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As part of Fermilab’s Very Large Hadron Collider (VLHC) study, a photon-stop is being explored as a possibility to intercept the intense synchrotron radiation in the VLHC – stage 2 at room temperature. The photon-stop, if feasible, promises significant savings in cooling power compared to a solution in which the synchrotron radiation is extracted from a beam screen at cryogenic temperatures. The photon-stop is a device, which protrudes into the beam tube at the end of each bending magnet to absorb the synchrotron light emitted by the beam in the second magnet upstream from it. A major issue for the design of such a device is the impedance it represents for the passing beam. This impedance is tantamount for beam stability. This impedance was estimated with simple models as well as calculated with the numerical code MAFIA, based on a preliminary photon-stop design. The results of these calculations are reported here together with a discussion of the effect of the photon-stop on beam stability. 

1) VLHC2 PARAMETERS

A very large hadron collider (VLHC) is being proposed as a possible post LHC hadron collider. The current set of general characteristics of the second stage of this machine is listed in Table 1. Such an accelerator in its second stage, referred to as VLHC2 in the ongoing text, will produce protons at energies more than 10 times larger than the LHC.

GENERAL MACHINE PARAMETERS


Energy per proton Epinj @ injection(TeV)
10

Energy per proton Epcoll @ collision(TeV)
87.5

Gamma at collision (
93284

Design Peak Luminosity L (cm-2s-1)
2(1034

Total Circumference Circ (km)
233

BEAM PARAMETERS


Number of Bunches Nb
37152

Initial Nr. of Protons per Bunch Np/b 
7.5(109

Bunch current Ib (mA)
57.4

Bunch Spacing  tb (ns)
18.8 

Betatronic Tune 
215

* @ collision (m)
0.71*

Beta transverse @ injection (inj (m)
270 ?

Synchrotronic Tune s@ collision
0.00189

Amplitude of synchrotronic oscillation at collision zs (cm)
6.9 (?)

Rms bunch length @ injection (binj (cm)
8.19

Rms bunch length @ collision (bcoll (cm)
2.6

Momentum Spread p
5.5(10-6

Slip factor (
2.653(10-5

Table 1: VLHC2 machine and beam parameters[1] – (* - for round  beams);

The SR power radiated by the beam, calculated with the parameters of Table 1, amounts to 4.7 W/m per beam. The main SR related parameters of the VLHC-2 are listed in Table 2. The calculations are described in further detail in [2].

SR power per beam per meter pSR (W/m)
4.7

Critical energy Ecrit (keV)
8.03

# of incident photons per meter ( (m-1s-1)
1.2(1016

Incidence angle of SR (mrad)
1.3

RMS width of SR strip on beam tube (mm)
0.493

Table 2: Synchrotron radiation parameters in the VLHC2.

The synchrotron radiation in the VLHC2, as proposed in Table 1 is ~50 times as much as in the LHC. The heat load deposited by SR on the beam tube has to be removed by a refrigeration circuit. The efficiency of the refrigeration circuit is best if operated at room temperature. However, the heat transfer between the beam screen and the 5 K cold mass sets a limit to the beam screen temperature. Calculations of the optimal liner temperature have been reported elsewhere[3]. According to these calculations the optimal beam screen temperature is ~100 K. The total refrigeration power requirement to remove the SR heat load with a 100 K beam screen cooling system is ~25 MW at the plug. If removed at room temperature the power requirement could be reduced to 1.9 MW, which represents considerable cost savings. The use of photon-stops, operating at room temperature, could be a way of implementing such savings. Photon-stops are room-temperature devices that protrude into the beam tube at the end of each bending magnet and scrape off the synchrotron light beam emitted in the second, up-stream magnet. A preliminary feasibility study was recently performed[4], showing that in the VLHC2 it is possible to place photon-stops between magnets with a 30 mm beam screen aperture as long as these magnets do not exceed 14 m, which is compatible with the maximum magnet length imposed by other requirements, such as those related to quench protection and transportation. Assuming that a single photon-stop intercepts the synchrotron radiation heat load emanating from one magnet, its thermal load is given by ~5 W/m times the magnet-length, which equates to 70 W. A preliminary engineering design of a water cooled photon-stop, capable of delivering this cooling power, has been presented[5]. The thermal calculations, presented in [5], suggest that such a photon-stop would have to have a heat exchange surface of ~1 cm2 to allow the evacuation of the SR heat load. According to the preliminary engineering design, the photon-stop was assumed to have a characteristic longitudinal extension of 2a=3.5 cm and an azimuthal / radial extension of h=1 cm. Azimuthal, radial and longitudinal refer to the coordinate system of the beam. The following will describe the beam-impedance related implications of such devices in a VLHC2 setting.
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Figure 1: Sketch of photon-stop in beam tube.

