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Abstract

A method of measuring the spot size or bunch length of in-

tense charged particle beams is proposed. The relation between
the size (widths and length) of a charged particle beam and the
beam's electric field forms the basis for a sub-micron beam size Biased Electrodes
monitor. When the beam passes through a low pressure gas of
high Z atoms, the beam field causes multiple ionizations of the

gas atoms. The appearance of ionized atoms in a given charge
state gives information about the field of the beam and hence its

Intensity
size. Sample calculations show that appearance thresholds can
indicate the spot size of round beams with 10awouracy or the
bunch length of round or flat beams with up to/4d accuracy. o Time
Time-of-flight
[. INTRODUCTION Measurement

Future colliders for high energy physics call for beams of eveiFigure 1. Proposed experimental setup for beam diagnostic.
smaller dimensions. Recently, two new techniques for mea-
suring sub-micron beams have been tested, a laser interfereéfoe N; represent the fraction of the total gas atoms which are
technique used at the Final Focus Test Beam (FFTB) at Stanfisrthe jth charge state. The ionization probability, per unit time,
[2] and a time-of-flight technique proposed by a group from Ois given by the Keldysh formula
say [3]. The scheme we propose here is complementary to these

5

two and can alternatively be used to measure bunch length if E? _em%

spot size is known. Our approach for beam size measurement is Wj = Wo—p e TsE (2)

a modification of the appearance intensity diagnostic developed

for use with lasers [4]. whereL’; = ionization potential for the jth ionization state, nor-

The beam size diagnostic we propose is shown in Figure Malized by 13.6 eV; E = transverse beam electric figlg(()
the focused particle beam passes through a gas cell. The igfgound beams), normalized by the atomic figlti453 x 10t
produced by tunnel ionization amccelerated by an externalV/m; wo = 1.635 x 10° /ps. The total ionization yields are ob-
electric field to detectors, and the ionization yields are deté@in€d by integrating Equations (1) in time.
mined. For a round Gaussian beam, the beam spot size ca b??ound beams
deduced by relating it to the highest charge state observed. For
flat beams this diagnostic provides no data about the small spofhe round beam is modelled by a cylindrical bi-Gaussian dis-
size. However, for a known spot size, the appearance of chafigeution, . .
states can be used to compute t_he bunch length of eith_er flat or No(r,2) = Nboe_;’_fe_;’_f 3)
round beams. We calculate ionization yields by modelling the

interaction of the electric field of a round or flat beam with vavhere Nyg = maximum particle densityr, = beam spot size,
ious gases. ando, = bunch length. The beam numbj is related toNVyg

by
II. THEORETICAL MODEL Neo = # 4)
(2m)2olo,

The rate of change .Of atoms_in _eac_h charge state 0|Iuring W‘Fe radial electric field is found using Gauss' Law, with time
passage of the beam is due to ionization by the beam's elecgé?)endence brought in through

field.
ON; =c(t -1t 5
i = wiio ® et =ty) ®
wheret, is the time when the beam particle density is a maxi-
*Work supported by US DOE grant DE-FG03-92ER40745 mum.
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Figure 2.
Nelt throughNedt vs. o, for Ny, = 5.5 x 10% andes, = 0.05
cm.

o Log plot of n1 vs sigma r; Nb=5.5E10,gas=Ne; various sigma z
i i ' "sigma 2 = 0.01 am

Logarithm of fractional charge state densities féigure 3. Logarithmic plot showing the variation in ionization

yield for Ne't vs. ¢, ase, is varied from 0.01 cm to 0.3 cm.
Notice the reduction inV; and the threshold value @f. for
higher values of,. N, = 5.5 x 10'° in these calculations. The

Egs. (1) were time-integrated numerically and averaged ovkata for the higher charge states show a similar variation.
r. N, was taken to bé.5 x 101 and the gas sample is assumed

to have a radius,, ., = 30 microns for our round beam calcula-

tions.
B. Flat beams

The flat beam is modelled by a tri-Gaussian distribution,

2
x2  _¥- 22

Ny(z,y,2z) = Nyge 29%¢ e 202 (6)

whereo,, = beam width andr, = beam height« ¢,; Ny, and

o, are defined as in the round beam case, and the same relation

between z and t applied/; is related taV,, by

Ny

Nep = ————
(2m)zop0y0,

(7)
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Figure 4. Logarithmic plot of round beam ionization yields for

For these calculations, the beam is treated as a 2-D problm plotted against small values of bunch lengtf, = 5.5 x

(%} = 0). This assumes that the gas cell is shorter than th
beam beta functions [6}; or 3;. The gas cell is divided

into rectangular boxes of grid sizés and dy in the region
—0, < x < oy, With 6;4;3’ < ?—xy ; over most of the ioniza-
tion volume £, < E, and we neglect’,. Applying Gauss'

Law with these approximations allows calculation/gf. Net

ionization yields are obtained by time-integrating Eqs. ( 1) 9

each box and summing usindax-based weighting.

