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                                                      Abstract
A brief review is given of research on chamber transport for HIF (heavy ion fusion) dating from the first HIF Workshop in 1976 to the present.    Chamber transport modes are categorized into ballistic transport modes and channel-like modes.   Four major HIF reactor studies are summarized (HIBALL-II, HYLIFE-II, Prometheus-H, OSIRIS), with emphasis on the chamber transport environment.   Target parameters are then discussed, with a summary of the individual heavy ion beam parameters required for HIF.  The beam parameters are then classified as to their line charge density and perveance, with special emphasis on the perveance limits for radial space charge spreading, for the space charge limiting current, and for the magnetic (Alfven) limiting current.    The major experiments on ballistic transport (SFFE, Sabre beamlets, GAMBLE-II, NDCX-I) are summarized, with specific reference to the axial electron trapping limit for charge neutralization.   The major experiments on channel-like transport (GAMBLE-II channel, GAMBLE-II self-pinch, LBNL channels, GSI channels) are discussed.   The status of current research on HIF chamber transport is summarized, and the value of future NDCX-II transport experiments for the future of HIF is noted.   
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1.  Introduction
     The components of an HIF (Heavy Ion Fusion) power plant are separable and can be studied individually.  These basic components are (1) the driver [induction linear accelerator or RF accelerator], (2) the target [a wide variety of indirect-drive and direct-drive targets], (3) the reactor chamber [wetted-wall, thick-liquid wall, etc.], (4) the chamber transport mode [ballistic or channel-like], and (5) the balance of plant.   This paper presents a brief review of research on HIF chamber transport modes from the first HIF Workshop in 1976 to the present.

     In the accelerator, the HIF beam radius is relatively large (~ 10-20 cm radius).  Before the beam reaches the target, it must be transported in the reactor chamber and focused down to a small radius.  The transport mode refers to how the HIF beam is transported and focused from an entrance hole (typically of radius 1-15 cm) in the reactor chamber wall, over a distance typically of 3-5 meters, to a small spot at the target located in the center of the chamber (spot radius ~ 1-5 mm).   The types of possible transport modes [1] are summarized in Figure 1.  The two main categories are ballistic transport and channel-like transport.  For ballistic transport, the beam is aimed to a spot at the target, and the beam drifts ballistically after entering the reactor chamber.  For the “bare beam” mode, the beam drifts in hard vacuum, and the space charge spreading of the beam is small enough that the resultant spot size at the target is acceptable.  If some space charge neutralization is needed, the remaining four ballistic transport modes offer a variety of choices for neutralization, as will be discussed here.  For channel-like transport, the beam is focused to a small radius near the entrance to the reactor chamber, and then is transported at small radius to the target.  
     We begin by looking at several proposed reactor chamber scenarios, and consider the actual beam parameters needed for several proposed targets.  A convenient means of categorizing beams by their line charge density and perveance is then discussed.   After examining several methods for charge neutralization and their limits, the main ballistic experimental results to date are discussed.  After briefly discussing current neutralization, the main channel-like experimental results to date are discussed.   We conclude with comments on the status of chamber transport research in relation to future NDCX-II experiments.
2.  HIF reactor chamber scenarios
     It is important to understand the environment through which the HIF beams must propagate in a reactor chamber to reach the fusion target.   Most of the experiments, theory, and simulation of HIF transport is done with an ion beam propagating inside a clean, cylindrically-symmetric, relatively small-radius, perfectly-conducting metallic tube.  In a reactor, the chamber size is very large compared to the HIF beam radius, the walls are typically not cylindrically-symmetric, one HIF beam will “see” many other HIF beams, and the environment may include a background gas, coolant vapor, and possibly a mist or droplets of coolant.   With a shot repetition rate of 5 Hz or more, the background environment may be somewhat different on each shot.  Therefore, when researching chamber transport, it is useful to keep in mind some of the actual envisioned HIF reactor chambers.
     Four major HIF reactor design studies are summarized in Table 1.  These include HIBALL-II [2], HYLIFE-II [3,4], PROMETHEUS-H [5], and OSIRIS [6].   Note that the ion energies range from 4-10 GeV, the total currents range from about 50-200 kA, and the pulse lengths range from about 7-20 ns.  The number of beams varies from 12-20, and a single beam has a particle beam current in the range of 1-16 kA.  The chamber radius varies from 3-5 meters, the chamber wall opening radius varies from 1-15 cm depending on the transport mode used, and the spot size radius needed at the target is in the range of 2-3.5 mm.      