2) IMPEDANCE CALCULATIONS

With one photon-stop after every magnet and a magnet length of ~ 14m, there will be ~14500 photon-stops installed around the ring. The longitudinal impedance of the photon-stop has to be small to 1) reduce the impedance related power loss per turn and 2) to avoid beam instabilities, such as for example the microwave instability. The transverse impedance has to remain below beam instability thresholds, such as for example for the transverse mode coupling instability. Table 3 gives a list of the beam related frequencies in the VLHC2.

Revolution frequency f0  
1286 Hz

Bunch frequency fb=1/tb
53.2 MHz

Bunch-length frequency @ injection fbbinj=c/2(binj
1.8 GHz

Bunch-length frequency @ collision fbbcoll=c/2(bcoll
5.8 GHz

Synchrotronic frequency fs @ injection (Hz)
3.6

Synchrotronic frequency fs @ collision (Hz)
2.44

Betatronic Frequency fkHz
277

Table 3: Characteristic beam frequencies in the VLHC-2.

The following will present calculations of the zero-mode longitudinal Z0II and the first mode transverse Z1( impedances. It is assumed that the lowest modes give the largest contributions to the total impedance.

2.1) Resistive Wall Impedance

The beam tube impedance is a benchmark for the impedance contributions of all other impedance generating elements in the accelerator (bellows, cavities,..etc). The impedance of a VLHC2 beam-tube was estimated with a simple formula[6] for the simplified case of a cylindrical beam tube with radius b=15 mm (1a). It was assumed that the inner surface of the beam tube is coated with high conductivity copper and that the beam tube is at a temperature of 100 K. The conductivity of copper at 100 K Cu(100K) is 2.61(108 Siemens/m. The impedance of free space Z0=376.74 . The magnetic permeability was assumed to be r=1. With c the velocity of light and Circ the circumference of the ring the total resistive wall impedance of the beam tube over the whole ring becomes Im(Z0bs)/n=10.9 n.
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With the usual conversion formula (1b) the transverse impedance Z1( can be obtained from the longitudinal impedance, yielding Z(~3(109 /m.
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The resistive wall impedance in the VLHC is large, due to the Circ/b3 factor.

2.2) Cut-Off Frequency of the Beam Tube

The cut-off frequency of a beam pipe is one of the important parameters of a beam tube design. Following the procedure proposed in the following, namely to represent the photon-stop as a “collimator”, the cut-off frequency has a special meaning: The real part of the impedance of a collimator[7] is different from zero only above the cut-off frequency, whereas its imaginary part is different from zero only at frequencies below the cut-off. This observation greatly simplifies the calculation of the impedance. Furthermore it is important to know the cut-off frequency to determine if perturbing objects that are periodically distributed along the ring, such as e.g. photon-stops, are exerting a coupled interference on the beam. Perturbations with frequencies below the beam-tube cut-off frequency cannot propagate along the structure and coupling between photon-stops is suppressed.

The cut-off frequency of a cylindrical pipe of radius a for the TM01 mode is given in (2), where 01 is the first root of the Bessel-function J0(x). The TM-01 mode has the largest cut-off frequency. This frequency therefore represents the threshold below which the mode cannot propagate. It is preferable to have the highest possible cut-off frequency.
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The cut-off frequency of a cylindrical pipe with b=1.5 cm is w01m=2((7.6 GHz.

2.3) Impedance – Half Ellipsoidal Protrusion - Model

A simple, analytical model to calculate the impedance of a “half ellipsoidal” protrusion in the beam pipe[8] is given in (3&4), where ( is the polarizability, a is the longitudinal semi-axis and h the radial and azimuthal semi-axes of the half ellipsoid. (3) and (4) are good approximations of the total impedance at frequencies below the limiting frequency flim=c/2a~9 GHz. This is above the highest characteristic frequency (bunch-length frequency) in the VLHC-2 (Table 3).
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The polarizability x is given in (5) as a function of the form-factor f(x), with x the ratio of longitudinal and radial extension a/h. In this calculation the radial and azimuthal dimensions of the protrusion were assumed to be equal.
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Figure 2: Form factor f(x) versus x (=a/h), the ratio of longitudinal vs. radial extension.

