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Abstract

In the KEK 20 MeV linac, the electric field E increases linearly
along the cavity from the injection end but the synchronous phase is
supposed to be constant throughout thé acceleration. While BNL group
reported that the method of "synchronous phase law" reduced the energy
spread and the variation in mean energy. The KEK linac consists of
only single cavity, and the field distribution can be changed by fourteen
tuners to some extent. 50 we tried the experiment of tilting the field
distribution and varying the overall field level to find a better operat-
ing condition. However we could not find out any reason to operate at
any other condition than our designed value in the aspect of the mean

energy, the energy spread and the capture efficiency.
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1. Introducticn

Since the first acceleration of 20 MeV proton beam oa Aug.l, 1974
the KEK linac has been continuously improved and got a 150 mA beam at
the end of '76. 1In the latest operation the energy spread is less than
£1.2 % without debuncher and #0.3 % with debuncher at the peak current
of 120 mA and the pulse length of 15 Ws. Further as the normalized
emittance of 90 % intensity level is 0.6 T cm mrad at 120 mA, all the

designed performances are attained.

In the U.S.-Japan seminar on high energy accelerator science held
at Tokyo in 1974, G.W. Wheeler and L.C. Teng suggested to try an experi-
ment of the "synchronous phase law" at KEK. In our design the axial

mean field E is expressed as
E = 1.5+ 0.04 £ (MV/m), 1)

where £ is the length from the low energy end to the gap center in meter.
A constant synchronous phase ¢S = cms-1 0.9 = 25.8° is supposad throughout
the 89 acceleration gaps. The linac has a single cavity and consists of
six unit-tanks. The first and the lasF unit-tanks have three and the
others two cylindrical tuners. They are used to vary the tilting of

the field distribution. The method of calculation is reported in Ref.3.

"Syncirronous phase law" can be described as follows}‘z) The acceptance
area A in most linacs is expressed by
3.3 =
. 2Ry eET.os¢ p
A= s's s ]1/2 0. 312 )
2 5
m,c

where

Bsc = synchronous velocity

- 2.-1/2
Yo = - Bs)

’ ¢s = synchronous phase (<0)
T = tramsit time factor

mo = proton mass



and Eq.l states that varying ¢s as (Bs'y's)"”5 wiil keep the acceptance
from decreasing under the condition of constant synchronous acceleration
el_a'rcosd’s = const. A reduction of ld!slalong the accelerating gaps will
increase the maximum phase spread A¢p., and reduce the maximum energy
spread Ayp,, compared to their values for .onstant ¢y as given by Egs.3
and 4,

B9 oy = (BSYS)—3/4 (sin !¢s[)'1/4 3

+3/4 +1/4

AY e = (BY) (sin |¢.]) 1))

The effect of rf phase error o and amplitude error (= SE/E) on an imitially
synchronous particle can be given by the following equations.

s = kg% @y

8's

s'

[sin([k ds)[ 3/2(8 y) 3/2 cos(J klds")-{-u(s')+6(s‘)cot¢s}ds'
0

2 32 5[5 L de™ - (mata" )46 ¢a" .
—cos ( k!,ds) (BYg ) sin( 0 k,ds") {-a(s")+5(s )cot¢s}ds 1,

(5

1/2 3/2

Ay(s) = =-A/(2m)- k (BSYS)

s'
[cus(Jk ds)J 122y, y3/2 cos(I kyds™) {-a(s" )48 (s"Yeoto Jds'
0

sl
ﬂin(jk ds)[ 3/2(3 oY ) 32 sin(j‘ klds“){-u(s')+6(s')c0t¢s}ds'],
a
(6)
where A is the wave length of the rf field and

2weET sinltb ]
k, = [ 1/2

] . c283Y3
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Taking averages of the parameters in each tank, Batchelor et al got the
expression for the meun square error of the final energy and concluded
that an all over Improvement in average energy can be expected for de-
creasing synchronous phase. Thereafter they got satisfactory results

for the computer runs with the linear phase law, in which the synchronous

phase is decreased linearly along the distance.

The design parameters for the KEK linac will be described in the
next chapter, because they have not been put in order and will be used
in the following calculations. The results of the bead perturbation
measurement will be given in Chap.3. By the use of these data, the
calcualtions of beam dynamics were executed and will be described in

Chap.4. The experimental results will be shown in Chap.5.
2. Design Paraméter

Originally the protoa linac at KEK was intended as a 125 MeV in-
jector for a 40 GeV proton synchrotron. The geometrical parameter of
the 125 MeV linac is reported in Ref.4. The linac was designed to have
five cavities with different inner diameter and to accelerate up to 10
MeV in the first tank and by 30 MeV in the every four tanks. When the
40 GeV proton synchrotron project was reduced to 8 GeV ones, the linac

was also reduced to the presemt 20 MeV linac.

At that time we decided to make a single cavity because of its
simplicity. The new dimensions of cells from No.l to No.28 were detgrmined
by the data of a half model cavity, those from No.29 to No.56 by the
data of MESSYMESH and those from No.57 to No.89 by the computer programme

5
which was developed here using the method of M. Martimi and D.J. Narner.)

The field equation is given by

LF)
c

U _ 13U, 30U, ,.2;_g Q)
T or

under the boundary condition of

W _g, (8)
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where U = rH¢. We divide the region into I(0 < T < I = 28D) and II(r

> rD) (Fig.1). 1In the region II, U is approximated by the expansion

10
U= a, rF (kr) + Z a; G (Y r) cosB 2 (9)
where
Jo(kD)
Fp o= Jl(kr) - QSTEBT ¥, (k) , (10)
150r D)
G1 = Il(Ymr) + E_??_ﬁT'K (Y r) (11)
and o .
By = 2ma/L, v, = B2 - i = vgE - (yie)’ (12)

Jn and Yn are Bessel functions of first and second kind and In and Kn
are modified Bessel functions of first and second kind. The region I is
divided by coarse mesh for SD < r £ 2SD and fine mesh for 0 < r < SD.
The values U on mesh point are calculated by the method of seuccessive
over-relaxation. The expansion coefficients aj in Eq.8 are determined
by the continuity condition. Then the resonant frequency is calculated

by the integration

2 - Ll @uan? + (/s las
IUZ/r ds

(13)

The iterations are continued until a desired accuracy is attained. The
cell parameters such as the resonant frequencies, transit time factors,
and rf losses were computed for a given cell length and different two

gap lengths and those values at 201.25 MHz were determined by interpolation.

