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Introduction 

In September 19’71, the authors presented a paper on 
“Single Bunch Radiation Loss Studies at SLAC. ” 1 Aside 
from its academic interest, the main motivation behind this 
work was its relevance to the design of electron ring accel- 
erators (ERA). Indeed, at that time a number of laborator- 
ies throughout the world were hoping to build these new t3.pes 
of machines but the theories of how much energy the ring 
would radiate to its accelerating structure were not on firm 
ground and had not been tested. The SLAC two-mile accel- 
erator seemed to be one of the few vehicles where the depen- 
dence of single bunch radiation loss as a function of energy 
could be measured. 

The SLAC experiments were successful in leading to 
some specific conclusions, namely : (a) the radiation loss 
seemed to be independent of energy in the range between 
900 MeV and 19 GeV: (b) the dependence of radiation loss on 
charge in the bunch appeared to be linear. and (c) the energy 
lost per electron for a single bunch of lOi electrons traver- 
sing 86,000 cavities of the linac was measured to be 35 MeV. 
Admittedly, the experiment had several shortcomings having 
to do with imknown bunch shape and bunch phase with respect 
to the accelerating field. In spite of this, the results seemed 
to agree with E.Keil’s predictions at CERN2y 3 and his later 
paper’ strengthened the general confidence that theory and 
experiment were converging. 

In the ensuing years since 1971, three relevant devel- 
opments took place : (1) enthusiasm for electron ring accel- 
erators decreased considerably because their physical real- 
izability became hampered by a number of theoretical and 
practical difficulties; (2) the problem of radiation loss or 
hcam loading reappeared on the scene because of its rele- 
vance to high current storage rings: indeed the beam energy 
loss to higher order modes can have a major effect on the 
cost of the RF system of these machines and their operation 
(see for example Refs. 5 - 10); and (3) the authors of the 
present paper, in lheir desire to remove some of the short- 
comings of their earlier work, came up with some signifi- 
cant experimental improvements and obtained a considerable 
:lmount of new data. This in turn prompted them to develop 
an empirical theory to explain their results. Both are pre- 
sented here. 

Review of Experiment 

The entire esperiment is illustrated in Fig. 1. A 
single electron bunch of adjustable charge is generated in 
the 35 MeV injector, accelerated to 4 GeV in the accelerator 
and momentum-analyzed in the Beam Switchyard (BSY). The 
resullant cnerb7 spectrum is displayed rin an x-y recorder 
in the Main Control Ccntcr (MCC). Since details of the instru- 
mcnlatiun can be found in Refs. 1 and 11, onI> lhe highlights 
:,f the set-up arc dc~scribccl harts. 

The single bunch beam is formccl by the combination of 
two dcl-ices ahrad #of the 35 Mc:V injcxtor *caction. One is a 
grid pulsc>r which limits the normal 1. 6 ps gun pulscx to 
approximatcl\. 5 ns. ‘Th(T other is a rcasonant system \\hich 
uses transvcrsc clcfl<~cting plat(xs. The frc,qucncy of the 
systc,rn is ::SJ. Uj’i Rltlz, the 72ncl subharmonic of the nccc>l- 
c,rator frcyucncy, i. (5.) 2856 AIIIz. The voltage* applied to 
thr plates is high canough that the only bunch~~s that rcxch the 
:cccc~l~~r;~t.~~r Lirch the, ones that p:Lss through at xcro crossing 
timt,, i. c’. , cvcl-y 1”. 5 11s. ‘I%(# combination of the two tic,- 
~;ic(~s 5: orking in concert gcnckratcls single, bunc*h(>s. r\ftcxr 

these single bunches of about 5 x 1OS electrons are formed, 
bunched and accelerated to 35 MeV, they are relativistic 
enough that their length (about 5 to 10 electrical degrees)and 
their charge distribution can no longer be affected substan- 
tially by subsequent accelerating fields. It is at this point 
that a new “sieve” collimator is installed to control the 
charge of the transmitted bunch. The collimator is a slab 
with four “rest” positions, each consisting of an identical 
circular area punctured with a different set of holes. The 
greater the hole size and density, the greater the charge 
transmitted in the bunch. By choosing identical circular 
areas, one is certain to preserve overall beam shape. Since 
the beam is already “stiff, ” the relative charge distribution 
and phase remain undisturbed. The relative ratios of trans- 
mitted charge have been experimentally checked to be 0.08, 
0.4, 0.7 and 1. 

After the collimator, the beam is injected into the 
machine and accelerated to 4 GeV. This requires approx- 
imately 40 klystrons beyond which the beam is permitted to 
drift. The accelerator structure is entirely modular and 
repeats itself every 3 meters ( 960 so-called constant- 
gradient sections with a total of 86,000 cavities). By super- 
position, it is assumed that the accelerating fields and the 
beam loading fields are set up independently. 

