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The Disk Loaded Waveguide (DLW) parameters are considered for the L-band frequency range and particle ve-
locity 0.04 < g < 1. Basing on particularities of acceleration with traveling wave, deep optimization of DLW cells
dimensions, the choice of optimal operating phase advance for each DLW section and combination of forward and
backward wave modes, it is possible to create an effective acceleration system for muons acceleration in the velocity
range 0.2 < £ < 1, in some parameters overcoming accelerating system with RF cavities in standing wave mode.

PACS: 29.20.Ej

INTRODUCTION

In particle accelerators the DLW structure is now
mostly distributed and investigated accelerating struc-
ture for acceleration of lightweight particles — electrons
in the high energy range, p ~ 1. Naturally realizing ad-
vantages of the Traveling Wave (TW) mode, short pulse
operation at the S-band and higher frequencies, DLW is
now dominating normal conducting accelerating struc-
ture for these applications. In the L-band frequency
range also there are proposals and examples of DLW
applications for e or e* acceleration [1, 2]. For lower,
than L-band, frequencies DLW is not effective and there
are no examples of applications.

For electrons acceleration the DLW period length d,
is constant and matched for particles velocity B=1. Ac-
celeration of hadrons in medium B range for linear ac-
celerators naturally leads to the requirements of lower
frequencies and Standing Wave (SW) operation with
longer RF pulse. The length of period for accelerating
structure for hadrons is variable and follows to the
growing velocity of particles.

Comparing the rest energies for protons W,,, muons
W and electrons Wy, we have W;,=938.28 MeV,
Wn=105.66 MeV and W,=0.511 MeV, respectively.
From this comparison acceleration of muons looks more
similar to acceleration of protons. Nevertheless, muons
are one order lighter than protons, and it looks useful to
consider solutions, developed for electrons acceleration
with DLW, for muons acceleration.

The goal of this work is to consider possibility of the
DLW structure application for muons acceleration in
medium and low, as possible, energy range.

1. DLW PARAMETERS STUDY

The distribution of the longitudinal electric field in
the aperture of the DLW in TW operating mode can be
presented as the sum over spatial harmonics, see, for
example [3].
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where E, is the amplitude of the n-th spatial harmonic,
lo(kmr) is the modified Bessel function, A is the operat-
ing wavelength and @ is the operating phase advance.
Usually the fundamental, main, spatial harmonic n=0 is
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used for acceleration, due to large Eo value. This case
DLW has a positive dispersion and operates in Forward
Wave (FW) TW mode.

Acceleration with the first nearest spatial harmonic
n=-1 is also possible [3], there are a lot of papers with
proposals, but for B ~ 1 loses in RF efficiency, because
|Eo| > |E-4). Until now just one practical application using
DLW with the first harmonic n=-1 is known with an
interesting result for particles focusing [4, 5]. Such case
DLW operates in Backward Wave (BW) TW mode and
has the negative dispersion, B

Parameters of the DLW structure were calculated
and stored in a data library in the same procedure, as
described in [6] both for fundamental n=1 and the first
n=-1 harmonics, assuming operating frequency
1296 MHz. The considered shape of DLW cells is
shown in Fig. 1 for different Sand € combinations.

Fig. 1. The DLW geometry for FW operation 5=0.90,
0=90° (a); p=0.57, §=120° (b); 5=0.41, 6=120° (c);
BW operation f=0.41, 8=120° (d); 5=0.20, §=120

The length of the cell — the period length d, is de-
fined for FW or BW operation as

g B g g @r=0)
27 27

More complicated shape, similar to [2], also can be
considered if more deep optimization will be required.
More details about DLW parameters study one can find
in [7].

The main parameter for DLW TW operation is the
group velocity value g, The surfaces fy(ad,6) are
shown in the Fig. 2 for different S values both for FW
(the top row in Fig. 2) and BW operation (the bottom
row in Fig. 2). Both for FW and BW operation for the
constant aperture radius a = const one can see sin-like
dependence S, on & for all g values. For the fixed phase
advance @ there is a fast rise g, ~a® with aperture in-
creasing.