In order to reduce the discharges at the low energy side, the mean
axial electric field 1s decided by Eq.1. The cell length Ln and velocity

B ¢ for the n—th cell are .
out

Lo = = §A3/2 3= %)
1 - A/Zn-En(l 8 ) /moc Bc-BdTIdBC'sin¢s

-l



2,2 2 % 2
Bour = (1 = me™)*/(mye” + E; ) + EplyT cosdy) /2

(15)

B= (8, +8 )2 (16)

where 8 1s the value at the center of gap, approximated by B and Ej the
axial mean field at n—th gap. The measured transit time factors by half
model cavity were used for cells from 1 to 28. The gap distance and the
drift tube length were determined as listed in Tables 1 and 2.

3. Field Distribution

The axial electric fileld in the cavicy was measured by means of a
bead perturbation method@ The shift of frequency Af due to a small
metallic bead perturbation is given by

Af/f = =35, Ezvlhn 17)

where f is the resonant frequency without the perturbationm, o the free
space dielectric constant, E the electric field at the position of the
bead, V the voiume of the bead and U the total stored energy in the
;:avit:y. The bead attached to a tension;ad silk string was drived by a
synchronous motor. The measured period of the beat (= 1 kHz) between a
signal of constant frequency and the rf from the self excited cavity
were transfered to and processed by a mini-computer OKITAC 4300. The
average fields calculated for each gap were displayed on a storage-scope
about 50 seconds.after the bead started moving. The polnts im Fig.2
show the average axial electric field of the accelerating mode when
the tuning was completed. The dashed straight line represents the
design value Figs.3 and 4 shows the transit—-time factor T, and S-
coefficient Sn defined by

T, = J Ez(z) cos(kﬂz)dz/] Ez(z)dz (18)

s, = [ E_(2) sin(knz)dzlj E {z)dz a9
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respectively, where integrations are performed along the n-th gap length.
After the evacuation of the linac tank, the field level along the cavity
is relatively measured by the monitor lcop probes suppesing thar the

outputs are proportional to the axial electric field around them.

The tilt of the field is mainly adjusted by four tuners, two in the
first and two in the last unit-tank. The deviation of the field (AE =

E - En) from the ideal normal mode value En can be written7) as
E 3 = (A'Yp) . (20)

AYP is the local value of the propagation constant defined by

wz 2 Sw)
22w gy re—=4 b
(AYP) c2 c2 a Q) T( o T ZQ) s (21)

sz Sw-w,
where w, denotes the local frequency of the cavity, w the driven fre-
quency Wy the resodant frequency of the entire cavity and T = SWZIXZ x
1.2 for drift tube loaded cavity. The linear increase in E is attained
by the frequency perturbation in the first and last unit tank related by
AwiL; = —Awglg, where Aw, = w, - wp and L; is the length of cavity with
local frequency wz. The cavity was tuned by the insertion of the tuner
and the frequency shift is given by

it

w

Sl

2 2 :
T JS (uOH - ggENav . (22)
v

Fig.5 shows the measured field distribution for various tuner positions.

4, Computational Results of Motion

The equations of motion goveraing phase and radial motion are given

by
2neE *
d . 3.2 d . 0 . _
Tn YsBs 3at® - ¢s)] -7 7 SglTgeos? cosg | 23
m.c
0
—6-



and

—=— (1 - BB )sind (24)
B2 v

respectively, where n is rf cycles spent by the synchronous particle in
traversing distance z and for a proton linac also the index number of
the unit cell tkrough which the bunch 1s instantaneously passingB)

dz = v dt = Bskdn (25)

If the argument of the Bessel function is small, above equations become

4 2meE A
[\(s Gn @ - 0] = - Bglcosd - cost ] (26)
moc
TeE A
[g— &=~ —5 (-8 )r sino. @
mye [

If we use the average field gradiemt E and transit time factor T, i.e.

dw
—a—:- = eEo(z) c:osd)S = eET cosd)s, (28)

the longitudinal motion Eq.26 can be rewritten as

[Y Lo - 01 + Z“QF‘? B (cosé - cosp ) = 0. (29)

moc

ssdn

Though there are many papersg) which take into account the space charge

effect, we used Eq.29 in the following calculation.

Fig.6 shows the synchronous phase calculated using the measured
average electric field and transit time factors given by Figs.2 and 3
for the cell and gap length in Table 1. As stated in Chap.2, different
kind of data were used before and after the gap No.56 and there remained
some mismatching. Fortunately the synchronous phase at Nos.57 and 58
are large, we are investigating to remodel four or six drift tubes.

—7-
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A constant synchronous phase 25.8° is not wmaintained throughout the
whole acceleration. Aside from the first drift tubes, ¢S changes from
about 40° to 27.5° gradually in the first unit-tank (D/T No.l " '9.28).
However in the second and in the middle of the third unit-tanks (D/T
No.29 v No.54), it increases. After bewilderment during four gaps, it
reaches 30°, stays on the value for fifteen gaps and then gradually
decreases to 16° at D/T No.87. Mean phase at each gap corresponding to
the injection energy of 750 keV {t 0.1 %) is also drawn in Fig.6.
Except for several gaps around D/T No.13, mean phase oscillates around
the synchronous phase. The above-mentioned behavior makes it difficult
to follow the complete synchronous phase law experiment. The phase
oscillation, rms phase spread and rms energv spread at this condition

are shown in Figs.7, 8(a) and 8(b) respectively.

The axial mean field E changed from the initial value EO is expressed
.

by

E= Eos(l + a{2z/L - 1)} (30)

where B and a are constants which are called here field level and slope
respectively. Corresponding to some values of field level and slope,

" the synchronous phase changes as shown in Figs.9 and 10. The value at
D/T 56 does not become real until thz field level is enhanced to 1.145
and t is roughly constant for the variation of slope because it is
situated nearly in the middle of the cavity. Figs.1l, 12 and 13 shows
the phase oscillation, energy spectrum and rms energy and phase spread
respectively for the slape 0.0 and Figs. 14, 15 and 16 for the field
level 1.0.

