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Abstract

The work covered in this report can be divided into four categories:

(1) Cooperative effort with PPL to extract plasma current density distri-
bution from beam probe measurements, (2) Design of beam probe system for
Doublet II, (3) Design of beam probe system for United Aircraft Research
Laboratory's "Baseball" device, and (4) Experimental program at RPI to
measure T, with ion beam probe. It is shown that the non-toroidal com-
ponents o% the CF field on the ST Tokamak rotated and demagnified the Z
displacement of the secondary ions at the detector. Furthermore it is

~shown that this distortion can be subtracted out in the data reduction

process. Preliminary design of a beam probe system for Doublet II,

subject to the constraint of minimizing the entrance and exit ports, has
been completed and shows that such a diagnostic system would permit
measurements all along a line passing through the upper focal point. Con-
siderable progress has been made on the design of a beam probe system for
the UARL "Baseball" device. This design would permit measurements through-
out a small volume near the center of the system using a single fixed
detector. It has been shown that a two ion species beam probe system can
be used to measure electron temperature in the range of 5 to 200 ev.
Experimental verlflcatlon at 7 ev has been obtained on the RPT hollow
cathode dlscharge.




I. Introduction and Summary

This is the first annual progress report submittea undef Contract
AT(11-1)-229 covering the period May i, 1972 to Januar& 31, 1973. During
this period the Prinéipal Invéstigator, R. L. Hickbk, Associate Profeésor,
devoted approximately 1/3 of his time (25% during the académié year and
50% during 2 1/2 summer months) and faculty participént,»w;_c. Jennings,
Assistant Professor, devoted dpproximately 1/3 of his time tobthis research
program. (Only about 10% of Prof. Jennings tiﬁe‘has been ¢harged againsf |
the contract. The additional 23% of his time that‘he has devqted to this

program has been donated by the university.) Both individuals will devote

l/h of their time to this program during the remainder of the contract..

The principal objective of this program is the further development

of ion beam probe diagnpstic systems for magnetically confined high

temperature plasmas. The research can be divided into three broad cate-
gories: (1) cooperation with Princetén Plasma Labératéry'(PPL) on
extracting the plasma éurrent‘densiti from ion beam probe measurements

on the ST Tokamak. (2) Preliminary design studiés'of ion beam probe -
system; for other majof plasma devices supported By the AEC}f (3) An
in-house experimental progrém to imprové and extend the measurementé that

can be made with an ion beam probe.

Principles of Beam Probing

An ion beam probe diagnostic systeﬁ can provide a direct measurement
of plasma density, space potential, current density and electron tempera-

ture. It provides 3 dimensional space resolution with a characteristic



‘dimension of a.few mm, time resolutioﬁ in the range of a few microseconds
to a millisecond and the meésurements are continuous in time. The ranée
of piasma parameters that can be measured, tﬁe volume of plasma that can
vbe sampled and the space and time resolution depend on the specifié design
of the beam probe system and the partiéular plasma devicé on which it is
installed. .

'The basic physics of beam probing is quite simple. A singly charged
ion beam 1s directed along a trajectory through the plasma and some of the
beam ions make ionizing collisions with the plasma electrons to form doubly
charged ions. Since the momentum of'the ions in the-primary beam is an
order of magnitude larger than the momentum of the electrons, there is
essentially no momentum transfer in the coliision. Consequéntly_the
secondary, or doubly chargéd, ibns are created with the same momentum as
the ionsAof the primaryAprébing-beam, but will be sepérated from theA
primary beam since they have half the radius of curvature in the confining
magnetic field._ Secpndary ions will:be created all along the primary
trajectory but the secondaries from each point on the primary trajectory
will follow a distinet path that is completely determined by'the magnetic
field. A small detector placed to intercept the secoﬁdaries from some
point x'on the primary trajectory will only look at a small volume of
plasma éentered at x. This volume (the spatial resolution) is determined
by the size of the detector, the size of the beém and the mégnetic field
geometry. A simplified sketch of the Easic operation of beam_probing4
,is shown in Fig; I-1.

The ratio of the secondary current intensity at the detector ‘to the -

intensity of the primary beam, Is/Ip’ is a measure of n, F(Te) at x.
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Figure I-1 Schematic represenﬁation of ion beam probing
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n, is the plasma electron density and F(Te) is a funetiou of the electron
temperature»thet depends on the l+ to 2+ effective ionization cross sec-
tion for the particular ion species being‘used. If measurements are mede
with two different ion species that have different cross sections; thenA

n_ and Te' can both be evaluated.

I /T ‘
51 Py _ e Fl (Te) _ Fl (Te)
= T (T -
IS 7Ip n, F2 Te F2 ZTe;
2 ~2 .
The—function F(Te) is equal to ocv averaged over the electron velocity

distribution taking into account the finite velocity of the ion beam.
Onee the temperature has been evaluated the density ean be determined from
IS/Ip for either ion species.

Initiai energy of the primary ion is eVécc, where Vecc is the accelera-
| tor voltage of the primary injection system. At x it has the energy

e(V

ace " @) where @ is the space potential. The secondary ion gains 2e@

in geing from x to the detector, so the final energy of the secoudary
ion is e(V‘acc + @), This can be measured to an eccuraey of ap?roximately
10“” Vacc and provides a direct evaluation of the space potential atAx.
‘The trajectories for both the primary and_secondary beams are prin-
cipally determined b&.the vacuum-magnetic field produced by current flow‘
in external windings. If there is current flow in. the piasma it Willwpro-
Aduce a magnetic field that will distort the zero order beam trajectorieé.‘
Generally it is possible to measure this distortion and use the resuits’
to evaluate the plasma current aensity distribution; This evaluation is

not necessarily unique and the ability to extract the current density

must be evaluated for each specific installation.



Summaxy of Results Obtained During the Contract Period 1 May 1972 -

31 January 1973

The primary complication in extraéting the plasma current density
from beam probe ﬁeasurements on the ST Tokamak is correcting for the z
displaéement of the beam by the hon—toroiaal components of the confining
field (fringing field effect). Detailed computer calculations of the
ion trajectories has shown that the fringing fields produce a rotation

of .the experimentally measured Z._ versus Re curve and a demagnification

D
of the Z displacement. To first ordér both.éf these effects are,indepen—
dent_of the curfent density distribution. Extraction of the current
density requires double differentiation of the experimental curve. Conse~
quently, the rotational correction drops out in the data processing and
fhe demagnifigation affects the absolute value of the current density but
does not distort the shape of the distribqtion.

