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Summary 

Excitations of higher order modes in linac 
structures are important in considpring heam loading, 
power losses and beam breakup. Eigenmodes in acceler
ator structures driven by a bunched relativistic 
electron beam have been measured in two biperiodic 
structures. These were an on-axis and a coaxial 
cQupled structure, operating at the third harmonic of 
the beam frequency. The st ructu res were excited by 
hoth cw and pulsed beams to examine their steady state 
and transient hehaviollr. The measured shunt impedance 
and enf'rgy loss parameter of beam excited modes are 
compared with theoretical predictions. 

I nt roduct ion 

The energy lost i)y il charged particle beam to 
eigenmodes in rf cavities is an important design 
parameter for heavily heam loaded structures such as 
those used in high power microtrons and storage rings. 
The study of heavily neilm loaded cw linear accelerator 
structures is one of the research progrilms undertaken 
at the Chalk River Nuclear Laboratories (CRNL). Previ-

~~~e~X~~~i ~~~~~ f~~;:d b~~n a~e~i~~'~~~n w~:~~ 1 ~O% of the rf 

This paper describes results of measurements of 
the rf power deposited b~ cw and pulsed electron beams 
in coaxia1 2 and on-axis coupled structures. Beams 
were accelerated with the CRNL Electron Test Acceler
ator (ETA) and drifted through the structures under 
study. Transient excitation of the structures' eigen
modes with high current beam pulses was used to compare 
the beam-excited mode spect rum of coaxi a 1 and on-axi s 
coupled structures. 

Experimental Arrangement 

A schematic representation of the experimental 
arrangement for measuring the beam excitation of rTXldes 
in linac structures is shown in Fig. 1. The 4 MeV 
electron heam from the ETA was used for the experiments 
with the transmitted beam's energy spread restricted to 
less than 1% hy high power apertures in the qoo 
achromatic bending system. The beam was drifted 
through three test structures in series. The first two 
were an on-axis and a coaxial coupled structure having 
a fundamental ./2-mode frequency of 2414.34 MHz, which 
is the third harmonic of the beam frequency. The third 
strllcture was an on-axis coupled structure operating at 
804.78 MHz, the fundamental of the beam freqllency. 
(This third structure was used to obtain the beam bunch 
length by measuring the ratio of power deposited in the 
accelerat·ing mode of this structure to that in the 
third harmonic on-axis coupled structure.) The power 
deposited by the beam in the structures' eigenmodes was 
measured with a spectrum analyzer. Field probes were 
installed in all of the structures' accelerating and 
coupling cavities. 
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Experimental arrangement. 

fletails of the structures' mechanical design ann 
lower power rf tests are published elsewhere 5 ,6. The 
two third harmonic structures are composed of three 
full accelerating and two coupling cavities. The reso
nant frequencies of these structures were controlled by 
varying the temperature of water coolant to the cavi
ties. The structures operate at 60°C and the tuning 
range of T"1mno -like modes is ± 0.05% for a temper
ature change of ± 30°C. 

The 804.78 MHz structure is cornposerl of five full 
accelerating and four coupling cavities. Mechanical 
tuners in the end cavity are used to change the 
structure's resonant frequency. 

Low Power RF Measurements for the Third 
Harmonic Structures 

Eigenmodes were excited in the thirrl harmonic 
structures with a magnetically coupled loop dr·iven with 
a sweep oscillator. Table lists the eigenrnode 
frequencies anrl unloaden 0 val lies measlJrerl in the on
axis ann coaxial coupled structure. A cavity mode was 
assigneri if the rTXlde was excited in one cilvity and the 
excitation was not rletected by probe insertion in other 
cavities. Higher order rTXldes in the coaxial coupled 
structure, unlike those in the on-axis coupled 
structure, did not propagate because the coaxial 
couplers and the accelerating cavities have funda
mentally di fferent boundary condi ti ons and hence 
different frequency spectra. Also shown in Tahle 1 are 
the i ndi vi dua 1 ca vity mode frequenc i es and Q ~a 1 ues 
calculaterl with the computer codes SUPERFISH and 
URMEL8. Coupling slots cannot be modeled correctly in 
computer codes assum·i ng cyl i ndri cal symmetry. Thi s 
results in incorrect rTXlrlel values for the mode frequen
cies of the coupling cells. As a result the ohserved 
unloarled Q values are generally smaller than the pre
dicted individual cavity Q values. 
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The accelerating mode effective shunt impedance of 
the structures was obtained from a measurement of the 
power depos ited in the funrlamenta 1 n /2 mode at reso
nance. The power deposited hy the beam in the n/2 mode 
of the thi rrl harmonic and fundamental frequency 
structures is shown in Fig. ~(a) as a function of beam 
current. For a longitudinal Gaussian bunch shape, the 
effective shunt impedance is given hy9 

2 
ZT 2 _ P(l+8) (~) 
-~exp 

i L c o 

where P is the power extracted from the beam to excite 
the n/2 morle, p is the prohe coupl ing, io is the 
average beam current, L is the length of the structure, 
w is the mode frequency, <J is the beam bunch 1 ength and 
c is the speed of light. The effective shunt impedance 
of the third harmonic on-axis and coaxial coupled 
structure calculated from the measured power deposited 
hy the beam is 66 MQ/m. The result agrees well with 
the measured shunt impedance of on-axis coupled 
structures with the same cavity profile constructed at 
the University I)f Mainz for the MAMI racetrack 
microtron 4

• This value when scaled by the square root 
of the resonant frequency agrees with the measured 
shunt impedance of 36 MQ/m for the 804.78 MHz on-axi s 
coupled structure. This is expected since the geo