n=-1. (2
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Fig. 2. The surfaces g;(a/4,0) for f=0.22 (a,al), f =
0.57 (b, b1) and £=0.92 (c, c1). The top line - FW n=0
operation, the bottom line - BW n=-1 operation, t=5 mm
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Fig. 3. The surfaces Q(a/4,6) for =0.22 (a,al), =0.57
(b, b1) and 5=0.92 (c, c1). The top line - FW n=0 oper-
ation, the bottom line - BW n=-1 operation, t=5 mm
Another important parameter of DLW cells is the
quality factor Q and the surfaces Q(a/4,8) are shown in
Fig. 3 for different £ values both for FW (the top row in
Fig. 3) and BW operation (the bottom row in Fig. 3).
The structure operates in TMq; -like mode and the main
parameter, which defines Q value, is the ratio of the cell
length to the cell radius. As one can see from the surfac-
es in Fig. 3, there are no essential Q dependence on the
aperture radius a. For lower g values quality factor de-
creases, especially for FW operation. With @ decreasing
d, decreases for FW operation and increases for BW
one, (2). It explains the opposite slope of surfaces in
Fig. 3 for FW and BW waves. For the first synchronous
harmonic n=-1 the cell length d, is all time larger, than
for synchronous fundamental harmonic n=0 and quality
factor is higher all time. It results in lower wave atten-
uation for BW operation.

1.1. MAIN RELATIONS AND SCALING

Another RF parameters of the structure are connect-

ed with relations:
2
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where o, Np/m is the attenuation constant per unit
length, A — is the operating wavelength, P, and P are the
RF power flux and the RF losses in the surface, E,
MV/m and Z.,, MOhm/m are the accelerating gradient
and effective shunt impedance for the n-th synchronous
harmonic, respectively.
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For the main harmonic n=0, using some assumptions
for the field distribution in the DLW cell, the field de-
cay in the DLW aperture, Fig. 4,a, one can get [7] a
simplified estimation for E,, which provides ~ 20%
overestimation in E, value, but shows very well E; ()
relation, see [7] for explanations.
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Puc. 4. E, distribution along radius for different
B values at the distance dp/3 from the iris center (a) and
the plot of the function F(a,s, 1) for a/4=0.08, (b)

The plot of the function F(a, g, 4), (4), is shown in
Fig. 4,b. This function reflect the natural effect of the
decay for harmonics from the aperture radius a to the
beam axis. This effect is common for all accelerating
structures, but for DLW it is sharpened by relatively
large a value, required to obtain the required £, value. It
is one of the restricting factors for DLW application in
FW mode at low particles velocity.

From (3) and (4) one can see, that scaling with fre-
quency is o ~ f ¥ for attenuation constant and E, ~ f for
accelerating gradient.

For the relatively low frequency in the L-band range,
as compared to the S-band and higher frequencies, to
get significant value of accelerating gradient with ne-
cessity we should provide the higher RF power flux P,
(providing higher input RF power P, and select g, val-
ue as small, as possible. It explains relatively low g,
<0.6% values, suggested in [1, 2]. But £, defines the
sensitivity of DLW RF parameters to the errors and de-
viations in cell frequencies o&f, during construction. All
time the additional procedure — RF tuning of the brazed
DLW sections is required in construction. There are
modern methods for this procedure, see for example [8],
but, anyhow, this procedure takes efforts and increases
costs. To compare different options of DLW sections, at
least approximately, we introduce a parameters T, —
tuning costs, or tuning efforts, basing on relations:

560 6f N1

T T =S =

XA 2 ©
where N is the total number of DLW cells in the section.
This parameters is based on general idea — tuning efforts
for the section are the more than larger is number of
cells in the section and than £ is smaller.

1.2. PARAMETERS OPTIMIZATION

For DLW application in the L-band range the re-
duced iris thickness t, see Fig. 1, is preferable to get the
maximal E, and the energy gain W with DLW section.
In Fig. 5,a are shown the plots of the maximal E, values
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assuming P=1 MW, £,=0.01 for different iris thickness
t and with the optimal & value [7]. Corresponding plots
of Esmax/Eo ratio are shown in Fig. 5,b.
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Fig. 5. The plots of the maximal E, values for P,=1 MW,
Sy =0.01 (a) and plots of Eqnax/Eo ratio (b)

As one can see from Fig. 5,a, for thin iris we can ob-
tain higher E, value even with Egyax decreasing, Fig. 5,b.
With the thinner iris we obtain the required g; value
with smaller aperture radius a. It results in Eq increasing
and already compensates partially Eqnax increasing due
to smaller t. For medium and low g values the effect of
field decay, (5) emphasizes Eqmax decreasing even for
small a reduction (see Fig. 5,b). Also with t reduction
slightly increases the Q factor of the cell and decreases
attenuation a.. Totally it leads to the higher W for DLW
section. The iris thickness should be as minimal, as pos-
sible, from mechanical rigidity and heat transfer re-
quirements. In the DLW operations with a short RF
pulse the average heat loading is negligible and heat
transfer limitations are not required.

