FERMILAB-TM-1974 SLAC-Pub 7181

Transverse Effects of Microbunch Radiative Interaction

Ya. S. Derbenev SLAC Stanford, California 94309

V.D. Shiltsev Fermi National Accelerator Laboratory P.O. Box 500, Batavia, Illinois 60510

May 1996

Operated by Universities Research Association Inc. under Contract No. DE-AC02-76CHO3000 with the United States Department of Energy

Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, expressed or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.

Transverse Effects of Microbunch Radiative Interaction

Ya. S. Derbenev^�

SLAC, Stanford, CA 94309

V. D. Shiltsev

FNAL, AD/Physics, M.S.345, P.O.Box 500, Batavia, IL, 60510

June 3, 1996

Abstract

In this article we study effects of microbunch cooperative electromagnetic radiation in a bend on transverse beam dynamics. An overtaking radiative interaction between different parts of the bunch results in three major forces variable along the bunch. Longitudinal force leads to energy loss and causes the bunch emittance growth in the bend due to the dispersion effect. Radial force consists of logarithmically large łTalmanž centrifugal force and smaller centripetal force. Due to general radius-energy dependence in the bend, the łTalmanž force does not affect beam dynamics while the centripetal force leads to projected emittance growth. Finally, radial and vertical focusing forces lead to trajectory distortions which vary along the bunch. These cooperative forces signiőcantly affect the dynamics of short high-populated bunch in bends.

�present address: Phys. Dept., Univ. of Michigan, Ann Arbor, MI 48109

1 Introduction

Several projects with high charge microbunches are currently under consideration. Examples are modern linac-based FELs and damping rings and bunch compressors for future Linear Colliders. This article deals with effects of cooperative forces due to synchrotron radiation of microbunches in bends. Opposite to the well known collective effects in accelerators where the wake-őelds produced by head particles act on the particles behind, the cooperative radiation őelds generated at the tail of the bunch overtake its head if the bunch follows a curved trajectory.

The longitudinal effect of microbunch cooperative radiative őeld was considered in Refs. [1, 2], and an overtaking tail-head interaction was analyzed. This interaction induces energy spread along the bunch. Apparently, this effect is accompanied by another unpleasant phenomenon ś excitation of the effective transverse horizontal(radial) emittance due to the radius-energy dependence (dispersion) in the bend [1].

Besides that, there are transverse forces of the microbunch radiation. For instance, in a case of coasting beam, the impact of radial łcentrifugal space charge forcež (CSCF, R.Talman, Ref. [3]) was treated in the Ref.[4] and found to be compensated by the energy shift under the effect of the Coulomb electric őeld.

This paper deals with transverse forces in the microbunch. The below treatment is based on the perturbative solution of the complete system of particle motion equations. The microbunch collective electromagnetic őelds are derived under assumption of no shielding effect due to metallic beam pipe.

In this article we show, that:

ślongitudinal overtake force dominates in the radial disruption of the microbunch; śthe Talman’s centrifugal force, itself, is extendible on the microbunch case; śfor relativistic particles the centrifugal force effect on radial emittance is cancelled by the energy shift under the effect of the Coulomb part of radial electric őeld, irrelatively to bending magnetic őeld conőguration;

śthere is new radiative kind of radial force, with the same form as CSCF but with lower magnitude (it has no logarithmic factor), with opposite sign, i.e.centripetal, but with no compensating partner from the electric őeld (the residual of the centrifugal effect);

śthere are the gradient transverse radiation forces affecting the beam focusing with their own wake functions.

The radiative effects grow rapidly when the bunch length decreases.

Besides this introduction, the article consists of four sections. Precise formulas for the longitudinal and transverse particle motion are derived in Section 2. Using retarded potentials, in Section 3 we őnd cooperative radiation forces and estimate their effect on the particles. In Section 4 we present estimations of characteristic contributions of the cooperative radiation forces to the increase of beam transverse emittances in the TESLA Test Facility Free Electron Laser (TTF FEL) bunch compressors. Section 5 summarizes results.

2 Basic equations

Let us derive particle dynamics equations for a relativistic (β = v/c ≈ 1) bunch that follows curved trajectory with radius R - see Fig.1. We use the following designations of coordinates:

x for radial, y for vertical (perpendicular to the bending plane OAB), z ś along trajectory, s = z − βct is for coordinate inside the moving bunch.

