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Abstract

:

The structure of the emission surface of a cold tubular cathode and electron beam was investigated as a function of the magnetic field in the coaxial diode of the high-current accelerator. The runaway mode of magnetized electrons in atmospheric air enabled registering the instantaneous structure of activated field-emission centers at the cathode edge. The region of air pressure (about 3 Torr) was determined experimentally and via analysis, where the explosive emission mechanism of the appearance of fast electrons with energies above 100 keV is replaced by the runaway electrons in a gas.
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1. Introduction


Currently, in the field of high-power microwave (HPM) generation (see, e.g., Refs. [1,2], and citations therein), research on the phase-stable excitation of high-current electron generators is ongoing [3,4,5,6,7,8,9,10,11]. Along with the use of external radiation sources [12,13,14,15], this mode is possible when a seed electromagnetic (EM) signal appears at a stable front of the beam, and has the required power and spectral range [16,17]. The higher the generation frequency, the shorter the current front needed, and in millimeter wave range, this is at the sub-nanosecond scale. Explosive electron emission (EEE) beams with such edges and duration ≤ 1 ns [18] are used in Ka-band HPM generators operating in the superradiance (SR) mode and form EM pulses with a duration of about ten oscillation periods [19,20,21,22]. In-phase SR generators and their longer-pulse counterparts have already demonstrated coherent summation of the radiation from several autonomous channels [23,24,25,26]. The use of SR pulses with stable phase, amplitude, and duration for high-gradient acceleration (HGA) of electrons in extreme microwave fields [27] is promising because their ultrashort exposure may result in a delay in the breakdown of electrodynamic structures [22], including technical vacuum conditions.



In the context of the HGA problem, in Ref. [28], the prospect of using high-frequency (≈100 GHz and more) SR generators is noted [29,30]. In particular, the source [30] increases the peak generation power and enables phase locking. This requires an increase in the current and diameter of the tubular driving beam while maintaining the stability of the emission instant and the rising rate for the leading edges of <100 ps. These issues are also relevant for HPM generators of various types [31,32,33].



In this study, we considered conditions for increasing a beam current for a magnetically insulated coaxial diode (MICD) with a tubular cathode, where the length of the accelerating gap (D), material of the cold cathode, magnitude of the longitudinal magnetic field (B), and the residual gas pressure (p), were varied. Experimental techniques and diagnostic methods are described below in Section 2.



In addition to the current magnitude, the azimuthal homogeneity of a short tubular beam is important for applications, and is associated with the structure of the emission surface of the cathode and the magnitude of the longitudinal magnetic field [34]. However, in a wide range of residual gas pressures, these issues have not yet been considered. In particular, at the limit of high gas pressure up to atmospheric pressure [35,36,37,38,39,40,41,42], the picture of electrons’ origin changes dramatically. In this case, the gas itself becomes a supplier of fast runaway electrons (RAE) in the form of jets, which are tied to the centers of the field emission (FE) at the cathode [43] and have picosecond duration [44,45,46]. In the case of RAEs’ emission, the energy lost by particles during impact ionization is much less than that acquired by them during acceleration in an electric field between inelastic collisions with molecules [35,36,38,47]. As a result, RAEs are accelerated “almost like in a vacuum”. Data on the homogeneity of such a beam are presented in Section 3.2. This follows Section 3.1, which includes general remarks on all experiments.



Regarding the attainable beam current amplitudes, of primary interest is the range of residual gas pressure [48], where the “vacuum” EEE mechanism [49] is transformed and supplemented by the generation of RAEs in the gas (Section 3.3). We assumed that, at the transformation stage, the presence of RAEs and accompanying ionization processes can lead to the “gas amplification” of the current [47,50] already at the leading edge of the formed beam. An interpretation of these effects is provided in Section 3.4.




