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has been chosen for all of the rf structures. A peak current of 30 mA (H    ions) of 40叩sec pulse

３.Accelerating structure

３．2.2   DTL
3.2.3   SDTL
３．２．４   CCL
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３．３．3   ZTT of CCL

3､5   Accelerating field limit
3､6   Details of the accelerating structure

3.6.1    ZTT of DTL and SDTL

3.6.6   Transition by using CCL

３．7.1   DTL focusing design
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五・Ⅱ航roauction

and a high-duty factor. The expected average current will be 200卜lA at the beginning, and nearly

as each device of the linac. In addition, since it is to be used as an i可ector into the following 3-

character of the linac・In order to construct and operate the linac with such a high quality, the

２.General concept

tion plan of the linac consists of two stages・In the first stage, a linac of required minimum

Table 1 Required main parameters of the linac．

２ ０ ０ ４ ０ ０

２ ５ ） ５ ０

L e n g t h  < 1 5 0 ̅ 2 2 0
M o m e n t u m s p r e a d ± 0 . 1 ± 0 .

Ⅷ帖岨脆叫Ⅲ％
● Ｐ

３



eration during operation・Therefore, the future extension plan of the linac should be included in

【)iitn皿t beam r

current with an additional rf power increase and with varying the transverse tune､The energy
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２．2 Design philosophy

Ｗ

P ・

core-part of the beam・An advantage of the code is that it also involves an important simulation

５



equipartitioning theory・It is a useful method from the viewpoints of obtaining a good beam

when the peak current increases・Therefore, it is required to tune the transverse focusing forces

p ・
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Z・3 Transition

the focusing forces・Thus, it is desirable from the viewpoint of beam dynamics that the number

forces of the accelerating field are one of the main reasons for making the beam quality bad・In
order to avoid these effects, a relatively shorter bunch length would be desirable・Frequency

the relative bunch length decreases according to damping theory, is desirable・On the contrary, a

desirable from the viewpoint of the space-charge effects・The SDTL focusing method generally

７



changed・In addition, the relative bunch length becomes sufficiently short at the exit of the

3.1 General scheme

O

T上

ating field along the center axis of the structure, and co the angular resonant frequency・The

Eo =告解血

ZTT = Z×Ｔ×T-

1
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are not compatible with each other according to my knowledge・Recently, progress in accurate

tion by a beam-dynamics simulation and ZTT optimization・In general, a higher frequency is

which characterize the accelerating structures・They are discussed in detail for each accelerat-

effective shunt impedances depend upon the types of structure・For example, the transverse

properly chosen according to the scaling law・On the contrary, it does not depend upon the

structures is different from that for scaled structures, such as DTL・For high-intensity linac's

３．２．1RFQ

９



distribution・A further investigation concerning the accelerating field is desirable in order to

tuning. As for the transverse-mode stability in an RFQ structure, the PISL (冗-mode stabilizing

3.2.2 DTL

acceptance・If the permanent quadrupole magnets are adopted for the focusing elements, it is



is also an important issue from the viewpoint of beam losses・Here, a new simulation code can

tion can be minimized・Transient beam loading is also important from the viewpoint of the beam

properties in a high-peak current linac・Since the DTL operates at zero mode, where the theoreti-

3.2.3 SDTL

acceptances, and on the fabrication of the drift tubes・Therefore, it is natural and reasonable to

which is a similar method to that used in the CCL structure・Then, the optimization of the SDTL

decreases・The period of the transverse focusing changes at the transition point from DTL to

１

＝ ＝ 三 三

、
Ｐ ｡

Fig. 1 SDTL (upper) and DTL (lower) structures. The focusing magnets are indicated by squai℃s.
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3.Z､４ CCL

development for CCL structures at KEK, it is concluded that the ACS (annular-coupled struc-