At frequencies significantly above flim the real part of the impedance becomes the dominant contribution to the total impedance. An expression for the real part of the longitudinal impedance (6) was obtained from the “rectangular ripple” model[9]. With b= 1.5 cm (beam tube radius) and h=1 cm (radial dimension of ripple) Re(Z0II) at flim becomes -0.02 m.
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Figure 3 shows a plot of the total longitudinal impedance per mode over the full range of frequencies, calculated with (3) and (6). The mode number n can be calculated from the frequency f: n=f/f0, with f0 the revolution frequency (Table 3).
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Figure 3: Total longitudinal impedance per mode calculated with (3) & (6). The imaginary part (const) is relevant at f<flim, the real part is relevant at f>>flim. The mode number of flim is n(flim)~107.
Considering the photon-stop as such a protrusion, with 2a=3.5 cm and h=1 cm (the case in which the photon-stop is entirely deployed), b=1.5 cm and a total number of 14500 photon-stops, Im(Z0II)/n becomes -54 m. The transverse impedance over the total ring (i.e. multiplied by the number of photon-stops Nps) becomes Im(Z1()=-18 Mm. The form-factor f(x) was chosen to be f(x=1)=1, since a/h~1. As can be seen in Figure 2, the case x=1 yields the largest possible polarizability and thus a better choice of a/h (extending the protrusion longitudinally) can significantly reduce the impedance. Note as well that the azimuthal extension of the protrusion in this model is 2h, twice as much as foreseen in the engineering design proposal. As will be shown in part 2.5) the impedance scales linearly with the azimuthal extension. Hence, the actual impedances are 50% smaller than those quoted above, i.e Z0II/n~ 27 m, Z1(~9 M.
2.4) Impedance–Collimator-Model

A simple, analytical model to calculate the impedance of a diaphragm/collimator”[7] is given in (7), where 2a is its longitudinal and h the radial extension. 
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The form-factor F in (7) for two distinct shapes -step-collimator and smooth collimator – (see Figure 4) is given in (8). Obviously the smooth shape yields a smaller impedance.
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The step like collimator can be treated like a pill-box cavity (with longitudinal dimension 2a and depth or radial dimension h). Figure 4 shows a sketch of a cut through half a beam tube with both types of collimators.
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Figure 4: Shape of elliptical and step collimator.

Assuming 2a=3.5 cm, h=1 cm, Im(Z0II)/n becomes 250/550 m for the smooth-/step- collimator cases. 
2.5) Collimator Versus Protrusion Model 

The models in 3.3) and 3.4) are largely at variance, indicating a range of Z/n of 50-500 m. However it can be shown that the protrusion model converges to the collimator model for the azimuthal dimension 2h(2b, thus for the case in which the protrusion covers the complete azimuth and becomes an iris.
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Figure 5: Schematic to illustrate equation (5).

A general formula for the impedance of a protrusion covering (/2 of the azimuth is (hr and h( are the radial and azimuthal dimensions of the protrusion, f(x) refers to (5):
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From the Kramers-Kronig relations the transverse impedance can be found from (10) with:
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2.6) MAFIA® Model

MAFIA® simulates the electrical and magnetic fields generated by the beam in a beam tube of specified geometry by solving the Maxwell equations numerically in the time domain with the proper boundary conditions[10]. MAFIA® is best suited to simulate the medium frequency range. An example of the meshed 3D model of the photon-stop in the beam tube is shown in Figure 6. The beam tube is represented by a 30 mm diameter tube with 200 mm length. The photon-stop is represented by a half elliptical disk (10 mm thick) with a 10 mm radial semi-axis and a longitudinal semi-axis of 17.5 mm. The triangular mesh has 200 elements in the longitudinal direction, 60 elements in the transverse direction. The calculation was performed over only one half of the model, using magnetic boundary conditions in the symmetry-plane (=cut plane). On the other surfaces wave-guide boundary conditions were implemented.

[image: image20.jpg]



Figure 6: MAFIA® FE mesh of beam tube with photon stop (cut through middle).

