Section IV   IEC Theory

Early basic IEC theory was briefly described in Section I. We now turn to some more recent studies.

We start with an early study by Bill Nevins (4.1) that has caused concern in the community about the suitability of the IEC for a fusion power reactor.  Nevins did a semi analytic analysis where IEC systems are predicated including a non-equilibrium ion distribution function. Coulomb collisions between ions cause this distribution to relax to a Maxwellian on the ion-ion collisional time scale. His analysis suggests that the input power required to prevent this relaxation, thus maintaining the IEC configuration for times beyond the ion-ion collisional time scale, is greater than the fusion power produced. Thus, he concluded that IEC systems show little promise for the development of commercial electric power plants. (It should be noted that Nevins was “commissioned” by DOE to find fault in the IEC following controversial statements by R. Hirsch in the early 2000s). Hirsch had vocally stated that the Tokomak with its large size coupled coils was a mistake and the IEC should be pursued for fusion power.  Nevin’s analysis appears to be very thorough. However, as discussed next, it suffers from several key, but subtle assumptions that force the pessimistic results.
Later, to further explore issues raised by Nevins, Luis Chacon, doing his thesis with G. Miley, decided to use a Fokker Plank model for analysis of the IEC so that some of the questionable assumptions used by Nevins could be relaxed. This study, presented in Ref 4.2, specifically dealt with a Penning-type IEC due to interest in the Penning trap experiment at LANL.  The experimental device, PFX-I is illustrated in Fig 4.2 while the reactor-like configuration modeled by Chacon is shown in Fig. 4.2. It should be stressed however, that the conclusions still apply in principle to the ion injected IEC since the issues involve the potential well trapping common to both.  The Penning trap and the ion injected devices differ in how the well is formed and stabilized, but the physics of trapped plasma confinement is the same.  Namely, the time scale for collisional degradation of the beam-like ion distribution function is crucial since short times (as the fusion time) would prevent a power reactor. Nevins addressed this issue by calculating collisional relaxation rates from a beam-like, monoenergetic ion population, absolutely confined in a square potential well. From his analysis, Nevins concluded that the IEC will thermalize and lose ion focusing before enough fusion events take place. Accordingly, he predicted that the Q-value (defined the ratio of fusion power out to ion input power) of an IEC device operating with a 50/50% deuterium–tritium (D-T) mixture would be ~0.21 for a 50-kV square well. This conclusion would rule out the possibility of a fusion reactor, but would leave open the development of driven neutron sources. However, this analysis contains several questionable assumptions. For example, a tightly focused monoenergetic ion beam is in fact a pessimistic scenario, because different co-moving ion species (such as D and T with the same energy) result in a finite speed difference, thus fostering ion-ion collisions and the degradation of the ion distribution function. It would be more realistic to consider that, in a square well, friction between species would homogenize the speed within the ion beam after some time, making the speed difference infinitesimal. This line of argument was pursued earlier by Barnes et al., (Ref 4.3) who found Q ~ 1.3 for the same system.
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Figure 4.1. Cross section of the experimental layout of the PFX-I experiment. The emitter -electron source, onion-shaped anode and reflector form an axial electrostatic well for electron axial confinement.  Radial confinement is provided by the axial magnetic field. The reflector is biased slightly more negative than the emitter to avoid electron losses to the reflector.
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Figure 4.2. Detail of the anode and the ion injection port in PFX-I (not to scale). Ion and electron divertors are indicated, as well as the E0 and Emax equipotential lines that define the ion confinement region. The E0 contour line determines the region of absolute ion confinement.

