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STABILITY OF NORMAL CONDUCTING STRUCTURES OPERATION
WITH HIGH AVERAGE HEAT LOADING

V. V. Paramonov *, INR RAS, 117312 Moscow, Russia

Abstract

Instead of proved application of superconducting struc-
tures for high energy part of intense linear proton accel-
erators, Normal Conducting (NC) structures are still con-
sidered for medium and low energy parts below 200M eV .
Operation with accelerating rate of ~ 4 24V and duty fac-
tor ~ 5% results for standing wave NC structure in an av-
erage heat loading of ~ 3042 Due to the high heat load-
ing an operating mode frequency shift is significant dur-
ing operation. In this paper conditionsfor field distribution
stability against small deviations in time of individua cell
frequencies are considered. For 7 structures these condi-
tionswere formulated by L. Young and Y. Yamazaki. Gen-
eral case of 0, 5 and 7 operating modes is considered with
common approach.

INTRODUCTION

In projects of modern particle accelerators NC structures

are consideration for application with the strong heat 1oad-
ing due to high average RF power dissipation. It can be
the segquence of a high accelerating gradient (T, or long
RF pulse, or high RF pulse repetition rate or combinations
of these factors. Together with bi-periodical (or compen-
sated) structures, simple periodical structures with 0 or 7
operating modes are under consideration too dueto asim-
pler design and construction. As it is known well, simple
0 or = mode structures are sensitive in electric field distri-
bution to small deviations of cells frequencies. To ensure
required accelerating field homogeneity, not so large num-
ber of simple structure periods NV, ~ 5 =+ 10 should be in
the cavity and coupling coefficient should be so high, as
reasonable.
Nevertheless, let us supposethe cavity with the simple peri-
odic or bi-periodic structure is tuned for required field dis-
tribution and another parameters. But during a high RF
power operation a question of thermal stability arises.

THERMAL STABILITY

During a high RF power operation the temperature of
the cavity increases and own cavity frequency f decreases
due to cavity expansion. For the fixed cooling conditions
the cavity frequency shift islinearly proportional to the av-
erage dissipated RF power. For a heat loading of > 20 £
the cavity frequency shift df can be of df > 2.0 - 10~ f,.
The cavity frequency for high RF power operation should
be adjusted by the change of cooling water temperature.
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Suppose we have a steady-state high RF power operation
with areferencefield distribution in the cavity. Let us sup-
pose, that in one moment the cell with the number j got
asmall frequency deviation A f; due to some random rea-
sons. Mostly possible reason is a fluctuation of a turbulent
flow in cooling channels, because the turbulent flow is sta-
blein average. For distinctness we will suppose A f; < 0,
assuming cooling ability reduction. The small frequency
change of the j — th cell immediately will results in the
change of the field distribution along the cavity and the
change of relative field balance between cells. Depending
on the structure dispersion properties, two options are pos-
sible.

In the first case the field in the j — th cell relatively de-
creases. RF power dissipationin thiscell decreases, thecell
temperature decreases, the cell frequency increases, can-
celing initial cell frequency deviation. After sometimethe
structure returnsto operation with the referencefield distri-
bution. Such structures are thermally stable.

In the second case the field in the j — th cell relatively
increases. RF power dissipation in this cell also in-
creases, the cell temperature increases, the cell frequency
decreases, amplifyinginitial cell frequency deviation. Self-
amplifying process starts. At least, such process can lead
to the change in the filed distribution, because the cooling
and control systems operate for the cavity asawhole. Such
structures are thermally unstable.

Field distribution description

Suppose we know the total set of modesin the reference
unperturbed cavity - frequencies f, and field distributions
E,, H,, normalized as:

/ ZanH:dV :/ EnE:dV = 677,1/W07 (1)
14 \%4

where Zy = /£2 and V' is the cavity volume. The field

distribution in the cavity with a small dimension deviation
AV can be describe as[1]:
2 1

E=En+Y B gtm—
— [2 W,
= a0 Wo

/ (ZeH,H;—FE,E})dV.
AV

@)
Inall periodical accelerating structuresthefield distribution
along the axis can be described as:

E,.., = Eypcos(mum), ©)]

where E,,,,, isthefield amplitudein the m-th cell, v isthe
phase shift per structure period. Here we assume the phase
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shift for operating mode nm,n = 0,1. Transforming (2)
with using perturbation theorem, one can get, remembering
frequency detuning only in the j-th cell:

N7
E=FE,+ Z 2El,a,,f—fjcos(jmr)cos(j1/7r), (4
v#EN J

wherea, = fzf—fﬁ The similar relation for descriprion of
afield perturbation in the chain of coupled cavitiesis given
in [2] with amatrix form.

Smple structures

Figure 1: Dispersion curvesfor simple structures with pos-
itive (a) and negative (b) dispersion.

Dispersion curve for a simple periodical chain of cou-
pled cells can be described by the equation:

fo = SR (S ©)
Y1+ kecos(vm)’

where f. is the own cell frequency and k.. is the coupling
coefficient. Depending of k. sign, the chain can have a
positive dispersion, k. > 0, 2= > 0, Fig. 1a, or anegative

v

one, k. < 0, % < 0, Fig. 1b.

Examples of simple structures are shown in Fig. 2. The

Figure 2: Examples of simple structures.

separated DTL structure [3] with operating 0 mode and
positive dispersion is shown in Fig. 2a. Also positive dis-
persion has the structure with coupling through bore hole
and operating = mode, [4], Fig. 2b. Negative dispersion
has a structure with coupling slots and 7 operating mode,
Fig. 2c.

