
2204 IEEE Transactions on Nuclear Science, Vol. NS-30, No. 4, August 1983 

AN EMITTANCE SCANNER FOR INTENSE LOW-ENERGY ION BEAMS* 

Paul W. Allison, Joseph 0. Sherman, and David 6. Holtkamp,'AT-2, MS H818 
Los Alamos National Laboratory, NM 87545 

Summary 

An emittance scanner has been developed for use 
with low-energy H- ion beams to satisfy the following 
requirements: (1) angular resolution of +1/2 mrad, 
(2) small errors from beam space charge, and (3) com- 
pact and simple design. The scanner consists of a 
lo-cm-long analyzer containing two slits and a pair of 
electric deflection plates driven by a -+500-V linear 
ramp generator. As the analyzer is mechanically driven 
across the beam, the front slit passes a thin ribbon 
of beam through the plates. The ion transit time is 
short compared with the ramp speed; therefore, the 
initial angle of the ions that pass through the rear 
slit is proportional to the instantaneous ramp volt- 
age. The current through the rear slit then is pro- 

portional to the phase-space density d2i/dxdx'. The 
data are computer-analyzed to give, for example, rms 
emittance and phase-space density contours. Compari- 
son of measured data with those calculated from a pre- 
pared (collimated) phase space is in good agreement. 

Introduction 

As beams of increasing intensity and brightness 
are used in accelerators, the details of the trans- 
verse phase-space distribution (the emittance) become 
more important. The electric-sweep scanner (ESS) 
described here measures a two-dimensional emittance 
and was designed to overcome some intensity and angu- 
lar resolution limitations for low beam energy in the 
slit and collector type scanner used at many accelera- 
tors.' Because of the relative simplicity of the 
ESS, it can be used to produce emittance contours on a 
storage oscilloscope without a computer;' however, 
the present version is computer interfaced and con- 
trolled to provide the most flexible operation and 
data analysis. 

Theory of Operation 

The ESS is schematically depicted in Fig. 1. A 
beam of current i impinges on the narrow front slit of 
the scanner pod. The emerging beamlet passes between 
a pair of electric deflection plates driven by a lin- 
ear ramp generator. The ramp voltage changes slowly 
compared to the ion transit time; thus, for ions pass- 
ing through the rear slit, there is a simple relation- 
ship between the initial angle x' and the instantane- 
ous ramp voltage. The scanner current as a function 
of time during the ramp then is proportional to the 

phase-space density d2i/dxdx' as a function of x'. 
The scanner pod is stepped across the beam to complete 
the measurement as a function of x,x'. 

We assume that the ions have uniform energy e$ 
and that the velocity of ions does not change signifi- 
cantly in passing through the plates. We also assume 
that the deflecting field is uniform and confined to 
the geometric length of the plates D - 26, where 0 is 
the distance between slits and 6 is the gap between 
the plates and the slits (Fig. 1). A more accurate 
calculation shows a negligible error due to this 
assumption of hard-edged electric field. 

*This work was supported by the US Dept. of Defense, 
Defense Advanced Research Projects Agency, and Ballis- 
tic Missile Defense Advanced Technology Center. 
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Fig. 1. Schematic of electric-sweep emittance scanner. 

Using the paraxial ray approximation, we find for 
ions passing through the rear slit with deflection 
voltage V applied across the gap g between the plates 
that 

x' = .$I (D - 26) 
49 * 

The maximum analyzable angle xm, limited by ions 
striking the deflecting plates is 

xr;l=& , 

corresponding to a maximum voltage V, required: 

v = D;8y2$2 
m 

= +2(x;)* c$ x . 
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The full mechanical angular resolution A0 is 

and the rms value (for a parallel beam uniformly 
illuminating the front slit) is 

where we have chosen the front and rear slit widths s 
to be equal to maximize the scanner current for a giv- 
en angular resolution. The approximate scanner cur- 
rent 6i is obtained from the ratio of scanner accept- 
ance to the unnormalized phase-space area (nc/D): 

.2 
6ix*T . 

We calculate that the rms angle from finite bandwidth 
f of the scanner amplifier is 

0 
rms =@-A ’ 

where T is the ramp time to analyze angles +xm. We 

obtain a bandwidth criterion by equating this to Or,, 

of the mechanical resolution: 

f"$&D . 

To assess the effect of space-charge forces, we 
assume a uniform density beam of elliptical shape with 
radii Rx and R . 

