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Design of an L-band normally conducting RF gun
cavity for high peak and average RF power
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prospect Ta, 117312, Moscow, Russia
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Abstract

To provide high quality electron bunches for linear accelerators used in free elec-
tron lasers and particle colliders, RF gun cavities operate with extreme electric
fields, resulting in a high pulsed RF power. The main L-band superconduct-
ing linacs of such facilities also require a long RF pulse length, resulting in
a high average dissipated RF power in the gun cavity. The newly developed
cavity based on the proven advantages of the existing DESY RF gun cavities,
underwent significant changes. The shape of the cells is optimized to reduce
the maximal surface electric field and RF loss power. Furthermore, the cavity
is equipped with an RF probe to measure the field amplitude and phase. The
elaborated cooling circuit design results in a lower temperature rise on the cav-
ity RF surface and permits higher dissipated RF power. The paper presents the
main solutions and results of the cavity design.

Keywords: free electron laser, RF gun, pulsed RF heating, average RF power

PACS: 29.00.-c, 29.25.Bx, 07.05.Tp, 41.60.Cr

1. Introduction

To provide high quality electron bunches with a high peak current as well
as exceptionally small transverse emittance for free electron lasers, such as the
European XFEL [I] and FLASH [2], the L- band RF gun cavities should operate
with an extreme electric field on the photo cathode E. ~ 60%7 resulting in

a high pulsed RF power, up to P; ~ 6.5 MW in the cavity. The main L-band
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linacs in these facilities are realized with superconducting RF technology and
operate in a long, ~ 1 ms, RF pulse mode. This directly defines the long pulse
operation mode for the RF gun cavity as 7 ~ (650 = 1000) ps. Together with
a repetition rate of 10 Hz or more, it defines a very high average RF power of
more than 50 kW, dissipated in a rather short cavity of ~ 25 e¢m length.
Similar parameters for the electron beam and the main linac define similar pa-
rameters for RF gun operation in colliders like ILC which is also based on a
superconducting L-band linac [3].

For a reliable cavity operation the temperature rise at the cavity RF surface
should be as small as possible. Furthermore, the temperature gradient over the
whole cavity should be small in order to keep the internal thermal stress within
the elastic limit of the cavity material.

To allow a high performance of the generated electron bunches the distribution
of the electromagnetic field should be without higher order modes additions
caused by deterioration of the azimuthal cavity symmetry.

For L-band cavities electric and magnetic field values on the surface are lower
compared to S-band or X-band accelerating structures operating with a high
accelerating gradient but short RF pulses. For L-band RF gun operation with
the peak electric field at the cathode of E. = 60 % the peak pulsed RF loss
density reaches Py ~ 4.8-107 % and significant pulsed RF heating effects take
place due to the RF pulse length. When exceeding safe values for the surface
temperature rise and stress, this effect restricts possible combinations of electric
field on the cathode E. and RF pulse length 7 for reliable operation.

During a long RF pulse the own frequency of the gun cavity changes by quite
detectable values, see [4] for example. However, the phase of the RF oscillations
in the gun cavity should be controlled, hence detected, with a maximal possible
precision for correct synchronization with the main linac RF system to provide
the required beam quality. The RF phase in the gun cavity can be estimated
with different methods, but the most precise and reliable one is a direct phase
measurement with a RF probe in the cavity cell. The implementation of a RF

probe in the cavity design generates a set of coupled problems, which should
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not deteriorate other cavity operational performances.

In the development of DESY L-band RF gun cavities, starting with [5], sev-

Figure 1: The models of existing DESY gun cavities, gun 3 (a) and gun 4 (b).

eral modifications with consistent improvements were developed and tested in
operation. To distinguish essential changes, these modifications are referred to
as gun 2, gun 3 and gun 4. The last two options, gun 3 and gun 4, are shown in
Fig. [1] to illustrate the difference in their design. These options have the same
cavity cell shape and coaxial RF coupler [5]. The main difference between gun
3 and gun 4 [6] is in the improvement of the cooling circuit.

During the operation of the DESY L-band RF gun cavities, desires for further
improvements were formulated. The next step in the gun cavity development,
named gun 5, is based on the proven advantages of the existing cavities but
includes significant improvements. The main attention was paid to mutual op-
timizations of coupled processes in the cavity, operating in combination of a
high electric field on the cathode, E, = 60 %, long RF pulse ~ 1 ms, high RF
pulse power and average dissipated RF power. The main improvements over

the previous gun cavity generation are:
e the improved cell and iris shapes,
e the RF pick up in the full cavity cell,

e the improved water cooling.
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All simulations for the cavity development were performed by using the software

ANSYS [7] and CST MWS [].

2. General cavity design

The developed cavity design is shown in Fig. [2 Similar to the existing cav-

Figure 2: The developed gun 5 cavity design. 1 - cathode, 2 - three copper parts of the cavity
body, 3 - cavity cells, 4 - RF probe position, 5 - jackets, 6 - stiffening rib, 7 - disks with cooling

channels, 8 - water input/output, 9 - cooling channels.

ities, the cavity body consists of three parts made of OFHC copper. In the
existing cavities for cooling the iris between the first and the second cells there
is a recess from outside, where a disk with cooling channels is located. In gun
5 this idea is applied to all three walls with radial cooling channels before, be-
tween and after the cavity cells.

Furthermore, in the existing cavities the copper parts are covered with stainless
steel jackets. These jackets provide a stable hold for placing the input/output
water connectors, temperature sensors and accessories for cavity mounting and

adjustment. In the design for gun 5 jackets are joined together with three
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stiffening ribs, [9], manufactured from the same stainless steel and placed with
120° separations in azimuthal direction. These ribs improve the cavity rigidity,
protect the brazed surfaces between the copper parts and restrict the cavity
deformations, caused by pulsed RF heating during the RF pulse.

