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ABSTRACT

The apparatus was constructed to measure the energy and time dependence
of the flux of neutral atoms emitted, due to the process of charge exchange,
from plasma contained in a magnetic mirror machine. As the momentum change
of the ions in this process is negligible the energy measurements, which are
made outside the trap are simply related to the distribution function of the

plasma ions within it.

The atoms pass through a water vapour cell where approximately 6% are
re-ionized. This fraction is electrostatically analysed and counted using a
scintillation technique. Measurements of the ionization efficiency and the

scattering losses in the water vapour cell are described.
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PART I

PRINCIPLES OF THE APPARATUS

INTRODUCTION

In magnetically confined laboratory plasmas that are not fully ionized plasma ions
are lost from the containment region by the process of charge exchange. In this process
the ions acquire electrons from the background gas and on becoming neutral are no longer
affected by the magnetic field and so escape. Because of the small ratio of the electron
mass to ion mass the momentum change of an ion in this process is negligible and the
resultant flux of neutrals F,(e) per unit volume of plasma with an energy e is simply

related to the corresponding density distribution of ions ni(e} in the plasma by:

dny (e) ' 7 2
Fole) = - —g7—=n;(e) " ng N T ojole) R

where M 1is the ion mass, ng the density of the background neutral gas and Oio(s) the
charge exchange cross section. When n, is constant the neutral flux is proportional to
the ion density so that a measurement of F,(e) as a function of time gives a value of the

containment time of the plasma.
The device to be described was constructed to measure the flux of neutral atoms emit-
- ted from plasma contained in a magnetic mirror machine, and to determine their energy.

APPARATUS

1. MODE OF OPERATION

The principal features of the apparatus are shown in Fig.1. Neutral atoms enter the
apparatus via the connecting tube and are ionized by passing them through a cell contain-
ing water vapour. The ions leaving the water vapour cell are first deflected by curved
electrostatic deflector plates and then energy analysed by retarding potential grids(]).
The deflector plates provide crude energy resolution (no collimating slits are used) and
deflect the ions clear of photons which are also emitted by the plasma and which would
otherwise give rise to photo emission in the secondary electron scintillator used to
detect the ions(z). It is essential that the background pressure in the containment

region is not appreciably increased by influx from the ionizing cell, otherwise the charge

exchange losses would be enhanced by the presence of the instrument. This influx is



greatly reduced by the use of a condensable vapour* rather than a permanent gas in the
ionizing cell; as a result an instrument of much greater aperture and sensitivity can be
built. The water vapour in the cell is condensed on liquid nitroéen cooled surfaces: a
cylindrical cold trap between the cell and the vacuum chamber ensures that water molecules

lying only in the line of sight solid angle can flow back into the containment region.

2.  DIMENSIONS

In order to minimise statistical fluctuations the device was designed to yield a high
particle counting rate. The dependence of the counting rate R, on the dimensions of the

device is (see Section 4)

R. lA eee (2)

2
(61 +£2+€.3+.64)

where r, {’,1 s &? " 53 ,84 , are as indicated in Fig.l1.

There are two restraints on the choice of dimensions. Thus the flux of water vapour
streaming into the containment region must not exceed some limit wcrit if the background
gas pressure is not to be significantly increased, and the water vapour pressure P in

the electrostatic analyser must not exceed some critical pressure Pcri t if electrical

breakdown is not to occur. The value of wcrit depends on the pumping speed and base

pressure in the plasma containment region. Thus if the base pressure is PO and the

pumping speed S then

wcrit « P 8. ve. (3)

The value of P is independent of the apparatus on which the device is used. In the

crit

design calculations a figure of P equal to 10~4 Torr was adopted. Since the mean

crit

free path of water molecules in the regions 51 , and 42,3 is large compared with the

dimension of the device

nc qre

e Tf- molecules/sec where n = water vapour density in cell
C = mean thermal speed eee (4)
~ 44.0p Torr litres/sec p = water vapour pressure in
e cell in Torr.
Also
P =~ 2-52 torr vee (5)

3
(In calculating P it is assumed that after randomising in the detector the water vapour

diffuses back to the cold trap where it condenses out).

