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Examination of these equations gives a feeling for the non-adiabatic interaction,

[t is clear that the axial velocity is the driving mechanism if v, &gt; vgwhich is

the condition on the injected beam, The perpendicular velocity is directly changec

due to the axial momentum driving the particle across wi . The change in axial

velocity is then produced by the interaction of the perpendicular velocity with

the perturbation. If vi &gt; v, the situation is reversed and the perpendicular

velocity drives a change in v,. However in this case the phase angle x is a

rapidly fluctuating quantity which will slow the transfer of velocity. Thus

baring the existence of sub-resonances as previously discussed we can conclude

that the motion up the velocity shell from the injection point is rapid and the

reverse process is considerable slower, That this conclusion is physically

reasonable can be seen from Figure lb which shows a rotating field vector and

two particles with different rotational velocities. The force on particle 2 tends

to average to zero, If one substitutes the approximate expression for a

Wingerson type field with constant pitch in the orbit equations and makes the

reasonable assumption that the v, is approximately constant an immediate solution

can be found
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The resonant behavior and the condition for resonance are both obvious, If one

substitutes k = fm in the above and plots the perpendicular energy normalized

to the resonant energy against the axial velocity v, normalized to the resonant

velocity Figure 3 is obtained. The curves are for one, two and three periods and

are qualitatively similar to computer solutions over the entire range of velocities?
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These computer solutions were performed for a Fedorchenko type of field. The

similarity is due to the possibility of decomposing such a field into two counter

rotating Wingerson fields in the approximation used. The counter rotating component

is non-resonant and the interference term produces only a small effect.

Trapped particles can never experience large interactions with the non-

adiabatic field since the resonance peak lies in the loss cone. Even if we

include sub-resonances lasting for several periods the change in perpendicular

energy is still small. It is clear from Figure 2b that the directionofthese

small changes depends only on entrance phase. Making the reasonable assumption

that a non-resonant particle of entrance velocity v, is carried through the

neturbing region with this as an average velocity we can examine the change

in the perpendicular velocity, Rewriting equation 7a we obtain
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where £ = — . This has the form of the Langevin equation, The usual friction
z

term is replaced by the second term on the left which represents the particle

orbit in the unperturbed field, The quantity on the right is a rapidly fluctuating

quantity, being the perturbation seen by the particle in its orbital motion. In

the theory of Brownian motion the right side of the Langevin equation is a stocastic

force and various statistical properties are assumed in order to obtain solutions.

In the present case w, is known and the only statistical assumption required is

that one mirror reflection randomizes the phase of a particle, Consider Figure 1 a,

A particle enters the perturbing region at A characterized by a vy and ¢. At B the

particle has experienced a change Avy depending on ¢ . It is reflected and its

phase is randomized at the other mirror. It then returns to repeat the process if
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the perturbation is symmetric or one mirror reflection later if the perturbation

is not symmetric, In any case the particle experiences a series of small steps

in vy space, Their direction is random since ¢ is randomized at each end of the

system, We can unfold the mirror system as in Figure 4a and ask what is the change

in a distribution function for particles moving in one direction, Since the

particles gyrate at a constant rate in the umperturbed region we can further

simplify the problem by considering Figure 4b,.a line of perturbations spaced at

random along the z axis. The problem is now formally equivalent to the problem

of Brownian Motion and the Fokker Plank equation gives the appropriate description

of the evolution of the particle distribution function. Using the usual procedure

the change in the distribution function per transit is
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Now since the total velocity is a constant and we expect no dependence on the

angle ¢ , the diffusion coefficients are in vi alone and we may integrate out

the ¢ dependence. The first term becomes merely

| - 3 &lt;Avi&gt; f

Ve

The second becomes

1 3 Vai 0 &lt;Ava?&gt; f
A ave ik

To calculate the diffusion coefficients equation 11 is solved. The unperturbed

solution is first removed by setting
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Then equation 11 becomes
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Direct integration gives
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Since the phase of w, can be measured relative to the particles initial phase,

when we average over initial phase we find

| AVY&gt; J 1

Then since

Averée 8 AVLAVL

ve get
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The initial phase is eliminated by the absolute value and the diffusion coefficient

hecomes

Avot &gt; / Lo,el8 2dz

This result could be anticipated by comparison of equation 11 to the Langevin

equation, The fact that equation 11 has an imaginary friction term implies that

&lt;AVY&gt; = 0.