The assemblage of all cavity parts into one solid body is made by multi - step
high temperature brazing. As well as all the previous cavities, gun 5 has no
brazed water-vacuum joints. This technology is well proven in the existing
DESY gun cavities.

Properties of the materials for different cavity parts are listed in Table |1} The
most important are properties of annealed OFHC copper, which differ in some
range in various references, thus providing deviations in the results of simula-
tions. In our consideration we use parameters for fully annealed OFHC, pre-

sented in [I0]. The parameters of the developed cavity are considered for the

Table 1: Material properties used for simulations of coupled effects.

Parameter Units OFHC, Steel Molybdenum
annealed, [10] | AISI 316

Density, p % 8950 8000 10200

Specific heat, C,, Tg@ 385 460 256

Heat conductivity, k. mv}/(o 391 16.3 14.2

Thermal expansion, o -+ 1.67-107° | 1.59-107° 4.9-1076

Elastic modulus, EFy., GPa 123 193 336.3

Poisson’s ratio, v 0.345 0.28 0.3

Yield stress, oy MPa 62

Electric conductivity, ¢ | 2 5.8 107 1.73-107

operating regime with F, = 60%, 7 = 1ms and a 10H z pulse repetition rate.
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3. RF parameters

The shape of the cavity cells was reconsidered and optimized to reduce the
maximum value of the electric field Fgp,q, on the cavity surface as well as the
pulse RF power P; required for the given electric field on the cathode E..
Different shapes for cavity cells were considered [I1] and analyzed in connection
with beam dynamics simulations and other cavity parameters. No reasonable
arguments were found to change the iris thickness ¢4 and iris aperture r,, see

Fig. 7 and cells length as compared to the reference cells design [5]. But an

Figure 3: The maps of electric field intensity in the cross sections of the existing DESY gun
cavities, (a), and gun 5, (b). (c) is the color scale for field intensity in arbitrary units, 1 -

position of the photo cathode, 2 - position of Esmaz, 3 - RF probe position.

elliptical shape of the iris tip is intended to reduce E,,q; in the cavity. The

a

minimal accessible Fg,,q, depends on the :—d ratio as well as on the ¢ ratio of

the ellipse axes, Fig. [Bb. The last ratio was optimized to reduce Ejg,qz, which
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now occurs on the iris tip from the side of the full cavity cell but the electric
field on the cathode is almost as high as Fgnee =~ F.. In Fig. [3| color maps of
the electric field intensity |E| are shown for the reference canity, [5], at the top,
and the developed cavity, at the bottom. As one can see, for gun 5 a stronger
electric field is expected around the photo cathode.

The application of an elliptical iris tip results in a small increase of the required
RF power. To decrease the required P;, cell roundings in the outer parts are
applied. To better suit the cooling circuit both cells have the same outer radius
r.. Combinations of cells radius r. and radii of cells rounding 71, r2, 73 are used
to fit the operating frequency, to gain space for placing an RF probe at the flat
part of the front wall and to balance the field in the cavity cells.

The new cavity has a higher own quality factor ()¢ and a lower required P; value.
Also the elliptical iris tip results in an increase of coupling between the cavity
cells and the frequency separation between the operating m-type mode f, and
the O-type mode fy increases, improving the stability of the cavity parameters.
The beam dynamics simulations [II] with the ASTRA code [12] showed that
the changes in the cells shape and the corresponding field distributions do not
significantly change the electron bunch dynamics.

The cavity is intended for applications with the same coaxial RF coupler as the
existing gun cavities. Due to a higher quality factor the calculated insertion of
the RF coupler should be 1.7 mm less than that in the reference cavity [5].
The possibility of multipactoring was studied for the developed cavity in compar-
ison with the reference cavity according to the procedure given in [I3]. No con-
ditions for a stable electron cloud were found near the cavity operating regime.
For the same assumption on the Secondary Electron Yield (SEY) for annealed
OFHC copper, [14], simulations show even a faster decreasing in the number of
secondary electrons as compared to the reference cavity geometry. This is quite
understandable since the cell shape for the designed cavity is more similar to the
TESLA cells shape, which was developed to suppress the emission of secondary
electrons.

The value of the maximal magnetic field on the cavity surface Hgy,q, defines
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the RF loss density, both for pulsed and average cavity RF heating. This value
also should be as small as possible. For RF gun cavities we can connect E. and

Hpnqo values by the relation:

E.
HSTTLCL(E

Zy = ) [Ohm]a (1)

where Zj, is a parameter of the cavity geometry. For gun cavities the electric field
on the photo cathode E. is defined by the requirements of the bunch dynamics
and the only way to reduce Hgypq, is to optimize the cavity shape for a higher
Zp. A color map of the magnetic field intensity |H| for gun 5 is shown in Fig. Ié—_ll

For gun 5 the parameter Z;, is practically the same as for the reference cavities,

min. 0 max, a.u.

— I

Figure 4: The map of magnetic field intensity in the cross section of gun 5 and the color scale

for field intensity, a.u.

~ 575 Ohm and =~ 590 Ohm, respectively. For cavities operating in the 7'My
mode we cannot improve Z; without deteriorating the cooling conditions and

the mechanical strength.

4. RF probe implementation

The RF probe is developed with strict requirements such as minimizing
the perturbation of the field distribution and keeping a low pulsed heating.
Furthermore, the probe should be matched to the cavity, have a high mechanical

reliability and low impact on the cavity cooling. The whole setup must be also
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compatible to the photo injector installation.

Facing these requirements, we studied all the effects connected to the RF probe
in special simulations with an equivalent sector type cavity. It was reduced in
longitudinal direction to have the most possible mesh density and precision of
results. Details of the RF probe hole in the model for the equivalent sector type
cavity in T'Mp;o mode are shown in Fig. B, where 7, is the radius of the probe

hole and 7}, is the radius of rounding for hole edge.

