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1. INTRODUCTION

The containment of particles in a mirror machine, or adiabatic trap, is
generally based on the conservation of the magnetic moment of a particle's gyro-
orbit. If the magnetic moment is not rigorously conserved the magnetic mirrors
no longer act as impassable barriers to the particles: while this reduces the
effectiveness of containment it also allows the trapping of particles injected
through the mirrors from an outside source. Such a system is known as a non-
adiabatic trap. The injection and temporary. capture of a beam in such a trap can
lead to an accumulation of particles at a density substantially greater than the
density in the beam and limited, in principle, only by the dictates of Liouville's
theorem. Thus the trap is of interest at least as the first stage in the creation

of a high-temperature plasma from an energetic beam of ions.

Although any method of changing the magnetic moment in asingle transit can be
used as a capture mechanism, we shall be concerned here almost entirely with the
method originally suggested by FEDORCHENKO et al. (1959). Here a beam of particles
is injected into a static magnetic mirror trap along the lines of force: the cen-
tral field of the trap has a small spatially periodic variation of wavelength A
and the velocity of injection v is arranged to satisfy the condition

sziﬂ'wc wwn kL)
where @, = eBo/mc is the cyclotron frequency of a particle in the central
field Bg. There is then a strong resonant interaction between the particle's
orbital motion and its motion through the corrugated field, which can convert a
large fraction (ﬁypically ~ 50%) of the energy of the particle into motion trans-
verse to the field; the magnetic moment thus acquired causes the particle to be
reflected by the end mirror. The subsequent history of a particle is determined
by the successive eﬁcounters it makes with the modulated central field, which
eventually reduces the magnetic moment sufficiently to allow escape through one
of the mirrors. In particular the occurrence of the inverse resonance is a strong

source of particle loss., On average, however, a particle makes an appreciable

number of transits of the system before it escapes.
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The capture of electrons in a non-adiabatic trap was first demcnstrated by
SINELNIKOV et al. (1960a,b) who measured the accumulated space-charge, but did not
measure the lifetime of particles in the trap. Numerical calculations of particle
orbits were carried out by LAING and ROBSON (1961) and DUNNETT et al. (1965) which
gave mean containment times corresponding to 20-80 transits. Containment times of
this order were measured in electron experiments by DREICER et al. (1962) and
DEMIRKHANOV et al. (1964) using in this case a helical perturbation of the central
field as suggested by WINGERSON (1961).

It was suggested by Laing and Robson that the accumulation in a resonant trap
could be enhanced by injecting molecular ions, some of which would be dissociated
into atomic ions inside the trap by collisions with the residual gas atoms. The
atomic ions should be contained for longer than their parent molecules both because
they are out of resonance with the field modulations and also because their smaller
orbit size favours 'more adiabatic' behaviour. If sufficient particle density
were accumulated by external injection for significant dissociation to occur on
the trapped protons, exponential build-up of proton density could take place
(SIMON, 1960). A resonant non-adiabatic trap with molecular ion injection is thus
similar in principle to other moiecular—ion injection devices, for example, OGRA
(GOLOVIN et al. 1961) or DCX2 (BELL et al. 1962). It differs from these experi-
ments in that an internal injector channel is not required since particles are
injected through one of the mirrors: this allows injection to be axially sym-
metrical and reduces the technical problem of gas evolution due to particles
striking the injector. Furthermore the non-adiabatic interaction creates a more
isotropic velocity distribution than in other injection devices, and this may be
useful in reducing instabilities due to anisotropy in velocity-space.

The density of molecular ions that can be obtained by external injection and
the density of atomic ions that can be obtained by dissociation depend in the first
place on the lifetimes of the individual particles due to their interaction with
the field configuration. This paper is concerned mainly with experiments on the
single-particle behaviour of molecular and atomic ions in a resonant non-adiabatic

trap, and the interpretation of the results in the light of a theoretical model.
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2, RESONANT TRAPPING

Let us consider the central field of the trap to be described by a vector
potential A which, on account of the axial symmetry, has only an azimuthal

component

As =B, (%r + h I,(kr) sin kz) ess (2)

the field components are thus:

B, = B,y (1 + h I, (kr) sin kz)

ees (3)

B,= = B, h I:L (kr) cos kz

where B,, is the unperturbed axial field, k = 2wn/)\ , I, and I:L are Bessel
functions and h <« 1.

A particle moving in this field parallel to the axis at radius ro with

velocity v = Vo will experience a periodic transverse force given hy

F=F,coskv,t , Fy=mwv,hI (krg) eee (4)

(o]

Under resonance conditions, with kv, = w, , the particle will acquire trans-

verse velocity v, at an average rate
F

GL =k ?f-= % vy e h I, (kry) vee (5)
So that after traversing n periods of the modulated field, the ratio of trans-

verse energy to total energy will be

E=vi/v®=(nnh I, (kry)))? .. (8)

This relation holds strictly only for v, « v: as v, Jincreases, the conserva-
tion of energy requires the axial velocity v, to decrease, and this in turn
affects the resonance condition, while the variation in B over the finite orbit
of the particle needs to be considered. However even when £ is not small (6) is
adequate to describe the magnitude of the resonant transfer of energy from longi-
tudinal to transverse motion. We may regard & as a normalised magnetic moment,

since this quantity measured in the central field of the trap determined whether



or not a particle will be reflected by a mirror of mirror ratio R through the

condition
£ > % (reflection) www §7)

Provided (7) is satisfied on the first transit, a particle will be captured
and its history can then be determined in principle by solving its equation of
motion in the field (2) and in the field of the mirrors. However this involves
tedious step-by-step numerical integration and the accumulation of errors makes it
impracticable to follow a particle for more than about 30 transits. A major sim-
plification was introduced by Dunnett et al. who replaced the field (2) by a
'square wave' field of the same wavelength

B=B, (1%h) ... (8)

Particle orbits in this field may be calculated algebraically, and accurately
followed for long periods. It was shown that for particles satisfying (1) the
changes in & produced by a single transit through a square-wave field were
closely similar to the effect of a sinusoidal field, if a suitable adjustment was
made to the modulation amplitude. In particular, for kr, « 1, orbits in the two

systems could be matched by making

T
h == h_. oee (9)
square wave 4 sine wave

By taking large numbers of particles and calculating their orbits over many
transits in this model, a statistical picture of containment was obtained, and the
dependence of the mean containment time T on the various trap parameters was
investigated. For a given number of modulations n, T is optimised when & on

the first transit is ~ 0.4, which through (6) determines the product nh I, (kr,).