3.3 Effective shunt impedance

Ｄ 子
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3.3.1ZTT㎡RFQ

3.3.2 ZTT of DTL and SDTL

to the radius of the stem. It reaches approximately a f己w percent of the power loss for the

3.3.3 ZTT of CCL

power losses compared with the calculated results with only an accelerating cell geometry.､It
｡ ■



the江/2-mode operation and the selection of a higher operating frequency, it is widely accepted

structⅢ℃with a constant-p structure, which means that the unit-cell length holds constant through

tigated for a high-duty factor structure・Critical operation without a cooling channel and a smaller

k
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ZT迦｡oŝs雲響

it becomes about -18%; -13% due to both end plates and -5% due to the stem・For the ACS, the

noted that a factor of 1．2 - 1.3 is taken into account in the rf driving-power calculation in this

3.4 Frequency of the RFQ and low-energy transition energy

3.4.IBOundary condition

c

● ●
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charge eff己cts.

ratios from Cu by 3 and 5､4 MeV-protons are 1.61x10* and 2.81x108 n/sec/mA, re-

3.4.2 RFQ and DTL parameters

a sufficiently la屯e acceptance of the DTL, an FD focusing system with variable electroquadrupole

l6



Fig.2. The calculation was performed based on the assumption of an i可ection energy of 50 keV
and a maximum vane-voltage of 1､8-times the Kilpatrick field limit (17.8 MV/m for 324 MHz).

澗
師
ⅦＭＥ

Ｃ
ｑ
Ａ

Ｂ

|瀞云云T0;＝ ヲ

５

３

Ｓ

ｚ

Ｓ

１

Ｓ

⑪

３

２

ｌ

⑪

（シ①目色病則圏①目①言号自○

⑪ Ｓ ⑪ 1⑪⑪１50      2⑪⑪250      3⑪⑪

）

● ■



７

２-Ｌ一
一Ａ

where m is the proton mass, c the light velocity,βγthe usual kinematic parameters,入the wave

βmax
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Table 2 Parameters related to transverse focusing vs・frequencies in a 3-MeV

300

324

432

79.7
73.8
68.3
55.4

0.395
0.264
0.245

0.184

9.37
7.67

7.38

6.39

9.67
9.38
9.10
8.39

43.4
96.7
112.7
131.6

4.94
9.35

16.8

Table 3 Typical parameters of the DTL and SDTL structⅢ℃s at a fequency of 324 MHz

Z
T

56
13
1.3
2.5
1.0
78.2
0.703
38.6
4.02

5２
9

2.2
0.5
75.9
0.830
52.3
5.87
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exceeds 1.8 to 2.2 Tesla (depends upon materials).Thus, a 3-MeV i可ection scheme from RFQ

No,2, 5 and 8 given in section 3.4.1. In addition, the diameter of the drift tube becomes relatively

The maximum emittance of about 3.0冗mm-mrad (100%) for a 30-mA RFQ output beam
is assumed・Since the transverse acceptance of the DTL is about 42冗mm-mrad, a sufficient
tolerance for the ratio between the transverse beam size and the bore radius can be realized・The
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、

f = 1.64×,o<vW-̂l
where f is the frequency in MHz and V is the voltage in MV/cm・The calculated values are

CCL structures below 1.3-times the Kilpatrick limit according to the experience rule.

3.⑥Details of the accelerating structure

Table 4 Kilpatrick field limits for the main frequencies．
3５
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power soui℃es.

energy region above 100 MeV was introduced in some facilities・At the same time, the operating

3.6.1 ZTT of DTL and SDTL

● ■
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3.⑥､４ Transition energy from the DTL to the SDTL

transverse transition・Thus, there is no additional longitudinal problem, except for the effects of

noted that the longitudinal motion is described in terms of the length normalized byβ入, and that

independent of the particle energy・Thus, the effects of the drift space become larger as the

3.5.5 Number of unit cells m an SDTL tank

Needless to say, it is concluded that all of the items, except for first one,肥quire a larger number

