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National Laboratory for High Energy Physics 
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Abstract 

Bean loss at phase transition In KEK Ham Ring became a serious 
problem with the Increase of the beam Intensity, and 1t amounted to 20 
% at 1.5 * \0" ppp. With the Improvements of the radial position 
detector system and with the suppression of quadrupoie oscillations, the 
beam loss has been reduced to around 6 •<• 7 I on the average at the 
Intensity of 1.8 * 1 0 1 ! ppp. The remaining loss 1s observed to Increase 
with the beam intensity, and a large longitudinal eminence Mow-up 1s 
still observed at transition. To analyze above phenomena, the theoretical 
and experimental studies done hitherto are surveyed. 
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1. Introduction 

Since KEK Hain Ring accelerated the first beam on March '76, the 
bean Intensity has been steadily increased with the effective Improve
ments of each part of the machine. The beam loss at transition, however, 
became a serious problem with Increase of the beam Intensity. The 
noticeable losses were first observed when the Intensity exceeded 6 * 
1 0 " ppp, and the amount of the loss exceeded 20 % when the intensity 
before transition was 1.5 * 10 1 2 ppp. 

2. Present cures for beam loss at transition 

Bunch shape oscillations were observed both before and after transi
tion. The amplitude of oscillation varied pulse to pulse, and a severe 
oscillation before transition seemed to Induce a large loss at transition. 
Although the low level r.f. system Including beam control was adjusted 
in many ways, no significant Improvement was obtained. It was considered 
that ripple at 300 Hz (* 6 th harmonics of SO Hz fundamental) presented 
in the radial position control loop 1', which was found to be originated 
In the power supply of the magnet, enhanced bunch shape oscillations. 
The enhancement was most severe Just before transition, when twlca the 
synchrotron frequency (2fs) was around 300 Hz. To check the effect of 
the ripple un the bunch, 300 Hz component in the output of the power 
supply was artificially increased. Excitation of bunch shape oscilla
tion, however, was not Increased. The bunch oscillations were of mainly 
quadrupole type, and oscillations at 2fs appeared also on the radial 
position signal, though the position detector should be insensitive to 
the higher modes of synchrotron oscillations. Being fed to a phase 
shifter 1n the radial position feedback circuit, the signal at 2fs moves 
the phase of the accelerating r.f. signal and the motions at 2fs in the 
bunches follow the move of the r.f. signal, then the position detector 
picks them up. If the magnitude of phase excursion of the 2fs signal 
taking a round of the above feedback loop is unsuitable, quadrupole 
oscillations will be enhanced. That Is, the position detector was 
considered to work as an antlstabillzlng element for quadrupole oscilla
tions of the bunch. From above fact and Inference, the position detector 
system was throughly examined and Improved. Replacement of the electro-
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static p1ck-up electrode for the position feedback by a larger one2' 
provided the clean bunch signal with much improved signal-to-noise 
ratio. This made 1t possible to remove the signal processing circuits, 
such as the amplifier, the noise f i l t e r and the rise time Integrator. 
This Improvement completely eliminated the effect of the bunch structure 
from the position signal before transition and Improved enough the beam 
transmission across transi t ion. 1 ' Although the effect of the bunch 
structure wms eliminated from the posltior control loop, the quadrupole 
oscillations of the bunch I tsel f remained somewhat and beam loss of 
about 10 5 was s t i l l observed at transition. Then damping of the quad-
rupole bunch oscillation was carried out. The envelope of the bunch 
signal i s , in proper phase relation, fed Into the above mentioned phase 
shifter 1n the position feedback loop. At present (April 1980), the 
amount of the beam loss at transition 1s 6 -v 7 t on the average when the 
beam Intensity 1s around 1.8 * 10 ' 2 ppp. The loss Increases for higher 
beam Intensities. Fig. 1 shows the observed beam intensities before and 
after the Improvements. 

3. Measurement of longitudinal enittance blow-up 

The longitudinal er.ctince bloi.-up was measured as a function of 
time after the start oi acceleration. The blow-up ratio was obtained 
from the measured bun:h length, by using the definition, 

