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1 . INTRODUCTIONElectron cooling has been described in many papers like those mentioned in Refs. [ 1, 3]. Amongst all the constitutive components of this type of cooler the gun plays an important role. From its properties, and essentially the way it can provide energetic high-intensity electron beams with small rms velocity spreads, depend the fmal properties of the cooled ion beam [4].Many investigations and studies have been made on this subject. The one presently installed on the LEAR electron cooler is of resonant type [3,6]. It provides rather small electron transverse velocities at low magnetic fields to the prejudice of flexibility when operating in the frame of a variable energy accelerator.In order to obtain the required flexibility, the use of adiabatic guns is being more and more considered by the users [5]. This type of gun, however, makes use of relatively high- magnetic fields (of the order of 0.1 to 0.2 T), which is a drawback in the case of cooling low- momentum (<100 MeV/c) ions [3].The gun that will be described in this paper is of the adiabatic type but using magnetic fields a factor of two smaller than what is usually used for this type of gun. This lowering of the operational magnetic field was made possible due to the appropriate optimization of the form of the anodes in order to reach the same low transverse velocities obtained with the other guns.The present paper is a theoretical and numerical investigation on an adiabatic gun requiring relative low-magnetic fields. Sections 2 and 3 may be skipped by readers already familiar with high-intensity guns. In Section 4 we give a more physical than mathematical approach of the resonant and adiabatic guns. The next sections are devoted to the results obtained by numerical simulations and to some technical problems.
2 . AIM OF THE NEW GUNWith a view to improve the performance of LEAR electron cooler (ECOOL) a variable intensity gun is foreseen. The design, construction and test of this device has been entrusted to the Centre of Applied Physics and Technology (CAPT, Lipetsk) which is a branch of INP at Novosibirsk.According to the experience gained with the present cooler [7] it would be desirable to be able to:- switch the electron beam ON and OFF without disturbing the ion beam itself and the vacuum pressure,- adjust the electron beam intensity, in a smooth manner, in order to obtain the shortest cooling time,- adjust the cooling force so that to stay within the limit of stability since, when reaching a threshold of density, the ion beam tends to become unstable.
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The latter two requirements cannot be fulfilled with the present gun which operates at well defined intensities and cooling forces.

2.1 The Cooling ForceA rough expression of the cooling force is given by:
F = -Const × n f∫vi—⅛-/(v* ) dv*3 ( 1 )Iv- ~v≈l where :

n⅛ is the electron beam density in m3’vi and v*e are the ion and electron velocities in a frame R0 moving at the nominal velocityV0 = cβ0 and v>0 = <v∕>∙ 
f(v*e) is the electron velocity distribution.
The symbol (Figs. 1a and 1b)* is related to the moving frame Ro (if omitted, one operates in the laboratory frame), ll is related to the components in the parallel plane (0,s,x),1 is related to the components in the transverse plane (0,x,z).so that one may write :

V = V∣∣ Us + V1 U1

V* = v∣* u∣∣ ÷ vɪ u1

Vo =Vo us = V0U∣∣

Fig. 1 - Definition of symbols
Usually f(v*), the electron velocity distribution, can be expressed in a Gaussian form:
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f(ve*) = (2√∕2 (∆*j2∆dl

1 = ∫∕(v*e)^J, ʌeɪɪ <<C ʌeɪConsidering Eq. (1) one sees that the cooling force is enhanced, and therefore the cooling time reduced when :- the electron-beam density ne* is increased,- the electron-beam rms velocities 2^∣∣ and ∆e*1 are small with respect to the ion velocity components; the ideal case being:
f(ve) = δ(vZvei)

Therefore, an adequate control of ne and the achievement of a very cold electron beam (∆ve∣∣ and ∆veχ very small) are some of the necessary ingredients for a good electron-cooling process.This, apart from the gun reliability problems that could arise due to a complicated cooling circuit and delicate high-voltage feedthroughs, justifies the need for a new electron gun which is the subject of the next sections.
3 . SOME FUNDAMENTAL PROPERTIES 

