
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" was dohe for a detector length of 2.54% em. Thus with the aid
of}Fig; 26 the FWHM of the experimental signal At was related
to the theoretical signalzﬁto and hence to a Mach number M df

"the differential intensity distribution function I(v). Also
shown on this figure are some similar results obtained by
Becker and Henkes (Be56b) for a differential intensity
distribution function arising from.an éven beam with a
Maxwellian velocity distribution. In the calculation given
in Appendix D the shutter function is assuﬁed rectangular.
Although the real shuttéf function is considerably more

: complicated,.fhe consequence of the approximations resulting

1n'the assumption.of a rectangular shutter function are shown

to be small. With the time of flight geometry shown in Fig. 23

the intensity distribution as a function of time of a group of

~particles passing through the chopper slit depends mainly on the
intensity profile of the atomic beam at ﬁhe chopper and the
solid angie subtended by the ion gauge. The speed of rotation
of the chopper, the chopper slit width and other geometrical
parameters are also considered in determining the real shuﬁter
function.

- From the geometry of‘the experimental arrangement only
particles eminating from the nozzle within a cone subtended by
the extremities of the ion gaugé détector enter the detector.
Hence, at the chopper location, the beam has at most an
effective diameter of 5.3 mm. As is shown in Fig. 38 the
- actual measured beam profile at the .chopper location had a

FWHM of 7 mm. The intensity in the centre 5.3 mm wide strip

varied about T 157 from the average of its value at the side
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of this region and the peak value at the centre. Thus the beam
‘intensity profile can be assumed to be rectanguiar. This
assumption implies that the beam cross section is not circular
but is in fact:squére. Hagena, Scott, and Varma (Haé7b) have
shown for the case of a shutter width equal to the width of
the beam that this'épproximation had little effect on the shape
of the shutter function., With these assumptions and an average
tangential chopper velocity of 35 m/secg corresponding to our
experimental conditions, the calculated intensity distribution
of particles passing through the chopper as a function of time

is shown in Fig. 27.
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To appiy properly the results of Appendix D this intensity
distribution must also be assumed approximately rectangular in
shape. As will be described in section 5B, the correction to
the experimental sigﬁal as a result of the finite chopper
width is sufficiently small, less than 5%, that the
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approximations made in deriving the correction formula do not

produce any significant errors.
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CHAPTER VI

RESULTS'OF STUDIES OF THE ATOMIC BEAM

'A. 'Thé Atomiq Beam Intensity.

' The atomic beam source previouély described has been
tested under many varying conditions., Parameters such as the
hozzle diameterrd, skimmer diameter, nozzle-skimmer sepération
Xs, stagnaiion pressure Po and stagnation temperature T, have
beeh varied and the resulting beam intensity I measured.
| Typical data are presented for 0.2 mm‘and 0.025 mm diameter
-nozzles, o |
Beam intensities for a 0.2 mm diameter nozzle as a
' functionlof nozzle pressure for particular nozzle-skimmer
separations aﬁd the nozzle at room temperature are shown in
AFig..28. The skimmer and collimator were O.6 mm and 1 mm in
diameter respectively while the skimmer-detectcr separation
was 15 cm.. The interpretation of these contours in the manner
 described in Chapter III is most clearly seen by considering
. eross sections obtainéd at fixed stagnation pressures and
ivarying the nozzle-skimmer separation. Such a set of curves
'is presented ip:Fig. 29 for the room temperature data of
Fig. 28. With the exceptioﬁ of one or two points the data
- points were fitted with a smooth curve. The difficulty in
producing completely consistent data can be attributed to the
lack of profiles at a sufficient number bf'nozzle-skimmer
separations, the difficulty of keeping the detector alignment

.éxactly sthe same between runs when the system was disassembled
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and reassembled to vary the nozzle-skimmer separation, and ﬁhe
accidentaliy enforced use nf a different nozzle for the
méasurements at a separation of 5 nozzle.diameters. The room
temperature data shown in Fig. 30 was obtained with the
adjustable nozzle-skimmer apparatus. Thé physical alignment
" of the detector remained fixed throughout the measurement and
‘the nozZle—skimmer Separation Qas édjusted from outside the
vacuum system., The large number of data points can be fitted
Qith'very smooth curves., Although the nozéle and skimmer used
" in obtaining the data of Fig. 30 were approximately the same
diameter as those used in obtaining the data of Fig. 29, they
afe not the same nozzle and skimmer. This accounts for the
differences in absolute intensities and nozzle-skimmer
separations reported‘for the peaks and valleys, however, the
general shape of the profiles remains the same. |

| The results shown in these two figures illustréte the
typical dépendence of beam intensity on nozzle-skimmer separation
obtained with supersonic nozzle systems, nameiy; the large beam
intensity at very short nozzle-skimmer separations followed by |
a reduction in intensity to a minimum followed by a further
increase in intensity to a maximum and subsequent attenuation.
This behaviour- is due to the effects described in Chaptef III.
For very small nozzle-skimmer sépafations the beam passes
through the skimmer with no interaction and then-expands as a
free jet downstrean of thé skimmer; As the separation‘is
'increased the beam is influenced by -the skimmer and éventually
the "skimmer interaction" described previously takes its

maximum effect., Further separation of the nozzle and skimmer
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results in é reduction of the gas density at the skimﬁer
entrance. Reduced gas density ét the skimmer implies reducéd
skimmer interaction so that the beam intensity increasés° As
the separation gets‘evqn larger the skimmer becomes downstream
.of the Mach disk and‘background gas scattering becomes more
and_more significant, eventually overwhelming any increase in
beam intensity due to reduced skimmér interaction. |

| The appearance of the 'maximum maximorum! described
by Campargue (Cab66) is seen in both Figs. 29 and 30 where for
increasing nozzle pressures the peak intensity grows slowly
then reaches a maximum and thereafter falls off.
, " A similar treatment of the iiquid nitrogen temperature
data shown in Fig. 31 gives'the profiles shown in Fig. 32. An
‘examination of the data shows a behaviour similar to the room
temperature data, though with much less prominent maxima, for
é set of nozzle stagnation pressures considerably lower than in
-the room femperature case. This "compreséion of contours" is
causéd by the higher gaé densities, hence much smaller mean
tfree paths and greafer scattering for a given nozzle pressure
at the lower temberature. Also the higher gas deﬁsities at the
skimmer increase thé skimmer interaction. Another effect which
starts to become evident at highef pressures and lower
temperatures is beam formation froﬁ the skimmer or collimator
openings. This ;ffect causes increased beam intensity for
‘increased stagnation pressures at large nozzle-skimmer
- separations. More.will.be said about this while discussing

the liquid helium cooled beams in the next paragraph.

A similar plot of intensity as a- function of nozzlé-
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skimmer separation using the nozzle stagnation pressure as a
Aparameter‘is shown in Fig. 33 for the data displayed in

Fig. 34. This data was obtained with the nozzle cooled to
liquid helium temperature. The large scatter of points is

due to the great compression bf the peaks and valleys into a
nozzle pressure range of only a few Torr and the dominant role
played by the formation of subsidiary beams from the skimmer
and collimator. With experimental results for so few nozzle-
" skimmer separations and because of the scattef of the observed
»points the consisteht trends do not appear as in the data
points obtained at higher.nozzle temperatures. The gradual
rise in intensity at large nozzle-skimmer separations is
Aconsistent with a reduction of the gas flow past the skimmer
and hence a resulting reduction of pressure in the skimmerf
collimator region and‘downstream of the collimator. The
improved background pressure results in improved transmission
of subsidiary beams frpm the skimmer and collimator and.the |
residual nozzle beam. The actual beam intensity versus nozzle
pressure profiles measured at a fixed nozzle-skimmer separation
are'of considerably more interest in this case. For the
profile at a separation of 19.5 nozzle diameters shown in
Fig. 34 the beam intensity in the region up to the first
maximum which occurs at a nozzle pfessure of 1 Torr is
attributed to a true nozzle beam.. The reduction of beam
intensity for higher nozzle pressures is attributed to the
dominance of background gas sdattering in the nozzle-skimmer
region. The subsequent increase in beam intensity is caused

by the combined effect of a small résidual nozzle beam along
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with a subsidiary beah from the skimmer and collimator openings.
In data obtained with a smaller noizle, described in the next
paragraph, thé ﬁressure range over which the first peak océurs
- 1s expanded considerably and the actual behaviour of the nozzle
béam is much easily determined. Compariéon Qith theoretical
prédictions will be descfibed in detail in that section.

