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Abstract

An emittance meter is developed using pepper-pot method. Kapton foils are used to detect intensity
distributions of small beamlets at the “image” plane of the pepper-pot. Emittance of H” beams from
a large plasma source for the neutral beam injector of the Large Helical Device (LHD) has been
measured. The normalized emittance (95%) of a 6 mA H beam with emission current density of
about 10 mA/cm? is ~ 0.59 mm mrad. The present system is very simple, and it eliminates many
complexities of the existing schemes.
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Emittance is a figure of merit of charged particle beams. Simply speaking, emittance is a
measure of the trace-space area occupied by a distribution of beamn particles. The emittance concept
and its implications in beamn physics have been discussed in numerous articles™. This parameter
relates to many basic problems in researches of current interest, namely, high energy accelerators, ion
beam microscopy, electron beams for free electron lasers, etc, In recent times, interests in measuring
this parameter and characterizing the ion beams from a source have occurred in magnetic fusion
research also. The motivation for generating high-quality ion beams arises due to their demand in the
area of neutral beams for additional plasma heating as well as for diagnostics. Several techniques for
emittance measurements have been reported in the literature™!. The two common approaches are
the slit-and-collector method and the pepper-pot method. Signals in the slit-and-collector method
are detected electrically using very sensitive, ultra low-noise current amplifiers. Some drawbacks of
this method are circumvented in the slit-and-electric sweep scanner system’. Contamination of signals
due to noise, secondary electrons, etc., complicates the analysis in the electrical method of detection,
especially in the slit-and-collector method. In a pepper-pot emittance meter, an optical method of
detection, namely, fluorescence due to particle beams, is normally used. Although the optical schemes
are rather inexpensive and relatively less cumbersome, long-term stability of a fluorescent screen
(namely, phosphors) and linearity of its response with beam current (or beam power) are issues of
concern. Hence, further work for simple, reliable schemes is warranted.

The present article highlights a simple emittance measurement system which has been
successfully used to characterize H' ion bearns from a large plasma source. This prototype ion source
on the Neutral Beam Injector (NBT) test stand of National Institute for Fusion Science (NIFS) is one-

third scaled of the actual source required for the Large Helical Device (LHD) program. The ion



source and the NIFS test stand have been described elsewhere'”**. Considering the complex
experimental environment for accessibility in the NIFS NBI test stand and also some special
characteristics of the H ion beams, namely, high beam energy (~ 90 keV), very low beam divergence
(~ a few mrad at 1/e folding beam size) and low duty factor (0.003), we have determined that a
pepper-pot type emittance meter offers a good solution.

Wang et al.’ have earlier derived a practical formula for emittance in terms of geometrical
pararmeters of the beam and the pepper-pot system. Assuming the beam 1o be axisymmetric and the
four-dimensional phase-space density distribution bounded by a hyperellipsoid, the full beam
emittance € is expressed as

e = (RD/2z) (D,/D - S,/S)[1- (S/R)*T™. (1)

R is the beam radius, D is the diameter of the pepper-pot holes, z is the distance between the pepper
pot plane and the detector plane, D, is the diameter of beamlets at the detector plane, S, and S
correspond, respectively, to the distances of the center of a beamlet from the beam axis at the
detector plane and at the pepper-pot plane. The above notations follow ref.9. For the beamlet through
the center hole of the pepper-pot, the parameter S = 0 and correspondingly, S, = 0. In this limiting
case, S/S istaken as 1. Any beam expansion downstream from the pepper-pot plane will be due to
emittance only if the dimension of the pepper-pot holes is small enough to ignore space-charge effects
of the beamlets. Mathematically speaking, the ratio of the space-charge force to the emittance force,
ie., Ka¥e® must be << 1. Here, K (= 2I/I,B*y>, 1 is the beam current, I, is the characteristic current
of the beam species, B = v/c, and y is the relativistic mass correction factor) is the generalized beam
perveance, and a is the radius of the beamlet through the pepper-pot hole.

