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ABSTRACT

M easurements have made of the emittance plot of apartly neutralised positive ion beamlet, using a
dlit, a polymer target and an infrared camera. This thermographic approach isintrinsically linear
and absolute (since the properties of the target are known and approximately independent of
temperature). It is sufficiently sensitive that only one short pulse is required to capture the entire
range of the angular coordinatey’. lons and neutral atoms are both detected with equal sensitivity.
The measurement is unaffected by secondary electrons emitted by the target, and by electrons
travelling with the positiveion beam, asboth types of el ectron carry very little energy. No specialised
electronics or beam deflection devices are required. Providing the region downstream of the mask
isfree of fields, the target can be several metres away from the mask, allowing good resolution in
they’ axis. Thetarget can be aslarge as required.

1. INTRODUCTION

The emittance plot of a particle beam is the distribution of particle density in the xx" or yy’ plane,
wherezisthebeam axis, X' = dx/dzand y’ = dy/dz [1]. It provides much moreinformation than the
emittance — a numerical quantity defined in terms of the area occupied in the emittance plot. In
principle the plot can aso be projected forwards or backwards to determine the size and shape of
the beam at any given plane.

While most work has used electrical detectors to determine the emittance plot [2], using the
principleillustrated in Fig.1, other detection methods have also been used. Various light emitting
screens have been used [3], including Ce:YAG [4], and Al1203 [5]. Guharay et al [6] used a 50um
Kapton film. The Kapton becomes darker with exposure to the beam. After alarge number of
identical shots the target is removed from the vessel and its transparency is measured.

This paper describes measurements of the emittance plot of apartly neutralised D" beam, usi ng
adlit, apolymer target and an infrared camera. The benefits of this approach are described in the
abstract above.

2. MEASUREMENTS
The beam was produced by atetrode accel erator with astandard JET ion source. The hole diameters
in Grids 1 (plasma grid) to 4 (grounded grid) were 12, 13, 10 and 12mm respectively. The grid
spacings are shown in Fig.2(a). The JET ion source with an accelerator isknown asa“PINI” [7].
All but one of the 262 holes in the plasma grid were blocked with copper plugs. A molybdenum
mask was fixed in position immediately downstream of the neutraliser. The mask had a recessed
dlit of nominal width 0.1mm (Fig.2(b)), and an array of recessed holes of nominal diameter 0.2mm.
The final breakthrough of the holes and dlit was done by laser machining [8]. The mean dlit width
was 0.072mm.

Asthe mask could not be moved, the PINI was steered up or down in steps to scan the beamlet
over the dlit, with one pulse taken at each position. For each pulse aseries of infrared images were



taken of the target, using an infrared camera[9].

A small portion of the beamlet passed over the top of the mask. The overspill image on thetarget
was hotter than the dlitimage, but sufficiently separated fromit to allow the dit imageto be analysed.
The amount of energy passing through the array of holes was not sufficient to produce a visible
infrared image.

A thermal model of the mask showed that thermal distortion greatly reducesthe dlit width if the
pulse length ~ 100ms. If the parallel-sided recess was replaced by aV-shaped chamfer this problem
would be greatly reduced. Note that in either case the recess or chamfer should be on the upstream
side. Thisisthe opposite of the approach normally used to prevent scattering. The recess used was
wide enough that any scattered particles will land well away from the target.

The target was Kapton XC, 40um thick. Thisis ablack, carbon-loaded, electrically conductive
polyimide, thermally durable to 325°C in oxygen-free environmentsl0. The carbon is present
throughout the bulk of the film, so it cannot rub or flake off. Non-loaded Kapton is translucent,
both in the visible and infrared. The carbon makes the film opaque, and prevents charging from the
beam.

The timescale for heat to spread through the thickness of the target is of the order of (target
thickness)2/thermal diffusivity = 0.02s. The thermal images used for analysis were taken about 50
ms after the end of the pulse, long enough for the temperature to be uniform through the thickness
of the target, but short enough that very little heat spreads transversely.

Theemissivity of Kapton XC wasmeasuredin air. Linear fitsto the emissivity are 0.95-0.0007Q
and 0.94 - 0.0005Q for the matt and shiny sides respectively, where Q is the temperature in °C.