For @ = 0.0 it seems preferable to operate at B = 1.05 in respect of
phase oscillation and energy spread but mean energy becomes 20.46 MeV,
which is rather lower than the design value. For a constant field level
g8 = 1.0, the phase oscillation behaves singularly against the slope. At
positive values the phase and energy spread is large in the early gaps and
moderate in the later gaps. At negative values, the fairly regular oscil-
lation is suddenly disordered after about 56-th gap. Correspondingly
the energy spectruﬁ after whole acceleration is better at positive slopes
than uegatives cnes. The bahavior can alsn be infered by Fig.lU to some

extent. It can therefore be concluded that to operate at a = 0 or at a littie

8-



positive o is most adequate. However it shows that our purpose of syn-
chronous or linear phase law experiment is not fully attained. Fig.17
shows the calculated mean energy, rms energy spread and capture efficiency
versus tank field level. At B8 = 1.0 and @ = +0.1, rms energy spread

shows the sharp minimum but capture efficiency becomes relatively low.

5. Experimental Results

By a pair of bending magnets located after the second T-section, the
accelerated beam is led to the analyser magnet (Fig.18). The detector
has 48 channels and the energy resolution (AE/E) of 0.1 %Z. The debuncher
is situated between two m-sectional quadrupole magnets. Therefore on
the one hand the effect of the debuncher can be measured by the analyser,
on the other hand it cannot completely be avoided even if it is detuned
from the resonant frequency. The field in the tank attained by moving
four end tuner is shown in Fig.5. As described in Chap.3, it is measured
by ten monitor probes under the assumption that at field level = 1.0 and
slope = 0.0 the regulated field by the bead perturbation method in
Figs.2, 3 and 4 is given.

The measured energy spectrum at slope 0.0 is shown in f‘ig.lg. It was
measiired at the current of 20 mA, so that the space charge effect does
not become noticeable and the signal o noise ratio did to become too
worse. The buncher was not operated at rhis experiment. As it is not
a cavity type, there would be no increase of energy spread against the
injected beam 750 keV + 0.1 %. Experimental rms energy spread, mean
energy and normali:zed transmitted current ID/ Ii as the function of
field level are shown in Fig.20 as well as the computational results.
Experimental field level is written im an arbitrary scale, but field
level 1.0 in the figure is the condition around which the linac is usually
operated. According to the experiments the mean energy Ey shows the variation
of the curve of third order around the field level 0.993 at waich E, is
20.65 MeV. 1In the narrower region the mean energy changes in proportion
to the field level. However the calculated results show a nearly constant
energy 20.65 MeV around 8 = 0.997. Fig.21 shows the same experiments for
several slope values with higher current around 100 mA. Field level of
the experimental and calculated value is relatively fitted by the mean

energy at slope 0.0.



6. Conclusion

The phase oscillations are calculated using the data obtained by
bead perturbation. According to the field measurement, a constant
synchronous phase is not maintained throughout the whole gaps. However
by changing tiie field level and slope, we could follow the linear syn-
chronous phase law to some extent. Irrespective of the abrupt change of
synchronous phase around D/T No.56, the particles do not escape from the
acceleration if the field level and slope is not largely changed. In
the present experiment, we did not find out any reason to operate at any
other operational condition. Further it must be mentioned that after
the field measurement by the bead perturbation method and before this
experiment, the first sixteen drift tubes were replaced because of
deterioration of electric insulation. Therefore it is uncertain that
the initial field is completely reproduced. We are planning to measure
the field by the same method in the near future.
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Table 1

CELL CELL Gap ENERGY ENERGY BETA DRIFT BORE: RHC RH SD
N LENGTH(cm) LENGTHEFE?' IN (MeV) QAIH (MeV) 1IN TUBE.LENGTH(cm) {(cm) (cm} (em) {cm)

1 6.020 1.275 0.7500  0.0507 0.0399  2.3290 2.0 1.0 2.0 179.28
2 6.237 1.331 0.8007  0.0538 0.04128  4.8314 2.0 1.0 2.0 179.28
3 6.441 1.385 n.8545  0.0568  0.04264  6.9793 2.0 1.0 2.0 179.28
4 6.651 1.440 0.9113  0.0598 0.04404  5.1328 2.0 1.0 2.0 179.58
5 6.864 1.497 0.9712  0.0630 0.04546  5.2885 2.0 1.0 2.0 179,58
6 7.083 1.556 1.0341  0.0662  0.04690  5.4461 2,0 1.0 2.0 179.58
7 7.305 1.616 1.1003  D.06%% 0.04838  5.6076 2.0 1.0 2.0 179.58
8 7.531 1.67% 1.1698  0.0728 0.04988 5.7700 2.0 1.0 2.0 179.90
9 7.760 1.741 1.2425  0.0762 0.05141  5.9358 2.0 1.0 2.0 180.90
0 7.992__ _  1.806 1.3187 _0.0796  0.05296___6.1020_ 2.0 1.0 _2.0__180.90
1L 8,229 1.872 1.3983  0.0831 0.05453 6.2717 2.0 1.0 2.0 .180.90
12 8.467 1.940 1.4814  0.0866 0.05612  6.4420 2.0 1.0 2.0 180.90
13 8.709 2.009 1.5680  0.0902 0.05773  6.6137 2,0 1.0 2.0 180.90
14 8.955 2.079 1.6561  0.0938 0.05937  6.7B77 2.0 1.6 2.0 180.90
15 9.202 2.151 1.7519  0.0974  0.06102 6.9625 2.0 1.0 2.0 180.90
16 9.451 2,225 1.8492  0.1010  0.06269 7.1380 2.0 1.0 2.0 175.90
17 9.704 2,300 1.9503  0.1047  0.06437 7.3151 2.0 1.0 2.0 180.2%
18 9.958 2,376 2,0549  0.1084  0,06607 7.4931 2.0 1.0 2.0 180.26
19 10.215 2,433 2.1633  0.1121  0.06779 7.671P 2.0 1.0 2.0 180.26
20 10.474 2,532 2,275 _ _0.1156 ___ 0.06951 _ 7.8511 2.0 1.0 2.0 180,26