Preliminary design of an ioﬁ beam probe system for Déublet iI has
been completed. The design minimizeg-the port requirements but would
prOVide detailed measurements along a single primary ion trajectory;

This trajectofy has an éverage angle of MSO with the horizonfal and
passes through the upper focal point on Doﬁblet'II.' This'system Would
provide density, electron temperature, space potential, and cﬁirent
density measurements at any point along this trajectory with a spaﬁial‘
'rgsolutibn of the order of 0.1 cm3; Simultaneous measurements could be
made at any number of points by use of multiple detectors. Time resolu-

tion for n, ¢, and J(r) would be less than 100 psec and for Te it would

be of the order of 1 msec.



A preliminary design study of an ion beam probe system for the
"baseball" device at the United Aircraft Research Laboratory is being.'

actively pursued. Initial results indicate that the entrance and exit

ports should be diametrical opposite one another with an angular separa-.

‘tion between the incident Primary and the exiting secondary beams of the

order of 300. By sweeping the 2 angular directions of the beam and the
beam energy it should be possible to map a plasma volume of the order of
5 ‘

100 em” in the neighborhood of the center of the system. In contrast

with the Doublet IT system the "baseball" beam probe would only use one

fixed detector and the mapping would be performed by sweeping the primary

beam. Space and time resolution would be about the same as for Doublet
IT.

Beam probe measurements on the RPI hollow cathode discharge (HCD)
have clearly demonstrated that ion beam probing can be used fo measure
electron temperature for low temperature systems (less than 200 ev).

- By using two ion beams we have measured radial bréfiles.of Te and n on
the HCD. .Te is the order of 7 ev ané the accuracy of the measﬁremeﬁt
is better than 10%. The error in the abolute density measurement is
quite large since the two ion species were chosen to maximize the |

sensitivity to Te‘
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IT. Plasma Current Densitj on the ST Tokamak

Our cooperative program with the Princeton Plasma Laboratory is con-
cerned primarily wifh understanding the problems essociated with extractieg
the plaema current density from the measured displacements of the secondery
ions. It has pfeviously been shown that for a pure cylindrical sysfem-
where the confining magnetic field (CF) has only a Z component and the
plasma current is only in the Z direction, the Z displacement of the .
secondary ion beam can be analytical related to plasma current density at
the ereatien point of the secondary ion. Specificélly it has been shown

that

ahd

= & .
T - K By (re) + (ema;l corrections)

| . . } . 4 _
{ where ZD and ZD are the Z displacement and Z velocity of the secondary ions
-at the detector, re is the radial coordinate of the point where the secon-

dary ion is created (emission radius) and B, is the magnetic field produced

2]
| | by the plasma current at the emission radius.
When attempting to measure current density on realistic toroidal
devices, two facters complicate the analysis; (1) the»toroidal geometry
is not amenable to an analytic solution, (2) tﬁe CF has small r and 9
components in addition to the main ¢ component; The f, 6 components of

CF (which we will call the fringing field) can be as large as the field

prodﬁced by the plasma current. If the primary beam is injected in the

midplane between a pair of CF coils and there is no current flow in the




'plasma then both the primary and secondary ions will remain in this plane
éﬁd thé trajectories reduce to a two dimensional problem. If, howevér,
there is a plasma current it will produce a magnetic field that displéces
the probing ions out of the midplane. Once the ions are displaced out of
the midplaée they will interact with the fringing field to produce further
'diSplacements perpendicular to the symmetry plane. Sincé the strength‘of
‘the fringingAfield is a function of the distance fro@ the symmetr&Aplane
_the trajecﬁory equations are non-linear and can be solved only by iteration.
-rThe problem is formulated in a cartesian coordinate system where the

x-y plane is a symmetry plane between a pair of CF cbils.' The x éxis is
horizontal and radial outwards from the center of the torus. The y éxis

is vertical. The center of.the coordinates is at the center of the plasma
(i.e. the center of the vacuum vessel in the x-y plane) and the Z axis is
chosen to form a righthand coordinate system. The primary.beam is'injected‘
in the x-y plane at x = 24,1 ém and y = 148.cm and swept across the plasma.

The detector for the secondary ions is located at x = 150. cm, y = 27.5 cm.

Projection of a few typical trajectories in the x-y pléne is shown in Fig. II-1.

Maximum Z displacement for both primafy and secondary ions is small (order

‘of 1 cm), consequently the pfojection trajectories determine the x-y

location éf the emission point to very high.accuracy (the order ofl.Ol cm)..

As the beam ié swept across the plasma the detector ﬁlooké" éléng a line

that is approximatély given by y = Ux (more accurately this line is given
3 A

by y = .008x° + .LU3x  + L.Tx + .2, but for our purpose y = lx is sufficient).

A parallel plate electrostatic deflection system along the secondary ion tra-

 jectories is used to force the z displacemeht of the secondary ions to zero. at

the
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Fig.: II-1 - Schematic drawing of the beam probe structure mounted on the
ST Tokamak. Three primary and secondary beam paths, cor-
responding to maximum positive, zero and maximum negative -

sweep voltage, are shown.
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detector. What.is measufed experimentaliy is the required voltage on thé
‘deflection‘system as a function of the voltagevon fhe sweep-plates of the
.primary ion beém. The voltage on the secondary ion deflection system is
linearly related to the Z displacement that the secondary ions would have
ét the detector if the deflection system was not therg>and the voltage on
the primary sweep plates isAa meésﬁre of the location of thefeﬁit pbinﬁ so‘A
in effect we havé a - measure of ZD vs re.l The problem thén»is to ektract
J(r) from this measurement. Since the problem is not'analytically trac-1
table the approach taken was to calculate numerically the Z displacemeﬁt |

at the detector for assumed current density distributions, plot Z_ vs L

D
find a correction function that will subtract out the effects produced
by the fringing fields, invert the results to obtain Jtr)'using'cylindri-'

cal approximation and compare J'(r) with the assumed J(r) used in the

trajectory calculations.

Magnetic Field Produced by the Assumed J(r) -

-

The magneﬁic field produced by a}current loop can be expressed in
terms of elliptic integrals., If there is a continuous distfibutioﬁ of
current loops over a finite region of space then the total magnetic field
at -any point in space can be cobtained by integrafing the elliptic'integral
expression over the region occuppied by the current. Té numerically cal-
cuiate the orbit of a charged particle in this field requifes many field

evaluations and consequently an exhorbitant amount of computer time. This

Most of this work described in this section was done under AFOSR support
prior to obtaining an AEC contract and is included here in order to present
a complete picture of the work.
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is particuiérly‘true if you want to carry out the orbit éalculatibns for a
variety of current density distributions. To reduce the computer time
requirements to a manageable magnitude it was decided to use a shell model
approximation for the.continuous current_density‘distribution. Surface ;
currents on a set of 1L nested tori having a major radius equal t6 the
majér radius of ST and minor radii that varied in 1 cm steps from 0.5 cm to
13.5 cm were used to approximate thé plasma current diétribution. The
magnetic field at 635 points in the x-y plane were calculated for unit
amplitﬁde uniformly distributed current and unit amplitude current having

a cosine distribﬁtion around the minor circumference on each torus. To
obtaiﬁ the approximate field corresponding to a specified currént distri-
bution, the tbtal uniform and cosiné distributed current in a hollow torus
bounded by (ai - 0.5) < r<<(ai + 0.5), where @, is the minor rédiug of

the ith’foroidal shell, is used to normalize the tabuiated field values

for the ith shell. The 14 values for each component of the>field at each
tabulated point are summed to obtain {he total value of each field com-
ponent at that point, and thelréSﬁlts are punched'out on cards. To calculate
an orbit for any assumed current distribution the Ohmic heafing (OH) field
at the 635 tabulated'péints is read in as input data and the field at any -

arbitrary point is obtained by interpolation.