4.1. Local fields enhancement in RE probe vicinity.

The distortions in the cavity surface in the vicinity of the RF probe are
always accompanied by the distortions in the electromagnetic field, as shown in
Fig.[Bb,c. Since maximum values are of interest, we will describe the field distor-
tions with parameters of field enhancement, H%}F, E]’;ﬂ—mjl, where Hpmaz, Enmas
are the maximal values of magnetic and electric field intensities in the probe
vicinity and Hyg, Fpro are the values of field intensities at the point of the probe

hole in case of an unperturbed cavity.

For the hole dimensions 7, and r;, (see Fig. ) much smaller than a quarter of

Figure 5: The part of the equivalent cavity in the vicinity of the RF probe hole, (a) and
distributions of magnetic (b) and electric (c) field intensities in the vicinity of the hole, :—}b =
v

1.6, external view.

the operating wavelength A, the field distributions in the nearest hole vicinity

depend only on the ratio :—f In this case it does not depend on the absolute
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values of 7, and r, which is a consequence of static field approximation around
the hole. The results of numerical simulations confirm this statement for the
explored region in the range rp = (1 mm + 2.6 mun) and r, = (0.125 = 4)rp.

The hole generates different perturbations in the distributions of electric and
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Figure 6: The plots for enhancement of magnetic HI’}’:;” and electric E%’:gf fields (a) and
. H? A L
the plot of RF loss density enhancement I’jﬁ”‘z , (b), in the probe hole vicinity, r;, = (Imm +

hO

2.6mm).

magnetic fields. The perturbation is dipole like for the magnetic field, Fig. Bb

and monopole like for the electric field, Fig. k.

The calculated values for enhancement of the magnetic and the electric fields
Ty

are plotted in Fig. @a For the same [ ratio the enhancement of the magnetic

field is larger than that of the electric field and their relation can be roughly

approximated as HHS” R~ (%)2 With ;—Z increasing above ;—Z ~ 1 the field
enhancement saturates and the further enlargement of the radius for the round-
ing of the hole edge r, has a small effect.

The local enhancement of the magnetic field leads to a stronger enhancement
of the RF loss density, Fig. [6b, which is essential for pulsed RF heating. The
implementation of a RF probe should not deteriorate other cavity performances
and after an RF pulse the temperature rise T, in the probe vicinity should
not exceed the maximal temperature rise of another cavity surface. From
plotting (H#T)Q in Fig. @ one can conclude that practically there is no RF

loss density enhancement lower than 1.5 and realistic values in the range of

10
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1.6 < (H%?)Q < 2.0 can be obtained for 1 < :—Z < 3. The distribution of the
pulsed RF loss density P, on the cavity surface is shown in Fig. [7] for the sector

of 120 degrees. Analyzing the distribution of the RF loss density on the cavity

]
[} L1OTE+O8 J215E+08 L322E+08 LA29E+08
.537E+07 .181E+08 . 268E+08 .376E+08 L483E+08

Figure 7: The distribution of the pulsed RF loss density Py, in %, on the cavity surface.

surface, Fig. [7] we see that allocation of the RF probe on the outer surface of
the cavity is unfavorable. Even with the minimal enhancement %&” = 1.5,
the probe vicinity would show the highest RF loss density of the whole cavity
surface, resulting in the highest temperature rise after the RF pulse. There-
fore, the RF probe should be moved to the regions with lower density of RF
losses - either to the cathode wall or to the front cavity wall. The RF probe on
the cathode wall is not compatible with other equipment of the photo injector,
namely the backing solenoid. So there is only one possibility to place the RF
probe on the front cavity wall.

Due to a lower enhancement of the electric field (Egﬁﬂ)Q < 1.25, Fig. @a, we can
select on the front cavity wall an appropriate probe position, see Fig.[3] to have
the resulting electric field in the probe vicinity less than the maximal electric

field on the other part of the cavity surface.

11
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4.2. Perturbation of field distribution in the cavity.

Together with a local perturbation of the field distribution in the vicinity,
the hole for the RF probe will generate a field perturbation in the total cavity.
According to the generalized perturbation theorem, [I8], the field Eina slightly
deformed cavity with the volume V = V;j + AV can be described as:

L. LW Z2H, H* — E,,E*)dV o
E~FE,+ Z Emwm fAV( 0 n n) 7 Zo = @’ (2)
€o

where Vj is the volume, w,,, Em, ﬁm are the own frequencies and fields of the
modes in the unperturbed cavity, Wy is the stored energy of the fields, AV is
the volume of perturbation, €y and pg are the permittivity and permeability of
vacuum, respectively, and the sum is over all possible modes,

For the RF gun cavity the operating mode with symbol n in equation is
T My11. Below the cut off frequency of the RF coupler in the cavity spectrum
there are three dipole High Order Modes (HOMs) and only one quadrupole
HOM with the frequency of ~ 2100 M H z.

For RF measurements only one RF probe is sufficient. The single hole couples
with the operating mode of all HOMs with azimuthal field dependence. With
two symmetrically placed holes in equation for dipole HOMs the coupling
integral over the first hole cancels the integral over the second hole and the
additions in the field from dipole modes disappear. To simplify cavity design,
the second symmetrical hole is realized as imitation, without RF probe, with the
same radius of rounding 7, but with the decreased length of the cylindrical part.
With two symmetrical holes the contribution of quadrupole modes doubles. The
way to reduce the contribution of quadrupole modes is to decrease the value of
the coupling integral in equation .

The hole dimensions are much less as compared to a typical distance of field
variation for all cavity modes and we can rewrite equation ([2)) for this quadrupole

HOM as: ornd B Lo
- — wi(Z5H hHOhTL* - F hE*

E%EO‘F q( 0-'q > - q Oh)

Wo(wo qu)

AVE, (3)

12
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where ﬁqh and th are the HOM fields at the RF probe hole position. The ad-
ditions in the field distribution are proportional to the volume of perturbation
AV which rises fast, AV ~ r} for 7 = const and AV ~ r for r, = const,
with the increase of the absolute probe hole dimensions.

