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Abstract

The number of betatron oscillations per revolution (v-value) can be

measured experinentally by an RF knock-out method. The principle of

the method is formulated. The RF knock-out system for TARN was

desgned and constructed. Its design and specifications are described

in detail. The experimental results with H- and He* beams with the

kinetic energy of 7 MeV/u are compared with the calculation with the

computer program SYNCH. The v and v we.re measured to be 2.29 and 2.12,
x z

respectively, for the excitation currents of the quadrupole magnets;

ID = 121 A (GD =0.212 kG/cm) and If = 74.5 A (GF = 0.131 kG/cm).

The calculation indicates that the corresponding values are 2.21 and 2.19,

respectively, which are in fairly good agreement with the experimental ones.

* On leave from Sumitomo Heavy Industries, Co. Ltd.
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1. Introduction

TARN (Test Accumulation Ring for the NUMATRON project) was designed

by the use of the computer program SYNCH. '**•> This program is used

in the design of various high energy particle accelerators. It is

of great importance to check the calculation experimentally, especially

by measuring the v-values in order to ascertain the design principle

of the machine. As the methods of measuring v-values, the RF knock-

3) k)
out mehtod and the one which utilize the Fourier analysis are

known. In our case the beam intensity is quite low, because an

SF cyclotron is used as an injector. So the latter is considered to

be inconvenient in our case and the RF knock-out method was adopted

At TARN, due to low velocity of accumulated beam, the transverse

coherent instability will become severe problem. In order to surmount

the instability, the chromaticity control by sextupole magnets are

considered. The v-measurement is also important as the method

to judge whether the sextupole correction works well.

In this paper, the general formulation of the RF knock-out method

is given in chapter 2. In chapter 3, the details of the construction of

the system is described about both mechanical and electrical aspects.

Finally the experimental results are given and are discussed in

connection with the calculation with SYNCH.

2. Principle of the RF Knock-out Method

2.1. Resonance Condition

The betatron oscillation is enlarged by an external RF field

with such a frequency as resonates with the oscillation. The beam

collides with the chamber wall etc , and is lost. By measuring such



a resonance frequency, the v-value can be obtained.

The equation of motion of the free betatron osci l la t ion can be

written as

& + K ( S ) y = 0 , (1)

where s represents the independent variable along the beam orbit and

y represents the displacement of the beam from the reference orb i t .

The solution of the equation (1) can be writ ten as

y = I/E6 sin (v<|)(s) + 6) (0 < 6 < 2ir) , (2)

where e i s the beam emittance and f5 i s the beta-function and

is a function which increases by 2IT at every revolution and whose

derivative is periodic. If the time, t, is used as the independent

variable, the equation (1) is transformed to

g + v%(s)y = 0 , (4)

where v = -r- is the velocity of the beam. Further if the independent

variable is transformed to N (number of revolutions), then the equation

becomes

because the betatron oscillation proceeds 2ir\> in phase at every

revolution. Between the variables t and N the following relation holds:
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where fr is the revolution frequency of the beam and to is the time

when the beam starts revolution. If we apply the transverse RF electric

field with the angular velocity oi, = 2irfk and the peak amplitude VQ,

between parallel electrodes with the distance d, then the field

Vo N

strength can be discribed as — sin (wkT— +fflRtci
 + ^o) aa^ t n e

forced oscillation can be described as

^X + (27,v)2y = *f ° 2 sin (<ck -$- + 6,) (7)
dNz AmNydfp rr

where q and A are charge state and mass number of the ion, respectively

Y is usual relativistic kinematical factor, m^ is the atomic mass unit

(931.50 MeV), 6O is the phase of the transverse RF field when it is turned

on (t = 0) and 6̂  = iok tQ + $, . The special solution of (7) is given by

y = C sin (iok j- + 5X) , (8)

where

(9)(2iv)2- (iok/fE)2

From the equation (9), the resonance condition is given by

^ = 2TTV . (10)

r

Then the resonance occurs at the frequency of
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27rVfr

and if v-value i s given by

where n is an integer (in the present case, n = 2), then (11) can be

written as

(ok = 2 i r n f r + 2Trcf r . (12)