In Chacon’s work, a bounce-averaged Fokker-Planck (BAFP) model was employed to obtain steady-state solutions for the ion distribution function and to calculate associated fusion energy gains (Q-values) in a variety of operating conditions. These is done in terms of source and sink strengths, ion injection energies, well depths, and electrostatic potential shapes. Thus, the limiting assumptions by Nevins- namely that ions are confined in a square potential well, and that their distribution is tightly focused and monoenergetic, are relaxed. When these restrictive assumptions are removed, it is found that large energy gains (Qs of hundreds) for beam-like solutions in square wells are possible in Penning IEC devices provided that: 1) The electrostatic well is deep enough (E 0 >100 kV); 2) Ion confinement time is long enough ( θ >0.01); and 3) Ion source strength is moderate (Ŝ max < 300). Another important effect which enters these calculation concerns is relative to ion motion in the well. To emphasize the difference between Q values studies from Nevins and Chacon are summarized in Table 4.1. (Here, the BAFP calculation was done for off-optimal conditions (vs. the BAFP obtained for beam-like cases) to compare with the Nevins’ calculations).
Further, calculated Q-values from the BAFP simulation by Chacon for the beam-like cases are about five to ten times larger than those obtained in by Nevins in Ref 4.1.  This added inconsistency can be traced back to the different treatment of the D and T ion species in the two calculations. Thus, while BAFP treats both species as one with average mass, Nevins treats both species separately but assumes they follow the same monoenergetic distribution function. This results in a finite velocity difference between species that boosts collisionality, rendering smaller Q-values. The inconsistency in the Q-value disappears when BAFP is compared against theoretical estimates with a similar multispecies treatment in Table 4.1.
The BAFP calculations in Ref. 4.2 eliminated most of the assumptions that limited Q values in prior studies, plus they concentrated on conditions in parameter space where promising Q values could be expected. These conditions include that the electrostatic well is deep enough (E0. ~ 100 kV); Ion confinement time is long enough (θ ~ 0.01); the ion source strength is moderate (Ŝ max. < 300), while the ion injection energy is slightly below the potential well maximum. (Here θ and Ŝ max, are normalized quantities defined in Ref 4.2).
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Figure 4.5. Plot of the Q-value (including electron losses) as a function of (a) Ŝ max and γ with f e=10-3, (b) Ŝ max and f e with γ = 5, (c) Ŝ max and f e with γ = 100, and (d) Ŝ max and E0 with γ= 5 and f e =10-3. These plots have been obtained for E0 =100 keV [except (d)], θb =0.01, and  Ês =1.04. (Nomenclature is defined in Ref. 4.2). 
These results again confirm that proper formation of the electrostatic well is essential to achieve large fusion gains, and demonstrate that the distorted Maxwellian ion distribution—neglected in previous analyses—can play a positive role in the IEC gain. Results also show that the square well assumption, used in previous analytical estimates by Nevins is in fact a pessimistic one. Thus, parabolic wells result in larger density peaks at the center, yielding Q-values 3 to 5 times larger (for E0 ~ 150 kV) than those obtained with square wells. Parabolic wells are also more forgiving with respect to the source to ratio requirement. As previously noted Chacon found steady-state distributions in which the thermalized component of the distorted ion population is significant and can produce high gains. Such operating regimes with Q-value > 100 have been identified, as plotted in Fig. 4.3. These results ignore electron Bremsstrahlung loss however. That effect on the Q-value was addressed heuristically by Chacon using a semi-analytic model, indicating that quite large Q-values are still possible, provided that electron particle losses are kept small and well depths are large. 
These results show that in addition to potential well shape, the source strength vs. up-scattering losses plays a crucial role in the IEC energy gain. More insight into this can be obtained from the distribution functions for trapped ions, sketched in Fig.4.4. 
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Figure  4.4. Sketch of two opposite limits of the beam-Maxwellian equilibrium: the solid line corresponds to a case in which the Maxwellian population is dominant; the dashed line corresponds to a case in which the beam contribution is dominant.
The source to sink issue noted several times here can be explained as follows. Two opposite limits of this kind of solution are depicted in Fig. 4. The realization of either of these limits depends on the equilibrium between two competing effects, namely up-scattering of the Maxwellian ion component confined in the well (which increases as the Maxwellian temperature increases and tends to empty the well), and down-scattering of the beam (which tends to fill it). The relative importance of these effects is directly related to the strength relatives of the source and the sink. They are characterized here by Smax = maximum value of the ion source, and t = ion replacement time, respectively. Thus, weak sinks and strong sources will result in a large beam population, increasing the beam down-scattering rate and hence increasing “effective” Maxwellian temperature, given in the dotted line profile in Fig. 4.4. Conversely, weak sources and strong sinks will result in a small beam population, thus decreasing the beam down-scattering rate and resulting in lower Maxwellian temperatures, leading to the solid line profile in Fig. 4. 
In summary, unlike the original Nevins “calculations”, the subsequent Chacon, et al. results are quite encouraging but leave open the issue of whether or not satisfactory deep potential wells can be created. To pursue this issue further, Ivan Tzonev et al. considered well formation with emphasis on angular momentum effects (Ref 4.4). Earlier studies had assumed that very low angular momentum (zero in the ideal case) is necessary to achieve a potential well structure capable of trapping energetic ions. In contrast, Tzonev et al. considered high-current ion beams as having a significant angular-momentum spread. The results found were positive, and this is important due to the need to create wide wells to provide a large reaction volume, hence larger power IECs.  Before discussing this work, some definitions for the potential well structure will be reviewed.
Potential Well Structure
The potential structures are called double potentials because two extremisms (“outer” and “inner” wells) are observed in the plots of electrostatic potential versus IEC radius, excluding the real cathode grid minimum. A schematic representation of a typical calculated potential from Tzonev’s work is shown in Fig. 1. These cases are different from Hirsch’s ideal case described in Section I, where multiple potential wells with sharp peaks were observed. In Tzonev’s study, spreads out potential extremisms are observed due to the high angular momentum spread. The virtual anode is defined as that position where the potential increases from its minimum value at the real cathode up to about 95% of its maximum value. The virtual cathode is defined as the position where the potential is 95% as deep as its minimum value in the center of the IEC device. (See Fig. 4.5.) The depth of the “inner” potential minimum, more frequently called the double well. Depth is defined as a percentage of the height of the “outer” potential maximum (see Fig. 4.5). For the case shown, the double well has a depth of about 60%.
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Figure 4.5.  The definition of the double well depth: double well depth [%] = -dV/Vtot x 100. The case shown assumes 30 keV injection.
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Figure 4.6 The definition of the parallel and perpendicular velocities at the IEC cathode grid.
The definition of angular momentum is also illustrated in Fig. 4.6. In spherical geometry, the velocity component perpendicular to the radius axis represents the angular momentum. 
Tzonev et al. - Deep Well Study

