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1. Electron Cooling Region 

The electron cooling of the stored proton beam occurs in the straight sec­

tions shown in Figure 1. The design must provide a cold, intense electron beam 

and bring it into near perfect alignment with the proton beam. The electrons 

are confined in the drift region by a I kG solenoidal magnetic field to avoid 

divergence produced by space charge forces. 

Electron r,un 

The electron beam must have a rest frame temperature Te < I eV. To pro­

duce such a low temperature, the electron gun has been designed with a classic 

Pierce geometry, and is itself immersed in the magnetic field. This means that 

the magnetic fi.eld lines thread through the cathode, and follow the electron 

trajectories all the way to the collector. Otherwise, the electrons would gy­

rate around the actual magnetic field direction, and increase greatly the trans­

verse temperature. We have chosen to use the electron gun design developed for 

the SPEAR klystron. It produces a 28A, 27 cm2 beam at 110 kV. The dispenser 

cathode can be reactivated repeatedly after exposure to air. The defocusing 

lens action of the anode causes the electrons to spiral, resulting in the un­

dulation. This undulation is cancelled by a "resonant" focusing system of three 

electrodes. Electrode potentials are adjusted to match the spiral motion so 

that the electrons emerge parallel. 
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Drift Region 

After leaving the gun, the beam is bent 90° to superimpose it on the pro­

ton beam. The bending is accomplished with a crossed toroidal and dipole mag­

netic field. The resulting trajectory bends through a circular arc without 

exciting gyrations. The toroid has a gradient of 6.7 kR/m, and a dipole field 

of 80 G. 

The cooling will take place in a 5 m long drift region, where the electron 

beam is confined by a unifonn-field solenoid. We have chosen a solenoidal 

field 80 = 1 kG as being adequate both for beam confinement and for studying 

"fast" cooling. The solenoid is an assembly of 0.5 m long coils of anodized 

aluminum strip conductor. The field produced by a long sequence of the coils 

with minimum spacing has a uniformity (oB/B) < 5 x 10-4 , sufficient for nns -
optimal electron cooling. 

The ground potential surface throughout the bending and cooling region is 

a drift tube of 611 diameter. This drift tube is split longitudinally into seg­

ments, and each segment is connected to an independent voltage source (see Figure 

1). By depressing the "ground" in the cooling region several kV below the ground 

in the short drift sections in each 60° bend, it is possible to trap the ions 

formed by beam gas scattering in the cooling regions, and neutralize the space 

charge in the electron beam. The ion density needed has an equivalent pressure 
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Depressed Collector 

After a second 90° bend, the beam is decelerated and absorbed in a collec­

tor assembly.· It is essential to recover as much as possible of the beam power 
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(2.6 MW) for realistic collection and optimum beam regulation. For this pur­

pose the collector is operated at a potential only slightly (oE ''"few kV) lower 

than that of the electron gun cathode. The collection is then efficient only 

if no electrons have lost more than oE of energy since their birth at the gun 

cathode. Any energy coupled to gyration in the deceleration process is dif­

ficult to recover into longitudinal motion. One difficulty in maximizing the 

collection efficiency at the collector is secondary emission and backscattering 

from the collector surface. 

II. Electron Beam Studies 

We present here a chronological history of electron beam studies to date. 

The studies divide logically into two periods. In the first period, we studied 

beam perfonnance in the energy range 0 - 5 kV, with strong deceleration in the 

collector: the collector anode was at ground potential, so that the beam de-

celerates fully in the collector. In the second period, we studied beam per­

formance in the energy range 0 - 20 kV, with weak deceleration in the collector: 

the collector anode was held near cathode potential, so that most deceleration 

occurs upstream of the collector. 

Period I: Vgc = 0 - 5 kV Vga = 0, Vea= 0, Vee= 1.3 - 4 kV, 

p"' 2 x 10-6 Torr, ICC "v 0 - .25A, e: ~- 3-5%. 

Figure 2 shows the fractional beam loss 11/Ie observed as a function of 

collector depression Vee and for cor:ipa.rison, the loss.es predicted· from ionization 

currents created in the residual gas. 