From requirements of mechanical treatment we cannot select very small values
for r, and :—: but, to reduce field perturbation in the cavity, we should keep
them as small as possible. As a compromise, r, = 1.25 mm,r, = 2 mm were
chosen.

For numerical estimations, simulations with special care for precision of the field
calculation were performed with the cavity model, shown in Fig.[8l Three rings,
nl,n2,n3 with a radius of 10 mm were introduced for fields estimation. They
were placed at a distance of 12.5mm from the cathode in the half cell, nl, from
the iris plane in the full cell, n2 and from the front wall in the full cell, n3.

In simulations for the cavity with RF probes, at the background of the own

Figure 8: The model for estimation of the field perturbation by two symmetrically placed RF

probes.

numerical noises we cannot distinguish any regular deviations in the field compo-
nents along the circles n1,n2 and n3. Only by subtracting the own noises from

simulations of the cavity without probes we can see regular field perturbations

13
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by the 'relative deviation’ -RD;, which is calculated by:

Er — ET Eh — ER
RD; = ]ET Jav JEh L (4)

jav jav

where F; is the F., E,. or Hy field component and Ejq, is the average value of
the E; component along the circle. Here the superscripts h and r indicate the

calculated values for the cavity with and without RF probe, respectively. In the

Figure 9: The plots for relative deviation RD for field components along circle n2, (a), and

along circle n3, (b), see Fig.

cathode cells, which is the most critical for bunch formation, along circle nl,
even with filtering of own numerical noises, we can not distinguish regular field
perturbations with a relative level above 3.0 - 10~7 for each field component.
In the full cell near the iris we clearly see quadrupole addition in E,, Hy field
components along the circle n2 with relative values < 5.0 - 1075, Fig. @a The
strongest quadrupole addition takes place near the cavity exit along the circle
n3 (see Fig. Eb) with relative values for E, < 1.3-107* and H, < 2.0-107°.
The results of treatment show that the detected quadrupole addition in the field
distribution is far below the current resolution limits for typical simulations and
measurements of field distributions and simulations of bunch dynamics. More-
over, the results confirm a theoretical prediction from equations (2|) showing

coupling with the HOM quadrupole T'F511 cavity mode.

4.3. Probe RF matching
For reliable RF measurements during the operation of the cavity the RF

probe should output a signal value in the range (28 <+ 32) dBm, [I9] which

14
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corresponds to RF power P, ~ (0.63 + 1.53) W. Details of the RF probe
arrangement near the cavity surface are shown schematically in Fig. [0h. The
precise adjustment of the RF antenna for the required RF power is a separate
step during the cavity RF tuning.

For safety we define the target for the probe output at slightly higher RF

Figure 10: Sketch of RF probe arrangement (a), 1 - RF antenna, and dependence of external

quality factor Qe(z;) on antenna tip insertion z; into cavity body, (b).

power P, =2 W. It is a rather small value compared to a pulse RF power of
P; = 6.3MW in operation regime of the cavity. Considering the RF probe as an
usual, but strongly mismatched, driving RF coupler and prescribing an external
quality factor @, from S parameters simulations we can estimate the required

reflection coefficient S1; and the quality factor Q.:

Pi QOer Pp*Pi Pp
= —_—, Si1 = = %172—, 5
@ QOPp T Qo+ Q. P, + P Py (5)

where (g is the own quality factor of the cavity. For a higher precision and sen-
sitivity, simulations in the equivalent sector cavity, see Fig. [Bh, were performed
and the results were recalculated for the whole gun 5 cavity. An estimated
dependence of (). on the insertion z; of the antenna tip into the cavity body
is plotted in Fig. [[0p. The required tip insertion is z; ~ 2.68 mm. For some
mechanical reasons the antenna is tilted with respect to the cavity axis. By
moving the RF antenna along the its axis and displacing its tip in the range

of ds = (0.2 + 0.5) mm, we expect to get the required RF power at the probe
output, see Fig. [[0h.

15
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To summarize, the RF probe, implemented in the L-band RF gun cavity, is
compatible with the cavity design, does not deteriorate its performance and

seems good enough for realization in practice.

5. Pulsed RF heating

In the L-band gun cavities the pulsed RF heating effect takes place due to the
long RF pulses, [4] and the relatively high peak power. There are two parameters
which are significant for describing the effect - the surface temperature rise 7T,
and the heat diffusion length D, during one RF pulse. Assuming a flat surface,
one gets the following equations, [I5]:

2Pdﬁ D. — ch
. S p =
pCh

T 2P;D,
sp /ﬁpkccpv ﬁkc )

where p, k., C}, are material parameters, for OFHC copper they are listed in

= Vaar, Toyp= (6)

Table[I] Simulations of temperature rise 7%, and coupled thermal deformations
in gun 5 follow the procedure described in[I6]. For OFHC copper the thermal

2

diffusivity is aqg = 1.135-107% 2= and during the RF pulse length 7 = 1073 sec
the heat penetrates into the cavity body to a depth D, = 336 um. The nu-
merically calculated distribution of the surface temperature rise 7, shown in
Fig. coincides with the distribution of the pulsed RF loss density P; within
an accuracy of the diffusion length ~ D,;. The maximal calculated surface tem-
perature rise T, = 46.86 C° agrees well with the estimation given in equation
(6) where T, = 47.04 C°.

The pulsed surface heating deformations in the body are proportional to the
energy deposited in the body, [I7], i.e. displacements of the cavity surface are
proportional to time 0 < t < 7. Details of the cavity design are essential for
the magnitude of the surface displacements. The frequency shift of the cavity
during the RF pulse d f is proportional to the value of surface displacement, i.e.

is proportional to time [4]:

§f=StP, 0<t<r, (7)

16
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Figure 11: Calculated distribution of the pulsed temperature rise Tsp,inC° at the cavity

surface.

where the coefficient of proportionality - the cavity sensitivity - S;, [ M’;{ffn S| is

a parameter of the total cavity design.