The muons are not stable particles and should be ac-
celerated as fast as possible, with the maximal possible E,
value. For FW DLW sections the constant gradient option
is reasonable. This case each section has the input and
output values of group velocity, Syn Syou. IN Fig.6a with
dotted lines are shown plots Eo(@) for input particle ve-
locity £,=0.56 (blue), £,=0.79 (green) and £,=0.89 (red
curves), for 3=0.6%, P=18 MW, according (3). One can
see Eo maximum (12~15) MV/m at low &, near & ~90°
for £,=0.5, moving to &~75° for £,=0.89. With solid
lines in Fig. 6,a are shown plots E(6), realized in DLW
sections with the length L~2.5m, ~3.17 m, ~ 3.3 m for
the same £, and P; values, assuming f,,=0.6%. The
maximal E, values shift to higher 6, from 6~90° to
0 ~120°. If we select low 6 ~75°, (see [7] for more ex-
planations), we have in the section beginning, near RF
input, shorter cells with lower Q and higher attenuation c.
To compensate larger wave attenuation, we have to
change £ value along the section faster. Assuming the
same By, Value, it results in larger Sy, for low @ and
related E, reduction, (3). The plot of the difference Syn—
Liou 1S Shown in Fig. 6,b.

To the section end with lower £, the wave comes al-
ready more attenuated and better DLW performance for
higher £ (see Fig. 4,b; Fig. 7,a and (4)) are less realized.
The shift between maximal E, values on dotted and sol-
id lines in Fig. 6,a depends on the total attenuation zin
the section.

The maximum of realized E, is smooth enough and
the relative difference in oW is not more than 3% be-
tween 6 ~90° and 6 ~ 120° for z~ 0.25 Np. But there is
essential difference in the number of cells in the section
N, Fig. 6,c, leading to significant T, (5), reduction,
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Particle velocity

Fig. 6,d. Additionally, for higher @ the distance be-
tween adjacent irises is larger. Selecting 6 value for
DLW sections, we have to take into account such prac-
tical points also.
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Fig. 6. For constant gradient DLW sections (see text),
the maximal possible E, (dotted curves) and realized E,
(solid curves) values, (a), the initial group velocity Sgin

assuming fSyou =0.6% (b), the number of cells in the

DLW sections (c) and the 'tuning costs' for sections (d)

2. FORWARD AND BACKWARD WAVE
OPERATION

The comparison of the maximal E, values, (1), for
FW and BW operations is shown in Fig. 8,a. In the region
S < 0.28 BW operation provides the higher value of ac-
celerating gradient. Due to longer cells dy, (2), and higher
Q values (see Fig. 3), DLW in BW mode has all time
smaller attenuation constant «, Fig. 7,b. The plots of op-
timal &(3) values to get the maximal E, are shown in
Fig. 7,c.
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Fig. 7. The plots of the maximal E, values assuming
P=1 MW, £,=0.01 (a), corresponding plots
of attenuation « (b), and optimal phase advance 0 (c).
The blue curves correspond to FW n=0 operation,
the green curves are for BW n=-1 operation, t=5 mm

As one can see from Fig. 7,a, both for BW and FW
operation the maximal E, value increases with £ in-
creasing. For BW operation £, < 0 and RF input is plac-
es in the higher g section end, where the higher E_; val-
ue can be achieved and attenuation « is lower. It leads
to the higher SW for BW DLW section, as compared to
FW DLW, in the wider region of particles velocity,
£<(0.4~0.5).

To extend accelerating DLW structure to low S re-
gion, the BW operating mode is more effective.
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3. DESIGN APPROACH AND EXAMPLES
OF DLW ACCELERATING SYSTEM

The main guideline for design of DLW sections is
the maximal possible accelerating gradient, leading to
the maximal SW both for each DLW section, but with
considerations of reasonable practical possibilities.

The design approach, RF power requirements and
safety margins for accelerating system design is consid-
ered in [7] with more details.

The main parameter for the choice is the 5, values in
the sections. To overlap the wide Sregion, DLW system
should use BW operating mode for the low £ and usual
FW operation mode for the moderate and the high g
parts. Taking into account reasons of practical realiza-
tions and sections tuning, at first we suggest the same
minimal £, value in all DLW sections in the system,
both for BW and for FW parts. The option of $;= const
in BW allows much higher E_; values and corresponding
oW gain for the same length. A growing along section
E.; is realized, providing some advantages in particle
dynamics. For FW sections the constant gradient option
is realized. The RF sources suggest the modern Klys-
trons with RF pulse compression technique.