* An apparatus very similar in principle to the one described here has been developed(s)

using a non-condensable gas to re-ionize tle atoms. In order to limit the backflow of

gas into the plasma the aperture of the apparatus must, as a result be small.



There is an optimum value h of the product* pE? of about 10—I Torr cms for maxi-

mum ionization (see Part II).

Thus R, may be maximised subject to the conditions

44h r*
wC[‘it-_E;.z;«P S ain (B)

and

p=2n. eee (7)
£

S

Pcrit

In Appendix I it is shown that as a consequence of conditions (6) and (7) above, the
counting rate R, increases with the radius r and that an optimum value is obtained
when the length 62 of the water vapour cell equals half the sum of the lengths 51 and

£ The length 54 which comprises the deflector plate system, the electrostatic energy

3
analyser and the distance between the plasma and the first cold trap should, as relation

(2) indicates, be as small as possible.

Two fast neutral atom detectors have been constructed. The principal dimensions are

given below.

Detector 1 Detector II
r = 1.9 cms r = 0.64 cms
81 = 101.5 cms &1 = 19.0 cms
&2 = 10,2 cms &2 = 9.2 cms
£ = 40,7 cms £ = 9,2 cms
3 3
&4 = 114- cms 64 - 90 cms

3. ION ENERGY ANALYSIS AND DETECTION

In order to use as large an aperture as possible electrostatic energy analysis is
carried out by a system of grids rather than by a method employing particle optics which
necessitates a well collimated beam and hence a small acceptance aperture. The analyser
is shown in Fig.2 and operates as follows. Ions pass through the earthed grid 8, and
are decelerated by the positive potential V1 applied to grid gl. Only those with
sufficient energy to overcome this potential barrier pass through 8- The grid 8y
which is 50% transmitting and maintained at - 8 kV allows about half of these ions to pass

into the region between g, and 83 where they are decelerated by the potential V3

£
Since the water vapour from the cell penetrates a short distance into the cold traps

the effectlve length 6 of the cell is greater than its geometrical one. It may be

shown that 6 % (82 + ﬂF). Since the value of h is not critical (see part II) this
correction has been ignored.



applied to grid 8z (the remaining half strike the front surface of gz). Those ions with
insufficient energy to pass through gz are reflected and strike the reverse side of 8y
giving rise to secondary electron emission. These electrons are accelerated by the - 8 kV
on g, and produce scintillations in the phosphor which is in optical contact with a
photomultiplier. Thus the analyser detects ions in the energy range ZeVI to ZeVS’

where Ze is the ionic charge.

4. COUNTING RATE

The particle counting rate Rc may be estimated from simple geometrical considera-
tions together with a knowledge of the ionization efficiency & in the water vapour cell
and the detection efficiency k of the electrostatic energy analyser. Thus if z is the
length of plasma in the line of sight of the device then from equation (1) the rate of

neutral atom emission K_ from the volume =rez is

nrez «ng

R = nr’z.nj-n, < oy Vi > = ees (8)

o T

Where Vi is the ion speed, < Tio Vi > is averaged over the particle distribution

and T is the charge exchange decay time.

The solid angle w subtended at the plasma by the detector is

il eee (9)

3 2-
(g, + &, + & +2¢,)

w

So neutral atoms enter the detector at a rate F (assuming an isotropic source) given by

I"4 niz
F:“]-—R: 2 ® — ...(IO)
T 0 4(e +& + £ +48&)° E
1 2 3 4

A fraction & of these are ionized in the water vapour cell and if f is the fraction of
these ions lying in the energy range of the electrostatic analyser then the counting rate
R. 1is given by

Rg=8 f KkF eee (11)

If tr is the resolving time of the detection circuit then the percentage statisti-

cal fluctuations S.F. in the signal is

S.F. =——ﬂ5 e (12)
Ry t,)
For a plasma with z = 10 ems n; = IOII/bc and T = 1 msec then since & is

approximately 0.06 -(see Part II) and k approximately 0.25, detector I gives R =5.8><107

counts per second and S.F. = * 13 % for t = 1 psec and f = 0.05.