     Note that each of these four reactor scenarios uses a different transport mode.   HIBALL-II [2] effectively has wetted side walls consisting of braided SiC tubes called INPORT tubes (inhibited flow porous tube concept) that have liquid LiPb coolant oozing through a porous tube surface.  The chamber pressure is 10-5 Torr, which allows for un-neutralized ballistic transport in hard vacuum.  HYLIFE-II [3,4] has a “thick-liquid wall” chamber consisting of both fixed and oscillating thick-liquid FLIBE (the binary salt 2LiF-BeF2) coolant sheets.   The base FLIBE density is ~ 1x1013 cm-3, which means there will be some gas ionization and beam stripping.  Neutralization may be provided from the ionized gas and additional neutralizing plasmas, so this reactor uses neutralized ballistic transport.   PROMETHEUS-H [5] uses a wetted-wall chamber with a liquid Pb coolant, with small beam entrance wall holes (1 cm radius).  With a base pressure of 0.1 Torr Pb, each heavy ion beam would be focused to an entrance hole, then passed through a Pb vapor gas jet stripper, and then propagated in a self-pinched transport mode.   OSIRIS [6] uses a wetted-wall chamber consisting of FLIBE coolant oozing through a carbon blanket.  Here, the FLIBE vapor pressure would be about 10-4 Torr, and the beam would be neutralized by injected electrons for a co-moving electron transport mode.
     The mainline transport mode for the U.S. is neutralized ballistic transport, to be used in a HYLIFE-II reactor scenario.  The mainline scheme for EUROPE is un-neutralized ballistic transport, to be used in a reactor scenario like HIBALL-II. 
3.  HIF beam requirements for specific HIF targets

     The HIF beam parameters required for high-gain, high-yield, targets for economic energy production are summarized in Table 2.   Included are parameters for the targets used in the above four reactor scenarios [2-6], three different versions of the distributed radiator target designs of Tabak and Callahan [7-10], and the parameters for the HIDIF (ignition) target in Europe [11,12].    Note that the total beam energies required range from about 3-8 MJ in a pulse length that ranges from 6-20 ns.  The individual beam ion energies range from about 3.5-10 GeV, the single beam particle currents range from about 1-25 kA, and the required spot size radius at the target ranges from about 1-5 mm.    
4.  HIF beam characterization 
     In order to have a coherent over-view of all of the transport experiments performed to date, it is useful to categorize the beams [13,14] on a plot of line charge density (λ) vs. perveance (K).   The envelope equation for a beam that is dominated by space charge forces is 
                            d2r/dz2 = K/r                                                                                        (1)

where the generalized perveance is defined by 

                            K = [eq2Ip/(βc)]/(γ3AMpβ2c2/2)                                                           (2)
where Ip is the particle current, q is the ion charge number, A is the atomic number, Mp is the mass of a proton, β = Vi/c, Vi is the ion velocity, c is the speed of light, γ = (1-β2)-1/2, and e is the charge of an electron.  Note that in the non-relativistic limit (the usual case for HIF),
                            K ≈ q[eφo/(AMpVi2/2)]                                                                         (3)
where the electrostatic potential difference between the beam center and the beam edge is

                            φo = qIp/(βc) = λ   .                                                                                (4)

     Using the definition of the generalized perveance K in Eq. (2), we can define the following three limiting perveance values.
     The (radial) space charge spreading current IpRS is

                    IpRS = (1/4) [(AMpβ3γ3c3)/(eq2)](R/L)2[ln(R/rp)]-1                                         (5)
where rp is the spot size at the target [14].  This space charge spreading current is that current which causes a beam of radius R, which is focused to a point a distance L away, to actually open up to a radius rp at the distance L.   Using Eq. (5) in Eq. (2), we can write

                  K = (Ip/IpRS)(1/2)(R/L)2[ln(R/rp)]-1                                                                  (6)

Therefore, if Ip = IpRS, we have

                  KRS = (1/2)(R/L)2[ln(R/rp)]-1                                                                           (7)
which defines the space charge spreading perveance KRS.   
     The (axial) space charge limiting current IpL is

                    IpL = β(γ-1)(A/q2)(Mpc3/e)[1+2ln(R/rp)]-1 ,                                                    (8)
which is that current, which if it could propagate, would set up a potential eφ equal to the beam kinetic energy (1/2)AMpVi2.  Using Eq. (8) in Eq. (2), we have

                    K = (Ip/IpL)[1+2ln(R/rp)]-1[2(γ-1)/(β2γ3)]   .                                                   (9)
Therefore, if Ip = IpL, we have