Y 
The electric field Ex at the surface 

x = s/2 of the ribbon beamlet is E, = si/2ncoRxRyv, 

where v is the beam velocity. After a drift of dis- 
tance D this force expands the beam by an additional 

amount h: h = +eisD2/4neoRxRymv3, where m is the ion 

mass. If we require h to be less than s/2, then space- 
charge forces require that 

D* < 
h~~R~R~rnv~ 

ei 

if resolution is to be determined solely by A@. 

Design and Performance 

Electric-sweep scanners were built for measure- 
ments in both planes on 20- and lOO-keV H- beams oper- 
ating at 5 Hz with a 1-ms pulse width. The four scan- 
ners are identical except that the deflecting plate 
gap g was smaller for the lOO-keV models because the 
required scan angle xm was smaller. With this choice, 

the required ramp voltages are nearly identical, so 
that a single transistor ramp generator can be used. 
The ESS, shown in Fig. 2, can scan a beam of radius 
25 cm. Most of the beam power is dumped on a cooled 
plate shadowing the front slit, and the heating due to 
current passing through the scanner is negligible. 
The scanner cup bias ensures that there is little or 
no response to neutral particles or secondary elec- 
trons. A list of pertinent specifications is given in 
Table I. From the space-charge consideration D should 

Fig. 2. Photograph of emittance scanner, 
scanner pod (left) and linear a,'!%?@- 
(right). 

TASLE I 

EMITTANCE SCANNER DESIGN PARAMETERS 

Parameter 

s(cm) 

D(m) 

6 (cm) 

9(cm) 

AB(mrad) 

xm(mrad) 

Vm!V) 

20-keV 
Unit 

0.005 

10 

0.48 

0.5 

+0.5 

i91 

+400 

lOO-keV 
Unit 

0.005 

10 

0.48 

0.25 

AO.5 

?46 

+510 

be less than 27 cm for a 0.1-A, 23-keV round beam 
of l-cm radius; therefore, in this case the angular 
resolution will be degraded from the mechanical limit. 

The ramp generator drives a single plate from +V 

to -Vm at the desired time in the pulse, with a typim 

cal ZOO-us ramp time. A typical scan covers ?2 cm, 
with both the mechanical step size and the angular 
scan width selectable. Typical scanner current, ramp 
voltage, and beam-gate pulses are shown in Fig. 3. The 
bandwidth of the scanner-current amplifier is 1 MHz, 
hence the ramp time must be >200 us for the 
PO-keV unit to avoid limiting the angular resolution. 
Digitizers record the scanner-current and ramp-voltage 
waveforms, and the data are reduced in the computer to 
a format of 48 bins in angle by 50 bins in position. 
Plottina the data in isometric form on the graphics 
terminal limits the measurement rate to -L0.4/min. At 
our pulse rate, 10 s woulc be recuired even if stepper 
motors and data reduction were very fast. The com- 
puter program can calculate and display phase-space 
contours, rms emittance, emittance versus beam frac- 
tion, and Courant-Snyder beam-envelope parameters. 

The calibration of the 100-keV scanner was tested 
by analyzing a beam from a phase-space collimator, 
consisting of two 4-mm apertures spacec 25.4-cm apart. 
After a final drift of 4.4 cm from the end of the col- 
limator, the allowable phase space is as siown in 
Fig. 4. This calculated outline is superposed on the 
phase space measured at the lowest possible contour 
level and is in good agreement with the measurement. 
The Z-mm displacement is due to the collimator mount. 
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Fig. 3. Emittance scanner signal waveforms. Top, 
beam-gate pulse; middle, deflector plate 
voltage; bottom, scanner current at a 
100~us/division sweep speed. 

Discussion 

The ESS is most useful at low energy and probably 
would be impractical beyond a few million electron 
volts because of excessive scan voltage required. The 
length of the scanner is determined primarily by the 
required angular resolution and the precision with 
which the small slit width s can be maintained. This 
slit must be thin enough to pass ions with angles +xm 

without collimation. Construction of a 5-cm-long 
scanner with resolution +l mrad seems practical. 
Emittance is sampled over 50 beam pulses and over the 
time of the ramp voltage, thus the measurement gives 
neither an average nor a snapshot. One might expect 
that beam pulses are identical but that there is time 
variation during the pulse. We limit the bandwidth 
of our scanner-current amplifier to 1 MHz to reduce 
extraneous noise pickup but with our scanner currents 
of 1 to 10 uA, it should be possible with improved 
shielding to reach a lo-MHz bandwidth, so that the 
ramp time could be reduced to 20 ps. 
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Fig. 4. Left, preparation of collimated phase space; 
right, comparison of calculated and measured 
phase-space contours. 