For the sector of 120 degrees Fig. [I2] and Fig. [[3] show the distributions of the
longitudinal and radial deformations due to pulsed heating after the RF pulse
with and without stiffening ribs, respectively. The stiffening ribs restrict the

cavity expansion both in longitudinal and radial directions, reducing the cavity

sensitivity to S; = —2.68 M’;ﬁ;s as compared to S; = —3.7M}§,{,{fm for the
gun 2 design, [4]. But the ribs introduce a sextupole modulation in the pulsed
deformations, which is clearly seen in Fig. [[3h. At the cavity RF surface the
maximal amplitude of this modulation is =~ 1.2 wm with a maximal average
radial displacement of &~ 1.7 pwm near the brazed joints of the cavity parts.
This deviation is less than the tolerances for the cavity manufacturing and non
uniform deformations due to average cavity heating. According to equation
, this shape modulation couples operating mode only with sextupole modes.

Estimations of the field perturbation by a small sextupole shape modulation

were performed in the same way as for the field perturbation by two symmetrical

17
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Figure 12: The distributions of the longitudinal displacements, in m, after the RF pulse in
the gun 5 cavity with (a) and without (b) stiffening ribs.

holes for the RF probes. Compared to the quadrupole mode, the sextupole mode
in the cavity spectrum is placed at a higher frequency of ~ 2700 M Hz and
the field components decay faster to the cavity axis. It explains qualitatively
results of these special simulations - along circles n2 and n3, see Fig.[§] we do
not see sextupole additions in the field components at the relative level more
than 2.0- 1075,

Gun 5 has practically the same Z;, value as the reference cavities and practically
the same properties for the surface temperature rise 7T, but reduced frequency
sensitivity to pulsed deformations.

During pulsed heating a maximal thermal stress ¢ is induced on the cavity RF

surface and, in static approximation, [I7], [10] can be expressed by:

o= % (8)
where «, Fy,, and v are material properties, for OFHC copper they are listed
in Table[l] This parameter is limiting the tolerable pulse length 7 for the cavity
operation. For a temperature rise above the safe limit where the thermal stress
exceeds the elastic limit o > oy a plastic deformation causing a surface damage
appears. For more detailed discussion about tolerable safe limit in T, we refer

to [10].

18
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Figure 13: The distributions of radial displacements, in m, after the RF pulse in the gun 5
cavity with (a) and without (b) stiffening ribs.

Having practically the same T, value as the reference cavities, gun 5 has the

same properties for the maximal induced thermal stress.

5.1. Pulsed RF heating in the hole vicinity

The local enhancement of the magnetic field in the probe vicinity leads to
an increased temperature rise on the surface during the RF pulse. As shown in
Fig. B, the selected dimensions for the probe hole are rather small compared
to the cavity dimensions and the surface shape near the RF probe is rather
complicated. The estimation of the surface temperature rise in equation @
is valid for a flat surface, but for the RF probe vicinity it cannot be applied
so easy. Direct simulations for RF pulsed heating in the hole vicinity for the
equivalent sector cavity were performed assuming values for the magnetic and
electric fields in the position of the RF probe, see Fig. Bp.

The distribution of the temperature rise T, and the total displacements on
the cavity surface in the hole vicinity after the RF pulse are shown in Fig.
With the selected dimensions and position of the probe the local enhancement
of the magnetic field and the corresponding enhancement in RF loss density
are in tolerable limits. The maximal temperature rise in hole vicinity is about

Tsp = 47.6 C° and does not differ from this value at other cavity parts. The heat
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Figure 14: The distributions of the temperature rise Tsp, in C° (a), and the total displace-

ments, in m, (b) on the surface in the hole vicinity after the RF pulse.

diffusion length D, ~ 336 pm is still smaller than the selected hole dimensions
rn and rp, Fig. . Both, T, and stress values arein good agreement with the
estimations calculated by equations @ and .

The distribution of the total deformations in the hole vicinity after the RF
pulse, shown in Fig. [[4p, is rather complicated. The maximal displacement in
the hole vicinity with respect to the displacements in the unperturbed cavity is
estimated to be about ~ 0.12 um. Analyzing the Q.(z;) dependence in Fig. ,
one can see an effect of the change of the probe insertion on the amplitude of
the signal from the RF probe. With an increase of the probe insertion z; by
1.27 mm Q. changes 100 times and field at the antenna tip changes 10 times.
A relative change in transformation of the RF signal amplitude from the cavity
to the antenna tip is estimated as about 0.1% during the RF pulse. It is a
rather small value so not any precision dilution in amplitude measurements is
expected. Furthermore, the phase of the signal at the antenna tip does not

depend on small changes of the probe insertion.

6. Cooling circuit

A cooling circuit of the gun 5 cavity is shown in Fig. [I5h. The total circuit
consists of ten channels, which can be divided in two groups, different in design.

The first group consists of five channels for cooling the cavity radial walls - the
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Figure 15: The total cooling circuit, (a), the group of radial channels (b) and the group of

outer channels, (c).

front wall, the iris and the back cathode wall, depicted in Fig. [IBp. The second
group of five channels serves for the outer cavity cooling, shown in Fig. .

In the cooling circuit design several ideas have been realized.

e Several small channels, distributed in space, are more effective in cooling
than one big channel with the same area of cross section. To simplify the
connection with the external water circuit and to reduce the number of
input/output connectors, the concept of an internal flow distribution is
implemented. Thus, the cavity is cooled by 43 small ducts which are fed

via ten main channels.

e Due to one turn design used for cooling channels, the dissipated heat can

be evacuated rather fast from the cavity.

e The cooling capability of the channels is fitted to the profile of the RF
losses in the cavity. The radial channels are developed in a such way as to
guide the main portion of the flow with a higher velocity to those parts of

the cavity, which have higher RF losses.

m.

e The average flow velocity in the small channels is not more than 2.0 7>,

providing a stable turbulent flow without cavitations. The channels are
developed in a such way as to avoid, where possible, whirling, reverse flow

in adjacent small channels and other perturbations in the flow uniformity.
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e To simplify the water distribution, the pressure drop in all main channels

is assumed to be the same.

e To provide a higher flexibility for the connections, all channels are de-
veloped symmetrically with respect to their input/output. For the most
uniform cooling we assume the opposite flow directions in adjacent chan-

nels.