OF THE ELECTRON BEAM AND GUN

3.1 Principle of the GunThe principle of the present gun is shown in Fig. 2.
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Fig. 2 - Principle of the electron gun
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The electrons are created by a cathode of radius a = 2.5 cm, heated at temperature Tq. The cathode, at potential -U0 with respect to the ground, is surrounded by a focusing electrode, the Pierce electrode.The electrons on their way towards the drift space (where they mix with the ions to be cooled), at ground potential, passes through a steering electrode "S" at potential Us. The en­semble has a symmetry of revolution. At the end of the gun, which is the entrance of the drift space, the electrons have a velocity v0, such as:

eUQ=(γQ-l)mc2 ≈-rm⅛, vo = vo⅛ = β0c, γ0 = (1 - β )2 ∖-V2

where e and m are the electron charge and mass, respectively.The overall (gun + drift space) is embedded in a solenoid giving a longitudinal magnetic field B0 = BqUs. The magnetic field will induce, on electrons having a transverse velocity vɪ, a spiralling trajectory of angular velocity

Fig. 3

with cyclotron radius
ω∕/ cBq

Pχ = 2x = -⅜
where pɪ is the electron transverse momentum. We can also define an -improperly- called Larmor radius p/ (Fig. 3)

2π
λ = 2πpι = vo-----ωHThe current density emitted by the cathode at temperature Tc is given by the Richardson-Dushman equation :

J = Const T2 exp----- —c lΛ kτc J

where:
Wφ the extraction work, 
k the Boltzmann constant; k = 1.38 × 1O'23, J∙K-1 = 8.618 × 1O'5 eV∙K1.The longitudinal and transverse electron rms energies are each about kTc so that, by analogy with thermodynamics, we can state that, at the cathode output :

kτc = m{vl) = m(vc1)

Example: if Tc = 1 000 K, kTc = 8.6 × 1O 2 eV.
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3.2 Influence of the Steering ElectrodeThe gun operates in space-charge regime, which means that the electron-beam current is related to the voltages by:

I0 = pg^U0-Us∖)3'2=ps(Ul)3'2, [A]
Ut =∣U0-US∣

where pg ≡ 0.5 × 10-6 AV'3/2 is the perveance determined by geometrical considerations and the voltages U0 and Us are referred to the ground. U1 is therefore the voltage difference between the cathode and the steering electrode.For the theoretical model consisting of infinite plane electrodes, distant from each other by d, the current density is:
, 4√2⅛ fT,,3/2 _ 2.33X lθ^6,,3∕29 d23imu, d2(cm2) ,

In the case of the new gun with an e-beam having a radius a = 2.5 cm, one gets d = 10 cm when pg = 0.5 × l0-6. This is quite in agreement with the mechanical layout given by Fig.6.1a. At this level, it is useful to introduce a new parameter pb, also expressed in A∙ V'3/2, such that
I0 = PbU3012

pb which can take its values in the range of [0.125 × 10-6, 5 × IO-6] is a function of U5 and must not be confused with pg which is constant.For a fixed electron kinetic energy Ecq determined more or less by U0, since Ec0 ≡ eUo, the steering-electrode voltage will fix the current Iq. For practical reasons we have limited I0 to 3 A and U0 to 30 kV.Having a radial symmetry this electrode will induce a radial perturbing electrical field ⅛(r,s), dependent on r and 5, and therefore a radial force acting on the electrons:
fei = ~~eEeι(See Fig. 4 for symbols).

3.3 Influence of the Space ChargeWe consider the cylindrical coordinate system of Fig. 4, where the position is given by:
OM = rur + sus
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and the velocity by:

dt
= Vr Ur + Vφ Γlφ ÷ Vs Us = V1 U1 + V∣∣ i71∣ ; (v5 = V∣∣ ).