Because the value Syo, = 0.4% is the minimal value,
which was realized in L-band practice, [1], it was con-
sidered first and start with £ >0.08. Due to start with
very low g value and short cell length dy, in the first
BW section the iris thickness is t=3.5 mm and t=5 mm
for another. The option results in 8 sections with the
total length Ly = 22.72 m, the total traversing time
Ts= 126 ns and AW=218.7 MeV, exceeding the required
value AW~195 MeV. But, as shows more detailed anal-
ysis, the initial part of the first BW section, near 50
cells, accelerate with very low efficiency, due to low E_;
value (see Fig. 7,a). The DLW beginning from g >0.2
leads to much better results of entire accelerating sys-
tem, [7], both in AW=229,7 MeV and in the traversing
time for muons, T; ~108 ns The extra AW can be spend
for Sy increasing to 0.6%. The further operation Sy
increasing leads to the increasing of the system length
and looks not attractive. Without essential deterioration
of the total system parameters Sy, can be increased for
BW sections, realizing the higher S, in BW part and
the lower — in FW part. The examples of DLW acceler-
ating systems are described in details in [7] and the
short summary is in the Table.

The summary for examples of accelerating systems

with DLW sections

1 2 3 4 5 6
Po=SP, |144 [144 [144 [144 |144 |216
MW
Boow% 04 |04 |06 [075 [0.75- [0.9-
06 |08
B 008 [02 |02 02 J[o02 Jo02
AW=Z6W, [218,7 |229.7 [195.6 [195.7 |195.6 |193.2
MeV
L=XL,m |22.72 [22,79 |22.75 [25.66 |23.52 |18.88
N=2N 362 [352 [370 [420 [385 [303
TJ3:2TC, 785 |65.7 [50.2 |46.7 |45.8 [36.9
10
T==t,ns |126 [108 [113 [130 [120 |98
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3.1. RESULTS CONSIDERATION

As it should be for the L-band frequency, possible
options can be obtained at the expense of high input RF
power and not so high group velocity. But, starting from
example in [7], we consider S, for accelerating sec-
tions, which is not less than the maximal S, value in
already realized references, [1]. As one can see from the
summarizing Table, required number of DLW sections
iS not so hig. At least, with 8 sections the goal
AW ~ 195 MeV can be achieved, assuming f;> 0.6%. It
is not so small group velocity, even for the S-band
range. It may me mentioned here, that in the classical S-
band constant gradient accelerating sections, with 10
foot length, in the Stanford two-mile accelerator the
group velocity changes as 2.04% > 4, > 0.65%.

Also consideration shows variety of different possi-
bilities. In the practical linac design all parameters
should be balanced. The results, presented in the Table
1 show some limitations and some trends of results
change in dependence on input data.

Results of the study show some practical benefits for
FW DLW sections realization with 6 ~120°. With a
quite small loss < 3% in the energy gain one can obtain
quite visible reduction of efforts in the tuning of accel-
erating sections. Another attractive feature is larger cell
length, which, together with the reduced thickness of the
iris, provides comfortable spacing between adjacent
irises for low Srange.

4. SOME REMARKS FOR BEAM
DYNAMICS

The particles dynamics is not considered in this
work, just very approximately a longitudinal bunch
length and longitudinal oscillations are taken in consid-
eration by the synchronous phase ¢ ~ 30...10° assum-
ing the bunch length reduction with energy increasing.
Acceleration of muons with a relative high frequency
DLW structure is possible (or practically reasonable)
from low energy W,, ~ 107.84 MeV. Below this energy
enough narrow range ~ 3 MeV should be covered with
another structures, with lower operating frequency. The
matching technique in longitudinal motion is known in
high energy proton linacs.

More interesting is one possibility for particles fo-
cusing in BW DLW sections. There are well known two
methods of focusing with RF fields — Radio Frequency
Quadrupole (RFQ) and Alternating Phase Focusing
(APF). There is a third idea of particle focusing by the
fast not synchronous spatial harmonic. In BW DLW the
synchronous harmonic n= -1, is not fundamental and all
time exists harmonic n=0 with larger amplitude and
higher phase velocity. As it was shown in [10], such fast
harmonic can provide the focusing effect. This effect
was investigated theoretically for focusing in proton
accelerators, see [11] with appropriate references. In the
practical realization for electron linac, [4, 5], the pulse
current up to 2 A was obtained in the BW DLW section,
6=120°, without external magnetic focusing.