                    KL = [1+2ln(R/rp)]-1[2(γ-1)/(β2γ3)]                                                              (10)
which defines the space charge limiting perveance KL.   Note that the factor [2(γ-1)/(β2γ3)] → 1 in the non-relativistic limit.
     The (axial) magnetic (Alfven) limiting current IpM is 

                     IpM = βγ(A/q2)(Mpc3/e)   ,                                                                           (11)
which is that current, which if it could propagate, would set up a magnetic field strong enough to stop the beam.  Using Eq. (11) in Eq. (2), we have

                     K = (Ip/IpM)[2/(β2γ2)]                                                                                  (12)

Therefore, if Ip = IpM, we have

                     KM = 2/(β2γ2)                                                                                              (13)

which defines the magnetic (Alfven) limiting perveance KM.  
     The parameter space of λ vs. K is plotted in Figure 2, where we show KRS, KL, and KM.  Values of KRS are shown for the three sets of typical reactor parameters for R, L, and rp.   Values of KL are shown for R/rp = 1, 10, and 1000.   Values for KM are shown for βγ = 0.1, 0.2, 0.3.  In addition, three arrows show the direction for some important scaling directions.  If the particle current Ip varies, or if the neutralization fraction fe varies, we will move along a line at the 45 degree angle.  If the charge state q changes, we will move along a line at the angle θ, where tan θ = ½ ; this is because the line charge density scales as q, but the perveance K scales as q2.    Lastly, note that if one wanted to stay on the same scaling line and change the ion (A and q) or the ion energy, the quantity λ/K must remain constant, or (A/q)β2γ3 must remain constant.

     In Figure 2, note that the horizontal axis spans 10 orders of magnitude for the perveance (K=10-7-103).   The left vertical axis spans 10 orders of magnitude for the line charge density (λ = 10-5-105 μC/m).  The corresponding right vertical axis spans 10 orders of magnitude for the corresponding beam potential (φo = 0.09 V – 900 MV).
     We will plot all of the existing experimental results on the λ vs. K plot, after we first briefly discuss charge neutralization mechanisms.

5.  Charge neutralization for HIF beams

     For the U.S. HIF program, neutralized ballistic transport is the mainline transport approach, so a considerable amount of research has been done on methods to neutralize beam space charge to an acceptable level.  When partially-neutralized, the beam’s space charge will effectively be reduced by the factor 1-fe, where fe is the charge neutralization fraction.  Possible electron sources for charge neutralization include (1) having a strong electric field at a surface for field emission, (2) having a hot cathode electron supply, (3) beam ionization of a background gas, (4) photo-ionization near the target caused by radiation from the target, (5) electron flow from a plasma surface, or (6) electron flow from a plasma volume.  Essentially all of these methods have been investigated to some extent.  The electron flow rate in to the ion beam may be achieved by (1) pulling electrons in radially, (2) pulling electrons in axially, (3) drawing space-charge limited electron flow from an appropriate source, or (4) volumetric plasma shielding.  Further complications can occur (such as for a solenoidal magnetic field in a final focus) where electrons may be trapped in certain regions, and where one must consider the size of the trapped drift orbits compared to the beam radius.

     Limits apply to the best charge neutralization that can be achieved.  Three of theses limits are considered here.  For electrons constrained to be drawn in radially, it has been shown theoretically that the equilibrium neutralization fraction will be only fe = 0.5 [15], and this result is supported by recent simulations [16].  For electrons drawn in axially, it has been shown that the minimum potential that will remain is [15]
                                eφmin = α(1/2)meVi2                      1≤α≤4                                         (14)
where me is the electron mass.  This result can be visualized by considering a source of electrons in the beam path.  In the beam frame, each electron has kinetic energy (1/2)meVi2,  so a local beam potential of at least  eφ = (1/2)meVi2 is required to “capture” an electron in the ion beam.  For the non-relativistic case, and using α = 1 in Eq. (14), we find using Eq. (3) that the perveance corresponding to the minimum potential is
                 Kaxial limit = q[(1/2)meVi2]/[(1/2)AMpVi2]  =  (q/A)(me/Mp)                            (15)                     
which we will show is an important result for explaining several experimental results.