→ dOMV =--------

Inside the electron beam, at a point where the actual velocity is v (0 < v < vɑ), the current density is :
J = -neev.

Note that vɪ « vs, so we can take v ≡ vs = v∣∣ and β = vs / c≡v I c.

The intensity passing through the surface Σ is: (Fig. 5)
I = J ∙ Σ = neevs πr2

Since for r = a, the electron-beam radius, I = Iq, the electron-beam density will be:
n _ 7O _ PbfjQ -3 
ne — 2 ~ o 2 ’m

evπa eβcπa

3.3.1 Radial electrical fieldUsing Gauss Theorem the radial electrical field is:r en →E =-------- rur2ε0

(2)

(3)
where n = ne - n+, n+ being the density of the motionless positive charges inside the electron beam mainly due to the ionization of the residual molecules by the electrons.



7The radial force applied to an electron at radius r is therefore:
f e2fl - f∖ = —2εoFor a neutralized beam, n = 0, this force cancels while it is maximum when n = ne.

3.3.2 Axial magnetic fieldUsing Ampere Theorem the magnetic field due to the electron current itself is:
S_ ∕jo∕- _ eμ0neβcr 
β-~2^uφ- ~Uv

Thus, the force acting on one electron is:
fl = -e{y × B) = e(vsBφur - vrBφus)

3.3.3 Total space-charge forceThe total force due to the space charge ftp ≈fι +f⅛ 
→ e2ne ( n o2i→ e2μonevrβc → r , 0.Λp=-≤r------ βz ur + rκ rus [m∙kg∙s2]2εo ∖ne 7 2

Remarks- If the electron beam is neutralized, n = 0, then the radial force is reduced.- When n = ne the magnetic force is β2 times smaller than the electrical force. In our case 
β2 < 0.1.- The space-charge force is proportional to r.- A longitudinal component exists which will not be considered in this report.

3.4 Influence of the Longitudinal Magnetic FieldThe force due to the ideal solenoidal field B0 = ⅜Νs is:
fm = -ε(v x⅛j = -evφB0ur ÷ evrB0uφ

4 . REVIEW OF THE DISTURBANCESAs mentioned in section 3.1, the rms velocity spread components at the cathode output are each of the order of kTc.At the gun output the electron velocity can be written in the following form: 
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v=(ys+dven )us+dveιu±where vs = v0, the longitudinal spread <dve∣∣ « v0 and the transverse spread d∖,er « v0.The aim of a good gun is to keep these spreads as small as possible.

4.1 Longitudinal SpreadConcerning the longitudinal spread it is easily shown that its rms value ∆e⅞ = <dv2e> is given by:
kT∆ell = -ɪ (4)
mV0such that the equivalent electron longitudinal temperature is:

(5)
Example : If kTc = 0.1 eV and Uq = 10 kV, then kTe∖∖ = 0.125 × IO 6 eV, showing that thedynamic contraction results in a very small longitudinal spread.
4.2 Transverse SpreadTransversely the rms velocity spread Δvc2l = <dv½1> would remain equal to that at the cathode output in the absence of any disturbance and will thus be much larger than the longitudinal rms spread. Unfortunately,- the space-charge force ftp,- the radial electrical field due to the accelerating electrodes f⅛,- the magnetic field forcedwill introduce a disturbance on the transverse electron movement such as the electron will have its transverse energy increased when entering the drift space:

kTeι =m∖

The aim of a good gun design is to keep kTev small, if possible less than 1 eV, for any foreseen accelerating voltage Uq and intensity.
5 . TRANSVERSE VELOCITY, AN ANALYTICAL APPROACHThe basic equation of motion can be written as follows:

sp ʃ Jm
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dvr dvφ dvs „

mγ- = Fr, mγ-f- = F mγ —— = Fs
dt dt Φ dtso that

=-M(Cr-vsβφ)-vφβ0l a) 
dt γmtx , j⅛- =-1/rm[evrβ0] b) <6)
dt γm

dvs ɪ f )
— =----- {~eEs) c)
dt γm

We set:
ωH = —^∙, [rads-1], and Fr = -^-(Er - vsBφ∖ [m∙s-2]. 

