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Proposal for 

Plasma Lens Experiments at the Final Focus Test Beam 

THE PLASMA LENS COLLABORATION 

Summary 

We intend to carry out a series of plasma lens experiments at the Final Focus 

Test Beam facility. These experiments will be the first to study the focusing of 

particle beams by plasma focusing devices in the parameter regime of interest for 

high energy colliders, and is expected to lead to plasma lens designs capable of 

unprecedented spot sizes. Plasma focusing of positron beams will be attempted 

for the first time. We will study the effects of lens aberrations due to various 

lens imperfections. Several approaches will be considered for meeting the plasma 

requirements for the plasma lenses including laser ionization and beam ionization of 

a working gas. At an increased bunch population of 2.5 x lOlo, tunneling ionization 

of a gas target by an electron beam - an effect which has never been observed before 
- should be significant. The compactness of our device should prove to be of interest 

for applications at the SLC and the next generation linear colliders. We discuss the 

principles and parameters for the plasma lenses envisioned and also the methods 

that will be used for performing the experiments, including plasma diagnostics and 

focused beam size measurements. 
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1. INTRODUCTION 

Plasma focusing devices are compact, simple, and very strong focusing ele- 

ments. The focusing strengths for typical parameters are equivalent to N log 
Gauss/cm focusing magnets. In principle, such strong fields are capable of focusing 

beams to very small spot sizes’14’ and perhaps even capable of avoiding” inherent 

(Oide) limitation”’ in discrete strong focusing. Several proof-of-principle experi- 
[O-l l] ments using low density particle beams have demonstrated plasma focusing. 

Our goal is to demonstrate the effectiveness of plasma lenses in the parameter 

regime of interest for SLC and the next generation high energy linear colliders. 

The experience gained is expected to yield new final focus designs capable of pro- 

ducing spot sizes smaller than ever produced before. 

For our purposes, the focusing nature of the interaction can be understood 

using the following arguments without detailed mathematical analysis: The beam 

particles carry charge and current. For a relativistic beam in vacuum the electric 

repulsion is almost neutralized by the magnetic attraction among the particles. The 

introduction of the beam into the plasma results in a response that neutralizes the 

intrusion as much as possible. The charge neutralization takes place primarily by 

the fast motion of the plasma electrons and the current neutralization occurs due to 

the development of the “return current” in the plasma. The resulting large electric 

and magnetic fields both accelerate and focus trailing particles!‘21 For a single 

bunch the head can excite the plasma and focus the main body of the bunch!‘] 

In the regime where the plasma density is lower than the beam density (the 

“underdense” regime in the literature), the plasma electrons respond to the incom- 

ing beam by total rarefaction from the beam volume. The result is a near uniform 

focusing of the beam due to the lees mobile ions. 

The “overdense” regime corresponds to the cam? when the plasma density is 

higher than the beam density. For transverse beam sizes smaller than the oscillation 

amplitude of the plasma electrons (the plasma wavelength A,) the return current 

runs essentially outside the beam envelope and is ineffective in neutralizing the 
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beam current. Yet, the beam charge is completely neutralized. This leaves the 

beam azimuthal magnetic field unbalanced, resulting in a pinch, or focusing of the 

beam. The focusing force varies according to the variation of the beam profile in 

this case. 

In the extreme overdense (total compensation) situation, the plasma density 

is much higher than the beam density, and the return current penetrates deep 

inside the beam. In this limit the beam magnetic field is also neutralized, and 

the plasma focusing diminishes. This limit is the basis for the concept of “plasma 

beamstrahlung suppression” !‘” 

The focusing of a positron beam can be understood similarly, though there are 

inherent non-linearities due to the source of the focusing force. The plasma elec- 

trons are pulled into the region of the beam and they oscillate in the electric field. 

The focusing force depends upon the state of the oscillation and the consequence is 

seen in the beam profile after it passes through the plasma. For parts of the beam 

the focusing can be very strong, even stronger than for the electron beam, though 

it is prone to aberrations. There has been no experiment with positron beams as 

yet, but simulation results are very encouraging. 

There are two low energy, low density beam experimental results which confirm 

the theory of the beam-plasma interaction. In the Argonne experiment~ol a 21 MeV 

electron beam with 2.5 - 4 x 1O’O cmW3 particles per bunch was sent through a 

thick plasma of 35 cm long followed by a 15 MeV low intensity witness beam, 

with adjustable delay and transverse offset. The plasma was created in a hollow 

cathode arc and had a density of 0.7 - 7 x 1013 cmm3. The size of the beam was 

seen to decrease from u = 1.4 mm without plasma to u = 0.91 mm with plasma, 

roughly the predicted equilibrium size in a long plasma. Before reaching this 

equilibrium size, the beam was expected to have been as much aa 3 times smaller, 

but unfortunately there was no measurement of the beam size at intermediate 

positions in the plasma. 

In the Tokyo University experiment a round 18 MeV electron beam was sent 
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through a thin plasma lens and focusing was observed!11 The beam size was 

measured at three phosphor screens along a drift downstream from the plasma 

chamber. The beam density was about 1.2 x 10” cmB3 and the plasma density 

was up to about 1.4 x 10” cmm3, which is created before the passage of the electron 

bunch by a current discharge. This experiment confirms the theory of thin plasma 

lenses. 

While previous experimental results have been useful, the experience is in- 

sufficient to design or evaluate a plasma lens in a high energy collider detector. 

Systematic evaluations of methods and experimental techniques with realistic high 

energy beams are now required. It is necessary not only to understand the funda- 

mental physics of plasma focusing, but also to make the technological and practical 

advances so that plasma focusing devices may be used in future accelerators. The 

nominal colliding beam density at the SLC is about 1 x lo’* cmv3 and in the next 

generation linear colliders at 0.5 TeV center-of-mass energy it is above 1 x 10” 

cm -3. These densities are 6 to 7 orders of magnitude higher than those in the 

Argonne and Tokyo experiments. 