h l _ , , „ „ „ „ - (measured bunch length)2 

blow-up ratio = (eTlcul.ted bunch length without blow-up)J 

A full-width at half height was used as a measure of a bunch length. 
Fig. 2 shows the blow-up ratio measured before the Improvement of the 
position detector. The emittence gradually grows before transition and 
blows up drastically just after transition. The blow-up ratio measured 
after the Improvement Is shown in Fig. 3. Between the starting point of 
acceleration and transition, no blow-up 1s seen except just before 
transition, where the space charge force becomes severe due to phase 
shrinkage of the bunch. This 1s consistent with the fact that the bunch 
shape oscillations have been reduced with the Improvement of the posi
tion feedback loop. I t 1s, however, to be noted that the emittance 1s 
s t i l l blown up by 6 W times at the crossing of transition. Fig. 4 Is 
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the mountain range display of a bunch during 18 ms after transition. 
The bunch length takes Its minimum at a few ms after transition due to 
the change of space-charge force from defocuslng to focusing at transi
tion. I t 1s observed from Fig- 4 that the very fast b1ow-up occurs just 
after transition and i t followed by the slow blow-up. I t now appears 
that this large blow-up does not originate 1n Imperfections of Instru
mentation and must be the cause of the remaining beam loss at transition. 
Then we proceed to estimate the amount of blow-up 1n several mechanisms 
known or proposed until now. They are given as follows: 

(1) bunch-length oscillations due to longitudinal space-charge -
force. 

(2) transverse space-charge effects, 
(3) negative-mass instabil ity, 
(4) beim-cavlty Interaction, 
(5) effects of non-linear magnetic fields, 
(6) coupling between synchrotron oscillations and betatron oscilla

tions. 
In the following chapters, the effects of these mechanisms on the 

omittance Mow-up are discussed for KEK-PS, with known theoretical and 
experimental results. 

4. Timing tolerance for phase switch 

Mistiming of the phase switch gives rise to the longitudinal em1t-
tance blow-up, A timing torelance 1s determined by the width of a non-
adlabatic region in the neighbourhood of transition. Half width of the 
non-adtabat1c region Is represented by the following characteristic time 

T ' T = 1 r ?"' i i"n<=' <' Y t r 1 .ft 
T e t T <-ef- > l ^ T irwilcosfal 3 < 4 - " 

where R: machine radius 
c: light velocity 
h: harmonic number 

eV: energy gain per turn 
m 0: rest mass 
<t5: stable phase angle 

Y t r ; E/E 0 at transition 
Btri v/c at transition 
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The tolerate* for the phase switch is directly proportional to T. I t Is 
reported that the tiding tolerance 1s about 0.25T from both the theory 
and experiment*'. 
Germain" obtained the relationship between the mistiming and the emit-
tance blow-up. He defined a peak blow-up factor F as a measure of bunch 
length behaviour around transition, 

c = bunch length at T a i, „ 
r = bunch length at - T , l w ' 

Tj is the time when a bunch reaches the maximum length after transition, 
and -ra is the symmetric time of t a with respect to transition. A 
dilution factor D corresponding to the emittance blow-up is expressed 
as,'» 

0 - 4~(F 2 • F-*) (4-3) 

Expression (4-3) 1s correct only when v t r 1s independent of the momentum 
spread of particles. Fig. 5 shows F and D as a function of mistiming 
£t/T, obtained for CERN-FS. Since the abclssa Is normalized by the 
characteristic time T, Fig. 5 may be practically applicable to other 
machines also. One can realize from Fig. 5 that the timing tolerance is 
about - 0.2ST. The characteristic time T of KEK-PS 1s calculated for 
the accelerating voltage of 40 XV and 60 KV. The parameters used are 

R - 54 m, Y t r • 6.76, (* , • 19 deg for 60 KV) 
h - 9, Str * 0.989, (4s * 29 deg for 40 KV) 

The results are given in Table 1 . The symbols ABj and ABn.25T represent 
the Increments of the magnetic guide f ield B during T and 0.25T respec
tively. For the normal voltage of 60 KV, the timing tolerance Is '- 0.7 
ms, corresponding to the f ield change of t 16 G. Practical timing In 
KEK-PS, however, 1s more tolerant than the estimation. 

5. Bunch length at transition 

$.1 Estimation of bunch length 

In order to estimate the space-charge effects. I t is necessary to 
know the unperturbed bunch length. The unperturbed bunch half length at 
transition is derived from the equation for the el l ipt ic boundary of 
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the bunch and 1s given by*J 

*°>-<f> ^ l B t r S f o eV(J,c^ ^ " » *"«» y { r cos<<|>s evim.c')' ' ' ' ( j . , ) 

«' 0»-vf 4 r(-i-» ( 5- 2 ) 

where (0) denotes the value at transition and A 1s the bunch area in 
eV.sec. To calculate the bunch length from (5-1), one must give the 
bucket area. Since 1t 1s difficult to know the bunch area at transition, 
we estimate 1t from the area at the starting point of acceleration (P 2). 
The observed bunch length at P 2 1s about 160 deg in full length (F1g. 6). 
From this value and the table of Gumowski's'', the bunch area 1s estimated 
to be 0.22 eV-sec. With some amount of emlttance blow-up during accel
eration, the bunch area at transition, A(0), 1s assumed to be 0.25 ̂  0.3 
eV-sec. Substitution of A(0) into (5-1) yields 

for A(0) = 0.24 eV-sec 
•e'(O) » 0.15 rad (17 deg in ful l length) 

for A(0) « 0.3 eV-sec 
3(0) » 0.165 rad (19 deg in ful l length) 