γm γm' '

Fr = radial force∕γτn includes, all together, the influence of the space charge and of the electrodes.We then get: ^∙ + ω∕∕vφ = Fr (8) 
dvφ n
-γ--ωHvr =0 

dt

Multiplying the second equation by the complex i and adding it to the first one gives:^i-ιωwv1 = ∕> (9)
dtwhere vɪ = vr +ivφ.

Without second member, Fr the solution is:
v_l = a exp(ifi>#r) ; α ∈ C, (C is the complex space)

5.1 Solution in the drift tubeIn this case the gun electrodes have no influence; feι = 0. We can then use the forces induced by the space charge only. They have been defined in 3.3.3. such that:
2 /e ne n --------r-------β2 j = Constant (10)
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By the method of variations of the constant, we come to :

Vjl = beιω"t + iV(t∖ b ∈ ɑ and = , [m∙ s^l]
a>HIf, for t = 0 : vj_ = vɪo » thɛ radial velocity at the cathode output, we come to:

vr = Vd sin ω^t + vɪo cθs ω∏tvφ = ⅛(l-cosω√) +Vj_o sinω∕√
lv-L∣ = y∕vr ÷ vφ ≥ V±0

(H)

(12)
(13)

This result shows that without any other disturbance than that introduced by the space charge the transverse energy will be increased.The only way to reduce the transverse velocity v1 is to reduce Vd and consequently Fr This occurs when n = 0, i.e. when the e-beam is neutralized.It is worthwhile to put some emphasis on the drift velocity Vj. When using Eq. (10), with n = ne and Eq. (2), we come to:
Fr _ re2ne _ e^2p⅛ri∕p 

ω∏ γim2εoωn m^22^2πεoγ3a2ω∏

Since mvQ = 2eUo

½/ = Pb
Vp L4πεo∕3 a2

(14)
M H J

Looking now at the transverse temperature Tj one obtains:
kTd = mVj = 2e Pb 

4πε0γ3
( rʌ 1 

~~2∖al )ω∏
u20 -U10

Example: pb = 0.5 μA∙V, r = a = 2.5 × 10^2 m, Bq = 636 gauss gives:
O>H = 1.12 × IO10 rad∙s ɪ, Pb 

4πεp a2
1W/; = 1.6×10^5

θd = 1.6 × 10 2 -y∣Uo (volt) mrad, 
kTd = 2e[1.6 × 10^5]2t/ɑ = 5.12 × 10~,° i/^(voɪt), eV

Figure 5.1 gives a plot of the theoretical θd and kTd as a function of the acceleration voltage, with the data taken from the example.
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5.2 General SolutionIn that case, Fr can not be considered as constant; this is mainly true when the electron beam passes through the gun when fe¡ is not negligible and also vs not constant.The general solution is then:
vɪ(ʃ) = Vχo +e'ω"'∫θF,(rι)e 'ω"'1 dti (15)

with vj_o = vɪ (r = 0)If, instead of time, we use s, the longitudinal length, as independent variable we come to:
vj.(j) = v.ιo+eiω'''w Í ^e~ii0Hl^Mz)dz

Jo v(z)In order to simplify we can average the longitudinal velocity over s, such that :
f dz z z κJo vXz) v(⅛) ω"Pl

where pl is the Larmor radius defined in Section 3.1.
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After integration by part, the integral term:

A(s) = e'ω"' Í 5^1e-i=∣P<dz = i^--ipιeiω'<∙ [ f(z)e~i2lp'dz

Jo v(z) ωH J0 (16)
With /(z) = — -γy . 

az\_ v(z)

