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Abstract

The first section of the beam transport system for Mid-
west Proton Radiation Institute (MPRI) [1] has been con-
structed. It is designed to compensate both spatial and an-
gular dispersion of 205 MeV proton beam coming out of
the Indiana University Cyclotron [2]. We present data ob-
tained during the commissioning of the beam lineincluding
measurements of the beam dispersion and the beam emit-
tance out of the cyclotron.

1 INTRODUCTION

The newly constructed achromat beam line is the first
section of the 205 MeV proton beam transport system for
the MPRI. Its flexible optics design [3] is based on a pair
of opposed 24° dipoles, which alows oneto tune the beam
line for compensation of both spatial and angular disper-
sion of the 205 MeV beam coming out of the Indiana
University Cyclotron. This ion-optical condition would
eliminate beam position fluctuations caused by momentum
changes of the cyclotron beam.

The layout of the beam line is shown in Fig. 1. The
205 MeV protonsfirst go through 5.5-m-long straight sec-
tion which contains 3 harps for beam emittance measure-
ments and time-of-flight system for energy measurements.
The five quadrupoles of the straight section provide optical
matching between the cyclotron and the dispersion com-
pensating dogleg. The dogleg consists of two opposite 24°
bends with four quadrupol es between the dipoles. The fol-
lowing 45° bending magnet brings the beam to the direc-
tion of the trunk line which would feed the beam into the
two planned treatment rooms.
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Figure 1: Layout of the MPRI achromatic beam line.
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2 DISPERSION MEASUREMENTS

An ideal separate-sector-cyclotron has zero angular dis-
persion while its spatial disperson is proportional to the
bending radius: )
1—tan é D)
where § = 27° is the edge angle of the IU cyclotron sec-
tor magnets. However, injection conditions may result in a
mismatch between the center of the orbits and the geomet-
rical/magnetic center of the cyclotron. Thisin turn would
changethevalue of spatial dispersion but moreimportantly
would giverise to angular dispersion. Thus, it isimportant
to measure the dispersion out of the cyclotron.

An attractive idea to measure the dispersion in a beam
line is to scale the current in all magnets by 1% and ob-
serve the beam position variation at the end of the beam
line. Indeed, scaling the current in beam line magnets is
equivalent to changing the beam momentum. However, in
order to measure dispersion at the end of the beam line one
should also change the initial beam position and angle ac-
cordingto theinitial dispersion values, which are unknown.
Otherwise, this technigue would measure the dispersion of
the beam line itself and may mislead to a conclusion that
the dispersion at the exit of the cyclotronis zero.

There is also a potential method of deriving the dis-
persion from beam emittance measurements at two places
where the dispersion is expected to be different. Unfortu-
nately, the dispersion contribution to the beam emittanceis
usualy small and hard to separate from the measurement’s
systematic errors.

The only remaining option for measuring the dispersion
is to induce a small energy change of the extracted beam
without changing the optics of the accelerator. We varied
the energy by adjusting the rf-acceleration voltage to ex-
tract a different turn out of the cyclotron without chang-
ing the cyclotron’s magnetic field. Using the time-of-flight
system we measured the resulting energy change to be
220420 keV, which corresponds to the momentum change
Ap/p = 5.9 - 10~* at 205 MeV energy of the extracted
beam. We then measured the beam position change on
Harp-1 at the exit of the cyclotron and on Harp-3, which
is 4.049 m downstream from Harp-1. All quadrupoles be-
tween the harps were turned off. The results are shown in
Fig. 2. Fitting the beam profiles with gaussian curves, we
determined the centroid for each profile. The results are
summarized in Table 1.

Tracing back the obtained dispersion values through the
cyclotron extraction optics, one would find that the disper-
sion at the extraction orbitwas D,, = —1.65 m D/, = 0.68.
These values are different from the ideal-case prediction
given by Eqg. 1, which suggests D, = —2.77 m and

D, =
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Table 1: Dispersion measurements

tance[4]. Fitting the harp data with gaussian curveswe de-
termined the rms beam radius at each harp location. The
results are shown in Table 2.