Since each particle has a constant of its motion in the canonical angular

momentum

e e
Py = mrvg + =T Ag = ¢ (r‘Ae)r:P0 ver (10)

putting Vg = + v and substituting for Ae from (2) gives the radial limits of

the region accessible to the particles. If the field is uniform (h = 0) the



limits are, simply

r={r‘§+p2)}§ip wes (11)
where p = v/ub is the gyro-radius. The containment region is then a hollow
cylinder of thickness 2p, while if h > O the boundaries have a sinusoidal per-
turbation of order h. Clearly as r, is reduced, so is the outer limit radius,
and hence the size of the trap, but to ensure capture h must be increased and
this rapidly leads to practical difficulties in the coils producing the modulation

of the field. A compromise figure of rgy = 1.75p, which through (1) gives

kry = 1.75, was therefore chosen for the experimental design.

The choice of n is also a compromise. T increases with n up to n = 12,
but the resonance is then excessively sharp in v and r,, so that for the
experimental design we chose n = 7. It was estimated that, with the anticipated
spread of v and. ro from the ion source, all injected particles would then be
given & > 0,25 and so be trapped with a mirror ratio of 4. From (6), the value

of h needed is then about 0,025,

3. EXPERIMENTAL APPARATUS

A general arrangement of the experimental apparatus is shown in Fig.1.

The magnetic mirror trap is produced by a system of coaxial coils giving a
maximum central field of 14 kG and maximum mirror fields of 36 kG: the distance
between the peaks of the mirror fields is 308 cm. Modulation of the central field
is achieved by a set of 14 coils, connected alternately in opposite senses and
arranged in two groups of seven with a gap in the centre to allow diagnostic

access. The wavelength of the modulation is 20 cm.

The coils are of water-cooled copper and are energised by batteries of lead-
acid cells with a total power of 4 MW. The current in each of the four main
circuits is controlled by the arrangement shown in Fig.2: the resistors provide
coarse control and the series generator provides fine control and stabilisation

through an electronic servo system, The majority of the power is provided by the



battery; the maximum contribution from the generator is 10%. The stabiliser
increases the voltage of the generator as the battery voltage falls under discharge
and keeps the current in each circuit constant to within 5§ parts in 10* over a

10 second 'on' period. The battery is charged in the interval between each 'on'
period; this takes §-10 minutes according to the level of operation.

The arrangement of coils round the ion source enables the source to operate
in a region of uniform field whose strength is in constant ratio to the field at
the centre of the trap, although the mirror ratio may be varied from 2 to 5. Thus
the beam diameter as it enters the modulations always has the same value (11 cm),
independent of the mirror ratio. The mirror ratio used in the majority of the
experiments was 4.

The vacuum system consists of a central tube 22 cm inside diameter and 370 cm
long, having diagnostic access ports in the middle and a large pumping manifold at
each end. Each manifold has two 14 inch o0il diffusion pumps and provision for tita-
nium evaporation. The construction is of stainless steel with gold-wire gaskets
and is designed for baking to 45000. A base pressure of 2.10_9t0rr can be obtained.

The injector is connected to the trap by means of a long annular channel through
which the ions are guided by the magnetic field; various collimators can be fitted
in the channel to restrict the flow of gas from the ion source, but in operation
the pressure of hydrogen in the machine is always at least one order of magnitude
greater than the base pressure.

The ion source is a hot-cathode reflex arc burning in an annular slot in a
water-cooled anode. The ions are extracted from the end opposite to the cathode,
the ion extraction potential acting as the reflector of the arc electrons. The
source will give currents in excess of 100 mA of H; ions in an annular beam at
energies up to 35 keV.  The Hz ions are usually accompanied by a few per cent of
Ht and about 15% H; ions. The accelerating voltage is stabilised to 1 part in 104,
using a series triode. The arc can be switched off by a circuit employing silicon
controlled rectifiers, one of which is used to short circuit the arc. The ion beam

then decays with a time constant of ~ 2 usec.



4. DETAILED STUDY OF THE TRAPPING PROCESS

The modulation produced by the finite set of lumped coils shown in Fig.1 is
somewhat different from the simple expression (2). The measured variation of B,
on the axis of the experiment is shown in Fig.3 for the case when the current in

).

the modulation circuit (Imod) is equal to the current in the main circuit (Imain
Also shown is a square-wave model of this field, which has been constructed by
placing the field steps at the positions of maximum dBZ/dz of the real field, and
taking the amplitudes of the square-wave proportional to the measured peak ampli—
tudes. Since the amplitudes are not equal, h now denotes a mean amplitude and
suitable weighting factors are applied to the individual modulations, The square-
wave model must be matched to the real system through a proportionality factor Y
given by

h=7Y1 /I . v oa (12)

mod” "main

Following Dunnett et al. we calculate the orbits of particles through the square-
wave model for a large number of values of h and initial velocity v. All
particles start with & = 0 at kry = 1.75. Contours of & after one transit
are plotted in Fig.4 as functions of h and v, values of v being normalised
to the resonant velocity w/k. The main resonance is seen clearly as a hill with
peak occurring at v = 1.1, a slightly greater velocity than given by the simple

resonance condition because of the loss of axial velocity as the particle gains
transverse velocity,

/I = 1,125 a series of particle orbits in

For a particular value of I ——

mod
the experimental Tield were obtained by numerical integration of the equations of

motion, The modulation was taken as due to fourteen current loops placed at the
centres of the modulating coils. A curve of & against v obtained from these
calculations is shown in Fig.5 (curve 1). A section through Fig.4 at h = 0,036
gave curve 2. The two curves have the same height and closely similar shape: the
correspondence of the peak amplitudes is expressed by putting ¥ = 0.032 in

equation (12), The h-axis of Fig.4 can now be calibrated in terms of Imod/i main



and the figure then gives a complete description of the initial capture process

in the experimental trap.

