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Figure 1. Longitudinal phase plane for 350, 600, 800 and 1000 atU,; = 1 MV. Eleven
initial particles are taken at zero phase and different mmaoma to show difference in longitudinal
oscillation tune for different amplitudes. The period ofsdhamplitude particle is about 1400 turns,
for particles with dP/p=4.e-04 it is 2100 turns.
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Figure 2: Horizontal (top) and vertical (bottomyp Heam profile in the RF cavitypf = 55 m,
By = 105m) during 400 turns without E-beam lens.
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S LOSS I lost APERTURE\ LENGTH NAME

(m) (W/m) (GeV/Po)| hor. | ver. (m)
2064.856| 0.123E-02| 2091 | 1.9975 | 25.00| 38.10| 2.5718 | C49HESE
3109.904| 0.475E+01| 3187 | 14.9835 | 21.50| 22.00| 0.0050 colD49
3164.520| 0.719E+00| 3253 | 680.2689| 21.00 | 22.00| 1.5000 colEO3
3197.194| 0.407E-03| 3295| 1.5733 | 31.50| 31.50| 6.1214 BEND
3203.595| 0.656E-03| 3300| 2.5363 | 31.50| 31.50| 6.1214 BEND
3206.493| 0.353E-02| 3310| 0.9047 | 34.30| 34.30| 0.4064 | DPACKU2
3213.272| 0.501E-03| 3314| 1.9373 | 31.50| 31.50| 6.1214 BEND
3219.672| 0.258E-03| 3319| 0.9986 | 31.50| 31.50| 6.1214 BEND
4407.219| 0.316E-01| 4516 | 29.9545 | 23.70| 22.00| 1.5000 CcoF172
5204.861| 0.103E-01| 5338 | 0.9985 | 34.30| 34.30| 0.1528 | DR2TARG
5267.588| 0.105E-01| 5398 | 9.9890 | 20.00| 20.00| 1.5000 collA11

Table 1: Particle loss distribution along the accelerataodimation. One thousand initial particles
have horizontal amplitudes in the rangefyf= (5— 5.5)oy and vertical amplitudes &, = (0.2 —
0.5)ay. The hollow electron beam with hole & = 5oy and wall thickness of 1 mm is located
at the middle of AG with approximately equivaleff = 108 m and By = 98 m. The E-beam
current is modulated by a sinusoidal wave as [1+ca®fPwith period defined by betatron tune for
(5—6)0 particles. This period is a time during which particle in &ben phase plane comes again
approximately to its initial position. This period is equall2.45 turns for horizontal and 6.85 turns
for vertical plane. So frequency of sinusoidal wavé:igotion/12.45 = 3.8 kHz for horizontal and

7 kHz for vertical collimation. 85% of halo particles werdltnated during 10,000 turns.



S LOSS I lost APERTURE\ LENGTH | NAME

(m) (W/m) (GeV/Po)| hor. | ver. (m)

21.974 | 0.189E-02| 16 3.9944 | 34.30| 34.30| 3.3528 | CB0Q2D
31.477 | 0.123E-02| 30 1.9973 | 38.10| 25.00| 2.5718 | B11VESE
2064.856| 0.615E-03| 2091 | 0.9984 | 25.00| 38.10| 2.5718 | C49HESE
3109.904| 0.950E+00| 3187 | 2.9956 | 21.50| 21.50| 0.0050 colD49
3164.520| 0.791E-01| 3253 | 74.9056 | 21.00| 21.00| 1.5000 colEO3
4407.219| 0.843E-02| 4516 | 7.9864 | 23.70| 21.00| 1.5000 CcoF172
5267.588| 0.298E+00| 5398 | 281.6898| 20.00 | 20.00| 1.5000 collAll
5291.759| 0.409E-03| 5423 | 1.5789 | 31.50| 31.50| 6.1214 BEND
5326.872| 0.259E-03| 5457 | 0.9990 | 31.50| 31.50| 6.1214 BEND
5337.413| 0.258E-03| 5472 | 0.9987 | 31.50| 31.50| 6.1214 BEND
5343.814| 0.258E-03| 5477 | 0.9975 | 31.50| 31.50| 6.1214 BEND
5356.616| 0.257E-03| 5487 | 0.9922 | 31.50| 31.50| 6.1214 BEND
6189.431| 0.258E-03| 6329 | 0.9981 | 31.50| 31.50| 6.1214 BEND
6223.390| 0.633E-02| 6372| 1.9965 | 30.00| 30.00| 0.5000 | dumpA48
6259.803| 0.615E-03| 6425| 0.9987 | 38.10| 25.00| 2.5718 | A49VESE
6265.446| 0.541E-02| 6436| 2.9957 | 34.30| 34.30| 0.8763 | DTRIPB

