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Abstract g = g V= +0%/e
Beam profile monitors employing phosphor screens will be V1+ 502/ V1+50%/c

used in the beam transfer line fro”? AGS to RHIC, now und@_\fheree is the rms deflection angle going through flag. This re-
construction at BNL, as beam profile monitors. Data analysly ¢ can be extanded to arbitrary distributions for rms quantities.
procedures are being developed for the transfer line test sche ith the RHIC injection line parameters, in the worst case
uled for the fall of 1995. In addition to the emittance and TWisg o amittance dilution careach 30% which \,Ni|| greatly affect

parameters calculation, it will include direct reconstruction %e accuracy of the measureditance. Fortunately, scattering
the beam phase space density distribution by using an Abel e cts can be compensated with meésurements '

version with the m_lnlr_nal f'issumptlon of an ell|pt|cally SYMMEL ¢ e heam transfer matrix from flagto the next flag + 1
ric phase space distribution . The percent emittance comes ou Ti Tio

of the process naturally. is Ty1 oo ) then the increase of rms beam width at flag

i + 1 due to the scattering of flagfollows
[. INTRODUCTION

Two dimensional beam profiles will be measured using the
video profile system [1] in the RHIC injection line. They willThis effect adds up quadratically from flag to flag. The above
be used to monitor beam quality and measure beam emittagg@ation can be used to obtain each flag's scattering effect by
and Twiss parameters for beamline matching. Six flags will pgeasuring the beam width with and without the flag in front.
for emittance measurement, though at most four can be ugeflis the effect of scattering on emittance measurement, at least
simultaneously, limited by the number of frame grabbers. Thisostly, can be corrected.
will enable us to measure the input beam parameters on a bunch
by bunch basis with some redundancy for error checking. 1. EMITTANCE CALCULATION

The information on horizontal and vertical coupling extracted At least three independent measurements are needed to deter-

from the two dimensional profile directions will be used to ideq’hinea 3,~ ande. The measurements do not not necessarily

tify aqd in feedback to correct the_coupl?ng. If significant CO%ave to be simultaneous. With a very good repeatability from
pll_ng IS pre_sent a complete four dlm_en5|onal phase space E.“B%lﬁch to bunch, they could also be from measurements of mul-
ysis, ignoring the even more complicated additional coupllq le bunches with flags at different locations. They could also

with the longitudinal dimension, is necessary. A meaningful and - easurements with one or more fixed flags but with varying
reliable complete phase space analysis is impossible by virtu%%( net settings

the number of flags, the necessary measurement accuracy & mittance and Twiss parameter calculation from beam width

the C(_)mpIeX|ty_of the_ r_equwed analy3|s_. we W.'” assume thrﬁeasurements is strait forward[4][5]. Basic formula are repro-
c_oupllng eﬁgct IS '_‘eg"g'b'? after correction and limit the analyduced here for reference. Details can be found in [4][5] and [6].
sis to one dimension at a time. The beam width at flagis related to the parameters at loca-
tion sy asy; = w? = Bie = 5., gir - ax, Whereg;; = t7,,
Il. SCATTERING EFFECTS Giz = —2t11 - t19, gi3 = 135 With [I;fij] being the transfer matrix

Going through the flags, beam particles will be scattered. Tfiem sg to flag:, anda; » 3 = €03, ca, €.
bulk of the deflection is due to elastic Coulomb scattering from Minimizing
the nuclei within the screen. The distribution of the deflections
is roughly Gaussian for small deflections while having greater 9 Yi — D g Yik * Ok :
probability for large-angle scattering[2]. In the limit of thin X = Z [ ] ’
films where particles' position can be treated as unchanged go-
ing through the target, the scattering effect can be easily c@hereo; is the rms error inv?, yields the normal equation for
culated[3] using a Gaussian scattering angle distribution angha problem
Gaussian beam distribution [N;x] [ax] = [b;]

e =ey/14 5O2%/e, o = 2% where
BO%/ V1+86/¢
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The solution is simply the distribution and its projections:

(a;) = [V] (br) _ /Oo _ o [T fl)rdr
Where[V] = [N]_l. - 1 oo f,/4 (l‘) dz
The standard error for any dependent variaffle=  f(a;), fr)y = —= Vo2
can be easily calculated wifh]: TJr vE T
5 The direct inversion in Eq. 1 involves derivation and integra-
ol = Z <3f) o2 = Z of Vi - of tion of a divergent function and therefore is not suited for nu-
! p dy; ! — Ot day, merical applications. There are various ways to get around the
’ problem[8], including the filtering of raw data to reduce noise,
Fora; itis Simp|yggj = Vj;. using transform techniques to avoid the divergence. One can