SDTL tank remains constant throughout the SDTLﾍsystem, since an abrupt change in the length

２５



3.⑥.⑤Transition by using CCL structure

with a higher operating ft℃quency is not desirable (see section 3.6). However, within the frame-
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was assumed for the beam-power calculation・The accelerating electric fields used in the calcu-
lation are shown in Fig. 11.The normalized values by the corresponding Kilpatrick field values

ミ
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if the energy is lower and the accelerating field is higher・In our code, the average accelerating

for 200-MeV linacs and Fig. 17 for 400-MeV linacs・The optimized configurations for a 400-

MW and OCS-II is not included・They are:
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Fig.10 ZTT vs. beta for various kinds of rf structures. Web thickness, including width of cou-
●

pling cell, for OCS-I is ２8 mm and OCS-II 1２ mm・It is 9.５ mm for an ACS.
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Table 5 Summary of the calculated total length and㎡power for possible candidates of the
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Imac complex with an output energy of 400 MeV.
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廿om the view point of ZTT-optimization・Here, the OCS-II structure is excluded, since the lack

3.7.1 DTL focusing design
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ｈ
ｂ血端

叱

γ

Ｎ
β

３
-
２

ｋ ＝０，
βhUl、

3４



4冗Eoinc*'

go=2%-M鵬

器一端型２，｜淘即一埼
恥一珊恥一噸

３
-
２
３
-
２

-

一

l* ""(* ;γ･r-

l

、

ＬＬ旦旦2- = １v0諾等=!｡『い“ ツ

｡ ＝

3５



X Z

3.7.2 Transition energy from the DTL to the SDTL

●

cells is chosen for a unit tank throughout the SDTL section・There is a rotation of the longitudi-
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reduced in the SDTL. It is clear from Fig・10 that a lower transition energy is desirable from the

six-dimensional matched 30-mA beam. There is a 1.4-m long drift space for beam matching
between the DTL and the SDTL.Two kinds of matching were performed: one was matching

and longitudinal motions (XYZ-matching). Then, the beam is i可ected into the SDTL. The rms
width of the output energy at the exit of the SDTL (200 MeV) as a function of various imection

Fixing the injection energy into the SDTL at 50.0 MeV, the i可ection phase dependence of

Table 9. Here, only transverse matching was pe㎡ormed. The results are shown in Figs. 22 and
23.It can be seen that a satisfactory wide phase acceptance was obtained. The energy width of

The main parameters are summarized in Table 9・The results of acceleration by all DTL

3.7.3 LINSAC simulation for the DTL and the SDTL

tion, the code LINSAC (ref. 9) was used for both the DTL and the SDTL acceleration. Here, ftmr

3９
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emittance is different from that in the optimum calculation・The number of macro-particles was

assumed in these simulations・The results of the simulation are summarized in Table 12・The

interest that the transverse emittances are smaller than those in 'DTL-out-T・Three combined

configuration･The output energy is 200 MeV. The code PARMILA was used for the SDTL

Ｅ 0 . 453 /2 . 060 . 427 /1 . 860 . 374 /1 . 58冗mm-mradＸ

Ｅ 0.51９/2.42 0 .435/１.８9 0 .373/1.57冗mm-mradｙ
0 .335/1 .30  0 .302/1 .21  0 .263/1 .12冗MeV-degＥ
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1) the number of macro-particles used in the simulation was rather small・Therefore, a

3.7.4 SDTL simulation with rf field errors

tances given in Table 15 of section 3.8．3.
The beam from the DTL travels a 1.4-m long drift space and is i可ected into the SDTL

each cell is±1 %, for each tank±3% and the phase error for each tank±4%・The phase errors for

3.8 Beam s加Ⅲlation for studying the transition from the DTL/SDTL to the

4３
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A 2-m long drift space between the DTL and the CCL was assumed・The following four configu-

beam motion in a冗12 mode structure using a similar method to that in the code PARMILA.

the beam-dynamics behavior for each configuration. However, this scheme had some possibility

3.8.1 Transmission

4７
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since the phase width for no-beam loss acceleration is nearly five degrees・In addition,

３１.Therefore, a transition energy of 150 MeV is desirable.

linac. However, the beam quality is also important for a role of i可ector into the following ring.

