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Abstract When the beam reaches the last quadrupole, the bunch
length is 4.5 times its original value and space charge is no
longer important. In the drift to the beamstop the beam is in
the zero-emittance regime < <zmaxTi.,)- We can ap-
proximate the beam by a point source located near the final
quadrupole. Emittance growth does not significantly affect
the beam size. The linearACE 3-D code is a good pre-

dictor of beam size even though it cannot model emittance

Here we describe the High Energy Beam Transpaes(T)
for the Low Energy Demonstration Accelerataiepa),
which is part of the Accelerator Production of Tritium
(APT) project. We used th@RACE 3-D linear design
code[1] for the first-order design and performed and 3-

D particle-in-cell f1c) simulations to study the beam dis-
tribution and halo. .FACE,&D predicts rms beam proper- growth produced by space-charge nonlinearities.

fues well. Thepic simulations are |m'porFant for determin- The beam from theFghas a fairly uniform core and no
ing the presence of beam halo, which is present for some

i W hal . ts to hel lidat ng tails in thez andy distributions. ThedeBT should
unes. VW& propose halo experiments to help vaidate 0H[:eserves these qualities and not introduce any beam halo.
simulation codes for modeling nonlinear space charge.

To compute these effects, we need particle simulations,
which can take into account details in the phase-space dis-
1 REQUIREMENTS tribution and nonlinear space-charge forces.

TheHEBT, which matches the 6.7 MeV 100 mA CW beam 3 DESIGN PROCEDURE
from the RFQ into the water-cooled nickel beamstop must
meet the following requirements: We usedrrRACE 3-D to design the beamline. We fixed the
quadrupole positions, providing space for beamline instru-
e Match beam to beamstop The rms size of the beam mentation and diagnostics. The input beam used rms values
at a point 45 inches past the entrance of the beamstggm rrq simulations. We specified the beam at the match

must be 44 mm in both transverse directions. point, 45 inches past the start of the beamstop, and let the
* Provide space for equipmentDiagnostics and other Track 3-D optimizer determine the magnet gradients. Our
equipment take up a certain amount of length. results depended on the specified values,cénda,, at the

e Have rms beam sizes< 1/5 of aperture radius. In-  match point. (These determine the cross-over points, which
side theHEBT, we require the rms beam sizes to benust be near the final quadrupole.) We searched for tunes
less than than one-fifth of the bore radius. having rms beam sizes everywhere less than one-fifth the

¢ Be insensitive to beam or quadrupole errors.The  pore radius.
rms beam sizes and phase-space centroids must b&yvhen we ran particle simulations (see below), we found
within the safe operating range of the beamstop.  some tunes developed halos. That is, the distributions

e Minimize beam halo generation.Under normal op- in z or y developed long, Gaussian-like tails. This hap-
eration, we do not want any beam to be scraped offened in two situations. First, we got halos whenever the
in the beamline. To meet his requirement, we musjuadrupoles were too far apart. We also got halos when-

ensure that no beam halo is introduced. ever the beam size in or y was very small at some point
in the upstream part of theesT. Because of this effect,
2 BEAM PHYSICS we accepted only tunes with fairly constant beam sizes.
We can increase the focusing strength of the lattice by de- 4 TRACE 3-D DESIGN

creasing the distance between quadrupoles. With sufficient

external focusing, the relative strength of the space-char§égure 1 shows theRACE 3-D output for our standard
force is decreased to harmless levels. The 100 mA bed#ne. The graph shows the initial and final phase-space el-
current forces us to use four quadrupoles. If there were le48Ses at the top and the transverse profiles at the bottom.
space charge, only two or three quadrupoles would haJde beam is traced from tirerQ end wall to the 45-inch

been sufficient to match tierQ beam to the beamstop. ~ Match point, i.e., 45 inches past the start of the nickel beam-
stop. The scale for theandy profiles (4.5 mm total) is ap-

*Work supported by the US DOE, Defense Programs. propriate for the beam in the region of the quadrupoles. The