 Tzonev et al. (4.4) used the IXL (ion accelerated code), a 1-D electrostatic Poisson-Vlasov equation solver for use in spherical geometry. IXL was originally developed by Mission Research Corporation for R.W. Bussard. The primary purpose of the code is to determine an electrostatic potential consistent with the dynamics of the charged particles within that same potential, and to determine the charged particle density distribution inside of the spherical cathode. While IXL neglects collisional effects, it still provides an important limiting case where space charge effects dominate. The boundary conditions for each particle population are characterized by five parameters: injected beam current, average injection energy, energy spread associated with the velocity component in both parallel and perpendicular directions, and the number of recirculations through the core.

Tzonev et al. found that deep double electrostatic potential wells can occur at high ion and electron currents (30 A-60 A); high perpendicular ion energy spread (3 keV-14 keV); low perpendicular electron energy spread (3 eV), and low radial ion energy spread (0.l eV-0.5 eV). An example is given in Fig. 4.7. 

[image: image7.emf]
Figure  4.7. The double well potential calculated with IXL code for dJ3perp, i=14keV, Ii=55A, Ie=59A

The corresponding ion density profile, shown in Fig. 4.8, has a high value inside the virtual cathode (center core plasma) and also a peak in front of the grid (real cathode).
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Figure 4.8. Ion density profile for potential well shown in Fig. 4.7.
An important new insight obtained in the study revealed that these potential profiles create ion density distribution functions completely different from the ones observed when a single well electrostatic potential exists. Two ion density peaks were commonly observed - one in the central IEC core region, and one near the cathode wire grid as seen in Fig. 4.8. In this manner, the single ion peak created by the single well potential is split into two peaks. The central ion peak has a much smaller radius than the original peak. This causes higher ion densities to occur in the central potential well, which is essential for the achievement of high fusion rates. However, since the fusion core radius in these calculations is very small - on the order of 0.4 cm - 0.9 cm, the total number of neutrons emitted per second is too low to create useful fusion power (see Fig 4.9). Still, the physics principles illustrated provide important insight into injection issues.
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Figure 4.9. The D-D fusion reaction rate versus cathode current for dEperp, i. = 8 keV.
A reduced angular momentum spread and higher injection energies would be required to correct the well volume problem. Still, the D-D fusion rate scaling of  I5 is encouraging, and it is indeed surprising that this large angular momentum spread achieves such distinct double well structures. As stated in Section I, the current scaling for beam-beam reactions is strictly I2. However, as shown by Tzonev et al., nonlinear changes in the potential well shape and ion density profile combine to cause the higher power  current scaling law. It would be anticipated, however, that this effect would saturate at some current, tending back to the fundamental I2 relation. Along these lines, it should be noted that prior investigators also predicted scaling laws with exponents greater than 2. The first suggestion of this was By R. W. Bussard based on theoretical arguments (see Sec. 1). Later, PIC studies by M. Ohnishi at Kyoto University (now at Kansai University) also showed such strong scaling (not covered here- but see M. Ohnishi in Proceedings of 16th IEEE/NPSS, vol. 2, pp. 1468-1471). The unanswered question is at what current level this occurs. Future simulations should address that issue and also examine low angular momentum spread and higher ion injection energies. 
In summary, this study by Tzonev et al. is very encouraging for formation of deep wells in IEC devices designed for reactors using beam-beam dominated fusion. However, much more work needs to be done along these lines to fully identify the optimal ion injection strategy for deep wells with minimum power input. As stressed earlier, the potential well parameters must also be combined with a consistent calculation of the energy gain (Q) following the methods of L. Chacon et al. to establish a complete picture of energy gain possible in a power type IEC.
Momota et al. - Study of Virtual Electrode Structure
In another related study, Momota and Miley (Ref. 4.5) used an analytic solution to examine the angular momentum effects. “Double-well” potential structure (virtual cathode formation) was studied in a stationary spherical IEC using the nonlinear Poison’s equations and particle densities derived from kinetic theory. A novel method to obtain a spherically symmetric stationary distribution function is introduced and an integral-differential equation is simplified by applying a relevant approximated formula for an integral. Electron and ion beams are collision-free, and their velocities are roughly aligned toward the spherical center, but with a slight divergence. Analyses show that the angular momentum of ions and the smaller one of the electrons create a virtual cathode, i.e., a double-well structure, of the electrostatic potential on a potential hill near the center. The density limit of an IEC well was found and the conditions relevant to form a deep potential well was presented.
These results show trends roughly similar to the numerical studies of Tzonev, et al., and may be useful to persons wanting to study the effects analytically.
Kim- Stability Analysis