Next WJ try to estimate the bunch length in the other ways. 
a) On the assumption of adlabaticity, the ratio of the bunch 

length bet» en transition and P2 is expressed a s 8 ' , 

t i S L - > * ( E 1 \* 1 2eV siniic X K , , 
i f 3»r (1 /3) ( E 7 ^ ' ( h , E o Y » r cos*, ' ( 5 - 3 ' 

where suffix 1 denotes the variable at P 2. Inserting the following 
parameters into (5-3) , 

Ej = 1.438 GeV. V - 60 KV, 
Hi = - 0.404, ,j,s = 19 deg, 

we get 

^ • 0.104 

The bunch full length at transition (s 

2^(0) = 0.104 * 160 deg <= 16.6 deg 
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Since (5-1) leads to 2§(0) = 16.2 deg for A(0) » 0.22 eV-sec, It is 
consistent with (5-3). 

b) Numerical integration of the phase equations of a particle 
gives an estimation of the bunch length. From the trajectory of the 
particle moving on the shell of the bunch, 2^(0) ̂  22 deg 1s obtained''. 

5.2 Measurement of the bunch length 

The bunch length shrinks to 10 ns or less in the neighbourhood of 
transition. Sufficient band width is, therefore, required of a pick-up 
electrode, a transmission line and an oscilloscope to measure the bunch 
length. A aonitor used for the measurement was one side of an electro
static radial position monitor for the position feedback use which has 
been installed at I-5F (short staright section) in the PS-ring, and it 
was supposed to have the widest bandwidth among the various bunch monitors. 
At first, the rise time of the above electrode was measured when it wis 
remved from the PS-ring. A schematic diagram of the measurement is 
shown in Fig. 7(a). Instead of the beam, a test pulse of Znsec length 
was transmitted along the wire stretched through the pick-up electrode. 
The Measured rise time of the electrode itself is less than 1 nsee as 
shown in Fig. 7(b). The electrode thus proved to hitve sufficient band
width to treat a bunch in several nano second length. 

The bunches picked up by the electrode were transmitted via the low 
loss coaxial cable (HF-390) and were observed with the wide-band oscillo
scope, rise time of which is about 1 nsec. Fig. 8 shows the bunch 
shapes at transition measured with the electrostatic monitor described 
above (Fig. 8 -(a)) and with transformer coupled monitor (Fig. 8 -(b)). 
As far as the rise time 1s concerned, the electrostatic type is prefer
able, though the bunch shape obtained 1s asymmetric due to an Imperfec
tion in the fast buffer amplifier following the electrode. 

The bunch length at transition was obtained from Fig. 8 (a), on the 
assumption that the bunch length is twice the front half. 

1) at low beam intensity (2 •>. 3 » ! o " ppp) 
The full bunch length is 8.4 nsec, corresponding to the phase 

spread of 24 deg. 
2) at high beam intensity (8 * 1o" ppp) 

The full bunch length is 11 nsec, corresponding to the phase spread 
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of 31 deg. 
In the case of low beam Intensity, the observed bunch length agrees well 
with the estimation. The bunch length obtained under high beam Intensity, 
however, 1s somewhat longer than the estimation. This seems to results 
from the bunch oscillation of quadrupole type, because the measurement 
was done before the Improvements of the position detector. 

6. Longitudinal space-charge effect 

The magnitude of longitudinal space-charge forces 1s expressed by 
the following space-charge parameter n Sn 

nsp *-l*&/ (^ («-D 
Where E s p Is the space-charge f ie ld and F r f 1s the r . f , f ield 1n travell
ing wave expression. Distance a'ong the orbit 1s represented by s. By 
assuming a linear r . f . f ield and a parabolic distribution of the particles, 
the space-charge parameter at transition, n 5 p { 0 ) , 1s derived as 1 " ' 

" s p ( 0 ) = I T f ^ $)&) cos»s

 9° r r s r (6"2) 

Where 5(0) Is the half bunch length at transition given by (5-1), N 1s 
the number of particles In the bean, and r 1s the classical proton 
radius give by 

e2 

r* = —a -—*— 
P 'Ttejmjc' 

