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Design and test of a beam profile monitoring device for low intensity
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Development efforts have gone into the construction and performance testing of a device that can
be used to provide snap shot images of the beam profile. It is intended to function even at very low
ion intensities, such as those expected from a rare-isotope accelerator. Intensity profiles and
emittance analysis are among the most critical tools used for optimizing beam transport through
accelerators. This article describes the design and performance of a beam image monitor. The device
is sensitive at a wide dynamic range which spans frefh0? to ~10?pps. With the advent of
double-plane slits or a pepper pot plate, this system can be used to scan transverse emittance profiles
in both thex—x" andy-y’ phase space planes, simultaneously. Conventional diagnostic devices
used for heavy ion accelerators generally require at leaSpd® intensity to carry out similar
diagnostics, which is not practical when considering beams with very low intensities, such as rare
isotope beams. Furthermore, the detection system used here can be used for a wide range of incident
ion velocities. Compared with solid-state detectors and scintillators that are inserted directly into the
beam, this type of detection system is less susceptible to beam induced damage resulting in longer
lifetimes and less maintenance. The test was done using single charge state Kr beams at energies
ranging from 3.6 to 18 keV/u. The device’s sensitivity was monitored for intensities beltipa®

and an emittance scan was recorded and analyzed. The spatial resolution was characterized by
comparing the emittance profile with that obtained by a wire scanning device which had better
resolution but was sensitive only to intensities abovE' fips. Recently, the device has been used

to aid in the transport of-6 MeV/u radioactive beams, such Y&, produced by pickup reactions

with a gas cell target at the ATLAS accelerator facility. Z02 American Institute of Physics.
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|. DESIGN FEATURES surface, thus the system may be used to map the ion beam
intensity along the transverse plane.
A layout of the beam image monit¢BIM) is illustrated The actual detection of the signal is done with the com-

in Fig. 1. The beam comes in from the left and passesination of a phosphor screen and a light sensitive detector. A
through any necessary slits or apertures, such as a pepper pabnochromatic charge coupled devi€CD) would be suf-
plate. Particles strike a flat aluminum surface that is orientedicient for detecting the light signal; however, we chose a
at 45° relative to the beam direction. The plate serves as éharge integrating devidg€€ID) since it has less cross sensor
dynode since the ion signal is converted to a burst of secondnduced noise as well as less thermal induced noise.
ary electrongSES. These secondaries are promptly acceler- A dual MCP detection system was actually used here to
ated by a 5-15 kV potential imposed by a grid lying parallelobtain a high gain. The second MCP lies 0.5 mm behind the
to and 5 mm from the surface. Motion feedthroughs are usefirst, such that the channel holes align. Both MCPs are iden-
to insert the aluminum foil dynode and a dual slit plate up-tical at 41 mm in diameter and can sustain a maximum bias
stream. A diagram illustrating a Simiort imulation of this  of 1000 V. each. A resistive circuit was constructed to allow
process is shown in Fig. 2. We note that the beam crosboth MCPs to have equal biases and runoff of a single power
section in the horizontal plane will appe@ times large due supply. The dual MCP system has a combined maximum
to the 45° tilt relative to the beam coordinate system of thegain of 4x 10’.
beam which is shown in the diagram. About 0.5 mm behind the second MCP there is a type
A position sensitive microchannel plaf&lCP) is excited  P-20 phosphor plate. It is biased at 3 kV relative to the MCP
by the secondary electrons and further amplifies the signautput to convert the accelerated electron’s energy into pho-
induced by the secondaries. The MCP is parallel to the contons of predominantly 560 nm wavelength. The quantum ef-
version surface as well and lies 47 mm after the grid. Theficiency is estimated to be about 0.063 photons/eV/electron
accelerating potential is distributed evenly enough such thah this wavelength regiof.
the electrons are accelerated perpendicular to the conversion The image is demagnified by a factor of 3 and transmit-
ted to the CID sensor via a fiber optic transport system. The

dAuthor to whom correspondence should be addressed; electronic maigemagnifying element is a fus?d' Fapered fiber 0ptic bundle
portillo@phy.anl.gov that goes from 41 to 13.7 mm in diameter. Between the end
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mance of this system at room temperature in this study.