If a particle at the tail of the bunch radiates at the point A then the electromagnetic őelds can overtake another particle at the distance s ahead of the source particle, at the point B that satisőes the following condition: s = arc(AB) − |AB| = Rθ − 2R sin(θ/2) ≈ θ^3R 24 , if θ ≪ 1. (1)

Figure 1: Geometry of the retarding process

This condition determines three important geometrical parameters which play important role in the cooperative radiation interaction process [1]:

- overtaking angle θ = 2(3s/R)^{1/3}, - overtaking distance L_o = |AB| = θR = 2(3sR^2)^{1/3}, - characteristic transverse distance r_o = |DB| = L_oθ/2 = 2(9s^2R)^{1/3} - see Fig.1. Under inŕuence of the radiation forces the particle motion nearby an equilibrium trajectory (for a given energy E and given momentum) can be described by the following equations [5]: y^{′′} + ny + y^′ E^′ E = F_y E , (2)

x^{′′} + (K^2 − n)x + x^′ E^′ E = K ΔE E + F_x/E, (3)

E^′ = e ⃗E⃗v/v_z, t^′ = (1 + Kx)/v_z. (4) Here (^′) ≡ d/dz, K(z) = 1/R is the equilibrium orbit curvature, n(z) is the external focusing quadrupole őeld index, F_x and F_y are the Lorenz force components: ⃗F = e( ⃗E + ⃗β × ⃗B), (5) and ⃗E, ⃗B are electric and magnetic őelds, e is the particles’ charge. Note, that parametric damping terms of y^′E^′, x^′E^′ are important only if there is an essential acceleration in the external RF-őeld, which is not our case.

To work out the perturbation of x and y motion under the effect of the microbunch őeld, we transform Eqs.(2,3) into equations for complex amplitudes C_x and C_y accordingly to the standard form of unperturbed motion [5]:

y = C^∗_y f_y + C_y f^∗_y , y^′ = C^∗_y f^′_y + c.c., (6)

x = Ψ ΔE E + (C^∗_xf_x + c.c.), x^′ = Ψ^′ ΔE E + (C^∗_xf^′_x + c.c.) , (7)

here f_x , f_y are the complex solution (i.e. f = u_1 + iu_2 , where u_1, u_2 are two independent solutions) of equations

f^{′′}_x + (K^2 − n)f_x = 0, f^{′′}_y + nf_y = 0, (8) with normalization f^′_xf^∗_x − c.c. = f^′_yf^∗_y − c.c. = 2i. The Floquet functions relate to betafunctions as |f_{x,y}|^2 = β_{x,y} and łCourant-Snyder invariantž ϵ relates to C_{x,y} as ϵ_{x,y} = 2|C_{x,y}|^2.

The dispersion function Ψ(z) satisőes the equation

Ψ^{′′} + (K^2 − n)Ψ = K. (9) and can be calculated as

Ψ(z) = f_x 2i z∫ −∞ f_xKdz + c.c., (10) with the property

Ψf^′_x − Ψ^′f_x = − z∫ −∞ f_xKdz ≡ −η(z). (11) From (6), (7) one can őnd the complex amplitudes as functions of coordinates, velocities and energy:

2iC_y = yf^′_y − y^′f_y; 2iC_x = xf^′_x − x^′f_x + η ΔE E . (12)

These formulas represent the integrals of unperturbed motion, when F_x = 0, F_y = 0, and ΔE = const. Now, taking the time derivative of Eqs. (12) we obtain:

2iC^′_y = −f_y(F_y/E)(1 + Kx) (13)

2iC^′_x = −f_x(F_x/E)(1 + Kx) + ηE^′/E. (14) The second term in (14) takes into account the perturbation of x - oscillator with respect to łan equilibrium positionž x = Ψ^{ΔE}_E .