Using equation (10) with vy = v and (rAy) as calculated for the field system
of the experiment, we obtain a boundary in (h, v) shown in Fig.4, beyond which the
outer limit radius intersects the vacuum wall. The input conditions must there-

fore be chosen to lie below this boundary.

The orbits of ions on their first transit were studied experimentally with
the aid of a fluorescent screen which could be moved on a railway down the entire
length of the apparatus. For this purpose the ion source was blanked off except
for one small circular hole, to give a point source of ions. Fig.6 shows the
patterns observed on the screen at different axial positions, for the conditions
listed in the caption. The pictures are as follows:

(a) Screen 95 cm from midplane, no modulation.

(b) As (i) but with modulation coils switched on. There are three separate
traces, corresponding to the three ion species H:, H; and H:. The H: are
virtually unaffected by the modulations. The H; and H; traces are of com-
parable radius: they may be distinguished by measuring the rate of rotation
of the pattern as the screen-is withdrawn. Although the H: has the slightly
larger radius, the transverse energy is in fact less than the transverse energy

of the H: )

(c) Screen withdrawn to 125 cm from midplane. The traces become complete
circles and contract in diameter, illustrating the property of the magnetic
mirror of spreading the phase of the particles in their gyro-orbit while con-
serving the magnetic moment. The transverse energy can be calculated from the
diameter of the orbits, since the field is known. Referring back to the cen-

tral field we derive that & = 0,35 for H; and & = 0.24 for H:-

(d) Screen withdrawn to 135 cm from midplane. This is beyond the reflec-
tion point for H; ions, which are captured in the trap and emerge after
successive reflections as a band on the screen, spread out in the direction
in which the orbits precess due to the field curvature in the mirrors. This
pattern persists as the screen is withdrawn through the throat of the mirror.
The Hz ions are not reflected, due to their smaller &, and pass straight

through the system (mirror ratio 4).



These pictures provide a good qualitative description of the first transit of
the ion beam. The transverse energy acquired by the H: can be understood in
terms of Fig.5: resonant Hg ions with v = 1.1 will be accompanied by H:
whose momentum is equivalent to H: having v = 1.35 which lie on the second,
smaller resonance. Quantitatively, & for the H; ilons is as expected from

Fig.4, but & for the H: is somewhat larger.

To investigate the resonances more accurately, further experiments were per—
formed using an electron gun in place of the ion source; the electron energy was
~ 30 keV and the magnetic fields were reduced so that the system scaled to reso-
nate with the electrons. The electron experiments removed the confusion of the
several ion species and the lower fields allowed the apparatus to be run con-
tinuously instead of in 10-second pulses. It was found that the variation of &
with v, keeping h constant, followed the general shape predicted by the compu-
tations, but that a fine-structure of hills and valleys was superimposed; this

variation is shown dotted in Fig.S5.

We attribute the fine-structure to the slight non-adiabaticity of the orbit
in the mirror through which the particles are injected. Although launched accura-
tely along the field (£ = 0) tiaey arrive at the modulations with & = Eo which
can either augment or decrease the & produced by the modulations according to
the phase ¢, at which the particles reach the first modulation. From analogue
computations by READ (1965), it is estimated that E() = 0,01. Assuming particles

leave the ion source with ¢ = 0, they reach the modulations with

e =
q)o_/wdt_mcv B dz waw (13)
which at the resonant velocity becomes
(P = k _B- dz 0 (14')
0 BO .

Taking the integral over the measured field gives ¢, = 28.5%, and since

A
Po v (15)



~a phase change of 7 will occur for Av/v = 0.035, which corresponds to the sepa-
ration of the peaks in Fig.5. The magnitude of the peaks can be accounted for by
taking & ® 0.01. This phenomenon has an effect on containment which will be
discussed later.

The secondary peak at v ® 1.25 is found to be somewhat larger than predicted,
possibly also because of finite &g. The phasing appears to be less important
here since no fine-structure is seen. Since Emaxr’0.25 it is possible to trap
particles by tuning to this peak, but as can be seen from Fig.4 the outer limit
surface will then intersect the vacuum wall and so the peak is not useful for long-

term containment.

5. CONTAINMENT EXPERIMENTS USING ELECTRONS

With a point source of electrons and the conditions set for resonant capture,
the pattern observed on a fluorescent screen placed outside the end mirror is shown
in Fig.7. The source is at the top of the picture and the trapped particles precess
clockwise about the axis at a calculated average rate of about 20 per transit: thus
the azimuth at which a particle emerges from the trap is an approximate measure of
its containment time. The features revealed by this picture are as follows:

(a) The distribution of brightness indicates that there are heavy losses
occurring in the first 10 transits but that there is a long tail of contained

particles having lifetimes of up to at least 180 transits.

(b) The fine-structure of the pattern in the neighbourhood of the injection
point shows that the beam retains some of its discreteness for a few transits,
but thereafter electrons emerge with a continuous distribution in velocity

space within tnhe loss cone.

(¢c) The concentric bands in the pattern, which persist throughout the tail,
indicate that there are preferred values of & in the distribution of emerg-
ing particles. The bright band on the injection radius is due to particles
emerging with 0< E §;0.005, corresponding to loss by the inverse of the
resonant capture process. The pair of bands on either side of the injection

radius is due to particles emerging with € = 0.05.

(d) The sharp edges to the containment pattern are a confirmation of the

limit surfaces predicted by equation (11).

- 10 -



6. CONTAINMENT OF IONS

To determine the rate of precession about the axls, ion injection was used and
a segment of the end target was placed so as to receive particles which had pre-
cessed between 1800 and 2700 from the injection azimuth. A pair of ring electrodes
in front of the segment were biased to -300 V with respect to earth to repel elec-
trons from the trap and suppress secondary emission from the segment. The current
to the segment as a function of time after the H: beam is turned on is shown in
Fig.8 (which also shows the location of the segment with respect to the containment
pattern of Fig.7). The current begins to rise after 300 psec and reaches a steady
state value after 800 psec, from which we deduce that the precession frequencies of
the particles lie in the range 1-1.7 kc/s. A second rise in current then occurs
due to the arrival of slow ions, which have been formed by ionizing and charge
exchange collisions in the trap. From the displacement between the first and
second current rises, their lifetime Ts can be estimated as approximately 800 psec,

which 1is consistent with their moving out along the field at thermal speed. The

—7
fast and slow ion currents are of comparable magnitude in this case (p ~ 10 'torr).

