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Abstract 

A novel theory of bunch lengthening is established based on the equilib­
rium of synchrotron radiation damping and the excitations from synchrotron 
and collective quantum radiations. The mechanism of the bunch lengthening 
is found to be that the coupled synchrotron-collective quantum radiation ex­
citation and the pure collective quantum radiation excitation move the zero 
current equilibrium bunch length to a new current dependent value. Analyt­
ical formulae are established to calculate t.he equilibrium bunch length and 
the correlated energy spread. Three current thresholds are given to distin­
guish t.he different bunch lengthening regions. Some experimental results are 
compared with those predicted by the theory and the comparison results are 
quite well. This theory will be useful in the design of high luminosity circular 
colliclers and the damping rings for future linear colliders. 

INTRODUCTION 

The phenomenon of bunch lengthening as a single bunch effect in an electron storage 
ring was first observed in ACO [1] at Orsay and later in other mach ines . We 
summarize here the basic experimental observations [2] [3] [4]: 
• The bunch lengthening is a single bunch effect which depends on the total electron 
populat.ion in the bunch and on the properties of the environments. 
• The bunch lengthening is correlated to an energy spread increasing. 
• There exist two currenL thresholds, h,1 and h,2 (h,l < h,2). Starting from h,l, 
appreciable bunch lengthening occurs. Above h,2, microwave instability appears 
accompanied with appreciable correlated energy spreading. 
• At very low current (1 « h, J) t.here is no appreciable bunch lengthening. 
• At low current , 1 < h,l, it is possible to have a bunch shortening phenomenon . 

The firsL empirical formula [1] found in ACO to describe the variation of Lhe 
bunch duration (O"r) with respect to t.he average bunch current (h) and the beam 
energy (E), written 

2 2 ( -3 h(mA) ) (1)(Tr(ns) = O"ro(ns) 1 + 2 x 10 E4(GeV)O'r(ns) 

had a great impact on the theories of longitudinal instabilities in electron stor­
age ri ngs establ ish ed afte rwards [5J [6]. The theories largely lIsed to describe the 
phellomenon of bunch lengt.hening are potential well distortions and microwave in­
stabilit.ies. Pot.ential well distortion theory was established to explain the bunch 
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lengthening without the correlation with the energy spread increasing , whereas the 
theory of microwave instability [7] was grafted from the theory of the instability in 
coasting proton beams [8]. 

In this paper we try to give a novel theory which describes the variations of the 
bunch length and the correlated energy spread with respect to the beam current 
covering the whole bunch current range. 

In section 2, we review the synchrotron quantum radiation . The concept of 
collective quantum radiation is established in section 3, which is the physical base 
of t.his paper . In section 4, a novel bunch lengthening theory is established based 
on the coupled synchrotron-colleCtive quantum radiation excitation and on the pure 
collective quantum radiation excitations, which move the zero current equilibrium 
bunch length and energy spread to new corresponding bunch current dependent 
values. In section 5, we give three current thresholds to describe the bunch length­
ening effects in different current regions. Finally, in section 5, some experimental 
results are compared with the novel theory. 

SYNCHROTRON QUANTUM RADIATION 

It is well-known that in a circular accelerator [9] [10], the instantaneous synchrotron 

To 

radiation power of an electron is 

P 
p 

e2Cf,4 
- ---'----,­
- 5rrfoR2 (2) 

and the energy loss per electron per turn for the isomagnetic case is 

Uo 
e2{J3,4= --­
3foR 

(3) 

where R is the local bending radius and, is the normalized energy. The total 
average power emitted by a bunch of Ne electrons is 

Pb = UoNe (4) 

where To is the revolution period. The energy radiated per electron per unit fre­
quency interval per turn is expressed as 

(5) 

where 

(6) 

and 

(7) 

The formulae given above are obtained with the assumption that the electron 
radiates energy in a continuous way, in reality however, energy is emitted in a 
discrete way, as "quanta" or photon, with an energy given by 