Effects of Fringing Fields

It is quite easy to separate the effects produced by the fringing
field and the OH fields with computer simulation simply by turning the

fringing fields on and off in the orbit calculations. Figure II-2 shows
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Open points apply if linear correction

P

- : : ' 4 is subtracted from G, or U, to approxi-
g'()f mate G_ or U_. £ £

. N\
, ‘ AN
003 0 4 3 A
Re-CM
Fig. II-2 - displacement at the detector versus the minor radius of the point
where the secondary ion was created. Plotted for two current distributions and

two magnetic field conditions: Gaussion distribution fringing fields on and off

(G_, G). Uniform distribution fringing fields on and off (U_, U
£ 7o g £ o).
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the calculated 2 dispiaceﬁent at the défeétor versus the minor radius of,.
fhe point where the secondary ion was created for two current distributioﬁs:'
(1) a uniform cﬁrrent density and (2) a.Gaussian current density with a
half width of 4.5 cm. Both distributions are normaiized to a total éﬁrrént
‘of 17.6 K amps and cutoff at a radius of 10 cm. The gaiissian distribu-
tions corresponds roughly to a Te3/2 conductivity.for a typical operating
regime where Te has been meésured by Thqmson scattéring. |
With the fringing fields turned off the Z displacement is ﬁearly

symmetric aﬁout the origin for 5dth current distributions. This suggests
that toroidal corrections are not important and that an analysis based on
cylindrical symmetry should be sufficient.> The fringing fiélds produce

two obvious effects: (1) an effective rotation of the base line and (2)

a compression”of the Z displacement. Our problem is to understand the

cause of these two effects and see if there is an first order universal cor-
rection function independent of the current density that can be used in the
daté'reduction to remove these effects. |

In the symmetry plane (Z = 0) th; fringing fields are zero and from

Maiwell's equations it éan be shown thgt the fringing field inéreases linearly
With.Z near Z = 0., The fringingfieidshave their maximum amplitude in.the.
région between the ID and OD of the CF cqils and the direction of the frin-
ging fields.will be primarily towards the magnetic axis of the torus (i.e.
along the minor radius). Figure II-3 is a plot of Z vs r for three secon-
dary ions emitted from 3 different points on the detector line (r is the
position of the secondary ién in the coordinate system used for the calcg—
lation, r = (x2 + yg)l/z). Note that the Z displacement in the region.'

between ID and OD of the CF coilé is nearly the same for all three
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trajectroiés -- i.,e. ~ Z/Z is small in this region. Since the magni-
tude of the fringing field is proportioﬁal to Z, all three.trajectories‘
should sample roughly the same magnitude field. The uppermost secondary
ion trajectory is aimost parallel to r in the ID-OD region and as you
"move from one trajectory to the next the angle between the tréjectory and
r increases monotoﬁically. This suggests that all the secondary ions see
more or less the same magnitudé of fringing field‘but that the ahgle |
between the ion velocity and the.field direction increases monotonically
with creation position along the detector line -- i.e. with sweep voltage.
Furthermore, it suggests that this increase in angle between v and B is

responsible for the effective rotation of the Z_ versus re plots shown in

D
Figure II-2. If this is true ﬁhen it should be possible to change this
effective rotation by changing the average Z displacement of the secondary
ions in the ID-OD region., In fact it should be possible to reduce the
average Z displacement to zero in this region by.tilting the injectéd beamn.
For Figure II-3 the primary beam was Injected in the Z = 0 plane with ¢,»:
the angle betwéen the injected velociéy and Z axis, equal to 900. Tﬁis
produced an averaged Z displacement in the ID-OD region of the order of 1
D vs re'fqr}the gaussian current distfibution‘with
the fringing field on for injection angles, §, o‘f 9o°, 89.9° ana 89.8°. .

cm. Figure II-4 shows Z

It is obvious the change in § changes the effective rotation of ZD Vs

r, and that by injecting at an angle of 89.8 the effective rotation can

be reduced to zero. This confirms the proposed cause of the effective

‘rotation and provides a sensitive measure of the injection angle.

4
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The compression of the Z_ displacement is also due to the variation

D
of the magnitudg of the fringing field with Z."The fringing field'act.

to reduce the Z displacement and since they vary in intensity'with Z, the
greater fhe Z displacement the greater tﬁe effect of the fringing fields.
In other words the fringing fields tend to focus the ZAdisplacemeht somé—
where in the region of the detector (detailed célculations of‘Z VsAr show
that the fringing fields do not produce a clear focal point but they do
cause a convergence of the secondary ion trajectories in the Z direction);
Hopefully this focusing can be representéd by a simple demagnification of .
the Z displacement, independent,-fo first order, of the currént déﬁsity dis-
tribution. | |

Combining both the rotation and demagnification, we try a trial

correction function of the form

ZI=M(ZM—are—§) _ ' _ - II-1

where zZ; is the Z displacement at the .detector due to the OH currents,

ZM'is the.measureq z displacement, re:is the emission radius (taken a§
negative if Ve is negative) and M, @ and B are constants, indepéndent of
the current density distfibution, that are to be evaluated by fitting the
calculated ZM with the fringing fieldslon to the palculate ZI with the

fringing fields off. Evaluating a, B and M forfthe gaussian current dis-

tribution with injection angle ¢ equal to 900, yields

a = 0.7
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Applying these same constants to thé uniform-current‘density calculations
with ¢ equal to‘9OO and comparing the results with the fringiﬁg fields
turned off yields‘the results shown in Figure II-2, comparing the

qurﬁes with the open points. The results indicated that a,AB and.M are
indeed'iﬁdependent of the current density for at least the gaussian and
ﬁniform case.