In addition to achieving adequate potential well trapping for net energy production, the question of stability of the non-Maxwellian plasma in the well must be considered. (Note that “stability” is a separate question from the thermalization of the beam-like distribution in the IEC discussed earlier. However, they are coupled nonlinear problems due to the fact that the distribution function used for both calculations should be consistent).  N. Krall did some earlier studies to show that the distribution in the R.W. Bussard type Polywell IEC are stable against key instabilities such as two-stream. These studies however, were internal company reports and not openly published. Some information is given, however, in Ref. 1.7. More recently, H. J. Kim, in his thesis done with G. Miley, did an in-depth study of two stream-like instabilities in the ion-injected type IEC (see Ref. 4.6). His work is very encouraging in that he identifies a possible “window of stability” which depends on the injected energy distribution and angular velocity spread. This result is summarized in Fig. 4.10. The analysis is briefly described as follows.
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Figure  4.10. Plot of growth rate of spherically converging/diverging ion-beam instability for the variation of the angular velocity spread, i.e., for β = T/ |ефc|. (Nomenclature defined in Ref. 6.1).
A particle-in-cell method with explicit time integration has generally dominated earlier plasma simulations. However, this method is inappropriate in multiple time scale problems primarily because the explicit time-step algorithms become numerically unstable when they cannot resolve the fastest time scale supported by the model. Indeed, the fastest time scale may be orders of magnitude faster than the dynamical time scale of interest. The simulation also has to resolve the smallest length scale of system to avoid finite-grid instabilities that require resolution of spatial scales comparable to the Debye length. In order to improve the conservations property of implicit moment particle-in-cell algorithm, H.J. Kim developed a fully implicit particle-in-cell scheme and implemented it using a Jacobian-free Newton-Krylov algorithm that does not require actual formation and storage of the Jacobian matrix to minimize the computational costs. The scheme features the following properties:  1) fully implicit method where all quantities of both the particle and the field equations are consistent at each time step, and 2) a good property for energy conservations.
H. J. Kim’s study verified that the algorithm correctly handles the typical electrostatic modes. For example, the results agree with the linear dispersion relations for simple limits of two cold electron counter-streaming instabilities, electron Landau damping, and ion acoustic waves. The simulation experience presented here demonstrates the energy conservation property of the systems and the efficacy of nonlinear solver combined with an efficient pre-conditioning which is derived from the nonlinear Poisson equation and particle description relations. For ion acoustic waves, the maximum variation in the total energy is much less than 0.1%, indicating that a fully implicit technique performs well in that particular simulation. The number of linear and nonlinear iterations is significantly reduced when the preconditioner is applied. In fact, for the case of linear iterations, the iteration number of a preconditioned linear system is 10 times smaller than that of a linear solver without preconditioner.  In addition, grid convergence test shows that the scaling of CPU time is virtually linear according to the grid number. The time convergence test suggests that employing the largest time step compatible with accuracy in a given calculation is the most efficient route for obtaining the solution because the CPU time decreases as the time step increases.