Up = hw (8) 

where h = 1.05 x 1O- 34 J ·sec. Defining np(up) as the number of the photons emitted 
per second per electron per energy interval, one has 

A C dWp 
np ( Up ) uUp = --.6.w (9)

2rrRhw dw 
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and 

(10) 

where 
3·lhc 

U c = hwc =-­
2R 

The total number of photons emitted per electron per second, Np , is then 

(11 ) 

( 12) 

From np (up) one gets other statistical values, such as mean photon energy < up > 
and mean sq uare photon energy < u~ >: 

_ Jupnp(up)dup _ 8 
(13)< up >- N

p 
- 15J3ttc 

2 Ju~np(up)dup 11 2 
(14)< up >= N = 27 U c 

p 

COLLECTIVE QUANTUM RADIATION 

In this section we will introduce the concept of collective quantum mdiation which 
is necessary in treating the collective effects in a storage ring in a general way. It is 
well-known that a charged particle travelling inside a vacuum chamber will interact 
with its environments, such as the resistive wall beam pipe and the rf cavities, and 
thus lose its energy. It is usually convenient to use impedances [ll] to describe the 
interaction between a charged particle and its environments. We define 

(15) 

1 ;+00
ZII(w) =;; -00 exp(iw z/ c)WI\O)(z)ds ( 16) 

where WI\O )(z) is the delta function longitudinal wake potential. If the wake poten­
tial is produced by a bunch of charged particles, one has 

(17) 


where A(Z) is the longitudinal charge distribution, for example, for a bunch of unit 
charge and gaussian distribution, one has 

(18) 

where C> z is the Lm.s. bunch length. The loss factor of this bunch can be expressed 
as 

(19) 

where 
_ 1 ;+00 
A(W) = -2 A(S) exp( -iws/c)ds (20) 

KC - co 
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and for a gaussian d istri bu tion 

~(w) = exp (_ (w~~)2) (21 ) 

Here, we make some important definitions as follows 

(22) 

(23) 

co 
./ 1 l / ( -2KII = - nil w),\ (w)dw (24) 

7r 0 

otwhere K 1l is the loss factor of the whole ring, KII is the loss factor in the region 

where the design orbit trajectory has finite curvature, and KII is the loss factor in 
otthe region where the design orbit trajectory is a straight line. Obviously, K 1l = 

Kii + KII · The three different regions are denoted by the upscripts tot, T, and I, 
respecti vely. 

Some impedances of the beam environments in an electron storage ring, such 
as the resistive wall beam pipe and the accelerating rf cavities, can be calculated 
analytically. The impedance of a round resistive wall beam pipe of radius a per 
meter can be expressed as [12] 

1 JZow .ZII(w) = - -(1- 1) (25)
27ra 20"c 

when 8 » 80 = (a2jZoO")1/3, where 8 is the distance between the exciting par­
ticle and the test particle, Zo is the free space impedance, and 0" is the metal 

1conductivity; at 300 I( for copper, 0" = 5.9 x 107n- 1m- , and for aluminum, 
t0" = 3.54 x 107n- 1m- The resistive wall loss factor with the pipe length of 27rR 

(isomagnetic lattice) is 

K r _ cR fZor(~) (26)II,res - 27ra V~ O"z3/2 

with 

(27) 

The loss factor and the impedance of a cavity of length h and beam pipe radius a 
are [13] [14] 

K cav. = --- - - 1 (28)1 (if: )II. 27r2[oa O"z 

, Zo {glC
RII cav(w) = -2 - -- (29)

• 7ra 7rW 

Since t.he energy loss of an electron bunch due to collective wake potentials 
is in the form of electromagnetic fields, in reality, the energy is emitted also in 
the form of "quanta" just like the synchrotron quantum radiation. By analogy, 
defining 1!w(u w ) as the number of photons emitted per second, per electron and per 
unit f'nergy interval (since one cannot distinguish one electron from another in the 
bunrh due to the synchrotron oscillat.ion), one has 

dWw 1 
nw (u w )tJ.uw = -- -.--tJ.w (30)

dw hTow 
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where 

(31 ) 

with 

(32) 

and 

(33) 