Table 2: Particle loss distribution along the accelerataodimation. One thousand initial particles
have horizontal amplitudes in the range Af= (0.2 — 0.5)0y and vertical amplitudes o, =
(5—5.5)ay. The hollow electron beam with hole Bf= 50y and wall thickness of 1 mm is located
at the middle of AZ with approximately equivaleff = 108 m and 3y = 98 m. 39% of halo
particles were collimated during 10,000 turns. It happéas at(5— 5.5)0y for initial particles in
the E-lens, large number of particles is inside the E-beala because opy is a little less than
Bx and Ryge = 50x. At the next simulations I'll take initial particles withy = (5.5 — 6)oy for
horizontal collimation, and, = (5.5— 6)ay for vertical collimation. In this case all particles will
be outside the E-beam hole.
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Figure 4. One randomly selected particle horizontal comti (top), momentum (second line), RF
phase (third line) as a function of turn number at E-beamirnation in horizontal plane. Particle

coordinates are printed only if particle is outside of intradius of E-beam. Bottom is longitudinal
phase plane. As shown on the top figure, particle is lost ag¢hendary collimator at turn No.1000
with E-beam lens strength of 0.01 mragli¢kox = 0.01 mrad), at turn No.6000 with strength of

0.005 and 0.003 mrad and at turn No0.50,000 with strengthQifl mrad. 85% of halo particles

were collimated during 10,000 turns with streggth of 0.003dn
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Figure 5: First 10 particle vertical coordinate (top), martuen (second line), RF phase (third line)
as a function of turn number at E-beam collimation in vettdane. Particle coordinates are printed
only if particle is outside of internal radius of E-beam. ®oh is longitudinal phase plane. As
shown on the top figure, 5 particles are lost at the seconddliynators during 5000 turns, but the
rest 5 particles are not lost during 10,000 turns.638 of halo particles were collimated during
10,000 turns with strength of 0.003 mrad.



S LOSS I lost APERTURE\ LENGTH NAME

(m) (W/m) (GeV/Po)| hor. | ver. (m)

21.974 | 0.472E-03| 16 0.9988 | 34.30| 34.30| 3.3528 CB0Q2D
31.477 | 0.615E-03| 30 0.9987 | 38.10| 25.00| 2.5718 | B11VESE
3109.904| 0.380E+01| 3187 | 11.9857 | 21.50| 21.50| 0.0050 colD49
3164.520| 0.604E+00| 3253 | 571.3654| 21.00| 21.00| 1.5000 colEO3
3203.595| 0.219E-03| 3300| 0.8481 | 31.50| 31.50| 6.1214 BEND
3262.357| 0.111E-01| 3361| 0.9828 | 34.30| 34.30| 0.1397 | DBENDEN
4407.219| 0.137E-01| 4516| 12.9818 | 23.70| 21.00| 1.5000 coF172
5267.588| 0.163E+00| 5398 | 153.8353| 20.00| 20.00| 1.5000 collAl1
5291.759| 0.416E-03| 5423 | 1.6067 | 31.50| 31.50| 6.1214 BEND
5386.359| 0.257E-03| 5517 | 0.9938 | 31.50| 31.50| 6.1214 BEND
6223.390| 0.949E-02| 6372| 2.9944 | 30.00| 30.00| 0.5000 | dumpA48
6254.285| 0.185E-02| 6421 | 2.9958 | 25.00| 38.10| 2.5718 | A49HESE
6257.044| 0.246E-02| 6423 | 3.9948 | 38.10| 25.00| 2.5718 | A49VESE
6264.569| 0.472E-03| 6435| 0.9981 | 34.30| 34.30| 3.3528 CBOQ2F