Preliminary calculations for a less sharply peaked gaussian and for a
delta function distribution of skin current indicated that the same con-
stants are valid in these cases, consequently we expect- that to the
accuracy of present measurements and calculations they are valid for all"‘
current density distributions. |

To obtain the current density from the measured Z displécements we
d - ZI . . The results for:

the gaussian and uniform current density . d Te . distribution are

used the cylindrical approximation and evaluate

shown in Figure II-5. The plots show the assumed J(r) that was used in the

calculation (solid curve) and the J(r) that was obtaired by calculating the

Z with the fringing fields on, evaluating Z accbrding to Eq. II-1 and then

M I
2
using finite difference to obtain d ZI . (This is shown as a series of
2 .
points). Qualitatively the fit d Te -1is quite good and is even quite

good quantatively for. the gaussian. For the uniform current density case
the returned J(r) is approximately 25% too small. The primary cause of -

scétter in the return points is the ﬁse of finite differences to evaluaté

2
d ZI combined with the fact that only 10 secondary ion trajectories
2

dr
e were used.
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d 2 7 o .
I to obtain J(r), the arbi- .

2
dr : s
e enters only as a normalizing

It should be noted that in taking
tfary constants o and gdrop out and M

factor. So the'rotation of Z

M Vs Re by the fringing fields does not enter

into the analysis of the experimental data and the demagnification does not
effect the shape of J(r) but»only its magnitude. The présent énalysis indi—
cates fhat equation II-1 is avuniversal correction factor, independent of:
fhe current density distribution, to bé applied in the data anélysis. The
.accuracy of the evaluation of the constants in eqn. II-1 will not affect
the shape of the J(r) results, but could effect the magnitude. This is very
encouraging and provides greater cofidence in the ability of measuring
J(r) with the ion beam probe. More detailed analysis of the fringing
fieids will undoubtedly produce higher order cofrections that do depend
on the current density distribution. but these effects can be handled by
an iteration procedure that appears certain to converge. | |
A potential source of error in the computer experiments is the use
of toroidal shells to approximate the‘continuous current denéity distri-.
bution. The uniform current density dalculation is particularly Sensitive
to this problem sinqe the current bn the various shells increases like
r dr,Aconsequently there is a very large Qurrent on the outer‘shell. Small
accumulative errors in évaluating the total current on-the shell and the
field produced by this current can lead to substantial errors inAthe returnedb
J(r). This probably accounts for the low value of the returned J(r) for
this case. | |
.Future plans call for calculating more secondary ion trajectories to

obtain a better ZDvs r, curves and consequently a better evaluation of



d 2 Z

2I . The numbef 6f toroidal shélls used to approximate J(r) wiil also
d Te be increased. Since we. are using a cylindrical approximation to
obtain J(r) from Zp we also plan to use a cylindrical approximatioh in .
~calcuiating ZM.

tion and either analytically or numerically evaluate the OH field.

For this case we can use a continuous density distribu-
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ITI. Preliminary Design of Beam Probe System for Doublet II

In accordance with discuésions held with the plaéma group at Gulf
Energy and Environmental Systems, the érincipal constfaint imposed on the
Preliminary design of a beam probe system for'Doublet IT was minimizing
the required port size,. particularly in the region of the E coils and the
- wall of the field shaper. This dictated the use of & single primary beam
trajectory, rather than sweeping the beam across the plasma, and conse-
quently limits the region of méasurement to a single line through the
‘plasma. It wasAdecided that this liné of trajectofy should pass.through
one of the foci and that the region of observation should extend to at
least one'edge of the plasma and if possible to both edges.

Trajéctory calculations are carried out in a rectangulér coordinaté
system where the X axis is horizontal and the positive direction is |
radially out from the center of the torus, the positive Y éxis is4Vertical
upwards and the Z axis is chosen to give a right hand_coordinate system,
The center of the coordinate system i's at the top focal point -~ i.e. 63.6
em from the center of the torﬁs and 30 cm above the vertical mid pléne.
The toroidal magnetlc field is taken to have only a Z component, to be
unlform in the Y direction inside the toroidal coils and to fall linearly
to zero over the coil thickness. In the_X direction.BZ is assumed to vary
as 1/R (R = major toroidal radius) inside the toroidal coils and to fall
linearly to zero over the coil thickness. For convenience the BZ field
at the center of the coordinate system was taken as 5 K gauss and the
mass of the primary ions was taken as 100 atomicAmass units. The‘eneréy

and incident direction of the primary beam were then varied to find an




acceptable_tféjectory. An acceptable trajectory is §ne where.the primary
beam passes between E coil windings and through the focal point; secondary A
ioné are observable from both edges ofﬁthe plasmé and provide good spétial
resolution for an accessible detector location. This determineé thél-'
desired incident position and momentum for the primary beaﬁ‘at the E coil
layer., Beam momentum can be scaled to maintain the same trajectory for

any desired value of the toroidal field, For a 5 K gauss field and a
probing ion with a mass of 100 amu,.the design beam energy is 100 KeV.

A1 orbit calculations have been carried out in cylindricaiAapproxi—‘
mation., This is exact if the X-Y plane is selected as a‘mid plane between
a pair of tordidal coils and all radial and poloidal components of the
field are neglected. Inclusion of the radial and poioidal comp5nents

produces a Z displacement of the beam and distorts the X-Y projeétion

of the trajectories. Once the Beam is displaced out of the Z = O plane,
the X and Y components of the toroidal field Should be included in the
caleulation (i.e. toroidal field is J’:n the ¢ direcfion not the % direc-
tion) to determine the exact trajectory. This effect will be small (for
r/R <‘l) and will primarily effect the Z displécement and not the projected
X-Y trajectories. | |

Initial calculations td obtain an acceptable primary bean frajectory
included only the toroidal field and assumed that it had only a'BZ com-
ponent, The selected trajectory for the primary beam and a few secondary
ion trajectories are shown in Fig, III-1l. The primary starts from the E
coil layer (R = 95 cm). with X, Y coordinates of (31, -30). The angle
between the injection velocity and the horizontal is 3&0. Trajectories

for four secondary ions are also shown; starting at + 4 cm and + 9 cm



_éu_

Figuré III-1 Zero order beam trajectories (including effect of
toroidal confining field only)
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eithér side of the foéal point (distance.measured along the primary tra-
jectory). These trajectories, which we will refer to as the zero order
trajectories, éerve to establish all the gross features‘of the ion beam -
probe system. They will be modified somewhat when the fields due to thé
.E coils and the plaéma currents are included in the calculation but the
primary effect of these additional terms is to displace the beams ou£ éf
the X-Y plane. ‘In almost all cases the projectiohs of the trajecfories

in the X-Y plane will be similar to the zero order trajectories. On the
basis of these trajectories we would recommend either an array of muitiple
detectors or a single detector movable in the X direction (aléng‘the majoxr
radius of‘the torus) in the horizonﬁal pl;ne at Y = 50 ecm. A detector at
this location yields a 2 to 1 demagnification -~ i.e.'a 1 mm wide detéctor
looks at 2 mm long section of primary beam péth.