496



BEAM AT NEL1= 1 1= 9.2m BEAM AT NEL2= 11
B= 0.870 Ve 6.7048 6. 7048 MV H[A="-423.00 B= 1055.6
B= 0.4 oFREQ: 350 0004 W= 856, ST VA= ~500. 00 B 107 s

<z
id
o
2
S
8

PRI NTOUT VALUES
P PE
333. 90000
9.70004
370. 00000
-6.91615
700. 00000
6.26071
150. 00000
-10. 56546
1111. 15000
1143. 00000 80.000 mm X 50.000 nrad

(mm

N
2.0 X 5.000 nrad

PRRRRRRRRRTD
EBowwonswn

1
1

rns

MATCHING TYPE = 8
Z|A= 0.30800 B= 0.39710 DES| RED VALUES ( BEAMF) Z|A= 31.463 B= 35.083
Lo~ al pha eta

N X -423.0000 1055. 6000

’ \ y -500.0000 1067. 9000 N
\

\

\ MATCH VARI ABLES (NC=4) A

VPP MPE /AL \

! \ 1 3 9. 70004 X

1 5 -6 N

\ ! 1 7 6. 26071 \
\ 19

\
! A,

N ) CODE:  TRACE3D v61 AN

N FILE |eda27.3D \

- DATE: Apr 28 98

20.000 Deg X 30.00 KeV TINE 16: 15: 46 [180. 000 Deg X | 100.00 KeV

1 =  Figure 3: Rms value af as a function ot for ther-z and
25036 (om0 0 (e 3-D pic simulation using theINAC code and thaRACE
3-D code. The two 3-D codes produced similar results.

Q Q
2 B 4 @ 6 10 } 11 2.4 LI NAC RZ
- . —_ LI NAC 3D
\ kel
N, ©
N,
, E 2.2
: T,
250.00 Cent ol - S, \
4.50 ﬂ Evevn(;m Q\L/// / \ Length= 4415, 25mm g
NPL= 1 NP2= 11 - 2
5000 mm (Fori z) 1.0 Deg (Long.)
-0 m ) e TRACE 3-D
"|1' 8
X
[}
1.6
2 3 A /77/474574/77413j434t:i:j/‘ —___ 10 T 11
L ~— 0 1 2 3 4 5
T z (m

250.00 mm ( Cent r oi d)
50.00 mm (Vert) Length=_ 4415. 25mm

Figure 4: Rms value af emittance as function cf.

Figure 1: TRACE 3-D output for the standard tune. The

beam is traced from therFQ end wall to the 45-inch match

point. The transverse profile plot is repeated at the bottom 5 SENSITIVITY STUDY

with a larger scale to show the beam in the beamstop.  We studied the sensitivity of the beam at the beamstop to
errors in the quadrupoles (strengths and offsets) and to var-
ious errors in the input beam. We found no errors that could
not be handled by our diagnostics and control system. The
beam spot at the beamdump depends on the beam current.
While lower-current beams have a smaller spot size, the
current density (current per unit area) is smaller than for
the normal, full-current beam. There is no need to retune
for different currents.

_ beamline aperture

| RFQExit

6 PIC SIMULATIONS

We verified ourTRACE 3-D designs with particle-in-cell

(PiCc) simulations. We ram-z and fully 3-D piC simula-

. ) tions. Figure 3 shows, s as a function ot for our stan-

Figure 2: The 1 (rms) and 5 beam profiles compared 5 tyne as predicted byrACE 3-D and ther-z and 3-D

to the minimum aperture in the HEBT beamline. versions of theric codeLINAC[2]. The two 3-D codes
agree very well but the-z code produces slightly different
results. As Fig. 4 shows, there is about a 30% emittance

lower part of Fig. 1 shows the profile with a scale of 50 mmgrowth. This did not affect therRACE 3-D result for the

total to show the expansion of the beam in the beamstopeam size because the emittance is so small. The conclu-

In our TRACE 3-D simulations, we use rms emittances andion is that 3-D effects are important but nonlinearities are

thus the plots show the rms beam sizes. The current we uset in predicting rms beam size. OORACE 3-D designs

(9.19 mA) is the actual current (103 mA) divided B%/5.  produce the correct rms beam at the match point.