There has been research and development activity towards a plasma based 

focusing device for the SLC/SLD.“‘“] Although the device was not installed, the 

study has provided knowledge in various areas such as vacuum design and plasma 

formation thru beam induced tunneling ionization. Such experience has been con- 

sidered by this collaboration in designing the plasma lens experiments to be per- 

formed at the FFTB. 

Many numerical simulations and studies in the high density regime have been 

carried out by this collaboration I’*’ and various authors!““” These suggest that 

focusing should be observable with attainable physics parameters. These studies 

are continuously being carried out with increasing sophistication to include various 

focusing effects and provide guidance for our experimental program. 

A beam zuch as the FFTB offers a unique environment to test ail aspects of 

plasma focusing of high energy, low ernittance beams. The experiments we propose 
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to be performed at the FFTB include: 

(1) Round Beam Focusing 

The plasma is created by an intense laser beam before the arrival of the particle 

beam bunch. The gas target density will be varied to cOver all regimes of the 

plasma lens from underdense to overdense and to the total compensation limit, at 

which the focusing degrades due to return current. The optimized lens conditions 

will be capable of demonstrating the focusing of a 5 pm round beam to a final spot 

size of about 2 pm. We expect a fully coupled “round beam” from the FFTB for 

the experiment at the normal FFTB population of 1 x lOI? per bunch. 

(2) Hat Beam Focusing 

This experiment will be performed with both laser ionized and beam self-ionized 

plasmas. We envision the increase of the FFTB population to about 2.5 x 1Oro 

per bunch while maintaining the FFTB designed %at beam” aspect ratio, i.e., 

h2 /hy = 3 x 10B5m - rad/3 x lo-“m - rad. This will help to improve the 

impact ionization probability and to reach the tunneling ionization threshold. We 

plan to test two cases with different plasma densities with laser ionized plasmas. 

The laser ionized focusing will demonstrate the focusing of flat beams to sizes 

smaller than the FFTB designed capability of 60 mn. We also plan to repeat the 

same experiments by beam self-ionized plasmas. The beam self-ionized focusing 

will show the simplicity and economy of such a scheme as an add-on device for 

luminosity enhancement in linear colliders? Moreover, it will be possible to study 

the physics of tunneling ionization of a gas target by a high energy electron beam 

for the first time. 

(3) Positron Beam Focusing 

Although pozitron focusing has been demonstrated in plasma lens simulations~*161 

the dramatic efkct has never been observed experimentally. The inherent non- 

linearities of the positron focusing force would deserve experimental studies. The 

test will be performed again with the “round beam” geometry with the normal 

bunch population of 1 x 10” and the laser ionized plasma lens, as in (1). 
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The use of the FFTB for these experiments is crucial. Besides the evaluation 

of the usefulness of plasma lenses for the SLC and the NLC, the demands of 

the experiments will lead to advancement of technologies for high density plasma 

production and ultra-small beam diagnostics. Finally, there is a possibility that 

the plasma can also serve to reduce beamstrahlung due to neutralization of both 

charge and current in the high energy beam. This would help to alleviate the 

beamstrahlung background problem at the expense of introducing a modest beam- 

plasma background in e+e- colliders. We believe these are strong motivations for 

the study proposed here. 

2. PARAMETER STUDIES 

The prospect of testing plasma lens concepts at the FFTB has been investigated 

recently!” In that study plasma lens parameters for round beam focusing, flat 

beam focusing, and “adiabatic focusing” [’ were provided. Here we extend that 

study and refine our treatment. We limit ourselves to round beam and flat beam 

focusing only. 

2.1 ROUND BEAM FOCUSING 

As described in the Introduction, the focusing strength of a plasma lens depends 

on whether it is underdense or overdense. When ignoring the effects due to the 

return current, the focusing strength for underdense lenses is governed by the 

plasma density np, 

K+np , (24 

whereas for overdense lenses the strength is determined by the beam density nb, 

K 2xrc 
=-nb . (2.2) 

Due to focusing by the plasma lens, the beam size will change during the course of 

beam-plasma interaction and, therefore, the focusing strength will also change in 
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the overdense case. The effect must be taken into account if the lens is sufficiently 

thick. In terms of the beta function and the beam density at the lens entrance, 

PO 
rib(s)) = B(8)% l (2.3) 

The plasma return current tends to reduce the focusing effect of the lens?’ The 

effect is approximately given by 

K,, = K 
1 + (kpQ ’ (2.4) 

where or is the nns size of the beam and kp = J4z is the plasma wavenum- 

ber. The formula indicates that this effect is appreciable only when the plasma is 

considerably denser than the beam. 

The response of the plasma occurs in a time rP = l/f+ and thus in the overdense 

regime the requirement for response within the time of a beam pulse is rp < Q m 

6% or kpcrr > l/a, where cL is the rrr~ bunch length. In the underdense 

regime, the wavebreaking limit is quickly reached and the focusing is less subject 

to this limit. 

The equation for the beta function is 

$” + 4K$ + 2K’/3 = 0 . (2.5) 

The boundary conditions are that @  and $ are continuous and at the boundary of 

the lens the quantity 8” + 4K/9 jumps by 2AKg, where AK is the discontinuity 

in K. The beta function can be solved by numerically integrating Eq.(2.5) with 

the proper boundary conditions and plasma regimes. 

The results of our study are presented in Figs. l-3. These calculations are done 

including the longitudinal variation of K in the beam (Section 2.3). In evaluating 

the performance of the plasma lens we always compare it with the vacuum case. 
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We have considered plasma of different densities. In all cases we observe the plasma 

response criterion; that is, kr,cr > 2. For the case of an underdense lens, the time 

response criterion combined with the necessary condition that nb be larger than 

np leads to the inequality 

where N is the number of beam particles. The criterion becomes easiest to satisfy 

at a focus (S;, = 0). Using the relation between /3; and /30 appropriate to a drift 

region, one obtains 

Anin = 6.41 x 104tm;b~-~1. (2.7) 

In Figure 1, the optics of a simple uniform plasma lens is labelled as Case A. 