Our next step is to express the microbunch Lorenz force via the electromagnetic potential (A_o, ⃗A), according to general presentation ⃗E = −⃗∇A_o − 1 c ∂ ∂t ⃗A, ⃗B = ⃗∇ × ⃗A. (15) We have to expand vector ⃗A and ⃗∇ in terms of co-moving frame: ⃗A = A_x ⃗e_x + ⃗A_y ⃗e_y + A_z ⃗e_z; ⃗∇ = ⃗e_x ∂ ∂x + ⃗e_y ∂ ∂y + 1 1 + Kx ⃗e_z ∂ ∂z , (16)

with taking into account that ⃗e′_z = −K ⃗e_x, ⃗e′_x = K ⃗e_z. The microbunch current will not create the A_y component. Then we have:

E_y = − ∂ ∂y A_o, B_x = ∂A_z ∂y (17)

E_x = − ∂A_o ∂x − 1 c ∂A_x ∂t , B_y = 1 1 + Kx ∂A_x ∂z − ∂A_z ∂x − K 1 + Kx A_z (18)

E_z = − ∂A_o ∂z − 1 c ∂A_z ∂t , B_z = − ∂A_x ∂y . (19)

Thus, F_y = −e ∂ ∂y (A_o − βA_z) = − ∂V_o ∂y , (20)

F_x = − ∂V_o ∂x − e dA_x cdt + e KA_z 1 + Kx , (21) and Ė = ∂ ∂t V_o − e dA_o dt , (22)

where the interaction Hamiltonian is V_o = e(A_o − βA_z). After the substitution of Eqs.(20,21,22) into (13,14), we obtain: 2iEC^′_x = −f_x [ − ∂V_o ∂x − eA^′_x + eKA_z ] + η [ ∂V_o c∂t − eA^′_o ] . (23)

For further reduction, we reorganize the vector terms in (23) in the way as follows:

2iEC^′_x = f_x [ ∂V_o ∂x + KV_o ] − e(ηA_o)^′ + e(f_xA_x)^′ − ef^′_xA_x + η ∂ ∂t V_o (24)

Introducing the displaced amplitudes

Ĉ_x = C_x + eηA^o 2iE − e f_xA_x 2iE , Ĉ_y = C_y, (25)

and energy

Ê = E + eA_o, (26)

then we derive the őnal equations:

2iEĈ^′_x = ( η c ∂ ∂t + f_x ∂ ∂x ) (1 + Kx)V_o − ef^′_xA_x, (27)

Ê ′ = 1 c ∂ ∂t V_o(1 + Kx), 2iEĈ^′_y = f_y ∂ ∂y V_o. (28)

Note, that substitution (25), (26) doesn’t change the x coordinate dependence on amplitudes and energy. With respect to x^′, it is reduced to the simple canonic substitution x^′ + eA_x/E.

3 Transverse microbunch radiative effects

To calculate the effective transverse forces and perturbation of amplitudes for microbunch in compressor, we use the approach of [1] where it is assumed that the bunch length σ_s satisőes conditions of a łthinž bunch and absence of beampipe shielding: σ_⊥ √ σ_⊥/R ≪ σ_s ≪ b √ b/R, (29) where σ_⊥ is transverse bunch size and b is beam pipe size.

The electromagnetic potentials are given by the integrals as follows:

A_o =

∫ d^3r_1 cτ ρ(⃗r_1, t − τ ), τ ≡ |⃗r − ⃗r_1| /c (30)

⃗A = ∫ d^3r_1 ⃗β_1 cτ ρ(⃗r_1, t − τ ), (31) here ρ(⃗r, t) is the space charge density. The retarding distance cτ for a constant bend radius R can be presented in the form as follows (see Fig. 1):

|⃗r − ⃗r_1| = [ (R + x)^2 + (R + x_1)^2 − 2(R + x)(R + x_1) cos ξ R + (y − y_1)^2

]_1/_2

, (32)

where ξ ≡ z − z_1.

Following Ref.[1], we may write the expansion:

|⃗r − ⃗r_1| ≈ | | |ξ − ξ^3 24R^2 + ξ x + x_1 2R + (x − x_1)^2 + (y − y_1)^2 2ξ | | | . (33)

The subject of [1] was to calculate the particle energy change, therefore, the interaction Hamiltonian V_0 was found at x = x_1 = 0, y = y_1 = 0. In this paper, we derive the effective transverse forces with linear accuracy on x and y. Correspondingly, we have to calculate V_0 with the second order terms and also őnd the A_x component in linear approximation. As in [1], we neglect the integration over ξ < 0, small ultra-relativistic terms ∝ γ^{−2} and transverse dispersion of τ in denominator of the integrand in (30) and (31). Then we get