21 10.73 2.613 2.39127 T0.11967  0.07126  6.0314 2,0 1.0 2.0 180.26
22 10.996 2,694 2,5108 0.123)  0.07301 8.2l 2.b 1.0 2.0 180.26
23 11,260 2.777 2,6361  0.1271  0.07477 8.3927 2,0 1.0 2.0 180.26
24 11,525 2,861 2,7612  '0.1309  0.07655 8.5735 2.0 1.0 2.0 180.26
25 11.792 2.946 2,8921  0.1347  0.07833 B.7549 2.0 1.0 2.0 180.26
26 12,060 3.032 3.0268  0.1385 0.08013 B.9366 2.0 1.0 2.0 180.%%
27 12.330 1.120 3.1653  0.1424 0.08197 9.1182 2,0 1.0 2.0 180.26
28 12.600 3,201 3.3077  0.1462  0.08375  9.3003 2.0 1.0 2.0 180.26
29 12,869 3,284 3.4539  0.1457  D.08536 9.4B17 2.5 1.26 2.0 181.43

_30_13.130 3,372 _ . 3,5996_ 0.1448 __ 0.08734 _ 9.6573 2.5 1,26 2.0 181.43
31 13,387 3,459 3.7%44  0.14827  0.08907 9.8272 2,5 1.26 2.0 181.43
32 13.646 3.548 3.8926  0.1516  0.09081 9.9986 2.5 1.26 2.0 181.43
11 131.906 1,624 4.06442  ©.1550  ©.09255 10.1693 2.5 1,26 2.0 181.43
3% 14.166 3,703 4,1992  0,1583  0.09429 10,3394 2.5 1,70 2.0 181.03
35 14.427 3.79% 4,3575  0.1617 0.09604  10.5094 2.5 1.70 2.0 181.03
36 14.688 3.885 4,5192  0.1650  0.05779 10.6794 2,5 1,70 2.0 181.03
37 14,950 2.978 4.6B42  ©0.1682  0.09955 10.8484 2.5 1,70 2.0 - 181.03
8 15,212 4,072 4.8524  0.1714  0.10031 11,0171 2.5 1,70 2.0 181.03
39 15.475 4.167 5.0238  0.1746  0.10307 11.1855 2.5 1.70 2.0 181.03

_40_ 15,737 4,262 5,1984 _ 0.1777 ___ 0.10483 11.3530 2.5 1,70 2.0 181.03
41 15.999 4.358 5.3761 ~ 0.1807 0.10659 11.519% 2.5 1.70 2.0 181.03
42 16.262 4.455 5.5568  0,1837 0.10835 11.6856 25 1,70 2.0 181.03
43 16,524 4.535 5,7405  0.1866  0,11011 11.8505 2.5 1.76 2.0 1B1.03
44 16.786 4.617 5.9272  0.1895  0.11187 12.0148 2.5 2.20 2.0 181.43
45 17,047 4.716 6.1167  0.1923  0.11363 12.1780 2.5 2,20 2.0 181.43
46 17.308 4.816 6.3089  0.1950 _ 0.11538 12,3401 2.5 2.20 2.0 181.43
47 17.569 4.916 6.5039  0.1976 ~ 0.11713  12.5013 2.5 2.20 2.0 181.43
48 17.829 5.016 6.7015  0.200)  0.1¥388 12.6611 2.5 2,20 2.0 181.43
49 18,088 5.117 6.9015  0.2025  0.12062 12.8201 2.5 2.20 2.0 1B1.43
50 18,346 5.219 _ 7.1061 __ 0.2048 _ 0.12236__ 12.9774 2.5 2.20 2.0 181.43
51 187604 5.320 7.3089 T 0.2071 0.12409 13.1338 2.5 2.20 2.0° I8i.

52 18.BAD 5.423 7.5160  0.2092  0.12582 13.2886 2.5 2.20 2.0 181.43
53 19.115 5.525 7.7251  0.2112 0.12754  13.4419 2.5 2.20 2.0 181.43
54 19,372 5,629 7.9363  0.2131  0.12925 13.5938 2,5 2,20 2.0 181.43
55 19.604 5.724. 8.1494  0.2048  0.13095 13.7476 2.5 2,20 2.0 161.43
56 20.008 5.501 B.3642  0.2i68  0,13266 ' 13.8691 2.5 2.20 2.0 1B1.43
57 20,139 5.167 8.5811  0.2471 0.13432  14.2227 2.5 0.5 4.0 181.43
58 20.305 5.232 8.8282  0.2797  0.13622 14.87il 2.5 0.5 4.0 181.43
59 20.773 5.416 9.1079  0.2874  0.17833  15.2740 2.5 5.5 4.0 181.43

_60 21,073 5.535 _ __9.3956  0.2929  0.14046 _15.6407 25 0.5 4.0 _181.43 .
61 21.394 5,663 9.6682  0.2986  0.14260 15.6353 2.5 0.5 4.0 181.43
62 21.714 5.793 9.9868  0.3043  0.14475 15.8258 2.5 0.5 4.0 181.43
63 22.035 5.924 10,2911 0,301  0.14690 16.0159 2.5 0.5 4.0 181.43
64 22.357 6.058 10.6012  0.3159  0.14906 16,2056 2.5 0.5 4.0 181.43
85 22.680 6.192 10,9171 0.3217  0.15123  16.3941 2.5 0.5 4.0 1B1.43
66 23.00% 6.329 11,2388  0.3276  0.15340 16,5821 2.5 0.5 4.0 181.43
57 23.330 6,467 11,5665  0.3335  0.15558  16.7693 2.5 0.5 4.0 161.43
68 23.656 6.607 11.9000  0.3395 0.15777 16.9559 2.5 0.5 4.0 181.43
69 23,982 6,749 12,2394 0.3454  0.15996 17.1414 2.5 0.5 4.0 181.43