For a beam fully immersed in a dense, hot, plasma, the potential will be “Debye-shielded” down to a small potential given (roughly) by 

                    eφmin ≈  (1/2)meVe2                                                                                      (16)

where Ve is the electron thermal velocity.  The perveance corresponding to this minimum potential is 

                   Kplasma limit = (q/A)(me/Mp)(Ve2/Vi2)  =  Kaxial limit (Ve2/Vi2)                          (17) 
These results show that to reduce the minimum potential to a value below that given by the axial limit requires that 

                    Ve2  <  Vi2 ,                                                                                                  (18)
i.e., that the electron temperature must be less than ½ meVi2.                                                    
6.  Summary of ballistic transport experiments
     Figure 3 shows the parameter space λ vs. K for q = 1, which is relevant to all ballistic transport.  For reference, only the first of each of the three lines in Figure 2 for KRS, KL, and KM is shown in Figure 3.  In the upper left quadrant of Figure 3, all of the parameter values for the reactor studies and target studies of Table 2 are plotted.  All examples have q =1, except Prometheus-H which used q = 2.  In the central and lower portion of Figure 3, data from completed experiments on neutralized ballistic transport are shown: these include the Sabre beamlet experiment at SNL [17]; the Scaled Final Focus Experiment (SFFE) at LBNL [18]; the Gamble II neutralized transport experiment at NRL [19]; and the Neutralized Drift Compression Experiment I (NDCX-I) at LBNL [20,21].  Also shown are the expected parameters for the Neutralized Drift Compression Experiment II (NDCX-II) at LBNL [22].   In the upper right quadrant of Figure 3, several parameter values are plotted for examples from the light ion fusion (LIF) program.  These include Sabre at SNL (4 MeV p, 75 kA) [23]; KALIF at KfK (1.7 MeV, 80 kA) [24]; Gamble II at NRL (1 MeV, 100 kA) [19]; and Libra-Lite, an LIF reactor design study that used neutralized ballistic transport (30 MeV Li+1, 1 MA per beam) [25]: of these, only Gamble II at NRL is operational today.  For all examples in Figure 3, the solid lines represent the range of parameter values used in an experiment, and the symbol ● represents an actual value of current.  The dashed lines represent typical values for the HIF reactor and target studies.  In all cases, the symbol of a rotated ■ represents the value of the limit eφmin =  ½ meVi2.     
     In the following sections, key results relating to neutralized beam transport are summarized.
6.1. Sabre Beamlet Experiment

     The Sabre Beamlet experiment [17] was designed to study the neutralization limit eφmin = ½ meVi2.   The Sabre beam (4 MeV, p, 75 kA) was propagated a sizable distance to expand the beam and lower the microdivergence, and then run into a plate with several small holes to make beamlets downstream.  A thin foil on the downstream side of the plate provided a source of electrons for axial pickup, and also permitted various gas pressures downstream of the plate.  Three beamlet sizes were chosen (150 mA, 10 A, 67 A), with the following results.  The 150 mA beamlet corresponds to eφmin « ½ meVi2.  The diagnostics (radiochromic film or CR-39) show that the beamlet spreads according to its emittance for injection into vacuum or gas (0.1 Torr or 1 Torr).   The 10 A beamlet corresponds to eφmin = ½ meVi2.  For injection into vacuum, this  beamlet spreads according to its emitance and 10 A of space charge spreading;  i.e., axial electron pickup does not occur because the beam potential is already at the limit for axial electron pickup.  However, for injection into gas (0.1 Torr or 1 Torr), the space charge is neutralized, and the beamlet spreads only according to its emittance.   The 67 A beamlet corresponds to eφmin » ½ meVi2.   For injection into vacuum, axial electron pickup does occur, and the beam spreads according to its emittance and only 10 A of space charge, i.e., the 67 A of space charge was effectively reduced to 10 A of space charge, which is the limit eφmin = ½ meVi2.  For injection into gas (0.1 Torr or 1 Torr), this beamlet spreads according to its emittance since all of the space charge was effectively shielded.  Note that for all of these cases, ½ meVi2 = 2.18 keV, so it should be relatively easy for the plasma produced by beam ionization to have a temperature much less than 2.18 keV, and shield the space charge down to a small value, as observed.  
6.2. Scaled Final Focus Experiment

     The scaled final focus experiment (SFFE) [18] used a 160 keV, 400 μA, Cs+1 beam to examine charge neutralization provided by electrons from a hot filament placed in the beam path.   With no filament, the focused beam spot size after ballistic drift was about 

2.6  mm in radius.  With the hot filament on, electrons were picked up axially and provided sufficient charge neutralization to reduce the spot size to a radius less than 1 mm.  LSP simulations agreed well with the experimental results.  For the SFFE parameters, the beam potential is eφo = 7.5 eV, and the minimum axial trapping potential is eφmin = α(1/2)meVi2 where (1/2)meVi2 = 0.65 eV.  These results predict a charge neutralization fraction of  fe = 65-90 % for 1≤ α ≤ 4, which is in agreement with the measured fractional neutralization of fe = 65-80 %.  
6.3. Gamble II Neutralized Transport Experiment