Before calculating the beam emittance and optical func-
tions, one has to correct horizontal emittance data for the
dispersion contribution:

D _ o2 (Do) @)

s
where § = 1.34 - 10~* is rms momentums spread in the
beam. Table 3 shows calculated values of the optical func-
tions and beam emittance at the location of Harp-1. The
beam emittance images in the phase space are shown in

Fig. 3. Note that we quote 20 beam emittance which con-
tains 87% of the particles.

Table 2: RMSbeamradius o at three harp locations.

Harp-1 Harp-3
Ey position —3.36£0.03mm | 0.23+0.04 mm
Ey —0.22MeV | —2.424+0.03mm | 4.674+0.01 mm
D, (m) 1.59+0.15m 7.5+0.6m
D, 1.47+0.15
T o e | I
‘ Harp-3
o EO
| —<— E0-0.22 MeV : 1 3 1
180 |- T P 7
T
I S U SR N O S B
o | sepenmmenns -

-©— EO
—*— E0-0.22 MeV

4 - 1

Signal

| o
< o % 500900
,,,,,,,,,, 6 Xx%%%g%@%&%xx -
= ' X !
o :

-15 -10 -5 0 5 10 15

Position (mm)

Figure 2: Horizontal beam profiles on Harps 1 and 3
for dlightly different energies of the extracted beam. The
curves are gaussian fits to the data; centroid of each beam
profile is determined with these fits.

D!, = 0. Thisindicates that there is a mismatch between
the orbit center and the geometrical center of the cyclotron.

3 EMITTANCE MEASUREMENT.

Three harps in the first section of the beam line provide
quick and easy way of measuring the transverse beam emit-

Horizontal Vertical
Harp-1 | 1.275+0.04 mm | 0.34+0.005mm
Harp-2 | 0.926+0.04 mm | 0.89+0.04 mm
Harp-3 | 1.2840.03mm | 1.75+0.06 mm

Table 3: Beam emittance and optical functions at the loca-
tion of Harp-1. Thevaluesin” Horz.0" column were calcu-
lated neglecting the dispersion contribution, while column
"Horz.1” includesthe dispersion correction.

Horz.0 | Horz.1 | Vert
6 (m) 4.029 6.573 | 1.232
« 0.962 1794 | 1.540
e(mpum-rad) | 1612 | 0962 | 0.364

4 ACHROMATIC SETTINGSFOR THE
BEAM LINE

Once both the dispersion and optical functions of the
beam are determined at the entrance to the beam line, one
can calculate the beam line settings to compensate the dis-
persion. We used MAD [5] code for calculating beam line
settings for achromat properties. Both angular and spatial
dispersion are brought to zero at the exit of 45 degree bend-
ing dipole. The beam envelopesin vertical and horizontal
plane are plotted in Fig. 4. Quadrupole settings for achro-
matic beam line are listed in Table 5. Note that the last
two quadrupol es after the 45 degree bend are only used for
matching the beam optics between the achromat and the
subseguent trunk line, which will be constructed during the
summer of 2001.

5 CONCLUSIONS

The first section of the beam line for Midwest Proton
Radiation Institute has been assembled and studied. In its
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Table 4: Calculated quadrupole settings for achromatic
beam line. Quadrupole strength is given in energy inde-
pendent unitsof Gradient/ Bp. Horizontally focusing quads

have positive strength.

Name | Strength (m—2)
Quad 1 3.5770
Quad 2 -3.4168
Quad 3 4.4759
Quad 4 5.0364
Quad 5 -3.6233
Quad 6 7.3940
Quad 7 -3.9115
Quad 8 -1.7838
Quad 9 7.2153

Figure 3: Horizontal and vertical beam emittanceat the exit
from the cyclotron. The "dash-dot” curve corresponds to
horizontal beam emittance calculated neglecting dispersion
effectin the beam line.
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present setup it has been used for radiation research exper-
iments. Excellent beam transmission and reproducibility
has been achieved in the beam line. During the commis-
sioning period we measured both the beam emittance and
dispersion at the exit of the cyclotron. Settings of the beam
line quadrupoleswere cal culated to compensate the disper-
sion out of the cyclotron. We plan to test achromatic prop-
erties of the beam line in the fall of 2001 after the summer
cyclotron shutdown.
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Figure 4: Horizontal and vertical beam envelopes in the
achromatic beam line. Both angular and spatia dispersion
are zero at the exit of the 45 degree bending magnet.
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