Initially beam current was limited by reducing cathode temperature. We 

studied the steering alignment of the beam through the drift structures, using 

mainly the dipole steering coils. We observed surface charging on drift tubes; 
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when the beam would scrape a drift tube, it would charge up to a negative volt­

age ~ Vgc' and further perturb the beam until the steering element was tuned 

far in the reverse direction, generating an apparent hysteresis in the steering 

curves. This was a result of the single quadrant design of the power supplies 

used for electrodes, anodes, and drift tubes. Each supply could sink current 

to bring a load from ground to the desired voltage; but it could not source 

current to prevent a load from going more negative then the desired voltage, 

due to beam interception current. All anodes, electrodes and drift tubes were 

grounded, and the beam was operated as a diode switch tube. 

We observed light emitted along the long drift tube originating from gas 

scintillation in the beam. The light was correlated with wall losses when ·we 

steered the beam in the drift structures. 

Several aspects of beam steering studies were disquieting. First, several 

steering curves (particularly H3, V3) did not appear to have a flat region with 

minimum loss. This would suggest an aperture limitation. Second, an optimally 

steered beam would still have a loss fraction £ ~ 3-5%, with at least 80% of 

the remaining losses occuring roughly equally at the two anodes (Iga• Ica). 

The anodes represent the smallest apertures to the beam, so this led us to sus­

pect that the peripheral rays were scraping the anodes. 

The origin of losses became clear late in this period when we began to 

operate the gun with space charge limited emission. We observed (Figure 3) 

that 

Thus the newly emitted (and collected) current le is reduced from its no-loss 

value by the space charge from n passages of the lost beam IL. That can only 
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be the case if the lost beam bounces back and forth n times (on the average) 

between gun and collector before intercepting an anode. Thus the losses occur 

naturally at the anodes; the lack of a flat bottom to the steering curves is 

due to the slow growth of the reflected component, and not to an aperture limi­

tation. 

Period II: Vgc = 0 - 20 kV, Vga = 0, Vea= 0 - 20 kV, 

Vee= 1.3 - 4 kV, p"' rn-8 Torr, ICC= 0 - 2A, Ek, 2 x 10-4. 

After period I, it remained to understand why a fraction E"' 3-5% of the 

beam was reflected from the collector. To study the collection process, it was 

necessary to vary Vea· A cathode follower circuit was designed to provide second 

quadrant regulation for the Vea supply. This technique succeeded, so that Vea 

could be set and stabilized at any desired voltage. We then observed a drama-

tic improvement in collection losses when the collector anode was operated near 

cathode potential, Vea~ Vgc· The losses IL drop rapidly as Vea approaches 

Vgc (Figure 4), until finally the beam blows up. The losses are E"' 2 x 10-4 

for Vgc = 20 kV, Ie = 2A. 

This behavior was startling in view of our Poisson calculations of the beam 

in the collector region. The electron space charge for a 2A beam should pro­

duce"' 5 kV depression in the aperature of the collector, and prevent collection 

of central rays for Vea~ Vgc - 5 kV. The observed improvement for large Vea 

signals the presence of a stable cloud of slow gas ions, which are formed and 

trapped in the potential well near the collector anode, and which partially 

neutralizes the electron beam as it decelerates. 

Ion trapping in the collector region has not been reported in electron 

beams ~t Novosibirsk and CERN. The dramatic effect of losses must result from 

a strong, uniform potential barrier to suppress electrons backscattered from 
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the collector surface. This conclusion is substantiated in Poisson calculations 

which include ion neutralization. 

The optimum collection efficiency is not strongly dependent on collector 

depression Vee ( see Figure 5). We interpret this to mean that, while the 

topology of the equipotentials is altered by an ion cloud, the total depression 

in front of the collector wall scales with Vee' and suppresses backscattered 

electrons independent of Vee· 

III. Ion Compensation 

In order to understand the observed effects of ion compensation in the 

collector region, it is necessary to calculate the space charge potential dis-

tribution that is developed there. This can be done using the self-consistent 

solution of electric potentials arising from the Poisson equation: 

where Je is current density, 
m is electron mass 
e is electron charge 
~ is potential w.r.t. cathode (kinetic energy) 

From the solution of equation (1), for a 2 amp, 5 cm. diam. 

(1) 

electron beam traveling in a 8 cm. diam. anode, a minimum kinetic energy of 

150 volts is predicted for the central electron ray, with the anode voltage 

off set (!iVca - V9c> at 3 kV. This condition defines the minimum anode poten­

tial, below 1t.rhich the primary beam is reflected because of beam space charge. 