The factor go In (6-2) 1s defined by requiring that 4.itco/go 1s the 
capacity per unit length between the beam and the vacuum chamber. It 
slightly depends on the transverse dimensions of the beam. In the case 
of a round beam of radius r 2 1s a round pipe of radius ri, one has 

g, ' 2 (in r,/r, + \) (6-4) 

The parameter n 5 p 1s function of ( - J - M - A T ) - I f f 1s kept nearly 
constant, the space-charge effect Is reduced with Increase of particle 
energy. However, % shrinks remarkably as acceleration proceeds toward 
transition, so that the effect of 1/®' much exceeds that of 1/v2. Thus 
the space-charge effect reaches Its maximum at transition. 
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The space-charge parameter n^-tO) for KEK-PS Is calculated from (6-
2) with 

r„ » 1.535 * 1 0 - " m 
P 

go * 3.7 
V ' 6 0 KV 
2§(0) - 17, 20, 22, 30 deg 

The results are shown In Fig. (9) as a function of beam Intensity. 
Longitudinal space-charge forces counteract the external r.f. 

focusing force before transition, but Increase i t after transition. 
This gives a mismatch of the bunch at transition and causes bunch length 
oscillations, resulting in the emittance blow-up. The relationship 
between n „(0) and the omittance blow-up factor D obtained by Sfrensen"' 
is shown in Fig. (10). With the bunch length of 22 deg and the bean 
intensity of 2 * 1 0 l J ppp, we obtain n s . (0) 1 1 . 0 from Fig. (9 ) . Then 
the emittance blow-up of factor 2.6 1s obtained from Fig. (10). The 
beam intensity giving n s p (0 ) i 1.0 is 1.5 x 1 0 1 ! ppp for the bunch 
length of 20 deg and 1 « 1 0 " ppp for 17 deg. 

In the present operation,"the average bean intensity is about 2.0 
* 10" ppp. The timing of the phase switch is in practice adjusted so 
as to minimize the beam loss at transition. The optimum timing has been 
delayed as the beam intensity has been increased. I t is considered as a 
result of the space-charge e f f e c t 1 2 ' . 

The mismatch due to the space charge can be improved by shifting 
the timing ( t » t j ) beyond the time ( t - 0) at which particles lose 
phase stabi l i ty. This is because the r.f . f i e ld has a defocuslng action 
during 0 < t < t j and relaxes a space-charge focusing force. 

7. Transverse space-charge effect 

Particles suffer vH-depress1on due to the transverse space-charge 
forces; those in the middle of the bunch wil l suffer much, whereas those 
at the end wi l l suffer less. The same sort of spread also occurs in 
value of f t . Therefore the particles in the bunch will not go through 
transition at the same time. No single timing of the phase switch can 
satisfy a l l the particles, and the emittance blow-up results. 

The equations of motion of a particle are*' 
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j h ^ i E ( 7 . 2 ) 

& • 

1 
^tT 

(7-3) 

The rate of phase change, d$/dt, depends on n, which 1s a function of 
transition energy. 

The v-sh1ft caused by the space-charge effect 1s obtained from 
Laslett's theory 1 3 ' and transformed Into corresponding Y t r " s h 1 f t - Then 
(7-2) 1s expressed 1n the simple form 1"' 

$ = [T + e x( t ,e ) - ?N] P (7-*) 

where T and P are the scaled variables given by 

T • t/T (7-5) 
P = Ar/r (7-6) 

T and r being the propotlonallty constants. The parameter X(T, 6) 1n 
(7-4) represents the line charge density of particles. The parameters 
and ; are given by11*' 

where E, 1S the electrostatic Image coefficient and c 2 1s the magneto-
static Image coefficient. The beam has half width a and half hlght b, 
the vacuum chambger has half height h v, and the magnet pole has half 
distance 9m. 

The term containing c, on the right-hand side of (7-4) expresses the 
uniform Y t r-sn1ft. Since all the particles get the same Y t r-sh1ft, this 
effect can be canceled by shifting the timing of the phase switch. The 
parameter E expresses sensitivity of Y { P spread due to the transverse 
space-charge effect. The term containing e then indicates the change of 
d$/rit dependence on the phase of each particle. Provided that the 
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longitudinal distribution of the particles are parabolic, X(e) is 
expressed as' 5' 

M e ) . ! nl t 1-<!>'] * * H > I < « ( M ) 

0 for |e| > g 

where the center of the bunch is taken as the origin of 6, and § is the 
half bunch length given by (5-1). The Inspection of (7-4) and (7-9) 
shows that the phase switch at T * 0 is good for the particles at the 
ends of the bunch while those in the middle of the bunch would prefer 
the phase to be switched at T - - c [3N/4h©(0)]. No timing therefore 
can be "itched to all the particles. The equivalent mistiming due to 
the transverse space-charge effect is 