" Fig. 35 shows results obtéined with a 0.025 mm
diameter nozzle at room, liquid nitrogen, and liquid helium
temperatures. A 0,57 mm diameter skimmer énd a 1 mm diameter
collimator were used for these measurements. The nozzle- |
skimmer séparation was set at 0.28 cm and the skimmer detector
distance at 16 cm. Fig. 36 shows in greater detail the
results using both 3He and L+He beams with the nozzle cooled to
liquid helium temperéture. In both figures the deviation from
a linear relation with pressure is due to background gas
scattering in the nozzle-skimmer region. This can be checked
by‘assumihg the beam intensity I should be linearly proportional
to the nozzle pressui‘e-'pO and the scattering préssure should
be linearly proportional to py also. Fig. 37 shows a plot of
log (%;)‘vs Poe The observed iinear decrease of infenSity,
with py is consistent with scatterlng of the beam accordlng to
I = I, Grsnad,(18) where I,, the beam intensity with no
scattering, and n, the gas density ‘in the nozzle-skimmer region,
are both assumed to be proportlonal to the nozzle pressure pgs

o~ is the effective scattering cross section and A the distance:

" along the beam axis. The difference in the slbpes for 3He énd

hHe in Fig. 37 indicates that the effective scattering cross
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LFHe is 1.7 times larger than that of 3He. Both

section for
experimental viscosity measurements and quantum mechanical

calculations also indicate a larger cross section for hHe.

The difference in cross section is attributed to the different
statistics followed by 3He and the absence of a near stationary
‘state in the 3Hegvsystem (Bo51).
| The straight line in Fig. 36 was predicted using
Eq. AS‘assuming To = 6.7°K, D = 0,025 mm and a 3He beam. The
dashed lines shown in Fig. 35 are the Ll'He data, similarly
cofrected for scattering at room, liquid nitrogen and liquid
 he1ium temperatures; The dashed.lines are required to pass
through the origin. The slopes of these lines are in the
ratio 1 : 1.9 : 9.5. Eqs. 5 and A5 predict the inténsity should
be directly proportional to the nozzle stagnation pressure Py
and inversely proportional to the square rbot of the nozzle
stagnation temperature T,. The straight lines confirm the
linear py dependence; their slopes would correspond to
‘temperatures 295, 82 and 3.3°K. Hdwever, veloc ity
measurements, discussed later, indicate temperatures of
295, 77 and 7°K so that the theoretical TO% dependence would
appear to break down at very low.temperétures.

Egs. 5 and A5 predict that the beam intensity should
"be inversely proportional to the square foot of the atomic
mass, so that the 3He intensity sﬁould be a factor JC%T
~larger than the L+He intensity. The'equality of the slopes
for 3fe and “He in Fig. 36 is partially attributable to the

9% lower detector sensitivity expected for 3He, as discussed
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in Section 5A. There remains, however, a 6% discrepancy
which could be due either to a still larger difference in.
sensitivity for 3He and LFHe, or to an effect in the nozzle
system not taken account of ih the simple theory.

A L+He beam vertical profile taken 16 cm from the
skimmer is shown in Fig. 38, It has a full width at half
maximum (FWHM) of 7 mm (2.5°) and a full width of 1% mm. The
profile was taken with a nozzle'stagnation,temﬁerature and
- pressure of 77°K and 420 Torr respectively.

Gas flow through the 0.025 mm diameter nozzle is
estimated at 0.17 cc/sec (STP) for.3He gas at py, = 50 Torr

and liquid helium temperatures.
B. The Beam Velocity.

A time-of-flight measuring apparatus was used to
measure the most probable velbcity and velocity distribution
of 3He and 4He beams produced using the cryostat at room,

uHe at

liquid nitrogen and liquid helium temperatures. For
these temperatures the measured most probable velocities were
1660, 850 and 270 m/sec respectively, using the 0,025 mm
diameter nozzle énd the time-of-flight geometry discussed in
section 5B. Uéing the form of the differential intensity
distribution given by Eq. 17? fits to the most probable
velocity determined the temperatufe of the nozzle to be 295,
77 and 7°K while still allowing a wide range of Mach numbers.,
'At liquid helium temperatures the 3He beam had a measured most

probable velocity of 310 meters/sec. The 3He and “He
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velocities should differ only be a factor proportional to
the square root of their masses eg. ’;;%%i = \f?%j = 0,865,
Experimentally a ratio of 270/310 = 0,87 was obtained in good
agreement with the expected dependence. |

The difference between 7°K and 4.2°K, the temperature
of the liquid helium, is attributed to poor thermal contact
between the_nozzle and the cryostat and a thermal gradient
due to the heat leak to the nozzle assembly. A témperature of
7°K is consistent with carbon resistor measurements of the
nozzle temperature which indicated a temperature on the outside
~of the nozzle of 8.5°K. The measuiement of the temperature
using a carbon resistor is discussed in Section WA3.

A typical 3He time-of-flight spectrum obtained with
a chopper speed of 11,000 rpm is shown in Fig. 39. In this
measurement the nozzle température was reduced slightly by
pumping on the helium reservoir. A velocity Spectrum‘derived
" from the timé spectrum is shown in Fié..ﬂo. The experimental
signal with a FWHM of 53 m/sec is fitted quite well by the |
dashed theoretical curve obtained from Eq. 17 with the same
FWHM and most pfobable velocity using a stégnation temperéture
TO'= 5.9°K énd a Mach number M = 10. The chopper distribution
function shown in Fig. 27 has a FWEM T = 0,143 ms and the FWHM
of the experimental signal is ‘ZSt = 0.37 ms; thus the
resolution R = ég5= 2.6. From Fig. 26 this corresponds to‘a
broadening of éfig%ES = 4% where Ato is the width of the
idezl distribution which would have'beeh obtained had the

shutter slit and the detector width been infinitely thin. The
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Fig. 39 Typical 3He Time-of-Flight Spectrum for
Liquid Helium Cooled Nozzle. Stagnation
- Pressure i1s 36 Torr. Horizontal Time Scale
" 4s 0.9 m sec/div. The Upper Trace shows the
Time Reference Light Pulse.

Fig. 46 Typical Ionizer Signals from Chopped Atomic
Beam with Hexapole Magnet Turned On and Off.
Horizontal Scale 0.5 ms/div.

, Vertical Scale 0.5 mv/div.
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approximations made here should not significantly increase
this value of 4%. Because of the small size of the resulting
correction it will be neglected. |

The experimental results shown in Fig. 40 were
obtained with a nozzle stagnation pressure of 36 Torr. For
~this pressure and a stagnation temperature of 5.9°K the
correspohding nozzle stagnation Knudsen number is 1.8 x 10-3°

Using Fq. 13 the terminal Mach number is calculated to be 15

while the experimental data shown in Fig. 8 indicates that for

L

He at this Knudsen number the terminal Mach number would be
12, This is in good agreement with the experimental
determination of M = 10 considering that the real width of the
- measured distribution is actually slightly narrower and as a
| result the Mach number will be slightly higher.

| It should be noted ﬁhat no indication of a condeneed
fraction of the beam was observed in the velocity measurements.
That is, ﬁo second peak at a loWer velocity corresponding to
a condensed fraction of the beam appeared in the time-of-flight
spectrum. The appearance of a.second peak has been described
by Becker, Bier and Henkes (Be56) ae-being»typical of condensed
beam forﬁation. The good agreement between the measured and
expected polarization of the 34e beam {as will be mentioned
later) is confirmation that at most a Very small fractioh of

the beam was condensed.
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CHAPTER VII
»_POLARIZAT;ON AND IONIZATION OF THE 3He BEAM
A. The Trajectories of Atoms through the Hexapole Magnet.

The development of the equatibns describing the
trajectories of particles through the hexapole magnet has
been described by Axen (Ax65) and is summarized in Appendix C.
The position and slope of a focussed particle in the tapered
section of the magnet is given by Egqs. €32 and C34 as a
function of the radial position of the particle at the magnet
entrance. The radial position and divergence of the defocussed |
particle is given by Eqs. C36 and C37. The position and élope‘
of the particles in the parallel section of the magnet were
calculated using Egqs. C25 and C26 in the case of the focussed
particle and Eq. C27 in the cése.of the defocussed particle.