Remarks on Eq. (16):- The first term, i[Fr(5)∕ω//] is quite equivalent to iVd, as analyzed in (5.1), and this is definitive when it is taken outside the electrodes, i.e. in a region where the space-charge forces only apply.- The function /includes now all the perturbations and, of course, those due to the steering electrode.At this level computer programs must be used.In order to get a physical feeling of the cathode operation two approximations can be made. They are the "Resonant gun" and the "Adiabatic gun" principles.
5.2.1 Resonant gunIf, for example, one uses two thin electrodes, instead of the single steering electrode, such that at each passage under the electrode:

^l = ±A5(z), Z = 5-⅛2, 

vs(z)where the sign + or - is shown in Fig. 5.2, the integral term of Eq. (16) then becomes:
f dz = h∖e-^∕pι -.e-i^∕Pι] = he-^∕P∣ii-e-'^∕P∣

J0 v(z') l
which cancels if ∆∕pz = 2πn (n an integer).This justifies the denomination of resonant optic [6] since it is based on a good relation, or resonance, between vs and pz = vs∣ω∏ = vs(γn∕eBo) dependent on vi and Bo-One must remember that this is an approximation since vs may depend on s and so pz.A similar result can be obtained when considering a "rectangular" function (Fr = Const, sɪ ≤ s ≤ s2). In this case the resonance takes place when ∆∕pz = π [6].
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5.2.2 Adiabatic gunLet us for example consider an electrode configuration which induces a Lorentzian radial electrical field.

l + [((z-Δ)∕*∆)]2
with k ≤ 0.3, Δ in meter. The corresponding expression of Fr (r)

p (t∖ - ½⅛L_________ ɪ_________w 1 + [(vr — ∆)∕fc∆]2
is represented in Fig. 5.3 together withits product by cosωpt = fRe(e inorder to describe the integrant of Eq. (15). One sees that if :

vs V . vs
pi = — = — « Δ, or ωff » — ωw ωκ Δ

(vs=v considered Constantfor simplicity).

the sum (or integral) of positive and negative terms will tend to cancel. More precisely the result of Eq. (15) becomes (see Appendix 1):
( 2∆A v1(r) = v1 t = - TteE^kA itθH(∣-(∆∣vs')) 

mvs
e~k(∆∣pl)

= vιo +

where WH[r-(∆∕vj)] represents a relative phase.The second term of vɪ(r) shows that the adiabaticity, given by p, « Δ, may result in a very small increase to the initial velocity v10This property resulting from a slow varying (slow in time versus the cyclotron frequency or in space versus the cyclotron length), disturbing force due to the steering electrode, is a characteristic of the "Adiabatic gun". This implies relatively large magnetic fields (pl small and so B0 large).The new gun is quite adiabatic but some resonances have been shown to exist at very low magnetic fields with the use of tracking programs such as EGUN.
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6. FUNDAMENTAL GUN PARAMETERSFigure 6.1a shows the proposed gun layout and dimensions. One can see the three electrodes system which consist of: the cathode, the steering electrode and the final electrode (at ground potential) which constitutes the entrance of the drift tube.The electron-beam diameter will be la = 5 cm. Table 6.1 gives the fundamental parameters (Vs is referred to ground). One can see from it that the steering electrode potential, with respect to ground, may become positive in order to increase the number of electrons extracted for the space-charge cloud.

Table 6.1
Electron energy T (keV) 
Beam perveance pb (μA.V^3z2)

Beam current, I (A)

Steering electrode voltage Vs (kV)