MAFIA® performed a simulation of the passage of a Gaussian bunch (=3 cm) through the structure described above. The calculation interval was just enough to simulate the passage of a 1 bunch through the whole structure. This duration corresponds to a frequency of ~6 GHz and thus covers all effects pertaining to single bunch instabilities. The electrical and magnetic fields calculated by the program are used to calculate the wake-integrals. The longitudinal and transverse wake-integrals are defined in (12)&(13), where Ez is the longitudinal electrical field and E( the transverse electrical field. The longitudinal direction is defined as the direction of motion of the passing beam with charge q. The integral is calculated at a fixed point z, while the beam is advancing from z at speed c. The trailing distance s is defined as ct-z.


[image: image21.wmf](

)

(

)

÷

ø

ö

ç

è

æ

-

-

=

ò

-

=

m

Coul

V

t

dtE

q

c

s

w

s

ct

z

z

l

 

  


     (12)


[image: image22.wmf](

)

(

)

÷

ø

ö

ç

è

æ

-

´

+

=

ò

-

=

^

m

Coul

V

B

z

E

dt

q

c

s

w

s

ct

z

trans

r

ˆ

 
  


     (13)

Figure 7 shows the vertical electrical field in the structure at the moment at which the beam has just passed the photon-stop. The bunch in this figure was 0.5 cm long, (which is not representative for the impedance calculation, but is better suited for the illustration). It can be seen in Figure 7 that the vertical field is distorted by the photon-stop, giving rise to a longitudinal and transverse wake-integral.

[image: image23.jpg]



Figure 7: MAFIA® result – transverse electrical field (5 mm bunch)

[image: image24.wmf]Figure 8 shows the transverse wake-integral for the above described simulation. The typical wake integral is a strongly oscillating function of the trailing distance s, damped toward larger values of s, i.e. at larger distances from the head of the bunch. The maximum oscillation amplitude is used for the estimation of the beam instabilities. These estimations will be mentioned together with the results of analytical calculations in the next chapters.

The wake-integral can as well be used to calculate Z1(, the transverse impedance of the photon stop generated by the electrical dipole mode (14).
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The low frequency transverse impedance obtained from the simulated wake-integral (using the peak value and thus a worst case estimate) with (14) is 9 M/m. With (4) the transverse impedance can be used to calculate the longitudinal impedance Z0II/n=27 m. These results agree very well with those obtained from the analytical models in 2.3). 


[image: image26.wmf]Figure 8: Wake-integral (V/s/C) vs. trailing distance s (m) - calculation with MAFIA®.

3) BEAM STABILITY ISSUES

The major beam instabilities associated to discontinuities in the shape of the beam tube, such as collimators, steps and protrusions are the microwave instability and the transverse mode coupling instability (the so called fast head-tail instability). Estimations of the thresholds, above which these instabilities appear are given in the following.

3.2) Microwave Instability Threshold

The microwave instability, i.e. the de-fragmentation of the bunch due to high frequency wake contributions is generally benign, because it is self-limiting (Landau damping). The threshold for the MW instability, given in terms of the maximum allowable number of particles per bunch NMW - according to the Keil/Schnell criterion[11] - is given in (15), where NMW is the threshold number of particles per bunch, F is a form factor (here for a Gaussian bunch F=1.359), Epinj is the particle energy at injection, p the bunch length at injection, ( is the slip-factor (see Table 1), p the momentum spread (see Table 1) and Nps the number of photon-stop devices in the ring. The longitudinal/parallel impedance per photon stop Z0II is taken, e.g. from the MAFIA( simulation, i.e. 27 m.
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The so found micro-wave instability threshold per photon-stop is NMW=6(1012, which is more than 2 orders of magnitude above the VLHC2 bunch population. Thus it is unlikely that the photon-stop will cause this type of instability.

3.3) Transverse Mode Coupling Instability

The transverse mode coupling instability, or fast head-tail instability, does not appear if the bunch population remains below the threshold NTMCI given in (16)[12]. The TMCI is caused by the transverse kicks inflicted on the tail particles of the bunch by the wake fields excited by the particles at the head of the bunch. The TMCI occurs most likely at injection. Therefore the parameters in (16) are taken at injection (see Table 1) - sinj is the synchrotron tune, binj is the rms bunch length, Epinj the proton  energy, (inj is the transverse -function and Z1(ps is the transverse impedance generated by the photon-stop. The threshold bunch population is determined by the sum of the transverse impedances of all components (bellows, beam pipe,.. etc.) in the ring. Such a sum was estimated – along the lines of similar calculations for older versions of the VLHC [13] - for the VLHC-2 to be 43.6 M/m, i.e. 13.9 M/m for the beam-position monitors, 7.9 M/m for the high frequency resistive wall impedance contribution of the 100 K beam-screen, 9.3 M/m for the pumping slots, 12.5 M/m for the (shielded) bellows[14]. Adding to this the total transverse impedance of the photon-stops calculated with MAFIA( in 2.6) (9 M/m) yields ~53 M/m.
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The limiting photon-stop NTMCI, according to (16), becomes 2(1011, which is ~20 times higher than the VLHC-2 bunch population (Table 1). 