The plasma has a density of np = 2 x lOI crnw3 and is therefore underdense except 

in the short region where the beam enters the plasma. The initial focused beam 
. size ufO was 4.7 pm with the plasma %umed off,” whereas the cr,’ obtained with 

plasma focusing for this plasma density is 3.35 pm. Increasing the plasma density 

to 1x1017 cm’ 3 (Case B) allows the study of the overdense lens without return 

currents. As shown in Figure 2, the focused beam size is a,’ = 2.55pm. Further 

increasing np to 1 x 10ls cm -3 (Case C) should allow the study of the importance of 

return current. The model predicts a,’ = 2.55 pm versus a,* = 3.23 pm, depending 

on whether return current is neglected or included, respectively (Figure 3). 

2.2 TRANSVERSE NON-LINEAR EFFECTS 

We examine here the effects of the transverse variation of the focusing strength 

in the plasma lens. Plasma focusing is self-induced, which usually results in the 

outer edges of the bunch not experiencing the same focusing as the core. This 

can, however, be ignored for all underdense cases when the plasma perturbation 

is beyond the wavebreaking limit. However, when the plasma is overdense the 

focusing field follows roughly the fields in the beam and the non-linear effect is not 
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negligible. Models that treat the aberrations due to such non-linearities in plasma 

focusing have been developed!tS5’ In the model developed in Ref. 3, an aberration 

power is introduced to be 

P = [1+ ($6)2)1 l/2 , (24 

where /30 is the beta function at the lens entrance, f is the focal length for a bi- 

Gaussian bunch, and ~5~ ,N 0.15 is the parameter for the bi-Gaussian distribution. 

The reduction in spot size is then given by 

&= P2 
ho P2+ (ao+ 9,” ’ (2.9) 

where QO and /30 are the initial Twiss parameters and Q is the initial emittance. 

Another transverse effect already mentioned is the weakening of focusing due 

to the return current. The current flows outside the bunch (e- beam) and only 

at high plasma densities does it penetrate the bunch and dilute the focusing due 

to charge neutralization. Otherwise the focusing is weakened only for some outer 

particles while most of the particles are in the interior. So the effect can be ignored 

in all cases except Case C. 

2.3 LONGITUDINAL EFFECTS IN FOCUSING 

The focusing strength of a plasma lens is derived from the plasma response to 

the beam fields which directly depend on the beam density. Generally the focusing 

strength should be governed by the plasma density in the underdense regime, and 

by the beam density in the overdense regime, as seen in Eq.(2.1) and Eq.(2.2). 

Normally, the beam density has a longitudinal profile which may be modelled 

reasonably by a Gaussian distribution. Therefore, in the overdense regime the 

focusing strength varies according to such a beam density profle. Even in the 

underdense regime, because of the Gaussian variation of the beam density, the head 
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of the beam will always be less dense than the plasma, and the focusing strength 

turns constant only behind the crossover point where the beam density and the 

plasma density become equal. These longitudinal effects were not accounted for in 

the previous discussion. 

To elucidate the longitudinal effects, we perform the calculations discussed in 

Section 2.1 with the focusing strength varied locally along the beam according to 

the relative beam and plasma densities. In our model calculations, the focusing 

strength switches between &4.(2.1) and &.(2.2) at np/nb = 2, since particle-in- 

cell simulations indicate that the plasma perturbation is already violent and the 

wavebreaking limit is reached at this value. Furthermore, simulations also show 

that once wavebreaking is reached the near uniform focusing is retained throughout 

the remainder of the beam, even though the situation returns to the overdense 

regime near the tail. Our calculation follows these assumptions, and are further 

checked with particle-in-cell simulations. 

The evolution of the integrated beam sizes in Case A thru C are calculated 

with the effects of the longitudinal variation included, as shown in Figures 1 thru 

3 respectively. 

The calculations discussed above are summarized in Table 1. In the table, & is 

the beam energy and en is the normalized emittance. @$ is the initial beta at the 

vacuum waist and so is the beginning of the lens with respect to this waist. The 

beta function at the entrance to the lens is @s and I is the lens thickness. The focal 

length of the lens is f = a* - 80 - Z/2 where 8 is the distance of the new focal 

point from the initial one without plasma. The plasma density is np and nw is the 

peak beam density at the entrance to the plasma. The calculated values for the 

spot size and focal point include longitudinal effects for all cases, and the return 

current where applicable (Case C). 
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Beam Parameters A B C 

&[GeV] 50 50 50 

N[lO’O] 1.0 1.0 1.0 

e,[lO”m  - rad] 3.0 3.0 3.0 

4 b-4 7.5 7.5 7.5 

4obl 4.74 4.74 4.74 

Bob-4 8.03 8.03 8.03 , 
00 bml 4.91 4.91 4.91 

uL [mm] 0.47 0.47 0.47 

nM[1016cm’3] 5.3 5.3 5.3 

I Lens Parameters I 

np[101’cm’3] 0.2 1.0 10 

kpur 12.5 28.0 88.5 

so[cm] -2.0 -2.0 -2.0 

~[c4 0.3 0.3 0.3 

f I4 
Focused Beam 

3.80 2.92 3.60 

rs, b -4 ! 3.7 ! 2.1 ! 3.4 

I 3.35 ! 2.55 ! 3.23 

I 1.95 I 1.07 I 1.75 

Table 1. Pound Beam Focusing by Uniform Plasmas 

2.4 FLAT BEAM FOCUSING 

As discussed in the Introduction, it would be very desirable to have the particle 

beam itself produce the plasma by ionization. Theory” and eimulationsfi*’ of such a 

scheme suggest substantial p lasma focusing. Details of the ionization mechanisms 
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will be discussed in Section 3. It is shown that with the designed FFTB beam 

parameters while N = 2.5 x lOlo, the beam is intense enough to produce a high 

density plasma by impact ionization. Moreover, it should even reach the tunneling 

ionization threshold when close enough to the initial focal point. Here we examine 

the optics of such a flat beam focusing. 