H. J. Kim performed a normal mode analysis of the ion-ion counter-streaming instability in a spherical inertial electrostatic confinement in order to gain insights into the ion-injected inertial electrostatic confinement equilibrium configuration. To do this, it is assumed that the electrostatic confinement equilibrium ion beams are proportional to 1/r2, effectively neutralizing the background electron density. It is evident from the analysis of cold ion beams that two-stream instability in finite spherical systems may be excited for small beam velocities compared to those of homogeneous and infinite plasma. When an ion beam is hot, the waves excited by the instability are ion acoustic type waves. Then one observes that a certain temperature ratio is required before the wave will go unstable.
He also developed a two-dimensional perturbative (δf) particle-in-cell algorithm to simulate the electrostatic interaction of electrons and ions in spherical inertial electrostatic confinement. δf scheme is applied, because the noise level in δf algorithm is significantly reduced, compared with conventional particle-in-cell simulation. Since a particle-in-cell simulation in two or three-dimensions is very computationally and memory intensive, it is necessary to seek computational methods and options which lead to solutions in a reasonable amount of time. A distributed computing approach is implemented by using parallel libraries. Applying a uniform grid spacing in spherical coordinates may lead to a stability problem due to singularity at the spherical center. In order to avoid the singularity issue, a two-dimensional rectangular domain and an immersed boundary method are applied so that a spherical domain inside the cathode gird of spherical electrostatic confinement is simulated by r-z coordinates.  It is evident from the result that the growth rate of instability, a decreasing function of the longitudinal energy spread of ion distribution function, becomes reduced because the large energy spread induces strong Landau damping by parallel kinetic effects. Besides the effects of longitudinal Landau damping by the bam ions, a more monoenergetic beam is able to stabilize the instability because a growth rate of instability can be reduced for a higher beam density when the beam speed is fixed and located on the left hill in the diagram of growth rate versus beam speed. The growth rate does not change dramatically as a mode of angular perturbation increases. 

The results summarized in Fig. 4.10 indicated that the two-stream instability is stabilized if the angular momentum spread of the beam ions is small enough, due to enhanced ion densification at the center of the device. This is very encouraging for future IEC development. However, an experimental study should be performed to verify this result. 
Rider - Energy Balance Study

Todd Rider in Ref. 4.7 reports a quite different type of energy balance analysis. While the prior papers used various methods to concentrate on up-down scattering in various potential well configurations, Rider considered a “block diagram” type energy flow balance to determine the net gain from a power unit. In such an analysis the reaction and scattering rates, plus the electron-ion equilibration rates, enter as (<σv>) quantizes averaged over the distribution functions for ions and electrons. Thus, the distribution functions were not calculated explicitly in Rider’s analysis. In addition to the base function, any spatial variations in the distribution, such as pointed out by Tzonev et al., must be envisioned via the assumed distribution function. In traditional magnetic confinement analyses a Maxwellian distribution function has generally been assumed. In prior Tokomak studies, this technique has been widely used with reasonable accuracy since such systems are indeed near thermal equilibrium. In sharp contrast, as stressed repeatedly here, the IEC is not.