- The initial position and slope of the ﬁarticle as it enters
the parallel section is determined from the solution of the
trajectories at the end of the tépered sections,

The hexapole magnet was designed_fdr a beam with a

most probable velocity of 175 meters/sec. As has been
| discussed in the preceeding section the beam produced had a
considerably higher velocity. The.calculations of the position
_and slopes of particles at certain locations in the magnet for
varying radial deflections at the magnet entrance and varying
‘ .separation of the magnet from the nozzle source are summarized

in Table 2, In these calculations the field H, at the pole

tips of the magnet was 9000 gauSs. Typical trajectories of,the



Table 2

3 Selected Trajectories of Focussed and Defocussed
He Atoms Passing Through the Tapered Hexapole Magnet

FOCUSSED TRAJECTORIES

R = radial deflection
S = slope
SOURCE-MAGNET SEPARATION
Particle |Radial Deflection 5 cm 15 cm 16 cm
Velocity at entrance to AT End off At End of || AT End of At End of |[At End of| At End of
(m/sec) magnet (cm) Taper Magnet Taper Magnet Taper Magne t
0,025 R=0.091% | 0.,1717 R=0,044 0,055 0.0425 0.052
S= 0,0039 0,0003 $=0,00095| ~0,0004% 0,0009 | -0.000
0,05 . 0,1828 0.3433 0.087 0.109 0,084y 0.1016
0.0078 0.,0007 0.0019 -0,000 0,001 -0.0008
0.075 0.13 0.16% 0.127 0.1539
0.0029. -0,0011 0,0026 | «0.,0012
245 0.1 0.17 0.215 0.1698 0.2061
_ 0.0038 -0,001k% 0.0035 | -0.0016
0.125 0,22 4 0,212 0.255
0.0047
0.025 0.0946 0.2070 0.046 0,072 0.0447 0.0681
‘ 4 0.0043 0.0018 0,0012 0.0002 0.0011 0.0002
0,05 - 0.1892 O 41kl 0,092 0.1445 0.0893 0.1316
0.0086 0.,0037 0.0024 0.0005 . 0.0022 0,000k
0,075 : 0.138 0.21568 0,.134%0 0.2074
0.,0036 0.0007 0.003k% 0.0006
310 0.1 o.18§ 0.29 0.1787 0.2756
0.00486 0.001 0.0045 0.0008
DEFOCUSSED TRAJECTORIES
! 00025 R=Oo91 R=0518 0016
o4y 0.05 ' 0.36 0.33
; 0.075 0.5% 0,50
. 0.025 0.79 o.1g 8'13
10 0.0 opC .
3 ' 0.0gs 8035 O.§2

68
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focussed and defocussed atoms for‘the case of a nozzie—magnet
separation of 16 cm are shown in Fig. 41. As can be seen, the
magnet proves incapable of bringing particles to a focus on
the magnet axis if they have a velocity of 310 m/sec irrespective
of the radial distance from the axis at which they enter the.

-magnet except for a small number of particles very close to the
maznet axis. The magnet does succeed however in keeping the
trajectories of particles which enter the magnet less than
1l mm from the axis wiﬁhin‘the pole tips although the
trajectories are still diverging when they leave the magnet.
These.trajectories should be a good approximation to the paths
the 3He atoms produced from the nozzle source will take |

through the actual magnet.
-B. The Calculated Polarization of the Atomic Beam,

The reiative numbers of focussed and defocussed _
particles>passing through the hexapole magnet which subsequently
pass through some specified ionization volume downstream of |
the magnet exit is needed in order to calcnlate the expected
polarization of the beam. This information could in principle
be obtained from the atomic trajectories presented in the
previous section, This would involve éalculating the
trajectories for particles with mahy different velocitieé and
initial conditions then deciding whether or not a given
trajectory passes through the magnef and into the ionizer.
Then»the result would have to.be appropriately weighted for ‘
the effect of the velocity distribution of the particles in the

" beam and the solid angle of particlés of a given velocity
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;which would coﬁtribute to the final intensity.

Glavish (G167, G168) has written é-computer program
‘which does this. His program takes into account all the
possible trajectories the atoms can take and the velocity
distribution of atoms in the beam. This program was ihitially
used for calculations involving the focussed proton states
for a beam with a Maxwellian velocity distribution. These
célculations were used for optimizing the various system
parameters for a polarized proton ion source developed at the
Univeréity of Auckland. The program was modified at U.B.C.
to calculate the trajectories of both the focussed and defocussed
states of an atomic 3He beam with the velocity distribution
characteristic of a nozzle beam. _

The relative ihtensity'and polarizaﬁion obtained
inside an ionizer aperture 1.0 cm in diameter are shown iﬁ
Figs., 42 and 43 as a funcfion of the distance of the magnet
entfance from the nozzle source and the temperature of the
» nozzlé. Calculafions were done for magnet-ionizer éeparations
of 0, iO, and 20 cm. No change in the intensity and
:polarization inside the 0.5 cm radius ionization volume is
predicted for these three separations. More will be said of
these results ih Chapter VIII.
| For the.conditions under.@hich the magnet was operated
namely, nozzle temperature = 7°K, Mach number of beam = 10
and a magnet-soﬁrce separation = 15 cm, Glavish's program has
- been used to calculate the ratio'of the total flux of atoms

into the ionizer aperture with the magnetic field on to the

y
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total flux of atoms into the ionizer aperturé with the magnetic
field off. This ratio (R) is equal to 1.33. The polarization

predicted for the conditions mentioned above is 62%.
C. The Polarizatioﬁ Measurement and Ion Beam Yield.

Two detection methods were used in determining the
polarization of the 3He nuclei after passing through the
hexapole magnet. The first meﬁhod, using the differential
Pirani gauge detector, measured the change in neutral beam
 intensity with the magnet turned on and off, while the second
method measured the change in ionized beam under similar

circumstances with the magnetic field on and off.

’ mognet 0.6 L | 056 differentiol
nozzle - t lonizer _}_ Pirani detector
=} - - === . _ T - 170
) _{ $.08cm
18 —eda—F——50 ————u—-ﬂﬁq'c’lo 12 4' |
‘ 2C. =

" Fig; 4 Schematic Diagram Indicating Relative Location of
Components Used in Atomic Beam Polarization
Measurement, Dimensions in cm.

- [P SESSVR SR S - R

The location bf the differen;ial Pirani detector and the
ionizer relative to thé magnet whiie these measurements were
made is shown in Fig., Uk, |
Typical results of the first method are shown in
Fig. 45 where the effect of the magnetic field béing on and
of f is s5own. The increase of approximately 50% in neutral

beam intensity is interpreted to indicate an effective
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polarization of the 3He nuclei passing through the magnet
although it is difficult to quote any degree of éccuracy to
the absolute value of the increase.

Typical results obtained using the ionizer to‘
measure the change in beam intensity with the magnetic field
on and off are shown in Fig. 46, 1In this experimental
 measurement an increase in beam intensity of 30% was observed.
Because of the small number of ions produced from the atomic
beam as compared to the large number produéed from the
background gas (1:1000) the incoming atomic beam was modulatedo
The chopping system and associated detection eleétronics were
described in Section 4B. The results from 18 measurements,
similar to the one shown in Fig. 46, yielded a ratio R of the
ion current with the‘magnet on to fhe ion current with the
maghet off of R = 1.32%0.,1., The increase of ionized beam
-obtained as a function of the magnhet excitation current is
shown in Fig. 47, Thé.ratio R increased slowly as‘the magnhet
current was increased. This data is not inconsistent with.the
value of R reaching a plateau at a magnet current of 70 amps.
This value of current corresponds to the value shown in Fig. 18
at which the magnetic field begins to saturate. B

The measured‘ion current was 12 nA with the magnet on,
the ionizér emission current at.756 mA and a plate voltage of
350 V., The conditions under which this measurement was made
were such that the estimated 3He atomic beam at the entrance

18

" to the magnet was O0.45 x 107 atoms (sr - sec)“l and the most

probable velocity of the beam was 310 m/sec. Assuming 50% of
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the atoms entering the magnet pass through the ionizer then
the 12 nA ion current corresponds to an ionization efficiency

of 0.,15%.
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Fig. 47 - Enhancement Ratio of Ionized Beam as a Function of Magnet
Excitatlon Current,

The experimental ratio R = 1.32%0,1 obtained by
measuring the ion yield from the ionizer is in zood agreement
with the theoretically expected ratio R = 1.33 calculatéd using
Glavish's program. This ratio is.equivalent to a calculated
polarization of the atomic beam of 62%. The actual
polarization of the singly ionized"3He will debend on the
magnetic field strength in the ioniier. The expected |
polarization of the ionized beam as a function of field
strength assuming the polarization of the atomic beam is 100%

is shbwn in Fig. 3.
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CHAPTER VIII

CONCLUSIONS
A. Comparison with other Sources of Polarized SHe' Ions.