We believe that it will be possible to avoid TMCI, even with photon-stops in the ring. 

3.3) Trapped Modes

Trapped modes are of concern in cavity like structures, e.g. holes in the beam pipe. However, since a retractable device is being pursued, gaps and holes will exist. The photon-stop design must address this issue. The gap in the beam-tube surrounding the photon-stop insert acts like a cavity. Two parameters are therefore important 1) the resonance frequency and 2) the Q-factor. The resonance frequency is mainly determined by the radial extension of the volume behind the gap. Representing this volume as a /4 antenna, this parameter should remain smaller than a quarter of the bunch-length to avoid resonance at the single bunch level. Given a bunch length at collision of ~3 cm in the VLHC2 with the current design, the radial extension of the cavity behind the gap should therefore be less than ~1 cm, as will be shown next. The Q factor should be less or in the range ~10-100. The possibility of coating the part of the photon-stop that surrounds the cavity with e.g. SiC to reduce the quality factor are being envisaged. The engineering design aims at a gap width of ~1 mm. The following sequence of plots, calculated with MAFIA(, show how the gap-cavity affects the wake-integral. In  Figure 9 the wake-integral for a 3 cm long bunch is shown for the case without gap (see insert in plot), which the case described in section 3.1. The transverse wake-function shows a pronounced peak at 1.8(1011 V/C/m. Such a wake-integral translates to a Z1( of 600 /m per photon-stop and thus to 8.8 M/m for all 14500 photon-stops in the VLHC2. 


[image: image29.wmf]
Figure 9: Transverse wake integral for a 3 cm bunch, without gap.

[image: image30.wmf]
Figure 11: Transverse wake integral for a 3 cm bunch, with a 1 cm x 1mm gap.

The minimum gap depth that the engineering design can possibly provide is ~ 1cm.  Figure 11 shows that such a gap would not increase the impedance, nor cause any resonance in the case of a 3 cm bunch-length. However, a VLHC design with a smaller bunch length than 3 cm will have to deal with this resonance. Therefore, in addition, measures to reduce the surface resistance of the cavity walls could be taken to damp the resonance. However, we believe that photon-stops, with the appropriate design, will not cause trapped modes. The simulations were made assuming a continuous mirror current path, even inside the gap cavity. The real design will have small gaps. However, these gaps should mainly be regarded as a capacitance, that is effectively shorted at the GHz frequencies regarded here. 

3.4) Coupling Between Photon-Stops

In the calculations presented above the photon-stops were treated as independent, discrete obstacles. A different case arises if the EM fields excited by the beam in the photon-stops propagate the distance between them, in which case the devices would have to be considered as coupled. In the coupled case the sum of the impedances of all coupled devices would be the relevant parameter. (16) gives an expression for the damping length of the EM fields, where w01m is the beam tube cut-off frequency for the transverse magnetic 01 mode. Higher modes have smaller frequencies, resulting in lower damping lengths. On the other hand the amplitudes of the higher modes are smaller so that overall the analysis of the damping of the first order mode gives a good estimate of the minimum distance required to suppress the coupling between following photon-stops.
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The damping length calculated with (16) is 4 cm, which is sufficiently smaller than the projected distance between the photon-stops of ~14 m.

A more accurate estimation of the damping length can be obtained with (17). E.g. at the injection bunch length frequency wbb= 2(1.8 GHz,  becomes 8 cm.
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4) CONCLUSIONS

The preliminary conclusions of the study of the photon-stop impedance are: With design parameters 2a>3.5 cm (longitudinal extension), (b-h)>0.5 cm (distance from beam), h<1cm (radial, azimuthal extension) the longitudinal/transverse impedances of the photon-stop are ~ 27 m9m, which is very small. Coupling between separate photon-stops is not an issue. The thresholds for microwave instability and TMCI are safely above the current VLHC2 design parameters. Therefore, no major beam instabilities are expected. With an engineering design aiming at the minimization of the gap-cavity size, trapped modes and resonance with the gap-cavity can be prevented.
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