The key point of the cooling circuit is the internal flow distribution and the cor-
rect flow arrangement is the critical issue. In turbulent flow the inertial forces
strongly dominate over the forces of viscosity of the fluid. Thus, the flow distri-
bution is mainly defined by the motion of the stream. For simulation of the flow
distribution with different particularities in the channels, inside ANSY'S one can
make a choice between several models, leading to slightly different results. To
check the flow distribution for the most critical part of the complicated radial
cooling channels, special experiments were performed with transparent plastic
models, produced by 3D printing, see Fig. on the left. The plastic model
precisely contains all the details of the radial channel, critical for the flow distri-
bution. To calibrate the simulations, the experiments were accompanied with
appropriate simulations of the flow distribution.

Finally the experiments confirmed the required flow distribution between the
channels. In the turbulent regime the flow rate is proportional to the square root
of the pressure drop at the channel. The straight lines in the plot in Fig. [16|on
the right confirm the linearity of the flow rate in a wide range of pressure drop.
And different slopes of these straight lines confirm the required distribution of
the flow between the small channels. The experiments also showed that the
channels geometry needs special attention and a high resolution in simulations
is required. In the channel design there should be neither sharp obstacles for
stream motion nor extra freedom for the stream. Providing extra freedom for
the flow we provoke generation of whirling. The flow should be guided softly
but distinctly.

We optimized the channels and analyzed technical produceability. All channels
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Figure 16: The transparent plastic model for the test of the flow distribution, on the left, and

plots of the flow rate in different channels, on the right.

can be treated with standard tools. Because the input/output regions in each
channel are flow matching regions, the flow optimization for all channels should
be performed together with the parts of input/output connectors.

The channels are developed in a such way to avoid, where possible, whirling and

extra modulation in the flow velocity distribution. In Fig. vector distribu-

Figure 17: The vector distribution of flow velocity with a strong whirling (a) and with more

uniform flow (b) in the region of flow distribution between small channels.

tions of the flow velocity at the input of one radial channel are shown enlarged.
As one can see, changing the position of guiding elements in the range of a few
millimeters we provide either evident whirling, Fig. [I7h, or a smooth flow, Fig.
7.

The total flow through the channels has to go through their connectors. There-

23



440

445

450

455

460

465

fore, we should use an enlarged internal diameter of the connectors to provide a
significant reduction of velocity modulation near connectors. The small channels
are close to a square in cross section and the distance between them is compa-
rable with the channel size. This ensures both, an efficient distribution of the
flow velocity inside the channel and a large effective surface for heat exchange.
The design of the channels for the iris cooling allows the placement of temper-
ature sensors. For the front wall cooling, two separated half turn channels are
developed to keep the general cooling properties and realistic mechanical design
for the RF probe avoiding water-vacuum brazed joints.

During operation of the cavity the same pressure drop APy ~ 35.5 kPa is fore-
seen for all channels. The results of simulations and flow distribution test show,
see Fig. on the right, a similar flow distribution for the small channels
and a stable flow in a wide range of pressure drops between 0.4A Py and 3APy.
Furthermore, small deviations of about 0.1 mm in channel dimensions do not
lead to essential changes in flow parameters. In adjacent small channels, which
belong to the same big channel, the flow has the same direction. Such a scheme
is not sensitive to reasonable shortcuts between small channels in the case of in-
appropriate brazing of cavity parts. For the considered cavity operation regime
the expected water consumption is about 3.3 mTa for the group of outer channels
and about 4.1 de for the group of radial channels which on the whole add to

the total water consumption about 7.4 st

7. Expected results of the cavity cooling

Investigations of coupled thermo elastic effects in the cavity were following
the procedure of coupled simulations presented in [20]. The assumed operating
regime corresponds to the average RF power dissipation on the cavity surface
P,, = 63.1 kW, eg. E.= 60 % at the cathode with an RF pulse length of
1 ms and 10 Hz a repetition rate. Due to a significant rise of the cooling water
temperature during its way through the cavity walls, the simulations of the heat

exchange with a turbulent flow in the cooling channels were performed with a
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self consistent approach. Since water parameters, such as density and viscosity
depend on the absolute temperature, the input water temperature was assumed

to be Ty; = 313 K° = 40 C°.

7.1. Cathode heating

In the complete cavity with a photo cathode the maximal temperature is
fixed at the cathode tip. The photo cathode is a special part of the cavity
with a cesium telluride CssTe spot at the tip of the molybdenum plug, Table
There is a special holder to connect the cathode to the cavity body, see, for
example, [2I]. The heat exchange between the cathode and the cavity cannot be
described precisely, that’s why two extreme approximations - zero heat exchange
and perfect exchange - were considered. The back part of the cathode holder
was assumed to be at constant room temperature of 300 K° since it is connected
to the cathode transfer system. In both extreme cases the cathode tip was the
hottest part of the cavity. For zero heat exchange with the cavity body the
maximal temperature at the cathode tip was calculated to be T' = 338.6 K°. In
this case the heat load on the cathode is only due to RF loss. For a perfect heat
contact between the cavity and the cathode plug a temperature distribution in

the cavity cross section is illustrated in Fig. Here the maximal temperature

Figure 18: The distribution of temperatures in the cavity cross section, in °K, assuming a

perfect heat contact between the cavity and the cathode.
at the cathode tip is about =~ 360 °K as the cathode is additionally heated by
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the cavity. The cathode parts and their related problems are both common for
all gun cavities and stay somehow apart from the cooling properties of the cavity
itself. Compared to the reference design, in the developed cavity the cooling

channels are placed closer to the cathode, reducing heating by the cavity.