_70. 24.310 6.892 ___ 12,5849 __0.3515 0.16216 __17.3259 2.5 0.5 4.0  181.43
71 24.639 7.037 12.9363  0.3575  0.16636 17.5099 2.5 0.5 4.0 181.43
72 24.958 7.184 13.2938  0.3636  0.16657 17.6931 2.5 0.5 4.0 181.43
73 25.298 7.3313 13.6574  0.3697 0.16878  17.8752 2,5 _0.5 4.0 181,4)
7% 25.629 7.483 14.0272  0.375%  0.171G0  18.0564 2.5 70.5 4.0 181.43
75 25,961 7.635 16,4031 0.3821  0.17323 18.2368 .25 0.5 4.0 181.43
76 26.294 7.788 14,7852 0.3885  0.17546 18.4163 2,5 0.5 4.0 181.43
77 26.627 7.943 15,1737 0.3947  0.17770  18.5947 2.5 0.5 4.0 181.43
78 26.961 £.100 15.5836  ©0.4011  ©.179% 18.7723° 2.5 0.5 4.0 181.43
79 27.296 8.259 15.9695  0.4076  0.18218 18,9491 2,5 0.5 4.0 181.43

_80_27.632 8,415 __ 16,3771 0,4141  0.18443  19.1247 2.5 0.5 4.0 181.43
8L 27.968 8,562 16,7912 0.4207 0.18665 " 19.2995 2,5 0.5 .0 18i.43
82 28.305 B.746 17.2119  0.4274  0,18B95  19.4733 2,5 0.5 4.0 1B1.43
83 28.643 8,911 17.6392  0.4341  0.19122  19.6460 2,5 0.5 4.0 181,43
84 28,982 9.079 18.0733  0.4410  0,19349 19.8181 2.5 0.5 4.0 201,43
85 29.322 9,248 18,5143 0.4479  0.19577 19.9890 2,5 0.5 4.0 181.43
86 29.663 9.419 16.9622  0.4550  0.19806  20.1589 2,5 0.5 4.0 181.43
87 30.006 9.593 19.6170  0.4622  0.29035 20.3277 2,5 0.5 4.0 181.43
88 30.337 9.762 19.8795  0.4693  0.20264  20.4980 2.5 0.5 4.0 181.43
89 30.694 9.971 20.3486  Q.4776  0.20495  20.65L9 2,5 3.5 4.0 181.43
90 0.0 0.0 20.8262 0.0 0.20726  10.4459 2.5 0.5 4.0 181.43
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Table 2

_CELL __ __ 5uUH TRAN.To DERIV. SHUNT - .
N LENG]H((m) H&Lu (MVIv-J FALTUH T.1.F 1 8PED.{Mehe/in) mZ’S‘f:"J.n.-/_:?di:ﬂiéi'}eimm sﬂﬁ“:um
—_ é____ 65228 .25.37  __ _G.0021 0.0071
2 03,75 36.74 0.0042 0.0147
3 65417 27,499 C.0064 0.0226
¢ 66.599 29.24 0.0087 0.0308
. 67.01 30,47 0.0110 8.0395
? 2 eT.4L 31.68 00135 0.0485
— 9.. 67.80 32.87 _ _ 0.0159 0.0579
8 54,130 6g.18 34,07 0.01685 ‘0.0677
9 .61.890 35.13 0.0211 0.0740
(] ©9.883 0.0238 - o.oRES
I _T8.111 0.0286 " "7 8.0987
12 462579 0.0295 T o.1113
—13 95,288 0.0324 0.1232
14 1044343 0.0354 " " Tho1348
15 113445 0.0385 Da k485
16 122.896 Q.0417 C ou1618
17 132,600 . 0.0450 0.1756
18 142.558 0.0484 0.1898
19 152.773 o 0.051% 0.2045
20 163,247 0.0555 042196
2T 173.981 WW
22 184.977 0.0630 0.2514
23 _ 196236 0.066% 0. 2660
24 2074761 0.0709 0.2851
25 £l — 0.0750 0.3027
26 0.0793 0.3208
21 - 43 _ 0.0837 0.3394
28 2564543 0.0882 C.3386
29 . 269.h11 £.3777
30 0.396%
31 - - 0.41€s ~
:; 0.4366
0.4572
3¢ Q47482
35 _ 0.49%6
36 0.5216
- 31 38L.7 6.543%
38 394.923 0.5668
13 _ 4124397 _ 0,5900
40" T 428.13% 9.0}l 73.51 “8.5138
41 “hholdn 0.0167 . 0.7495 73.58 0.6379
42 460.395 “6.0168 0.7487 - 73.64 0.6625
43 476,919 0.0169 0.7437 73.69
%4 493,705 J.0iby 0.7403 T o13a1s
45 5104152 0.0L70  _  _ Q.7367 73.79
46 928060 73.8%
&7 545,629 _ 13.87
44 T na3aast 73.91
9 5814545 73.93
S0 " B99.84( - T¥3.96
51 6ld.495 T3.98
52 77 637.35% 73.99
53 6564470 14,00
54 67528642 74.01
95 _ __ 695.448 L 7401
5o 715.45% 74.00
57 735.593 75.97
©8 195.898 T1r.50
59 76,671 0.0%48 77,72
60 797.743 0.0182 __0.045% 7260 _.9.3020
61 419.137 0.0182 0.0654 3745 0.3112
62 840,851 Q0163 L D.06857 _  __77.29 A
63 0. 0400 77.12
64 B 0.G463 76.94
o5 0.C466 76.74
66 0.0409 76,52 .
67 0.0472 16.30
68 . 0.0675 __ . 16.06 -
65 0.0477 75.81
70 0. C4B0 7554
71 "0.C4b3 15.26
72 0.0485 T4.96
73 0.0449 T4.65
74 _0.0892 ___ _14e33
7% 0. 495 13.99
18 1175.99% U.UR9T . 0.B346 __  0.C498 73.64 R
77 1205.621 6.019s 0.8331 0.0501 73.21
74 1232.982 0.0199 . _0.8316 _ _ 0.0504 72.89 . -
79 1259.878 wau200 0.8301 0.C507 72.50
8O 1287 0.8285 0.€510 12.08
81 1315477 C.u202 0.8270 0.€513 TMa66
82 1343782 U.02ud 0.8255__ __ 0.0516 ____ Nz -
83 © 1372425 0.02u4 0.8240 0-0519 70.76
84 1401.407 [TRYEITIN 0.8226 0.0522 .23 B B
85 1430.729 g.0207 6.8212 0.0525 69.80
86 J1480.391 _ | 0.0208 __ 0.8B199 _.0.0529 69.30 124
87 T1490.3977 L. 0209 0.8186 0.C532 68.78 2.5177
88 1520.734 Uau21l0 0.8175 0.0535 68.27 _ 2.6643
a9 1551.428 0.0211 0.£163 0.0538 67,69 2.7123
90 1551.428 v.02l1 0.0 ¢.0000 67.69 27123,

~13-




-HT=-

Region(1)

Region(1)

qag

{4

Fig.l Unit-Cell

L2 P -
e e
LN =
e -
1 o L ""."-.-./--/_/
/-1\',‘
q',-«-__'_.-..-.-'
08F

w
-
<
(&
(2]
P
<4
<
<4
s
m
[+
<

Of. 1 2 3 45 67 89 101 1213 1415

LENGTH (m )

Fig.2 Average Axlal Electric Field of ™h10 Mode



_S"[..