     The Gamble II ion beam (1MeV, p, 100 kA, 50 ns) was injected through a foil into hard vacuum (10-4 Torr) to study charge neutralization by electron pickup off the plasma created when the beam passes through the foil [19].   Approximately 50 cm after the foil, the electron line density was measured with a laser interferometer, and the proton beam density was calculated based on a nuclear diagnostic.  The time-dependent measured electron line density, the time-dependent electron line density predicted by IPROP simulation, and the time-dependent proton line density calculated from the nuclear diagnostic all agree.   These results show that ne(t) ≈ nb(t), i.e., charge neutrality has occurred, where ne is the electron density and nb is the proton beam density.   For the parameters of this experiment, the beam potential is eφo = 65.2 MeV, and the axial trapping potential is eφmin = (1/2)meVi2 = 0.54 keV.  This means that the fractional charge neutralization fe should be better than 99.99 %.  Such high fractional charge neutralization fractions were common for the very high current beams used in the LIF program. 
6.4. NDCX-I Neutralized Transport Experiment

     The NDCX-1 beam was used to study neutralized transport in a 1 meter drift section with a variety of neutralizing sources that included a cathode arc plasma source (MEVVA), an RF plasma source, and a biased mesh to suppress wall electron emission [20, 21].   Two sets of data were obtained.  For the first set, the beam parameters  (266 keV, K +1, 6 mA) predict a beam potential eφo = 47.4 eV, and an axial trapping minimum potential limit eφmin = (1/2)meVi2 = 3.7 eV.   These parameters predict a neutralization fraction of fe = 59-92 % for 1≤ α ≤ 4, while experiments and LSP simulations show fe ≈ 81 %.  For the second set, with higher current, the beam parameters (266 keV, K+1, 24 mA) predict a beam potential eφo = 189.5 eV, and an axial trapping minimum potential limit eφmin = (1/2)meVi2 = 3.7 eV.   These parameters predict a neutralization fraction of fe = 92-98 % for 1≤ α ≤ 4, while experiments and LSP simulations show fe ≈ 96 %.  For all of these cases, the plasma electron temperature was 3-5 eV, which was about equal to the axial trapping minimum eφmin = 3.7 eV, so it was not possible to get neutralization substantially better than the axial trapping limit.
6.5. NDCX-I Neutralized Drift Compression Experiment

     In a different experiment on NDCX-1, a tilt core pulser was used to put a velocity tilt on the beam, and then let the beam compress as it propagated in a 1-2 meter neutralized drift section [22].   Neutralization was provided by the cathode arc plasma source (MEVVA).  The initial beam parameters (300 keV, K+1, 25 mA) led to an axial compression ratio (increase in beam peak current) by a factor of 50.  LSP simulations were in agreement with the experimental results, which validate the concept of neutralized drift compression for scaled beams for HIF.
6.6. Discussion of the limit eφmin = ½ meVi2 
     We would like to point out some of the interesting consequences of the axial trapping minimum potential limit eφmin = ½ meVi2.   In Figure 3, note that this limit is shown for each of the five experimental lines, and for each of the two reactor/target lines. In general, the goal is to have the neutralization reduce the effective perveance K(1-fe) to below KRS.    At each limit in Figure 3, the actual value of eφmin = ½ meVi2 in eV is given.   Starting at the bottom of Figure 3, with the SFFE, note that eφmin = 0.65 eV.  Given that plasma sources usually have a much higher temperature than this, the addition of pre-formed plasma [see Eq. (18)] would not help improve the neutralization for this case, above that provided by axial trapping.  In fact, the addition of pre-formed plasma in this case could make the neutralization worse.   For NDCX-I, eφmin = 3.7 eV.   Given that the plasma source temperatures used in these experiments are of the order of 3-5 eV, it appears that the neutralization is still limited to about the axial trapping limit for this case.  For the GAMBLE II experiment, eφmin = 544 eV.  For this experiment, excellent charge neutralization was observed because eφmin was more than 5 orders of magnitude smaller than the beam potential eφo.   In principle, for this case, addition of pre-formed plasma should make it possible to neutralize even better than the axial trapping limit.  For the Sabre beamlet experiment, eφmin = 2.18 keV.  From the results of this experiment, it has already been shown that addition of a plasma background (by beam ionization of a background gas in this case) did neutralize the beam to much better than the axial trapping limit.  Now for NDCX-II, note that eφmin = 272 eV.  Note that at this axial trapping limit, K(1-fe) will still be larger than KRS.  Therefore, on NDCX-II, plasma neutralization will be needed to reach K(1-fe) < KRS. 