The total number of photons emitted per electron per second, Nw , is expressed 
then as 

where 

(34) 


(35) 


For a pure resistive wall round pipe and a bunch of gaussian charge distribution, 
one gets 

Ar 

~s . 
- 7rR JZo 
- 2ar(3/4) UU z 

(36) 

N.r 
w,res . = 

e 2 NeR rz; 
2ahTor(3/4) V;;; (37) 

and 

S~,res (w) = ( 
U ) 3/2 Vw

2 -Z­ [(3/4) exp 
((WU ) 2)

- ~ (38) 

The maximum of S~ res (w) occurs at Wm = c/2uz as shown in Fig. l. For a bunch 
length U z = 1 cm, 1m = w m /27r = 2.387 GHz, which is in the microwave region. 
To prevent this peaked em wave travelling inside the beam pipe, the pipe radius 
a should be chosen in the way that Wcutoff = vOlc/a > Wm = c/2uz . To compare 
the spectrum shown in Fig. 1 with that of the synchrotron radiation, normalizing 
S:;',res (w) by We, we give a special example with R = l.7 m, I = 1566 and U z = 1 
cm which is shown in Fig. 2. It is obvious that the collective radiation spectrum is 
relatively very narrow. 

4 	 THEORY OF BUNCH LENGTHENING AND 
THE CORRELATED ENERGY SPREADING 

From the experimental evidences shown in section I, it is natural to think that 
the increased bunch length is simply a new equilibrium state away from the zero 
current bunch length. The mechanism to maintain this equilibrium is still the 
radiation clamping and the quantum excitation. However, for the non-zero current 
case, the quantum excitations have to include the contribution from the collective 
quantum radiation discussed in the previous section. Having this physical picture 
in mind, we start now to see what happens when an additional stochastic quantum 
radiation is included, which is an independent random process with respect to the 
synchrotron quantum radiation. 

The synchrotron oscillation in an electron storage ring without damping can be 
described by a simple oscillator: 

[( t) = A cos (n. t + cP) 	 (39) 
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Figure 1: The collective quantum radiation spectrum with with R = 1.7 m, 1= 1566 
and U z = 1 cm. 
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Figure 2: Comparison of the normalized collective quantum radiation spectrum 
with that of the synchrotron radiation with R = 1.7 m, I = 1566 and U z = 1 cm. 
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(40) 


where [(t) and r(t) are the energy and the position differences of an electron with 
respect to the synchronous electron , Ci' is the momentum compaction factor, E is the 
electron energy, and Ds is the synchrotron oscillation a ngular frequency expressed 
as follows 

2 V. . ) 1/2
f'\::::: epCi'Wrev . r J SID ¢s 

(41 )~G s ( 2rrE 

where Ci' is the momentum compaction factor, Wrev . and Wr J are the revolution and 
the rf angular frequencies, respectively, p ::::: wrJ/Wrev . is the harmonic number, 
¢s ::::: cos- 1 (Uo/ eVr J ), and VrJ is the rf accelerating voltage. The invariant of the 
motion is given by: 

(42) 

If at times tp and tw two photons are emitted randomly and independently, one 
from the synchrotron quantum radiation and another from the collective quantum 
radiation, one has then 

[' = A cos(Dst + ¢) - Up cos(D.(t - tp)) - Uw cos(Ds{t - tw)) (43) 

and 

, ACi'. llp Ci' . ( )) UwCi'. (f'\ ( ))
r = -D ESID(D.t+¢) + D E sm Ds(t -tp + D E sm t -tw (44)H. 