The mean containment time T is given by

/ te 18] dt

'E:Ow ... (186)
/ i (t) dt
0

where i(t) is the total escaping ion current at time t after cut-off. Since
the decay is not necessarily exponential, i(t) must be measured over all t and
in particular the tail of the decay makes an important contribution to T. The
tail is easily masked by slow plasma effects which tend to neutralise the fast ion

space-charge, and so estimates of T based on measurements of current decay from

the ends were not considered reliable.

An unambiguous method of measuring fast ion containment is to measure the flux
to the wall of fast neutral atoms formed by charge exchange and dissociating colli-

sions between the contained ions and the background gas. If the ions are contained

e F =



in a long cylindrical region of radius r,; within which their mean density is

n and the density of neutral gas atoms is n_., the flux F of fast neutrals to

2 0?

a detector at radius rz 1is given by

2
r

F = Tighy ¥ 5%: (o, + 20,) equivalent protons/sec eee (17)

where the cross-sections are defined in Table 1.

TABLE I

COLLISION CROSS-SECTIONS IN Hg; GAS

. o + —16 2 *
Production of fast H, by 16 keV H, o, =8.0-10 cm”/molecule

. + i - 16 2 %
Production of fast Hi by 16 keV Hjy o= 2,010 cm”/molecule

" 0 + - 16 2 %
Production of fast H_ by 16 keV H_ o, =4.0-10 cm®/molecule

; (e} + —16 ) *
Production of fast H, by 8 keV H, o, = 8.0-10 cm”®/molecule
Production of slow H. by 16 kev H, | o, =7.0-10 " en/molecule’

* McCLURE, 1963 7 AFROSIMOV et al., 1958

The mean containment time 7T 1is

I, Vv
T .eo (18)

where I is the injection current and V the volume of the trap, and when nor-

malised to unit transit time B 2= L/v, where L is the length of the trap, becomes

2
vis
nmr. v 2nr, F

= = h (o, + 20,) (equivalent transits) ... (19)

T =

Thus T is the factor by which the line density of ions in the central
region of the trap is increased over the line density of ions in the beam, and
is a measure of the effectiveness of the trap as an accumulator of particles.
The mean number of mirror reflections is about T/2. The effective length L
which must be used to derive T from 7 is 250 cm, so for 16 keV Hg 5

Ty = 2 usec.

— 2 s



Using equation (19), T can be derived from measurements of Ny, F and TI.
The density of neutral atoms, Ny , was measured during the operating period by
means of a novel ionization gauge situated in the diagnostic block and capable of
operation in the main magnetic field of the machine. This gauge, working on the
principle of virtual cathode neutralisation, is described fully elsewhere (LLOYD,

1966).

The flux F was measured by scintillation detectors in the midplane of the
machine. Each detector consisted of a CSI(Tl) crystal with an exposed area of
1.6 cm® connected by a perspex light guide to a photomultiplier, the latter being
outside the main coil system of the machine and shielded against stray magnetic
fields. A shield on the crystal ensured that the detector received particles only
from the half of the machine away from the injector: this was to eliminate

spurious signals from fast neutrals and light from the ion source.

The detectors were calibrated in a separate apparatus with beams of HZ and
Hﬁ ions of 5-50 keV, and it was assumed that the calibration would be unaltered

for neutral particles of the same mass and energy.

Since equation (17) assumes a cylindrically symmetrical system all measure-—
ments were made with an annular ion beam, collimated on entry by a ring of cylin-
drical holes (collimator 1, Table II). The azimuthal distribution of injected
current was checked by a segmented target inserted in path of the beam for this
purpose. It was usual to usertwo detectors separated in azimuth by 90O whose
outputs were measured separately and then combined. It is estimated that the
error in measuring mean density arising from imperfect azimuthal distribution of

fast ions did not exceed 10%.

TABLE II
o
Collimator 1 18 holes, 2 mm dia., 10 mm long Imax =2mA p=5.0-10 torr
Collimator 2 | 57 holes, 4 mm dia., 10 mm long | I = 12mA p= 1.5 10~ ®torr
-6
Collimator 3 | Slit 23 mm wide, 175 mm long Imax =40mA p= 2.0.10 torr

= 13 =



By applying the scintillator output to the vertical amplifier and a voltage
proportional to the injection energy to the horizontal amplifier of an oscillo-
scope, the resonance curve could be traced by sweeping the H.T. supply. Fig.9
shows a typical curve, together with the current received at the end target of
the machine. The oscillatory structure within the resonance is attributed to the
effect of finite initial & , as discussed in Section 4. At resonance,; the end
current drops to approximately half its untrapped value, and an approximately

equal current emerges from the injector end of the machine,

As will be shown later, the contribution to the scintillator signal from
trapped Ht ions cannot under these conditions exceed 12% and is probably no
more than 6%: correcting the signal by the latter figure and using equation (19)
the optimum containment (corresponding to the peak neutral flux at E = 16.4 kV)

is T =29 * 9 transits.

A more direct measurement of mean containment time is obtained by observing
the decay of fast neutral flux after the ion beam has been turned off. The decay
curve taken for conditions corresponding to the peak of Fig.9 is shown in Fig.10(a)
and a similar curve close to the first minimum in Fig.10(b). Provided the beam
has been injected for long enough that a steady state has been established, the
mean containment time T is given by the intercept on the time axis of the tan-
gent to the decay curve at cut-off. This method is independent of the absolute
calibration of the detector, and can be applied to non-exponential decay curves
as it does not require detailed knowledge of the shape of the curve. In practice
uncertainties are introduced by the step-like nature of the curve immediately
after cut-off, which is due to resolution of individual transits, and from

Fig.10(a) we can only derive 1 = 60-90 psec, corresponding to T = 30-45 transits.

