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Introduction

In September 1971, 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 types
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 linearé and (c) the energy
lost per electron for a single bunch of 10Y 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 unknown 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 CERN? 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
beam loading reappeared on the scene hecause 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 their desire to remove some of the short-
comings of their earlier work, came up with some signifi-
cant experimental improvements and obtained a considerable
amount 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 experiment 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
resultant energy spectrum is displayed on an x-y recorder
in the Main Control Center (MCC). Since details of the instru-
mentation can be found in Refs. 1 and 11, only the highlights
of the set-up are described here.

The single bunch beam is formed by the combination of
two devices ahead of the 35 MeV injector section. One is a
grid pulser which limits the normal 1.6 ps gun pulse to
approximately 5 ns. The other is a resonant system which
uses transverse deflecting plates.  The frequency of the
system is 39,667 MHz, the 72nd subharmonic of the accel-
crator frequency, i.c., 2856 MHz. The voltage applied to
the plates is high enough that the only bunches that reach the
acceleritor are the ones that puss through at zero crossing
Lime, i.e., cvery 12.5 ns. The combination of the two de-
vices working in concert generates single bunches.  After
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these single bunches of about 5 x 10° 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 sct 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 pickups 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-
bunch. A third pickup is available at Sector 27, Beam 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 isto
sweep the energy of the beam by changing the phase ¢, of the
so-called vernier klystron 27-5. The energy of this klystron
can be calibrated accurately and its phasc can be set so that
it is swept 260 degrees around zero energy contribution. A
potentiometer analog of &, can then be used for the x-energy
axis of the x-y recorder. The y-axis is obtained by gener-
ating a DC signal from the peak of the sampling scope display,
downstream of the 0. 17 slits as shown.

The machine contains a synchronizer which locks the
klystron pulse triggering time and hence the klystron video
envelope to the single bunch timing : as a result the effect
of klystron timing jitter is not a source of energy
jitter on a pulse-to-pulsc basis. The stability of the samp-
ling scope displays has becn improved. The trigger is
derived by counting down the main drive line 476 MHz signal
available at each scope to about 10 MHz. The zero crossing
of this signal is combined with the machine trigger to form
an RF sync trigger which can be applied to the scope sweep.
As a result, no time jitter is seen on either scope when
viewed on a 100 picosecond/cm sweep.

The last feature of this set-up which is noteworthy has
to do with .1, the so-called "phase closure” of the injector
klystron. If we consider the total RF wave resulting from
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the addition of all 40 accelerating klystrons, there is a net
angle between the electron bunch and this 4 Gigavoltelectric
field vector. This angle is settable by adjusting the phase
shifter @.1. It determines the relative position of the bunch
with respect to the wave crest (see Fig. 2). As will be seen,
this angle plays a subtle role in the results given below.

Theory

As 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 metallic pipes constituting

the ring vacuum envelope ?"" In order to answer this question,
it is necessary to understand the apparently simpler problem

of the energy loss due to a single bunch making a single
passage through a cavity or array of cavities.
tion, two basic questions may be considered. The first has
to do with the average energy lost per electrontraversing
the structure. If one knows 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 Keil4 and used
by others?> 12 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 the electrons in the bunch to all the cavity modes with
their proper RF phases is the total energy lost by the bunch.
While the method could vield the configuration 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 SLAC experiment the highly relativistic bunch is
only about 0.5 mm or 20 long at FWHM while the cavities
are 35 mm or 120° long, it appears that the bunch is long
gone before the cnergy left behind has bounced off the walls
of a particular cavity and distributed itself amongst the
modes of the set.

In the approach taken in this paper, we attempt to un-
ravel the available experimental evidence to come up with
an empirical formula which should give some insight into
the real fields accompanying the bunch.

Referring again to Fig. 2, the fields seen by an electron

located at phase 2, result from the superposition of the sin-
usoidal accelerating ficld and the beam loading field left
behind by the electrons preceding it.

In the absence of beam loading, i.e., small charge,
the total cnergy of an cleetron is simply E
By ¢ 2 GeV, Because of the finite slit width AE /2, the
transmitted electrons actually exist over a finite angular
intcrval #» - ) such that

AL
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For a bunch with wniform charge distribution, the
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Lo fy = 1 For a non-uniform distribution, the phasc
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Here « is a factor proportional to bunch charge, AV is a
constant voltage and 3 is a normalization constant, The ex-
ponential term takes into consideration the decay of the beam
loading field left by electrons having passed earlier. uisthe
time constant or "decoherence angle' which has been used as
a matching parumeter,.

In order to obtain the empirical spectra for the energy
interval between E + AE/2 and E - AE/2, a computer pro-
gram has been written to obtain the corresponding values of
fig = 1. This program actually inverts the process and
searches for the appropriate angular "excursions' of 9
*between slit edges +AE/2. These are then multiplied by the
proper density function f(8, - 6). Using the simple relation
E = E,cos 6, the final’ spectra are given in terms of E inthe
x—zuus

Results

In order to obtain f(f_ - 7), 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 fil, ,» and comparing thls spectrum with the same 4,
low cur rent experimental spectrum. The real dlstrlbutlon
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., 9 = -2, 8, = +2and Ny = 7.
These results were chosen as typical samples of a total set
of about 12 measured and calculated cases. As seen, the
agreement between theory and experiment is fair for ¢ = 70,
taking AV = 35 MeV for 5 x 10° electrons per bunch., Notice
that the choice of the above Gaussian 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 than the Gaussian, for example

[l - (02;'— 0) 7}

However, this function could undergoe @ sign reversal which
would indicate physically that the beam induced energy blob
contains only u few frequencies which, given the proper time
delay, can produce acceleration rather than deceleration.
This model, although not impossible, scems unlikely.

It should he mentioned that the experimental data dis-
played here was taken over a period of about 3 hours. During
this time interval, it is probable that small drifts in absolute
energy (Eg™~few MeV), phase closure (7g~1°) and total charge
(~ 105 Look place between data sets. An attempt was made
in the analysis to average these out. The maximum charge
per bupch (o = 1) was in all cases taken to be cqual to
5 x 109 electrons. Another shortcoming which was not taken
into account in the empirical model for the slit is the finite
diameter of the bunch (perhaps as large as 5 mm) at the slit.
This compares with a slit opening (0. 1'7) of roughly equal
width, which has the effect of rounding off the edges of the
observed speetra,

In order to compire these results with those obtained
carlier®™, the average cnergy loss per electron over ull
experimental points was alse caleuluted. A value of
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AV = 47.1 MeV for 109 electrons/bunch was obtained with a
o= 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 medJa.n electron (35 MeV) assuming linear loss is
only ~75% of the observed average loss (47.1 MeV).
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