Table 3: Particle loss distribution along the accelerataodimation. One thousand initial particles
have horizontal amplitudes in the rangefyf= (5.5 — 6)oy and vertical amplitudes &, = (0.2 —
0.5)ay. The hollow electron beam with hole Bf= 50y and wall thickness of 1 mmis located at the
middle of A@ with approximately equivaleft, = 108 m andBy = 98 m. 76.9% of halo particles
were collimated during 10,000 turns. In this case we stactdculations fromAy = (5.5 — 6)0x.
This is by 050y bigger than internal radius of the E-beam, and particledegstaccumulated kick
compared to the previous case where we started f&pm (5— 5.5)0x. Because of this number of
collimated patrticles is a little less compared to previoasec



S LOSS I lost APERTURE\ LENGTH NAME

(m) (W/m) (GeV/Po)| hor. | ver. (m)
31.477 | 0.799E-02| 30 | 12.9804 | 38.10| 25.00| 2.5718 | B11VESE
2064.856| 0.246E-02| 2091 | 3.9943 | 25.00| 38.10| 2.5718 | C49HESE
3109.904| 0.158E+01| 3187 | 4.9927 | 21.50| 21.50| 0.0050 colD49
3164.520| 0.178E+00| 3253 | 168.7849| 21.00| 21.00| 1.5000 colEO3
3226.073| 0.258E-03| 3324| 0.9980 | 31.50| 31.50| 6.1214 BEND
4407.219| 0.116E-01| 4516| 10.9810 | 23.70| 21.00| 1.5000 CcoF172
5267.588| 0.674E+00| 5398 | 636.3112| 20.00| 20.00| 1.5000 collAll
5285.358| 0.192E-03| 5418 | 0.7429 | 31.50| 31.50| 6.1214 BEND
5291.759| 0.127E-02| 5423 | 4.8901 | 31.50| 31.50| 6.1214 BEND
5298.160| 0.239E-03| 5428 | 0.9234 | 31.50| 31.50| 6.1214 BEND
5301.409| 0.288E-02| 5439 | 0.9413 | 34.30| 34.30| 0.5175 | DPACKOU
5314.071| 0.742E-03| 5447| 2.8659 | 31.50| 31.50| 6.1214 BEND
5320.471| 0.771E-03| 5452 | 2.9797 | 31.50| 31.50| 6.1214 BEND
5320.611| 0.112E-01| 5454 | 0.9894 | 34.30| 34.30| 0.1397 | DBENDEN
5326.872| 0.253E-03| 5457 | 0.9782 | 31.50| 31.50| 6.1214 BEND
5337.413| 0.511E-03| 5472| 1.9752 | 31.50| 31.50| 6.1214 BEND
6189.431| 0.517E-03| 6329 | 1.9963 | 31.50| 31.50| 6.1214 BEND
6223.390| 0.474E-01| 6372| 14.9771 | 30.00| 30.00| 0.5000 | dumpA48
6241.287| 0.113E-01| 6402 | 0.9986 | 34.30| 34.30| 0.1397 | DBENDEN
6247.548| 0.103E-02| 6405| 3.9943 | 31.50| 31.50| 6.1214 BEND
6250.964| 0.102E-01| 6415| 0.9986 | 34.30| 34.30| 0.1556 DLB1
6254.285| 0.615E-03| 6421 | 0.9985 | 25.00| 38.10| 2.5718 | A49HESE
6257.044| 0.369E-02| 6423 | 5.9907 | 38.10| 25.00| 2.5718 | A49VESE
6259.803| 0.615E-03| 6425| 0.9987 | 38.10| 25.00| 2.5718 | A49VESE
6265.446| 0.361E-02| 6436| 1.9976 | 34.30| 34.30| 0.8763 DTRIPB