The first term gives the same RF phase for every revolution even if

we change the integer n, so a series of the resonant frequencies are

obtained as

(D = 2iTmfr+ 2Trcfr (m = 0, 1, 2, ) . (13)

2-2. Emittance Growth by the RF Knock-out

For simplicity, we consider the case of m = 0 and the resonant

frequency is given by

fk = c f r . (14)

During a period of the external RF electric field, the beam revolves

k = 1/c turns (for example, k = A in the case of v = 2.25) and the

phase of the transverse field when the beam passes at i-th revolution

is given by

* = * + 27t" (*-0, 1, .... , k-l ) t (15)

as is illustrated in Fig. 1.
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The transverse field changes its phase from <J>̂  - ̂ ^- to ^ +

during the passage of the beam through parallel electrodes (Fig. 2).

Integrating the equation of motion

d 2 y. q e Vo sin V (16)

with respect to t during the above time interval, the following equation

is obtained

dt

dy,-

out

q e V o ( i 2v

2v

6 o ) d t

where L is the length of the parallel electrodes. From the relation,

dy. dy. dy.

dt dt ds ds (18)

the expression (17) can be rewritten as

ds
out

dy;

~dl~

q e

in

'•i 2v

;i~2v

sin(o)kt.+ 6Q)dt. (19)

From the above relation,

dy,
Ay. ' E — -
'% ds

out
ds"

2qeV Q

in

=F(q/A, VQ, L, w k , v) sin , (2Q)
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where the following notation is used:

2 q e V w L
F(q/A, Vo, L, V v) = . k A > y v d s i n — _ (21)

If the length of the parallel plates L is negligibly short

compared with the wave length of the betatron oscillation, we can

estimate the etnittance growth of the beam using the equation (20).

The beam emittance e is represented as follows:

— r 2 _i_ f _u o • \ 21 — 2 ± 9 " * ' J _ O ' 2 (r)r)\

W> Is 1/ is If Is %/ tr

where a, g and Y are Twiss parameters. In the i-th revolution, Ay .'

is given by the equation (20) and the corresponding emittance change,

Ae. is

2Ay ' (ay. +By.') +B(Ay.') 2 . (23)
ir If U ly

During a period of the transverse RF electric field, total emittance

growth of the beam is given by

k-1
Ae = I A e

i=0 %

k-1
I [2Ay '(ay. +gy .') + 6(Ay.')2] . (24)

1=0 v % % i-

The amplitude of betatron oscillation at the i-th revolution, y.,

can be written as

y , = »/e? s in (2Twi + <|»0) , (25)
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where ^ is the phase of the betatron oscillation when the beam passes

through the parallel electrodes at t = t0. From the equation

(25) the following relation is easily obtained,

y' • = /e/B t-a sin (2TTV£ + ijj ) + cos (2nv-i + y ) ] . (26)
1r O O

Using the equations (25) and (26), and approximating the summation in

equation (24) by time average using integration in a interval of 211/0)̂ ,

the following equation i s obtained:

2TI

Ae = 2rr [ 2F sin (uokt + 6Q) /eg cos (2Twi + i|/0)

o

F2sin2 (u)kt + 60) ]dt . (27)

Evaluating the integral for the case where the resonance condition

(14) is satisfied, we obtained the following result:

Ae = F sin ( ^ - ^ ) /eB + - | 6 F2 , (28)

because the following re la t ion ex i s t s :

<$0

= * + 2TT ci , (29)

Therefore the following relation is obtained:
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^p =Fsin(<|>0 - i|J0)/eF + ~ g F2 . (30)

Using the transformation,

x = Jz , (31)

and the re la t ion,

— =— — (32)
di 2x di ' U -*

we obtain the next relation:

(33)