The cup voltage must then be above this to provide suppression of secondary 

emission and backscattering. 
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Successful collection of a 2 ampere x 20 KV electron beam was achieved 

with a collector voltage of 1.3 kV, and anode voltage of 0.8 kV. Computer 

modeling calculations of this beam collection mode predict a negative kinetic 

energy of 1.14 kV, (Figure 6) implying full beam reflection resulting from the 

space charge developed in the anode. 

The apparent attenuation of the space charge depression can be understood 

in terms of an ion trapping process in the potential well produced by the pri­

mary beam. Ions formed within regions with potentials lower than the surround­

ing electrode potential will be trapped in closed .regions> thus neutralizing 

the electron soace charge. 

Ions are trapped in the collector region only when the electron current is 

sufficient to produce closed potential wells due to space charge. The initial 

defocusing transverse electric field arising from the electrode structure is 

given by: 

{2) 

while the transverse electric field arising from the ion compensated space charge 

is: 

where ni is the ion density 

For ion trapping we require: 

J,_ . r: 
:llo v~'f 

+ 
(3) 

(6) 
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Thus the threshold condition for ion trapping is defined by a minimum elec-

tron beam current, assuming a fixed ion density. When the ion compensation makes 

the net transverse electric field = 0, the resulting axial potential distribu­

tion satisfies: 

where R is the wall radius, 
~0 (~ is the (Laplace) potential without the beam 

Equation (5) implies that effective ion compensation requires slowly chang­

ing axial electric fields. 

(5) 

The net ion population under trapping conditions is a stable equilibrium 

of the ion production rate, balanced against the ion losses due to ·diffusion to 

the walls. The ion production rate is given by: 

_1111 -e'f q u: _ II 
Qr[ - no m E: n~ ~ 

where n0 is the density of the residual gas 

Ei is the ionization energy of the residual gas 

Cne, Ve) are electron density, velocity respectively 

(6) 

The diffusion of the ions is generated by electron heating. This heating 

rate is given by: 

7Te" n.e (JEJ:: Li C/1 i. ott Mt tJe. 
(7) 

where L is the coulomb logarithm, and 

Mi is the ion mass 

The resulting diffusion rate is given by: 

n: (8) 
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where the potential drop from beam edge to wall is 

( f w - lfi,) = e( f1 e - n.i) a< ( f_ + .2_ f 01( r<;,.,)) (9) 

:2. fo 

From the above relations an effective compensation ratio can be defined by: 

{ r:_ ; n
0 

7/U + :l ~j(f-1,.J) } 
(10) 

where re is the classical electron radius 

For residual gas pressures of 10-10 Torr, the resulting ion compensation 

ratio is 6 x 10-3. The growth rate for ion compensation at this pressure is 

approximately 50 seconds. 

It is interesting to note that the space charge compensation rate is inde­

pendent of beam energy. Such compensation can also be useful, for example, in 

improving the damping conditions available in the cooling straight section. 

Computer modeling of a good ion trapping geometry was performed, using 

the necessary conditions described above. A suitable geometry was obtained, 

as shown in Figure 7. Ion compensation and collection were simulated 

under beam conditions of 110 kV, 25 amperes. The design of the electrode 

geometry was determined by the requirement of effective secondary suppres­

sion of emission, and backscattering, consistent with formation of a stable 

ion trapping potential well. 

The ion neutralization effects were modeled by allowing net space charge 

density to approach zero within bounded regions whose potential was near the 

minimum wall potential. Figure 7 shows the modeled potential map produced in 

the collector when ion neutralization is assumed for a 900 volt equipotential 

region, with surrounding electrodes at 5 kV (collector) and 1 kV (anode}. 
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The calculated net axial charge density is shown, defining the region where 

ion trapping occurs. The increasing charge density near the trapping region 

arises from the strong deceleration of the primary beam. The charge density 

abruptly vanishes at the edge of the trapping region. 

The resulting potential distribution left near the cup surface after neu­

tralization provides a suppression voltage of about 4 KV, producing very 

efficient beam collection. 

IV. ·Electron Losses and Instabilities in Collector 

Our princi·ple method of detecting a plasma instability at the collector 

anode is an antenna system in the long electron cooling straight section. This 

pick up system was designed to pick up microwave noise generated by transverse 

(cyclotron) motion of the primary electron beam. The form and location of the 

antenna is sketched in Figure a. An important point is that the antenna is far 

from the anodes. Thus it is sensitive only to coherent bunches of reflected elec­

trons bouncing between anodes, and not to radiation directly from the anode·regions. 