V_o = Ne^2 ∞∫ 0 ξdξ 2R^2 [ 1 − (ξ x 2R + x^2 + y^2 2ξ ) 1 c ∂ ∂t + 1 2 ξ^2 x^2 4R^2

∂^2 c^2∂t^2 ] λ(s − ξ^3 24R^2

), (34)

A_x = ∞∫ 0 dξ R [ 1 + ξ x 2R ∂ ∂s ] λ(s − ξ^3 24R^2

), (35)

where λ(s) ≡ λ(z − βct) is the linear charge distribution along the orbit ∫ λ(s)ds = 1. We assume here that charge density ρ is an even function of x_1 and y_1 and ignore the small terms of the order of ∼ x̄^2_1, ȳ^2_1. The linear term ∝ x in (34) is simply integrated, while the last term is reduced to be proportional to ∝ ∂/∂t by integration in parts, then we obtain őnal expression for potential V_o(x, y, z, t)

V_0 = U(s)(1 + Kx) − F_0(s)x + 1 2 g(s)(3x^2 + y^2), (36) where U(s) = 2Ne^2 (3R^2)^{1/3} ∫_∞ 0 ds_1 s^{1/3}_1 λ(s − s_1) (37)

F_0(s) = − 2Ne^2 R λ(s) (38)

g(s) = Ne^2 (3R^2)^{2/3} ∂ ∂s ∫_∞ 0 ds_1 s^{2/3}_1 λ(s − s_1) (39)

The radial vector potential A_x contributes in C^′_x with small terms of the order of ∼ (R^2σ_s)^{1/3}/β_x with respect to F_0(s) and g(s), and, therefore, they could be neglected in further consideration.

Then we have 2iEĈ^′_x = −η ∂ ∂s U(s) − f_xF_0(s) + 3f_xg(s)x (40)

2iEĈ^′_y = f_yg(s)y (41) Ê ′ = − ∂ ∂s U(s). (42) Therefore, comparing with initial Eqs.(13,14), one can see that

1. ∂U(s)/∂s is longitudinal energy loss gradient originally found in [1, 2],

2. F_0(s) is effective centripetal radial force,

3. terms with g(s) describe focusing őeld distortions in both transverse planes.

All these forces cause emittance growth.

Figure 2: Transverse (solid line) and longitudinal (dashed line) overtake functions I_0(s); I_1(s) vs. coordinate s=œ_s along the Gaussian bunch.

For a bunch with Gaussian linear charge density distribution λ(s) = (1/ √ 2πσ_s)e^{−s}2^{/2σ}2the energy loss gradient along the bunch is equal to [1]:

Ê^′ = dE cdt = − 2Ne^2 √ 2π(3R^2σ^4_s )^{1/3}

I_0(s/σ_s), (43)

where the function I_0(s/σ_s) is presented by dashed line in Fig.2. As it is qualitatively understood, the bunch head particles get some excess of energy while the tail and center part mostly lose the energy.

Transverse forces within the Gaussian bunch are given by formulae:

F_x(s) = − 2Ne^2 R λ(s) − x 3Ne^2 √ 2π(9R^4σ^5_s )^{1/3}

I_1(s/σ_s), (44)

F_y(s) = −y Ne^2 √ 2π(9R^4σ^5_s )^{1/3}

I_1(s/σ_s), (45)

where I_1(s) is shown in Fig.2 by solid line.

One can see that particles at the head of the bunch are defocused by overtaking radiation őelds while other particles are focused.

3.1 łTalman forcež - why it does not play a role.

The potential V_o we found contains all major effects of cooperative radiation impact on the longitudinal and transverse motion in a constant bend. Let us note that effective radial force −∂V_0/∂x is essentially different from the initial force F_x in Eq.(21) ś the difference is the term KA_z/(1 + Kx). In fact, the later term dominates in F_x and it is the well known łTalman forcež [3]. We can derive it directly from (31):

A_z = e ∫ β cos ξ/R cτ ρ(⃗r_1, t − τ ). (46) To calculate this integral we can apply the series of (33) ś as we did for calculation of V_0 ś and we get:

A_z = e ∫ dx dy dξ √ ξ^2 + ξ^2_⊥ ρ(⃗r_1, t − τ ), (47) where ξ^2_⊥ = (x − x_1)^2 + (y − y_1)^2. Evaluation of this integral under condition (29) gives us A_z ≃ Neλ(s) ( ln (Rσ^2_s )^{2/3} σ^2_⊥

(1 + σ_⊥/σ_s) ) , (48)

and consequently the centrifugal Talman force is F_{T alman} = eA_z/R.