2. Experimental Setup and Diagnostic Methods


In the experiments, an injection-measuring unit shown in Figure 1a was used, representing the MICD with a pulsed solenoid providing B-field induction of up to ≈4 T. The cold tubular cathode and the anode have diameters of 22 and 45 mm, respectively, and the anode constriction has a bore diameter of 25 mm. The diagnostic sensor was positioned behind the constriction. This was a current probe with electron collector diameter 2Rec = 25 mm, in front of which a 15 μm thick transparent aluminum foil was placed for electrons with energies higher than ≈40 keV [51], and (if necessary) a disk segment collimator made of graphite, which reduces the current (EEE-beam) by 3.7 times. The foil and collector formed a disk line, which then became a low-resistance coaxial line (7 Ohm). The transition was not matched. Therefore, the current bursts with a duration comparable to or less than 2Rec/c ≈ 83 ps (c is the speed of light) during registration, causing multiple reflections (noise) on the oscillogram; this noise was partially eliminated (averaged) by reducing the registration bandwidth to 8 GHz or less. A registering capacitive voltage divider was located in the measuring coaxial section of the current probe, which made it possible to observe signals with edges of up to 70 ps. However, this sensor, which had a limited area (a circle with a diameter of 20 mm), was also characterized by the presence of reflections after the useful signal. Under these conditions, the probe with a large-aperture collector, when the oscilloscope’s recording band was reduced, formed a broadened “current” signal, the amplitude of which could be significantly reduced. Therefore, in a number of experiments (at atmospheric pressure), a fast-response current probe [52] with a receiving window aperture having a diameter of 9 mm was used. Previously, this probe allowed observing the RAE current leading edges of up to 20 ps [46], but in our experiment it recorded only a narrow segment of a tubular beam.



Figure 1b–d show variants of the cathodes used in the experiments. Note that a sufficiently large diameter of any of the tubular cathodes shown (22 mm) was chosen in the experiments for two reasons. Firstly, we were interested in the operation of the cathodes with an increased diameter, due to the promising trend of increasing beam current in the SR generator [30]. Secondly, this diameter made it possible to bring high-voltage pulses to the cathode emission edge with minimal reflections throughout the entire section of the coaxial transmission line (CTL), starting from the high-voltage generator. This duct with characteristic impedance ρ = 44 Ohm, including oil-filled, bushing, and vacuum sections, had variations of no more than ±0.5 Ohm. As a result, it was possible to apply the method of dynamic time-domain reflectometry (DTDR) [53], which allows one to use two remote and space-shifted CTL probes (Figure 2a) to determine a reflected voltage pulse from the load (cathode) without distortion, and then restore the voltage at the cathode and the emission current (of the beam) or the discharge current in the MICD gap.



Figure 1e shows the adjustable voltage pulses used in the experiments. These pulses were created by a high-voltage generator which included the RADAN-303 5-nanosecond driver [54] and inductive-capacitive pulse compression unit [55] with sharpening and cut-off nitrogen spark gaps [56]. The pulse full width at half maximum (FWHM) was varied from ≈200 to ≈500 ps. This was significantly less than the limitations of the DTDR method for non-distorting registration with a delay time between the signals of two probes (P1 and P2) of 2τ2 = 4 ns. The delay τ1 of reflection Uref from the load toward the near probe P1 was determined with an accuracy of ±5 ps in no-load mode (Figure 2b) when an incident pulse had the minimum amplitude and duration (Figure 1e), and the absence of emission in gas or vacuum was provided by a small amplification of the electric field on a smooth steel edge of the cathode (Figure 1d), which was previously trained (polished) in vacuum [57,58]. In this mode, the difference in the amplitudes of incident (U1) and reflected (Uref) pulses in Figure 2b due to dispersion and losses in the CTL gave the correction factor (K ≈ 1.15 ± 0.05) for estimating the voltage at the cathode in the mode of electron emission in vacuum or gas.



To visualize the structure of tubular RAE flow in anodic constriction cross-section, instead of the current collector, an AGFA-CPG400 fluorescent screen having a diameter of 25 mm with a Gd2O2S:Tb phosphor was installed. The screen was covered from the cathode side with thin black paper, which excluded illumination from the MICD volume when taking photos with an open shutter. In the experiments, for contrasting images, the camera sensitivity (ISO) and the lens aperture could be changed, or neutral optical filters of different densities were used.