.5' s " 

The increment in A2 is 
bA 2 ::::: A/2 _ A2 

::::: ll~+u; -2Aup cos(Dstp+¢)-2Auw cos(D.tw+¢)+21lpuw cos(D.,(tw -tp)) (45) 

Since the tp and tto are completely unpredictable, and since we are interested only 
in the average effect, we calculat.e the average value of bA 2 over one synchrotron 
oscillation period, T •. It is found 

du 2duw 
< bA2 >= u; + u~u - A2 d~ - A dE + < 21lwupcos(D.(tw - tp)) >T. (46) 

where the notation <>T. means the average over the period T •. 
If one estimates the average rate of change of < bA2 > during on e revolution 

period To, it is found that 

d < bA 2 > 
dt 

N wA2 dU A2 dlJ 2 Np . . .. 
- - -I' _ _ ~ + _ '" '" < U' u J cos(D. (t' - tJ)) >T (47)

I; dE T, dE I; L-- L-- w p wI" 
a 0 O;=lj=1 

where Up and U w are t.he total photon energies emitted from one electron during To , 
N w ::::: N'wTo and Np ::::: N'p10 are the numbers of photons em itted from one electron 
during To d lie to the collecti ve and synchrotron radiations. 

for the equilibrium state, one has 

2
d < bA > ::::: 0 (48)

dt 

which leads t.o 
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2 ~~ i j (il ( i j)) U~) ( )""'rp=------:-.r------:2=---~~ < uwupcos Hs tw -tp >T. +rp A( 2 49 
.1 0 < JV 'p < up >>. . 	 .1 0 < J' p < up > > 

,=1 J=1 

where Uw = e2NeKit, T!,p = 2To/~ and T!,W = 2To/~ are the damping times 
from the synchrotron and the collective radiations, respectively (the later is usually 
very large, in the following it will be neglected). Consequently, the mean square 
equilibrium value of the energy deviation is 

(50) 

Till now, nothing has been said about the distribution function of the energy de­
viat.ion. As we have described above, the energy oscillations are linear with respect 
to Lhe energy deviation, and the total energy deviation is contributed by a large 
nu mber of small statistically independent terms (except the second term in eq. 49). 
Therefore, according to the Central Limit Theorem of the probability theory, one 
knows that the resulting energy deviation distribution is gaussian (approximately, 
due to the second term in eq. 49), and that 

2 

+ 	 Uw 
To < Np < u~ » 

(51 ) 
where (TEO is the zero current equilibrium energy spread. 

A gaussian energy deviation distribution will result in a similar distribution for 
th time deviation T, and one has therefore 

2 
2 a 2 

(TT = ( nsE ) (5E 

1+r. N, 2 2 	 2tI=<u~u~cos(ns(t~-t~)) >T.+r. N,U~
( o < p < Up >>. . 	 0 < p < Up

,=1 J =1 

(52) 
where (5TO is the zero current equilibrium bunch duration. For an isomagnetic ring 
(5E O and (T TO can be expressed as 

(53) 

(54) 

where 
(55) 

and 
_ Ie ¥(l/R2 - 2k)ds

V - r 1 (56) 
Je R2 ds 

where D( z ) is the dispersion function, k is the focusing parameter defined as kR = 
-(dB/dx)/Bo> and Cq = 55h/32V3moc = 3.84 x 10- 13 m (electron). 

Eqs. 51 and 52 give the variation of the single bunch energy spread and the 
bunch duration with respect to the electron populations, and it is obvious that 
bo(.h quant.ities are correlated. 

8 

) 

)
> > 



5 CURRENT THRESHOLDS 

Accordi ng to the theory established in section 4, one knows that 0-; /0-;0 and (J"; / (J";o 
varying with the bunch population can be described by the same function expressed 
as follows 

(~)2 _ 2 ~~ i j i, U~
-l+y; N, 2 ~~<UwUpcoS(Wj»l.+y; N, 2 

0,.0 0 < p < Up >>. . 0 < p < Up > > 
.=1 J=1 

(57) 
where (J", represents either the bunch length or the energy spread, and Wj = n, (t:,,­
t~). In this section we will give some current thresholds to distinguish differen t 
behaviours of the bunch lengthening with respect to the bunch curren t, and the 
term "current thresho ld" in this section is not connected with any fast longitudinal 
instabilities. 