For muons acceleration this backward mode is sug-
gested to extend the same structure - DLW - to middle
and low g range and we have already the fast harmonic
in BW sections. The beam intensity for muons is negli-
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gible and requirements for the transverse motion stabil-
ity looks more relaxed, as compared to [11], [4].

It is attractive to estimate such possibility for BW
DLW sections. If the focusing effect will be sufficient,
the particles focusing in the BW DLW section will be
free of any additional charge, just as the sequence of
DLW application.

SUMMARY

The well known DLW accelerating structure is con-
sidered in details for applications in the L-band frequen-
cy range and for accelerating of particles with interme-
diate mass in the wide range of particles velocity.

For the L-band range the dimensions of cells can be
optimized in the iris thickness to have higher accelerat-
ing gradient, lower attenuation and larger space between
irises. By choosing phase advance 6=120°, we can pro-
pose DLW accelerating system, which overlap simulta-
neously both high particle energy range and moderate
energy range too with essentially reduced number of
cells. With application of the backward wave operating
mode we can extend DLW structure to low £ . Combin-
ing BW operating mode in the system beginning and
FW operating mode for medium and high particles en-
ergy, we can suggest DLW accelerating system, which
overlap the muons velocity range from g ~0.2 to
£~ 0.93 with 8 or 6 accelerating sections, just using two
or three RF sources with RF pulse compression.

As compared to another possible solutions for low
and medium energy range, such accelerating system has
the preferences of uniformity, simplicity and cost effi-
ciency.
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XAPAKTEPUCTUKH KPYTJIOI'O JUA®PAI'MUPOBAHHOI'O BOJIHOBOJA IVIsS1 YCKOPEHU A
YACTHUI TIPOMEXKXYTOYHOU MACCHBI B IMAITASOHE CPEJHUX DHEPT U

B.B. Illapamonos

Paccuunransl mapameTpsl Kpyrioro auadparmuposanHoro BomHoBoma (K/IB) Ha paboueit yactore L-quamnazona
JUTSL TIPSIMOM ¥ 0OpaTHO# BOJH B JMana3oHe ckopoctu cuHxponHo# vactuipl 0,04 < f < 1. [TokazaHo, 4TO TIpH HC-
MIOJIF30BAHUU OCOOEHHOCTEH YCKOpeHHsl Oeryiei BONHOHM, onmTtumusaimu pasmepoB staeek KJ/IB, Bbibope onru-
MaJIHOTO BU/Ia KOJIEOaHuUs T KaXKI0H CEKIIUH U COUETAHMs PEXMMOB 00OpaTHOH M TPsIMOM BOJTH MOXHO CO3/1aTh B
Jaurana3oHe ckopocteit Me3oHoB 0,2 < < 1 yckopsiromnyto cucteMy Ha ocHoBe KJ/IB, mpeBocXosIiyro mo napameT-
paM KadecTBa BO3MOXKHbIE BAPUAHTHI C PE30HATOPAMH Ha CTOSIUEH BOJHE.

XAPAKTEPUCTHKH KPYT'JIOT'O IMA®PAITMOBAHOI'O XBUJIEBIIA IS HPUCKOPEHHSI
YACTHHOK IMTPOMI’KHOI MACH Y JIAITA30HI CEPEJHIX EHEPTI

B.B. llapamonos

Po3paxoBaHo TlapameTpu Kpyrioro auadparmosanoro xsumiesony (KIX) va po6oudiit wacroti L-mianazony s
TIPSIMO] 1 3BOPOTHOI XBIJIB Y Aiarma3oHi mBUAKOCTI cuaXpoHHOI yacTuHkH 0,04 < £ <1. [Toka3aHo, 10 Ipyu BUKOPHUC-
TaHHI 0COONMBOCTEN MPUCKOPEHHS XBUIIEIO, 110 O1XHUTH, onTuMi3amii po3Mipi ocepenxis KX, BuOopi ontumains-
HOTO BHy KOJMBAHHS JUIS KOXKHOI CEKIii i MOEJAHAHHS PEXHUMIB 3BOPOTHOI Ta MPSMOI XBWJIb MOXHA CTBOPHUTH B
Jiana3oHi mBuaKocTed Me30HiB 0,2 < < | nmpuckoprorody cucreMy Ha ocHoBi KJ[X, 1o mepeBepirye 3a mapamer-
paMH SIKOCTI MOXKJIMBI BapiaHTH 3 pE30HATOPAMH Ha CTOSYiM XBHIIL.
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