metrical dimensions of the 804.78 MHz on-axis coupled 
cavities almost scale with the thi rd harmonic cavity 
dimensions. The measured shunt impedances are 14% less 
than the SUPERFISH predictions for the same cavity 
profiles without coupling slots. 

The Q value of the beam excited n/~ mode in the 
thi rd harmonic structure was obtained from a measure
ment of the power depos ited as a funct i on of the beam 
hunch frequency. Results, shown in Fig. 2(b), indicate 
that the on-axis and coaxial structures have a similar 
Q value of 14600. The Q values measured with beam are 
smaller than the results given in Table 1 for the low 
power rf tests because for the former, additional field 
prohes were inserted in the structures which con
tributed to the rf power losses. 

The energy loss parameter for the n/2 mode of the 
thi rd harmonic structures was obtai ned from the 
measured shunt impedance and 0 value. The measured 
accel erat i ng mode energy loss parameter ~as 
15 V.pC- 1'm for both structures, in agreemen\owlth 
the value calculated with the computer cod
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Fig. 2(a) Power deposited by a cw electron beam in the TI/2 fundamental roode 
of third harmonic on-axis and coaxial coupled structures and 
on-axis coupled structure operating at the beam frequency. 

(b) Q value of the third harmonic structures measured with beam. 

Pulsed Electron Beam Tests 

The rf power deposited in a structure's eigenmodes 
increases as the square of the beam current. In order 
to observe non-resonant beam-excited modes without 
large heam spills, the transient excitation of the 
structures eigenmodes was obtained with 4 MeV beam 
pulses. A pulsed thermionic electron gun was operated 
at a repetition frequency of 5 kHz and produced 
~.~ x 10- 8 C in 5 ns heam pulses. Recause space
charge forces changed the beam emittance as a function 
of current, the measurements were made at a constant 
pulse width and peak current. For each heam pulse, 
four beam bunches separated by 1.?4 ns were obtained at 
the ETA output. The voltage induced by a heam pulse in 
a structure ei genmode was the rl'>sultant of the vector 
summation of the contribution of individual beam 
bunches. 

As verified analytically, the vector summation of 
the contribution of each beam bunch within a beam pulse 
did not affect the relative amplitude of the excitation 
of the fundamental passband modes in the third harmonic 
structures. The phase of the beam-i nduced rf voltage 
with respect to the beam bunches has however a signifi
cant effect on the relative amplitude of the funda
mental passband modes. The 0 and n modes have the 
least excitation because the heam-induced rf voltage is 
180 0 out of phase with respect to the beam in every 
second accelerating cavity. 

The re 1 at i ve amp 1 i tude of morles excited in the 
third harmonic structures with the pulsed electron beam 
is shown in Fig. 3. Only the fundamental T''1 010 -l ike 
modes and the TM 11 0-like modes observed in the acceler
ating and coupling cavities of the structures are 
shown. 
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The TM 01 0-like modes ohserved in the accelerating 
cavities of the on-axis and coaxial coupled structures 
are shown in Fig. 3(a) and (b) respecti~ely: In both 
type of accele rating cavities, the excltatlon of the 
rr/2 mode was domi nant and, as expected, the 0 and rr 
modes had the least excitation and could not be 
detected. The field distribution of the rr/4 and 3rr/4 
modes result in minimum power in the center acceler
ating cav 'ity and in the on-axis cou~led s~ructure, 
these modes we re observed in the cOUpl l ng (Flg. 3(c)) 
and end accelerati ng cavities. In the coaxial coupled 
structure thesp. modes were not detected either i~ t~e 
accelerating or cou pling cavities (Fig: 3(a)). !hlS lS 
hecause the coaxia l couplers do not lnteract wlth the 
beam, whp.reas in the on-axis coupled structure., the 
modes arp. enhanced by beam-inrlucerl rf voltage ln t~e 
coup 1 i ng ca vit i es. The rr /2 mode coul d be ohserverl 1 n 
the coupling cavities of both st~uctures because 0; 
small tuni ng errors introduced durl ng the structures 
fabrication. 
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Beam excited TM010-like and TM llO ... 11ke rmdes in 
... on-axis coupled accelerating cavities a) and e) 
... coaxial coupled accelerating cavities b) and f) 
... on-axis coupling cavities c) and g) 
... coaxial coupling cavities d) and hl 
res pectively. Mode amplitudes are shown on a logarithmic scale. 

The beam blowup TMllO-like modes were observed in 
the accelerating cavities of both the on-axis 
(Fig. 3(e)) and coaxial (Fig. 3(f)) structures but in 
the coupling cavities of only the on-axis (Fig. 3(g)) 
coupl ed structure. The beam cannot excite these modes 
in the coaxial couplers (Fig. 3(h)). The observation 
of the TMllO-like modes in both the accelerating and 
coupling cavities of the on-axis coupled structure 
(Tab 1 e 1) i ndi cated some propagat i on of these modes 
through that structure . 

Several modes with resonant frequenci es above the 
TM110-like modes were excited hy the heam pulses. The 
total number of modes observed in the coaxial coupled 
structure was significantly less than in the on-axis 
coupled structure. 

Conclusions 

The acce 1 erat i ng morle effect i ve s hunt impedance 
for an on-axis anrl a coaxial coupl erl structure with 
identical accelerating cavity profiles were found to be 
the same. Low power rf measurements and the excitation 
of the st ructu res I ei genmorles with a pu 1 sed elect ron 
beam i ndi cate that the dens ity of hi gher order nndes is 
significantly less for a coaxial coupled structure. 
The possihility for excitation of beam breakup modes is 
therefore reduced and coaxial coupled structures are 
preferred for heavily beam loaded structures. 
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