The electronics within the camera allow the CID sensors
CID device to be read out in the RS-170 standard of rastering images.
vacuum window The signal is amplified and then fed into a PCI-1408 frame
grabber circuit board. The board features its own amplifica-
tion with programmable gain to processes the signal before it
is delivered to an 8-bit flash analog to digital converter. This
ADC is capable of sampling at up to 16.5 MHz, but need
only function at 12.3 MHz in the RS-170 raster mode. The
images may be digitally processed in real time with the use
of National InstrumentsvAQ software and may be stored for
later reference or processing. The image signal may also be
split to be monitored simultaneously with a TV monitor. The
beam imaging system including MCP, phosphor screen, fiber
optic rod, and CID camera was purchased commercially
from the Calutron Research Corporatibn.

FIG. 1. Diagram of the BIM. The PC also has a stepper motor control board and en-
coder reference input. This allows us to control and monitor
the linear feedthrough devices that introduce the conversion

of the tapered rod and the phosphor screen is a 13.7 M@ rface and the upstream slit pattern. The conversion surface
diam fiber optic rod in direct contact, such that loss of Iightmay be removed to allow the beam to pass when detection is
in minimized. The fiber optic rods are both made of fusedyq longer necessary. The position of the slit is monitored
glass, optical fiber rods with polished faces. The combinegyith a differential encoder.
optical system has about 15% total transmission efficiency p group at the Leuven facility has reported the perfor-
for most of the visible spectrum of light. The spatial resolu-mance of a similar deviceThe most notable feature of their
tion for a single particle exciting the MCP surface directly is setup is the use of microsphere plattSPS instead of a
better than 0.15 mm according to the manufacturer'sjyal MCP as used here. Although its known to sustain higher
specification$ and the reported results of Shapira andpressure conditions than the MCP, the MSP generally exhib-
others! its artificial structure resulting in poor resolution. The Leu-
The CID sensors accumulate a charge that is directlyen device has a limited grid potential of 5 kV and little is
proportional to the total photon flux absorbed at each respegeaferenced about the effects the grid spacing has on its per-
tive location. The charge is integrated over a 33 ms perioggrmance. In the BIM device here we can apply up to a 15
and each sensor is discharged after each read. The thermg} potential without thermionic emission and breakdown at
noise of the CID sensor array limits the integration periodpressures better than 19Torr. Furthermore, they use a
and the amplification gain; however, cooling the sensor angcp |ens camera for detection from the phosphor screen
electronics to about-10°C improves the performance over whjle a CID sensor and fiber optics is utilized here instead.
room temperature operation. We chose to test the perfoipther systems based on secondary electron emission have
been tested or are underway for the measurement of ion
hosphor beam transverse and longitudinal profifes.
screen In another study conducted by Shapira and others, a de-
tection system similar to the one constructed here was used
with thin foils of carbon or aluminized Mylar instead of a
polished aluminum surfaceThey utilized a similar MCP
detection system to study fast timing and position resolution
fiber optic with the use of a position-sensitive timing detector. Their
sygem results support some of the conclusions found in this study.

phosphor screen
MCP plates

fine grid and aluminum foil

MC

incident
beam

conversion surface

N, secondary electrons

(25 &V, -60° to 60°) Il. BEAM INTENSITY CALIBRATION
L A test bench at the “8%27° West” beam line at the
Argonne Dynamitron accelerator was configured to test the
I Skv performance of the detection system with stafflér** dc
beams. The beam energy used ranged from 300 keV to 1.5
-10kV  -0.5kV 2kV