About the first term of the expression (33), the i-dependence of x = /e

is linear, but from the second term of (33), the following dependence

is expected,

x = /z o= /T (34)

so, in the case of sin(<t>0- tyn) k 0, the first term of (33) is the leading

term and from the relation

TJ^ = j / B F s i n ($0 -,i|io) (35)

the growth rate of the amplitude of the betatron osci l la t ion i s
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Aa = ^ F B sin (<j> -<!>){. . (36)
2 o o

But for the case where the initial phase difference, <J>0 - tC0> between

the betatron oscillation and the external RF electric field has

the condition of

sin (<|> - iji ) = 0 , (37)
o o

the equation (33) becomes

i F f l
4 x

The solution of this equation is

Hence the growth rate of the amplitude is

(40)

3 Construction of the RF Knock-out System for TARN

3-1 Required Condition

TARN aims at the accumulation of N beam with the kinetic energy

of 8.55 MeV/u. An RF knock-out system is designed to give enough

deflection to N , because it is considered to be most serious case,

a) Resonance Frequency of the Transverse RF Electric Field

From the relation (14), the resonant frequency is obtained for
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the v-value of 2.10 ^ 2.50 to be

100 kHz < fk < 650 kHz

as fr = 1.27 MHz in this case.

b) Necessary Voltage for the Transverse RF Field

The initial phase of the betatron oscillation of the beam, which

is injected into full acceptance by multi-turn mode, has a spread as

large as TT. The particle which has such an initial phase as satisfies

the relation of

sin

is kicked out at first. For these particles, the growth rate of the

amplitude of the betatron ascillation is

6 i q e V w L
Aa = ^F0€ = sin - — . (42)

2 (Ok A mn y v d 2v

In the present case, the numerical values are as follows:

2.3 m (in horizontal direction : H.D.)

'v 2.8 m (in vertical direction : V.D.)

q / A = JL= 0.357 (43)

Y = 1.00918

v = 4.04 x 107 m/sec
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and the dimensions of the electrodes are

d =j 0.20 m (H.D.)

! 0.06 m (V.D.)
(44)

L -r 0.30 m (H.D.)

0.125 m (V.D.)

the details of which are described in the next section.

For the case of v = 2.25 (our design value is around this value),

0.0074 for H.D. and 0.0031 for V.D. and for both case -^- « 1,
2v

then

sin -f- = - ^ . (45)
2v 2v

Therefore the equation (42) becomes

^ . ; % d . (46)
2 Anuy v2 d '

The beam will be lost when the amplitude grows as large as d/2 and if

we want to kick out the beam within No turns, the required voltage is

A m N Y v
2 d 2

For the numerical values given above, the required voltage are

V =j 2.77xl06/N0 Volts (H.D.)

° 1 c
 (48)

U.491xl06/No Volts (V.D.)
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and if we want to kick out the beam within 5,000 turns, necessary

voltage is

V o = '0.553 kV (H.D.) ( 4 g )

' 0.0982 RV (V.D.)

As the extreme case, for the particle which has an initial phase

as satisfies sin (<|>0 - cf>0) = 0, the first term in the right-hand side

of the relation (33) disappears and the amplitude growth is given

by the equation (40). In order to attain the amplitude growth of d/2

in N o turns, the necessary voltage is

( 5 0)

which gives the following relation in the present case,

Vo = 1.96 x 10b//N0 Volts (H.D.)
(51)

'•• 0.347 xiO5//N^ Volts (V.D.)

In the case where the voltage given by Eq. (49) is applied, the required

turn number until the necessary amplitude growth is given is

N Q = 1.26 x 10
7 turns (52)

for both directions. This turn number corresponds the time interval

of almost 10 seconds. In real case, the beams are kicked out continuously

from the particle which satisfies the equation (41).
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From the above consideration, the transverse RF electric field

should have the following characteristics,

Frequency range 0.1 <\< 1.0 MHz
(53)

Peak voltage above 0.7 kV ,

where some margin is considered in tie peak voltage.