We envision that the FFTB designed enc/crl = 3x 10-5m-rad/3x 10e6m-rad 

be retained at the bunch population of 2.5 x lOlo. We studied two cases: Case D 

has a 1 mm thick plasma with density np = 2 x 101scm’3, and the lens entrance 

at 2 mm from the initial FFTB focal point. We adjust both @Go and S;, to 3 mm 

so the aspect ratio is R = 3.3. The rma beam sizes as a function of distance are 

plotted in Figure 4. We see that although the attainable vertical beam size in this 

case is 165 nm which is larger than the designed FFTB uy of 60 nm, the initial pi0 

is much relaxed to as large as 3 mm. In Case E, we attempt to attain a vertical 

beam size smaller than the designed FFTB value. A 1 mm thick laser ionized 

plasma with np = 2.5 x 1018cm-3 is placed at 2 mm from the vacuum focus. The 

expected bunch population is still 2.5 x 10” while /910 and /3; are adjusted back 

to the FFTB designed values of 3 mm and 120pm, respectively. The attainable 

vertical beam size for the core of the beam is - 38 nm, which is less than 2/3 

of the FFTB uio (Figure 5). When the halo of particles surrounding the core of 

the beam is included, the rms beam size degrades to N 55 nm. However, since 

the particle distribution is rather non-Gaussian, the effective beam size should be 

much smaller. A Gaussian fit to the core of the particle distribution (Figure 6) gives 

CT; N 44 nm, which covers 97 % of the particles. Particle-in-cell simulations have 

provided support for such argument (Figure 7). The assumed and the calculated 

parameters for these flat beam focusing cases are summarized in Table 2. 

The tunneling ionization threshold is reached right from the start of the lens in 

Case D, and the ionization is quickly saturated. With the complimentary impact 

ionization, we expect that the plasma so produced should be reasonably uniform, 
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and the aberrations should be much mild. In Case E, the vertical beam size goes 

down to N 38 nm, which is less than 2/3 of the 60 run designed FFTB minimum 

vertical beam size. 

Beam Parameters D E 

&[GeV] 50 50 

N[lO’O] 2.5 2.5 

eR,/c,,[10-5m - rad] 3.0 / 0.3 3.0 / 0.3 

BZ0 /Pi0 [mm1 3.0 / 3.0 3.0 / 0.12 

40 /u;o b-4 1000 / 333 1000 / 60 

&0/&0bml 4.33 / 4.33 4.33 / 33.5 

uzo/~y~[nm] 1200 / 400 1200 / 1000 

u6 [mm] 0.47 0.47 

n~[1018cm-3] 7.7 2.8 I 
Lens Parameters 

np[1018cm-3] 2.0 2.5 

kpur 125.1 139.9 

80 b4 -2 -2 

+=I 1 1 

fbml 1.6 1.38 / 0.87 

Focused Beam 

/W;b4 0.90 / 0.90 0.75 / 0.047 

4 /u; bml 520 / 165 480 / 38t 

m;[mm1 0.10 / 0.10 -0.12 / -0.63 

t core values 

Table 2. Flat Beam Focusing by Uniform Plasmas 
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3. PLASMA FORMATION 

From the discussion in the Parameter Studies, it is apparent that the plasma 

requirements for meaningful lens tests at FFTB are densities in the range of 2 x 1016 

to 2 5 x lo’* crnw3 . and lengths of 0.1 cm to 0.3 cm. To meet these requirements we 

intend to propose the following methods of plasma formation: (1) laser ionization 

and (2) beam self-ionization, of gas target. 

3.1 LASER IONIZATION 

Recent development of high-brightness table top lasers has led to a number 

of experiments demonstrating plasma formation by laser ionization of a gas!1’-1e1 

This technique is attractive because plasma densities can be precisely controlled 

and reproduced with accuracy better than a few percent by controlling the pressure 

of the gas prior to ionization. The length of the plasma can also be controlled by 

appropriate choice of cylindrical optics to create a line focus of the desired width. 

Under these conditions, laser ionization occurs primarily by tunneling!~’ 

Our choice of laser parameters is dictated by our plasma requirements. First, 

hydrogen gas will be used to produce the plasma to limit background radiation 

caused by bremsstrahlung. Secondly, to avoid density clamping due to refraction 

of the laser by the plasma, a laser wavelength of 1 micron or less should be used!” 

Plasma densities of 5 x lOI* cm- 3 have been achieved by Darrow et ul. using a 

Nd:glass laser at 1 micron!‘] The required intensity to fully ionize molecular hy- 

drogen gas through tunneling ionization is on the order of 10” W/cm2. Assuming 

a spot size for the line focused laser beam of up to 50 microns by 3 mm, we require 

a peak power of 1.5 X 10” W. 
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3.2 BEAM IONIZATION 

There are basically two ionization mechanisms that can be provided by a high 

intensity, high energy beam. First, there is the impact ionization, where an individ- 

ual beam particle ionizes the atom by a virtual photon exchange. The cross-section 

can be estimated via the photo-ionization cross-section, using the Weiszacker- 

Williams spectrum. For hydrogen atoms ionized by a 50 GeV electron, we find 

a; w 0.22Mb. The fraction of atoms that can be ionized through this mechanism 

by an incoming beam with N particles and sizes cr, and us is 

&. Nui 
4au,uy * (3.1) 

For the FFTB with N = 2.5 x 101o,u, = lpm,uu = 60 nm, so & N 0.73, which 

is very substantial. However, since S;, = 120pm in this case, the beam diverges 

very rapidly away from the focal point, and this value exists for only a limited 

space in 5. To improve the situation, we plan to operate the experiment with 
B* = pzo = IrO 3mm. In this case, the beam spot size at the initial FFTB focal point 

increases somewhat to ut x uz = lprn x 333nm, but sustains for a much longer 

distance. With the assumed optics we find & cy 6.4% at a distance 2 mm from the 

FFTB focal point. This is the condition for Case D in the flat beam experiments. 