MeV for our experiments. Two dipoles bending in the same
FIG. 2. Diagram secondary electron collection region of BIM. Trajectoriesdirection are used to select the isotope of interest over a 15 m

of electrons exiting the surface at angles ranging fre60° to 60° with a |ong transport line and a quadrup0|e doublet refocuses the
kinetic energy of 25 eV are simulated with Simon using a 330 spaced beam as is delivered to the target region

grid. Bias potential used for each element is shown along the bottom. The ) . .
beam coordinate system is oriented such thatzthgis points in the direc- The plasma source of the accelerator typically delivers

tion that the beam travels. beams at the tens of microamperes range in steady operation.
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An independent channeltron detection system was set up di ' ' ' ' ' ' ' :
rectly upstream to monitor the intensity. This detector con- 1 - — Zﬂﬂzﬁgzﬁmbuﬁ on 170413 .
sists of an aluminum cup used as a dynode for collecting %93 f\ @,=0.2237 ¢
secondary electrons at the channeltron for ion detection. The 1 \ o, =0.3633
cup floats at a very high impedance to allow measurement o _55‘ E =21eV
tens of picoamps with a current integrator. This detector carn... 1 AN E; =4eV
be readily calibrated for each measurement by simulta-Z 1E-34 S\ i
neously applying two grid attenuators to suppress the beang ] TN o, =1eV
intensities down to the £@ps level for &Kr*™ beam at 12 & 0,=3eV
keV/u. The detection efficiency of the channeltron detection” E =7ev
system was measured to be 1.¥%1%. 1E-4 4 M

The two attenuators are 1.5 m apart with a 27° bend ]
dipole between and have known transmission values. Four 3
jaw slits are used for lowering down the intensity further as ]
well as for finding the exact location of the beam position. 0 10 0 3 4 50
Once calibrated, the channeltron detection system served ¢ E (eV)

the reference to determine the beam current. ) ) N
FIG. 3. Simulation of energy distributiofbar graph compared to the ex-

perimental data of Rothard. The parameters used with the probability den-

sity function are listed.
I1l. PROPERTIES OF SECONDARY ELECTRONS AND

EFFECT ON DETECTOR
o ] o i son distribution; however, the effects of the bulk surface on

A significant amount of signal amplification is attribut- e escaping electrons results in a broadening that depends
able to the collision of the ion with the aluminum dynode. ch on the ion/target species as well as other surface prop-
The excitations from the colliding projectile at the dynode grties, The result is an overall growth in the variancéor
result in the ejection of other ions, neutrals, photons, andhe gistribution. For example, it had been observed that a 30
electrons. The energy and angle distributions of ejected Skey/ cs' beam impinging on an oxygen treated Cu—2%Be
have been studied by Rothard and othersd find that the g rface gives-10% largero than expected form a Poisson
angular distribution of the ejected electrons tends to obey gistribution at the measured The broadening affects the
cose distribution, yet with no dependence on the angle Ofefficiency of detection and makes it impractical to apply the
incidence of the projectile. When surface roughness is appregchnique for discriminating between different particles.
ciable the intensity seems to drop off more rapidly when |, this study we measure the overall electron flux by

sampling away from the surface normal. applying a potential to the dynode to suppress the electrons

The energy distribution of secondaries tends to exhibit &, subtracting the ion current. At an incident angle of 45°
feature that is predominantly independent of the combinatioy,e gptain~12 e Jion for 1.5 MeV8Kr*? on the untreated

of projectile and target used. The distributions tend to exhibity,minum surface. Building up an oxide layer at the surface
a sharp peak at 2#10.3 eV that contains-85% of the total 54 using materials such as Cu—2%Be can increabew-
distribution. The rest of the distribution lies along a decaylngever, we use an untreated surface since it is less susceptible

exponential Iikg curve.with some structure present as a resujfy ¢\ rface degradation over long exposures to heavy ions.
of Auger and kinematic effects. _ Trajectory simulations were carried out using Simion 7