Since the P.ick up system was designed to operate between 2 and 4 GHz our measure­

ments of low frequency spectra are with a very low and poorly understood sensi­

tivity {as a function of frequency). We can only roughly calculate the inte-

grated power in the. RF spectra descr"i bed below. 

Initially we looked for microwave signals at the cyclotron frequency, ex­

pecting to observe the characteristic modes predicted as a function of beam 

energy and solenoid magnetic field. Immediately it was observed that an anomo-

lously large signal appeared which was a strong function of beam loss fraction. 

Realizing that electron loss (especially loss detectable in the Sm drift region) 

would probably be associated with electrons reflecting between gun and collector 
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anodes, we looked for the low frequencies (~ few MHz) characteristic of the 

bounce period. With simplified pick-up electronics (no microwave preampli­

fier or mixer) we indeed indentified the loss-associated spectra as being low 

frequency ( 3 - 700 MHz). 

On a frequency sea 1 e of 0 - 1000 MHz we observed the broad envelope spec­

trum of Figure 9. This figure superimposes spectra corresponding to two values 

of loss current. The spectrum for 2mA loss illustrates a signal compatabile 

with circuit noise background alone. The loss current was varied by changing 

collector anode voltage. On a finer scale, the spectrum for SmA loss current 

is seen to be a comb of harmonics, the first few of which are illustrated in 

Figure 10. 

The harmonic structure is easily explained. Within the limit of measure­

ment accuracy the fundamental period is just twice the gun-collector transit 

time. To check this we measured spectra at three beam voltages. A plot of 

electron velocity versus the measured harmonic spacing is presented in Figure 

11. 

The FWHM of the harmonic peaks can be used as a measure of the life time 

of lost electrons within the system (i.e., number n of bounces back & forth 

between gun and collector). Using the measured FWHM (tif) we arrive at: 

(11) 

This result is consistent with the calculation on the observed Ibeam vs. 

Iloss described earlier (see Figure 3). In a space charge limited gun emission 

regime the charge density in the gun space charge cloud is a constant (at 

fixed voltage). This space charge comes from two source: first the fresh beam 

emitted from the cathode; second the charge of the lost, bouncing, electrons 
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at their turning point in the gun. The net condition is thus Ie = 10 - n I1. 

Figure :, shows this beam current 11 sag 11 as !loss increases. Quantitatively the 

data of !beam vs. !loss yields n = 7.7. 

The onset of UHF signals with !loss is abrupt. This is fully illustra-

ted in Figure 12. We identify the threshold of nonl"inear RF power generation 

with the onset of a collective ins ta bi l ity within the high intensity electron 

plasma near the collector. For a beam current of"' 2 amp and a collector anode 

voltage of 0.9 'KV we calculate a plasma frequency~ 200 MHz. We see from Figure 

9 that the spectrum of harmonics extends up to "' 500 MHz. We achieve lowest 

losses by minimizing the collector anode voltage. Notice that this is also 

the condition for maximiz.ing the anode region in the electron density and mini­

mizing the UHF signals. The instability threshold therefore is not associated 

with a beam current limitation. 

What about the microwave signals (~ 1000 MHz) for which the pick up system 

was designed? When losses are minimized (UHF signal disappears) we find a re­

sidual signal corresponding roughly to the expected Doppler broadened cyclotron 

freqeuncy band (Figure 13). This residual remains constant for variations in 

I1oss for !loss ~ 3mA. 

Theoretical Discussion of Instabilities 

We achieve very low loss fractions because the electron beam space charge 

depression has been neutralized by trapped ions, in the collector anode region. 

Thus it is essential to understand the condition for maintaining such trapped 

ions. In particular we calculate the stability of such a region of thermal 

ions under the excitation of the electron beam which passes through it. By 
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conservation of energy the longitudinal momentum imparted to an ion by an 

electron scattering is: 
(A fl[e.-)) 

2 

J.m v~ (12) 

In the general magnetized case an electron spirals through the electrostatic 

field region of trapped ions. An integral tiP.L is imparted. We can write an 

exact expression for this net imparted transverse momentum: 

where 

A PJ.. :: 

n. = density of ions in trap 
l. 