When an external electric field is strong enough so that the atomic Coulomb 

potential is sufEciently distorted, there is a finite probability that the bound state 

electron can tunnel through the potential barrier and become free. For hydrogen 

atoms, the probability (per unit time) of such tunneling ionizution in a static field 

is given by”‘] 

a5c mt? w=4-- 
{ 

2a3 mc? 
xc2 eE =P ---- 1 33, eE ’ (3.2) 

where E is the external electric field. The co&cient in the exponent of the prob- 

ability is (2/3)(a3/X,)ms s 34.leV/A. For heavier elements the first ionization 

potential is usually comparable (- 10 - 15 eV), so the probability is also compara- 

ble. It is interesting to note that the ionization probability is already substantial, 
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well before the exponent reaches a value of the order unity, due to the (typically 

large) non-exponential part. For example, an external field of 3.41eV/A would give 

w - 1 15 x 10’4sec-’ - . , and the ionization will be saturated within 10 femtosec- 

onds. In fact, it can be shown for a field strength larger than eEth = 3.72eV/A, 

where the ground state binding energy is above the potential barrier, that, even 

classically, the electron can escape from the atom. 

For the condition in Case D of the flat beam experiments, we find that at the 

FFTB focal point, the maximum field along the x and y coordinates are eE,, N 

3.59eV/%i and eEv, N 4.29eV/A respectively!=’ At s = -2mm, E,, and Evm 

decrease by about 17%, which is still substantial. At these field strengths the 

ionization will be quickly saturated near the head of the beam!‘231 

The condition for the saturation of tunneling ionization by an incoming beam 

is when the integrated ionization probability reaches unity: 

where zI is the position along the beam where the ionization is saturated. Since 

W(z) is exponentially dependent on E(x)” of the beam, while E(z) itself follows a 

Gaussian distribution, we expect that the saturation is predominantly contributed 

by the very small time interval, e.g., ri N W-l(z#) N femtoseconds, around the 

saturation point z8. 

In conclusion, with the beam parameters assumed, the tunneling ionization, 

augmented by the impact ionization, should be sufficient to produce high density 

plasmas in the range of 5 x lO’*~m’~ with a few mm thickness using hydrogen gas. 
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4. PLASMA AND BEAM DIAGNOSTICS 

4.1 PLASMA DIAGNOSTICS 

The plasma density will be measured using coherent Thomson scatteringf4’ 

from undriven fluctuations. The angle 8 between incident and scattered light is 

chosen so that EAD < 1.0. Here AD is the usual Debye length and k is the 

wavenumber of the density fluctuation, which is determined by the wavenumber 

ki of the incident radiation: k = 2ki sin(8/2). As incident probe beam we will 

frequency double a part of the ionization laser beam. For the required density range 

we expect plasma temperatures to range from 10 to 50 eV. The same Thomson 

scattering geometry can be used to measure the density in the range 5 x 1016 - 

5 x 1018cm-3 for a scattering angle of 10’. The plasma density will be measured 

as a function of time by varying the delay between ionizing and probe beams using 

an optica delay line. The spectrum will be measured using a high resolution 

spectrometer and optical multi-channel analyzer. 

The plasma length will be measured by imaging the visible light emitted by 

the plasma on a CCD camera. Control of the plasma length will be achieved by 

varying the astigmatic telescope magnification. 

4.2 FOCUSED BEAM SIZE MEASUREMENT 

The plasma lenses in our experiments produce beam sizes in the range of - 

40 nm - 4 pm, thus beam size and profile measurements over this range will be 

required. Other monitor constraints are that the system be compatible with the 

gas source and ionization method, as well as with the rest of the hardware installed 

on the FFTB at the time. In addition, it would be desirable for the technique to 

be relatively flexible to accommodate a variety of experimental conf$urations and 

options. But most importantly, the monitor should provide enough signal over the 

potential background noise induced by the beam-plasma interaction. 
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For Case A thru C the focused beam sizes are in the N 2 -4pm range and can 

be conveniently measured with a wire scanner!“’ The beam sizes are determined 

from the bremsstrahlung yields as the electron beam is scanned across micron 

sized fibers. Such system is similar to the wire scanners installed at the FFTB and 

should be compatible with existing bremsstrahlung detectors. The high signal-to 

noise ratio obtainable with wire scanners should allow rather high immunity to the 

beam-plasma background noise. 

The sub-micron focused beam sizes for Case D and E defy standard measure- 

ment techniques such as the wire scanners. A number of new techniques, some of 

which are part of the FFTB collaboration, are being considered for Case D and E. 

Three of the methods considered are: 

(1) Ion Monitor 

As shown by the monitor developed at Orsay’=’ beam profile can be determined 

from data on the angular distributions and energy spectrum of both light and 

heavy ions produced by beam ionization. Calculations done at Orsay assume a 

transverse Gaussian distribution and relate the time of fight from the beam axis 

to the He+ and Ar+ ions detectors. For round beams, the beam width is determined 

from the relation u[pm] = O.l/t,i,[psec], where u and tmin are the beam size and 

minimum arrival time for the ions at the detector a few centimeters away. These 

measurements should be accurate to a few percent. The device functions best at 

comparatively low gas densities N 1012cm -“lsl However, physical requirements of . 

the monitor and the plasma lens suggest that the two may not be able to coexist 

at the FFTB. 

(2) Laser-Compton Monitor 

Beam size measurements can also be made from measurements of modulation in 

the intensity of Compton backscattered photons as the beam is moved across an 

interference fringe pattern produced by the crossing of two laser beams. This 

system is being installed at the FFTB by T. Shintake!l’l A Nd:YAG laser beam 

(X = 1 J&m) is split into two beams of equal intensity and brought into an identical 
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cross-focus point at an angle 8. The pitch of the fringe pattern is d = A/2sin(e/2). 

By crossing the beams at different angles, the system is sensitive to vertical beam 

sizes from lprn down to 4Onm and horizontal beam sizes from 4pm down to 0.7pm. 