~ The average number of secondary electrons ejected Pg5 jetermine the broadening effects caused by the overall
ion eventy depends on many characteristics of the projectile(y gt and microlensing at the grid. Monte Carlo techniques
surface combination. A general argument can be applied fQfere applied to simulate the energy and angular distribution
understanding why SE flux is attributable to the excitationsyf the secondaries. The distribution of angles is taken to be
close to the surface. The range even for 0.3 ke% IS cos@in form. The combination of two Gaussians and a Max-
about 200 A and most of the energy is deposited evenlyyeiian function was utilized to form a probability density

along the path of the collision cascade. The mean free path ¢f ot pest fits the data of Rotharibr the energy distribution.
electrons with energies even at 20—100 eV is 3-5there- The function is expressed by

fore, it is conceivable that only the energy deposited within

the first few layers from the surface contributes to the SE a,
flux. For these reasons the average number of ejected elec- P(X)= J2na?
trons turns out to be proportional to the electronic stopping !
powerdE/dx of the projectile/target combinatiohThe en-
ergy deposited close to the surface also increases with the
angle of incidence, and studies have shown that the second-
aries give a distribution proportional to se&’ @

The number of secondary electrons ejected per ion eventhere the parameters used are listed in Fig. 3 along with a
can be characterized by a Polya, or negative binomial, displot of the simulated distribution. The initial positions of all
tribution as shown by Dietz and Shefiéld Binary colli-  trajectories are distributed evenly along the grid over eight
sions between atoms are generally described best by a Pogrid spaces. This was necessary since the focusing action of

ap

V2mas

21927, 43
xex — (E—Ecp)*/205] + z—exp(—E/Ey),
M

exd — (E—Ecy)?%/203]+
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1.25 2000 We then turn our attention the broadening dependence
——o, g on the grid accelerating potential. For a 0.33 mm grid spac-
1.00{ - A §v / —! 1500 ing, Vy is varied over some range, and the broadening is
o / better understood if we rewrite EQR) as
= 0.75 / ¥ se~a- vl \Vy=a-&(Vy), ®)
£ . /D/D/ 1000 3 _ . . .
oo 0.50 D/A/A % wherea is a constant obtained by comparing with Eg)
& 2 and the dependence oviy is absorbed into the function
0.25 500 &(Vg). A comparison is made between this equation and the
results of the Simion simulation in the graph shown in Fig.
0.00 0 4(b). The o (left axis) and év (right axi9 values are plotted
0.0 02 04 06 0.8 1.0 for grid potentials between 0 and 20 kV. The rms transverse
grid spacing (mm) 800 velocity seems to increase linearly with accelerating poten-
0o | 0-33 mm grid spacing tial, however, only by~10% throughout this range. The
* O — solid line is obtained by Eq3) under similar conditions.
Since the rms velocity remains approximately constant,
1.5 700 o it is possible to decrease the divergence by increasing the
S E) grid potential. Going from 5 to 13 kV decreasgesby almost
E10 3 40%. The rate at whiclr, decreases lessens appreciably for
o’ 600 g higher potentials and will eventually shift to an increase with
05 * simulation V_g as év will ultimately dominate. The actual limit ob_tained_
& measured (5, = 0.871 mm) with our detector seems to be at about 15 kV, at which point
o=dvliv, the thermionic emission produces considerable noise to the
O a6 8 M0 12 1a 16 18 20 220 detector.
v, (kV) The dependence oWy was measured experimentally

with a beam spot centered on the dynode surface. The
FIG. 4. (8 Broadening of the secondaries as they are transported to theveighed rms moments along the horizontal aig,s were
MCP for detection as calculated by Simion 7. A13 kV potential was used oneasured for grid potentials varying from 2 to 11 kV. A
gnds.of different mesh size. The rms of the transverse veladitgompo- constant factosh, is summed in quadrature tq, to account
nent increases with mesh size, which causg$o increase almost propor- . . .

for both the finite beam size and broadening due to the elec-

tionately. (b) Results of simulation showing the, (left axis) and év (right g -
axi9 dependence on grid potential for a 0.33 mm grid. The solid line istron and photon optics at the MCP. This results all expressed

evaluated from an equation that explains what the physical significance ofs follows:
the process is wherév is taken to be a linear function of the grid potential.