^i-^-'fhwr < 7 - 1 0 ' 
We proceed to estimate |AT| for KEK-PS. From Fig. 1 of Laslett's 

paper 1 " , we obtain the electrostatic Image coefficient of 0.19 for hv/w 
= 0.33. Putting a = 18 mm, b - 8 inn, V - 60 KV and ei = 0.19 Into (7-
7 ) , we find e - 5.1 « 1 0 l s . Substitution of this E and 28(0) - 17 deg 
into (7-10) leads to the relationship between |AT| and the number of 
particles N, which is given in table I I . Timing tolerance for the phase 
switch Is about • 0.25T as mentioned in Sec. 4. Since [ATj is much 
smaller than 0.25, the transverse space-charge does not cause the emlttance 
blow-up at transition. 

8. Negative-mass instability 

8.1 Particle threshold 

An intense beam of charged particles circulating 1n an accelerator 
will be subject to the longitudinal Instabil it ies. The form of parturbation 
is a longitudinal density modulation of the beam, the amplitude of which 
Increases exponentially with time. One of the longitudinal instabilities 
Is often refered to negative-mass Instabil i ty, which can grow only 1n 
the region where the revolution frequency of the particles is a desreasing 
funciton of energy. The other instability is so-called resistive 
instabil i ty, which is drived by an 1n-phase component of electromagnetic 
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feedback from the vacuum chamber wal ls. The resist ive Ins tab i l i t y can 
be always present, while the negative-mass Ins tab i l i t y can be present 
only above t rans i t ion . 

The part ic le threshold for the longltudlal Ins tab i l i t i es 1s w r i t t e n 1 6 

"tt-^T&.m W tU/U') ^ - I f r t rN (8-1) 

where 2flr_ 1s the full width of synchrotron oscillations, B 1s the 
bunching factor defined b y 1 " 

n = actual number of particles in the beam /« ?» 
" number of particles In an equivalent uniform beam l ' 

and Z 0 1s the characteristic Impedance of the beam vacuum tube system. 
The quantity U 1s an accelerator parameter dependents on the transverse 
distribution of the particles. The ratio (V/Uj is much smaller than 
unity 1" for relevant values of mode numbers. Equation (8-1) can be 
applied to both the negative-mass and the resistive Instabilities. 

F1g. (11) shows the particle threshold for KEK-PS, obtained by 
substituting the following parameters Into (8-1), 

B f - 0.44 Y, = 1.53 
U' - 2.5 |n (| = 0.404 
Zi = 80 n 
V • 60 KV 

where subscript 1 denotes the value at the start of acceleration. The 
threshold 1s about 6 x 10' ! ppp at the start, decreases, as acceleration 
proceeds, to the minimum value at transition region, and then Increases 
again. 

8.2 Rise rate 

We must consider rise rates of Instability as well as thresholds, 
because even 1f an accelerator 1s operating above particle threshold, 
there will be no problem 1f the rise rate Is small enough. 

The rise rate for negative-mass Instabilities 1s given by"' 

Tjjx-^iAifr"*^")3^-^ < 8 - 3 > 
11 -

where n 1s the mode number of the Instability, c 1s the velocity of 
light, N 1s the number of particles in the beam, r p is the classical 
proton radius given by (6-3). Since the rise rate Is proportional to 
the aode number n, the upper limit of n 1s of the most Interest. Nell 
and Sessler 1 3' suggested theoretically the upper limit of n to be 

n i -Sj- (8-4) 

which was verified later by the experiments at Princeton10'. Here, R 1s 
the average radius of the machine and r 2 Is the inner radius of the 
vacuum tube. 

The rise rate for resistive Instabilities 1s given by'*' 

T R z u TN.H. 

which 1s considerably less than the negative-mass rise rate because of 
V/U « 1 . 

8.3 Negative-mass Instability at transition 

The particle threshold reduces to a very low value In the vicinity 
of transition, so that the particles Inevitably experience the unstable 
state when they cross transition. Whether Instability occurs or not 
depends on the ratio of the unstable time (during which the number of 
particles exceeds the threshold) to the rise time for the relevant 
InstaL H t y . A crude estimation can be done by finding the r a t i o 2 " 

i t _ half-time in the unstable zone near transition 
( t N H ) m ) n " minimum rise time near transition 

(8-6) 

Let ty be the half-width of Y during which the mahdne will be unstable. 
Assuming iy 1s much smaller than y t r we obtain the expression of St In 
terns of N and y 

where subscript 1 means the value at the start of acceleration. Since 

- 12 -



the rise rate (8-3) 1s zero at transition, I ts value 1s computed at the 
edge of the unstable region where we assume n a 26y/Y{ r

 a n d Y i Y t r -
Using (8-4) for the mode number n, we obatln the expression of the 
minimum rise time 