The system should give an experimental resolution of &J/U N 0.2, assuming the 

modulation depth is measured to f0.05. 

(3) Bremsstrahlung Monitor 

Profile measurements can be made with non-imaging optics using bremsstrahlung 

from a high 2 foil!lgJ The method determines the width of an electron beam by 

measuring the width of the penumbra of the bremsstrahlung hitting a collimator 

far downstream of the interaction point. The resolution of the system depends 

somewhat on the placement of components in the dump line, but should be w 30nm 

for realistic component placement. 

Among the three monitors discussed above, the Laser-Compton Monitor (LCM) 

is considered to be the prime choice for the plasma lens experiments. The sensi- 

tivity of the monitor covers the whole range of focused beam sizes in Case D and 

E. The fist such monitor is currently being installed at the FFTB and will be 

diagnosed with the commissioning of the FFTB. The monitor should be proven 

and fully operational at the time of the plasma lens experiments. 

The Bremsstrahlung Monitor under development by J. Norem is also capable 

of covering the sub-micron beam sizes involved in Case D and E and should give 

very good signal-tonoise ratio against the plasma lens background. The monitor 

is a potential choice for the plasma lens experiments pending the results of the 

initial testings. 

4.3 BACKGROUNDS 

Conventional wire scanners use the bremsstrahlung from the wires to determine 

the beam sizes. In the complete screening regime, the bremsstrahlung spectrum is 
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given by 

(4.1) 

where z = &,I& is the fractional energy of the radiated photon. The partial cross- 

section is then 

where 21 and 22 are the limits of the fractional energy under consideration. 

Bremsstrahlung from the plasma lens is a significant source of background that 

interferes with beam size measurement. For H+, there is no screening effect, and 

the bremsstrahlung spectrum is given by 

and the partial cross-section is 

(4.3) 

(4.4) 

Using Eq.(4.2) with a bunch population of N = 1 x lOlo, conventional wire 

scanner with 4pm carbon (2 = 12) wires gives w 6 x lo6 photons over the detection 

range of 25 Mev to 45 GeV. With this energy range we find from Eq.(4.4), ub+ = 

3.5 x 10-25cm2. The number of background photons Nb for Case A thru C then 

translates to 21, 58, and 1056, respectively. The signal-tonoise ratios S/N are 

correspondingly 54.6, 50.1, and 37.5 dB. 

For Case D and E, bunch population of N = 2.5 x lOlo is used, and the Laser- 

Compton Monitor yields N 2500 hard photons in the 10 GeV to 25 GeV energy 

I” range. For this energy range we find from Eq(4.4) that ah = 3.5 x 10-26cm2. 

The number of background photons Nb from the plasma lens are then 174 and 

217 respectively for Case D and E. The signal--noise ratios S/N are accordingly 

- 11.6 and 10.6 dB. 
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We see that the signal-to-noise ratios for Case A, B and C using wire scanners 

are sufficient for good beam size measurements. For Case D and E, the S/N ratios 

of 10 to 1 should be reasonably adequate*=* for the Laser-Compton Monitor to 

resolve the beam sizes with sufficient statistics. 

5. EXPERIMENTAL SETUP AND PROGRAM 

5.1 EXPERIMENTAL SETUP 

The outline of the experimental setup for the plasma lens experiments is shown 

in Figure 8. The arrangement essentially consists of a vacuum chamber with the 

necessary ports for insertion of the plasma chamber, ionization laser, plasma diag- 

nostics and beam size measuring devices. 

The experiment chamber is designed to be installed at Station 1027.59 on the 

FFTB (Fig. 9). P resently, the station is occupied by the beam profile monitor 

developed at Orsay?’ However, the current FFTB timetable and our development 

schedule suggest that we will be installing our device well after the Orsay monitor 

experiment. The ample space available at the station will allow installation of all 

necessary accessories to test all aspects of the plasma lens as discussed. Figures 

10 and 11 are illustrations of the FFTB final focus region with the plasma lens 

experiments. The design of the vacuum chamber for the experiments is shown in 

Figure 12, and the tentative experimental layout is shown in Figure 13-15. The 

design of the plasma chamber which is embedded inside the vacuum chamber is 

shown in Figure 16 and is discussed in the next section. 

Besides standard wire scanners, the setup includes a version of the Laser- 

Compton Monitor (LCM) developed by T. Shintake!l’ Since we will be measuring 

spot sizes with a, between 0.5 pm and 2 pm, and us of order 40 run in Case D 

and E, therefore Mode 1 and 3 of the LCM”‘] will be implemented. 

We have checked the FFTB and its dump line optics to insure that such con- 

figuration is achievable in a way that allows us to operate the FFTB in its normal 
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coupled or uncoupled modes. The increased focusing of the plasma lens presents 

no optical problems. For example, even with all of the dump line quadrupole mag- 

nets turned off, the resulting beam from the extreme case (Case E) would still pass 

through all of the quadrupole magnets with 2 4a clearance and the core of the 

beam would go into the dump at 58 m downstream of the final focus. 

It is possible to test both e* focusing which would involve, at the very least, 

reversing the dipole fields. While this would clearly be disruptive, the setup is 

achievable. For example, the permanent magnet dipoles in the dump line are made 

with Alnico V and have individual excitation coils so that they can be reversed in 

situ. Given other FFTB experiments that might test methods for measuring e+ 

spot sizes and other characteristics, such an exercise might then be facilitated. 

5.2 PLASMA CHAMBER 

The design of the plasma chamber is shown in Figure 16. The chamber itself 

is a small (1 mm to 3 mm) pipe machined out of a metal block which allows 

easy variation of lens thickness and good structural integrity. The particle beam 

enters the gas pipe and exits through 0.01 cm holes at the center of the block. A 

pressure differential is maintained between the gas connections to setup a laminar 

gas flow through the pipe, which should minimize gas loss into the vacuum chamber. 