H2 =02+ 6h3. (4)

rms—

the grid depends on this initial position. The relative dis-Fitting this equation with the measurédi,,, values yields
placements were recorded for each trajectory to evaluate thého=0.87 mm if o is evaluated by Eq(2) and év values
rms displacementr,. The results obtained when sampling are taken from a linear fit to the simulation. We solve éqr
oe, along with the rms transverse velocify, are shown in  and plot the values in Fig.(d). The effect of the grid poten-
the double axis plot of Fig.(4). The grid potential was kept tial on the broadening seems to be well understood from this
constant aVy=13kV. result.
We consider the case where the perpendicular compo-
nent of the velocityv, is nonrelativistic and the transverse
component is_ small compared_tq. Alsp, we assume tha_t IV. MEASURING TRANSVERSE DENSITY
the acceleration takes place in a region that is negligibhyy sTRIBUTIONS
short compared to the drift that follows. Under such condi-
tions we can apply the relation The tests witt?*Kr!* ions from the Dynamitron accel-
erator have shown that a beam 3.6 or 18 keV/u can be well
Sv Zm resolved with an intensity as low as<4.0? pps. The latter
ge~L.-—=~6v € , 2) value is the lowest beam intensity achievable using the at-
vy 2-Vge tenuators. The maximum intensity could be higher than 200
nA; however, the extent of the grid and MCP detector life-
wherelL is the distance between the dynode and MCP surtime may suffer. We did not observe deleterious beam effects
face,mq/e is the mass to charge ratio of the electron, &d even when running up to i®pps at 1.5 MeV for several
is the acceleration potential. The term in the square root ofiours. A plot of the beam distribution is shown in Fig. 5.
Eq. (2) is approximately constant; heneg scales very lin-  Bitmap images of single snap shots of two different beams
early with Sv. The transverse velocities are amplified by theare illustrated in Fig. 6. Figure(8) is that of 18 keV/u kryp-
grid potentials as the grid spacing becomes larger—ton ions at rate of %107 pps. Each resolvable spot repre-
especially beyond 0.5 mm. A 0.33 mm spaced copper grigents at least one ion collision event. We point out that the
with ~90% transmission was used for this apparatus. voltage across the MCP system need only be high enough to
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8 @6‘\ FIG. 7. Beam profiles in thg direction measured by both the wire scanner
)((mm) 4 A\ and BIM systems when the grid accelerating potential is 13 kV.

tem is useful for scanning profiles. More experiments will be
FlG.7 5. Transverse beam density distribution obtained for Krypton (2conducted with the BIM to study its performance under other
X 10" pps) beam.

conditions that may arise.

obtain a detectable light intensity when keeping the phospo\r/ EMITTANCE PROFILE MEASUREMENTS
system at peak sensitivity. This is necessary to extend the

lifetime of the MCP. The previous section demonstrated that profiles in the
Since the MCP plates are highly insensitive to gammaransverse plane could be measured over a wide dynamic
radiation, this detection system is sufficiently immune to ra-range. This section looks at the performance of such a device
dioactive decay of a wide range of implanted particles. Fromwhen used to measure the transverse phase space character
a recent experiment we obtained the results illustrated in Figof a beam. Measurements of this type are useful in evaluat-
6(b), where a momentum selected, mixed beam’Bt* (67  ing the performance of beam transport devices. Typically,
MeV), 1°0%* (56 MeV), and'®0’* (43 MeV) is striking the  one looks for features such as the phase space area and el-
conversion surface. ThEF®* component constituted 68% lipse orientation in terms of the Twiss paramet€rsVith
of the 2.5< 10° pps resulting from an inverse kinematics in- enough spatial and angular resolution, such devices can even

flight production technique used at the ATLAS to produce aoffer details about higher order aberration effects.