As can be seen from Fig. ITI-2 the primary béam would bé injected
between turns of the outside E coils and would require roughly a 2.5 cm
diameter straight line port through the secondary vacuum wall, field
- shaper and primary &acuum wall, To ;bservé secondary ions from_bne edge.'
of the plasma to the other edge would require a port in the top of the
© vacuum chamber and field shaper with én X dimension of the order of 8 cm.
_As we will discuss in the next section the actu@l size iequiréd fér the
exit port will depend on the E coil current and on possible plasma current

density distributions.

Z Displacements Produced by E-Coil and Plasma Currents

The distortion of the zero order trajectories by the fields produced

by the E-coil and plasma currents were calculated in cylindrical approxi-



Figure III-2

27~

Beam trajectories including effect of magnetic field
due to E~coils. X-Y projectipn
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mations i.e., it was assumed that the E—coils and plasma were infinitely
long cylinders and thét there were equivélent cylinders on the other side
of the torus tﬁat carried the return cﬁrrent. This is a éood approxima~
tion as long as the major portion of the Z displacement is due to inter-
action in the region where r < R [r = (x? + yg)l/é] and R is the majér A
toroidal-radius--- (this can be'put in more quantitative forms in'terms |
of integrals along the trajectory).

'Figure ITI-2 shows the effect of adding the E-coil current to the
toroidal field -- i.e. it is assumed that there is no current fiow in the
plasma. Aésumed operating conditions are 100 K amps in each turh of the
AE coil with 9 turns on the.outside and 22 turns on the inside. Total
ampere turns is 3100 K amps. Comparlson with the zero order traaectorles
shows that the E coil field produces only sllght dlstortlon of the X-Y
proaectlons, however it does cause appreciable Z displacement of the beam

as can be seen from Fig., III-3. Fortunately the Z displacement of the

primary beam is small and would not require any enlargement of the entrance

port, buf the Z dispersion of the secondary ions at the primary vacuun wall
and field shaper is approximateiyiz»qm and would necessitate anAexit porﬁ
.this wide in order to sample all the plasma along the primary beam‘path.
Plasma current flow will cause>additional distortion and Z displace-"
ment but this cénnot be calculated explicitly without knowing the current

density distribution. We can however, obtain some feeling for this effect

by consldering what happens for a few assumed current density distributions.'

The total plasma current is taken as 54L0 K amps which is 1/6 of the total
ampere turns in the‘primary windings and the plasma current is taken in

th same direction as the primary current. We assumed that the current



Figure III-3 Y-Z projection of beam trajectories-cofresponding to
Figure 3 :
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is equally divided between the upper and lower halves of-the torus and
considered three different cases. For each case fﬁe current density is
assumed to be oniform throughout a cylinder centered on the focal point.
for the first case we take the radius of the‘cylinder es'lb cm which
approximates a uniform eurrent distribufion‘throughout the -torus. The
second case used.h cm for the radius of the cylinder‘which approximates

a fairly sfrong peaking of the current density at the focal poinfe. For
the final case we take an extreme distribution where alil the plasma current
is assumed to flow inside 1 cm radius cylinders centered on the focal
points. Here also the calculation is done in cylindrical approximation
‘with two cylinders on the opposite side of the torus to oarry the return
current. The X-Yprojection of the trajectories for the three cases are
sﬁown in Figures III-L4, ITI-6, and III-8 respectively. The Z displacement
of the ions ds a‘function of the Y coordinates of the trajectory is shown
in Figupes ITI-5, III-T7, and III-9. As can be seen for the 10 em and ﬁ cm
radius plasma current loops the distortion of the X-Y projections is
measurable but not extreme. For the‘l cm radius eurrent filameht the X-Y
projections are strongly distorted, particularly for those secondaries
created on the entrance side of the focal point. Figures III-S; IiI—?,
and III-9 show that the Z displacement of the secondary ions depends on
the current density distribution and although we have not establlshed a
unique relatlon between the 2 dlsplacement in the proposed detector plane
and the current density distribution, we believe that this can be done by
including a few reasonable constraints (such as the current flow is in the

same direction throughout the plasma).



Figure IIT-4 ° Beam Trajectories including effect of 'uniform plasma
current distribution within a 10 cm radius cylinder.
X-Y projection '



-34-

R
. 1 yaws // L

o e
Yy L
é/////t//’ //////////{,//;

/JL/////{:///, 0
\\\\x\\ﬁ/%\»x\ﬁmﬁxmwmmm

YWY

//w'// /J
. e ) |

AL
~

R x&@m&xwxxxm

LXXXXKXXRAR AL

LT T ///;/ 777

L

a

N, g\
-\\\\:_:_:rrll__(vv\ﬁmdf\.._.J o B U
[ ; NN i
eoimrmn [ ) <~ i V\/\/\/\/ '\\ Y g ‘ /;;’ L
r‘uux.w,,s,ﬁ':« SN _F
== =

NN

Z

Wz

V2227 @22270 W7a277707 2 777 75 0 7T Ve

L7 VoD 7777 2 7z

- et e e

TP TIIIN KT . > 7 - y
(222222 12727771 L LLLLLLLIT T TIT 77727 (DT72 2774 Vo oz 7 vzrz,

22y 27

———— s . i e .



._;35_

Figure III-5 Y-Z projection of beam trajectories corresponding to
Figure III-4 i
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Figure III-6

Beam trajectories including effect of uniform plasma
current distribution within a 4 cm radius cylinder.
X-Y projection _ .
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Figure III-T7 Y-Z projection of beam trajectories corresponding to
' Figure III-6 '
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Figure III-8 Beam trajectories including effect of uniform plasma
‘ current distribution within a 1 em radius cylinder.
| X-Y projection
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Figure III-9

-L3-

Y-Z projection of beam trajectories corresponding
Figure III-8

to.
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Figures III-4 - III-9 shdw that an exit port in the vacuum chamber
and field shaper of 6 cm by 10 cm would be suffiéient for an ion beam
probe system., For a plasma current distribution thét is.very strongly"
peaked at the focal points some of the secondary ions created on the
entrance side of the focal point will nbt get out the exiﬁ port but e&en
for this extreme condition it would stiil be‘possible to obtain measure-
ments over more than half the primary ion trajectofy. If the current
density is less peaked than the equivalent uniform 4 cm radius filament
used in calculating the trajectories of Figs. III-6 and III-7, measurements
can be made along the total length of primary ion trajectory. 'Obviously
a large exit port wpuld permit mbre meésurements'on extreme current density

distributions.