The same technique can be employed to calculate any spatial diffusion due

to the non-adiabatic scattering, The position of a particle is specified by
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where f, is the guiding center position, It is the change in this quantity which

constitutes particle diffusion, If either &lt;Arg&gt;

we must add terms to the Fokker Plank equation
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where all the r's refer to the guiding center position. The system under con-

sideration is cylindrical and the spatial diffusion can be discribed to first

order bv
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It is possible to solve the equation of motion for r, and the guiding center motion

can then be obtained from equation 22,
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and the expression for r, becomes
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by using the initial condition
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The left hand side of equation 26 is the desired quantity Ar, since it is the

change in the particles radius due to the perturbation. A partial integration

of the right hand side yields
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Comparing this with equation 22 it can be seen that
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Then averaging over the initial phase gives

¥
nt } ZA fp

and

Rp:

&lt;/ 12 - Vs Aw

wo w

rf le dz)?
0 Wa

The total diffusion produced by the ne&gt;turbation can now be written
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From the form of the diffusion coefficients it can be shown that to the order

of the approximations made the above can be re-written as

2
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The operator presented in reference six 1s written in terms of the parameter s,

defined as

ra

where v is the total particle velocity. This parameter measures the polar angle

in the velocity space. Equation 33 can be written as
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The result of reference six is
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The velocity operators agree aside from a factor of two. The spatial operators

differ greatly. This discrepancy can not be resolved at this time since the deri-

vation of equation 36 has not yet been published. However the spatial diffusion

given in equation 36 can be qualitatively shown to be associated with the Larmor

radius of the particle rather than the guiding center. Refering to equation 22

which defines the particle Larmor radius and neglecting the change in the perturbing



field it can be argued that the change in the Larmor radius is given by
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Which, aside from a factor of four, is the guiding center diffusion coefficient

given in reference six.

Whichever of these results is correct the fact remains that they are both

only first approximations to the true spatial diffusion. This is due to the

approximation which is fundamental to the evaluation of the expressions given

for all of the above diffusion coefficients. This is the assumption that the

perturbations have no x,y dependence. If this assumption is not made the averaging

over initial phase must be done explicitly, i.e.,

2 2
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where 9, the phase of the field seen by the particle, is referred to its initial

phase &lt;,. This restriction is not serious in the case of the velocity diffusion,

but in at least one important case it seems to be vital to the radial diffusion.

It is well known that in a system of magnetic fields independent of the azimuthal

coordinate the canonical momentum is an absolute invarient? In particular, for

the Fedorchenko field it has been shown that the radius of a particle injected

at a radius r, must lie in an annular region bounded by
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This condition forbids radial diffusion entirely in such a system, Consequently

the radial diffusion coefficient should be extended to include the effect of field

divergence,

The velocity diffusion coefficient derived above can be simply related to

an experimental observable, It is argued in Wingerson, Dupree and Rose that

since the parameter s is of order one, the number of transits before a

particle diffuses from the system is given by

ty N=
n

This can be related to a confinement time, Particle decay from a Fedorchenko

system has been measured and agrees well with the confinement time estimated

above, Chapter Two describes an amparatus designed for an exnerimental study

of non-adiabatic scattering. The experimental measurements of confinement time

are contained in Chapter Three,

Inserting equation 5 in equation 37 and evaluating the resulting integral

gives the number of transits for a Fedorchenko perturbation,

y 2

Assuming an average

N - (74) (we)? = Ju

-“l
*ransic time cf 9,6 - )° sec, this gives a decay time of

1: .2 u sec,
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CHAPTER II

Experimental Apparatus

1) General Description

An experiment to investigate non-adiabatic sca““~ring must be designed

within very precise limits. Since one is interested in a particular type of scat-