     Now consider the reactor/target lines in Figure 3.   For the lower line (4 GeV, A = 207), eφmin = 10.5 keV, and for the upper line (10 GeV, A=200), eφmin = 27.2 keV.  What is interesting is that for both of these cases, K(1-fe) is already substantially smaller than KRS.  This means that with only axial trapping of electrons, and if stripping can be made to be small enough, then further neutralization by plasmas should not be necessary.  Of course, one must consider heating of the axial electrons as they are compressed as the beam ballistically approaches the target, and the effects of radiation from the target (that can cause beam stripping but also create some plasma that would help neutralization in that region).  Again, this interesting result suggests that for HIF reactor parameters, axial trapping of electrons may provide sufficient charge neutralization for the beams to hit the desired spot size at the target.     
6.7. Current research relating to chamber transport
     Current research is aimed at understanding neutralized drift compression on NDCX-II.  These research areas include:

(1)  Final focus options for NDCX-II:   A plasma-filled solenoidal lens is the current planned final focus method to be used on NDCX-II.  However, another option [26] is to use a Robertson lens [27] which uses a solenoidal lens with no plasma fill.  The incoming ion beam, together with neutralizing electrons, enter the solenoid.  The electrons focus much more than the ions, and create a radial electric field that strongly focuses the ions.  This scheme uses a much smaller solenoidal magnetic field and should be easier to implement.  Another option is to use a two-stage focusing scheme [28] in which the beam is first focused by a solenoidal lens, and then near the target and following an optional gas stripper, the beam would be further focused by a tapered discharge lens.  This scheme would permit spot sizes even smaller than those envisioned for the current NDCX-II.  

(2)  Neutralization by volumetric plasmas:    Neutralization by volumetric plasmas, including the effects of solenoidal magnetic fields and dipole magnetic fields, and the corresponding excitation of whistler waves, is being pursued in detail [16, 29].
(3)  Effects of errors in tilt velocity:  For the high drift compression ratios envisioned for HIF, even small errors in the voltage driving the tilt velocity can cause a serious degradation of the desired compression ratio.  Detailed analysis of these effects are being performed [30, 31].

(4)  Survey of instabilities:  Analysis of the various two-stream instability scenarios that may occur is continuing.  An e-e two-stream instability that may occur between the “return current” electrons and the plasma electron outside the beam has been analyzed, and shown to be completely suppressed by the beam’s self magnetic field [32].   A survey of instabilities and beam-plasma interactions, including the electrostatic Harris instability and the electromagnetic Weibel instability, has been completed [33].
7.  Current neutralization for HIF beams

     Before plotting experimental data for channel-like transport on a λ vs. K plot, we would like to discuss current neutralization for HIF beams.  The radial force on an edge ion in an ion beam can be written as:

                     d2r/dt2 = [(2eq2Ip)/(βγ3AMpc)](1/r)[(1-fe)-β2(1-fm)]                                   (18)

where fm is the current neutralization fraction.  In the last bracketed expression in Eq. (18), the β2(1-fm) term is the Lorentz force (magnetic) term. Several interesting results follow from Eq. (18):
(1)  For fe = 0, fm = 0, the ratio of  |(Lorentz force term)/(electrostatic force term)| = β2.

For NDCX-I, β = 0.0044, so β2 = 0.000019 and the magnetic force is extremely small!  For NDCX-II, β = 0.03, so β2 = 0.0009 and the magnetic force is still very small.  For HIF reactor parameters, a large value of β would be β = 0.3, so β2 = 0.09 and the magnetic force term is still relatively small – less than 10 % of the size of the electrostatic term.
(2)  For fe ≠ 0, fm = 0, three possibilities exist.  For 0≤fe<γ-2, the beam blows up.  For fe = γ-2, the so-called “force-neutral” condition, the beam drifts ballistically.  For γ-2<fe≤1, the beam pinches.  The “force-neutral” condition for NDCX-I (β=0.0044) is fe = 99.998 %; for NDCX-II (β=0.0044) it is fe = 99.91 %; for an HIF reactor (e.g., β=0.3) it is fe = 91 %.  This show that for the low ion energies on NDCX-I and NDCX-II, it would require extreme charge neutralization to reach the force neutral condition.  For an HIF reactor, the force neutral condition could be reached with fe in the 90 % range.  However, for ion beams, as electrons start to charge neutralize the beam, the electron also are driven to move with the ions, thereby creating fm ≠ 0 which leads to the following case.