2.3

0.125-5

0.01-0.53

-1.45-+8.1

7.0

0.125-5

0.07-2.93

-4.3-+25.6

20.0

0.125-1

0.35-2.83

-12.5-+11.5

30.0 

0.125-0.5 

0.65-2.6 

-17.9 -1.0

The initial thermal velocity, at the cathode output will not be considered in this paragraph. In such case the modulus of the electron transverse velocity is given by :∣v±∣ = √vr2 + v2 = √v∕+v2 
where:
Vd is the transverse velocity considering the beam alone i.e. due to the space charge effect,
V is the ’’disturbing" radial velocity introduced by the gun imperfections and more preciselyby the electrode transverse-electrical field. V is a measure of the e-gun imperfection.Keeping this in mind, let us define some angles (in rad): 
θ = vjl∕vo giving the full angular spread of the beam, 0j = Vd∕v0 the natural drift angle given by Fig 5.1 α = V∕v0 which is a characteristic to the aberration induced by the gun optics. In the same way one can define the corresponding temperatures:

kTj_ = mvɪ, kTd = mV], kTa = mV2The electron trajectories and the electrical field on axis are plotted in Fig. 6.lb, when U0 = 30 kV and U5 = O. V.Figure 6.1c gives the value of the e-beam current ∕0 as a function of Ut for different kinetic energies T. It shows that pg ≡ 0.51 μA / uf2 as mentioned in Section 3.2.



15Figures 6.2 to 6.3 give the results of simulations made with the SAM program [8]. They represent the above-mentioned parameters as a function of the magnetic field (Fig. 6.2) or of the electron-beam energy for a fixed magnetic field, for different perveances and at a different radius r inside the e-beam (Fig. 6.3). Since Q = ^Q¿ + a2 or Tq = + T2 one sees fromthese curves that the aberration induced by the gun itself is smaller than the perturbation issued by the drift velocity VA good way to reduce Q is therefore to reduce VThis can be performed by a neutralization of the electron beam since then n = 0 (see Eqs. (10) and (Il)). This is out of the scope of this report.Figure 6.3d represents Q and a as a function of the energy T and r when the steering electrode, or, consequently, the perveance is adjusted such as the electron current is fixed at 3 A for any energy. For the purpose of electron cooling TQ should not exceed 1 eV.
A caption is given for all figures 6 which are displayed at the end of this report.

6.1 Operation With a Linear Relation Between Bo and p∣For operational purposes [7] one may ask for a linear relation between the cooled ion beam momentum p¡ and the solenoidal magnetic field Bq such as : Bq = k pi (k is a parameter which should not be confused with the Boltzmann constant). In that case the ion orbit will not be perturbed when p¡ is changed.Since then, p¡ ≡ >n∣vo, (m¡ = the ion mass), Eq.(14) can be written as:
θd = ~r^r~ (14)

4πεQγ a ∖e J km¡which is, for a fixed perveance pb, independent of the ion energy. If we consider the worst case where r = a, we come to:
θd ≈0.01-^- 

km¡with pb expressed in μA∙V3z2 and k in gauss/(MeV/c). The present resonant gun used on the LEAR electron cooler uses k = 1.57.The OUtcoming results from such a procedure are shown in Figs. 6.4 to 6.9.In Figs. 6.4 to 6.7 one can observe that Q = yO¿+a„ is quite constant for all energies. This is consistent with our explanations since a< Qd and Qd should be constant according to Eq. (14).In Figs. 6.8 tp 6.9 the angle Q is represented as a function of pb. Again, since 0jis a linear function of pb (Eq. (14)), and a < Qd, Q is about a linear function of pb.
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6.2 ConclusionThe proposed gun has the properties of adiabaticity and should fit with the electron-cooler requirements mainly if the perveance and the magnetic field are chosen according to Table 6.2 
(T, the kinetic energy must not be confused with temperature):

Table 6.2
Electron energy T (keV) Beam perveance pb (μA∙V'3z2)Coefficient k, (Gauss/(MeV/c))

7-30 0.125-1 1.57-1.95
<7 0.125-54

On the other hand, high-perveance electron beams have to be neutralized. As a matter of fact, since ne is large, this will induce large Vj (see Eq. (Il)), and the simplest way to reduce Vj is to bring n ≈ 0 (neutralization.
7 . TECHNICAL PROBLEMS