tering all other types must be made smaller than the one to be observed, In addition

the magnetic field must be known precisely in order to relate the non-adiabatic

scattering to the particular field configuration under investigation. Previous

experiments? have been directed toward an examination of the non-adiabatic

interaction in the region of the resonance peak. In this region pressures in the

range of 107° mm, are adaquate and injected beam currents on the order of a

hundred milliammeres simplify observation of the resonance. The ideal experiment

would operate at a pressure in the range 10°8 nm, with a beam current of micro-

amperes. The low pressure would eliminate scattering of the injected beam by

gas atoms and the low beam current would prevent electron-electron interactions.

The pressure and beam current used in the present experiment represent a compromise

between the ideal and the achievable. The remainder of the experiment was designed

with a view towards versatility in the sense that it will be employed in further

investigations of different non-adiabatic fields,

Figure 5 is a photograph of the experimental facility which resulted from

the general considerations given above. The vacuum chamber on the right was

assembled outside of the magnetic coils for leak testing, For operation the main

tube is split at the center flange and each end station is wheeled into position

at opposite ends of the field coils. Once in position three jacks on either end

raise the system to provide a rigid mounting, The tall relay cabinet contains
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the vacuum gauges and safety circuits in its upper half, The lower part contains

the dual three phase power supplies which run the mirrors. The shorter relay cabinet

contains the main field power supply. The cabinet above contains the control circuit

for the electron gun. The Tektronix square wave generator is used to pulse the

beam, Above the magnet coils on the right is barely seen the frame upon which

is mounted the experiment proper. This frame will be inserted within the vacuum

chamber and it is designed to be supported by bellows operated by rods which

are mounted on the masnet bed. This arrangement decouples the experiment from the

vacuum chamber and is hoped to reduce changes in the operating field due to vacuum

wall vibrations, It also has the advantage that the experiment can be tilted so

that the resultant of the earth's magnetic field and the main field will be along

the frame's axis.

2) Vacuum System

Figure 6 is a schematic diagram of the vacuum system giving its general dimen-

sions. The high vacuum side is constructed of 1/8" wall, 8" diameter stainless

steel tubing, with the exception of the vertical sections in the end tees which

are of 6" diameter. All steel sections were welded internally to eliminate any

crevices and were electro polished after welding. All of the high vacuum joints

employ neoprene O-rings although the new Viton O-rings in the center three joints

would allow a higher temperature bakeout. The neoprene variety were found to

perform excellently, surviving thirty hours at 110°C. in the initial test, with

no visable set, The bakeout was accomplished by plastering the main vacuum tube

with asbestos paper which has the property that overlapping layers can be pounded

into a joint when wet. Over this was wound nichrome heater wire and another layer

of asbestos paper. Finally a winding of asbestos tape allowed the tubes to be
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heated to 110°C. and maintained at this temperature by a relay-thermal switch

circuit. The end stations were heated by flaming them with a torch.

The six inch vertical section joins a six inch gate valve over a six inch

chevron baffle, Below the baffle an adaptor plate matches a four inch diffusion

pump to the system, This arrangement gives a pumping speed of 400 liters/sec.

for each end station. The pumps used DC~-704 silicon oil which has a vapor pressure

of 2 x 10-7, With liquid nitrogen in the baffles to prevent backstreaming

this pressure sets a lower limit of about 2 x 10-8 mm, on the system pressure,

The fore line was evacuated with a 13 cubic feet per minute pump. Awater cooled

baffle was placed over this pump to prevent back streaming of Duo Seal oil. The

entire system was arranged so that it could be aired up to an inert gas. This

measure was taken to preserve the oxide coated cathode of the electron gun.

During testing the system achieved a pressure of 4.8 x 107’ with water cooled

baffles. This is a factor of two above the vapor pressure of the oil used and

was considered adaquate for the experiment since at this pressure 85% of the

electrons remain unscattered during the lifetime indicated by the theory of

Chapter I. Pressure measurements were made using a Vacuum Instrument Corporation

ionization gauge N34 and control circuit. The gauge is supplied calibrated to

1074 mm, of mercury. In operation it proved superior to the usual Research

Laboratory of Electronics gauges in its stability of reading.