In order to study the electron energy distribution in the 
bunch, the beam is momentum-analyzed in the A-branch of 
the BSY and transmitted through a 0.1% slit. At three 
locations along the accelerator, there are fast pick-up 
monitors which can resolve the RF structure of the beam. 
At the 1 km point and past the slit, these pichups are connect- 
ed to sampling scopes which allow one to monitor bunch inten- 
sity and to check that one is not getting a pre-bunch or post- 
hunch. A third pickup is available at Scxctor 27, Rram charge 
transmission along the accelerator is monitored on another 
scope as shown. In order to display beam energy spectrum, 
there are two options. One is to sweep the momentum 
analyzer magnets over the range of interest but this method 
is cumbersome and suffers from hysteresis. The other is to 
sweep the energy of the beam by changing the phase &, of the 
so-called vernier klystron 2’7-5. The rnergy of this klystron 
can be calibrated accurately and its phase can be set so that 
it is swept ~60 degrees around zero energy contribution. A 
potentiometer analog of 4, can then be used for the x-energy 
axis of the x-y &corder. The y-axis is obtained by gcner- 
ating a DC signal from the peak of the sampling scope display, 
downstream of the 0.15 slits as shown. 

The machine contains a synchronizer which locks the 
klystron pulsr triggering time and hcncc the% klystron video 
envelope to the single bunch timing : as a result the rffect 
of klystron timing jitter is not a source of energy 
jittc,r on a pulse-to-pulse basis. The stability of the samp- 
lillg scope displays has Ijcl*n improvt!d. The lrigficr is 
clcrivcd by counting down the main drive line 476 MHz signal 
available at each scope to about 10 AIHz. The zero crossing 
of this signal is combined nith the machine trigger to form 
an RF sl-nc trigger uhich can be applicld to the scopt’ sn~cp. 
As a result, no time jittrr is seen on rithcr sc~opc~ when 
viwed on a 100 picosecond /cm sl\ccp. 

‘L’h(t last fc,aturc, of this set-up ivhich is notcn orth), has 
to do L\ ith ~3~1, the so-call4 “phase closurc~” of thus injrctor 
klystron. If !I<‘ consickr the total RF \<a~‘~~ resulting from 
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the addition of all 10 accelerating klystrons, there is a net 
angle behveen the electron bunch and this 1 Gigavolt electric 
field vector. This angle is settable by adjusting the phase 
shifter pcl. It determines the relative position of the bunch 
!\iith respeCt to the wave crest (see Fig. 2). AS will be seen, 
this angle plays a subtle role in the results given below. 

Theor> 

Aks mentioned in the introduction, the question of 
burning importance to the designers of high current storage 
rings is : “What is the energy lost by the circulating bunch- 
es to the RF cavities and other meta.ll.ic pipes constituting 
the ring vacuum envelope?” In order to answer this question, 
it is ncccssary to understand the apparently simpler problem 
of the cncrgy loss due to a single bunch making a single 
passage through a cavity or array of cavities. In this connec- 
tion, two basic questions may be considered. The first has 
to do with the average energy lost per electron traversing 
the structure. If one kno\ss the total number of electrons in 
the bunch, one can then calculate the total energy lost. This 
energy must reappear as microwave energy distributed over 
a number of modes which eventually get dissipated in the 
structure and in the loads. The second has to do with the 
actual energy lost by each electron as a function of its posi- 
tion in the bunch. 

The theoretical treatment discussed by Kei14 and used 
by others99 I2 is based on the modal analysis model. In this 
model, one assumes a given geometry for the cavity array 
and the bunch, and the fields are expanded in terms of the 
set of normal modes of the cavity. The total energy deliver- 
ed by thr electrons in the bunch to all the cavity modes with 
their proper RF phases is the total energy lost by lhe bunch. 
While rhe method could yield the configuratinn in space and 
time of the fields induced by the bunch, the calculations 
published so far have not done so. Indeed, if one considers 
that in the SAC experiment the highly relativistic bunch is 
only about 0.5 mm or 2olong at FWHM while the cavities 
are 35 mm or 1200 long, it appears that the bunch is long 
gone befort? the cnerg3. 1eCt behind has bounced off the walls 
of a particular cavity and distributed itself amongst the 
IllodeS of i&e Set. 

In the approach taken in this paper, we attempt to un- 
ravel the available esperimental evidence to come up bith 
an empirical formula which should give some insight into 
the real fields accompan)-ing the bunch. 

Rcfcrring again to Fig. 2, the fields se(~l by WI electron 
locntecl at phase ‘I,, result from them superposition of the sin- 
xsoiclal accelrrating field and the beam loading field lc,ft 
behind by the elcccrous preceding it. 

In Ihc ahscnce of beam loading, i. e. , small charge, 
th(l total c’nc~r~~ of an c!cctron is simply F E, cos 0 n-here 
E o .1 GCSV. Bccausc of the CiniLr slit width Al? 2, the 
trnnsmittcc! i,l(,ctrons actually c,xist ov(‘r :I I‘initc angular 
iiltr i‘\ 21 18 .> - (41 .<tich that 

I*: Al’ 
“i r E, cos ‘1.) 

b: - iE 
y- 1s: o cos if 1 

wh<hrc, iE i Ml.\’ for 2 I*: 0. 1’ ,. . 