The step effect may however be exploited to derive T , since the first step
& is the contribution to the signal of the entire injected beam as it passes the
detector after its first reflection by the end mirror. Hence

i
T = 2§; (1 - £,)7* transits «es (20)

- 14 -



where the factor 2 arises because the shielded detector only receives neutrals
from ions making transits in the reverse direction, and the factor (1 - E_,':L)_/é
arises because the step & is produced by particles whose axial velocity is less
than their total velocity by this factor. Taking 61 as 0,4, from Fig.10(a) and
equation (20) we derive Topt = 35 + 3 transits. This therefore represents the
most accurate method of determining T , and was used to confirm that the life-

times Tor the conditions at the minima of Fig.9 were about half the corresponding

values at the maxima (from Fig.10(b), T = 16 * 2 transits).

Reducing h 1leads to a reduction in the spikiness of the resonance and a

reduction in T increasing h up to the maximum (0.04) set by the radial

opt ’
containment limit results in no significant increase in containment, so T = 35

transits represents the optimum to which the trap can be tuned.

The measured values of T include loss by dissociation and charge exchange,
for which the lifetime t, is given by
Vg = nO (!561 +I§0—2+ o3) v eee (21)

where the cross-sections are defined in Table I. For the conditions of Figs.9
and 10, tg = 500 psec (T, = 250 transits). The non-adiabatic lifetime TNA is

then given by

LI 1 _E‘L ’ ees (22)
TNA T‘measured 2

¢o the optimum value of TNA is 40 transits.

7. CONTAINMENT OF DISSOCTATED PROTONS

With the standard magnetic field setting, the optimum containment of H;
occurred at an injection energy of 16.4 keV. Since the orbit of a particle in
the machine is determined only by its momentum, H; ions of 32.8 keV and HZ
ions of 10,9 keV have containment histories identical to 16.4 keV H: if the
respective time scales are normalised to unit transit time. By sweeping the

injection energy over a wide range while monitoring the neutral flux, the trap
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could be used as a mass spectrometer: in this way the output from the ion source

was found to consist of 80% Hh , 15% Hy and 5% Hy.

Neutral flux decay curves obtained for alternate injection of 32,8 keV Hj and
16.4 keV Hz are shown in Fig.11, with the timebase for HZ twice as fast as for Hz.
As might be expected, these curves are closely similar, but the HZ decay contains
a component due to charge exchange of 8.2 keV HI formed by dissociation inside the
trap. This is particularly apparent in the long tail (t > 200 transits) after the
curves have been corrected for charge exchange. The tail was recorded simul-
taneously on a second oscilloscope at ten times the amplification. Reproducibility
of the curves from shot to shot was within 8%, and after conversion to digital form
the curves were averaged in groups of four. A correction was then made for the
effect of scintillator afterglow, which was determined from a separate experiment.

The HZ decay curve Fi(t) was then corrected for charge exchange:
F(t) = F (t) e/t vee (23)

where t, = 1600 psec is the charge exchange time for 32,8 keV protons in the
ambient gas pressure of 2 . 10” torr. F(t) is now the decay curve for injected
particles arising solely from their non-adiabatic interaction with the magnetic
field, and should be applicable to injected molecular ions provided t 1is suit-

ably normalised to unit transit time.

The decay curve for H: injection should then be given by

-t/tgy ~t/tgs
* e

Folt) = (1 - o) F(t) e <o (24)

where t, is defined by (21) and is in this case 1200 psec, and & is the frac-
tion of the steady-state neutral signal due to the dissociated (8.2 keV) protons

assumed to have an exponential decay with mean lifetime t_. As the protons may

be lost by both charge exchange collisions and non-adiabatic effects we have:

1
T eeo (25)

=n. 0, v+
0 4
P

X
t’a
where tp is the lifetime of the 8.2 keV protons due to the non-adiabatic effects

alone.
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The ratio of the proton density n,; and the molecular ion density n, in

the steady-state is
(o}

n
ol g e B
n, o, + 1/h0vtp onn 428)
from which we may derive

n

o
- 1 4 _ 1
S e e TRy = (1 + (1 + 20,/0,)(1 + '/hOUAth)) vee (27)

Using the experimentally determined function F,(t) and equations (23) to

(27) we may construct curves of F,(t) for different values of tp.

In Fig.12 are shown the relevant portions of F, computed for tp =0 (a=0)
and t, = = (¢ = 0.12). The experimental H: decay is also shown, for which the
best fit to a computed curve is obtained when t, = 1400 psec (o = 0,06). Protons
formed in the trap are thus subject to non-adiabatic loss corresponding to a life-
time of ~ 700 transits, but in view of the many different factors involved the

accuracy of this figure is probably no better than * 200 transits.

8. HIGH CURRENT INJECTION

For the measurements described so far the ion source was usually set to give
a total current of 50 mA, which was reduced to ~ 2 mA by collimator 1 between the
injector and the trap. Two other collimators with larger apertures were available
which allowed a greater proportion of the current to be injected, but at the

expense of increased ambient pressure in the trap due to neutral gas flowing from

the injector (see Table II).

With continuous high-current (~ 50 mA) injection there was a serious increase
in the neutral pressure due to bombardment of the ends by escaping ions and bom-
bardment of the walls by fast neutrals: even after the system had been baked at
ZOOOC for several hours 5-10 neutral atoms were released per incident fast par-
ticle. However, by injecting the beam in pulses of 5 msec duration, repeated

once a second, the pressure rise during injection was restricted to less than 10%

of the ambient values in Table II.
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Within the range of a given collimator, the ioq current was adjusted by vary-
ing the arc current in the ion source. The fast ion density in the trap was then
measured by the methods described in Section 6. The dependence of density on
injected current is shown in Fig.13. For a given collimator the dependence is
linear, but the mean lifetime T , given by the slope of the line, varies accord-
ing to the collimator used. The difference in T between collimators 2 and 3 can
be accounted for by the increased charge exchange loss with collimator 3: the
non-adiabatic lifetime is the same in e ach case (18 transits) within the limits

of error, compared with a non-adiabatic lifetime of 40 transits fort collimator 1.