3.S・2 Emittance growth

tances at an energy of 200 MeV are also listed in Table 14・Here, the results for the other con-

3.8.3 Injection beam into the DTL

verse emittances of 0.8冗mm-mrad (90%) and 1.5冗mm-mrad (100%) were used for an injection

the beam. Thus, the beam quality at the DTL i可ection point may be worse than those obtained
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冗mm-mrad

Ｚ
ｅ

冗MeV-deg

0.5720.628        ０.６４1 0．18% beam loss

0.733        １．０5 0.545        0.１2% beam loss

Ｘ ｙ
冗mm-mrad

Ｚ

冗MeV-deg

D T L 5 1 M e V + S D T L  0 . 4 3 3  0 . 4 4 3  0 . 3 6 4

X y
９０％１００％90%      100% rms 90%     100%

冗 m m - m r a d 冗 m m - m r a d
I可ection into RFQ ０．１９３０．８２２

0.2821.29
1.49
3.04

0 .1960 .831 1.47
3.34

△中(full width) 50.5 degrees
2.85
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the limitation of the supercomputer limited the particle number to 3200.However, the results
agree with those with the 10000-particle simulations, although some details are different・Table

result through the RFQ. The injection beam parameters are discussed in section 3.7.1 in connec-

3.8.4 Properties of the code LINSAC

the linac・The calculation was performed using 76800 particles. Therefore, a 99.9% emittance

there was a large collision due to a calculation error・These effects are also observed in the rms

tion of the number of macro-particles is summarized in Table 17・As for collision effects, there

in a real bunch・The other is to increase the number of macro-particles so as to decrease the

5３
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Table 16 Beam parameters for 3200 injection particles used for the smⅢlations given in
Fig､27.
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3.ｐCCL of 648 MHz

There is possibility for adopting a 648-MHz CCL-type s伽cture with a rather lower injec-

cells in a tank is 18) were selected. This geometry gives an rms transverse acceptance of 5冗mm-

longitudinal matching imection does not increases the transmission ratio in this case. The phase

matching simulation・The transmission ratio is plotted in Fig. 42. In this simulation, nearly the
same results 1br both transmission and emittance growth as those obtained with a frequency of
972 MHz and an injection energy of 147 MeV were achieved・These results (summarized in

5８
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given in Table 19・It is commonly pointed out that any types of perturbations in connection with

Finally, the accelerator configurations mentioned in section 3．6.6 were re-examined by

2) The acceleration eげiciency of ACS-648 MHz (No.6 and 13), which has no cool-

3.10 CCL of 972 MHz with an injection energy of 100 MeV
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x z T b t a l l e n g t h T b t a l p o w e r
冗 m m - m r a d  m  M W
0.458

0.524
0.489
0.464
0.531

0.423
0.394
0.58

206.9
63.6
65.2
53.7

五通ble 19 Comparison between the optimised SDTL system and the CCL of 648 MHz at the

Ｘ Ｚ r n

DTL + SDTL  0 ､433 /1 . 89
0.472/2.07 １１８．３

27.3
３１．３

It has already been shown in section 3．8 that a CCL structure of ９7２ MHz with a 100-MeV

and varied during acceleration, as mentioned in the previous section・First, the stable phase
angle was varied from -40 to -30 degrees during the initial 16 tanks・An acceleration without
beam losses was achieved only around an injection phase of -35 degrees・Therefore, the phase
acceptance for stable operation is so narrow that more phase acceptance is desirable・Here, only