The last remark concerning the vacuum system is the reason for its length,

As stated previously, one of the general considerations of the system design was

versatility since it will be employed for further studies of many different types

of non-adiabatic fields. It was shown in reference six that the optimum non-

adiabatic trap was one with many periods of small perturbation. Therefore the

system was made long enough to contain a fifty period corkscrew,



3) Magnetic Field

The magnetic field was produced by thirty coils of the type shown in

Figure 7a. They were constructed by potting four hundred turns of number fourteen

wire and five turns of 1/4" copper tubing in Styecast epoxy. The high heat

conductivity of the epoxy enables the coils to produce fields up to 400 gauss

without an appreciable temperature rise. The coils were mounted by placing them

at one inch intervals on aluminum rails shown in Figure 7b. Initial measurements

showed that by trimming the end coils a uniform field of 200 gauss could be produced

over a four inch diameter region approximately ten feet long. In this region

ripple, due to the power supply and spatial effects, was much less than ,5% .

The increase in the field with radius over this region was about one percent

To construct a magnetic bottle two coils were butted together and run in

series. A mirror field of four hundred gauss was attained with the coils

running at 11.5 amperes. At this current each coil was dissapating about 300 watts,

and the temperature at the inner surface rose appreciably. For the actual experi-

ment the mirrors were run at fifteen amperes with further heating but no ill effects.

The field configuration employed in the experiment is shown in Figure 8. The

perturbation field was superimposed on the flat region between the mirrors, The

electron gun was located in the uniform field region outside of mirror number two

and the collector just outside of mirror one.

The perturbation in the main field was produced by mountingumetal rings

on the frame holding the electron gun and collector. Ten rings consisting of

eight layers of 1/32" u metal with an average diameter of four inches produced a

field which could be approximated by equation five, The wavelength was taken as

the inter ring distance of six centimeters. A measurement of the perturbation
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produced is shown in Figure 9. The rings saturate at fields less than one

hundred gauss and have a narrow hysteresis loop. However in order to avoid any

change in the perturbation due to hysteresis the experiment was run at constant

main field. The magnitude of the perturbation was about seven gauss,

The magnetic field is driven by three phase power supplies which have an

intrinsic ripple of less than four percent at 360 cycles. The main field coils

have sufficient inductance to eliminate this ripple and the mirrors were shunted

by 2000 ufd each, Thus current ripple was eliminated, A more serious problem

was not eliminated. This was the power line fluctuations, The experimental

measurements were trigeered from the line but fluctuations in the line voltage

produced small variations in the height of the mirrors and consequently in the

measured decay times. However the results were considered accurate enough to

support the theory and no further steps were taken to regulate the magnet

currents, The mirror supply is shown in Figure 10. It supplies the two mirrors

with up to 15 amperes at 80 volts.

4) Electron Beam and Detector.

The electron beam was produced by a 21FLP-4 electron gun operating at a plate

voltage of from one to four thousand volts. At this voltage the beam current could

be varied from zero to about twenty microamperes with the control circuit shown

in Figure 11. The gun was located in a uniform field region and this field

dominated the focusing of the beam. Off resonance a spot one millimeter in diameter

was observed on a phosphor screen placed outside of mirror one. The oxide cathode

was activated following a standard procedure. During the experiment the vacuum

was broken three times without distroying the cathode by airing up the system with

nitrogen. The electron beam was detected on both a phosphor screen and with a
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Faraday cage. The Faraday cage was designed to have low capacitance to improve

ad &amp;

its time response and it was biased positive with respect to its screen to reduce

secondary emission. When shunted by a 25K resistor its frequency response was

calculated to be better than three megacycles. The beam was pulsed at about sixty

cycles triggered from the line and the output of the Faraday cage was fed to a

Type 121 wide band Tektronix preamplifier. The output of this was fed via a

terminated cable to a type CA dual trace Tektronix plug-in unit and displayed

on the screen of a 545A Tektronix oscilloscope. The rise time of this sequence

was calculated to be less than the expected decay by two orders of magnitude.