Three methods are presently used for the production
of polarized 3Het ions., The production of a polarized
secondary beam following a nuclear reaction has been discussed

through the exampie of elastic scattering of unpolarized 3He

bY MHe in Chapter I, The Rice University polarized ion beam
obtained by‘opticalipumping techniques has been discussed in
_'Section 2A, The U.B.C° poiarized beam obtained by atomic beam
techniques is the subject of this thesis where the results of
'avaiiable polarization and ion current measurements‘are

| discessed in Section 7C. A cempafitive summary of the
polarization and ion current available from these three

- techniques is presented in Table 3.. The time required in an
‘experimental measureﬁent to obtain a desired fractional error
in the measurement is inversely proportional to P21. This
figure of merit PZI given in Table 3 demonstrates the advantege
of the ion source technique over the secondary beam technique
in producing a useful beam of polarized 3He. The figure of
-merit is a2t least 3 orders of magnitude higher for the ioh

~ source techniques. Both the:Rice’University and U.B.C. ien
sources have similer P21 values but are characterized by low
_polarization and high ion current in the case of the Rice

University source and high polarization and low current in the

case of the U.B.C. source. Both the beam polarization and



Table 3

Comparisbn of different Methods of Producing Polarized 3He+.Ions;

Method of Production

% Polarization

Beam Current

Figure gf Merit
P<1 :

P I
Secondary Beam .
eg. “He(3He,3He) He 100% .001 — .01 nA 106
Optical Pumping
Rice University
Ion Source 5% 3/AA .007
Atomic Beam
U.B.C. Ion Source 65% 12 nA .005
Potentially .
100%

- 00T
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eitracted ion yield can be potentially increased in both the
Rice and U.B.C. sources. The polarization of the Rice source
might be increased as high as 60% and the U.B.C. source
polarization to 100%. -Improved atomic beam formation and
ionization efficiency may resuvlt in an order of magnitude

increase in the U.B.C. ion current.

B. Measurement of the 3Het Beam Polarization by the

D(3He,P)hHe Reaction.

The measurement of the atomic beam polarization is
‘ discussed in Chapter VII and the theoretical relationship
between the atomic beam polarization and the ionized beam
polarization as a function of the magnetic field strengﬁh in
the ionizer and target regions is illustrated in Fig.l3. In
spite of this theoretical relationship an experimental
determination of the ionized beam polarizatibn would be
desirable. - |

Although in principle the polarization of the.3He béam
could be determined by measuring the asymmetry in the
l+He(3He, 3He)HHé reaction; the energy required for a
significant amount of P wave scattering in order to have a non-

vanishing L+S spin-orbit force is jnconvenient for preliminary

ion source development work. A more suitable method is to use
an exoergic nuclear reaction.to produce polarized spin %
particles of sufficient energy to make polarization analyéis
by elastic scattering possible. An”appropriate'reaétion is
D(3He,P)¥He (@ = 18.36 MeV). If this reaction is initiated

by S waves and assumed to proceed through the J = 3/2 +
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resonance in L15 then a simple relationship exists between
- the polarization of the incoming 3He beam P(3Hej and the
polarization P(p) of the protons which are emitted at an
angle of 90° with respect to the direction of the axis of

polarization of the incoming 3ge particles (Fié?7)

Py = = ( 3) Plwey (23)
Tp measure thé polarization of the Rice University polarized
3He"‘_i’on source the polarization of the protons was measured
through the left-right asymmetry A of their elastic scattering
in a high-pressure (35 atmospheres) helium filled polarimeter.

Details of the experimental apparatus used are discussed by

Findley (Fib7). The asymmetry A is defined as

where N, is.the number of protons scattered to the left side of
the beam in the polarimeter and Ng.the number scattered to the
right and N, + Np = N, the total number of events. The
polarimeter had an analyzing power of -0.6. Thus the measured
experimental asymmetry A of the protons is related to the

polarization of the 3He beam p(BHe) by -
A = (-O.@(' 2/3> P(SH \): 0.4 P(;He) (2k)

AA
The fractional error in the measured asymmetry is equal to

zﬁ/\ — / 7
\/——-. (25) .

- where N is the total number of observed events.,
The asymmetry in the case of the Rice polarizafion

measurement was determined to be 0.0227t0.0033 (Ba68)., This
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value is an averaged asymmetry obﬁained by reversing the sign
- of the beam polarization every 5 minutes to cancel errors due
to detector solid anglé and efficiency asymmetries in the
polarimeter., To obtain this accuracy accbrding to Eq. 25
required a total of 90,000 counts. For a 3He beam current of
3-h/pA on a deuterium ice target at 300 KeV Findley reports
a counting rate in the polarimeter of 2 events per second.
Thus their measurement should take approximately 13 hours;
however, they report approximately 18-24 hours of active data
taking was required to obtain adequate statistics. The
difference in the two times may be the result of background
runs, | |

. The time required to determine the polarization of the
U.B.C. ion source can easily be estimated from Eq. 25 and the

Rice group's experimental count rate. For a 3He beam
polarization of 0.65,A = 0,26 (This assumes strong field

ionization). If a ¥20% measurement of the beam polarization
sA
A

For weak field ionization the polarization is reduced by one-

is desired = 0.2 and Eq. 25 shows 350 counts are required.

half and the number of counts required increased to about 1500,
If the 3He were accelerated to 600 KeV where the D(3He,P)4He

cross section is a maximum instead . of the 300 KeV in the Rice
'University case, the cross seétion for proton production‘
increases by a factor of ﬁ and thé experimental couﬁt-rate in
the_polarimeter thus increases by>é'factor_of4ﬁ. However, the
U.B.C. ioh current is approximatelyulo nA as compared to the

Rice source 3-hJFA. Combining the increase in count rate
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because ofAthe higher 3He energy and the decrease due to

'lower beam current the expected coﬁnt rate is 2/100 counts

per second., The measurement of the beam polarization to

' t20% accuracy using.this count rate and strong field ionization
would require approximately 5 hours or using the quoted time

" of 18-24% hours for the Rice measurement our measurement would
require 7-9 hours. Weak field ionization would increase the

time required for these measurements by a factor of 4.
C. Possible Improvements of the Polarized 3Het Beam.
(1) Improvements Increasihg the Atomic Beam Intensity.

One of the most effective ways of increasing the
ultimate ion yield of the beam apparatus is to increase the
neuﬁral atomic beam intensity. From the data shown in Fig. 37
it appears as if considerable increases in intensity can be
achieved by reducing the scattering in the nozzle-skimmer
region. Reduced scattering is achieved by increasing the
bumping speed and hence reducing the background gas pressure
iﬁ this region. The pumping speed at the nozzle is limited
by the long pumping channel from the nozzle to the Leybold
pump and the restrictive geometry in the'nozzle-skimmer region.
A possible solution to these combihed problems is to remove
the present nozzle-skimmer pumping system and to pump the
. nozzle-skimmer region with the 10" diffusion pump presently
pumping the skimmer-collimator regien. The present skimmer;
collimator region might be pumped either by the 10" pump also
A,or by the pumps which presently pump  the region downstream of

‘the existing collimator. The discussion of the properties of



105
the nozzle operation given in Secfion 3C shows that the
collimator might»best be eliminated.

The ultimate improvement achieved by increased -
pumping speed may be limited by the smali size of the nozzle
and skimmer apertures, However, it does not appear
unreasonable to expect an increase in beam intensity of a
factor 2 with relatively simple modifications to the existing

apparatus, perhaps even more with extensive modifications.
(2) Improvements to Reduce the Atomic Beam Velocity.

Thé reduction of ﬁhe velocity'to that corresponding
to a stagnation temperature of 4.2°K, the temﬁerature of the
liquid helium in the cryostat, is expected with a better
thermal attachment of the nozzle to the cryostat. The present
nozzle is not in direct contact with the liquid but is
attached by a brass bar to the bottom of the cryostat; This
has proved to provide.inadequéte thermal contact as
evidenced by velocity measurements of the beam and carbon
resistance thermometer measurements of the nozzle. It is
" proposed that a new cryostat would be designed’with the nozzle
actually surrounded by the coolant: This should reduce the
nozzle temperature to %.2°K, 1In fact recent work, subse@uent
to the measurements mentioned in tEis theéis, with a modified
lcryoétat has produced an atomic beam with a velocity
corresponding fo 4,2°K. This confirms that the high velociiy
measured previously was caused by poor thermal attachmenﬁvof
" the nozzle to the cryostat. In the modified cryostat the

nozzle is now almost completely surrounded by liquid belium‘
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thus ensuring adequate thermal contact. Lowerieg the
'Atemperature of the nozzle from 7°K to nearer 4.2°K will
improve the polafizationo The improvement expected in the
calculeted trajectories of the lower temperature particles
can be seen in Fig. 41 where the trajecteries for both
310 m/sec (7°K) and 245 m/sec (4.2°K) particles\are shown.
As shown in this figure the 245 m/eec particlee can be
focussed to a point on the beam axis whereas- the 310 m/sec
particles are still diverging at the magnet exit. The results
shown in Figs. 42 and 43 indicate that the polarization will
increase from 62% with the 7°K beam to 84% with the 4.2°K beamn.
The desirability of cooling the beam further to 2.2°K
as wasvoriginally proposed (Wab3) is very evident from the
point of view of incfeased separation of the spin states and
increased ionization efficiency both of which depend on the

velocity of the atoms,

(3) Improvements in Ionization Efficiency and Ion

Extraction.