Pumping chambers are provided on both sides of the gas pipe to capture most of 

the leakage before the gas enters the vacuum chamber (Fig. 16). 

Ionization, diagnostic, and LCM lasers are injected through windows on the 

plasma chamber. A small shield is provided in front of the lens block to eliminate 

photons accompanying the particle beam. 
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5.3 Ucuuhi SYSTEM 

Vacuum pumping requirements are driven by the maximum plasma density in 

Case E of np = 2.5 x lO’scn~-~ (na, = 1.25 x 101s), the 0.01 cm diameter beam 

entrance and exit holes on the gas pipe through which the hydrogen can escape, 

and beam line vacuum requirements of low6 to 10” ton. In addition, vacuum 

pumps must be nearly vibration free or physically remote from the beam line. 

With Case E density a H2 pressure of 38.8 torr at room temperature is required. 

This means that hydrogen bleeds out of both the beam entrance and exit holes at 

a rate of 2.5 x 10m5 gm/sec per hole. 

In order to keep pumping requirements within a practical range, the body of 

plasma chamber must be hollowed out creating two pumping chambers as shown in 

Figure 16 which enable the majority of the gas to be picked up at a high pressure 

using a 30 liter/set mechanical pump. The gas then flows out of the plasma lens 

body through two narrow, high impedance openings into the vacuum chamber for 

the experiments. This vacuum chamber is pumped through two 12.7 cm (5”) ports 

by a 1000 literlsec turbo molecular pump to a pressure of 1.5 x 1Om6 torr. The 

beam line is a very large restriction to the flow of hydrogen out of the vacuum 

chamber. Approximately 6 x 10’” gm/sec flows down the beam line where it is 

captured by the two ion pumps installed in the beam line. Details of the pumping 

scheme are given in Figure 17. 

Since vibrations from vacuum pumps must be kept to a minimum, all pumps 

will be located off the separate plasma lens foundation. Piping will be sufficiently 

increased in size as soon as possible to kept conductaxes as large as possible. 

Possibly the turbo molecular pump can be located right at the plasma lens. These 

units have vibration levels less than 0.02 microns and can be purchased with inlet 

port vibration isolators which are claimed to reduce vibration levels by a factor 

of 30. The backing pump for the turbo pump must be located off of the plasma 

lens pad. Tests will be made before final pump locations are fixed. With the small 

quantities of hydrogen involved, hydrogen safety for the vacuum system should not 
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be a problem. 

A couple options exist if a higher quality vacuum is required. First, the in- 

coming hydrogen can be cooled to reduce the pressure and net flow for a specified 

particle density. If the hydrogen were cooled to liquid N2 temperature, the mass 

flow through the 0.01 cm holes would be reduced by a factor of two. Second, a 

cryogenic pumping scheme using charcoal cooled to N 15 K with boiling liquid He 

supplied from a dewar can provide an enormous pumping capacity within the body 

of the vacuum chamber easily achieving 10m7 torr. This design is not considered 

at the present time because it is a substantially more complex system even though 

it is conceptually very simple. 

5.4 BEAM SIZE MONITORS (BSM) 

As discussed in the Focused Beam Size Measurement, the beam sizes produced 

by the plasma lenses in the experiments are in the range of N 40 nm - 4 pm, which 

conventional measurement devices are insufficient to cover the whole range. Thus, 

two different beam size monitors, which include one convention method and one 

new technique, are chosen for the experiments. 

For the round beams of Case A, B, and C, the focused beam sizes are in the 

range of N 2 - 4pm. The beam size monitor for these cases is a wire scanner using 

carbon fibersy’ Fibers of N 4pm in diameter should allow the measurement of 

beam sizes down to about 2 pm while thicker wires are included for initial tuning. 

The use of carbon fibers should allow the monitor to sustain beam intensity of 

1 x lOlo. The bremsstrahlung yields are measured using existing bremsstrahlung 

detectors installed for the FFTB wire scanners. 

The focal points for Case A thru C are N 3 - 4 cm downstream from the 

plasma lens. Therefore, the wire scanner is installed on multi-motion feedthrough 

as a separate unit from the plasma chamber. 

For Case D and E, spot sizes with a, between 0.5 pm and 1 pm, and us of 

order 40 nm are involved. The beam size monitor for these cases is a version of the 
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Laser-Compton Monitor developed by T. Shintake?‘] Since only Mode 1 and 3 of 

the Shintake monitor”” are sufficient for Case D and E, the implementation of the 

monitor will be simpler than the one installed for the FFTB. The required laser 

can be shared with the FFTB version of the monitor by mechanica.lly inserting a 

beam splitter/mirror into the existing laser transport line. 

The focal points for Case D and E are only N lmm away from the plasma lens. 

Thus, the LCM lasers are transported to the focal point thru small windows on 

the plasma chamber. 

5.5 LASER SYSTEMS 

The ionizing and probe laser pulses for the plasma lens experiments will be 

generated from the same 1 pm wavelength, 1 pa duration laser system which is 

currently being developed for the El44 experiment?] The laser system is a high- 

powered Nd:glass laser based on the concept of chirped pulse amplification and 

compression (CPA) t’“‘ss-s51, which will produce pulses of 1 pa duration with energies 

up to N 2 J (- 2 TW). The repetition rate of the laser system is 1 Hz, and it will 

be synchronized to the electron beam with an accuracy of w 1 ps. 

The probe laser pulse will be formed by splitting off a small part of the 1 pm 

light and frequency doubling it to provide a 0.5 pm wavelength pulse which is 

synchronized to the pump pulse. 

The laser will be installed in a specially designed building adjacent to the 

FFTB beam line. For E144, the laser will be transported into the FFTB tunnel 

through evacuated beam tubes. The tubes will be attached to the ceiling above the 

electron beam line and mirrors will be used to point the laser pulses down to the 

interaction point. For the plasma lens experiments, we will be able to extend the 

laser transport system along the ceiling towards the final focus region and point 

the laser down into the plasma chamber. Less than 15 m of laser beam transport 

will need to be installed. The probe beam will be generated near the interaction 
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region by splitting off a small portion of the laser energy. The bulk of the energy 

will be focused with a cylindrical lens to form the plasma lens. 