Information Obtainable with Ion Beam Probe

It is anticipated that with a 2.5 cm diameter entrance port aﬁd a.
6 cm x 10 cm exit port it would be péséible tolmeasurelTe, n and'J along
the entire trajectory of the primary ion. It should also be possibleAto
measure ¢ at selected points along this trajectory but we have not included
the energy analyzer in our preliminary design. Space resolufionlwould'be

approximately 0.5 cm along the trajectory and approximately 0.5 cm perpen-

. dicular to the trajectory. Based on previous experience we estimate that

the time resolution for a measurement at a given point could be made leéé
than 100 usec. With multiple Qetectors the complefe disfribution along
the trajectory couid be made in this'timé interval and the measurements
would be continuous in time. How much data ié accumulated in a given

machine pulse would depend on the details of the data handling system,
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Electron temperaturé measurements only provide resulfsAin the range
from O ; 200 ev. Above 200 ev the cross sections for'the ionizing reactions
gfe insensitiye to T and the only iﬁformation-retrived is thét Te is
Agreater than 200 ev. Two different ion species are requiréd for Te measure-
mehts. Both speciés can.be iﬂcorporated in the same ion source but fhe
accelerating voltage must be sﬁitched between two different value;. This
requires milliseconds to accomplish and therefore determines the time
resolution of the Te measurements. | |

Space potentiél measurements are complicated by choosing a detector
location inside the torpidal éoils but it appears possible to make use
of the toroidal magnetic field in a modified Wein filter energy analyzer
(i.e. use of crossed E and B fields as a velocity selector). Such a
detector would be relatively large and préhibit the use of multiple»
'detectoré. Consequently ¢ measurements would be limited to one point_in |
the plasma per machine pulse. It would be possible to follow the time
history of ¢ at this preselected point during the pulse and to'change
location of the point under observation by ﬁoving the detector. o .

"It is our opinion that the most severe prdblem that would be encoun-
tered in installing én ion beam probe on Doublet II is one of dete¢tor
noiseT Most of this noise would be causedvbj ultra-violet radiatién from
the plasma. The severify of this problem is unknoﬁn at the present time
but we have a number of ideas on how to overcome this problem. Some
- possibilities include: steering the secondary ions so that the detecﬁor
‘"does not look at the plasma; thin film shielding‘of the detector thét

screens out the ultra violet but allows the beam to pass; or pulsing the
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beam and using phase lock detectors. It is our opinion thatithis problem

will require additional investigation but that it is solvable.

Present Status and Future Plans

This preiiminary design study delineates the ién beam requirements,
necessary port openings and the parameters‘that could be measured. The
parficular trajéctories selected correspond to using a 100 Kev beém of
ions having .a mass of 100 amu when the center line toroidél magnetic field
is 5 K gauss. In pfactice we would use K+, Cs+, Ru+, and T1+ ions with -
the energy scaled so that they would follow the selected trajectbry for
any téroidal field in the range.of 2 to 10 K gauss. To accommodate the
bean probe system there would have to be a 2.5 cm diameter entrance bort
and a 6 x 10 cm exit port. This beam probe system would provide a density
profile along the complete primary ion trajectory with a spége resolutién"
of approximately 0.3 cm3, a time resolution in the range of 10 to lOO'usec
and an accurécy of better than 20%. (If Te is high, relative deﬁsity
measurements would be accurate .to a few peréent.) Measurement of the Z
displacement of the éecondafy ions-in the detector plane would provide a.i
measure of thelplasma‘current density distribution. It is difficult to -
estimate of quote an accuracy of this measurement but if, for éxample,'the
current deﬁsity had cylindrical symmetry about the focal point and a
radial gaussian distribution, we estimate that we could determine the half
width of the gaussian to better than 20%. Space potential measgreﬁents
would be limited to one (or at best a few) points'alqng the primary tra-

jectory during one machine pulse. Accuracy for the ¢ measurements would

‘be 10 to 20 volts and it would be possible to follow the time evolution of
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the space potential at the preselected point. If the electron temperature
is below 200 e& it could be measured at all points along the primary tra-
jectory to an accuracy of 10% to lOO+% depending on the value of Te (the
lower the temperature the higher the accuracy). Temperature measurements
‘requires the use of 2 ion species which in turn requires‘that the accelefa—
tor voltage be switched from one vdlue to another. This requiré; a time
of the order of milliseconds and would set the time‘resolution of'the Te
measurement.

If there is a decision to continue the'development,of an ion beam
probe for Doublet II the work will proceed according to the following
sequence:

1. Determine if aAdetector noise problem exists, find an acceptable

solution if necessary. | |

2. Refine the trajectory calculations using more accurate magnetic

field. |

3. Complete the detailed desigq and, in collaboration with Doublet

operating personnel, specify the details of the port épenings
and the mating connections for the Beam system,

i, Construct and test the system at RPI.

5. Install and test on Doublet IT.

It is estimated that this program would required'froh 10 to 18 months with

a target time of 12 months.
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IV. Preliminary Design of Beam Probe System for a Baseball Magnetic Geometry

In cooperation withithe plasma physics group at thé United Aircréft
Research Laboratory we have undertaken‘a preliminary design study 6f an
ion beam probe system for their laser produced plasma., confined in a
"baseball" magnetic field. Ion trajectories in this field are much moré
éomplicated_as there is no symmetry plane where the problem redueces to
two dimensions., For ST and Doublét tﬁe preliminary design waé begun using
two dimeﬁsioﬁal‘trajectory in the>symmetry plane which is_exact when there
is no plasma currenf. Plasma current makes the prdblem.three dimensional;
but fhe primary effect is to produce a 2 disélacement with,_in general,
véry liﬁtle distortion of the projections in the x-y symmetry'plane. For
the baseball geometry the trajectories are always three dimensional in just
the CF field. Fortunately there is no plasma current-in this system so the .
total field is determined by the current in the external windings (this is:
not true in the initial stages where B8 > 1 but for'the‘time being we only

-

consider the later stages where the field has penetrated the plasma).