3-2 Mechanical Construction of Electric Plates and Vacuum Chamber

The electrodes should be installed in a vacuum chamber in which

the pressure is about 8 x 10" 1 1 Torr. No organic material can be

used for the fabrication. The plates are made of 2 mm thick copper

with low oxide from the consideration of outgassing. The dimensions

of the plates illustrated in Fig. 3 are determined to ensure the

sufficient aperture for the beam, say 195 mm and 45 mm in horizontal

and vertical directions, respectively. The length of the plates

determined from the available free space of the TARN are 300 mm and

125 mm for horizontal and vertical measurements, respectively.

These plates are fixed symmetrically about the central orbit by

four 10 mm thick ceramic discs with rectangular hole in the center

to insulate the plates from the chamber. The total view of the

electrodes is shown in Fig. 4.

As the feedthrough of the RF power, the N type connectors with

ceramic insulators are used. ' Coaxial cables with the insulation

of ceramic beads are used to link the connectors with the electric

plates. Figure 5 shows the feedthrough and the coaxial cables.

The vacuum chamber is made of stainless steel SUS 316L, whose
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inner diameter is 343 mm. The vacuum chamber for RF knock-out is

installed in TARN after it was backed up to around 300° centigrade

and pumped down to t.1 x 10"10 Torr at a test stand. The overall view

of the test stand is shown in Fig. 6. The chamber is installed

in the straight section, S7, of TARN as illustrated in Fig. 7.

The overall view of the installed RF knock-out chamber is shown in

Fig. 8.

3-3 Electronics. System to Feed the Transverse RF Field

As described in the previous section, we want to apply an RF

field with the frequency range between 0.1 <v 1.0 MHz and the maximum

peak voltage 0.7 kV (1,4 kV peak to peak voltage: denoted as V

hereafter). A function generator with a voltage controlled oscillator

(HP 3312A) which can provide a 10 V peak to peak signal to a 50

ohms load in the frequency range from 0.1 Hz to 13 MHz. In order

to apply V _ of 1.4 kV, a power amplifier is used (R&K A3050).

To minimize the required power, we used.series resonance. Inductance

coils are connected in series to the capacitor of the parallel plates

(0.4 pF in horizontal and 4 pF in vertical), and the vacuum condenser

with variable capacitance from 0 to 50 pF is used in parallel with

the electrodes as illustrated in Fig. 9, where the block diagram

of the electronics system is also shown. In Fig. 10, the vacuum

condenser and the inductance coils are shown. The vacuum condenser

is connected . with a pulse motor and a helical potentio-meter. The

capacitance can be controled remotely from the control room by the use

of a pulse motor controller. ' The capacitance of the vacuum condenser

is monitored by the helical potentio meter. The inductance of each coil
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is about 180 jiH and the number of coils are changed (2 and 4 in horizontal

and vertical measurements, respectively) according to the frequency

range.

An analog switch is used in order to feed pulsed RF for a short

interval so as to measure v-values at the various orbits. As is

shown in Fig. 11, the timing pulse is fed from the circuit to fire

the kicker magnet in the transport line.10) The typical timing chart

is shown in Fig, 12 in connection with another timings.

The resonance curves of the circuit above mentioned are shown

in Fig. 13 both for horizontal and vertical ones. From the considera-

tion of the Q value of the system (̂  10) and the required voltage for the

external field, the output power of the amplifier was designed to be

50 W. The amplifier has a wide frequency range from 100 kHz to 27

MHz and has a large gain of 45 dB, and in reality it could provide a

power as large as 100 W in the higher frequency range. It also has

a variable attenuator and a protection circuit for short or open of

the output, which is found to be useful especially for the laboratory

use.

4 Measurement of v-values for TARN

4-1 Numerical Calculation for H £ and H e 2 +

Beam injection and RF stacking have been executed from August of 1979

with the use of molecular hydrogen (H^" ) and helium (He ) beam accelerated

up to 7 MeV/u by the SF cyclotron at INS. For this case, the numerical

values which differ from the ones in equation (43) are as follows:
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q/A = 0.5

Y = 1.0075 (54)

v = 3.66 x 107m/sec

and other values are the same as the ones given in 3-1. (Strictly speak-

ing, HL, should be modified to be 938 MeV for molecular hydrogen (H2 ) ,

but the mass difference due to coupling is neglected for simplicity.)