7.2. Temperature distributions at the cavity without cathode.

The water temperature at the input of the cooling circuit is assumed. to be
313 °K which therefore is the reference value to estimate the cooling capability
of the cavity. With the assumed average RF power dissipation P,, = 63.1 kW
and the pressure drop in the cooling channels AP; ~ 0.35 bar the maximal
temperature rise on the inner cavity surface is calculated to be AT = 17.67 °K.
This scale 313 °K < T < 330.67 °K is for Fig. [19] Fig. [20] Fig. 21}
Temperature distributions in the metal cavity parts (copper body, stainless
steel jackets and stiffening ribs) for two perpendicular cross sections are shown

in Fig.[I9] Due to the deep insertion of the radial channels in the cathode back

Figure 19: The temperature distribution in the metal cavity parts for two perpendicular cross

sections.

plane and the irises there is no big temperature increase, it changes in the range
from 3 °K to 8 °K only. This is important since these areas are exposed to strong
electric fields. The cooling capability of the channels is fitted to the profile of RF
losses, resulting in a rather smooth distribution of the temperature on the inner
cavity surface. Temperature distributions on the surface of three cavity parts,
see Fig. [2] are shown in Fig. 20] The maximal temperature rise AT = 17.67 °K
is detected as a hot spot on the cathode wall, Fig. [20h. The cathode wall has the
highest total heat load and the hot spot is located near the output of the heated
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Figure 20: The temperature distributions on the surface of the three cavity parts: cathode

part (a), iris part (b), front part (c).

water. At the iris and the front parts the warmed regions with the maximal
temperature rise, AT = 17.31 °K and AT = 15.11 °K respectively, also take
place due to both water warming from input to output and a comparatively
larger distance between the cooling channels and the cavity surface. Attempts
to improve it lead either to deterioration of the RF parameters or to much more
complicated design of the cooling channels. The average temperature rise in the
vicinity of the RF probe hole on the surface of the front part is in the moderate
range AT ~ 8.8 °K, Fig. [20c.

The temperature distributions on the surface of the cooling channels are shown

Figure 21: The temperature distributions on the surface of cooling channels for two points of

view: from the cavity front (a), and from the cathode wall (b).

in Fig. from two directions. The difference between the output and input
water temperatures for all channels, except for the underloaded front radial
ones, lies in a narrow range of ~ 2 °K. From these distributions one can point
out again that the temperature rise in channels along the flow direction is rather
uniform, representing a well fitted cooling capability to the profile of RF losses.

Even with a reduced total water consumption, for the same average heat load
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the developed cavity design and the cooling circuit exhibit temperature rise
on the inner cavity surface which is less by half compared to serpentine type
channels for radial cooling and multi-turn channels for outer cooling, see, for
example, [22], applied for existing cavities.

The total temperature rise on the cavity surface is the sum of the steady state
average rise AT and the temperature rise due to pulsed RF heating Ts,. Having
practically the same T, value and essentially decreased AT, the developed
cavity will operate with a lower temperature on the surface, as compared to the

previous RF gun generations in DESY.

7.8. Deformations and internal stress

Figure 22: The distribution of longitudinal displacements, in m, in the metal cavity parts for

two perpendicular cross sections.

Due to average heating the cavity expands mainly in longitudinal direc-
tions. Distributions of longitudinal displacements in two cavity cross sections
are shown in Fig. The total increase of the cavity length is ~ 28.2 um.
Together with a more uniform expansion of the outer cavity there is a natural
bending in the outside direction on the cathode and the front walls. The tem-
perature distributions in Fig. demonstrate that the temperatures on the
inner surfaces of these walls are higher than those on the outer surfaces. Hot
surfaces expand stronger and provide wall displacements in opposite directions.
The stiffening ribs for average heating are not so important as compared to the
displacements due to pulsed RF heating. For the steady state case the tempera-

ture of the stiffening ribs is very close to the temperature of the external cavity
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parts. The coefficients of linear thermal expansion for copper and steel are very
similar, see Table and thus the ribs expand similar to the jackets and prac-
tically do not provide essential restrictions for longitudinal cavity expansion.
The cavity deformations result in a frequency shift of —146.45 kHz, which is
equivalent to a uniform cavity heating at 7 °K. This value is approximately
half the maximal temperature rise AT ~ 17 °K, detected on the cavity surface.
This is an another indication that the cooling circuit with an equal pressure
drop in all channels provides an uniform cavity cooling in total.

The stress distribution due to average cavity heating doesn’t follow directly

Figure 23: The distributions of von Miss stress, Pa, on the surface of cavity parts: cathode

part (a), iris part (b), front part (c).

the temperature rise on the cavity surface and, in addition, depends on the
temperature gradients in the cavity body and its geometry. With stiffening ribs
the maximal stress in the total cavity body occurs at the surface of the cavity
jacket at the connection between the ribs and the circular parts of the cavity
jackets. This value is 85.5 M Pa which is below the elastic limit of stainless
steel.

The stiffening ribs have no essential effect on stress distributions in the copper
cavity parts, where the stress is much lower and the calculated maximal value
is 35.4 M Pa, which is approximately less by half than the accepted yield stress
62 M Pa, see Table The distributions of the von Misses stress on the in-
ner cavity surface are shown in Fig. for different parts of the cavity on a
common scale - the maximal value is equal to 35.4 M Pa. From the simulations
one can conclude that on the inner cavity surface the stress values are below

23.6 M Pa, except some region on the cathode wall. Such moderate values are
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the result of reduced temperature gradients in the cavity body due to a more
uniform cooling.

Between 24 M Pa and 35.4 M Pa stress values take place on the surface of the
cooling channels and near the brazed surfaces. It can be reduced by slightly
rounded shapes of the cross sections of the channels which however will compli-
cate the design.