5.1 The First Current Threshold 

When Ne is very small, the total number of photons from t.he collective radiation 
emitted during one synchrot.ron period, N w , is much less than th at of the syn­
chrotron radiation, Np . Consequently, W can have almost any possible value and 
t.he second term in eq. 57 will be zero. However , when Nw :2: Np , the phase W will 
be locked to almost zero and the coupling between the synchrotron radiation and the 
col lective radiation is established a nd maintained. The time duration for the phase 
lock process to start and finish is about one synchrotron oscillation period. Since 
only the photons emitted by the synchrotron and the collective radiations in the 
regions where the local design orbit traj ec tory has finite curvatures can be possibly 
emitted simultaneously, by setting 

(58) 

one gP.ts t.he first threshold for the bUllch population 

(59) 

and the first threshold for an average single bunch current 

N thl 

Ithl_~ b -
27r Rav 

(60) 

where Rav = cTo/27r. If th e vacuum chamber 111 this region is a round pipe, by 
putting eq . 36 into eq. 59, one gets 

N thl 
e R 
, 

_ 
-

5,af(3/4) 
In

2v3R 
r=-?Z 

V (J"(J" z LlO (61 ) 

'In c! 

I tld 
bR 

, 

_ 
-

5,aecf(3/4) 
f')

47ry 3RRav 

~ 
V°O'zuO (62) 

When h « It hl , there will be no appreciable bunch lengthening and correlated 
p.nc rgy spreadi ng (the third term in eq. 57 is neglected). When h ~ It hl 

, however, 
it will be possible to have some bunch leng thening or shortening depending on 
the sign of t.he second t.erm which has the stochastic properties. Anyway, in the 
region h :S 1£ It I , th e bunch lengt.h is st.ill dominated by the synchrotron quantum 
excit.ation. 

9 



5.2 The Second Current Threshold 

When Ne 2: N~hl the coupled radiation occurs in the region where the local designed 
orbit curvature is not infinite and eq. 57 can be simplified as 

(J" ) 2 2 < N p < up > > e 
2 NeKTI U2 _ , =1+ + w (63)( (J",O < Np < u~ > > To < Np < u~ > > 

where Kfl is the loss factor in the region where R is finite. When the second term 
in eq. 63 is equal to one, it begins to dominate the bunch lengthening. One gets 
therefore 

< Np < llp
2 > > Nt h2 = __--=-__-'---_::--_ (64) 

e 2 <Np<tlp»e2Kfi 

For a n isomagn et.ic ring 

2 

(~) 2 = 1 + 96e NeKijR + 144co(eRNeKit)2 
(65)

(J",o 55V3hq 3 55V3hc-y7 

Nth2 = 55V3hq 3 (66) 
e 96e2RKII 

and 
eN th2 

Jth2 _ e c 
b - --- (67)

21T Rav 

5.3 The Third Current Threshold 

As Ne increases, the third term is no longer negligible, and when the third term 
in eq. 63 is equal to the second term, the third term, or the collective quantum 
radiation, begins to dominate the bunch lengthening. One has then 

= 2 < Np < tip » ToKl1N th3 (68) 
o e2 (KrrF 

For an isornagnetic ring, one gets 

(69) 

(70) 

5.4 D iscussion 

We summari 7,(" first what we have obtained in this section. When No < N;hl there 
is almost no bunch lengthening nor additional correlated energy spreading. When 
N;h 2 « No < N~h3 

(71 ) 

144to(eRNeKrn2 
(72)

55V3hc-y7 
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Since KII and Kit t are functions of u z , one can write 