Therefore the following relations are obtained instead of Eq. (48),

Vn = 1.62 x 106/No (Volts) (H.D.)
^ (55)

0.287 x 106/Ko (Volts) (V.D.)

for the particles which have an initial phase as satisfies Eq. (41). If

a transverse RF field with the peak voltage of 0.7 kV (Vp_p of 1.4 kV)

is applied, the beam will be kicked out after about 2300 and 400

revolutions for horizontal and vertical directions, respectively, which

correspond to the times about 2 ms and 0.3 ms, respectively.

4-2 Experimental Results and Discussion

The molecular hydrogen beam (H2+) with a kinetic energy of 7 MeV/u is

injected into the TARN by a multi-turn injection method. The magnetic

rigidity of the injected beam is measured to be

B-p = 768.0 kG-cm (56)

and the frequency of the accelerating RF field (not for knock-out but

for RF acceleration in order to stack the beam into the inner side
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of the ring) which synchronizes with the injected beam is

frf = 7.987 KHz. (57)

The harmonic number ,h, of the RF system is seven, so the revolution

frequency of the beam ,fr, is obtained from the relation,

1 i
fr ~ h

 frf ~ 7 frf ^58>

and is equal to 1.141 MHz for the injected beam. From Eq. (56),

the momentum of the injected beam is calculated at 230.4 MeV/c by the

following relation

pc = 0.3 B-p (MeV) . (59)

The reatio of the velocity of the beam to that of light, 8, is

calculated at 0.1219 and the total length of the injection orbit is

estimated at 32.04 m.

At the accumulation of the beam, the fields of the bending

magnets are set to be 5.627 kG. The radius of curvature of the

central orbit (p0) is given by the relation,

N B L B = 2TTPQ , (60)

where N and h^ are the number of dipole magnets,8, and their

effective length, respectively. From the field measurement, L g is

104.5 cm, therefore pQ = 133.0 cm. Hence in the above condition,

the central magnetic rigidity is
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B-po = 748.4 kG-cm (61)

and the injected beam has a fractional momentum difference (Ap/p ) of

2.62 % from the central one. In the experiment, the RF acceleration

frequency is swept, and between Af/fo and Ap/pQ, the following relation

exists:

f = C \ - \ ) f- , (62)
fo Y 4 po

where Yt i s the transition y. The value in the parentheses changes

from orbit to orbit and the equation (62) is represented in Fig. 14

using the calculated y by SYNCH. From the figure, the fractional revolution

frequency, -p , is 1.89 % at the injection orbit, which corresponds to

the fractional momentum, — , of 2.62 %. From the above consideration,
Po

the beam circulating along the central orbit has a revolution frequency of

1 7.987
ro 7 1.0189

MHz = 1.120 MHz . (63)

In Fig. 15, the v-value calculated by SYNCH is shown with solid

lines for various closed orbits for the corresponding fractional

momenta between 0.0 % and +3.0 %, and in Fig. 16, the calculated

work line of the operation is given by the line B. In the

calculation, the results of the magnetic field measurement were taken

into account5) .

The beam signal is picked up by an electrostatic monitor installed

in the S3 section of Fig. 7 and selectively amplified by a resonance amplifier1

The output signal of the amplifier is observed together with the high

voltage signal between electrodes by a synchroscope. The experimental
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measurement is illustrated in Fig. 17 (a) ^ (e). In the example,

the RF acceleration is not applied and the v-value in the horizontal

direction is measured at the injection orbit. As is easily observed,

the betatron oscillation in the horizontal direction resonates with

the transverse RF electric field at the frequency 359.3 kHz, where

the beam is kicked out within 0.5 msec (less than 600 turns) by

the RF voltage 2 kV peak to peak.