This uncertainly in <σv> makes an analysis of the type attempted by Rider very challenging, and leaves it open for possible criticism. In fact, it appears that Rider used Maxwellian key averages and critics generally cite this as the cause for his pessimistic results. Rider was particularly interested in the claim that due to its beam-like non-Maxwellian plasma, the IEC can burn “advanced fusion fuels” such as D-He3 and p-B11 easier than traditional Maxwellian type plasma devices (Tokomaks, etc.). Thus, he considered use of D-T, D-D, D-3He, 3He-3He, p-B11and p-6Li fuels. Due to their high Z components, all of these fuels must battle large energy losses via Bremsstrahlung. These losses were evaluated using the traditional formula, but his evaluation has a built in bias since the loses depend heavily on the electron ion temperature ratio which in turn depends strongly on the <σv> values assumed as already discussed. Deviation from an equilibrium electron energy distribution also strongly affects radiation emission. Using the Maxwellian average values, he found that Bremsstrahlung losses would be prohibitively large for 3He-3He, p -B11, and p -6Li reactors and will be a considerable fraction of the fusion power for D-3He and D-D reactors limiting use to D-T.  As a corollary, he concludes in contradiction with earlier claims that it does not appear possible for the dense central region of a reactor-grade IEC device to maintain a significantly non-Maxwellian ion distribution or keep a low electron to ion temperature ratio. The problem, however, is that the assumed rate constants would naturally force this conclusion. Further, these rate constants lead to Rider’s build-in result forcing the ions to form a Maxwellian distribution with a mean energy close to the energy of the potential. Consequently, in his analysis, ions in the energetic tail of the distribution are lost at rates faster the fusion rate, giving low Q values. 
Rider considered the Polywell type IEC and even with exceedingly optimistic assumptions about the potential well, he found the electron losses are intolerable for all fuels “except perhaps DT”. Based on these results, Rider concludes that for the IEC system to be used as a fusion reactor it will be necessary to find methods to “circumvent these problems, especially the excessive Bremsstrahlung losses”. Certainly reducing radiation losses should be an ongoing study, but his pessimism appears to be overdone.
The problem with Rider’s analysis is his failure to use reaction and scattering rates averaged over the non-Maxwellian distribution characteristic of an IEC reactor. This includes both the beam-like ion distribution and the large ion-electron temperature ratio. This very basic energy analysis should be redone with revised reaction rate data, but to date have not been reported. (Added note: Shortly after Rider’s publication, the author mentioned it to R. W. Bussard and N. Krall who responded that it was so confusing that it was not worth discussing. Thus, they did not attempt to redo the analysis, and as time passes, other IEC workers are delinquent for not doing so). Despite questions about Rider’s analysis and pessimistic conclusion, his recommendations of issues to study and overcome remain quite valid. While other studies provide optimism that they can be, this basic energy flow analysis still needs to be shown conclusively.
Neutron Source Simulations
Several simulation studies have focused on neutron source type IECs. In this case, as opposed to future power reactors, the background gas is of sufficient pressure, resulting in beam-background scaling of the fusion rate (i.e., theoretically this gives a current x pressure scaling). Charge exchange also becomes a significant factor in device performance. In Ref. 4.8, Miley et al. used an analytical model of charge-exchange collisions in the IEC plasma to include ion time-of-flight and fusion neutron generation rates. Results from the model simulating 10 mA of D+ ion current in a 30-cm diameter IEC device at 50 kV matched the experimental results of lo6 fusion neutrons per second. The model was also used to find the effects of grid diameter on neutron yield and show that the yield scales as grid diameter raised to the power -0.41. This factor is very close to the experimental scaling observed from the UIUC neutron source gridded IECs. Further, the model provides more insight into operation in the STAR mode. This effect, described earlier in Sec. 1, is summarized as shown in Fig. 4.11.
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Figure 4.11.  Diagram showing equipotential surfaces of the IEC cathode grid and their focusing effect on a beam of ions in the Star mode discharge at high voltages (> 50 keV).
For higher pressure operation, charge exchange severally limits the number of passes possible through the grid despite the very high effective transparency achieved by the STAR mode. This is emphasized by results for the calculations in Ref. 4.7 shown in Fig. 4.11. (Note that related calculations by J. Khachan discussed earlier in Section II show similar results, but emphasize the role of molecular ions at lower operating voltages).
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Figure 4.12.  Results for calculations for Ion Energy Distributions 1st pass.
These computational results are for the UIUC IEC “A-device” using a diameter grid with conditions of 50 kV, 10 mA, and 4-cm, and background gas pressure of 4.6 mTorr. At this pressure, charge-exchange (CX) collisions occur quite frequently for D+ ions. In their first pass through the IEC, about half of these ions CX within the cathode region and are lost. After only four passes, most of the remaining ions have lost a large amount of their original potential energy and the fusion rate from subsequent passes becomes negligible.  D2+ ions have a smaller CX cross section and it takes about 20 passes for most of the D2+ ions to lose their energy and be lost to the grid. (D2+ ions and also D3+ ions are naturally produced at diminishing quantities in ionization reactions along with D+. As pointed out by Khachan his work noted D2+ becomes more significant in lower voltages).
In summary, the design of an optimal IEC neutron source is seen to be quite different from a power producing IEC. In the source design, the grid parameters, grid/vessel diameter ratio, chamber diameter, surface conditions, background pressure, current, and voltage all become important parameters. In power producing devices the ion injection parameters-- including ion current, ion energy relative to height of the well potential, the ion angular momentum, and the ion to electron temperature ratio, along with the chamber diameter ---determine performance. The calculations and simulations cited here provide much insight into these issues and also provide insight into theoretical and computational tools for IEC study.
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