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OBTAINING THE BUNCH SHAPE IN A LINAC
FROM BEAM SPECTRUM MEASUREMENTS

K.L.F. Bane, F.-J. Decker, F. Zimmermann, SLAC, Stanford, tJSA

1 INTRODUCTION to simulated spectra. We then apply these methods to data
. . . . i from the SLC.
In linacs with high single—bunch charge, and tight toler-
ances for energy spread and emittance growth, controlling 2 THEORY

the short—range wakefield effects becomes extremely im-
portant. The effects of the wakefields, in turn, depend oQonsider a bunch of charged particles that are accelerated
the bunch length and also on the bunch shape. It was showia linac from initial energy, to final energyE;. Let us
in the linac of the Stanford Linear Collider (SLC), for ex-assume that'; /Ey > 1, so that we can ignore the com-
ample, that by shaping the bunch, the final rms emergyonent of energy variation that is uncorrelated with longi-
spread could be greatly reduced, compared to for the staixdinal position. Then the relative energy of a particle at
dard Gaussian bunch shape[l]. Therefore, in maching®gsitionz within the bunch (we take the convention that a
with high single-bunch charge, a method of measuringiore negative value of is more to the front) at the end of
bunch shape can be an important beam diagnostic. the linac becomes

In a linac with low single—bunch charge, the longitudi-
nal bunch shape can be obtained relatively easily from &(z) = [EFo + Eacos(kz + @) + eVina(2)]/Ey — 1, (1)
single measurement of the beam's final energy spectrum, )
provided that the final to initial energy ratio is large. OnéVith £ the total peak energy gaih,the rf wave number,
merely shifts the average phase of the beam, so that it rid@8d ¢ the average beam phase; with.«(z) the induced
off—crest sufficiently to induce an energy variation that i¥°ltage, given by
monotonic with longitudinal position. Then, by knowing 0o
the initial and final energies, the n" wave number, and the ina(2) = —eNL / W (A2 — ) d, (2)
average beam phase, one can directly map the spectrum
into the bunch shape. In a linac with high single—bunch 0

charge, however, due to the effect of the longitudinal wakeyhere N is the bunch population] the total length of
field, this method either does not work at all, or it reqUire%tccelerating structure in the linald/, the Green function
such a large shiftin beam phase as to become impracticglakefield, and\. the bunch shape. If the final energy
In earlier work[2],[3] it was shown that, even whenis fixed, as in the SLC with energy feedback @h, is also
wakefields are important, if one measures the final beagh unknown given by
spectrum for two different (properly chosen) values of
beam phase, then one can again obtain the bunch shape,E, = [E; — Eq + e N Lk ot /{(cos(kz + ¢)) , (3)
and—as a by—product—also the form of the wakefield in-
duced voltage; this method was then illustrated using da¥éith ke = —(Vina)/(N L) the loss factdr.
from the linac of the SLC. These SLC measurements, how- By knowing bothA. (z) andd(z) over the bunch length
ever, had been performed with the machine in a special cowe can compute the energy distributity{d). Conversely,
figuration, where the current was low; in addition, the noisé we know As(4) andd(z), we can calculaté.. (z), pro-
in the data was low and the measured spectra were smodifed é(z) is monotonic over the bunch. Let us assume
distributions. Under normal SLC conditions, however, théhat this is the case. Then
currents were higher, and it was difficult to get the required ,
separation in phase for the two measurements (the required A:(2) = As(8(2)) [0°(=)] (4)
avere not Smooth funclons, Under such condiions, i GUPPOSE 1O that we knows, £, k, ands. Withour
above method works poorly or. fails ' rknowing the induced voltage we cannot, in general, obtain
. ) . A; from As, sinced depends also ol;,q. Only if eV} ,
If we know the Gre?” function wake of the linac, hoW'is small compared té’E'; over the bunch does a single
ever, we can still obtain the bunch shape from beam spe
trum measurements. In this report, we present two suc

ieasurement of;s suffice to give\,.
: . We now describe three possible solution strategies for
methods. One requires one spectrum measurement and
volves the solution of a Volterra integral equation. Th

e case when the wakefields cannot be neglected. The
other requires a knowledge of upstream beam and tra

$nost suitable one in a given situation depends upon what is
) . _and trangown and on properties of the data.
port properties and involves a least squares minimization

tIn Ref. [3], the term{cos(k= + ¢)} in Eq. 3 was replaced byos(¢),
*Work supported by Department of Energy contract DE—AC03-an approximation that did not affect the result greatly, except that the area
76SF00515. under ; in the solution was found not to equal 1.
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2.1 BothW, and ), are Unknown kot = 0, and({cos(kz + ¢)) = cos(¢). We solve Eq. 3,
réen Eq. 1, then Eq. 8. Having obtained a first estimate of
(%), we can then obtain a first estimatelgf 4 (z) (using
&9 2),kior, and{cos(kz+¢)). The process is then iterated
ntil the area undex, equals 1.