Table 4. Particle loss distribution along the accelerataodimation. One thousand initial particles
have horizontal amplitudes in the range Af= (0.2 — 0.5)0y and vertical amplitudes o, =
(5.5—6)0y. The hollow electron beam with hole Bf= 50, and wall thickness of 1 mm is located
at the middle of A@ with approximately equivalef = 108 m and 3y, = 98 m. 89.2% of halo
particles were collimated during 10,000 turns.
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Figure 6: First 10 particle particle horizontal coordinéite), betatron phase plane (second line), E-
beam kick as a function of particle X coordinate (third lias)a function of turn number at E-beam
collimation in horizontal plane. Particle coordinates pniated only if particle is outside of internal
radius of E-beam. Bottom is longitudinal phase plane.9%6of halo particles were collimated
during 10,000 turns with strength of 0.003 mrad. As shownhensecond line figure, 8 particles
are lost at the secondary collimators during 6000 turnsihmitest 2 particles are not lost during

10,000 turns.
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Figure 7: First 10 particle vertical coordinate (top), beta phase plane (second line), E-beam
kick as a function of particle Y coordinate (third line) asumdétion of turn number at E-beam
collimation in vertical plane. Particle coordinates armad only if particle is outside of internal
radius of E-beam. Bottom is longitudinal phase plane. Alp&@ticles are lost during 3000 turns
because betatron resonance period in vertical plane ist@r8S instead of 12.45 for horizontal
plane. 892% of halo particles were collimated during 3500 turns witlersgth of 0.003 mrad. We
started here fromd, = (5.5— 6)ay for vertical collimation.



horlz co
vertic,co

i

|mat|9n W|ttg KICK max 0. 0030mrad
KIC

| g
c .

S - i
> 4L .
2tk i
3t i
5
e i
S i
>-h -

_5 1 1 1 1 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5

X, mm

Figure 8: Beam size evolution in the E-lens during collimat{halo particles outside thHe= 50y
are shown). Top - for initial particles in the rangeAf (5— 5.5)0, bottom - for initial particles
in the range ofA = (5.5—6)0. It is better to start tracking from\ = (5— 5.5)0y for horizontal
collimation, and fromA = (5.5— 6)ay for vertical collimation. Actually in a final simulations we
need to start tracking from the beam with amplitudes whiehess than internal radius of E-beam,
and force the particle amplitude growth due to artificialrhegas scattering. This will require wore
time for calculations.
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Figure 9: The E-beam current is modulated by a sinusoidakeves[1+cos(fBw)] with period
defined by betatron tune fq5 — 6)o particles. This period is a time during which particle in
a betatron phase plane comes again approximately to iialipitsition. This period is equal to
12.45 turns for horizontal and 6.85 turns for vertical plar&o frequency of sinusoidal wave is
frevolution/12.45 = 3.8 kHz for horizontal and 7 kHz for vertical collimation. 10 patédorizontal
coordinate and E-beam kick are shown on the top and secomdioalirthis case. On the third and
bottom lines the phase of sinusoidal wave was changed by QZ8during 1 turn. On average
(from 10 particles), particle comes to the secondary callon during 3855 turns with 12.45 turn
period of sinusoidal wave and during 4762 turns with 0:68& phase change per turn.
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Figure 11: Horizontal phase space (left) and distributiaghf) at primary proton collimator D49
(top), and secondary collimators EO3 (second line) and K&l line) at two-stage collimation
with 5 mm length tungsten primary collimator. Green - halotipkes at the first turn after inter-
action with the primary collimator, red - secondary halajebt 65 envelope. Bottom line shows
comparison of particle distribution in the secondary oaditors for two-stage and E-beam collima-
tion. In both cases distribution is pretty good with resgegbrobability of particle out-scattering
from the collimator jaws.
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Figure 12: Particle horizontal coordinate as a functionuoh thumber (top left) and turn number
for particle loss as a function of period of E-lens strengthdoiation (top right). E-beam lens kick
is defined by the particle position with respect to E-beam andnodulation of E-beam current.
Part of the kick strength defined by current modulation isashon the left, and the total kick is
shown on the right for different function of modulation. Taés no beam excitation without beam
modulation. The effect of excitation depends on the amgiditaf modulation.
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Figure 14: First 10 particle particle horizontal coordaéiop), betatron phase plane (second line),
E-beam kick as a function of particle X coordinate (thircehrfior period of E-beam strength mod-
ulation of 12.45 turns. Amplitude of modulation iS003mrad x COS(2riN/12.45). N is a turn
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S LOSS I lost APERTURE\ LENGTH NAME