, , . rsr 2TTB H ^ n t r i 6 y'r , -M 

Table I I I gives 6-r, ( T N M ) _ and <ST/(TN ) . calculated for 
KEK-PS. The numbeHcal values used for calculation are 

r 2 - 55 mm R = 54 m 
B - 0.44 Z = 80 n 

N t h > 1 - 6.13 x 10"ppp 
Y, - 1.53 

V • 6.76 

I t 1s reported that 1f the ratio (8-6) 1s as much as 15 or 20, there may 
be trouble. In the light of this, there may be no problem at the beam 
Intensity less than 1 x 10 1 2 ppp, but we may have trouble when the 
Intensity exceeds, say, 2 x i o 1 2 ppp. 

9. Beam-cav1ty Interaction 

A beam current passing through an r.f . cavity Induces a voltage 
across the accelerating gap. The voltage Influences the frequency of 
synchrotron oscillations 1n a similar manner to the longitudinal space-
charge f ie ld , and consequently may also be a cause of the bunch length 
oscillations. Since the Induced voltage 1s Increased with the peak 
current of the beam, Its effect on the bunch becomes most severe around 
transition. 

Balbekov and Rashkov2" has theoretically studied the effect of the 
beam-cavity Interaction on the bunch behaviour around transition, with 
the equations Including the term for the space-charge force. They 
replaced the cavity by Its gap Impedance, neglecting al l higher resonances 
The equations of motion derived by them are 
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d ^ i e - £ L X l , e - | e - i £ ) - , „ £ ( M ) 

where y Is related to the momentum deviation AP/P, 

T being the characteristic time, and T K , the period of revolution at 
transition. The variable t is the dimensionless tine ( * t /T ) . The 
parameters xi and x 2 represent the magnitude of the beam-cavity Interac
tion and the space-charge effect respectively, and are given by 

»• • h V ^ S ^ ( 9 " 4 ) 

T - (9-5) - jirhoae H 
" Y{ rR„v|cos*s 

where H: number of cavities, 
V: r . f . voltage, 

C_: capavttance of the gap. 

They solved (9-1) , (9-2) on a digital computer by means of * multi-
particle technique, and obtained the behaviour of the bunch around tran
sition. F1g. (12) shows one of the results they obtained. The parameter 
S represents a bunch area in (y-$) units. The ordinate y^, is proportional 
to the maximum momentum spread of the bunch. Then a larger value of y 
means a larger effect of the beam-cavity interaction and or the longitu
dinal space-charge force. 

The parameters xi and x 2 are calculated for KEK-PS with 

m = 3 go = 37 
Cj = 90 pF h » 9 

V * 60 KV N = 1 •*• 6 * 10 1 2 ppp 

and are pioted in Fig. (12). I t 1s dear that the beam-cavity Interac
tion has far less effect on the bunch behaviour than the space-charge 
force does. This analysis, however, does not include spurious components, 
such as parasitic resonances of the cavity. The Interaction of the beam 



with these components may give rise to beam Instabilities. 
Fig. (13) shows the r.f. voltage observed around transition at the 

Intensity of 9 * 1 0 " ppp. No fluctuation 1s observed 1n the envelope 
of the voltage. 

10. Effects of non-linear magnetic fields 

It 1s pointed out i 3' that 1f y^r depends on momentum P, this will 
leads to a blow-up of the longitudinal emlttance when transition is 
crossed. Low momentum particles and high momentum particles cannot 
agree on a single timing for the phase switch. 

Mistiming caused by momentum spread 1s derived below. We take U 
as the orbit length of a reference particle with a momentum ?„, and HI 
as the difference between La and the orbit length of a particle with a 
momentum Po + AP. Following Johnsen 2 3', we write the relation between 
L and P In the form 

^ • o . g - 0 * o , f + ) (10-1) 

In the vicinity of transition, the second order term must be taken Into 
account. The coefficient oj 1s contributed from various sources such as 
nonl1near1t1es 1n the magnetic field, end effects and wiggling factor. 
An ideal machine with no field imperfections has a2 of not zero but 
unity. 