3. DATA COLLECTION AND ANALYSIS
The last image before the pulse was subtracted from the image taken about 50ms after the end of
the pulse, giving a temperature change image (Fig.3). A set of lines was drawn on the image,
parallel to each other and to the axis of the glit image. The mean temperature rise along each line
was calculated. Each pulse correspondsto onevalue of y. Each line correspondsto onevalue of y'.
The differential power at the mask is given by
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where P is the power at the mask; y and y’ are shown in Fig. 1; AT is the temperature rise of the
target, averaged along one line; c is the specific heat capacity of target; p isthe density of target; d
Is the thickness of target; t is the pulse length; L is the length of a line on the image; dmt is the
distance from mask to target; and 9 is the width of the dlit in the mask.

The emittance plot shows dZP/dydy’ against y and y'.These measurements give the emittance
plot at the mask. Assuming the region is field-free, the emittance plot at any other plane can be
calculated.



4. RESOLUTION
The emittance diagram is most usefully plotted at Grid 4, since beam simulations are likely to end
there. Consequently it isimportant to estimate the achievable spatial and angular resolution at Grid 4.
Figure4illustratesthe effect that thefinite spatial resolution of the IR camerahas on theresolution
of the emittance plot at Grid 4. The two lines represent extreme particle paths that |and on points of
the target that are too close to be distinguished. The angle between the paths represents the angul ar
resolution, and the separation of the paths at Grid 4 represents the spatial resolution. Figure 5
illustrates the effects of dlit width. The two lines represent extreme particle paths that cannot be
distinguished because they land in the same place on the target.
Combining these two effects, the net spatial resolution Ay at grid 4 is
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and the angular resolution Dy’ is
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where p is the spatial resolution of the IR camera at the target; dy, is the distance from grid 4 to
mask, and d,, andd are defined above.

These formul ae need to be modified if thetarget isnot normal to the beam. Estimates using these
formulae are Ay = 0.8 mm and Ay’ = 0.4mrad, but it is not possible to confirm these using the
measured results. The beam was not scanned over the dlit in small enough steps to cover the
emittance plot in sufficient detail.

When using a pepper-pot the diameter of the image of a pinhole must be calculated to ensure
that the separate pinhole images do not overlap. The geometrical image of the aperturein Grid 4 is
the upper limit. Theangular spread of the beaml et determineswhether thisimageisfully illuminated.
Consequently the image on the target of apinhole on the beamlet axisis given by the smaller of the
two quantities,

a:cpbeama.x:],andbze-d (4)

where ¢peamiet 1Sthe diameter of the beamlet at Grid 4, and 6. isthe maximum angle of convergence
of the particles reaching the mask. (Whether this is the same as the overall beamlet divergence
angle depends on the shape of the emittance plot.)

RESULTS
The emittance plots at the mask and extrapolated to Grid 4 are shown below. The origins of they



andy’ scalesarearbitrary. Itisnot possibleto cal culate the emittance, as much of the emittance plot
IS missing because it was not possible to scan the beamlet sufficiently far up or down.

CONCLUSIONS

The thermography technique for measurement of emittance plots was successful, but in the angular
coordinate (y') measured at Grid 4 the sampling interval was too large and the extent of coverage
was insufficient. Several improvements are suggested:

1
2.
3.

The mask should be bigger to prevent overspill.

The dlit should be chamfered rather than recessed to minimise thermal distortion.

The mask should be as close as possible to the accel erator to improve resolution iny. To ensure
adequate sampling the mask must be stepped in fractions of amillimetre, right out to the edge of
the beam.

An aperture with no offset aperture steering should be used, to guarantee symmetry. A second
aperture with steering, well separated from the first, could be used for comparison.
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Figure 1: The principle of measurement of the emittance
plot.
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Figure 2: (a) cross-section of grid, with half of the
aperture. (b) cross-section of dlit in mask.
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Figure 3: Typical infrared image, showing overspill (top)
and glit image (bottom)

Figure 4: The effect of the resolution of the IR camera.
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Figure 5: The effect of dlit width Figure 6: Emittance plot at mask, 108 kV, pulse length
37 ms, 122 mA
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