According to Eq. (55), it is expected the beam is lost in

about 1600 turns, which is longer than the experimental results. The

difference is understood as follows. In the calculation, the beem is

assumed to be lost for the first time when its amplitude grew as large

as 10 cm where the parallel plates for horizontal measurement locate.

In reality, however, when the beam deviate as large as 7 cm from the

central orbit, it will be lost by collision with the electrostatic

beam monitor. Further the injection orbit is "»2 cm outer from the

central orbit, and the beam will be lost when its amplitude grows

as large as 5 cm. Taking this condition into account, the estimated

turn number of the beam before it is lost is ̂ 800 turns, which

seems in good agreement with the experimental value.

From the resonant frequency ffc of 359.3 kHz and the Eq. (14),

we obtain 0.315 as the value of c, and then v is 2.315 believing the value

of n calculated by SYNCH for the currents of I F = 76 A and I D =121 A, where

Ip and Ip mean the excitation currents of radially focusing and defocusing

quadrupole magnets, respectively. The resolution of f^ is better than 3 kHz

as is easilyknown from Fig. 17 and the accuracy of vvalue is better than 0.0004.

For the measurement of v-values at the stacked orbits, the pulsed

RF is applied changing its timing by a delay circuit just before
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the analog switch as is shown in Fig. 18 (a) . The behavior of the beam

when the pulsed RF is applied is shown in Fig. 18(b). In these measure-

ment the excitation current of the quadrupole magnets are set to be

Ip = 74.5A and ID = 121A. By the measurement, the v-values at such

stacked orbits arra obtained experimentally for both vx and vz. The

results are given in Fig. 15 (a), (b) by the open circles and they are

also listed up in Table.

The chromaticity which is defined as

y- ) (64)

are calculated to be -6.63 and -0.27 in horizontal and vertical directions,

respectively, near the central orbit, and the experimentally obtained

ones are -1.59 and -0.47. In horizontal direction the size of the

chromaticity is small compared with the calculation. In vertical

direction, the v_ is 0.07 smaller than the calculation but itsz

momentum dependence is quite similar to the calculation.
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Table

Horizontal (vx)

frf(MHz)

7.987

7.968

7.947

7.928

7.908

7.888

7.868

f(%)
1.89

1.64

1.38

1.13

0.88

0.63

0.38

>>

2.62

2.25

1.90

1.57

1.22

0.87

0.53

fk(kHz)

330

337

342

347

352

358

363

V

2.289

2.296

2.301

2.306

2.312

2.318

2.323

frf(MHz)

7.984

7.970

7.961

7.938

7.915

7.892

7.868

7.845

Vertical

fm
1.89

1.68

1.56

1.26

0.97

0.67

0.38

0.08

f(Z)
2.62

2.30

2.14

1.75

1.34

0.93

0.53

0.12

Cvz)

fk(kHz)

132

131

131

131

131

134

134

138

V

2.116

2.115

2.115

2.116

2.116

2.119

2.119
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Figure Captions

Fig. 1 The phase of the transverse RF field for knock-out is illustrated.

<(>„• indicates the phase when the beam passes the center of the

electrodes after i-th revolution.

Fig. 2 The phase change of the transverse RF field for knock-out during the

beam passes through parallel electrodes. It takes the time interval

of h. for the beam with velocity v to pass through the electrodes of

the length L. The phase change during this time interval is

taken into account.

Fig. 3 Schematic view of the RF knock-out chamber and electrodes. The

lengths of electrodes for horizontal and vertical measurements

are 300 mm and 125 mm, respectively. The gap of the electrodes

for horizontal measurement is larger (200 mm) compared with

that of vertical measurement (60 mm) and the length of the

former electrodes is made larger than the latter.

Fig. 4 Total view of the electrodes installed in the vacuum chamber.

Fig. 5 The feedthrough and coaxial cables for the RF power. As the

feedthrough, N type connector with ceramic insulator is used

and the coaxial cable uses the ceramic beads as an insulator

considering the temperature rise at the case of baking.