Kr-Kr (uzo)'" (73)II - 11.0 U 
z 

and 
ytot _ ytot (uzo) < 
1\.' 11 - 1\.'11.0 -;;; (74) 

where K[l.o and KII~6 are the loss factors at u z = uzO, and u zO is the natural bunch 
length . Consequently, eqs. 71 and 72 can be rewritten as 

(75) 


and 
1 

144fo(eRNeKltlo,ot)2) ~ 
RI=2= (76)(uzo 55v/3hc17 

When KII comes mainly from resistive wall, tv = 3/2, and if SPEAR scaling law [4] 
is used, <; ~ 1.21. The scaling laws are obtained for the coupled radiation dominated 
region as 

I 

Rt c( (hR~;KII'O) 3.0 (77) 

and for the collective radi a tion dominated region as 

(78) 

where h =eNe c/2rrRav . 
For the general case, however, eq. 65 can be simplified as 

2 ClhRavRKlrlo C2(RavRhKltI06) 2 

R=l+ '+ ' (79)
13R15 17R242 

where R = uz/uzo, C1 and C2 are expressed as follows 

C _ 192rre 
(80)

1 - 55v/3nc2 

C _ 57671'21'0 
(81 )

2 - 55v'3nc3 

Till now, the novel theory developed in this paper has said nothing about the 
effect of the potential well distort.ion. It is interesting to recall the corresponding 
general formul a from the potential well distortion t.heory, which is expressed as 
follows [5] [6) 

R 2 - 1 Coh - + 3 (82)
1R 

where Co is proportional to ~ and a function of the lat.t.ice parameters and the 
long itudin a l impedance of the machine [5] [6] . Including the potential well distort.ion 
effpct , e<j. 79 becomes 

2 Coh C1hRavRKIi,0 C2(RavRhKII~~)2 
(83)R = 1 + 13R + 1~l Rl . 5 + 17R24 2 
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Machine name E (GeV) I R (01) Rav (m) O"zo (cm) ql~~ (V IpC) 
ACO 
I<ER~ PF -­

0,2;~R 467 1.11 3.41 21.7 0,525 
2,5 4892 8,66 29,8 1.47 3,7 

I<EK-PF 1.8 3523 8,66 29,8 1.1 5.4 
BEPC 1.3 2544 10,345 38,2 1 9,6 
BEPC 2,02 3943 10,345 38,2 2 3,82 
SPEAR :,5 2935 12,7 37,3 - 5,2 
Super-ACO 0,8 1566 1.7 11,5 2.4 3,1 

Table 1: The machine parameters and the total loss factors, 

What should be pointed out is that C\ and C2 are two positive numbers, however, 
Co can be negative i[ the momentum compaction factor, 0', is negative, It is clear 
that I)y choosing a negative momentum compaction factor th e bunch lengthening 
effec t can be moderat.ed as suggested by Fang et al. [15] and experimentally proved 
by tlte Super-ACO group [16], Since the potential well distortion does not increase 
the energy spread, eq, 65 can always be used to calculate energy spreading, It is 
evident that for the negati ve 0' case the energy spreading is more important than 
that of the positive 0' (10'1 is the same for both cases) as evidenced in ref. 16, since 
the bUllch length is shorter and the loss factor is larger [or 0' < 0, 

In fact, when 0' > 0, the second and the third t.erms in eq, 83 can be combined 
(since they follow almost the same scaling law), and in the following section we will 
keep using eg, 79 to fit the experimentall'esults, 

Finally, if in a storage ring there are other insertion components, such as wigglers 
which give additional local design orbit curvature radii, one has to take int.o account 
the coupled radiations in t.hese components as well, 

6 	 COMPARISON WITH EXPERIMENTAL RE­
SULTS 

In (,his section we use the novel theory developed above to explain the experimen­
tal bunch Jcllgthening measurement results in different storage rings, such as ACO, 
KEI< Photon Factory (KEK-PF), BEPC, SPEAR and Super-ACO, The correspond­
ing machine parameters are shown in table 1. Since there are few informations about 

otthe loss factors, KII and the K , for these machines, we shall fit the experimental1l 
bunch lengthening curves by eq, 79 and extract the information on the total loss 
factor at a given bunch length for the corresponding machines, 