The calculations done with artificial profiles for the RHIC in2lso fit the data to analytical functions based on physical models
jection line show that with 0% rms error in the measured bean®nd carry out the inversion analytically. The latter approach is
widths, the standard error in calculated beam emittance vafé3at we have chosen for its easy control. It reduces the further
from a few percent to above0% depending on which three computation and also serves the noise filtering purpose.
flags are used, reflecting on the between-flag betatron phase adVe choose Gaussian weighted Hermite polynomials to ex-
vances. When two flags are multiplesiéf® of betatron phase pand the beam profile:
apart they are images of each other and do not provide indepen- . o
dent data. When the phase advance is close to multiples of 180 plz) = Z hn Hp (=) em3(5)
degrees, theoretically the problem is perfectly solvable, but the n d
result is increasingly sensitive to small errors in beam widths. : . .
The phase advan(?e),/ however, depends on initial beam para jeause this set of functlo_ns are _hngonal, we can avoid the
ters as well as the transfer line lattice, so what actually turns g of parameters thus 5|mpl|f_y|n9 the cal(_:ulat|on of expan-
in actual measurements may be different from bunch to buncR " _coefﬂuents. Since the undistorted prqflle should be sym-

metric about the center, based on the elliptical phase space dis-
IV. PHASE SPACE DISTRIBUTION tribution _assumption, we only need the even orders of_ Hermite
polynomials. The maximum order that has to be used in the ex-

The full property of the beam is characterized by its phagansion, however, is not as small as we might have expected or
space density distribution. Once the Twiss parameters and emiped, even when the profile is close to a Gaussian distribution.
tance are determined, this phase space distribution can beTtgis is because errors in the calculation of rms of the profile
constructed from the measured density using Abel transformwgH introduce many high order components. As a result 10 to
tion technique, and the only underlining assumption neede®®terms have to be included usually. Thankfully, the expansion
that the distribution has elliptical symmetry. Having the Zprocess itselfis very fast and high number of terms does not con-
dimensional phase space distribution also makes the calculattitute much inefficiency in the overall reconstruction process.
of partial beam emittance easy and unambiguous. There hav&he Abel inversion of the Gaussian weighted Hermite poly-
been percentage emittance calculations reported with varigidsnials can be calculated analytically[3]. The values of the
assumption[5][4]. Elliptical symmetry is the least assumptiorignctions, their Abel inversions and the fraction of beam inside
needed for this purpose. any radius can all be calculated through recursion relations. The

A 2-dimensional beam phase space distribution with ellipticadsult of the inversion is in the form of
symmetry,p(z, 2’} = p(yz? + 2aza’ + Bz'?), can be trans-

2

formed into a circular distribution ifw, v) space with the trans- p(r) = Z an, e T,
formation n
u 1 /10 x wherer is normalized to the beam rms size.
v )] JB\a B x’ The reconstructed phase space distribution, with normalized

coordinate against the rms beam size, can be directly used to
The resulting distribution will be(u? + v?). The projection of calculate the percentage emittance, or the corresponding beam
the phase space distributionis directly related with the measupedfile through Abel transform.
profile by The fraction of beam inside a radius R in the v) normal-

) ized phase space, is
/p(x, )dz' = 73 / plu,v) dv

Now p(u,v) has circular symmetry, i.ep(u,v) = p(u® +
v?), and the distribution can be recovered from the projecti®ince R is normalized against rms beam size, the percentage
through inverse Abel transform([7]. emittance corresponding &ds simply

For a function with circular symmetry iriz,y) space,
flz,y) = f(r), Abel transforms establish the relation between ¢ = Re

J(R) = 271'/0 p(r)rdr
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Figure 1. Beam profile and reconstructed phase space diStrngll-

tion.
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coarse features of the phase space distribution using some of the
numerical techniques in doing Radon inversion. This has yet to
be investigated.

References

[1] R.L. Witkover. Design of the beam profile monitor system

for the rhic injection line These proceedings
[2] T. G. Trippe.”Physics Vade Mecunthapter 9, page 160.

American Institute of Physics, 2nd edition, 1989.
[3] P. Zhou. Beam profile monitor data analysis. Internal Report

RHIC/AP/43, BNL, 1994, _
[4] H. Ploss and L. N. Blumberg. Methods of emittance mea-

surement in external beams using ellipse approximations.

Internal Report AGS DIV 68-4, BNL, 1968.
[5] Kiyokazu Ebihara,et al Non-destructive emittance mea-

surement of a beam transport liduclear Instruments and

Methods 202:403-409, 1982, ) .
[6] Willianm H. Press,et al Numerical Recipes in Gchap-

ter 15. Cambridge University Press, 2nd edition, 1992.
R. N. Bracewell. The Fourier Transform and Its'Applica-

tions chapter 12. McGraw-Hill, 2nd edition, 1986.
[8] L. M. Smith, et al Abel inversion using transform tech-

nigues.Journal of Quantitative Spectroscopy and Radiative

The fractional beam profile, that of the fraction in the central  Transfer 39(5):367-373, 1988.

part of the phase space can also be obtained by Abel transform-
ing p(r) with its value set to zero outside= R.

As an example, a beam profile composed of a Gaussian plus a
shoulder component is constructed and its corresponding phase
space distribution is calculated using the technique described
above. They are shown in Fig. 1. The profiles for different frac-
tions of core beam can also be easily extracted. They are shown
in Fig. 2 for the example above.
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Figure 2. Profiles of various core beam fractions.

In the case where elliptical symmetry assumed throughout
this report is lost, the reconstruction of phase space distribution
theoretically need infinite number of profile measurements. Ex-
cept the aspect ratio change that can happen in the beam phase
space, the problem is the same as in computed tomography. To
reconstruct a 2-dimensional object from all of its projections is
the 2-dimensional Radon inversion problem. With the very lim-
ited number of beam profiles we can only expect to extract some