(3)  For fe = fm ≠ 0, this is the case of perfectly co-moving electrons that provide both charge and current neutralization.    For this case, the total neutralization factor is

                             [(1-fe)-β2(1-fm)] = (1-β2)(1-f).                                                            (19)
For this case, the ion beam is always blowing up, and force neutrality could only be achieved by having f = 1.

(4)  For fe≠0, fm≠0, this is the general case for fe≠fm, and we have
                            [(1-fe)-β2(1-fm)]  = -[fe-(γ-2 + β2fm)].                                                   (20)
For this case, we would need fe in the range (γ-2 + β2fm) < fe ≤1 for pinching to occur.

(5)  For a fully-stripped HIF reactor beam, (q = Z), the radial force (which scales as q2) becomes very large.  For this case, a net magnetic force of only 1 % (e.g., for fe = 1, fm = 0.99) is sufficient for self-pinched transport, as will be discussed in the next section.                           
8.  Summary of channel-like transport experiments
     Figure 4 shows the parameter space λ vs. K for q = Z, which is relevant to all channel-like transport.   For the channel-like transport modes shown in Figure 1, the main options for HIF are pre-formed channel transport and self-pinched transport.  For both cases, the HIF beam would be stripped just before the pre-formed channel, or just before self-pinched transport, or would be substantially stripped in the pre-formed channel or in the gas used for self-pinched transport.  In all cases, it is presumably advantageous to simply have the HIF beam fully-stripped, and that is the case considered in Figure 4.  All of the relevant examples now appear in the upper right quadrant of Figure 4.  All of the parameter values for the reactor studies and target studies of Table 2 are plotted (now for q =Z).  Also shown are examples from the LIF program (but now for q = Z).  Here, Libra-Lite (q=1) is replaced by the subsequent reactor design study Libra-SP (q=3) [34], which uses self-pinched transport.   For the HIF examples, note that the beam potential eφo may exceed 100 MV for some examples, and that for all cases, the beam perveance K exceeds KL.   In the following sections, key results relating to channel-like transport are summarized.
8.1 Pre-formed channels
     Ion beam transport in pre-formed discharge channels was studied and demonstrated experimentally in the LIF program in the 1980s and 1990s.   In that work, 100s of kA of MeV proton beams were efficiently transported distances up to 5 meters [13].  The concept of using pre-formed channels for HIF beams was meant to ease beam focus requirements and reduce accelerator costs.   Here, we discuss results from a pre-formed channel transport experiment on GAMBLE II, and then summarize more recent work at LBNL and GSI on the formation of stable channels.
     The GAMBLE II ion beam (1.2 MeV, p, 500 kA, 50 ns) from an applied-B ion diode was injected into a preformed discharge channel [35].  The channel was a wall-confined  z-discharge formed inside a ceramic liner (inside a metallic tube) with radius 1.25 cm and length 1.2 meters.  The initial pressure inside the tube was 2 Torr air, and the peak discharge current was 45 kA.  Several diagnostics were used to show that the particle transport efficiency was 95 % and the energy transport efficiency was 90 %.  These results demonstrated efficient transport of an intense ion beam in a pre-formed channel over a distance greater than 1 meter.

     The pre-formed channel transport scheme developed at LBNL for HIF is the backup for neutralized ballistic transport [36, 37].  In this channel scheme, two channels are used, one coming into the reactor chamber from each side, and both are directed to a distributed radiator target in the center of the chamber.  On each side, multiple beams from the accelerator would be combined and injected into an adiabatic plasma lens, and then transported in a small-radius (≤ 5 mm) discharge channel to the target.  One return current channel would exit at the chamber at the top, and another would exit at the bottom of the chamber.    Research at LBNL [36, 37] culminated in the demonstration of stable 55 kA- discharge channels with length 50 cm and radius 4 mm.  Research at GSI  [38] produced stable 50 kA channels with radius < 5 mm, and  pointing stability better than 200 μm.  These results essentially validate the concept of channel-transport for HIF.
8.2 Self-pinched transport

     The concept of self-pinched transport is simple and intriguing [39].  This concept involves injection of an HIF beam into a gas at the proper pressure, so that when the gas breaks down the resultant net current will be sufficient to “self-pinch” the beam and transport it over sizeable distances [40].  The expected equilibrium radius can be calculated analytically [14]:  the result shows that the equilibrium radius would be in the range of 1-2 cm for the intense LIF beam parameters available in the 1990s, and in the range of a few mm for HIF reactor parameters.   