The reduced lifetime observed with the larger collimators is associated with
a change in the nature of the resonance curve. The neutral signal obtained by
sweeping the injection voltage through resonance, using collimator 2, is shown in
Fig.14. This should be compared with Fig.9 which was obtained with collimator 1.
With the larger collimator the fine structure has largely disappeared, so that it
is no longer possible to obtain maximum containment by fine-tuning to one of the

subsidiary peaks on the resonance curve.

9. CONTAINMENT AND THE SQUARE WAVE MODEL

Having selected the initial conditions (h, v) from Fig.4, the state of a par-
ticle at any subsequent time can be adequately described by only two quantities,
£ the normalised magnetic moment and ¢ the phase of the particle in its gyro-
orbit. (&', ¢') after a transit of the modulations is a function of (&, ¢) at
the moment of entry: by calculating a large number of single transits for
different initial conditions we derive E'(&, ¢), which is presented as a contour
map in Fig.15(a). Here h = 0,037 and vV = 1.1, corresponding to the standard
experimental conditions. The map is a complete description of the effect of the
modulations in changing the & of a particle on the first and any subsequent

transit.

The mirrors are assumed to reflect particles without changing £ (provided

the reflection condition & > 0.25 is satisfied) and it is further assumed that
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since a particle makes many gyro-revolutions in the mirror field the phase with
which it returns to the modulation region is uncorrelated with the phase with
which it enters the mirror. The development of the traces on the Tluorescent
screen (Fig.6) into full circles as the screen is withdrawn shows that all phases
are present after reflection and is taken as justifying the assumption of uncor-

related phase.

Accordingly, with the phase change in the mirrors determined by a random
number generator, particle orbits are calculated through the system from injection
(§ = 0) until eventual loss through one of the mirrors (£ < 0.25). The time spent
in the trap is normalised to unit transit time so that the mean lifetime, obtained
by averaging over 1000 particles, corresponds to the quantity T measured in the
experiments, By calculating T for different values of v the resonance curve

of Fig,16 is obtained, with a peak value of T = 14 transits and a width Av/v = 0.06.

These calculations do not predict the fine-structure of the resonance observed
with collimator 1 (Fig,9) which is attributed to the beam acquiring a small magne-
tic moment go on traversing the input mirror. This can increase or decrease the
magnetic moment Ei acquired on the first transit, according to the phase ¢, at
which particles arrive at the modulations. In Fig.17 is shown a section of Fig.15(a)
at Eo = 0,01, giving Ei as a function of ¢,. Also shown are corresponding
values of T calculated from 1000-particle containment runs: the larger values
of T are associated with larger values of E;. As discussed in Section 4, Lo
is sensitive to small changes in v and can be changed by more than 27 within
the width of the resonance, leading to three peaks in £/ (Fig.5) and three cor-
responding peaks in T (Fig.9). In Fig.17 there are positions of no containment
between the peaks, whereas Fig.9 shows only minima: due to the extreme sensitivity
of containment to iﬁput conditions, the small spread in v, Pg and E among par-
ticles from the ion source is probably sufficient to ensure containment of some
particles at any point within the resonance.

The maximum T from Fig,17 is 30 transits, corresponding to gi = 0.45. To

obtain the measured value of T = 40 it is necessary to take g, = 0.48: this
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illustrates the sensitivity of T to gi , and in view of the uncertainty in our
knowledge of the exact spread in initial parameters, the discrepancy between theory

and experiment is not serious.

The larger collimators are capable of admitting a beam which starts with a
spread in Eo of the same order as the Eo introduced by the non-adiabaticity of
the first mirror: ¢, is then spread over 2n , the phase selectivity is lost,
and a resonance curve closely similar to Fig.16 is obtained, but with 50% greater

width.

The statistical containment calculationg also produce the distribution of par-
ticle lifetimes, {rom which the density decay curves can be constructed. In Fig.18
the characteristic decay curve of the trap, obtained with Ht injection (Fig.11)
and corrected for charge exchange, is compared with the curve calculated from the
square-wave model for conditions giving the same mean containment (Ei = 0.48,T= 40).
The agreement is good. Also shown is an exponential with the same mean lifetime,
and the theoretical curve of current out of the ends; the latter is the derivative
of the density decay curve, and emphasises its non-exponential nature. Current
decay curves of similar shape have been observed in electron containment experi-

ments by DREICER et al. (1962) and DEMIRKHANOV et al. (1964).

Losses from the trap occur over a variety of possible exit paths and due to
the symmetry of the system and the time-reversal property of the orbits each exit
path is also a possible entry path. In Fig.15(a) the shaded region & < 0,25,

g' > 0.25 defines the range of (&, ¢) for which an injected particle may be cap-
tured, and the probability of capture P(£), assuming all phases present, is shown
in Fig.15(b). If the system were in equilibrium with injection and loss occurring
at equal rates over each path, P(Z) would also represent the probability that a
particle escapes with that value of &. The two maxima in P(E) at &€= 0 and

£ ~ 0,1 indicate that there are preferred &-values among the escaping particles
(particularly the 'inverse resonance' close to £ = 0), and although the experi-

mental situation does not satisfy the conditions of detailed balancing, preferred

E-values are observed as bright bands on the fluorescent screen (Fig.7).
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10." SQUARE-WAVE MODEL FOR DISSOCIATED PROTONS

The square-wave model appears to be a realistic analogue of a system in which
the 'adiabatic parameter' e = 2mp/A 2 1, that is to say a highly non-adiabatic
system, such as is experienced by the injected particles. The field experienced by
the dissociated protons differs in two significant respects: there is no longer
resonance between the gyro motion and the field, and also the motion is 'more

adiabatic' since now & =~ 0.85.

