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Abstract. As part of the work building a smalieavy-ion inductionacceleratorring, or

recirculator, atLawrencelLivermore National Laboratory, a diagnostievice measuring the
four-dimensional transverse phase space of the beamtira single pulse hdseendeveloped.
This device, the Gated Beam Imager (GBI), consiststbiraplatefilled with anarray of 100-
micron diameter holes and uses a Micro Channel Pl@&P), a phosphoscreenand a CCD
camera toimage the beam particles that pass through the taftesthey have drifted for a

short distance. By time gating the MCP, the time evolution of the lx@aralso bemeasured,
with each time step requiring a new pulse.

INTRODUCTION

Lawrence Livermore National Laboratoryas, for the past few years, been
developing the world's first circular ion induction accelerator, or recirculator, as part of
its heavy-ion fusion researgrogram. Acritical task of this development is measuring
and understanding any change in beam quality@dsa travels arounthe accelerator.

Of specific interest is the measurement of finst and second moments and the
emittance growth. The standard tosked tomeasure themittance oheavy ion beams
is the slitscanner. Thisleviceuses twoparallelslits, one downstream dhe other, to
measure the two-dimensionaitherx-x’, in plane, ory-y’, out of plane, phasgpace.
Not only is thisdevice notable to measurboth simultaneously, it also requiresany
beampulses for onemittancemeasurement,e. one beampulseeach timeone of the
slits is moved.

In an effort to improve on this measuremdavice,the Gated Beam ImagéGBI)
was developed at LLNL. Thideviceusessmall holes instead aslits, amicro-channel
plate (MCP) to convert ions to electrons, and a phosphor screen to produce images on a
CCD camera. The result is a devighich measures botk andy emittancefor a given
time interval with a single beam pulse. Changing the timing gate of the dU&4s one
to measure the time evolution of the bepnise. Thusthe Gated Beam Imagebtains
the same information as the slit scarweh a factor of 20 reduction ithe number of
beam pulses required.



THE DEVICE

The Gated Beam Imager limsed orthe pepperpobeam diagnostic methoghich
has previouslybeenused to diagnoselectron beamgl). In the pepperpot method
where a mask, ohole plate, withsmall holes (the pepperpot) is introduced into the
beam,the beanions arestopped bythe hole plate excepthere theypass through the
holes formingsmall beamlets. Theskeamletspass through drift region wherethey
freely expand from space-charge amdittanceforces. Making theholessmall enough
limits the space charge-inducegpansion othe beamlets to a small percentage of the
expansion due to emittandbe quantity ofinterest.The beamlets are intercepted by a
detector which is excitednd thespotsare observed with &£CD camera, andligitized
for analysis. Figure 1 shows a schematic of the GBI with several key dimensions listed.
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FIGURE 1. Schematic view of GBI.

Several dimensions dhe GBI such aspepperpot holesize, hole spacing, and
beamletdrift length must be sized tachieve the goal of maximizing the beamlet's
growth due toemittancewhile minimizing thegrowth from remaining space-charge
forces.Additionally, adequate signal strength must be presetiteaCCD camera and
the beamlet image spot size must be much greatettltbazameraystem resolution so
that statistical averages of the CCD pixels are valid. These requirements place constraints
on the pepperpot hole size, hole spacing, and beamlet drift length.

The application of a micro channel plate as@i detectorallows consistent and
repeatable signal outpuiith increasingcumulativeexposure tadamaging heavyons.

The 1500-angstrom stainless steel coating on the input sithe &ICPstopsthe heavy

ions, resulting in a secondagjectron signal proportional to the input heavy-ion signal

(2). These electrons are then amplified through the MCP and proximity focused onto an
output phosphorscreen and viewed by a CGfamerathrough anoptical lens. The

optical focus allows the small CCD chip to see the entire phosphor screen at the cost of a



large image pixelsize. The proportionalconversion of ions toelectrons while
maintaining the spatial relationshgmlestepshe signal reductionvith increasingdose
observed wherthe phosphoroutput is directlyexposed to heavyons (3). The
microchannel plate detectatso allows amplifying weak signals makingpibssible to
gate the beamlets rapidly and still have enough output signal at the phosphor screen.

THE ANALYSIS

After taking an imagevith the GBI, two corrections to themage must bemade
before it can analyzed to tifieéd the emittanceFirst the dark charge contribution must
be subtracted away. When the CCD chip has its bias voltages applied, a small amount of
charge will build up in each pixel due to the thermal creation of electrorphote The
longer theexposurethe moredark charge is builip. Since,the CCD chipreads out
one pixel at dime, the amount oflark charge will be differerfor eachpixel, less for
the first pixel read out, more for the last. Thffect is correctedor by taking animage
with no incident light orthe chip and subtractirthat imagefrom the real datamage.
Beyond this dark charge correctiadhe imagemust be correcteéor any nonuniform
response of the detector, ftat fielded. A uniform x-ray source is used the baseline
and an image of this sourcetaken. Thismage isused tocalculate a correction factor
for each pixel.