As we found above, the effect of this force on the bunch particles is cancelled by effect of the particle energies deviation under the inŕuence of the transverse electric őeld, and therefore does not lead to the emittance growth. Similar cancellation effect in the particular case of a coasting beam was found by E.P.Lee [4]. Now we can conclude that it is valid for any relativistic bunch.

Nevertheless, there is a residual effect of centripetal force F_0 (38) which does not contain a logarithmic factor but distorts particle motions. We should note that F_0 ≡ 0 for coasting beam (stationary ring current).

4 Example: TTF FEL bunch compressors

Let us apply the obtained results to the TESLA Test Facility Free Electron Laser [6], which requires three bunch compressors in order to shrink the bunch length down to 50 micron rms value. The FEL bunch contains N= 6.2·10^9 electrons with normalized transverse emittance of ϵ = 2 μm.

Table 1: Radiative Tail-Head Effects at the TTF FEL

Parameter C#2 C#3 Units

E 144 516 MeV

R 1.3 1.3 m

β_x 11 11 m

B 3.7 13.2 kG

σ_z 0.8→0.25 0.25→0.05 mm

L_o 0.32→0.22 0.22→0.13 m

ΔE 0.09 0.63 MeV

Δϵ_{dE} 7 25 μm

B^{max}_c 0.22→0.73 0.73→3.65 G

Δϵ_c 2.2 12.5 μm

f^{rad}_x 168→24 87→6 m

F^{rad}_x /F_{Coul} 0.3→0.65 2.3→6.9

We compare the radiative longitudinal and transverse effects at the bunch compressors C#2 and C#3. ś see Table 1. Vertical rows are marked as compressor number. Each 5-m long compressor consists of four 50-cm-long bending magnets with vertical magnetic őeld B, which are arranged accordingly to the scheme [+B] → [drift] → [−B] → [drift] → [−B] → [drift] → [+B].

The related parameters are: beam energy in the compressor E, length of each of four magnets L_d, magnetic őeld B, curvature radius R in the magnets, horizontal beta-function β_x, and the bunch length σ_s which decreases from the entrance to the exit of the compressor.

Then we compute the overtaking length L_o = 2(3R^2σ_s)^{1/3} which is found to be less than the magnet length L_d and, therefore, the cooperative effects should take place. The estimated rms value of the energy spread in the bunch ΔE induced by longitudinal tail-head őelds is taken from Ref.[1] as well as the corresponding rms emittance increase due to the dispersion in compressor Δϵ_{dE}. The maximum centripetal őeld takes place at the center of the Gaussian bunch and can be calculated as : B^{max}_c = − 2Ne √ 2πRσ_s . (49)

As centripetal force depends on the position along the bunch, then it will induce the normalized emittance growth of the order of:

Δϵ_c = γβ_xθ^2_d( r.m.s. B_c B )^2, (50)

where θ_d ≃ 0.38 rad is the bending angle in each magnet, and r.m.s. B_c ≈ 0.28B^{max}_c for the Gaussian bunch.

Transverse focusing forces due to cooperative radiation can be characterized by minimum focusing length: f^{rad}_x = γR^{4/3}σ^{5/3}_s I^{max}_1 3^{1/3}Nr_0L_d

, (51)

where I^{max}_1 ≈ 1.3 is the maximum value of the function I_1(s) ś see Fig.2. For comparison, we also present the ratio of this focusing radiative force and the Coulomb expansion force: F^{rad}_x F_{Coul} ≃ γ^2I^{max}_1 σ^2_r 2R^{4/3}σ^{2/3}s

(52)

Finally, Table 1 allows us to make following conclusions for TTF FEL:

1. the emittance growth due to both effects of longitudinal and transverse cooperative radiation forces is several times the design emittance of 2 μm;

2. the emittance growth due to transverse radiative forces is some 2-3 times less than that due to the longitudinal radiative effects;

3. focusing radiative forces are some 7 times the Coulomb expansion force at the exit of the bunch compressor #3 and comparable with strength of the external focusing.