Magnetic Field

In designing a beam probe for a particular device the first étep is
to obtain a mapéing of the magnetic field. This canAeither be a table of
experimentally measured field points or a procedure for calculating the
field. Generally an experimental table that covers the full volume saméled
by the beam probe is nof available so it is necessary to calculate the
field. This was true for the UARL baseball and we have approached the .

calculation of the field two ways. The first and most advanced method is



the use of a computer code furnished by UARL that provides e value for the
three field components at any specified‘point in space. bThie code}is a
‘modification of a general purpose magnetic field calculation code developed
at Lawrence Radiation Laboratory (UCRL Report 774t Rev. II). The major
bfoblem with this code is that it is expensive if yoﬁ have to celcuiate a
large number of points; Consequently we do not use the code es'a sub-
routine in the trajectory code as this requires mény field evaluaﬁion.
Instead, we have used the field code to generate a course table of field
valuee which is then read in as input deta for the trajectory calculations.,
This table provides field values on a 5 x 5 x 5 em grid insideAaA25 x 25 x 25
cm cube. The magnetic field at any point inside the cube is obtained by ‘
three dimensional quadratic interpolation and symmetry requirements. Inter—
-polation on this coarse grid provides field values on any point that are
within 10% of the values obtained with the UARL-UCRL code as long as the
point in question is not near one of the planes containing the four loops
that make up the baseball windings. ~The large variation in theifields »
from one side of these planes to'the.other leads to large inaccuracies in
the interpolated fieid values, .It turns out that linear interpolation in
this region (within 5 em of the current planes) is far more accurate and
'.provides values that are within 30% of the UARL—UCRL code valﬁes. Checks
of beam trajectories.gsing both the interpclation field and the UARL-UCRLb
code field shows that the discreéancy in the final beam position is‘gener-
ally less than a few cms. The general shape of the trajectories is the
same for both fields. Consequently the interpolation scheme provides

sufficient accuracy for preliminary design studies.
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We are presently developing an independent'process for calculatiﬁg
the magnetic field by an expansion in sphérical harmonics; The field

intensity is eXpressed as the gradient of a magnetic potential
B = - v ‘ - -
B g, . (1v-1)

where ¢m is given in terms of the magnetization

and the magnetization is expressed as a series expansion in spherical

harmonics
M (0, ) = E AL le cos m @ . (IV-TII).
1,m

Preliminary evaluation using only a few terms in the expaﬁsibn indicate
that the results will agree with the UARL-UCRL code results to within a .
few percent. It appears possible to write the field in terms of a-few
fixed coefficients for the spherical'harmonics, in which case -field

evaluation will be much less expensive than the UARL-UCRL code and probably

less expensive than the quadratic interpolation on tabulated field wvalues.

Ton Trajectories

The coordinate system used for calculating the trajectories is shown

in Fig. IV-l. This is a view looking towards the x-y plane for the positive

lJackson, J. D, Classical Electrodynamics,'J. Wiley and Sons, Inc., 1962.




Figure IV-1 Coordinate system used for calculating trajectories. View
is looking towards the x-y plane from the positive z direction.
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Z direction showing the outline of the spherical surface that contains
(approximately) the windings and.the top view of the windings. Initially
the ions were startedvfrom the center of the-system in a variety of direc-
‘tions and the mass and enérgy varied to obtain some feeling for the tra-
jectories, These calculations prbvided starting points outside ﬁhe field
for primary ion trajectories that will pass throuéh the cenfer of.the
system and allow us to make some estimates of the secondary ion trajectories.
On this basis we selected momentum sla&ing conditions of 100 KV ions having
a mass of 100 amu for center magnetic fields of'l64K gauss. The best
injection conditions appear»to be a starting point of x = -2.5 cm, y = 4.2
cm, z = 16.6 cm with the initial velocity in the direction 6 = 38.50,
g = 151° where @ is the angle with Z axis and © is the angle between the
X-y projéction and the x axis. A three dimensionél projectiqn of this
: trajectofy éﬁd the trajectory of a few secondary ions is shown in Figure
Iv-2,

With this starting point and a fixed detector locafed at x = -6. cm,
y = -2.0 - -4,0 cm, Z = -2.0 cm, then sweeping the beam in © and @ will
allowAthe plasma proéerties to be mapped out over a complex surface in the
plasma, X-Z and Y-Z projections of the detector line and beam pathé on
this surface are shown in Figure IV-3 and IV-4. 1In general the angle‘
between the detectof liﬁe'and beam path is quite large (going to 900 in
some places) indicating it is possible to obtain good spatiai re;olution.
It‘appéars that it may be possible to sample aivolumerf plasma (instead
of just a surface) by a combination of O, ¢ and energy sweep.

Port requirements are not too excessive and are close to being

diamétrically opposite one another. This is in contrast to the toroidal'



Figure IV-2 Three dimensional projection of beam trajectory, primary and
two secondaries
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X-Z projection of detector line and beam paths
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system where the entrance and exit ports are closer to 90O apart.
Whether or not the desired ports are évailable will have to be taken

up with UARL.
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V. Experimental Program at RPL

The experimental parﬁ of the AEC sponsored program at'RPI caﬁ be
divided into two primary areas: (1) demonstrating the use of ion beam
probe to measure electron temperature (2) setting up‘a test stand to
check out and improve the ion gun, ion optics and~ele¢tros£atic énergy

analyzer.

Measurement of T

The intensity of the secondary ion current for an ion beam probe

system is given by

I, = K Ip n, F(ie) _ ) - (V-I)

where K is a constant geometrical factor, Ip is the primary ion current,
.né is the electron density at the point where the secondary ion is created
and F(Te) is the probability of creating a secondary ion. F(Te) is given

by the cross section for the ionizing reaction averaged over the electron

velocity distribution as observed by the primary ions. This can be written

as
(o ve)
A |

beam

'F(Te) (v-I1)

If we take two different ion species and adjust the energy so that they
-have the same momentum and consequently follow the same trajectory, we
can evaluate the ratio of secondary to primary current for each ion.

This may be expressed as

Isl/ ijL F‘l(Te) : <al. VQ -/ Vbl |

I—QZE F2(Te) <¢72 ve) /vbg-

S

_ = : »( V—.III) |
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For a given primary beam momentum <0’ve> /Vb can belplotted as a func-
tion bf Te provided the cross section is known. If we take tWo ion species
then Fl(Te)/Fg(Te) can be plotted as a function of T and by measuring the
" primary to secondary current ratio experimentally we have a direct measu?e
of electron temperature. | | |

The ion beam probe on the RPIL holloﬁ cathode discharge utilizes a

beam momentum of 8.8 x 10—16

gm cm/sec. For Te measurements we choose
to use_K+ and Na+ beamé’having energies of 12,7 Kev and 7.5 Kev respec-
tively. Figure V-1 is a plot of FX (Te)/FNa(Te) as a function of T_ for
this particular choice of beam energies using cross-sections reported by
Kieffer.2 |

Figure V-2 shows typical Is/Ip data for K+ and_Na+ beam‘probe.measuréé
ments on the RPI hollow cathode discharge (HCD). The signals are recorded
as a function'ofvsweep voltage, which is linearly proportional to position
along the detector line. The particular detector line used for these data
is very nearly linear and passes'thrAQgh the center of the plésma. Both
signals show a similar base line of O to 0.025 nA; which is attributed to
low level beam scattéring. By taking the ratio of the.K+ and Naf data and
using the curve shown in Fig. V-1, the electron temperatufe can be evalu-

ated at all points along the detector line. Once Te is known, the density

+
can be determined from either the K or Na measurements. The resulting

radial profile for Te and ne are shown in Fig. V-3, -Te varies from 6 to 9

ev over the region r less than 1.5 cm. For r greater than 1.5 cm the

2L, J. Kieffer, Atomic Data, 1, 19 (1969).
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Ratio of effective cross sections for potassium to sodium

~probing beams. The normalized secondary current ratios for

two probing beams is a direct measure of F (T )/F (T ),
resulting in direct evaluation of T_. '
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Recording of normalized secondary currents as a function of ‘sweep voltage (or position
in the plasma) for the sodium and potassium beams.