R. = length of trap 

v = electron velocity 
0 

W = gyro frequency 

n-(1) iw2l..-
1 e /Tio 

n 
' 

of:z:/ T 03> 

ilVr? 
The exponential (e /&".,) properly takes into account the magnetized motion. In 

order to calculate the net force on an ion' ( JP,i'lf> we substitute (13) into 02) 

and integrate over all electrons in the beam: 

l
a i. 

AP.J.. 
).rn v;, 

c> 

{14) 

where a = beam radius 

This characteristic friction force decreases with increasin~ v0 , and leads to 

the so called "electron wind" instability (Ya. Derbenev,A. Skrinsky). The 

increment of the instability is: 
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Ni ;..11 r,, re nc c )J~j~ 
f-/ 

(15) 

whe.re Ni:= hni a2J = total number of ions trapped in the anode region; 

ri and re are the ion and electron classical radii respectively. Using para-

meters of our recent studies (I - 2A V V ~ 1 kV, ne = beam - ' anode - cathode ·v 

3.3 x I08/cm3, a = 2.5 cm N; = 3.2 x 1010, i ~ 5 cm) and for no solenoidal field 

T-1 = 3.6 x 105/s. Using an approximate longitudinal trapping potential in 

the anode of V = V0 (t+{!/;4)) with V0 = 1 KV, A= lOcm we find an oscillation 

frequency= 0.7 MHz. Clearly a condition for there to be a coherent oscilla­

tion of the ions is that the spread of natural frequencies possible in the 

trapping well be less than the driving rate r-1. We see that it is impossible 

to trap ions in a collecto·r configuration using zero solenoidal field (e.g., 

the Novosibirsk and CERN collectors). 

On the other hand the integral in Eqn. (15) is very small for non zero 
1 

solenoidal fields. Intuitively this is because: first the Larmor periods 

longitudinally are very short for"' 1 KV eiectrons in~ 500 gauss (x"' 0.21 cm); 

and secondly no net transverse momentum is transfered to an electron when 

it transits an electrostatic field region in the adiabatic limit (X<<i). If 

we use a model ion longitudinal distribution 

integral in (15), obtaining 

For a case R. =7cm "C-
1{B = 500G) = 1.2 x 10-10• 

then we can perform the 

(16) 
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As mentioned previously the observed instability must be associated with 

the electron plasma frequency for densities corresponding to those in the col-

lector anode region. The precise mechanism for the onset 

of this oscillation remains unexplained. 

In stable operation (lowest collector anode voltage) secondary electron 

emission from the collector is reflected back to the collector. With the onset 

of an electron space charge oscillation (against the trapped ion background) 

this reflection potential barrier oscillates in height, allowing the secondary 

emission net loss to vary at the plasma frequency. 

As the collector anode voltage is raised potential gradients in the col­

lector region change and secondary backstreaming loss increases. We cannot 

now distinguish which of these changes destabilizes the electron space charge. 

It is plausible that the potential gradients in the space charge region 

determine its Landau stability. On the other hand increased backstreaming must, 

at some level of loss, induce a "two stream" instability. 

Concluding Remarks 

From these studies it can be seen that ion neutralization of space charge 

must be taken into account in order to produce high efficiency beam collection. 

Under certain conditions, ion compensation can actually destroy the usual sup­

pression of secondary emission due to electron beam space charge. However, by 

moving the ion trapping region outside the collector cup, ion neutralization can 

be exploited to produce very low power beam collection (with very small beam 

loss). 
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Figure Captions. 

Electron beam system: (a) electric field elements 

(b) magnetic field elements 

Total beam current, and predicted loss 

from ionization, vs beam energy. 

Electron beam current and loss current vs. collector 

anode voltage. 

Electron beam current and loss current with ion 

compensation. 

Loss fraction vs. anode voltage for V =1.3 kV, 4 kV. 
cc 

Negative kinetic energy region predicted for 20 kV, 

2 A electron beam. 

Ion compensation region and charge density predicted for 

20 kV, 2 A beam. 

Microwave pickup geometry in long straight section. 

0-1000 MHz spectrum of r.f. signal for 2 mA, 5 mA loss 

current. Total beam current is 2 A. 

Fine structure spectrum.-, of 'Figure 9 o 

Electron velocity vs. harmonic spacing in r.f~ spectrum. 

Dependence Qf r.f. power on beam losses. 

r.f. spectrum of the Doppler broadened cyclotron radiatio 
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