For the purpose of calculating proton orbits through a square-wave modulation,
the first point can be simulated by considering particles with half the momentum
of the parent molecules (v = 0.,5) while the second can probably be simulated by
suitably reducing h. As a first attempt, orbits were calculated for h = 0,019
(half the value appropriate for injected particles) and with particles starting
inside the trap in groups of 250 at 7 values of & from 0.3-0.9 to simulate an
isotropic source. The mean lifetime T was 109 transits. The calculation was
repeated with groups of 100 particles for h = 0,012 and gave T = 250 transits.
To reduce h further would have been inordinately expensive in computer time, but
the above results are consistent with T « 1/h%, as might be expected for a stocha-
stic process, s0 by extrapolation the measured value T = 700 transits would be

consistent with taking h = 0.0075, a reduction by a factor of 5 on the effective

step for molecular ions,

11, OPTIMISATION OF NON-ADIABATIC TRAPS

ROBSON énd TAYLOR (1965) have shown that the maximum accumulated density in a
non-adiabatic trap is obtained when injection and loss occur at equal rates over
all available paths. The trapped particles then fill uniformly all the phase-
space available to ﬁhem, and their distribution in velocity space is such that the
number of particles having pitch angles between ¥ and ¥ + d¥ (where ¥ = sin™* g%)
is proportional to sin ¥ dy. The main shortcoming of a resonant trap with injec-
tion close to & = O is that only a small fraction of the available paths are

used for injection, while all are available for loss. To ensure that all entry
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paths were used would, in our experiment, require the beam to fill the entire loss

cone at both ends. Assuming all phases present, the fraction of the beam which

sin ¥ P(¥) ay

f = ... (28)
1 - cos wm

would be captured is ./ L.
(0]

- _1
where P(¥) is the capture probability derived from Fig.15(b) and ¥, = sin R2,

Following Robson and Taylor, the mean lifetime of the captured particles, T,
is derived by balancing rates of injection and loss:
cos

‘¢m
/ sin ¥ cos ¥ P(¥) d¥ = ——E;JE

o}

vew (29)

and using Fig.15 to evaluate the integrals we obtain f = 0.52 and T = 14, so

7.3. If particles were injected

for a beam filling the loss cones, T = f T
only over the shaded region of Fig.15(a) we should have T = T = 14, but from the
complicated shape of the acceptance region, this would require a beam defined in
phase and exceedingly hard to produce. The phase-selection which occurred for-
tuitously in our experiments showed that a narrow beam could be injected in some
local area of the acceptance region where the containment time is significantly
higher than the average. Contours of constant &) in Fig.15(a) are also contours
of constant T, and in general T increases with g;. ‘However, containment time
alone is less important than the product of containment time and beam current, and

this is maximised only by utilising all entry paths.

The beam admitted by the larger collimators was broad enough in & to cover
the whole range of E; , but since it was restricted to & « 0.25, where P(E) = 1,
from the foregoing arguments we expect T = T = 14. The measured value of T
was 18 (Fig.13).

If we assume that our 40 mA beam filled the region o:é EIQ 0.01, a beam having
the same phase space density and filling the entire loss cone would carry a current
of ~ 7A. Two such beams (injected one from each end) should then produce a trapped

-3
density of 2.5 10° ions cm .
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A more economical way of achieving the maximum trapped density is to devise

a trap in which the acceptance region is equal to or smaller than the extent in

E-space of the given ion beam. This appears somewhat impracticable in a resonant
trap but may in principle be achieved in the 'stochastic' trap described by Robson
and Taylor where a small, non-resonant field perturbation serves to capture par-
ticles injected in a small band A&, close to the edge of the loss cone. The
non-adiabaticity of the trap is adjusted by varying the field perturbation until
the acceptance band of the trap, A£. , matches the size of the beam, Ay . This
system can be made single-ended by making one mirror stronger than the other. The
containment time is then given by

4 cos ¢m

AE‘;t cs e (29)

T =

Had We re—arhanged our apparatus to form a stochastic trap and redesigned the
ion source to give a 40 mA beam with 0.24:< goié 0,25 (which implies the same
phase-space density as the beam from the existing source in the range O‘Q Eo:g 0.01
a trapped density of 2.5 - 10° ions cm_B (T = 340) should theoretically have been
achievable for an injected current of only 40 mA, compared with the 14A necessary
in the case of the existing trap. In both cases the maximum density is achieved
by ensuring that the phase space density throughout the trap is equal to the phase
space density in the beam (the so-called 'Liouville limit'), but the economy of

matching the trap to the beam rather than vice versa is strikingly apparent.

12, STABILITY

Plasma in a simple mirror machine configuration is predicted to be unstable
to flute unstabilities when the plasma density n exceeds a critical value at

: 1
which the ion Debye length KD = (k’]‘j_/ﬁt-'nneg)/ﬁ satisfies

A < (Rr)? sas (30)

where r is the plasma radius and R is the 'effective radius of curvature' of

the field lines (KADOMTSEV, 1961). Since the instability arises from the
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differential precession of ions and electrons, it is desirable to express R in
terms of the angular precession frequency of the ions €, which is a measurable

quantity. Thus
o s (31)

For our system, Q& 10* radians/sec (Section 6) and thus from (30) and (31)

. -3
n_ ... ~ 10° ions cm .
critical

In our experiments a density three orders of magnitude greater than this was
obtained, and no indication of flute instability was found. An electrostatic
probe of area 0.8 cm® was placed in the mid-plane of the machine about 1 cm out-
side the plasma surface. Had flute instability been present, characteristic low
frequency signals at (/2 would have been seen due to capacitative coupling of
the rotating surface charges on the plasma. No such signals were observed and the
small amount of noise appearing on the probe (~ 10 mV r.m.s.) consisted of fre-
quencies of ~ 10 kc/s and corresponded to potential fluctuations on the plasma of
only a few volts. The noise appeared to be due to fluctuations on the ion beam.
The linear dependence of trapped density on injected current (Fig.13) would seem
to confirm the absence of losses other than by non-adiabatic effects and charge

exchange.,

The absence of instability is noteworthy since the threshold Tor the onset of
flutes given by (30) has been verified to within a factor 5 in the PHOENIX neutral
injection mirror macinine (KUO et al, 1964). Even this discrepancy can be largely
accounted for by the short axial length of the PHOENIX plasma, since the theory
assumes a long cylindrical plasma shape. Our plasma has a length/diameter ratio
of 15, and so the theory should apply more closely to our case. However, on
account of the elongatgd shape, the precessional frequency 1 is about 100 times
lower than in PHOENIX: electric fields arising from ambipolar effects may thus
have a greater influence on the precessional motion, and in certain circumstances
may lead to stability (see GOLOVIN et al. 1964).