Actually the system response was on the order of two microseconds. Most of this

was due to the distortion of the trigger pulse on its way to the gun control grid.

This was not corrected since the decay signal could still be measured to sufficient

accuracy.

The gun was mounted in a brass tube soldered to a plate. The leads ran through

a teflon gasket in the plate and were connected by means of an acorn tube socket

to the power supply. All of the leads for the gun and collector were brought out

of the system by vacuum lead throughs located in the six inch part outside mirror

one. It was the long length of the grid connection which was chiefly responsible

for the system rise time mentioned above. All leads were run in glass tubes

lying in the aluminum angle beams supporting the experiment.



Chapter 111

Experimental Observations of Non-adiabatic Scattering

With mirror one at 7A the field configuration shown in Figure 8b was

obtained. The electron gun was activated and the spot shown in Figure 12a

appeared on the phosphor screen at a voltage slightly above 1K.V. As the voltage

was raised the spot rotated and spread through a sequence of progressively larger

angular segments until at 1.4K.V. it became the circle shown in Figure 12a.

This behavior can be understood by reference to the typical resonance curve

shown in Figure 3. As v,/Vyeg is increased the sub-resonances on the left of the

main peak cause the spot to move as the beam gains small amounts of perpendicular

Energy. The spread in the spot as the main peak is approached indicates a lack

of phase stability in the particle orbits, As shown by Lidsky a small variation

in the entrance conditions for the various particles of the beam entering a

Wingerson field can lead to a large spread in phase at the end of the perturbation.

The appearance of this effect in a Fedorchenko field emphasizes the essentially

similar nature of the basic interaction, The phosphor screen has a diameter

of 3.5 inches and it lies in a field of 150 gauss. A proportional divider

measures a Larmor radius of 0.59 cm. which gives the amount of windup of the beam,

(22 g..i3

According to the computations of Laing and Robson a five percent perturbation of

ten periods should give a windup of over .6., The difference is probably due to

the particular type of perturbation employed in this experiment, As shown in

Figure 9 the u metal rings although they were wound as identically as possible,



show a variation in their perturbing powers. This is due to the effect of

cold working and magnetic history. The effect could be minimized by heat

treating but in the present experiment the windup was sufficient for trapping

and the variations in perturbation amplitude seem to contribute to the scattering

only in higher orders. The entire experiment was conducted with a constant field

in the perturbation region to eliminate any further variation of the u metal

characteristics. An effort was made to replace the rings with current windings.

Calculations for line currents indicated that a suitable perturbation could be

produced by 1200 ampere turn coils with every other coil counter wound, Such

coils were constructed but their finite size eliminated the desired ripple and

the project was temporarily abandoned. The continued use of the u metal rings

can be further justified a posteriori by the close agreement between the behavior

of the wound up beam and the theory

When mirror one was raised to 15A off resonance the spot was not affected,

except for a slight movement toward the axis as the field lines were squeezed in.

On resonance the pattern shown in Figure 12b was observed, The smear is due to

trapped particles precessing in the mirror fields during reflection. This is a

graphic demonstration of the conservation of cononical angular momentum as

outlined in Chapter One. The trapped particles fill only an annular region in

an azimuthally symmetric field. The particles could still be trapped down to a

mirror current of 12,5 amps, At this current particles with ,38 windup should

still be trapped. This is a bit inconsistant with the measurement of the particles

Lamor radius unless the current of trapped particles is too weak to excite a net

visible flux in the phosphor at this mirror ratio. Again the exact resolution

of this slight discrepancy has little bearing on the results of the experiment,







The phosphor was removed and replaced with a screened Faraday cage. The

experiment then assumed the form of Figure 11. The photographs in Figure 13

are typical of the data taken. Two pressures were emploved, 3 x 107° mm, and

3x 10”7 mm. to insure that neutral scattering would not affect the results.