(m) (W/im) (GeV/Po) | hor. | ver. (m)
21.974 | 0.110E-02| 16 6.9905 | 34.30| 34.30| 3.3528 CB0Q2D
31.477 | 0.123E-02| 30 5.9935 | 38.10| 25.00| 2.5718 | B11VESE
2064.856| 0.410E-03| 2091 | 1.9979 | 25.00| 38.10| 2.5718 | C49HESE
3109.904| 0.350E+01| 3187 | 32.9601 | 21.50| 21.50| 0.0050 colD49
3164.520| 0.520E+00| 3253 | 1474.5004| 21.00| 21.00| 1.5000 colEO3
3176.636| 0.233E-03| 3275| 0.9266 | 34.30| 34.30| 2.1011 | HQUAD2D
3197.194| 0.253E-03| 3295| 2.9277 | 31.50| 31.50| 6.1214 BEND
3203.595| 0.131E-03| 3300| 1.5201 | 31.50| 31.50| 6.1214 BEND
3226.073| 0.799E-04| 3324| 0.9264 | 31.50| 31.50| 6.1214 BEND
3232.474| 0.834E-04| 3329| 0.9665 | 31.50| 31.50| 6.1214 BEND
3255.817| 0.837E-04| 3354| 0.9700 | 31.50| 31.50| 6.1214 BEND
3264.669| 0.302E-02| 3365| 0.9821 | 34.30| 34.30| 0.1718 DQOUT
3338.646| 0.857E-04| 3439 | 0.9936 | 31.50| 31.50| 6.1214 BEND
4407.219| 0.190E-01| 4516 | 53.9279 | 23.70| 21.00| 1.5000 CoF172
5204.709| 0.347E-03| 5337 | 0.9977 | 34.30| 34.30| 1.5198 DF49SP1
5267.588| 0.446E+00| 5398 | 1266.8470| 20.00| 20.00| 1.5000 collAll
5285.498| 0.293E-02| 5420| 0.7764 | 34.30| 34.30| 0.1397 | DBENDEN
5291.759| 0.332E-03| 5423 | 3.8518 | 31.50| 31.50| 6.1214 BEND
5298.160| 0.772E-04| 5428 | 0.8949 | 31.50| 31.50| 6.1214 BEND
5314.071| 0.830E-04| 5447 | 0.9625 | 31.50| 31.50| 6.1214 BEND
5337.413| 0.172E-03| 5472 | 1.9954 | 31.50| 31.50| 6.1214 BEND
5343.814| 0.862E-04| 5477 | 0.9990 | 31.50| 31.50| 6.1214 BEND
5350.215| 0.861E-04| 5482 | 0.9984 | 31.50| 31.50| 6.1214 BEND
5356.616| 0.861E-04| 5487 | 0.9986 | 31.50| 31.50| 6.1214 BEND
5367.157| 0.852E-04| 5502 | 0.9873 | 31.50| 31.50| 6.1214 BEND
6189.431| 0.861E-04| 6329 | 0.9981 | 31.50| 31.50| 6.1214 BEND
6223.390| 0.105E-01| 6372| 9.9863 | 30.00| 30.00| 0.5000 | dumpA48
6241.148| 0.861E-04| 6400| 0.9983 | 31.50| 31.50| 6.1214 BEND
6241.287| 0.378E-02| 6402 | 0.9990 | 34.30| 34.30| 0.1397 | DBENDEN
6247.548| 0.862E-04| 6405| 0.9988 | 31.50| 31.50| 6.1214 BEND
6249.538| 0.188E-02| 6410| 0.9980 | 34.30| 34.30| 0.2805 DLB5
6254.285| 0.820E-03| 6421 | 3.9947 | 25.00| 38.10| 2.5718 | A49HESE
6257.044| 0.123E-02| 6423 | 5.9911 | 38.10| 25.00| 2.5718 | A49VESE
6259.803| 0.205E-03| 6425| 0.9989 | 38.10| 25.00| 2.5718 | A49VESE
6264.569| 0.315E-03| 6435| 1.9975 | 34.30| 34.30| 3.3528 CBOQ2F
6265.446| 0.181E-02| 6436| 2.9960 | 34.30| 34.30| 0.8763 DTRIPB