7.1 Penning DischargeSuch a type of discharge is possible under certain circumstances and more precisely when the perveance is larger than 0.5 μA∙V^3z2 and the steering electrode is at positive potential.However, a "Penning cathode" does not physically exist since the beam travels free through the drift tube (which constitutes a virtual anode). As a consequence, Penning discharge ignition is highly improbable.On the other hand, the gun geometry is designed such that we expect no Penning trap of secondary emission electrons since the gun is operating under high vacuum conditions.
7.2 Trapping of Slow ElectronsEven if Penning discharge does not occur when the steering anode is positive, the trapping of slow electrons may exist. These electrons are issued from the ionization of the residual gas molecules and may travel along the magnetic field lines into the gun. They are accelerated on their way from the drift space to the steering electrode and decelerated between the steering anode and the cathode where they are reflected at the virtual cathode level. As for these electrons the motion is non-adiabatic, their transverse energy will increase while their longitudinal energy will decrease.As a result the ionized electrons will be trapped between the cathode and the steering electrode. This cloud of electrons oscillating in the gun may influence the gun properties, since the electron beam density is modified.



17The electron cloud density will be comparable to that of the beam after the storage time:Δ/ L 1 τ =----------- ɔ-
/ V1 a2 where :

I is the e-beam current,Δ/ is the ionization current:
M = 3.6× IO16 PσL.(σ the cross section ≡ 2 × IO17, L = cooling device length,
P expressed in Torr).

V1 is the slow secondary electron velocity and α their angular spread.For a vacuum pressure P = 5 × 10^11 Torr, Vj = IO8 cm/s, a = 10^2 rad.Δ/// = 10^8, then τ ≡ 2 × IO4 s, which is quite acceptable. The problem will be more severe if a ~ 0.1, which may occur for pb = 5 μA∙V'3z2, since then τ = 3-5 min.One possible way to overcome this disturbance is to bring down to zero the gun current. However, one must mention that high perveances will be used during short periods where we expect to reduce the cooling tune.
7.3 Stability of the Anode VoltagesWe have seen that the space charge induces, inside the electron beam, a radial electrical field expressed by Eq. (3). Therefore, the potential inside the beam of radius "a" flowing through the drift tube of radius "b" is :

The potential difference between the beam axis and the drift chamber wall when n = ne is:⅝=- enea24ε0 l + 21nf-∣ , kα√J I 
eβcπa

The kinetic energy T of an electron flowing on the axis is therefore not exactly defined by i/o- The right expression is: T=e(∣t∕o∣-i∕∕o) = <rt'α
Any ripple or variation of the steering electrode potential will introduce a change in the e- beam intensity ; as a consequence i/ʃor the electron longitudinal energy will be changed by dT 

= edUfθτ more generally dΓ = edUa if Uq is also expected to change.For a constant U0 we obtain (see Appendix 2):
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For LEAR (T = 2 keV, U0 = 2.835 kV, U5 = 7840 V, I = 0.55 A).

-^-≈-85×10a 
dUswhich means that if at dT/T ≤ 10^4 we need ∖dUs∖ ≤ 2.35 V or dUs∕Us ≤ 3 × 10^4.One therefore sees the importance in keeping the ripple in the steering anode voltage as low as possible in order to maintain the cooling energy constant. This effect is obviously more important at higher energies.Of course, this aspect must also be taken into account when one foresees to change the intensity (or the perveance) when the electron cooling is operating.