The variation observed between these pressure ranges did not exceed the random

variation between photographs taken on each individual range. The non-resonant,

1300 V case is also plotted in Figure 13, and the trapping of particles on resonance

is easily seen. The non-resonant trace gives the total response time of the

experiment, Lach of the photographs was measured and the data plotted on log

paper where the slope to the 1/e point gave the decay time of the signal. The

natural system decay was 2 u sec, and the measurements of the trapped particle

decay were made after about three system e folding times. The average lifetime

measured was

r, = 10,7 u sec.

corresponding to about one hundred transits. The predicted decav constant was

+= 14.2 u sec.

This result is in striking agreement with the experimental value and demonstrates

the power of this theoretical approach to problems of this nature.



CONCLUSIONS AND SUGGESTIONS

The excellent agreement between one prediction of the statistical theory

of non-adiabatic scattering and experimental observation underlines the

importance of this theoretical method. So far, only fields with no x,y dependence

have been treated theoretically and as shown in Chapter One, this is a non-trivial

restriction in the prediction of radial diffusion. One conclusion which can be

drawn from the experiment of Chapter Three is that this restriction is not

important in the prediction of velocity diffusion. Figure 12b shows that radial

diffusion in fact does not occur and the agreement of the theoretical and experi-

mental lifetimes shows that the azimuthal symmetry of the fields does not affect

the scattering in velocity space. The extension of the theory to include the

divergence in the magnetic field would be of great interest, Experimentally

there is also room for further work, The only previous measurement of lifetime

of particles in a non-adiabatic field was performed by Dreicer, Karr, Knanp,

Phillips and Slovall. They observed the decay of particles from a Wingerson

type field and found that narticles were scattered out by two mechanisms, Their

experimental parameters were close enough to the ones in the present experiment

to permit direct comparisons of a qualitative nature between results. The two

decay times observed were

1
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No explanation was offered for this result and the present experiment did not have

sufficient rise time to detect the fast decay if it were present. One possible

explanation is that the long decay is due to the velocity space diffusion as in

the present experiment and that the fast decay is due to sub-resonances with the
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decreasing pitch of their non-adiabatic field, Further investigation of this is

clearly indicated since the relative magnitude of sub-resonant and diffusive

scattering is an important factor in the choice of the pitch variation in a

nractical fusion machine.

In addition, direct measurement of the radial particle flux in both the

Wingerson and Fedorchenko fields would be of value in lieu of the theory extension

mentioned above. For this measurement an experiment using barrier detectors mounted

on radial probes seems appropriate and can be performed on the apparatus constructed

as part of this thesis, Use of a variable perturbation emploving current windings

would allow the observation of the change in radial and velocity diffusion in the

presence of a pulsed non-adiabatic region. This arrangement should allow the

trapping of particles for longer times by removing the cause of their decay.

It is clear that much work remains to be done. This thesis has provided

the apparatus for further investigations and has taken the initial step in the

verification of what promises to be an important theoretical approach to non-

adiabatic particle scattering.



GLOSSARY OF SYMBOLS

the unperturbed axial magnetic field

the particle distribution function in real and

velocity spacc

the square root of minus one

the perturbation wave number

the axial length of the perturbation

the number of perturbation periods

the number of trapped particle transits to escape

subscript denoting A, = A

T

the particle larmor radius

the particle gulding center radius

the particle radius

the particles! injection radius
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Al measures the polar angle in velocity space

the particles! perpendicular velocity
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the particles! axial position
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Vv,
the wave number of the particles!

unperturbed orbit

an operator which gives the difference between

a variable'!s value at the end of the perturbation

and its initial value

the wavelength of the perturbation

the particles! orbital magnetic moment

the theoretical decay time

the experimental decay time

the larmor period

the phase angle of the particles! velocity vector

tt mnhase angle of the perpendicular perturbation

pl

 BD
9

er the unperturbed larmor frequency

~

Ey the perturbation larmor frequency associated

with the x field

Che perturbation larmor frequency associated

with the v field

L,,

St

———

re

1g

the perturbation larmor frequency associated

Nich the radial field
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