Onceboth of these corrections have beeade to the datanage, itcan then be
analyzed to determine the emittance. The first step is to semrbkamlets on the CCD
image. Contiguous groups pixels above an intensity threshaldefound. The exact
value of thethreshold is dittle bit trial anderror, but should bdarge enough sahat
pixels with only background do not contribute to thgseups. If asingle group
consists of enough pixels, the group is said to be a beamletcuthos the number of
pixels is to insurehat holes inthe hole platevhich only have a fraction of itarea
overlapping withthe cross section of the beam doot contribute to theemittance
calculation.After finding all beamlets on thenage,eachone must be associated with
the appropriate madkole. This isfacilitated byfour extraholes aroundhe center hole
of the holeplate. This uniquely determindéise center hole beamlet on the C@bage
and the other beamlets are matched with holes relative to the center hole.

After this beamlet image to hole association, the moments are then calculated. Only a
single row(column) of pixels foeach beamlet igsed inthe x(y) emittancecalculation.
This is done to more closegmulate a slitscanner analysis for comparison and to
eliminateany correlations in th& andy moments which arise frortine circular hole
shape.Therow and columnused isdetermined by the pixel of peak intendity each
beamlet. The extent of pixelsed ineachrow and column is determined by tffiest
pixel on eachside ofthe peakpixel, that has anintensity below10% of the peak
intensity. This cut is an exclusive one.

For each pixethathas passed this cuhere is arnntensity, |, and position of the
center of the pixel . Letx, equal the center position of the hole, then
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whereL is the drift length. Also, let

o= Y o 2)



where this sum andll sum subsequeratre over all pixels used foall beamlets. Given
these equations, one uses Equations 3 through 7 below to calculate the moments.
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The definition of emittancesed for thisexperiment is thems emittance, defined
below as,

&2, = (X°)(X?) = (xx')’ (8)
with the definition of normalized emittance as,
Enorm = AYBE s (9)

wheref andy have theusual definitions ofpecial relativity anadvhose producequals
0.00209 for this experiment.

VERIFICA TION

The Gated Beam Imagevas designed as amprovement to existing diagnostic
devices, so it shouldive similarresults. Toverify this, measurements were taken on
the Recirculator at similgvositions forthe GBI and the slitscannerThe configuration
of the Recirculator was a 80 keV, 1.8mAystiong, K+beampulse.The measurement
was done after the beam had traveled through a 90 degree bend without any acceleration.
The slit scanner used had two |5f-wide slits with one7.4 cmdownstream from the
other. The downstream slit had a Faraday aftgchedoehind it to measure the current
of the beam that made it through both slits. Figures 2 and 3 show the results.
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When comparing data from the two devices one should igherdifferences in the
first moments, since this is a function of the inability to precisely aligb¢aenlinewith
the vacuum tank thdtoused both detectorg/hile the GBI is in thisvacuumtank, slit
scanscannot bedone. The whole tank had to beotated to do the sliscan in both
directions. In additionthe second momentare also slightly different because the
beamline position of the two devices differed by 18 The Recirculatohas a standard
FODO design and so the beam has just exited a quadrupole before it is incident on the
diagnostic devices. Thus, the downstream device, the slit scavilhdrave a smallex
rms and a larger rms than the upstream device, the GBI. This is verified by the data.
A real direct comparison can be made by looking at the normaméthncevalues.
The GBI values are).043 forthe x emittanceand 0.065 for the y emittance. This
compares t®.047 and0.069 from the slitscanner. Givetthe systematierrors of the
two devices and the different thresholding techniques used to ignore background, this is
excellentagreement. Alsonotice the qualitative agreement in thlts of the phase
space measured by th&o devices. It should bkept in mind that thé5BI data was
obtained from just one beam pulse, while the slit scanner required 800 pulses.

THE FUTURE

One drawback of the current GBI design is the faciG® camera iglisjoint from
the rest of the devic&.hus, everytime theGBlI is inserted in the beamline, tlwamera
has to be refocussed atiek image pixel sizenust be determined. This not only costs
time, but hinders flat fielding of the device, since the flat field image will have a different
pixel size than the data image. To get around this, an improved model is currently being
designed where the CCD chip sit in the vacuum and is directly coupled to the back of the
phosphor screen, which implitse CCD chip will have to be as large as pi@sphor
screen. Thiwill mean that the image pixel size will be the same asphysical pixel
size of the chip for all images, including the flat field image. This design will also allow
the device to be positioned at many different locations alondpebenline, instead of
just at the end of the machine.

Another improvement currently being planned is uke of ahole platewith square
holes. It is currently possible to make 100-micron square holes where the corners have a
radius of curvature of 12 microns. The use of this plate will allow a large increase in the
number of pixels used without having to deconvolute the effect of theshafee on the
x andy moments.

CONCLUSION

The HIF group atLLNL hasdeveloped anew devicethe Gated Beanimager, to
measure the first and second moments of an ion beam and its emittance. The device is an
adaptation of the pepperpdésign used focharacterizing electrobeams. It measures
both the in-bend plane and out-of-bend plane transeengtancesimultaneously which
the slit scanner canndb. It also reduceshe requirecbeampulse by a factor of 20 to
fully map thetransverse moments as a function of tifiee emittancaneasurements
from the GBI agree quite well with measurements frahe slit scanner. Further
improvement of theGBI are planned and the fullsefulness of thiglevice is just
beginning to be exploited.
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