Figure 2 shows the rms andkBms profiles together with ~ Pic simulations are essential in determining if our tunes

the minimum beam apertures in tHeBT. generate halos. Figure 5 shows ttRACE 3-D output for
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Table 1: Properties af distributions at wire-scanner.

Q Q Q |
,L\@ T D D AT ‘ 8 <z?>12 0 .. <at>/<a?>?
Beam (mm)  (mm)
oo e N Uniform 16 28 1.8
9,98 mggen i - V. ; Lengin:_aazs. 25mn Gaussian 16 00 3.0
) ) Standard 16 41 2.2
Figure 5: TRACE 3-D output for a bad tune, which has a Bad 16 56 29

halo in thez-direction. Halo-generating tunes have a small
waist in the upstream part of the beamline.

kurtosis of thex or y distribution. The kurtosis is sim-

6000 5.D.= 4.39844 S.D.= 4.47432 ply the fourth moment of the distribution, normalized by
#5000 sooo the square of the second moment to obtain a dimensionless
[} @ .

3‘3‘888 4000 guantity. The fourth moment depends on the whole beam
=000 =300 distribution. It should be easy to measure even if the wire
#1000 “1000 scanner does not have a large dynamic range (the amount

%<0 s 05 10 1 U5 i0 s 05 10 1b of beam for the bad tune that is past the maximuhvalue
of the standard tune is only 0.35%).

Figure 6: Beam profiles in the-direction at the match
point for the standard tune (left) and the bad tune (right). 8 CONCLUSION

. Our HEBT design meets all readily quantifiable require-
another tune that produces the same beam at the 45-in Iints our 3-33|c simulations ver)i/fyqthat thEFRACE%—
T'T‘rf‘:??] ptilgtr.] d ?Qg tt)zzgza:rrgpacill?eiettt;]nsg;gﬁsIgaer:?: design code can accurately predict rms beam properties.
bef ! piJN Ith tthe b h Y I waisgarly i ﬁ%nlinearspace-chargeeffectsareimportant, however. We
ctore. We see thatihe beam has a smaft waisiarly in gave found that having adequate focusing (no less than four

the HEBT. We find this characteristic is always associate uadrupoles) and a good tune are essential to avoid halo

v'v|th.the exu;tencg of a halo. Figure 6 showsﬂrdastnpu- formation, which could result in undesirable particle losses
tion in a 3-Dpic simulation at the 45-inch match point for

.before the beamstop.
both the standard and bad tunes. Also shown are Gaussmn%e codes clearly indicate when halo formation occurs.

having the same rms values as the actual distributions. TU\‘?e therefore propose that we do some halo experiments

halo is generated in the first part of the second quadrupola 'LEDA. We can obtain the required information from the

just before the waist. Figure 7 shows the phase-space sc

ter plots in thex direction at the beainnina and th Nter ﬁfe—scannerdata. If we verify the simulations’ predictions
P & direction atine beg ga € cente .Oa]bout the differences between the good and bad tunes, we
Q2. We see that the distribution becomes very nonelliptica

because of the nonlinear space-charge forces will have greatly increased confidence in the ability of our
P 9 ' codes to correctly model nonlinear space-charge effects.

7 HALO EXPERIMENTS 9 REFERENCES

Table 1 shows properties of the x profile at the wire Scarli] D.P. Rusthoi, W.P. Lysenko, and K.R. Crandall, “Further im-
ner for both the standard tune and the bad tune. Also shown povements in TRACE 3-D,” Proceedings of the 1997 Particle
are a uniform (rectangular) and Gaussian distribution hav- accelerator Conference.

i i 2.1/2 _
N9 the same sigmadz">"/%) value. A g0.0d way to Char PLZ] K. Crandall and R. Ryne, private communication, 1998.
acterize whether or not we have a halo is to determine the

498