0.8

0.7

0.6

0.5

0.4

03

0.2

0.1

0 2 [ 6 8 10 12
LENGTH (m)

MEASURED TRANSIT-TIME-FACTORS

'l i ] Il L 1 1 L 1 '] i

Fig.3 Measured Transit-Time Factors

1
14

MEASURED S-COEFFICIENTS

10 12 14
LENGTH (m)

Fig.4 Measured S-Coefficients

08 .
ol
06
05}
ou} et

|

IS S S S ST R v AT



f@
1.2

1.0

0.9

08

Tank Field

E~Enfz)
E.=15+ 004z (MV/m)

f@=1+ q({-z- 1)

L + 0.015

'//‘ “o

&
|

Fig.5 Measured Field Distribution for Various Turer Positions

=== Synchronous Pl
eeepe  Medn| Puse

Synchronous Phase(~#)
[
l
i

—
F-3
O.

]

E
<= K
£
AN
_/
_/('

s

—% %

70 [3) %
— Drift Tube Number

Fig.6 Synchronous Phase for Measured Average
Electric Field and Transit-Time Factors
and Mean Phase for Injection Energy of
750 keV (+ 0.1 7). -

=16~



(DEGREE}

PHASE

RMS PHASE SPREAD (RAD)

PHASE OSCILLATIGN IN THE KEK. L INAC - (experIMENTAL)
| INJECTION ENERGY= 0.750 FIELD= 1.000 SLOPE= 0. 000

B o 7@\ ‘ GAP NUMBER
‘ Wa. #: NG\ - e 50 80 70

' Y, 4 0 Y ‘ E:D . gg
7, AN L AN
/s 4 “ = o it S\
:?N\ ) Y Aiiabh \ A R N

Fig.7 Phase Oscillation for Designed Value

INJECTION ENERGY=0. 750 FIELD= 1.000 SLOPE= 0. 000

R
0.a0f~
=
i
b
- Q LR
Q s32p
w
o
o
wn
5 O
[=4
[T}
=
w .
@ R
[Ty .
£ J
- L W
1 1 i 1 1 ' | 1 1 i 1 1 ] ) 1 1 L1
10 FY 30 [ 50 €0 7 80 % 10 2 E) 0 s0 60 70 60 %
GRP NUMBER . GAP NUMBER

Fig.8 Rms Phase and Energy Spread for Designed Value

-17-



Slope= F.O

——=Synchronous Phasetg)

50 _,‘/4

\
L2k

[X) /\~
AN

77
- 105 \ A

L~

30

Sl
H
D\j

% 4

20’

SNESERY

il

10 20 30 40 50 60

70 80

~——=Dritt Tube Number

Fig.9 Synchronous Phase for Various

Field Level at Slope 0.0

Fivld Levpi= 1.0

Synchronous Phase(-&)

——
o
=% 2.

)

i
N

R\
\

e
B

50

60 70 80
~——=Drift Tube Number

Fig.10 Synchronous Phase for Various Slope

at Fleld Level 1.0



PECREE Y

Y

IDEGREE +

PHAGE

PHASE OSCILLATION IN THE KEK LINAC
INJECTIOK ERERGY 0,750 ¢ 1EL

TLRPER INENIAL |
SUWE 0,66

0- t.200

A M R

PHASE OSCILLATION IN THE KEX LINAC
INOECTION ENERL: - 0.790 FIELB- 3,150

TEARERIMENTAL |
SLOPE - 0. 000

S BUMBLK

PHASE OSCILLATION IN THE KEK LINAC
INJECTION ENERGY: 0,750 FIELD-= 1,180

1ExOER mENTaL |
SLOPE = 0.000

LRG HUMALR

LAPLRINERTAL .
SLOPE = 0. 0UO

PHASE OSCILLATION IN THE KEK LINAC
L THJECTION ENERCT: 0,752 FIELD: 1,050

AT ROMT
" n
¥

PHASE OSCILLATION IN THE KEK LINAC
INJECTION ENERGY: 0,750 FIELD: 1.D00

(EXPER IMENIAL
SLOPE - 0,000

L

1DEGREE Y

LAD NyMEER

PHASE

~HASE OSCILLATION IN THE KEK LINAC
INJECTION ENERGY: 0.750 FIELD: G.950  SLOPE- 0.000
gl /’

&

]

&

~ GAP NUMBER
- ? kd
w

@

g

€k

Fig.11 Phase Oscillation at Slope 0.0

-19-



Su PUT PRRTICLES

NUMBER OF

WMBER OF DUTPLT PARTICLES

NUMBER OF OUTPUT PRRTICLES

[

LNERGY SPECTRUM OF QUTPUT BEAM TELPERIHENTRAL 3

ENCRGY SPECTRUM GF OUTPUT BERM (EXPERIMENTAL |
INJECTION ENERGY- @.750 FIELD: 9, 200 SLOPL - D. 00O

!NJECTION EHERGY: 0.750 FIELD: 1.050  SLOPE= 0,000

"
w 1
¥ o b
| F
. 3 i
F &}
5
3
‘ g
v ERR
‘ P
‘ -
+ o W~
| g1 l
L i 5 .
; Z 2t
! . Il ' :
[ 0 |»
{ oo N [
i et ! Ehegp . »
TR ek wle ke wl IR i 3 r‘::}z’f"“-‘:ﬂs?’ma
QUTPUT ENERCY IMEVI OUTPUT ENERGY (MEV)
ENERGY SPECTRUM COF OUFPUT BERM SEIPEAMENIAL ) ENERGY SPECTRUM OF DUTPUT BERM IEXFERIMENTAL |
INJECTION ENERGY= 0.750 FIELD- 1.350 SLOPE- 0. 0DO INJECTIBN ENERLY: 0.750 FIELD= 1.000 SLGPE = O, 000
-
8
=
2 s
o
g
S 50
5
.
ERE
1 v |
‘ 5 |
a Wy
[ g
[T 3 .
| e Yo
; .
' i Vi A T
\ ! tha ) Fr‘ i
| L o} Pl H