The variation of transition energy, AE t r, due to M>/P0 Is given 
by 2 3' 

AEtr . r 3 . •, &P ,.„ ,, 
jr=- - - I j + a2i p- (10-2) 

where Etr« 1 s t h « transition energy of the reference particle and AEt r 

1s the mistiming, measured on a energy scale, of the phase switch for 
the particle with Po + AP. If a, = - 3.2, all the particles can cross 
the transition at the same time. Transforming AE t r Into mistiming at { , 
we get 

Attr--^ih^K < 1 0 - 3 ' 
The quantity of aP/Po at transition Is obtained from the one at the 
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start of acceleration'', 

( W P . ) t r , 4n'/i B U Y ' I J ) * , 2eV sin 2*.; ,~V» , l n .> 
W/K)i 3*r(5/3) vir Wor^cosSs' ( * ' 

we obtain (AP/Po) t r • 0.005 for the exper1«enul value of (AP/P,)i 
= 0.003 2 * ' . The tine derivative of y at transition, ytr 1s 18 sec"1 1n 
KEK-PS. The ratio of the mistiming At»to the characteristic time T is 
calculated for several values of a 2 and 1s given 1n table IV. 

At present we do not have any experimental value of a2, whereas 
that of CERN-PS Is reported to be about 3 . 5 ^ . Table IV shows that even 
i f KEK-PS is an Ideal nachlne, mistiming due to momentum spread 1s 
larger than the characteristic time T, and thus cosiderable emttance 
blow-up <s expected. The effect of non-linear magnetic f ields, however, 
is considered as nearly Independent of the bean Intensity. Then, I f the 
blow-up is mainly contributed from this effect, i t must be observed even 
when the beaa intensity is low. This does not agree with the observation. 
The theory used may be rather primitive 1n the sense that 1s does not 
Include the time variation of r t r for a particle, which nay Introduce 
some sorf of smoothing. Germain" has performed a mlt ipar t lc le calcula
tion of the effect for CERN-PS and found F given by (4-2) 1s 1.06, which 
1s in good agreenent with the experiment. 

11. Coupling between synchrotron oscillations and betatron oscillations 

A particle with large betatron amplitude has a larger circumference 
and consequently has a lower revolution frequency, at the same kinetic 
energy, than a particle with small betatron amplitude. The r .f . system 
with bean control wil l adjust I tself to suit a particle with some kind 
of average betatron amplitude. In normal region of acceleration, the 
coupling between synchrotron oscillations and betatron oscillations ave
rages out to zero. In the neibourhood of transition, however, averag
ing is not enough to smooth out the coupling term, because the synchro
tron frequency Is extremely low there. Consequently, a particle with 
large betatron amplitude wi l l go through transition differently from a 
particle with small betatron amplitude. This results in the emlttance 
blow-up at transition. 

Hereward and Sfrenssen"' have analyzed the effect of the coupling. 
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They added a term of betatron oscillation to the phase equation given by 
(7-2), and got 

d | = n h ^ _ 4 E _ + x _ ( 1 1. 1 } 

> = ho, £=• • t 1 1" 2' 

where \ represents the rate of phase variation due to the excess circum
ference 4L caused by betatron oscillations. A particle with a larger 
betatron amplitude than the average has a positive AL, and one with a 
smaller has a negative AL. The term A does nothing special at transi
tion, while the term containing AE/E goes through zero and changes sign 
at transition with n. 

A blow-up ratio D (not same as D given by (4-3)) 1s defined as"' 

where ef0(0) is the bunch half length without the space charge effect at 
transition and * denotes the amplitude of the phase difference given by 

A =XT = IwsT^fc- . (11-4) 

The blow-up ratio D 1s estimated for KEK-PS, we take the machine to be 
linear, so that betatron oscillation of a particle Is symmetrical about 
its equilibrium orbit. Horizontal oscillations are roughly expressed in 
the form"' 

X "'AxCl* w cos(ntf)] cos (v x* • *») (11-5) 

where ^ : average amplitude of horizontal betatron oscillation, 
W : relative wiggle amplitude, 

number of magnet periods, 
azimuth angle, 
horizontal betatron number. 

For vertical oscillations, the same form as (11-5) is assumed. Then 
with both oscillations present, the relative change of circumference 
SL/L 1s 

AL/L > ̂ r { A l ( ^ 4 ( " ) a + ? < V z W ' 2 , + * ! ( v H < r , w ' ! 4 < U ' w ) ! , : l ( 1 1 _ 6 ) 
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Assuming Ax i 9 m and Az i 4 urn for KEK-PS, we get 

£ t = 4 . 8 * l ( r 7 (11-7) 

A = 0,066 (11-8) 

The beaa control w<ll react at some kind of average particle, so If we 
put 

ft= -^-A » 3.: * in"2 (li.a) 

the blow-up ratio D is , 

0 = 1.48 (11-10) 

The average arittance blow-up 1s of the order of 50 t. This value is 
far less than the blow-up curved in KEK-PS. The coupling between 
betatron oscillations and synchrotron oscillations can not therefore be 
the aain cause of the present blowup, though 1t 1s not snail to be 
neglected. 