variety of radioactive species at energies at or below the A schematic diagram of the dual slit plate used for these
Coulomb barrief?

measurements is shown in Fig. 8. Each slit is 0.2 mm wide
At the high intensity limit, the vertical profile of 1 MeV and about 45 mm in length. The beam is aligned and focused

Krl* beam with an intensity of-200 nA was measured with within a region bounded by a circle 630 mm diameter

both the BIM/slit combination and a 0.25 mm scanned wire.such that each of the two slits scans bothxtendy profiles

The resulting beam profiles are shown in Fig. 7. The twoalong separated intervals. The plate is located a distance

scans coincide well, which demonstrates that the BIM sys=30.5 cm upstream from the center of the dynode surface

FIG. 6. Beam images of(a) low in-
tensity ~4x 10% pps 18 keV/u kryp-
ton beam, area size is 5.1 6.5
mm; (b) total intensity of 2.5
X 10° pps of a radioactive beam line.
Area covered in coordinate system of
the beam is~17.0 mmx18.2 mm.

() (b)
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to obtain the 1D array with values that represent the average
beam intensity along the horizontal direction at the alumi-
num surface, which is tilted 45° relative to the beam coordi-
nate system. Similarly, a profile along the vertical axis is
obtained by

linear motion

beam coming

\. out of page
pag G,-(y>=2i Mij(y). (6)

Of interest is the rate at which the beam disperses out as
drifts from the slit to the aluminum plate, or the divergence
of the beam.

To determine the divergence at a given position of the
slit we must transform the units of position as referenced at
the CID sensor to those of the beam coordinate system. The
displacements must be evaluated relative to the slit position
by applying the following transformations:

VA
horizontal slit

hi=i-ky—x-y2 (vertical slif, 7)
and
FIG. 8. Double slit plate used to scan both thandy profiles. The orien- g; =j- ky—y (horizontal sli}. (8)
tation is such that the beam is coming out of the page and the relative beam
coordinate axes are labeled on the bottom left. Here, h; represents the corresponding horizontal position at

the aluminum plate at pixel row, and g; represents the
and a linear feed through that is driven by a step motor is’ e:écuilﬁ ;‘?rethcgﬁ;ar:i?ixc;ri]gnkéfirﬁet?ae :f:(;eﬁ?grto;stit;h?; d
used to scan the plate across the beam in the transver & . 9 € tap ' op
lane and the distance between each pixel in the horizontal and
P X vertical directions, respectively. Both are taken to be 40.5

At any position of the slit plate, a snap shot can be C : .
acquired of the image and recorded at the CID sensor arra§0'3 pm/pixel in this setup. The 2 factor in Eq.(7) ac-

An average from multiple snap shots may be processed i ounts for the 45¢° tilt of the aluminum plate along the hori-

order to reduce white noise in cases where the noise to sign Pntal plane )

level is high. The image is then stored in memory as a two- From the;e arrays we can then e_v_aluate the f|r§t and

dimensional(2D) array of 8-bit integers whose intensity is s?cond ﬁtatlstlcaldmomentﬁ at _each plosm%n. Ibn the rk:or:czontal

denoted a$/;; . The subscripts andj denote horizontal and plane, tthe s?con hxmom'(;,\. Fmsb'StE\k/.a ua:;]e about t et |r?t

vertical position, respectively, of each pixel along the planemomen m at €actx position by taking the square root o

of the sensor array. Each snap shot yields a distribution of the 5 1

beam divergence along the length of the slit. For example, himdX)= H_E Hi(hi—hm)?, 9

when the beam is in the vertical slit positi¢see Fig. 8, the 0!