7.4 Protection against Power Supply FailuresSince the gun is operating with two independent power supplies, one fixing the final energy and the other determining the intensity /, through Us, the gun must be protected against any power supply failure. This is quite important as concerns the steering electrode which is not foreseen to dissipate power.One possible scheme is shown on Figure 7.1.More investigations are necessary in this field.
8. CONCLUSIONSThe proposed gun seems to have the flexibility of an adiabatic gun while necessitating relatively low magnetic fields. Many technological problems remain to be solved.According to the results shown in Chapter 6 it will be necessary to foresee the operational strategies in order to use the full properties and efficiency of this device. This has not been mentioned in this paper.
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APPENDIX 1

Computation of the adiabatic disturbance

Let us write 5.8 with a Lorentzian perturbing radial electrical ffc, ΓipE∩ f,~iθ)Ht vɪ(i) = vɪo + e,ω"' ------------ dtJ0 m ∖ + (yt - ∆∕k∆)

For t ≤ 2∆∕vs:
Γz e~iω∏t f+°o e-iωtit

----——-ŋdt ≈ I -- ---------------- ~dt '0l + (vr - Δ∕ArΔ) J.βo 1 + (yt - ∆∕k∆)

k∆ -i^∆
B-—e v 

V

-i(ω∏k^∕v)u- --------- ʌ—du1 ɪ .<2

The integrant has a pole at ±i. If we use the residue theorem at -z, one obtains:
B = c-i(ω∏∆∕v) e~WHkA/v

V

Since v∕t⅛/ = pl, we finally arrive at:
vɪ(r) = Vio - e-^P>, m. s-ι

mvWhen p∣ « Δ, the additional transverse velocity induced by the electrodes can be very small.



APPENDIX 2

Influence of the stability of Us on the kinetic energy T

We use: r=∣t7o∣-⅛⅛ T in volt, Ci a constant, Ci = 91.7 Ω for Lear.
/ j∣ς j∣ς ∖

I = Ps(∣i7o∣ + i7j)3'2 Pg = 5 × 10^7 A ■ V^3z2
If Uq is constant,

β2-=~cl∖β-— 
dUs [ dUs dT dUs.¿/ =3 (jσ0∣+σ1)3z2 3 / d£= ɪ β

dus 2Pg (∣σ0∣+iΛ) 2(∣t∕0∣+t∕J, dr τ(z+ι)τ
then:

dτ[ CiZl 1 ^∣ 3c 1 1
dUs[ β Tχ(7 + l)J 2 ‘ (∣i∕0∣ + ¾)

dr _ 3 (N-T) 1
dus 2 (NI+us ) [1-(N∣-T∕τ)(ι∕r(χ-1)]

when using (*) and (**).



CAPTIONS OF FIGURES 6 TO 7

Figure 6.1a The electron gun mechanical layout
Figure 6.1b Trajectories, electrical field E(r=0), Uq = 30 kV, Us = 0 V, /q = 2.54 A

B0 = 526 G, ErnaxU=O) = 3.43 kV/cm
Figure 6.1c Electron beam current as a function of UtFigure 6.2 Dependence of the electron beam angular spread on the magnetic field strengthFigure 6.3 Dependence of the electron beam angular spread on the electron energy with constant magnetic field

θ^. full angular spread; a. radial one, pb (in μA∙V^3z2); 0.5 (Fig. 6.3a),0.125 (Fig. 6.3b), 5.0 (Fig. 6.3c); I = 3 A (Fig. 6.3d)Figures 6.4 to 6.7 Dependence of the electron beam angular spread on the electron energy for a variable (with energy) magnetic field (see 6.1) 
θ : full angular spread, a : radial one, m¡ = 1
Fig. nδ p6, μA∙V∙3β k,G/(MeV/c)6.4a 0.5 1.576.4b 0.5 1.696.4c 0.5 1.956.4d 0.125 1.576.5 0.125 1.576.6a 1.0 1.576.6b 1.0 1.696.6c 1.0 1.956.7 5.0 1.95

Figures 6.8 to 6.9 Dependence of the electron beam angular spread on pb (pb is expressed in units of 10-6 A∙V-3∕2)
Fig. nδ Electron energy T, keV k, Gauss / (MeV/c) B0, Gauss
6.8a 7 1.69 2626.8b 7 1.95 3026.8c 7 4.08 6366.9 20 1.69 445

Figure 7.1 Schematic of the power supplies setup
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