The fact that our plasma is a hollow cylinder only one gyro-orbit thick should

not seriously affect the stability criterion. The hollowness is most apparent in
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the mirrors (see Fig.7) but in the central region the inner and outer mean radii,
given by equation (11), are 1.5 cm and 9.5 cm respectively so the central hole is
relatively small, The plasma in OGRA also has a radius of only one molecular gyro-

orbit, and this shows flute instability at a density of ~ 10° cm .

The most likely cause of stability is the background cold plasma, which acts
as an electrical connection between the trapped hot plasma and the end plates,
and short—circuiﬁs the electric fields associated with the growth of flutes. The
cold plasma density can be estimated by balancing the rates of production and loss
of slow ions in the steady state., Thus if ng, ng, n, are the densities of fast

molecular ions, slow ions and neutral atoms respectively we have

nO l'l2 O_EV:— . (32)

where v 1is the ion velocity, ©O_ is defined in Table I, and Ty = 800 psec from

Section 6., Thus

= 2.5+10%p ee. (33)

5':
F I L))

where p is the neutral pressure in torr. With collimator 1 we therefore have

ng® np and with collimator 3, ng = Sn_ .

There appears to be no comprehensive theory of the stabilising effect of cold
plasma which takes into account the exact nature of the connection to the ends.
The simple theory of BABYKIN et al. (1964) assumes zero temperature for the elec-
trons and predicts that, for the conditions of our experiment, ns/hz ~ 10~ % would
be sufficient to give stability, but if the effect of finite electron temperature
is considered it appears that ns/h2 ~ 1 would be a more likely criterion®™. 1In
either case, it seems that the presence of slow plasma is an adequate reason for

the observed stability in our experiment.

High frequency noise at about the ion cyclotron frequency has been reported
from the PHOENIX and OGRA experiments, and is attributed to electrostatic insta-

bilities arising from the highly anisotropic velocity distributions of the trapped

* R.J. Bickerton. Private communication.
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ions in both these machines. No such noise was apparent on electrostatic probes
in our experiment, probably because the instabilities were suppressed by the more

isotropic velocity distribution produced by non-adiabatic trapping.

13. SUMMARY AND CONCLUSIONS

The resonant capture of 16 keV molecular hydrogen ions in a mirror trap has
been shown to lead to a plasma of density ~ 15" cm_3 in a volume of 100 litres
for an injection current of 40 mA: the system is thus comparable with other ion
injection devices. The mean non-adiabatic lifetime of ions injected in a well-
collimated beam corresponds to about 40 transits of the trap, but falls to about
18 transits when the angular divergence of the beam is increased. Protons formed
inside the trap by dissociation of molecular ions on residual gas have a non-

adiabatic lifetime of =~ 700 transits.

No evidence of flute instability was found, although the density exceeded the
theoretical threshold density by three orders of magnitude. This discrepancy is
thought to be due to the stabilising effect of cold plasma which was present at a

density of the same order as the fast ion density.

Single particle containment in the trap can be simulated by computation of
particle orbits in a 'square-wave' model of the modulated field: the results
obtained for the injected particles agree qualitatively and quantitatively with
experiment. The observed containment of protons formed in the trap can be accoun-
ted for on the square-wave model if the effective modulation depth is reduced by

a Tactor of 5 for these particles.

In the light of this study it is clear that the resonant trap is not a parti-
cularly efficient accumulator of particles. Its principal shortcoming is that
only a small fraction of the available entry—exit paths are used for injection,
while all are available for loss. To achieve the theoretical upper limit of
accunulated density, as derived from Liouville's theorem, it is necessary to

inject over all paths, and this can be achieved more efficiently in the stochastic
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trap, with injection close to the edge of the loss cone. Re-arrangement of our
apparatus to form a stochastic trap should theoretically lead to a 25-fold increase

in density for the same beam current.
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A - central field coil: B - mirror coil: C - injector coil :
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Circuit of stabilized battery supplies
B-battery (360 cells) ; C-magnet coil ; R -
resistor chain ; SW-main switch ; G - gener-
ator; SH - shunt ; ST - electronic stabilizer
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Fig.7 (CLM-P 115)
Fluorescent screen pattern with electron injection .
Mirror ratio 4, v=1.1, h=0.036.
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Current to quadrant after turn-on of H% beam.
Inset: position of quadrant with respect to Fig.7
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Fig.9 (CLM-P 115)
Current to far end of machine and neutral particle

signal as functions of ion energy . Field 7350 gauss,
mirror ratio 4, h = 0.038. Collimator 1.
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Neutral signal decay curves after beam cut-off.
Field 7350 gauss, mirror ratio 4, h = 0.038.
(a) ion energy 16.4 kV  (b) ion energy 15.6 kV
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Neutral signal decay curves (a) injection of 32.8keV HY; (b)injection of 16.4keV H‘E
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Fig.12 (CLM-P115)
Tails of H} decay curves. 1. Computed, tp =
2. Computed,t, = 0; 3. Experimental (t,, = 1400 usec)
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Ion density as a function of injected current
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Fig.14 (CLM-P 115)

Current to far end of machine and neutral particle signal

as functions of ion energy. Conditions as Fig. 9, but
with Collimator 2

45
mA



¢'> 05 5\

0-25F |
% -‘bé/o'
_.,_....& S ]
20 0o o5 o]
& P(£)
Fig,15 (CLM-P115)

(a) Contours of £'(£, ¢) for v=1.1, h=0.037,
from square wave model . (b) Capture probability P (&)

201
151
t 10
T

5_

I-02 I-04 -06 1-08 I-10 112 I-14

v —_—
Fig.16 (CLM-P115)

Computed resonance curve., T as a function of v, h=0.037. The error bars
are derived from the statistics of the calculation
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Fig. 17 (CLM-P115)
(a) fl'as a function of ¢ for &, =0.01 (from Fig, 15(a)) :
(b T as a function of ¢,
100
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Fig.18 (CLM-P 115)

Decay curves derived from square wave model compared with experimental
curve (H"{) and exponential with same mean lifetime (T = 40)