-Scale factors differ by a factor
of 100. Ratio of signals at any point is a direct measurement of T . With,Te known, .
elther signal can be used to determine n . )
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secondary ion signal is too weak to provide accurate intensity ratios for

.evaluation of Te. The density profile remains essentially flat over the

central region at about 3 'x lOlh cm_3 and falls rapidly to less than

-1 x lO13 em™3 for r > 1.5 cm.

The largest source of error in the measurements is thelunceftainty
in the cross-section data. For the‘temperatufe range of this experimént
F(Te) is a rapidly varyiné function and the cross-section uncertainty can
only lead to small errors in Te. However a small error in Te (less than

1 ev) may yield an uncertainty as large as an order of magnitude in the

density measurements.

The results shown in Figs. V-2 and V-3 clearly estabiiéh the abilit&
of ion beam probing to measure Te in the low temperature regime (less than
200 ev). It requires the‘use of two ion spécies and the present resulfs
were obtained by using two ion sources. This required that the.system be

shut off and brought to atmospheric pressure between measurements. However

~we have recently demonstrated that the two ion species can be incorporated

in the same ion source. Consequentl& the two measurements can be obtained
by éimply varying the accelerator'voltage. This will‘reduce the time
resolution for the measurements to 1 millisecond or less aepending on the
characteristics of the acéelerator power suéply. Siﬁce the measurements
are quasi-continuous, it should be possible to follow the ﬁime history of

the electron temperature on a millisecond time scale.

Test Stand

In using ion beam probes it is necessary to determine the character-

istics of the ion beam in order to evaluate the spacial resolution function.



For space potential measureméﬁts it is also necessary to determine the
resolution function of the electrostatic energy analyzer. Both-of these
problems are best handled on a test stand set up for this specific purpose.

Our test stand consists of a‘h".vacuum pumping station capable of -pro-

7

| : : ducing a base pressure of lO— tofr, an ion gun and electrostatic anélyzér,
chamber fabricated from Al and 6" diameter pyrex pipe, an ion gun and
analyzer which ére duplicates of the one used on the HCD syétem, é 20 KV
power'supply tg drive the gun and analyzer and assoéiated electrohics'to
‘measure the response.

Initially we will ﬁse the test stand to check out the thicé of the.
ion gun, focusing electrodes, sweep plate assembly and electrostatic
analyzer of the type used for the HCD measurements. We are particularly
intérested in the change in ion optics when switching from one ion species
to anothef.' Forva paraxiai, no space charge‘model, the ion éptics should
scale linearly with accelerating voltage. Howéver,‘experieﬁcé on the HCD
with K' and Na beams has shown that ‘this simple model is not accurate.

The discrepancy is probably related %o the difference in space charge
blow-up for the two different velocity beams.

‘ Spaée potential is determined from the voltage required on the eleétro—.
stgtic energy analyzer to bend the beam onto the exif slit. For a given
.incidEnt direction of the beam at the entrance of the aﬁalyzer, the differ-
ence between the analyzer voltage and the acéelerator voltage is directly.
proportional to the space potential where the seconaaiy ion was created.
This particular incident direction is called the design entrance angle.

For a given-energy secondary ion the analyzer vbltage is a function of the
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entrance angle., Normally the system is set up so that secondary ions
from the mid-point of the detector line enter the qnalyzer aﬁ the design
angle, while secondaries from all other points‘enﬁer at‘a slightly
different angle. Consequently, space potential profiles must be_corrected‘
. for the incident aﬁgle resolution function of the analyzer. In designing
the analyzer attempts are made to minimize the variation in véltage véfsqs_
incident angle (for angles near the design angle) by using entrance skimmer
plates which in effect changeithé size and locatidn of the entrance élit.
The effectiveness of the gkimmer plates is deterﬁined by computer calcula-
tions of the ion trajeétories through the analyzer. Assuming that the
computer model is éccurate it still cannot precisely predict the resélu—f
tion function for a specific analyzer since this will depend on the
mechanical accuracy of the assembly and the details of the fringing
electric‘fields. The only way to determine the resolutién function for
a given analyzer is to meésure it. Generaliy this cannot be done oﬁ the
plasma system since only secondary iéns can eﬁter the analyzer and their
energies are determined by the unknown space potential. On the_teét
" stand fhe resolution function will be determined directiy by measuring
the analyzer voltage as a function of incident angle for the primary ion
bean, '

Eventually the test standlwill be used for ion source lifetime
measufements and.to evaluate new ion source design§, It will alsd be
used to design rapid switching of the accelerator voltage from one value

to another and to test out new ion optiecs.



Supplementary Experimental Program at RPI

During the past year the university has furnished, at their own

: expensé, a new 1100 square foot plasma laboratory. This laboratory ﬁaé
turned oﬁer to us in November 1972 and we ére in the process‘of instélling
a high current, hollow cathode arc facility that Was donated to RPI by
Mobil Researqh and Development Corporation. This is the same fécility on
which ion beam probing was initially developéd. The high current arc
éhould be operational by Septémber 1973. Once the high current arc is in
operation the more versatile magnetic geometry used for the HCD will be
available for other experiments. The current density in the high current
arc is of the same magniﬁude as the currént density in the ST Tokamak
and we will attempt to make use of this for measuring current density
distributions in the simplef linear geometry.

The university has also furnished funds for the construction of a
100 MW, Q switched, Nd glass.laser. When this is operational ﬁe will
attempt Thomson scattering measuremegts for compa:ison with the beamAprobe
results,

An attempt to produce turbulent heating in the HCD aischarge will
also be made during the coming year. bual cylindrical baffles ;epafate
the mid chamber, where the beam probe measurements ére made, from the
electrode regions of the HCD. A small capacitor bank will be discharged
through these baffles in an attemét tb produce a large‘current pulse in

the central region. The temperature, density and space potential will

be monitored with the ion beam probe.
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Future plans call for looking at the charagteriétiés of Mev heaﬁy',
ion beams using an available 3 Mev Van.de Graéff,acceleratof., The‘next
geﬁeration plasma devices, such as the PLT, will fequiré Meﬁ ion beam

probes and although nuclear physicists have aécelerated heavy ion beéms,
the ion optics required for plasma beam probing are quite different énd

needs to be investigated.