" The difficulties in extracting a useful ion beam from

- the side of the ionizer, as must be done with the present

ionizer, have not yet been fully considered. . It will be most
sensible to reconsider an axial ioEizer because of the |
considerably increased ease with which the ions may be focussed
into a useful beam after they leave the ionizer. 1In constructing
" a new ionizer care must be taken to -insure minimum outgasing

from the constituent components of the ionizer when the high

| electron emissin current bombards the plats and causes general
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heating of the apparatus. The present ionization efficiency of
0.15% could be improved both by reduced atomic velocity and
improved ionizer design. - Reducing the atomic velbcityvincreases
-the time the atoms stay in the ionization region thus increasing
the ionization efficiency. Improved ionizer design would

allow higher electron bombardment currents hence higher
ionization efficiency. A new ionizer should be of the strong
field type in order to take advantage of the significant
enhancement of the ultimate nuclear polarization of the ionized

beam as shown in Fig. 3.

(4) Overall System Improvement Possibilities by Changing
the Geometry.

Some increase in beam intensity should, at first glance,
be obtained by moving the source of atoms cioser to the magnet
| ehtrance as the intensity of particles enteriﬁg the magnet is
‘ »proportional to 1/r2. This would also produce a real increase
in ion current if the mégnet were in fact able to focus the
increaséd number of particies entéring‘the mégnet aperture.
The difficulty is that the particles can bé considered as
coming from a point source; thus the additional.particles
enter the magnet with an initial d%vergence and radial location
such that the present magnet is incapable of focussing the
extra atoms into a useful beém. This effect is evideht in |
Table 2 where the ﬁrajectories of atoms with varying radial
.displacements at the magnet‘entrance are tabulated for nozzle-
magnet separations of 5 and.15 cm. For the.increment'size

(0.025 cm) of the radial displacement used in these calculationss



108

particles with a radial displacement‘up to 0.075 cm at_the
 entrance to thae maghet pass through the magnet when the
source-maghet separation is 15 cm. However, when the source-
magnet separation is reduced to 5 cm only atoms which enter
the magnet with a radial displacement from the axis of-less
the 0.025 cm pass through the magnet without hitting the pole
pieces. Hence moving the magnet}ciosef to.the source will not
result in all the additional particles being focussed into a
useful beam. The comparison between varyihg source-magnet
separation is shdwn more quantitatively in Fig. 42. The
~intensity I of focussed atoms passing through the ionizer
annulus varies less than 3% when the source-magnet separation
is varied from 5 to 15 cm. Also shown on this figure is the
polarization P or relative amounts of focussed and defocussed
atoms as defined earlier which enter the ionizer annulus.

The polarization increases from a value of 73% for a source-
magnet separation of 5 cm to 84% for a source-magnet
separation of 15 cm. The parameter P2I is of greater interest
to the experimentalist as this figure is inversely related‘to
the‘length of time needed to obtain the same statistics for

a particular experiment with beams of varying intensity and
polarization. - The value of this parameter is 20% larger for
source-magnet separations of 15'cm’than for.the 5 cm separation.
As a result of the above thefe appears to'be no advantage in |
moving the magnet closer to the source as any slight gain in

" intensity through the ionizer annulus is lost because of a

_‘larger reduction in the polarization of the atoms.
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.(5) Improvements in Vacuum System Reducing Background Ion

Yielda

The maximum accéptable pressure in a given éection of
'.Athe atomic beam apparatus is determined by the criterion that
. the beam should not suffer a significant loss of intensity by

scattering as it passes through the region 6f interest. At
room temperature it is not«too difficult to keep beam losses
to lO%} This:means that the mean free path of the gas must be
10 times the scattering length through which the beam must

fpass.- Thus if the chamber were’loo cm long a pressure of 10'5

Torr would be adequate to keep'beam losses to less than 10%.
At'lower temperatures, in particular at liquid helium ﬁemperatures,
the situation is considerably more difficult as the mean free
path at a given pressure is approximately 100 times smaller
than at room temperature. |

‘The pressure requirement in the ionizing chamber is
set by the ratio of the number of polarized 3He® jions produced
- from the atomic beam to the number of.ions formed from the
’,baékground gaé in the ionizing region. Naturally this ratio
_should‘be as large as possiblej the exact size depends on the
cbmposition of . the béckground gas ions as it may be possible

Eo_separate the useful polarized 3Het ions from the‘background
.gas ions'by,means of momentum analysis. The present situation
of about 15 nA of polarized 3He® ions and lO/pA of background
- gas ions is naturally intolerable. Momentum analysis is
‘required to reduce contaminants in the beam to a minimum ]o)

Y

uhdesired ions would be eliminated. The atomic beam densit&_
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in the ionizer region corresponds to a pressure of approximately
10-7 Torr; the background gas pressure should be brought well
below this as the}VOIume of background gas available for
ionization is iarge: than the volume of beam particles.

To improve the pressure in the lonization regilon a
bulkhead shoﬁld be installed between the magnet and the ionizer
chamber. This dividing bulkhead would have only a small hole,

- the size of the magnet exit, located on the beam axis to |
allow the beam to pass through to the ionizer. Such a system
would reduce the flow of unpolarized 3He atoms from the magnet
region and would allow efforts to improve the vacuum to be
concentrated in one specific area. Reduction of outgassing of
the ionizer canvbe achieved by rebullding the ionizer with
'stainless steel parts ahd by a reduction in the number of
wires and other materials which are subject to excessive
outgassing upon electron bembardment.
| Although the vacuum requirements in the magnet region

are less severe. than in the ionization region, lO"5 Torr

A‘ weuld be satisfactory, a pump should be provided on the magnet

chamber to ensure low background gas pressures around the pole

tips of the magnet.
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APPENDIX A

INTENSITY FROM A FREELY EXPANDING JET

The angular dependence of the intensity from a>free1y

expanding nozzle jet is given by Eg. 11 as

29

eXii ‘ | |
I(®e) =K cos™ (——> < (A1)
where © is the angle between the radius vector to any point
and the normal to the aperture and (? is a constant,

¢ = 1.365 for Y= 1.67
The total integrated intensity over all angles must equal the

total molecular gas flow N through the nozzlé given by Eq. 5
iee e:Tr/Z ‘ c

Total flux = N = g T (e) dQ(GB | ‘(VA2)

©:=0

where

dﬂ_(e) = 2T sIn 946-

Thus
o=T/2 | | |
N = SK cos%%%)f sin © d6 )
o-0 |

Performing the integration results in N = 2K TV (OAZéﬁ5> :
or kK= N/ [2T (0.265)] = 0.6 N |

T()=0.6N cos?(%\) - (a})

Therefore the centerline intensity (69=()) can be written
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Lis = L centerline = 0.6 N atoms (S+eracl,an~S€C)-(
A (A5)
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APPENDIX B

INTENSITY AND VELOCITY DISTRIBUTION OF PARTICLES IN JET AFTER
PASSING THROUGH SKIMMING ORIFICE |

The intensity and velocity distribution of atoms
arriving aﬁ a location on the beam axis downstream from the
ékimmer can be calculated with reference to Fig. u48.

Assuming radial flow briginating at the nozzle with the velocity
of mass motion w in the radial direction and a uwniform atomic
'density over that region cut out by the skimmer, the.number of
particles passing through some small rectangular area (da)
located a distancef>7><5 along the axis can be found by

| summing the contributions to the flux from all elemental areas

" dA = ZV'Xg sine dX on the spherical surface which characterizes
the transition from continuum to free molecular flow. The flux
of particles passing'through this area is given by: :

3558“4Au¥(u>¥(ua -F(u;)du du, o(u3 (B1)

A u, Ua Usg
 where N is the number density of particles on the spherical
surface and u is their velocity. The orientation of uj, u,
and u, is shown in Fig. 48 and '
3 . Y m _w)”
AL 2 - Fm (W
F) ={arkT) € .
: m 2
Fla) = (2 ) @7 (9
2 *(ZrkT
| U3>

)h 'zm-
(ZWRT

(B2)

M

£ (us)



| (da)z

s

Fig. 48 Defining Diagram for Calculation of Flow through Nozzle-Skimmer System.