intensity will be proportional to the distribution of diver- whereH, is the integrated profile intensity. Similarlg,ms

gence valueg’ along the slit that runs along tlyeaxis of the  values are evaluated for eaghposition. Furthermore, we

beam coordinate system. Any constants of proportionalityassume that broadening due to the transport of electrons and

derive from a transformation that converts the position valphotons through the detection systérp can be accounted

ues at the sensor array to those of the beam coordinate syfer by a deconvolution of Gaussian functions. The convolu-

tem (compare Figs. 2 and)8 tion theorem dictates that the final rms values of convoluted
The emittance distribution in the—x" plane is obtained normal distributions yields another normal distribution with

from a series of profiledv;;(x) measured for alk values rms value equal to the quadrature sum of each rms

with the vertical slit. Similarly, they—y’ distribution is ob-  component?

tained from a series of profiléd; (y) in which the horizon- Suppose we are interested in rms broademigpgaused

tal slit is in the region of the beam. Notice from Fig. 8 that if solely by the divergence of the ion beam, then broadening

the linear feed moves in the direction shown Ay, then contributed by any other factors; must first be determined

there is a corresponding movement dk=Ar/v2 by the before a deconvolution may be applied in obtaining the true

vertical slit andAy= —Ar/v2 by the horizontal. Depending broadening caused from the divergence. The dominant com-

on which slit is in the beam region, a statistical average ofponent ofa4 here is the broadening of secondares how-

the profile is taken by summing values along the orientatiorever, there is some contributiaryp gained due to the lim-

of the slit. For example, for everyl;;(x) profile we take the ited resolution of the MCP and photon optics. For now, we

sum over the index make the assumption thatyp is negligible.
As long as it is valid to model the measured rms value of
Hi(x)= 2 Mij(X) (5) the data as a convolution of distributions with rms values of

o, andhy,, then we must have
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2 _R2 2 8
hrms_ hb+ Te- (10 (a) g, = 6.06r mm-mr @ 90%
The corrected profiled® can be extracted by applying the . By,= B.657 mmfmr
product of the functionA;(x) with H; to deconvolute two o =-0218
Gaussian distributions at eachposition. This function is -
obtained from E
>
Ai(x)=ex — (hj—hy)/2h3], (11) 4
where
-84
hg=irnsl (Nrms/ )~ 1]. (12 oy
The results along thg axis are obtained in the same way. -12 T T T T
The resulting profile$d{ and G’ should represent the distri- 121 (b) & = 4.33n mm-mr @ 90%
bution of ion current density in the coordinate system of the gx;?ésffgmm/mr
conversion surface. Thg' axis coincides with the vertical 8 x
axis directly but thex’ axis does not because of the 45° tilt;
therefore, the transformations for finding divergence along g 4
each respective axis must be given by x
yj~9;/do 01
and 4]
x| ~h; 1y/2d, (13 5 3 > 5

0
expressed in units of radians, whetgis the distance from  (mm)
the slit to the midpoint of the conversion surface. The deFIG. 9. Emittance profiles extracted from the divergence profiles. The el-
convoluted emittance profiles obtained by these transformdiPse dFaIWF\GﬁtS the Dha?e Spa;]ce aﬁ;g;a gi\;e:xband Ieyb - Ifthe distr_ibutionsId |'
tions is _Shown in Figs. @) an_d Qb) for the_y "f‘”‘_jx profiles, xitz?ntrtl;ii bc?lljjrfjg;.I?hgrqu\/tisznpara/rongtetrseatsziarmzaé?nz?tfnn:;t)\llvg;uevallleu-
respectively. A standard statistical analysis is implemented t@teq by a statistical analysis.
extract the Ersns emittancg and the Twiss parameters,,

, andy, .~ They profile emittance seems to be overpre- . . :
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