! [T o i LFfL
F TR . T R TR T T BT T % TR T TR T ECACTIETE 3 R )

2% . av.0s0 2080 3 G4
OUTPUT ENERGY (NEV) OUTPUT ENERGY MEV)

LNERGY SPECTRUM OF OUTPUT BERM TEAPERIHENTRL | {NERGY SPECTRUM OF OUTPUT BEARM

(EAOERIMENTAL)
INJECTION ENERGY: 0,750 FIELD- 1,100  SLOPE: 0.000 INJECTION ENERGY: 0,750 FIELD- 9,950  SLOPE: 0.00C
@
w |
g !
S e . .
= .
&
2 sk
5
2
’ 3 a-
w
5
e 0~
i E
: 2 -
I ]
[! if . . ];
e Lt ol
i ,r‘“l ; . i udt !
Ii I""1 h | i v _[ )
e ! _ : A ||
P eTeo wdse  wmle TTTe Todw o wtm o w W 7w Wle mle wnd Cmhe T mim i le
0UTPYT ENERGT (MEV) OUTPUT EHERCY (MEV]

Fig.12 Energy Spectrum at Slope 0.0

=20~



MG PHASY SFREAD IRAD)

M5 PHASL SPREAD (RAD)

IMECTICH ENERTT+0. 750 FIELDs 1.200 SL0PEs 0,000

IHECTICH EXERGTL0, 10 FIELD: 1.050 SLORE = 0.000
o o j
cal
! |
. 4 .
z L E ;‘ i
o g et : g eur
-2 2 ! g i
£ 3 . &
g g : g
gort P w1
EA /o H \ H
" N o \ - *
ger e gee- s £ /0
‘ \/\/ SVE , E // \
; o~ - /
- -
|
. o RN .
3 " B ®» @ w o ow om o ow ow TR R s w = W = s v & =
GAP LR P apEiR
InECTION ENERCT:O. 750 FIlELD= 1. 150 SLOFE - 0. 00O EMJECT IOV ENERLT -0, 750 F1610= 1,000 S0°¢ 0,000
N A o
1
osl neb ‘”1’
. 8 N
I & z
grnr : geet
g 2 F
H
AL 5 H N
ot Senk & e
| f :
E L~ H o
ok /\/\ g"" N / -g §"'f’ /
| NN S \ /
) . / N
oo =~ < e e I
. Pl

M3 PHASE SPREAD (ARO1

[— n " L L i PR, A W S S R i « 3
W E R e w = w w W m w x % e v %= W m = @« % w %
R Mretk oA mrmER P nrste
INECTION EMERCYLQ. TS0 FIELDs 1100 SLOFE= C. 00 INELTION EXERGT20, 750 FIELD: 0,950 SOFE. 0.0
o -t ot
- nab vl | b
£ g l 2
um T % asl geak
g 2 s
H g H
5ant L U
wrl &~ s P
H . g E4
e gant A/‘\/ geat /7 geak
{ /\/\ ~
N
- cal cal wab
L MY FENTEY T NSRS Y VA S S SO Sy PR P S T T P S S S S Y
e W = = = w W W m e w kW w W W m m e W W v e W R ® o e m w
GRS HMBER Cap rBEn P mreER @F R

Fig.1l3 Rms Energy and Phase Spread at Slope 0.0

=21~


http://HJECtlO.EMEBUT--0.TS

PHASE OSCILLATION IN THE KEK LINAC rexperimentaLs PHASE OSCILLATION IN THE KEK LINAC issreaimentas
INJECTION ENERGY= 0.750 FIELD: 1,000  SLOPE= 0,150 ;, INJECTION ENERGY= 0.750 FIELB: 1,000  SLOPE= -0.0S0

f . BRE NUMELR
-y

)
¥

=4 Y

gdﬂ - .

& 2l ~
NS

80+
sk
L
PHASE OSCILLATION IN THE KEK LINAC (eapeammentes PHASE OSCILLATION IN THE KEK LINAC stamenta,
INJECTION EMERGY: 0.750 FiELD: 1, 000D SLOPE = 0. 100 I_ INJECTION ENERGY: 0.750 FIELD= 1,000 SLOPE= -Q,700
w / 0 S
ops / wr ’
o -

L3P KUMBLR
a L)
B} —-+

LRE HUMAL G

-

PHASE DSCILLATION IN THE KEK LINAC experimentacy PHASE OSCILLATION IN THE KEK LiNAC lprmlltll:ll
INJE ST10N ENERGY= 0,750 FIELD- 1,000 SLOPE= C. 050 1_ IRJECTION ENERGY= 0,750 FIELD= 1,000 SLOPE= -0. 150

& %
g
3& : T (e male
! op\} <\, - . R
T\ S o N O

LY L [

PHASE OSCILLATION IN THE KEK LINAC pweminewian
INJECTION ENERGY: 0.750 FIELD: 1.000  SLOPE= 0.000

Fig.l4 Phase Oscillation at Field Level 1.0

(AP NUMBER

-

—-22-



NUMBER OF OUTPUY PARTICLES NUMBER OF DBUTRUT PARTICLES NUMBER OF QUTPUT PRRTICLES

NUMBER OF OQUTPUT PARTICLES

R i i

"0

g T

™. 16c 70 %0 70560

ENERCY SPECTRUM OF OUTPYT BFF: TERPERINENTAL )
INJECTION ENERGY= D.750 FIELD: 1,000 SLOPE= 0. 150

—

U .
m“& B T TR T T T S ot i T T S

BUTPUY ENERLY 1MEV)

ENERGY SPECTRUM OF OUTRUT BEAM (EXPERIMENTAL )

SiLCPE - 0,100

INJECTION ENERGY: 0.750 FIELD= 1,000

R COETR T FERY

BUTPUT ENERGY IMEV)