HIT
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As the area (da)” is very small, only atoms with velocity very
close to W where @ is the velocity vector from the point in

question to the center of the area (da)2 as shown in Fig. 49

will contribute to the flux.

Fig., 49 Definition of Certain Variables used in Calculation
of Flow through Nozzle-Skimmer System.

- Thus the values of uj, uy, and u3 may be written, defining &

and‘¢ as in Fig. 49,

ul:ucose o . |
‘}Q:;u ﬂn@ cos ¢ . A . (B3)
uy = U sine sin ¢ .

.Since,?77xs,0(?:6’and the small increment in u;, U, and u may

3"
be written as

_ _ »
mhmbm%g= u%duféﬂ
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where u is allowed to take on all values from O toeo Eq. Bl

can be written as:

ko _g,lﬂ_(ucOsQ—w) zﬂ(usm@)

| 3
'fnd ”SSﬂdA(zﬂkT> we e (_,_QL(& (B4)

now

'/ﬁd - I atoms / steradian — S€<
da) |
/el
and : . 2 ' C[
df = 2T Xs sin X dX
also ~ m Xe = Lig/w - (B5)

Thus Eq. B4 becomes
aryes (LKOS@ W) -m (US[I)Q)L

I f{ J"s ?Trﬂnda’x( 77/ZT }CZ'ZT. B dQ‘

K70 s . - | (B6)
Usz=0-— ' '

Integrating over angles =

‘ 2uwm(‘o§¢>(S 2 m A
T = jI,s 2 [ >3/2(,{ - 2kT, >§E’ 2&T; —e_%‘ik’_f"’é}ezﬁlu Fw )du

ZH’}ZT Zuw‘h\ (B7)
+hus | | - |
i ‘ ) . | cos X
dL | T NP g (e s wepeats G
du 2n th W" )

now integrating over velocities u and recalling

m\e w _ N
{zm) - Mﬁz? ! - (B_9)
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I _ Lo e _ ' (i~ cos s
fs = 2[’+;¢4W1]L( erf ( \S/u]\(\o l%— W)
(B10)

2 A - >WIS!'nZD( A ‘ |
~ 3 [cos'x +§'U—W1].e/4 - erf{ (=Ju’ w cos sy

_ m
where /‘/‘ = 27:7’

2 '
for Mach numbers M 7 3 @ Wmay be replaced by its assymptotic
limit O and equ(—J/Z’w) and erf(-Ji'w cos xs) may be replaced by
their assymptotic limit =-1l. Eg. B1O thus simpllfies to

2

~MY ginKs | 2 |
T-= I(S [(————- + | > e 2 , ({\—4_2.3’ + cos OCS)] (B11)

for M >3 A y7a ‘
M* ¥
and Eq. B1ll becomes

- Sin "o ) (B12)

L :Iis (I*COSZAS e 2
However, if in Eq. B4 the radial divergence of the flow at the

skimmer had been neglected (ie. the flow is assumed 'parallel

at the skimmer entrance) then &=0 - ‘fd/q = A sximmer

and qu.. BY becomes

- (y-w) o, '.1 | - -
7, = 5 (22\‘127\;/2 G e BT § <Cii’3{gl‘u | (213)

as before
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Thus (u W)l
. T, T Sin'Ks ey /“7
=) = o) W € A @)
u¢c>v9u3
(u-wy

(_@_: - LisT §/nlo(5 m 3/ (/(36 2):7',
‘ —w~ ZUPJ;> (B15)

du W

Performing the integration over u in Eq. Bl4% results in

e Mt _Ym’
]: j;s Sin d }(3'FXN\)('TCr;.§?;~) + = e Z ;% (B16)

2 JE;?EXD

for M >3
e ~o

[+er£ sz xXZ

Thus’reducing Eq. Bl6 to

T2 > o (B1
L e (G . ;
"Eq. Bl5 can be written
AT _ Tomw s im Ve oy
d W VW 21 RT, | “%
where - '
3 -2 (u-w)? (B

%(UB = WU e ZFT'
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Eq. B8 can be cast into a similar form

- '}
| wﬁere

Zuv\/m { cCos 0(5)
ZRT ( } (B21)

Glw =g §1-e

and %(u) is as given by Eq. B19.
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APPENDIX C
TRAJECTORIES OF PARTICLES PASSING THROUGH A HEXAPOLE MAGNET

1. Equation of Motion of a Magnetic Dipole in a'Axially

Symmetric Multipole Field.

The energy of interaction ?¥ be tween a magnetic field-

H and a magnetic dipole M is ?# = -M*H., The classical energy
| W follows from this - |

W= ’//ﬁ/,/ﬁ/ cos & | (c1)
where ﬁ has been replaced by the magnetic moment/gfwhich is at
an angle © with respect to the magnetic field H. Letting the
component of the magnetic moment in the direction of the

applied field be equal ts/Aeff we can write Eq. C1l ‘

i}AXEf( /fi/ - (C2)
The force on a dipole of constant strength is given by

F = -grad W
(C3)
=/aeff grad |H|

Two poles of a radially symmetric multipole field are shown in
Fig. 50. The 7 axis is taken as the axis of symmetry and the
field is assumed to be constant in this direction,
je. OH - '
ieo 82 hand O .
in the plane perpendicular to this axis is then a two

The determination of the magnetic field strength

dimensional problem,


file:///tfhere
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source

Fig. 50 Schematic Diagram Showing Two Poles of a
Radially Symmetric Magnet.

‘The pertinent Maxwell Equations are:

v-B= 0O
VXB = 0T 5%
| B=/AOH+M

in free space J =D = M = 0 and the first two equations become:
| v-H=0 (ck)
TxH = O S (c5)
Hence H can be described as the gradient of a scalar magnetic
potential ¢ as ' | o
| H = -grad ¢> . | - (C6)

v¢=-0 - N

using Eq. Ch
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“which is Laplace's equation. A general solution of.Laplace's
equation suitable for two dimensional geometry is

| FY) = P FiY (c8)

where o
: V= Xtiy . (9

A general property of this solution is that lines of constaht
¢.afe perpendicular to lines of constant %’, As §ﬁ represents
the lines of constant magnetic potential, the lines of constant
¢’represent the lines of fbrce°

‘Writing Eq. C6 in vector form as
- L — ¢ ]
H = 77 =

ke

where 1 and jJ are unit vectors in the x and y direction, the
square of the magnitude of H is

Y N
(Rl = | 55 5%

PR
4+

using the Cauchy-Riemann equations |

o - _2¢
oX 3Y

the above expression becomes

e =55 ]

2

which using Eq. C8 can be written as

| lHP:/b—g—g> : (c10)
and 515(9) ‘
| H] :J - \ (c11)
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Any polynomial in V is a solution of Laplace's equation. Thus

'the general solution given by Eq. C8 can be expressed as
o
: : n ,
F(\/) = £ dyV (C12)
nso. : .

Each possible multipole field configuration can be expressed by

one term of this pélynomial as _ :
F(v)=d, V" | (C13)
In ecylindrical coordinates, £ and €, the vector
Vi = 7C+L't3 can be written as
V= t(cose + (sinb)
and Eq. Cl2 may be written

FOV = £ 14, et et

' thus S n C(""9+5“)
T prig = gldid T e

S0¢ = 2 dal ot cos(mB+OR)
now H = -graﬁ ¢ from Eq. C6

and ‘in cyiindrical coordinates the expression for 'the gradient

0

is ' :
grad = r o + © 1L 2
. o r Je

-5 =2

where [ and 6 are unit vectors.

Thus ' y - .

He—gnld v [ cosrors) =@ sin(ne P82 | (o
n . . .

For a single multipole field we may drop the summation and the

‘relative azimuthal term 5n ° v

H,. is radial where NO+ Sn = O, i, 2w, 3T,

In any case \ ¢ cos (n9+§y\3"@ S'm(r\e +5,\)l = |

and CH :‘-ﬁldr\\ . R (C.l'S)
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In terms of.Eq. C3 and Eq° Cl5 the force on the dipole is
2 -
F /Mep; A(n-1) dn r"" - (C16)

and is always in the direction of r. The equation of motion
of the dipole 1s then
F= m O
ot”
/(/teﬂ n(n-1) Cj (C17)

or e
E>t2
where m is the mass of the dipole and t is time.
| " Those dipoles which have a negative component of the
- magnetic moment in the direction of the applied field H are
accelerated towards the central axis of the radial field,
while those with a pdsitive component in this direction are

deflected away_from the central axis.