The experimental arrangement is shown in Fig. 1. The present instrument, as in Fig.2, consists



of a deep Faraday cup in conjunction with a 2D calorimeter array (as indicated in Fig. 1) and a
pepper-pot assembly. Here, the most notable point is the use of Kapton foils as detector. The
“images” of small pepper-pot holes are automatically monitored by the Kapton foils. The pepper-pot
assembly has two essential parts: (1) a plate with multiple holes through which small beamlets
emerge, and (2) a Kapton foil where the images due to the small beamiets are captured after their
expansion primarily due to the emittance force. In Fig. 3 (a) are shown the pepper-pot holes (12
horizontally, 12 vertically, 12 diagonally, and a center hole) which are drilled very precisely on a 90
mm X 90 mm x 2 mm stainless steel plate. Very uniform and smooth geometry of the holes are
obtained by careful drilling and chemical etching. The geometry of the holes on the downstream side
of the plate 1s especially important; the holes are examined by a microscope. The diameter of the
holes is 194 pm. A special retainer, as in Fig. 3(b), holds the surface of the 50 pm thick Kapton foil
flat. The Kapton foil is held paraliel to the pepper-pot plate by precision stainless steel spacers. The
front surfaces of the Faraday cup and the pepper-pot plate containing multiple holes lie on the same
vertical plane. The calorimeter array consists of copper disks (18 horizontally, 18 vertically, and 1 at
the center) and thermocouples in conjunction with each disk. The diameter of the disks is 6 mm, and
they are separated by 1 cm. The 2D calorimeter array measures the beam distribution in a single shot.
This allows to cross-check the Faraday cup measurements over several shots. Since the aperture of
the Faraday cup is 3.2 mm, it can measure the beam distribution with a spatial resolution better than
the calorimeter.

The operating conditions of the ion source are set by optimizing the characteristic source
parameters, namely, gas pressure, filament current, discharge voltage, discharge current, extraction

voltage, and extracted H current. Nominal discharge parameters correspond to: gas pressure of
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about 8 mTorr, discharge power of about 35 kW, extraction voltage of about 9.4 kV, acceleration
voltage of about 79.4 kV, pulse length of about 300 ms, and duty factor of about (.003. The
extracted H' current is typically about 6 mA giving an emission current density of about 10 mA/cm?.
The source is adjusted mechanically to achieve the beam axis perpendicular to the diagnostics plane.
Beam distributions are measured in the two orthogonal planes using the 2D calorimeter array, and
the beam axis is evaluated.

The beam emittance is measured at a distance of about 5 meters from the ion source. The
pepper-pot assembly is inserted into the vacuum vessel through a top port. A load lock above the
top port (Fig.2) isolates the ton source environment, and it allows to perform any preparatory work
for the pepper-pot assembly. A precision moveable rod carrying the emittance meter is dropped about
3 meters from the top port of the vacuum vessel so that the beam is intercepted by the Faraday cup.
The beamn distribution on the plane of the pepper-pot’s front surface is measured. Figure 4(a) shows
a typical beam distribution using the Faraday cup. The experimental data fit well with a Gaussian
distribution. The half width at 1/e level of the peak current density is 2.3 cm. This value matches
well with the corresponding result from the intensity contours in Fig. 4(b) measured by the
calorimeter array. The beam width of interest (such as, full width, 30 width, etc.) can be determined
from these results, and the appropriate value is used in expression (1) for beam emittance.

Now, the crux of the problem is to measure the “image” of the pepper-pot holes on the
Kapton foil. The images formed by the beamlets through the pepper-pot holes carry information about
the angular spread of the beam due to emittance. As described earlier, thirty-seven pepper-pot holes
are used and their images are captured on the Kapton foil. Fifteen to twenty shots are typically

required in the present situation to get good fidelity of the pattern on the Kapton foil. The number



of shots depends essentially on the power density of beamlets at the image plane. Good
reproducibility of the shots is a key issue here, and this is ascertained by conditioning of the ion
source. The intensity distributions across a few beamlets on the Kapton foil are shown in Fig. 5. A
magnified picture of one of the distributions is shown in Fig.6. These results are obtained by scanning
the patterns using a densitometer with a resolution of 10 nm. The exposure patterns have been also
examined using a microscope with a CCD coupled image intensifier. A typical picture of the beam
spot is shown in Fig. 7. The results agree reasonably well with the aformentioned measurements using
the densitometer. Two important points are noted in Kapton exposures.