Fig. 6 The overall view of the test stand for vacuum pumping. A

turbo-molecular pump with the pumping speed of 200 J£/sec is

used and after the baking up to around 300° centigrade

during around a whole day, the vacuum pressure of ^1 x 10"1"

Torr is attained.

Fig. 7 Total layout of TARN. The RF knock-out chamber is installed in
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the S7 section. The behaviour of the beam is monitored by the

electrostatic pick-up installed in the S3 section.

Fig. 8 The overall view of the RF knock-out chamber installed in the

S7 section.

Fig. 9 The diagram of the electric circuit for the transverse RF for

knock-out. A series resonance is used and in order to adjust

the peak frequency of resonance, a vacuum condenser (Cv) is

used.

Fig. 10 The overall view of the inductance coils (upper) and the

vacuum condenser (lower). The vacuum condenser is linked

to a pulse motor and a helical potentiometer and can be

controlled and monitored from the control room.

Fig. 11 Block diagram of the RF knock-out system. A timing pulse

for the pulsed RF for the measurement of the v-values at

the stacked orbits are fed from the circuit to trigger the

kicker magnet in the transport line, making the time delay

as large as T,J by the use of a delay circuit (RF-KO Delay).

A variable DC voltage (Frequency Controller) is fed to

a voltage controlled oscillator in order to enable fine

tuning of the frequency of a signal generator.

Fig. 12 A typical timing chart of TARN. The pulsed RF for knock-out

is triggered after the time delay of T^ from the trigger pulse

for the kicker magnet. The value of T^ can be varied by the

RF-KO delay circuit.

Fig. 13 Typical resonance curves for horizontal and vertical measure-

ment systems when the vacuum condenser is fixed at a certain
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value. As is known from the figure, the Q-value of the resonance

circuit is about 10.

Fig. 14 The correlation between the fractional momentum (~p-) and

the fractional revolution frequency (•%-) calculated by SYNCH.

Fig. 15 v-values'for various fractional momenta. (a) v-value in

horizontal direction, (b) v-values in vertical direction.

Solid lines represent the calculation by SYNCH and open

circles give the measured values by an RF knock-out method.

Fig. 16 The work line for TARN calculated by SYNCH. Line A indicates

the work line when the ideal magnet system exists and the

line B is the calculation including the results of field

measurements. Other lines (L "\/ S) are candidates for the work

line when the sextupole magnets are used.

Fig. 17 The beam signal from the electrostatic monitor (upper) and

the applied transverse pulsed RF for knock-out (lower).

Horizontal scale is 1 ms/div. and vertical scale is 10 mV/div.

for upper signal and 500 V/div. for lower signal. The

frequencies fo the applied transverse pulsed RF are (a) 353.0 kHz,

(b) 356.1 kHz, (c) 359.3 kHz, (d) 362.5 kHz and (e) 365.0 kHz.

It is known that the betatron oscillation in horizontal

direction resonates with the applied RF with the frequency

of around 359 kHz. At the measurement, the excitation currents

of the quadrupole magnets are Ip = 76 A and I Q = 121 A. As is

known from the figure, the resolution of the resonant frequency

is better than 3 kHz, which corresponds the resolution of v

of the size 0.0004.
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Fig. 18 (a) Sweep signal of the frequency of the RF for stacking (upper)

and the relative timing of the pulsed RF for knock-out (lower).

The RF frequency for stacking is 7.987 MHz at the base line

and is 7.841 MHz at the flat top.

(b) The beam signal from the electrostatic monitor (upper) and

the transverse pulsed RF applied to the electrodes for knock-out

(lower). At these measurement, the excitation currents of the

quadrupole magnets are Ip = 74.5 A and Ij) = 121 A. Horizontal

scale is 5 ms/div. and vertical scale for the pulsed RF is

500 V/div. in both pictures. Vertical scale for the beam

signal in (b) is 5 mV/div.
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