2. Trajectories of a Magnetic Dipole in a Parallel Hexapole

'Magnet.

The hexapole field is represented by the general term

of Eq. Cl2
- F(v)=d,V? _ | C (c18)
using Eqs. C8 and C9 and changing to cylindrical coordinates
F(V) = ¢fwl¢ = 3(cos 36 +(<sin30)

thus the lines of constant magnetie potential ¢’and the lines
of forcey’are given by , ' ,
G= dsricos 30 (€19)

and

\

Y

R}

d3 r® sin 36 | ) ' . (c20)
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' The parameters used to describe the hexapole magnet
are shown in Fig. 50, where a is the distance from the source
to the magnet entrance, r, is the radial position of the
particle at the magnet entrance, rn 18 the radial distance to
the pole tips, Ho is the Strength of the‘magnetic field at the
pole tips,.and r and Z denote the position of the particle in
the magnet. 1In terms of these parameters, the magnitude of
the magnetic field strength at ény radial position, as given
by Eq. Cl5 is

. : r\2
H| = — ]40
: - U rm - (c21)
The equation of motion of the dipole in the hexapole field as
given by Eq. Cl7 is

O =+ Zpter Ho T

ot* oM T
letting : ‘ . , ‘

mM 'm ‘ .
 the trajectory of the focussed particles (those with a negative
component og/ieff in the direction of H) is |

| r=Asinbt + B cosbt
using =z =ut this equationvbecomes , o
, ‘ I (c2
reAsin(B2) 4 B cos(*a}> - (c23)
w RN ' | .
and the slope of the trajectory is

R R T N

02 (4‘
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If the particles enter the parallél magnet with divergence S

and radius re then the arbitrary constants are B = T and

_su o '
A =7 . In terms of these constants Egs. C23 and cak

" become ‘ : '
_ SU g ,b_ff) + r, cos ‘212) (c25)
= "E’ S/n( u . S » ((/L ' ’ )
of :SCb'S(ba%\)anbl n /b % ‘
D2 ‘ w W o (’%C) (c26)
The solution of the differential equation
2 2
9 ’\2 = b| T
ot
'describing the trajectories of the defocussed particles is
' bt ~b,t
r=Ac + B, e

which using Z = ut can be written as
—bi 2

———

L b ®
r: A.C“’ +B‘€ “

If the particles have slope Sy and position rq at =0 then

bz b, 2

s WS\ o TE 4 e —uS -2 (c2
f Z(Pd+-_g;§~>-€ ‘+“2("a‘ b.d>€ @ (c27)

3. Trajectories.of a Magnetic Dipole in a Tapered Hexapole

Mégnet.

- The gébmefrical bafametefs describing the tapered
hexapole‘magnet are shown in.Fig. 51. The magnetic field
strehgth, Ho, at the pole tips is assumed to be constant along
the length of the magnet as should be approximately ﬁrue if
the magnet iron is saturated in this fegion. This turns out

to be a good approximation in practice.
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iy

+particle trajectory

- o
~—fnozzle '

— 2 H
' Z

Fig. 51 Schematic Diagram Showing the Parameters used to
describe the Tapered Hexapole Magnet.

|| | central axis

Zp @“‘

Y

By similar triangles in Fig. 51, the pole tip radius r asa
function of 2 is given by

N | ’
IR (c28)
P = 2

At any position 2, the field strength in a plane perpendicular

to the direction Z is given by Egs. C. 21 and C. 28,
2 g2
\Hl = T2 H,
. rll-zl .
The calculation of the trajectories is limited to those cases

for which the variation of the magnetic field strength in the

| Z direction is sufficiently small so that the compohent of
grad‘ﬂf in this direction can be neglected. Thus for the case
of the tapered hexapole field, the'general equation of motion

of the dipole as given by Eq. Cl7 becomes
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*r A_ + 2 mege Ho 27\
Q,_E,-(/‘ ° >1

02 moorTut _2

where the change of variable 2 = ut has been made.

Letting

b1 — Z 5(/‘6’{( HO ZI ’ (029)
27 o u

the above expression becomes
EBZF. -+ * :
-, = tb, o, | (¢30)
2 2 |
. where the positive and negative signs refer to the defocussed
and focussed portions of the beam respectively.
Within the above stated limitations, the solution
of this equation should not differ significantly'from the

‘solution for the case of the parallel magnet. The solution of

the negative part of Eq. C30 can be shown (Ax65) to be
':/ ' -
rzDZ?COsgm/@”‘z *53 o (c31)

The two arbitrary constants D and € , determined by the

boundary conditions that r = r_ and }; = % at Z=Z, are

D=L (bl B(R-D

BT

and
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using these two constants the radial positions of the dipole
in the tapered hexapole magnet at a position 2, as given by

Eq. C31 as

7 | \ 1 |
= Zro ‘ bz L _%. (% -—0 = coSs 72_ (€32)

4bF ~1 Z,

2

. - : .d 221 | | (C33)
7::§4b;~1‘£ﬂ§2:’-'+an = B
' o Z, '

Jab: -1

By differentiating Eq. C32 with.respect to Z, the slope of the
“trajectory is |

. . »
a_l_‘ - S: Lg_,_\[b; + %J(?c_: ~l> coS q“m SIh?Z (C34)
X 22/ 24t = - 2

The solution of the positive part of Eq. C30, corresponding to

the trajectory of the defocussed particles is

I+ Jabs+e | V4641
F=C32 2 +C4 2z z ' (C35)

' The arbitrary constants, 03 and Cy, as determined by the

boundary conditions are

Jab? +1

o = " I+
, : 2%,—410~J4u+10 ’(””“E’”~>
cy = To -

Za J4b; v |
| o R L :-d4b;+H)
Ch_: rp§oo(!+\j4b;+l )‘22| ] Z, <_-~7”—
ZaJap v
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Substituting these two equations in qu'C35 the radial
position r of the defocussed particles at position Z in the

hexapole magnet is

' | I+{ap7+7]

. B AT ) <z \*‘“—“"z
{

A
Vasr+1 !
1 } [+Vaeie) - X j(_z»’
\!4bf+1 !

—

p-

(C36)

2

Z

By differentiating this expression with respect to Z the slope
of the trajectory of the defocussed particles at position =

in the hexapole magnet is

—I+Jivapy

N fl+\}4b‘+s’Z£ = “('_*\)4b;+n')§ (2\ 2
ﬁid'zlz.[ ENETER .\z\

81 J4b+ if +J4b; +1 ”22'3 /\
,‘4b1 -

Thus the trajectories of the particles through a

(C37)
\)17“4[71

combined tapered and parallel hexapole magnet are obtained for
the case of the focussed particles as follows. First the
position and slope of the particles at the end of the tapered
section are obtained using Egqs., C32 and C34. The position and
slope of the particles in the parallel region are then
calculated using Eqs. C25 and C26. A similar proceedure for
the defoéussed particles uses Eqs. C36 and C37 to}calculate the

poéition and slope at the end of the tapered_section and uses
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Eq. c27 to.calculate ‘the position in the parallel region.
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APPENDIX D

CALCULATION OF SIGNAL SHAPE FROM TIME-OF-FLIGHT APPARATUS

- If the chopper allows only an infinitely short bursﬁ
of particlés to.start on the way to the detector and if the
detector is infinitely short then the signalfS(é) observed at
the detector can be directly relatéd to the differential

intensity distribution function I (V)= j% of the particles in
the initial beam
. _an .
Se)y= A Iggp where V:.% _ (D1)
and A'"" = constant

since the detector signal is proportional to the denéity
=:%CM‘the particles at the detector separated by a distance
L from the source. _

Unfortunately the chopper takes a finite length of
time to pass across the atomic beam profile and as é result
a group of particles with a finite time spread is allowed
past the chopper. ‘Also the detector has a finite length so
that the signal received will be a sum of contributions from
all sections of the detécﬁor.

Consi@er the case where the chopper allows a recﬁangular
burst of particles such as shown in Fig. 52 to enter the system.
This distribution will be called the shutter function. Also
‘assume the detector has a length'r' and the response from all
sectiohs of it are equal, that is we havg a rectangular detector
response function shown in Fig. 53;. The geometry of the

system is now as shown in Fig. 54%. Consider some point A in
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— — FWHM=T

0 T time t

Fig. 52 Rectangular Chopper Shutter Funétion.