[ll. RESULTS
A. Spotsize

@'’ ando, = 1um. At these small values of,, there are clear
appearance thresholds foie®+ and higher charge states.

It is clear that no significant production &fe?+ occurs until
the spot size is below &m; thus the appearance dfe?* in-
dicates a spot size below this value. Similarly, the appearance
of other charge states gives spot size information frgamito
.07um with accuracy up tolzout 0.03um.

To gain some insightinto the variation of the ionization yields
with ¢, the calculations were repeated for several values of
ranging from 0.01 cm to 0.3 cm. Figure 3, a logarithmic plot
of Ny vs. ., shows the decrease i, and the lowering of
the thresholdr, below which tunnelling is allowed as. is in-

Figure 2 plots ionization yields for Ne Iogarithmicallyagainséreased_ Although only the data fof, are plotted here, the

or for bunch lengthr, = 0.05 cm. Two points should be noted.

First, a charge state will not appear unlessis below some
threshold value which allows tunnelling to occursif is below

the threshold, the ionization yield increases rapidly, then begins
to level off. Second, asach successive charge state appears;
the yield for the preceding state is decreased by that of the neviNe was chosen as the sample gas, with= 1um.

charge state.

results are similar for the higher charge states.

B. Bunch length
1 Round beams

In
Figure 4, the bunch lengths are small enough that significant
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10 T
o B ] A diagnostic for particle beam size based on field ionization
' r ........................ has been described. Calculations of the ionization yields ver-
L S L T—n ] ] sus spot size for round beams show fairly sharp thresholds for
0 . 1 the appearance of the various charge states involved. Similar
wf o 1 calculations using different bunch lengths yield curves with the
g0t T et same form, with maxima and threshold spot size decreasing as
ol " Neze ] the bunch length is increased. Plots of ionization yields ver-
: " sus bunch length for both round and flat beams also display
107} - Neot . 1 .
g " thresholds for the appearance of successive charge states. These
'y - . | thresholds can be used to determine the beam size given the
w0} . 1 beam number and either a known spot size or a known beam
O S S S S P length.
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sigma z, om An experiment to test this diagnostic could also be useful in

Figure 5. Logarithmic plot of round beam ionization yield‘.,;gltomlc physics. Previous tests of DC atomic tunneling theory

for Ne plotted against larger values of bunch lengthi, — with Igsers [4] have yielded discrepancies between theory and

5.5 x 1010 ande, = 1um. The appearance thresholds fér+ e_xpenment attributed to _the AC nature of th_e laser. As the par-

throughN' ¢4+ are visible on this scale ticle beam does not oscillate, the data obtained through an ex-
' periment using the gas cell-beam apparatus described here with

amounts ofV %+ and higher charge states are produced Figﬁlam intensities comparable to those of the laser would be use-
ure 5 shows data for longer bunch lengths in the range 0.01 in separating the DC and AC effects.

< ¢, < 0.1 cm. Here, onlyNe't throughNe*t appear in
significant numbers. Similar to the data for spot size determina- References
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Figure 6. Logarithmic plot of flat beam ionization yields vs.
bunch length. The sample gas is Né, = 10'°, ¢, = 1um,

oy = 70nm. Appearance thresholds for charge stafe$+ and
higher are evident.

B.2 Flat beams

The flat beam data were calculated for a beam containing
10'° electrons witho, = 1um, o, = 70 nm, and Ne in the
gas cell. These data are shown in Figure 6. As in the round
beam case, there are well-defined bunch length thresholds be-
low which charge states will not occur. Bunch length informa-
tion from 0.09 cm down to about 0.035 cm may be obtained
with accuracy up tolaout 0.01 cm within the limitations of the
simplifications made in the calculations.