Fl>r a l)rinch with uniform charge tiistril)uti8xn, lhc 
~.lnrgc~ i.~~;tn~nlit~~~l ll~r.~~tq:h 11w ilits is ~iirc~c:tl~ plop~?rll~:rl 
LO n,> - / 1 1 . For a non-uniform clistribulion, th(x phxsc 
inlt’r\ a1 :xtlst 1~ multiplic~rl I,>. :in appropriati~ tlislributilir 
funciiiin 01’ I.h? iorm T(‘J~~ - (1) c~tcntling from /lo to if,, - (:I . 

In the, pr~~s(~nc<’ f>f !w:~nl limling’, tlv :timv~* (,qu;ttii)ns 
ha\ c’ lichen mr~tlil’ic~tl in thc~ i0110~~ irli; 1, ;ii 

(“2-i,)2 
-- 

i12 ,jfl 

(01 - 9)’ 
-- 

.I 2 
y & 
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Here N is a factor proportional to bunch charge, AX’ is a 
constant voltage and ii is a normalization constant. The ex- 
ponential tertn takes into consideration the decay of the beam 
loading field left by electrons having passed earlier. ;i! is the 
time constant or “decoherence angle” which has lxJen used as 
a matching parameter, 

In order to obtain the empirical spectra for the energy 
interval be&een E + AEi2 and E - AE/Z, a computer pro- 
gram has been v.ritten to obtain the corresponding values of 
o2 - fil . This program actually- inverts the process and 
searches for the appropriate angular “excursions” of B 

‘between slit edges +AE/2. These are then multiplied by the 
proper density function f(Oo - 0). Using the simple relation 
E = E, cos 0, the final.spectra are given in terms of E in the 
x-‘axis. 

Results 

In order to obtain f(fl - fl), it is necessary to know the 
charge distribution within t%e bunch. This has been done by 
calculating the predicted spectrum for a uniform charge dis- 
tribution at low current (i. e., negligible beam loading) and 
given 0 and comparing this spectrum with the same 0, , 
low c&&t experimental spectrum. The real distribution 
can be deduced by simple normalization. A typical distribu- 
tion function is shown in Fig. 3. Fig. 4 shows comparisons 
of experimental and theoretical results for different values 
of phase closure, i.e., Oo: -2, fJ, = +2 and 0, = I:. 
These results were chosen as typical samples of a total set 
of about 12 measured and calculated cases. As seen, the 
agreement bctwcen theory and experiment is fair for + = 7’, 
taking AV = 35 MeV for 5 x 10’ electrons per bunch. Notice 
that the choice of the above Gaussinn is based on the physical 
assumption that the beam induced field packets left behind are 
made up of many frequencies and that they wash out in a time 
represented by the phase angle $. The authors considered 
functions other lhan the Gaussian, for example 

However, this function could undeygo :I sign rcvrrsal which 
would indicate physically that the beam induced onergy blob 
contains only :t few frequencies which, given the proper time 
de lay, can product acceleration rather than deceleration. 
This model, although not impossible, seems unlikrly. 

It should lx: mentioned Lhat the cxperimcntal data dis- 
played here was t:tkcln over a period of :&out 3 hours. During 
this lime intcrvnl, it is probable that small drifts in ahsolutc 
ttncrgy (Eo”fou McV), phase closurc~ ((lo-lo) and total charge 
(- 10%;) look place brtwec~n daln scats. An altempt was made 
in the analysis to vvcrage thcsc out. The m:dmum charge 
ptbr bunch (tv mu 1) was in a11 casts taken to be equal to 
,j s 10b electrons. i\nother shortcoming which was not taken 
into account in the empirical model far the slit is the finite 
clixnc~tc~r of the hnch (perhaps LLS I:w~P a~ 5 mm) at the slit. 
This comp:tros with :L slit opening (0. I’,) of roughly equal 
?vidth, \\ hich has th(, c,ff[acl of rounding off the t>tlgcs of the 
r~llSr1Ti’d spccl.r:l. 

In ort1t.r to comptrc thc,sca results \I ilh thi)sc~ obtainctl 
c,arli6Br1*-‘, the* :ncr:lge rLnerg>- loss per c>l<,ctron ov(‘r all 
c~spc,rimc!ntnl points was also calcul:~L~~l. A t,:iluc of 
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AV = 47.1 MeV for lo9 electrons/bunch was obtained with a 
CT= 4 MeV. This result compares with a value of AV = 9.47 
MeV derived from a simple steady-state beam loading cal- 
culation. Such a calculation takes into account only the 
fundamental mode (2856 MHz) and is based on an r/Q = 4400 
ohms/m (where r is the shunt impedance per unit length and 
Q is the cavity quality factor). As is seen, the fundamental 
only accounts for about 20 % of the average energy loss. The 
loss of a median electron (35 MeV) assuming linear loss is 
only -75% of the observed average loss (47.1 MeV). 
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