—_— N

Fig. 53 Rectangular Detector Response Function.

.DET%CTOR.

CHOPPER - |
. |

el - ,e : T |

= ,Q‘ wm—[’—a—‘

iy £a R

Fig. 54 Geometry of Time-of-Flight Apparatus.

-
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the detectdr at some time t; the signal arising from particles

‘at this position in space and time S(t f) is given by:
5 (2,) 5 A"V I(V)dv " o | (p2)
v}SinCe an increment in intensity is giVeh by‘ dT = If(vjciv
| ,vii f/t

v, = ’£4%fq> provided 't‘7”?

(D3)

Summing over contributions from all elements of the detector

s(t) = fdd S(4,8)
1. vz(ﬂ){:) ‘ :
8(t) = dg X A" I(V) dv (D4).
. X\‘ V,(f)‘f) V .

Taking‘the form of the differential intensity distribution

function recommended by Hagena and Morton (Hab7)

_A(V-w)? :
IMW=4df _ Alvre /ﬁ( g (17)
av |
where A' = constant
ﬁ,? 2RT,
we have
O AMJAV& (VM dv
¢ j R o on

where A = constant .

‘making a change of variable

Jﬁj‘(\ﬂ-vv)'
JF AV

X

dx



we have X2 x5
A LW dX
S = (A TU)e 5
Gan S (5 e
where | ‘ | /q-
%=JF<?~W>
| L -
X, = J?gj <,£fiﬁf \Aj>
recalling o 2
| 2 _t
_ z '
ecf Z = goe’ _dt
and ' 2|5
B ' -x X
faxe en = 7,
we have

, S(t) _ Riiﬁ ﬁ&{Yij‘ﬂ E er£ (V' E <'/A -W

X

_ er£1<J" 4 - >>§ | “ﬁ(v—

- —~€~ﬂ(,_«N) j ]

now recalling

. S?'enf gt = (eleC,C 2, —ecfc Zo)- | dt

Z
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(D6)

(D7)
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and fnaking the change of variables

Pk vy ()
(s R ()

after some simplification

S(e) - %E[L(f—@) (erfc Jc;«er#cf,’)-zf(erfcé;'«erm,")J

AT , N ) |
f 2@\1;(_372 [’(t-l'z)(c’r& t, —erfct, ) '+‘t(€r§ t, ~Qr_({l”)] (D)
| 27

now | erfc 2 = =2 (I—erf ) + _

m
Thus S(t) reduces to

Sl - AT 5 [wfz ) (Wi )]erqc ¢

- 2,2 :
- ,[ . N : 12 ’"Z:L -T,
.[w. , (¢ ’t)(\{v +Zif;>]er§t,+\[% “ﬁ[@ S ] (D9)
~ )_wﬂm ~t(w? 42/33] er—c ‘(:1

1‘{‘\/\/? —t(w? +Zﬁ)]€f§ t,”*J_W/;_, %[e’tz-e~t’ J
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A computerv programmne was written to calculate the above
function for various values of¥, f, and {, . For the fixed X,
and fl uséd in this experiment the effect ¥ has on widening
the FWHM of the observed signal 4t és compared to the. |

- theorectical signal At, is summarized in Fig. 26 where 1= T .
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A LOW TEMPERATURE NOZZLE BEAM
FOR A POLARIZED JHet ION SOURCE

R. Vyse, J.C. Heggie and M.K. Craddock
Physics Department, University of British Columbia

" Helium beam intensities obtained from nozzles
cooled to 77°K and 4.2°K are studied for possible
use as an atomic beam source in a polarized 3pet
ion source. : . '

Polarized ion sources require atomic beams of high
intensity to counteract the very low ionization efficiencies
- obtainable by electron bombardment. Furthermore, 3He atoms
have only their small nuclear magnetic moment, so that
Stern-Gerlach splitting of the two spin states requires an
unreasonably long magnet unless the atomic velocities are
sufficiently small. A nozzle of the style suggested by
Kantrowitz and Greyl, cooled to liquid helium temperatures,
therefore appeared to be a possible solution to the require-
ments of high intensity and low velocity. ’

Many groups have studied the behaviour of atomic beams
produced by small nozzles and have found substantial depar-
tures from the ideal behaviour originally postulated. These
departures are attributed to the interaction? between the
skimmer and the supersonic beam, and the background gas
scattering3 taking place in the region between the nozzle .
and the skimmer. Previous work using cryogenically cooled
nozzles4 and helium gas, however, has been aimed more at
examining condensation than at maximizing the beam intensity,

The atomic beam source has been briefly described by
Axen’ and consists of a D = 0.2 mm diameter nozzle and 0.4
_mm diameter skimmer attached to a cryostat capable of sus~
tained operation at 4.2°K. The differential pumping system
simultanecusly provides the vacuum réquired for the opera-
tion of the atomic beam and the cryogenic system.

With this source we are examining the behaviour of an
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atomic %He beam with the nozzle at room, liquid nitrogen
and liquid helium temperatures, ' In each case the skimmer
and collimator are cooled to the same temperature as the
-nozzle, Operation of the atomic beam source at room tem-
perature using an 0.2 mm diameter converging nozzle shows
the standard dependence2 of intensity on nozzle-skimmer
separation measured in nozzle diameters, L/D, (Fig. 1). At
77°K measurements have so far been made at four different
separations, and indicate a similar dependence over a com-
pressed distance scale. At 4.2°K measurements have been
‘restricted to two separations with the tubing nozzle des-
scribed below.

Figure .2 shows the effect of nozzle temperature (Tg)
and pressure (P;) on beam intensity for two fixed nozzle-
skimmer separations. For these measurements the orifice
consisted of a section of 0,0095" diameter tubing approxi-
mately 10 nozzle diameters in length, The behavour of the
tubing nozzle is similar to that of a converging nozzle, as
can be seen in the insert of intensity variation with
nozzle-skimmer separation. The periodic scatter in experi-
mental points iIn the insert is due to an alignment diffi-
culty. Typical nozzle exhaust chamber pressures (Pgg-mTorr)
are shown in brackets beside the relevant experimental
-points, A similar set of curves is shown in Fig. 3 for a
0.2 mm diameter nozzle made by piercing a hole in a piece
of 0.001" brass shim shock. Again the typical background
pressures in the nozzle exhaust chamber are shown.

. There is evidence that the beam is being attenuated by
scattering by background gas in both the nozzle exhaust
chamber and in the region between the skimmer and collimator.
Typical pressures in the skimmer-=collimator region, Pg.,
measured 2 cm from the beam axis and corrected for thermal
transpiration, are tabulated in Table 1 along with the es-
timated resulting fraction of beam observed (I/Io) for
typical points chosen from Fig, 3. ' The 1/I, ratio was cal-
culated assuming a simple exponential scattering relation-
ship using a viscosity based mean free path. Uncertainties
in the effective mean free path for scattering out of a beam
at 4.2°K, and in the pressure measurements, give rise to
larger -uncertainties still in the attenuation because of its
exponential dependence. The uncertainties quoted in Table 1
are based on I 50% uncertainties in mean free path.

The ratio of observed to theoretical beam intensities,

940
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uncorrected for attenuation, is plotted as a function of the
Knudsen -to Mach number ratio in Fig. 4 for the experimental
‘points shown in the previous figure. The Knudsen number is
based on calculated free stream conditions at the skimmer
entrance and the Mach number is determined using the nozzle-
skimmer separation and the method of characteristics solu-
tion of Owen and Thornhills, Considering the extent of the
attenuation of the higher P, measurements at 4,2°K, the
results of Fig. 4 show a considerable increase in beam in-
tensity over what we might expect based on the results of
Fenn and Deckers as indicated by the straight line.
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TABLE 1

Attenuation of Beam Between Skimmer and Collimator

To (°K) P, (Torr) Pg. (Torr) /1,

77 7 10-4 0.92 $ .05
77 15 1.5 x 1074 0.88 T .08
77 36 3.2 x 1074 0.72 T
77 134 1.6 x 1073 0.25 * .15
4.2 2 3 x 10'2 0.45 .t .15
4,2 - 7% 7 x 1077 0.15 T .1
4,2 20 2 x 107% 0.0045 T .07
4,2 32 3.5 x 10™4 0.00007 * .01
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APPENDIX F

LOW TEMPERATURE ATOMIC 3He BEAM FOR

‘'USE IN A POLARIZED 3He* TON SOURCE

R. Vyse, D. Axen and M.K. Craddock
Rev, Sci. Instr. In press
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