For the Laser-Compton Monitor for the plasma lens experiments, the required 

laser beam can be of the same specifications as the Laser-Compton Monitor for 

the FFTB. Hence, the required laser can be shared by me&a.n.ically inserting a 

beam splitter/mirror into the existing laser transport line. The laser is a Nd:YAG 

of 1.064 pm wavelength with a repetition rate of 10 Hz. Since the plasma lens 

experiments are performed at a 1 Hz repetition rate, the laser is needed only once 

out of ten pulses. 

5.6 PROGRAM SUMMARY 

The experimental program for the plasma lens experiments is summarized in 

Table 3. The estimated beam time required is in units of 8 hour shift. The 

ordering of experiments in the table does not necessarily reffect the actual order of 

experimentation. 

Expt. 1 Case 1 Deecription I Plasma I BSM I Shift 

1 A underdense lens, round beam focusing laser ioniced wire scanner 3 

1 B overdense lens, round beam focwing lacer ioniced wire mcanner 1 

1 c total compensation of beam field6 her ionized wire 6canner 1 

2 D flat beam focusing law ioniced LCM 2 

2 D flat beam focusing, test of eelf-iotiation beam self-ionized LCM 2 

2 E fiat beam focusing, omsllest beam ever la8er ionised LCM 2 

2 E flat beam focusing, emalleat beam ever beam eelf-ion&d LCM 2 

I 3 1 A3 1 positron beam focudng I hoer ioni I wire acanner I 3 

‘able 3. Plasma Lena Experimental Program Summary 

In view of the constraints imposed by the current prqowd FFTB schedule, 

we intend to perform our experiments in the Fall of 1994. We plan to carry out 
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the experiments in three separate time slots: Experiment (1) would require 5 

shifts, with the first two shifts to debug the experimental setup and obtain smooth 

operating conditions. The next three shifts are to be spent in studying cases A, B 

and C. Experiment (2) requires 8 shifts: two for studying the focusing of flat beams 

with N = 2.5 x 10” by laser ionized plasmas and two for beam self-ionized plasmas. 

The experiment to obtain a N 40 nm beam with laser ionized and beam self-ionized 

plasmas should require another 4 shifts. Experiment (3) studying positron beam 

focusing requires 3 shifts for cases A and B. These estimates assume that the beam 

conditions are optimal and does not include startup time for obtaining the proper 

beam conditions for the experiments. As the FFTB is still under construction the 

estimates cannot be made precise at this time. 

6. CONCLUSIONS 

The series of experiments we intend to perform will serve to characterize plasma 

focusing devices, and if successful, will lead to practical applications at the SLC 

and the next generation of linear colliders. 

The primary goal in our experiments is to study the focusing of high energy and 

high density particle beams by plasma lenses of various densities and thicknesses. 

Plasma focusing of positron beams will be demonstrated for the first time. With an 

increased bunch population of about 2.5 x 10” from the FFTB, we will demonstrate 

the tunneling ionization of a gas target by an electron beam, and establish the 

plasma lens as a compact, simple and economical add-on device for luminosity 

enhancement in linear colliders. Furthermore, the total compensation of beam 

&f-fields by the plasma can be of interest for beamztrahlung suppression in future 

linear colliders. 
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Beam Size vs. Longitudinal Position : Case A 
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Figure 1: Case A simple underdense plasma lena with nr = 2 x 10’6cm’3. The vertical line at -17 mm 
is the lens exit. Longitudinal effects have been included in the plasma focusing. 



Beam Size vs. Longitudinal Position : Case B 
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Figure 2: Case B overdenbe plasma lena with nr = 1 x 1017cm-3. The vertical line at -17 mm ia the 

lens exit. Longitudinal effects have been included in the plasma focusing. 
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Beam Size vs. Longitudinal Position : Case C 
1 1 1 I I 1 I 1 

i ! I 1 1 1 ! I I I 1 I I I 1 1 
I 

/ 
I 

i I i I I ,__._.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..--.............................................................. - J---- _--- i 

I 

I . . . . . ..I.................................... t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..- 

! 

1 . 

I 
0 

. . . . . . . . . . . . . . . . . . . . . . . 
i 

0 
. . . . . . . 
. v----y-. 

. . . . . . . . . . . . . . . . . . . . . . . . . . . - 

/* 
--- 

I 

I 

--- - Vacuum 
- - - . . . . .._.........-................. . . . . . . . . . . . . . .._..._..._..._....... Plasma Lens without Return Current . . . . . ..-...- 

Plasma Lens with Return Current 
I t I 

Figure 3: Case C overdense plasma lens with np = 1 x 101*cmW3. The effect of return current is 
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have been included in the plasma focusing. 
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Figure 4: The beam aks aa a function of poeition relative to the vacuum focus. The 
vertical line at -0.1 cm ie the lens exit. The plasma den&y ia 2 x 1018cm”. Longitudinal 

effects have been included for plasma focusing. 
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Figure 5: The beam sizea as a function of position relative to the vacuum focus. The 
v&id line at -0.1 cm ie the lens exit. The plasma density ia 2.5 x 1018cm’3. The core of 
the beam is focused to - 38 nm, which ir kue than 2/3 of the designed FFTB 0;. 
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Figure 7: Particlcin-cell aimulation for Case E flat beam focusing. The core of the beam is focused to 
38 nm which is in agreement with the model calculation, although the focal point is slightly different. 
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Figure 10: FFTB Final Focus Area with Plasma Lens Experiments 



Figure 11: Isometic View of FITB Final Focus Area with Plasma Lens Experiments. 
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Figure 12: Vacuum Chamber for Plasma Lens Experiments. 
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Figwe 14: Vacuum Chamber Cross-section B 
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Figure 17: Plasma Lens Experiments Vacuum Pumping Scheme 