6０



a linac complex･Here, a stable phase varies along the linac in order to accept all of the

2・DTL-50MeV+SDTL-148MeV+ACS972
3.DTL-70MeV+ACS-648MHz
4・DTL-100MeV+ACS-648MHz

6・DTL-100MeV+ACS-648MHz-no-water

17.52

22.77
21.07

18.79

21.33
20.26
27.78
25.28
24.34
22.55
23.32

８

７

９

０

１

８

２

９

９

９

０

９

０

９

●

●

●

●

●

●

●

５

５

５

６

５

６

５

11.96

12.00
11.82
12.16

27.31
26.23
33.77
31.28
30.25
28.63
29.24

33.29
32.20
39.75
37.28
36.16
34.71
35.16

９２．９１
85.30
87.85
73.84
90.11
76.87
126.80

120.87
110.71
118.30

109.74

8.DTL-50MeV+SDTL-148MeV+ACS972

10.DTL-70MeV+ACS-６4８MHz
11・DTL-100MeV+ACS-6４8MHz

34.4841.69
35.28.42.64
43.9953.25
42.1450.57
39.9248.62
35.8543.0２

11.99

11.90
12.03

23.98
23.94
23.94
23.89
23.79
24.06

53.67
54.61
65.22

60.50
55.04

65.66
66.58
77.19
74.46
72.41
67.07

149.28
156.51
144.81

144.45

201.64
216.27
206.89
201.57
196.08
198.20

*Pc・mod includes the rf multiplying factor.

4) A stable region of imection phase is about five degrees for system-D, implying the
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served beam losses of less than 2%・The magnitude of the beam loss is nearly the same as our

eluded in section 3.7 that a klystron of 2､5-3 MW peak power is desirable.

4.1 Power divid加g method for SDTL unit tanks

for a unit tank varies from 0．48 to 0.89 MW. Assuming 3-MW klystrons, there are two ways to

The other is to use a power divider to feed each unit tank・It is known that both the DTL and
SDTL structures are driven by 2冗-mode operation, in which the group velocity is zero. Thus,

4.2 Field errors due to a change in the beam current

6３
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required power ratio for the tanks driven by klystrons・Here, the required if power is normalized

inevitable among four tanks driven by the first klystrons・In order to reduce this, a smaller
number of power dividing is desirable. Thus, our final design assumes 2､5-MW peak-power
klystrons, driving thi℃e and two tanks. Similar phenomena also occur in rf driving systems using

and longitudinal motions・It thus seems to be difficult to match the beam as well as acceleration

ments・Therefore, we perform a matching process and acceleration independently.

been reported in ref. 12．The design for a frequency of 324 MHz will be performed on the basis

S･2   Buncher

S･3   Chopper
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already been reported in ref､13. Therefore, some modifications are required for a 324-MHz rf

6. Debunche㎡or output beam

buncher located downstream of the exit of the linac is necessary・We assume a required momen-

resulting in an output-energy spread of ３30 keV and a phase spread of ６､1 degrees. Therefore, a

of 1.5 MV voltage at 30 m downstream from the exit of the linac or 0､8 MV voltage at 40 m

一

-

an electric field of E =βγCB in relativistic kinematics. The lifetime in the rest-frame is given as

値=告",(告）

てｆ

200MeV: B    =０．８8 T and dh/dz=0.433.
ｍａｘ

ｍａｘ
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400 MeV B=0.48, f=9.22e-9, dh/dz=0.152,r=6.63m,

町= -Ut2+2TWo)̂.
Here, T is the kinetic energy (MeV) and W the rest mass (MeV).The loss fraction by
long magnet was calculated and is shown in Fig．49 as a function of the bending radius.
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there be no frequency transition throughout the linac・Therefore, a final determination of the

has been chosen for all of the㎡structures. A peak current of 30 mA (H    ions) of 40叩sec pulse

6９



three structures are given in Fig､５０.
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