5 Conclusions

We have analyzed the microbunch cooperative synchrotron radiation in bend and found that it essentially inŕuences the microbunch dynamics. First of all, the longitudinal force redistributes radiative energy losses along the bunch, so that head particles are somewhat accelerated by the őeld radiated by tail particles. That effect can be described by longitudinal overtake-function W^′_0(s):

W^′_0(s) = − 2 3^{1/3}R^{2/3} 1 s^{1/3} ∂ ∂s , (53)

here ∂/∂s is an operator of derivative along the longitudinal coordinate s (s = −∞ corresponds to the bunch tail). The energy loss is convolution of W^′_0 with linear charge density: dE cdt = Ne^2 ∫ s −∞ W^′_0(s − s^′)λ(s^′)ds^′. (54)

Therefore, the energy losses originate from derivative of the linear charge density, that is characteristic feature of the effect. Aside of the energy spread along the bunch, the effect leads to radial emittance increase due to dispersion.

The transverse radiative force consists of two components. The smaller term represents focusing forces which are produced by the back part of the bunch: F_{(x,y)} = −(3x, y)Ne^2 ∫ s −∞ W_1(s − s^′)λ(s^′)ds^′, (55)

where transverse overtake-function W_1(s) is equal to:

W_1(s) = 1 3^{2/3}R^{4/3} 1 s^{2/3} ∂ ∂s . (56)

Note, that the radial focusing gradient is three times the vertical one. Finally, there is radial centripetal force F^c_x(s) = −2Ne^2λ(s)/R which is much bigger than the focusing forces and depends on local charge density λ(s). Nevertheless, this force also originates from radiation of the particles behind:

F^c_x(s) = − ∫ s −∞ W^c_1(s − s^′)λ(s^′)ds^′, (57)

with purely inductive centripetal overtake-function W^c_1(s):

W^c_1 (s) = 2 R ∂ ∂s . (58)

The transverse forces also cause the transverse emittance growth. We have found that the combined effects in the TTF FEL bunch compressors can lead to many-fold increase of the initial beam emittance.

Our results are applicable if the characteristic overtaking length L_o = 2(3σ_sR^2)^{1/3} is less than the bend length L_d = Rθ_d and if there is no shielding due to metallic vacuum pipe (σ^2_s R)^{1/3} ≪ b (for example, the last condition yields σ_s ≪ 2 mm for R ≃ 2m and b ≃ 2cm). Thorough studies of the beam pipe shielding are underway.

Acknowledgments

We would like to thank E.Saldin of ASC(Samara), J.Rossbach, M.Dohlus, and T.Limberg of DESY (Hamburg) and T.Raubenheimer, G.Stupakov and M.Zolotarev of SLAC(Stanford) for useful discussions which initiated our pursuit of the transverse radiative impedance, and S.Derbeneva for help in the manuscript preparation. We also would like to express our appreciation to D.Trines for encouraging interest in this work and warm hospitality during our stay at DESY (Hamburg). One of us (Ya.D.) acknowledges Ron Ruth (SLAC) for support of this work.

References

[1] Ya.S.Derbenev, J.Rossbach, E.L.Saldin, V.D.Shiltsev, łMicrobunch Radiative Tail-Head Interactionž, DESY Print, TESLA-FEL 95-05, Hamburg (1995).

[2] J.B.Murphy, S.Krinsky, R.L.Glukstern, łLongitudinal Wakeőeld for Synchrotron Radiationž, Proc. of IEEE PAC 1995, Dallas (1995).

[3] R.Talman, łNovel Relativistic Effect Important in Acceleratorsž, Phys. Rev. Lett., v. 56, No. 14 (1986), p.1429.

[4] E.P.Lee, łCancellation of the Centrifugal Space-Charge Forcež, Particle Accelerators, v.

25, (1990), p.241.

[5] A.A.Kolomensky and A.N.Lebedev, łTheory of Circular Acceleratorsž, Moscow, Fizmatgiz (1962).

[6] FEL at TESLA Test Facility, Conceptual Design report, DESY Print, TESLA-FEL 95-03 (1995).