EXE TR Y

ENERGY SPECTRUM OF BUTPUT BERM TEXPERTHENTRLY
INJECTION ENERGY= 0.750 FIELD= 3.000 SLOPE= 0. 050

i
i
{
i

| bsmﬁ
_ 1 _
0060 060 Jn%a  7.353  gn.38a 9183 LMD 7060
OQUINUT ENERLY IMEV
ENERGY SPECTRUM OF OUTPUT BERM 1ENPERTMENTAL )

INJECTION ENERGT= 0,750 FIELD=1.000 SLOPE = 0. 000 -

1
’_f H

!FLL i
A |
o jz__r_
0 %0 .80 7080 w.isa .56

BuTPUT ENERGT TMEV)

-23-

NUMBER OF QUTPUT PARTICLES

NUMBER OF OUTPUT PARTICLES

NUMBER OF OUTPUT PARTICLES

LNERGY SPECTRUM OF OUTPUT BEAM TEXPER I WENTAL)

TNJECTION ENEWGV;‘!.J. 750 FIELD- 1.000 SLOPC: -D.0%0

s -
s -
0 -
w-
70 -
H
w0
7 Teo .36 30380 30 %0 2050 T T
OUTPUT ENERGY (MEV)
LNERGY SPECTRUM OF OUTPUT BERM IEXPER IMENTAL ;
INJECTICON ENERGY:= 0.750 FIELD: ). 00D SLOPE- -0. 100
|
6k
!
-
0 -

20.360 72388

0% 0.9 aide  7.%m 3%

OUTPUT EMERCY (MEV)

ENERGY SPECTRUM OF QUTRUT 8EAY 1B+ eRIMENTACH
INJECTION ENERGY: 0,750 FIELD= 1.000  SLOPE: -T, 1SC
|
&0 i—
st
!
©i
1
i
» -

70, V60
BUTRUT ENERGY “¥EV]

0.

Fig.1l5 Energy Spectrum at Field Level 1.0



IMJECT IO ERERLCT 0. 750 F1ELD. 1. 000 SLOPE- 0,350
U S P
; ) |
et/ /
3 ¥ ,
[ I g / A
- AN |
H | ~ 5 / }
Jem i/ &
1 i/ 2 L )
P §ear ™,
Jo
et et s K o "
e A R R
G HUMBER =i
IHIECTIBN ENTHLY T, 790 100 1, 000 SOPE- 0. 100
year am
1 Iz i
|
aary -
s
;
Taw
i
Tam
g
o
T
TRIET1 10N ENERLT 0. S0 FiELD: 1.000 SLOPE = 0,050
oy u.{
EER N :r 42|
S .
g H
Tae eus}
g § 1
Tew- ment
% F
H z
o ) et \
/\/\/\ . \/\/‘;
AN
. NN e NS
A .

"
z

it

Lo0g Ry ARD.
»
&
&

oMy esL
»

3

- -

3
3

INJECY " N ENERGY:0. 750 FIELD= 1,000 SPEs 0,000

wu

)

—
»
£

S S O ST S VU S SR TS Y Y SRS SR S S
e T e L] W n w = @ * m owm
650 HUMEER AP MBER

24—

INJECT IO0 EMERG.0, 750 FIELO- 1,000 SLoPE-

ReS PHeSt SPAKAD tRAD|
I

IRJECTICH EMERCY 1O, 150 fiap 1,000 LKoPL: 0. 100

s
E .
-+
»

s

-

=

"
Y
.

I
o

"
7
L3

g PHASE SPREGD ARD1
s
H
-
Ay
\
BN LNERGT LRREAD (NEV)
.

..
3
- 3
Y
N
-~ .
N
”
3
~

INECTICN ENERCY 0. 750 FIELD 1.600 AL ¢ 150

"
2
4

PHS PaBL SPRLAD D1
™
1
[
oy
—
ams LuEALY SPogag e
-
T
.

"
n

S -
—~

"
3

Fig.16 Rms Energy and Phase Spread
at Field Level 1.0



-

o

MEAN ENERGY { MeV )

°

RMS ENERGY SPREAD {Ma¥}
-]

CAPTURE EFFICIENCY (% }

n&!—-—- SLOPE«- 010 + MEAN ENEROY SLOPE » 0-00 * MEAN EMERGY SUOPE xa0.10 + MEAM ENERGY
: s B CAPTURE EFFICIENCY uJ nJ 1B CAPTUR EFFICIENCY o} nst £ CAPIURE FeICIENCY
o O me TR ST oo © RS ENERGY SPREAD 100 @ RIS ENERGY SPREAD
084} a0y 04 ho-
| e
-
———— M
- comr “r ./‘/ ol R .
* 3 L 3
S0 ~ g 5 Lot 9
g é 3 - "
=3 x u >
8 £ ~ E 32
SUE gﬂhﬂ g‘i 0k Ew :“5"
y |3 ¢ £ |§
E poxt X8 M’ E ;nn =
3 F ¢ LI AN
"’-5’- [37 'Y 3 _ o
o 1 onl
v
[ E‘ll LX) Olr 098 LJ0 102 u;t 08 “s-l [3T') o oost 0"0 ont Un.ﬂ oM om l-h |-& o4 && +oR 110 ¢ oo

-6z~

FIELD WATIn FIELD RATIO

Fig.17 Calculated Mean Energy, Rums Energy Spread and
Capture Efficlency versus Tank Field Level

g S5 :sShit
AM : Analyzer magnet
FC :Faraday cup

I} Currgnt transformer
0.2 Quadrupole magnet

B EM : Emittance monitor

RIDB : Debuncher

21 PM : Pulse magnet

TR : Translation magnet

p I .
tqmg,ﬁﬂhfﬂﬁs%&«—ﬂ——ﬂ_.&ﬁ&“ —He- i — R — Hﬁt:ﬂﬂ'ﬂ\g,g.

Fig.18 Linac to Booster Beam Transport System



-— [aAljE]aT JAjTSasjuy]

Fig.19 Measured Energy Spectrum
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Field Level

Field Level

Rms Energy Spread, Mean ‘Energy and Normalized

Fig.20 - Experimental (left) and Computational (right)
Transmitted Current
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Fig.21 Experimental Mean Energy, Rms Energy Spread
and Capture Efficiency at 100 mA
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