Firstly, we look at the ACO storage ring [17], Using eqs. 79 and 82 one fit.s 
~he experimental results as shown in Fig, 3, where the dark line corresponds to the 
novel theory (the same for all the following figures) which gives the total loss factor 
Krl~b = 052.5 V IpC at O" zO = 21.7 cm, 

Secondly, we look at KEf( photon factory storage ring [18J, The experimental 
reslIlt.s are [[Heel hyeqs , 79 and 82, and shown in Fig . 4, In ref. 16, it is stated that 
when the exp('rimental results deviate from the curve predicted by the potential 
w('JI distortion theory, th e microwave instability occurs. According to the novel 
theory, however, tlie deviation is due to the additional effect from t.he pure collec tive 
radiation excitatioll (th e t hird term in eq. 79). Fig 5 illustrates two extreme cases, 
The curves denot.l'd "no secolld term " and "no t.hird t.erm" are the results when one 
t.IlrIlS off eit,llcr the second or the third terms in eq, 79 , respect.ively, Figs, 6 and 7 
giv(C t.he sill1i1ar r(·s u1t.i'; at a different beam energy. The total loss factor K:II~~ = 5.4 
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Figure ~{: Compa.rison between ACO experimental results, the theoretical results 
and the potential well distortion theory predi ctions a.t 238 MeV with O"zo=21.7 

crn. The continuous and the dotted lines are the fitted curves of the novel and 
tht' potential well distortion theories, respectively. The dark points are the ACO 
experimental results . 

VIpC at 0" ,0 = 1.1 cm is obtained from the two experimental results at different 
energies. 

Thirdly, we look at BEPe (Beijing Electron Positron Collider) [19). Fig. 8 shows 
the comparison results between t.he novel theory and the potential well theory. Fig . 
9 shows the cons('quences whe n the second and the third terms in eq. 79 are switched 
off alte rnat.ively . Fig. 10 gives the similar comparison results at a different beam 
energy. Both experimental results lead to KII~~ = 9 V IpC at O" zO = 1 cm. 

Fourthly, the co mparison results of SPEAR storage ring [20] are shown in Figs . 
11 ancl12. 

Finally , Super- ACO [16] is conside red and the comparison results are shown in 
Fig. 13. The total loss factor of the machine at o"z = 3 cm is calculated as 2.22 VIpC 
by using 'f'RCI [21), and the KII~6 obtained from the experimental bunch lengthening 

curve is 2.38 V IpC for the same bunch length (Kin = 3.1 V IpC at O" zO = 2.4 

Clll) . What should be mentioned is that thp ex perimental results shown in Fig. 13 
co rrespond to the case of positive momentum compactioll fa cto r (} = 0.0148. If t.he 
momellt.UIIl compact.ion factor Q < 0 (Super-ACO [16]), the pot.ent.ial well distort.ion 
effect. should give bUllch short.ening. Th e combinati on with t he present qllant.um 
excitat.ion efTect. lIlay give less bunch lellgthening, however, the negat.ive momen tum 
co mpac tion fador could not. moderaf !, the energy sprea.d wlli ch is not. affected by 
the [lotent.ial well distortion. III consequ ence, as exp lccined at t.he end of the last 
sect.ion, for t he san1P Inl, the energy spread is m o re import.ant ror t.he negative (} 
('asp than t.hat. of t.he posit.ive (\' case . 

To slllnlfla[iu~, ill t.h e last. co lumn of t.able 1 we give t.he total loss factors for 
1.lw dirferent. machines rUlInd from the fit.t.ed curves at. co rresponding zero c urrent 
('Cjllilihrium bunch lengt.hs. 
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Figure 4: Comparison between KEK Photon Factory experimental results , the the­
Ol·etical results and the potential well distortion theory predictions at 2.5 GeV with 
O"zo=1.5 cm. The continuous and the dotted lines are the fitted curves of the novel 
anel the potential well distortion theories, respectively. The dark points are the 
KEK-PF 2.5 GeV experimental results. 