S. SIGNAL AMPLITUDE

Each ion that strikes the reverse side of 8, produces about three secondary elec-—
trons(z). These enter the phosphor with some 4 keV (since = 4 keV is lost in the light
tight aluminium coating on the phosphor). Approximately one photo electron is produced
at the cathode of the photomultiplier for each keV of energy deposited in the phosphor(4).
Thus for a current gain in the photomultiplier of 107 each ion results in a final charge
of about 1.9x 107! coulombs at the output of the photomultiplier. For the example dis-

cussed in Section 4 above the mean output current Ipm is therefore

Ipm =1.9x10 " x5.8x10" = 1.1x 1070 amps

which develops about a volt across the 1 KQ output resistance of the photomultiplier.

6. PROBING OF THE CONTAINMENT REGION BY THE WATER VAPOUR

Under certain conditions the stream of water vapour entering the containment region
from the water vapour cell will produce a significant local enhancement of the background
pressure Py although the overall flux of water vapour satisfies condition (6) of section
2. In this case the water vapour acts as a probe producing a locally high rate of charge
exchange. This effect may be useful in cases where the background pressure is very low
and is not known with certainty. Probing will occur if the water vapour pressure Pw on

the line of sight of the device is comparable with the base pressure PO.

From kinetic theory (assuming the distance between plasma and the first cold trap to

be small) it may be shown that

r
Pw_%g ees (13)
1
also
_4ap? _ops (14)
crit o2 0
i cf equa-
tion (8)
where a « 1 (o is defined by equation (14))
hence
P
X, o8 .. (15)
Py 17617

Thus the water vapour acts as a probe if

a S > ’
762 ~ wee (16)



When probing becomes significant the counting rate RC is increased by a factor (1 +-JE§L—)

17612

over that given by equation (11). Thus if for example a = O.1 at a pressure P, equal

to some specific.value Pb and S equal to TO3 litres/sec and r = 1 cm then

so that for base pressures » P,, probing is not significant whilst for base pressures

« Py probing is dominant in producing the fast neutral atom signal in the detectors.



PART TII

MEASUREMENTS OF IONIZATION EFFICIENCY IN THE WATER VAPOUR CELL

INTRODUCTION

In the water vapour cell three atomic processes take place. Neutral atoms entering
the cell are ionized by collisions with molecules of water vapour, the resulting fast ions
are neutralised by charge exchange with water vapour: in addition scattering of both
neutral atoms and ions occurs. If the water vapour constitutes a thick target, equilibrium
is established between the first two processes and the particle beam suffers scattering
losses only. Thus there is an optimum value h Torr. cm for the product of water vapour
pressure and cell length at which the output from the cell will contain a maximum number
of ions for a given incident neutral particle flux. The experiments to be described were
carried out to determine h, and find the fraction & of neutrals ionized. The scatter-
ing loss from the beam was also determined. Measurements of these quantities were made

using both proton and atomic hydrogen beams incident on the water vapour cell.

PRINCIPLES OF MEASUREMENT

1.  PROTON BEAM METHOD

A mono-energetic beam of protons was injected into the water vapour cell of detector
I (see Part I) and the attenuation of the beam as a function of the water vapour pressure
measured. It may be shown that in passing through the cell the ion beam is reduced in

intensity by a factor (aﬁ)i where

o, +(d.)e_z°n8 b
(aB); = [ P ] e s cee (17)
Ui, = Cross section for neutralisation of protons by water molecules
Gbi = cross section for ionization of atomic hydrogen by water molecules
oy = cross section for scattering of protons and atomic hydrogen out of the beam
Zo = the sum of the first two sections above
n = water vapour density
£ = thickness of water vapour target.

Thus by measuring (cf); as a function of n the relevant cross sections may be obtained.



In Fig.3 the experimental data obtained with a 3 keV proton bean is shown together
with the theoretical curve predicted by equation (17). In view of the reasonable agree-
ment it appears justified to assume for the purposes of calculating h and & that the

scattering cross sections for protons and atomic hydrogen are the same.

2, ATOMIC HYDROGEN BEAM METHOD

The proton beam was replaced by an atomic hydrogen beam of the same energy. The
water vapour pressure in the cell was then varied and the amplitude of the ionized compo-
nent of the emergent beam was measured. The fraction (::1.[3)o of the incident beam of

neutrals emerging from the cell as ions is given by
Zoné %i nogt
= - e —— TS
(Q,ﬁ)o = 1 e 7 € (18)

A set of experimental and theoretical results is shown in Fig.4 where the same cross sec-
tions as those used for the incident proton beam experiment have been taken to obtain the
theoretical curve from equation (18). Since however the magnitude of the incident neutral

beam is not known the results have been normalised at the point indicated.