(1) The individual distribution in Fig. 5 is Gaussian-like when the distance between the pepper-pot
plate and the Kapton foil is ~ 4.2 cm. For shorter gaps, < 2 cm, when the Kapton foil is very close
to the pepper-pot plate, the intensity distribution is found to be hat-like with sharp flat top.

(2) The area covering each intensity distribution seems to follow the same behavior as the current
distribution of the beamlets at the pepper pot plane.

The response of the Kapton foil thus seems linear with the incident beam current (for the same beamn
voltage). Preliminary experiments with Kapton foils were done earlier in the context of high energy
(~ 150 keV) Ar* ion beams®.

Finally, the emittance of the aforementioned beam is estimated. The emittance of a certain
beam fraction, say, 95% is of practical interest. If the beam boundary is considered to be extended
up to 5% of the peak intensity level, the corresponding beam radius R is about 4.2 ¢m, and we obtain
D, =294 pm from Fig. 6. Since the pepper-pot holes are very small (diameter = 194 nm), space-
charge effects do not play any significant role in determining the “image” patterns on the Kapton foil;

the enhancement of the beamlet (or the “image”) size, D,, is primarily due to the emittance force. The



value of S, is observed to be very close to S for all beamlets. This 1s due to the fact that the
divergence of the beam at the pepper-pot plane is very small, ~ 6 mrad at 1/e- folding beamn radius
of about 2.3 crn. This yields an inappreciably small value of the local beam divergence over the
dimension of the pepper-pot holes. Therefore, the deflection of the beam axis across a gap of 4.2 cm
between the pepper-pot plate and the Kapton foil is negligible. So, we have used S,/S = 1 in our
experiment. Plugging in the above values in expression (1), we obtain the 95% beam emittance as
about 50.0 mm mrad. Note that the usual factor of 7 is notincluded here as the trace-space area is
m€. The analysis, so far, is based on the study of a beamlet through one particular hole. As a large
number of beamiets are imaged on the Kapton foil, we can achieve good statistics of the data.
Analyzing the data set of the intensity distributions in Fig.5 we obtain € (95%) =43.2 + 6.4 mm mrad.
The normalized emittance of the beam is defined as €, = fye. Hence, in the present case, the
normalized emittance is estimated as €, (95%) = 0.59 mm mrad.

In conclusion, the present apparatus has been adapted easily and rehably to measure the
emittance of H beams relevant to the neutral beam programs for magnetic fusion. The evidence for
linearity of response and good sensitivity of the detection system using Kapton foils attributes its
strong merits. The present detection scheme avoids any complexity of the usual two-step processes
in an optical method, namely, first, capturing pictures from a luminescent screen and second,
processing the image patterns. The current method is direct, and it displays the exposure patterns
automatically. This method appears to be particularly useful in 2 complex environment where the view
ports are restricted. We have made preliminary measurements with this emittance meter to investigate
the dependence of beam emittance on characteristic parameters, namely, gas pressure, cesium feed,

etc. The results are beyond the scope of this article, and they will be reported elsewhere.
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Figure Captions:

Fig. 1 Schematic diagram of the experimental arrangement.

Fig. 2 Schematic of the emittance meter system.

Fig. 3 (a) Pepper-pot holes, and (b) Kapton foil holder.

Fig. 4 (a) H current density distribution using a deep Faraday cup, and (b) H intensity contours
measured by a calorimeter array. The contours are mapped at an intensity interval of 10%.

Fig. 5 Intensity distributions across 7 beamlets on the Kapton foil. The center of the beamlets are
spaced at an interval of 4 mm. The actual horizontal scale is revealed clearly in Fig. 6.

Fig.6 An enlarged display of a typical intensity distribution.

Fig. 7 Picture of a beam spot on the Kapton foil using a microscope with an image intensifier. The

red color contrasts the exposed area against the background in yellow.
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