6 

E 5 
2.­
N 

I 4 
OJ 

E 
b1l 

Ui 

2 

Ib (lOA) 
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curve of the novel theory . The dotted and the circle-dotted lines are the fitted curves 
without the second or the third terms in eg. 79, respec tively. The dark points are 
the I( EI<- PF 2.5 Ge V eXJ)erimentai results. 

14 

o 

KEK-PF 2.5GeV exp o results 
-­llleory 

Theory (no second term) 
- - 0 - - Theory (110 third term) 

.... · ....·l ...... · .. · "1 

20 40 60 80 100 



7 ~r • KEK·PF I 8GeV exp resu lts , . 

6 - - Theory 
POlen"al well Iheory 

'i 
E 
~ - . 
N 

I 

'"E 
bI) 

V1 

: : : 

o ~~,_~J......... 

o 	 10 20 ,0 40 SO ~O 70 80 

Ib (mA ) 

Figure G: Comparison between KEK Photon Factory experim ental results, the the­
oret.i cal results a nd the potential well disto rtio n theo ry predictions at 1.8 GeV with 
(T zo =1.1 em , Th e con t.inu o us a nd the dotted lines are the fitted curves o f the novel 
a nd tIle potent.ial well distortio n theori es, respectively, The dark points are the 
KEI(-PF 1.8 GeV ex perimenta l results , 

10 '~" I" I " " I~~ 

KEK -PF 1.8GeV exp, resullS 
8 - --Theory 

. Theory (no second lerm) 
E --0 - - Theory (no Ihird lerm) 

~ 
N 

",' 
E 4 
,~ 
Vl 

. . . . 

o u....-'--'---'~.........~.o...l...<~, J." ,~....j , ,-' ,.L...........J 

o 	 10 20 ,0 40 SO 60 70 RO 

Ib (mA ) 

Fi .~llre 7: Com parison be tween KEI( Photon Fa.ctory experimental res ults and the 
t.ilPo reti caJ result,s at J ,8 GeV with (T zo =l.l em, The continuous line is the fitted 
c lirve of the novel t.heory , The dotted a nd the circle-dottecllinps are the fitted curves 
without the se('ond or the third terms in eq, 79, respectively, The dark points are 
t,hp KEI(-PF J ,8 G eV f'xr.lC'rimental ('su Its 

15 



E 
~ 
N 

I 
oj 

E 
bO 

V) 

20 

15 

10 

! • 

BEPe I.1GeV expo resulls 
--Theory 

POlenlial weiliheory 

o ~~_I_~~~~~~~~~~~~ 

o 	 20 40 ro 80 100 120 

Ib (rnA) 

Figure 8: Comparison between BEPC experimental results, the theoretical results 
and the potential well distortion theory predictions at 1.3 GeV with O"zo=1. cm. 
The continuous and the dotted lines are the fitted curves of the novel and the 
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Figure 10: Comparison between BEPC experimenta.l results and the theoretical 
results at 2.02 GeV with O"zo=2 cm. The continuous line is the fitted curve of the 
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800 Me'V experimen t.al results. 
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7 CONCLUSION 

Based on the concept of coupled synchrotron-collective quantum radiation excita­
tion and the collective radiation excitation, a novel theory of bunch lengthening and 
the correlated energy spreading is established. It is demonstrated that the longi­
tudinal loss factors (resistive part impedances of the machine) increase the bunch 
length and the energy spread. Some comparisons betwt'(;n experimental and theo­
retical resul ts are made and the agreements are qui te well . The theory developed 
in this paper will be useful in the design of high luminosity circular colliders and 
the damping rings for future linear colliders. 
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