The analysis shows a significant reserve in the average dissipated power for gun
5. Considering elastic deformation, defined by the yield stress, as a limiting
factor for the cavity, we regard the dissipated power up to P,, ~ 110 kW as

tolerable.

8. Cavity rigidity and modes of acoustic oscillations

Due to small transverse dimensions of the cooling channels the cavity has
a low frequency sensitivity to deviations of the average water pressure in the
cooling channels. For a pressure variation of 1 bar the displacements on the

cavity surface are calculated to be less than 0.1 um, providing a tiny frequency

9 Hz

sensitivity of about —42 ;-=.

The ambient pressure after vacuum pumping of the cavity results in stronger
bending of the walls inside the cavity which is estimated as about 2 pum. These
deformations lead to a positive frequency shift of about 910 Hz.
The developed cavity design is more rigid, compared to the existing cavities,
and less sensitive to external perturbations. This improves the stability of op-
eration. After manufacturing, the cavity should be tuned precisely to operating
frequency and suitable field balance in cells. The established current procedure
of cavity tuning is based on plastic deformations of the front and, if required,
the cathode walls. With increased thickness of these walls, the longitudinal
force required for the same frequency shift of the cavity cells, is twice as much
as that of for gun 4.

The modes of acoustic oscillations in the cavity, estimated with the standard

ANSYS procedure, start above =~ 600 Hz. For lower acoustic modes details of
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Figure 24: The distribution of total displacements, relative units, for the acoustic mode with

frequency f = 3100 Hz, at the outer cavity surface (a), and in cavity cross section, (b).

the cavity connection and mounting are significant. For several modes in the
frequency range from 600 Hz to 2800 Hz the whole cavity oscillates with very
small mutual displacements of cavity elements. Hence, such modes of oscilla-
tions will cause only minor perturbations in the cavity frequency.

The modes with significant mutual displacements inside the cavity start with
frequencies f > 2800Hz. Fig. illustrates the distribution of total displace-
ments on the outer cavity surface and inside the cavity for the acoustic mode
with the frequency f = 3100 Hz. It is a membrane-like oscillation of the ra-
dial cavity parts which can, depending on the amplitude of excitation, result
in a frequency shift of the operating RF mode. However, such acoustic modes
always occur in RF gun cavities due to priorities to other parameters in cavity
optimization. In the developed cavity design such acoustic modes at least do
not appear at lower frequencies than for other optimized designs and are far

above frequencies of typical pulsations, e.g. ~ 50H z.

9. Summary

A summary of the expected parameters for the gun 5 cavity reference design
is presented in Table |2l They are opposed to the same calculated parameters of
the existing gun 4 [6]. The relative values in the column ”Relation” are calcu-
lated with respect to the parameters for gun 4.

The design of gun 5 realizes a set of counterbalanced, optimized and mutually
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Table 2: Summary of the expected parameters for the gun 5 cavity.

Parameter Unit | gun 5 | gun 4 | Relation
Cathode RF field MV 60 60 =
Surface RF field MY 60.6 72 < 15.8%
Quality factor 25770 | 23400 | > 10.1%
Pulse RF power MW | 6.31 6.43 < 1.8%
Modes separation MHz | 6.07 5.07 | >19.7%
RF probes Yes No

() Pulsed surf. temp. rise (o 46.86 | 452 | >3.7%
(1) Pulsed deformation wm 4.59 9.3 < 50.6%
(1) Frequency shift kHz | -16.89 | <1736 | <2.7%
(?) Average RF power kW 63.1 64.3 | <1.8%
(2:3) Aver. surf. temp. rise, max. ce 17.67 | 325 | <45.6%
(2:3) Frequency shift kHz | -146 | -226 | < 35.4%
(2:3) Power sensitivity Kz 1231 | -3.52 | <34.4%
Number of water I/0 10 14

(3) Water consumption st 7.44 105 | <29.1%

() - with RF probe vicinity, after 7 = 1ms RF pulse;
() for 1% Duty Factor (DF) operation;
() - for an average flow velocity of 2.0 2 in the independent channels of gun

sec

4 and a pressure drop 0.353 bar in all channels of gun 5.

fitted solutions.

Due to its optimized RF shape gun 5 has a higher quality factor, needs less RF
pulse power to provide the required electric field at the cathode, has a signif-
icantly reduced electric field at the cavity iris and the improved separation in
frequency to the 0 mode. All this will improve the reliability and parameters
stability during cavity operation.

Furthermore, the full cavity cell is equipped with an RF probe, intended to
measure the RF field phase and amplitude directly from the cavity. The probe
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position and its dimensions are selected and optimized in a set of contradictory
limitations. The found solution can be realized without deteriorating other cav-
ity parameters.

Due to pulsed RF heating gun 5 is similar to the existing gun cavities in the
maximal temperature rise on the surface. But the expected maximal value of
the total temperature rise due to both, pulsed RF heating and dissipated aver-
age RF power, is fewer ~ 14 C'°. This will improve reliability of operation and
the cavity parameters stability. The improved rigidity of the cavity results in a
smaller frequency shift during one RF pulse.

Comparing further parameters, such as possibility of multipacting, spectrum of
own acoustic modes etc., we can say that the proposed cavity design is at least
not worse than the existing L-band gun cavities.

Due to its elaborated and optimized cooling circuit, with the reduced consump-
tions of cooling water, gun 5 shows a strongly reduced temperature rise on the
inner cavity surface, hence a reduced frequency shift and besides the maximal
internal stress stays well within the elastic limit for OFHC copper. This def-
initely will improve the stability of the cavity parameters in operation with a
duty factor of ~ 1%.

The proposed gun 5 cavity design seems more suitable for operation with the
present specification in unique facilities, [I], [2] and has a significant reserve for
upgrades in the average dissipated RF power.

In the declared total list of parameters the newly developed gun 5 cavity exceeds
the existing DESY gun cavities of previous generations and the L-band cavities

known from other references, [22], [23].
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