Suppose we measure the bunch spectrum twice: with t
beam at phase® we obtain\¢, and then with the beam
at ¢* we obtain\;. We assume the phases are chosen
thatd(z) is monotonic for both measurements. For the first

Eq. 4 -
measurement Eq. 4 becomes 2.3 Least Squares Fitting Method

A:(2) = A5 [Egksin(kz +¢%) — eVina(2)| /By, (5)  If §(2) is not monotonic the above methods fail. In such
a case, however, we can use a least squares approach. In
many linacs the longitudinal distributions of the beam at
dome position upstream of the linac are known, and the
transport from this position to the linac is also well known.
[Eg/\g sin(kz + ¢%) £ EEAY sin(kz + ¢b)] In the .exallmp'le qf the SLC Ii'nac,.the pungh shape and en-
VY . ergy dlstrlbuthn in the damping rings is falrly We!l known,
8 8 6) as are properties of the compressor section leading from the
ring to the linac. We can simulate the development of lon-
_gitudinal phase space from the known position to the end
f the linac. Note that to do this we need to knd\ in
e linac. We can define an objective function:

and a similar equation, with superscripteplacing super-
script a, holds for the second measurement. Combinin
these two equations we obtain

eVia(z) =k

ind

In Eq. 6 (and below) the upper symbol &fapplies if the
sign of ¢’(z) is different for the two measurements, oth
erwise the lower symbol applies. The right hand side o
Eq. 6 is a function both of and—through the argument of t
As—of Vi,4(2). EQ. 6 is therefore a first order non-linear 2

differential ((aq)uatign which we can solve numerically for v= / [(As)meas = (As)earc]” dd ©)
the unknownV;, 4(z). As initial condition we také/,, 4 at
the front of the bunch to be zero. Ontg,, is known we
obtain), using

With (As)meas @nd(As)caic, respectively, the measured and
calculated energy distributions. We minimize the objective
function by varying parameters in the system that we know
+¢%) — Ebsin(kz + ¢b)| imperfectly. If the fit is good, we can believg the calculated
A ESY : bunch shape. This method can work well if there are few
Fi% 6 ) unknowns, and if these unknowns have orthogonal effects
(a subject which we have not systematically studied). Note
nOthat even though the least squares method does not require
ﬁénonotoniczi(z), to obtain accurate results wellsneed a
widened spectrum measurement.

E%sin(k
Ao (e) = kg e sintEs

We begin by settindi,,s = 0, ktor = 0, and{cos(kz +
$)) = cos(¢). Then we solve, in order, Egs. 3, 1, 6, a
7, and then iterate. We have the correct answer when t
area undeh, is 1. We see from Eq. 7, that for accuracy in
A, we want two measurements from opposite sides of the 3 APPLICATION
rf crest. One problem with this, especially at higher cur-
rents, however, is that for the> 0 measurement one may The measurements that we analyze come from the ,SLC
need to go way off—crest (which may not be possible) in orllnac' They were performed on July 7, 1997 with a wire

der that\; at the front of the beam—where the calculatioHﬂnonitor (with a dispersion of 70. mm) in the BSY region
begins—be monotonic. on the north side (the electron side). The parameters were

N = 1.9 x 10'° Ey = 1.19 GeV, E; = 46 GeV,

k.y = 60 m~!, andL = 2733 m; the peak rf voltage of
the damping ring was 800 kV; the bunch compressor volt-
If we assume thaltV’. (=) is known, and again that the total age was set td. = 41.8 MV+. The linac phase knob was
voltage is monotonic, then one measuremert) suffices first calibrated. Then for several phase settings the beam

2.2 W.is Known,), is Unknown

for obtaining); (). Eq. 5 can be written as spectrum was measured, all the while keeping the feed-
back in final energy on. The measured rms energy spread,

(2) = =¥ [Eaksin(kz +¢) o5, and the full-width—at—.2—max/3.58s, are shown in
Ef F e NLW.(0)As Fig. 1, and six representative spectra are shown in Fig. 2

z (the plotting symbols).
+ &’NL / Wi(z — 2"\ (2") dZ'| ,(8) First we apply the least squares method. In the SLC the
oo beam leaves a damping ring, goes into a bunch compressor,
and then enters the linac. In the damping ring the bunch

where the upper(lower) symbols represent the case®f shape can be described as a tilted Gaussiangiven by
(<) 0. Eq. 8 is a Volterra integral equation of the second

2
kind, which can be readily solved numerically. A, A~ _ exp [L] ’ (10)
As a measurement, we prefer one with< 0, where V270, 202(1 £ ¢)?

the front of the b_eam is not near Fhe rf crest. Our method i1he reading was actually 5% higher, but historically this compressor
of solving for A, is as follows: Initially we letV;,; = 0,  has been known to read low by this amount.
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Figure 1. The rms energy spread (left) and full width afigure 3: Bunch shape and spectrum obtained by the least
0.2max/3.59 (right) of the measured spectra (the plottingguares method, with, = 102° (the solid curves). The
symbols). Simulation results faf. = 90° (dashes) and results with¢, = 90° are also shown (the dashes).

. = 102° (solid curves) are also given.
Finally, we apply the Volterra integral equation method

6 \ \ \ \ \ \ to the data of Fig. 2a and 2b (see Fig. 4). Note that the
" 4-—89 deg  (a) | ¢=—75 deg (b) two results give almost the same bunch shape and induced

B n voltage, and that the bunch shape agrees well with the result
- T N of the least squares method (Fig. 3a, the solid curve).
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Figure 2: Six representative measured spectra (symbols);
and simulation results faf. = 102° (histograms).
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with parameters rms length and asymmetry factatr, and

a Gaussian i, with rmses. In this case we take: =  Figure 4: Results of the Volterra integral equation method,

5.75 mm, e = .27, andeos = .085%[4]. The wakefield ysing data of Fig. 3a (solid curves) and 3b (dashes).
for the SLAC linac is found in Ref. [5]. In the transport

to the end of the linac, we know, and £; well, which

leaves us with three parameters: the compressor voltage 4 ACKNOWLEDGEMENTS
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