For thermal stability of the structure coefficientsa,, in (4)
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Table 1: Thermal stability of simple structures
Operatingmode Dispersion Thermal stabiliuty

0 (2n7) positive No
0 (2m) negative Yes
T positive Yes
T negative No

should be positive. With the negative j — th cell detuning
and positive a,, value the perturbed field value in j-th cell
will be decreased. One can check it by calculationsin (2).
It means for operating 0 mode the negative dispersion and
for operating m mode the positive dispersion. Results of
thermal stability definition for al combinations of operat-
ing mode type and dispersion sign are summarized in the
Table 1.
To confirm this conclusion, direct numerical simulations
of the field distribution in = mode structures with nega-
tive (dlot coupled, Fig. 2c) and positive (bore hole cou-
pled, Fig. 2b) dispersion and detuned first cell. Param-
eters of the structures are - k. = —5.0 - 1072, N, =
7, % = —5.2- 104 for slot coupled structure and k. =
1.25-1072 N, = 11, % = —4.4-10~* for bore hole
couplesone, where IV, isthe number of periods (number of
accelerating gaps). Large detuning value, due to conduct-
ing cylinder at the cell axis, is chosen to do effect evident.
In Fig. 3thecalculated E, distribution is for the perturbed
operating mode are shown. One can see clear filed tilt in
the filed distribution. For the = mode structure with nega-
tivedispersionthe field in the detuned cell islarger, Fig. 3a,
and this structure is thermally unstable. For the 7 - mode
structure with positive dispersion we see the lower field in
the detuned cell, Fig. 3b.

Important value is a rate of amplification a(aTE;j)' which

)

D

Figure 3: Calculated field distribution in 7-mode structures
with negative (a) and positive (b) dispersion with the de-
tuned first cell.

is proportional to a,,. The main contribution in the field
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perturbation provides the nearest mode with a; coeffi-
cient. Supposing dispersion curve is described by (5),

ar ~ . For m mode structures, considered for Fig.
1,a; = —1.57-10%2 and a; = 1.62- 103, respectively. Dis-
persion curve of the separated DTL, Fig. 2a, due to strong
coupling is not described well by the relation (5). With di-
rect simulationsone can get a; = 1.67 for 3 = 0.314 and

a1 = 3.75 for B = 0.553 - rather small value.

Compensated structures

L et us remember, that a’ compensated’ is named a struc-
ture in which at operating frequency coincide frequencies
of two modes (accelerating f,, E, and coupling f., E.
modes) with different parities of field distribution with re-
spect to symmetry plane [5]. Examples are well known
structures, Side Coupled, Annular Coupled, On-axis Cou-
pled, Disk and Washer, DTL with posts and so on. Dis-
persion curve of the compensated structure is shown in
Fig. 1a, assuming operating = mode, and consists from
two branches. In practice frequencies of accelerating and
coupling modes do not coincide perfectly and between
branchesthereis astop band withthewidthéf = f. — f..
Therelations for description of dispersion curve (Fig. 4b)

Figure 4: Dispersion curve for compensated structure (a)
and behavior in the vicinity of operating point (b).

and field distributions of modes in the vicinity of operat-
ing point are given in [6] both for closed § f = 0 and open
0 f # 0 stop band.

For o f # 0inthenearest vicinity of operatingpoint £ < x,
'squarezone’, where¢ = m—v, x = L, [6], thefield dis-
tributions for modes at upper £ and bottom ¢ branches of
dispersion curve strongly differ and should not be modesin
thisregion, v,,, = ;@—:,gm =T —Vm, &n > x. Onthecon-
trary, the structure has no properties of compensated one. It
should be donein structure tuning by appropriate stop band
width § f decreasing.

Inthe’linear zone' ¢ > x the behavior of the upper f ¢ and
the bottom f é’ curve branchesis approximated as [6]:

fak2g?

u 6 akc
fg’b%faﬁ‘—fif 3 3

2 4

(6)

In this zone the branches of the dispersion curve are
shifted at 0 f /2 value, but come parallel with respect to the
branches for an ideal case 5 f = 0. The field distributions
for modes at upper and bottom branches of dispersio curve
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are similar. We have to consider a simultaneous contribu-
tion of modes &,,, = ™ — v, typein the field perturbation

(4):

(f¢)? (f2,)°
fa= (e f2—(re)*
Taking into account (7) and (6), considering the main part
of thefield perturbation dueto nearest modesm = 1,2, 3...
in the linear zone, and neglecting second order termsin &,
and 4, one can get for perturbed field distribution (4):
646 f A fo N}, cos jO,, cosiby,

JEm?i2

ag,, = Clgm + agm = (7)

m

E=E,(1+)

m

) ©®

These contributions of nearest modes are partially compen-
sated and a residual is proportional to the 6 f value. As
one can see from (8), for thermal stability of the structure
should be §f > 0. For compensated structures this con-
clusion has been done before, [7], [8] basing on coupled
circuits approach [2].

Estimating coefficient a; of contribution for nearest modes
into perturbed field distribution, for k. = 0.05,N, =
50, ‘}—f = 10"* onegets a; = 32 - asmaller value as for
sjmplae 7w mode structures with the same coupling coeffi-
cient but of order smaller number of periods.

SUMMARY

For compensated, or bi-periodical structures, thermal
stable operation all time can be achieved by appropriate
structure RF tuning. In simple periodical structures exis-
tence or absence of thermal stability is the property of the
structure. Thermal run away probability depends on the
amplification rate value for field perturbation.
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