12. Conclusions 

The bean toss at transition has been reduced by the Improvement of 
the radial position detector and by the stabilization of quadrupole 
oscillations. The amount of loss 1s now 6 * 7 t on the average when the 
beam Intensity Is lower than around 1.8 x 10 1 2 ppp. The remaining loss 
1s observed to Increase with the increase of the beam intensity. The 
loss does not ordinate In Imperfections of Instrumentation and is 
caused by the large cmtttance blowup observed just after transition. 

Me surveyed theoretical studies and experimental works on the 
crossing of transition, and applied them to KEK-PS. Longitudinal 
omittance blow-up are estimated and discussed for several mechanisms 
with known theoretical and experimental results. The following Is the 
summary of discussion. 

(1) Mechanisms of Intensity dependent 
a) The longitudinal space-charge effect appears as ft lamentations 

when Intensity exceeds around 0.6 « 10" ppp, and becomes 
severe as the Intensity Increased. 

- 18 -



b) The negative-mass Instability may give rise to a fast blow-up 
right after transition at the Intensity over 1.5 x 1 0 " ppp. 

c) The transverse space-charge effect 1s negligible even when the 
Intensity Increases up to 1 x 1 0 " ppp. 

d) The beam-cavity Interaction causes slow blow-up 1n a similar 
manner to the longitudinal space-charge forces, but 1t 1s 
less effective. I t may not give appreciable effect up to 
around 5 x 10 1 2 ppp. 

Mechanism of Intensity Independent 
e) Coupling between betatron oscillations and synchrotron oscillations 

Is not the main cause for the present b1ow-up. 
f ) Further Investigation Is necessary on the effect of nonlinear 

magnetic field's, though the effect 1s expected to be small. 
I t Is dif f icult to know what really happens around transition In 

KEK-PS, because we do not have enough experimental data. I t may, however, 
be safe to s»; that the most Important mechnlsms for the enrfttance blow
up are the longitudinal space-charge effect and the negative-mass In
stabil i ty. High longitudinal phase space density 1s of particular Im
portance for KEK-PS when I t serves as an Injector for a proton ring of 
Tristan project. A yt-jump system, which Is considered as the most 
successful solution to the transition problems, 1s under construction. 
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VBF 
( K V ) 

T 
(ms) 

0.25T 
(ms) 

ABT 
(G) 

AB0.25T 
(G) 

40 
60 

3.27 
2.78 

0.82 
0.70 

77 
65 

19 
16 

Table I Characteristic time at transition of KEK Ha< ?ing. 

N 
("/») 

U T l 

1 x 10* 2.8 x 10'* 
5 x 10" 1.4 X 10"' 

Table II Equivalent mistiming of the phase jump by transverse 
space charge. 
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^ • ^ , « F 2 3 4 5 6 

S t (**} 1.2 3.0 52 7.6 102 13.1 

(TH.MLJW« tart Q66 0.30 0.18 0.13 0.10 0.08 
S t / (TM.m>i * , 18 10 28 58 100 160 

Table I I I Unstable tine and rise time ( t N , H . ) m 1 l l at transition region. 

a t AEtr/ 
'Etro 

* t t r 
(ms) 

A t / r 
- 1 -0.0047 1.7 0.61 

0 -0.0140 5.1 1.83 
i -0.0233 8.6 3.1 

2 -0 .0326 12 r 4.4 
3 - 0 0 4 1 9 15.5 5.6 
4 - 00512 19.0 6.8 

Table IV Effect of non-linear Magnetic f ie ld . 
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Fig. 1 Number of particles (top) and Bunch signal (bottom) during 
acceleration and extraction (a) without and (b) with the 
transition cures. Intensity 1s 1.6 * 101 !ppp (100 «is/d1v). 
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Fig. Z Measured bunch length and longitudinal blow-up; 0 represents 
ful l width at half of a bunch and suffixes "m" and "c" denote 
aeasured and calculated respectively. 
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Fig. 3 Blow-up ratio measured after Improvements. 



Fig. 4 Mountain range view during 18 msec after transition 
(340 usec/trace and 5 nsec/d1v). 

* t / 

Fig. 5 Relation between mistiming of RF phase jump At/T and a 
dilution factor 0, blow-up factor F. 
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Fig. 6 Bunch signal at beglnlng of acceleration. 
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Fig. 7 Blockdlagram of tasting system for the monitor head. 
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F1g. 12 Dependence of the maximum width of the bunch on xi (magnitude 
of the beam cavity Interaction) and x 2 (magnitude of the space 
charge effect) when S (bunch area) • 0.2. 

Fig. 13 Envelope of gap voltage near transition. 
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