Table 5: Particle loss distribution along the accelerat@odiimation for period of E-beam strength
modulation of 12.45 turns. 98% of halo particles were collimated during 10,000 turns.
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Figure 15: First 10 particle particle horizontal coordaéiop), betatron phase plane (second line),
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S LOSS I lost APERTURE\ LENGTH NAME
(m) (W/m) (GeV/Po) | hor. | ver. (m)
21.974 | 0.157E-03| 16 0.9991 | 34.30| 34.30| 3.3528 CB0Q2D
31.477 | 0.205E-03| 30 0.9991 | 38.10| 25.00| 2.5718 B11VESE

3109.904| 0.669E+01| 3187 | 62.9327 | 21.50| 21.50| 0.0050 colD49
3164.520| 0.945E+00| 3253 | 2684.0228| 21.00| 21.00| 1.5000 colEO3
3197.194| 0.691E-04| 3295| 0.8015 | 31.50| 31.50| 6.1214 BEND
3203.595| 0.142E-03| 3300| 1.6486 | 31.50| 31.50| 6.1214 BEND
3204.195| 0.229E-02| 3304| 0.8680 | 34.30| 34.30| 0.2000 | DBPMOUT
3206.087| 0.124E-02| 3309| 0.8967 | 34.30| 34.30| 0.3810 | DHQUADC
3206.493| 0.120E-02| 3310| 0.9247 | 34.30| 34.30| 0.4064 | DPACKU2
3213.272| 0.812E-04| 3314| 0.9418 | 31.50| 31.50| 6.1214 BEND
3219.672| 0.172E-03| 3319| 1.9939 | 31.50| 31.50| 6.1214 BEND
3226.073| 0.861E-04| 3324| 0.9987 | 31.50| 31.50| 6.1214 BEND
3232.474| 0.862E-04| 3329| 0.9988 | 31.50| 31.50| 6.1214 BEND
3243.155| 0.378E-02| 3346| 0.9993 | 34.30| 34.30| 0.1397 | DBENDEN
3255.817| 0.861E-04| 3354 | 0.9980 | 31.50| 31.50| 6.1214 BEND
3410.935| 0.861E-04| 3506 | 0.9984 | 31.50| 31.50| 6.1214 BEND
4223.834| 0.251E-03| 4316| 0.9984 | 34.30| 34.30| 2.1011 | HQUAD2D
4407.219| 0.204E-01| 4516 | 57.9202 | 23.70| 21.00| 1.5000 coF172
5267.588| 0.411E-01| 5398 | 116.8870 | 20.00| 20.00| 1.5000 collA11
5379.958| 0.856E-04| 5512| 0.9929 | 31.50| 31.50| 6.1214 BEND
6223.390| 0.422E-02| 6372| 3.9946 | 30.00| 30.00| 0.5000 dumpA48
6241.287| 0.378E-02| 6402| 0.9988 | 34.30| 34.30| 0.1397 | DBENDEN
6250.044| 0.104E-02| 6411| 0.9980 | 34.30| 34.30| 0.5063 DLB4
6257.044| 0.205E-03| 6423| 0.9984 | 38.10| 25.00| 2.5718 | A49VESE
6265.446| 0.602E-03| 6436| 0.9985 | 34.30| 34.30| 0.8763 DTRIPB

Table 6: Particle loss distribution along the accelerat@odiimation for period of E-beam strength
modulation of 2.00 turns. 98% of halo particles were collimated during 10,000 turns.
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