3.  APPARATUS

An R.F. ion source(s) supplied with hydrogen from a nickel leak was used to provide
the ion beam . The energy of the ions was determined by the extraction voltage, no post
acceleration being appliecl. The ions passed through a velocity f‘ilter* and then entered
the fast atom detector via a differential pumping system (Fig.5). By using the velocity
filter in conjunction with the energy analyser of the detector ions of a chosen energy and

charge to mass ratio could be selected.

In order to produce an atomic beam the diffusion pump nearest the R.F. source was
shut off, thereby increasing the background hydrogen pressure in that region sufficiently
for a significant fraction of the ions transmitted by the velocity filter to be neutral-
ised. In order to distinguish neutrals produced in this way from those originating in

the region between the source and the velocity filter a small sinusoidal voltage was

* The velocity f‘ilter(” consisted of an electric field crossed with a magnetic field,
both fields being orientated normal to the trajectory of the ions from the source.
The filter transmitted ions whose velocity v satisfied the condition.

_JExd¢

VErAxd¢ (The integrals are those of the electric and magnetic field

taken over an ion trajectory.)



superimposed on the D.C. voltage applied to the velocity filter to produce a modulated
output. The unneutral ised component of the beam was removed by means of a permanent mag-

net placed between the velocity filter and the water vapour cell,

4. RESULTS

Measurements were made at beam energies of 1.8, 2.2 and 3 kV. Within the experimen-
tal error h and & did not vary significantly over this energy range. It will be noted
from Fig.4 that the water vapour pressure in the cell for optimum .i.onizﬁt.ion of incident
neutrals is not critical in the range 13 mTorr to ~ 20 mTorr. The ionization efficiency
& is 5.4 * 1% and a value of 6% has been adopted in calculating the sensitivity of the

detectors (see Part I).
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APPENDIX I

In order to find the optimum lengths 61, 52 and €3 for any given radius r equa-
tions (10), (6) and (7) are differentiated with respect to &2 ; the dimension 54 being

taken as fixed.

Then

3¢ 2,
A i
‘2<aez+]+az )

() : (
ne Lr ees (1a)
F 682 /r e, + 4, + &3 + £,
ob
2 1 ]
0 == (————) + = s (22)
31 662 &2
ol
1 2 ( 3 )
0 =-— + = iy es (53)
62 &3 682
£ + £

From equations (1a), (2a) and (3a) (;TF) =0 irf 62 -_-;i—‘?’
2

Also ( ﬁ%ﬁ ) changes sign from + ve to - ve as 62 increases through this value hence
2r

it gives a maximum for F.

Using this result together with equations (6) and (7) £ ¢, and £, may be calcu-

1 7

lated as functions of r for any selected values of W . and P__ .. .
crit crit
Thus
%
4 P .
e ( crit ) ‘ pa b
1 W . 3
crit
and if
31 + 33
22 - 2
%
4
¢ =< Sk ) wee (40)
1 1
( 1 + — ) w_ .
Yr crit
1
where ( Pcrit )é
Y = 44w_ e
crit

L = ( 2 hr? )% «os (5a)
3 T\ (1 + yr)P

crit

= A =



Thus for example if

h = 0.1 Torr cms
r = 1.0 cms
a = 0,1
_ 106
P0 = 10 Torr
s = 10% litres/sec
P .. =10"% Torr
crit
Then
- 1074 :
arit = 107" Torr litres/sec
¥ = 6.64
Hence
61 = 42 cms
£ = 24,2 cms
2
£ = 6.4 cms

To find the optimum value for r equation (10), (4a) and (5a) are differentiated

£, + £
with respect to r. Then using the relation that 82 = —1—5——— the following result is
obtained
) )
1(EY _s+ [ 4 1 % _YF__) 1
F ( ar >& “r [: r ( T 1+ yr ) T T ( - 1 +4yr Lo+ b, + 8 + 8,

4

The R.H.S. is + ve for all +yr hence F increases with r.
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