     A self-pinched transport experiment [41] was performed with the GAMBLE II beam (1.1 MeV, p, 100 kA, 50 ns, microdivergence ≈ 150 mrad).  Experimental results and IPROP simulations showed that the optimum pressure for this case of self-pinched transport was 55 mTorr He.  The IPROP simulations showed that for ballistic propagation, the injected beam starts with a radius of about 3 cm and at the end of 50 cm of transport, the beam radius was about 7 cm.  For the same injection conditions, but at 55 mTorr He, the IPROP simulations showed that the beam self-pinched to a radius of about 1.75 cm (in agreement with the analytic results).  The limited transport length of 50 cm allowed for only about ¼ of a betatron wavelength for the propagating beam, but the results clearly show the onset of self-pinching.
     Presently, no pre-formed channel transport experiments or self-pinched transport experiments are planned for the future. 
9.  Status of HIF chamber transport
     A brief summary of research on chamber transport for HIF has been given.  In addition, we would like to point out two examples of the many computer simulations of chamber transport for HIF reactor parameters that have been done.  One example is an LSP simulation for neutralized ballistic transport that used a driver beam with parameters 4 GeV, Pb+1, 4 kA, 8 ns [42, 43].  The beam was injected into a transport tube, and the several source of electrons for neutralization included emission off of surfaces, a preformed plasma of density 1013 cm-3, and FLIBE neutral gas at a density of 1014 cm-3.  Beam stripping is included, and charge states up to Pb+6 appear as the beam approaches the target at a distance of 300 cm from the injection location.  The results show a transport efficiency of 70 % for the beam contained within a radius of 2 mm at the target.  Another example is an IPROP simulation for pre-formed channel transport that used a driver beam with parameters 4 GeV,  Pb+72, 65 MA, 8 ns, 1 mrad divergence [44].  The beam of radius 15 cm was focused ballistically over 10 meters, to the entrance to the discharge channel.  The channel input radius of 2 cm decreased to 0.5 cm over 1 meter, and then remained at 0.5 cm radius for 4 more meters.  These simulation results show 87 % energy transport efficiency and a 3.5 mm RMS spot at the target location.  These simulations give substantial credibility to having neutralized ballistic transport as the mainline chamber transport scheme, and pre-formed channel transport as the backup for the U. S. HIF program.
     In this paper, we have examined neutralized ballistic transport in conjunction with Figure 3, and channel-like transport in conjunction with Figure 4.  In particular, for neutralized ballistic transport, Figure 3 shows that the space charge neutralization needed for HIF reactor parameters varies from considerably less than 90 % to about 99 %.   Figure 3 also shows that neutralization by axial electron pickup (to the minimum potential limit, eφmin = ½ meVi2) is sufficient for HIF reactor parameters, and that at this limit, K(1-fe) is much less than KRS.  It is interesting to note that the final compressed beam perveances for both NDCX-I and NDCX-II are actually more than an order of magnitude larger than the perveances for reactor parameters.   For NDCS-II, this means that a variety of neutralization methods may be studied.  
     The actual status of chamber transport for HIF is as follows.  Current target designs require a spot radius of 1-3 mm, with the largest at 5 mm.  Many quantities scale with the line charge density λ, and new phenomena occur as λ increases.  A sequence of experiments larger than NDCX-II will be needed that progressively increases λ to study these phenomena.  Presently, neutralization methods continue to be investigated and optimized in theory and simulations.  After commissioning, NDCX-II will be available for neutralized drift compression experiments, from which insight should be gained for the larger experiments that will be necessary on the path to HIF energy.  
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                                                   Table Captions
Table 1.  Four Major HIF Reactor Design Studies:  HIBALL-II [2], HYLIFE-II [3,4],  

               PROMETHEUS-H [5], OSIRIS [6].
Table 2.  HIF Beam Parameters for high-gain, high-yield targets:  HIBALL-II [2], 

               HYLIFE-II [3,4], PROMETHEUS-H [5], OSIRIS [6], Distributed 

               Radiator-Two Spots [7,8], Distributed Radiator-Multi-Beam [9], Distributed 

               Radiator-Close-Coupled [10], HIDIF (Ignition) [11,12].
                                                  Figure Captions
Figure 1.  Ion Beam Transport Modes for HIF.
Figure 2.  Parameter Space λ vs. K for HIF beams, showing KRS, KL, and KM.
Figure 3.  Parameter Space λ vs. K for q = 1, relevant to neutralized ballistic transport.
Figure 4.  Parameter Space λ vs. K for q = Z, relevant to channel-like transport.
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Olson — Figure 4.
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