3. Results, Comments, and Interpretation


3.1. General Remarks


Figure 3 presents a set of typical oscillograms of voltage pulses obtained in the modes of MICD operation in vacuum (Figure 3a) and at atmospheric pressure (Figure 3b) for various accelerating gaps D and cathode materials. When a beam is emitted in vacuum, reflection Uref from the cathode has the same negative polarity as the incident voltage pulse U1. The amplitude of Uref decreases (modulo) with decreasing gap D, but this is more pronounced for a graphite cathode, on which EEE develops faster, and with a limited duration of U1, the higher beam current is reached earlier (see Section 3.3). Note that the voltage at the cathode Uc(t) can be determined as the sum of U1(t) + Uref(t), if these voltage pulses are “synchronized” taking into the account the delay τ1 defined above, and the pulse Uref(t) is restored by the DTDR method [53]. In addition, for the vacuum approximation, one can calculate dynamic impedance Z(t) of the MICD and the current in the load (i.e., current of the beam or discharge) IL(t): Z(t) = ρ [(U1(t) + Uref(t))/(U1(t) − Uref(t))] and IL(t) = 2U1(t)/(Z(t) + ρ), respectively.



Formation of a picosecond RAE flow in a gas begins at the leading edge of the voltage pulse U1(t), when a critical electric field Ecr is achieved near the cathode edge (at the boundary of plasma formations near FE centers), which is sufficient for thermal electrons to run away [47]. As a result, for the passage of RAEs to the anode constriction, special criteria are fulfilled in our case [59]. As seen in Figure 3b, the smaller the MICD gap D, the smaller the (modulo) amplitude of a non-inverted part of the pulse Uref(t). This is due to an increase in the electric field near the cathode at given parameters of the leading edge of the pulse U1(t). In addition, due to the finer-grained structure of FE centers on graphite and their earlier activation, the Uref amplitude for the graphite cathode is smaller than for a steel one. The voltage amplitude at the cathode during RAEs’ emission in gas can be estimated from oscillograms as Uc(t) ≈ 2K∙Uref(t), because the cathode operates in an idle mode before the appearance of fast electrons. When RAEs pass through the MICD gap, an ionization trace appears [38,60,61,62,63] and then the discharge current arises. As a result, we observe an inverted section of Uref(t) and, during the polarity reversal, the voltage across the MICD gap decreases rapidly [64]. An amplitude of the inverted pulse is determined not only by residual resistance of the discharge gap, but also by the duration of U1(t). If for excessively short U1(t) the RAE flow does not reach the anode during the pulse duration, a discharge current does not have time to develop [65], and then the positive lobe of Uref(t) is absent.



Note that the tendency for the pulse Uref(t) polarity to reverse is an indicator of “switching on” the ionization and discharge processes when the pressure of residual gas in the MICD is varied. It is also important that in our experiments it is appropriate to compare the temporal emission characteristics for different cathodes and at variations in the gas pressure by analyzing the pulses Uref, because these reflections have an absolute time reference. Indeed, the position of the cathode’s emission edge along the longitudinal coordinate did not change, and variation in the gap distance D (10 or 30 mm) was achieved by displacing the anode constriction.




3.2. Azimuthal Structure of the RAE Beam and Its Emission Stability


Both modes under investigation, namely EEE in vacuum and RAE emission in gas, have a common preliminary stage, i.e., field emission at microinhomogeneities of the cathode [43,66,67,68]. At atmospheric pressure, elementary RAE flow is extremely short (up to 10 ps, [69,70]). Thus, an open shutter photograph of the RAE beam reprinted on a luminescent screen accumulates emission events from the cathode occurring within an interval of about ten picoseconds. Taking into account the “single” actuation of FE centers during RAE emission, the structure of the magnetized tubular beam on the collector carries information about their “instantaneous” location at the cathode. For this, the beam should consist of a set of jets (bunches), which on their way to the anode do not shift in azimuth (do not mix). The absence of jet displacement was examined in an experiment, where amplitude of U1(t) was minimized as in Figure 2b so that there was no RAE emission from a smooth semithoroidal edge of a steel cathode (Figure 1d). However, two diametrically opposite RAE jets (Figure 4) from similarly oriented needles protruding from the cathode edge by 1 mm were observed on the phosphor. That is, azimuthal displacement of jets with a current of less than 1 A each did not occur at an acceleration distance D = 30 mm.



Taking into account the previous result, we can consider the autographs of “multi-jet” tubular flows of RAEs (Figure 5). The general tendency here is that with an increase in the magnetic field, the number of jets increases and the beam acquires azimuthal homogeneity. In a strong field (B = 4.3 T), homogeneity also increases with an increase (modulo) in the RAE emission voltage at the cathode (│Uc│max ≈ 2K∙│Uref│max) for both graphite and steel. Apparently, this is due to effective activation of a larger number of FE centers having a spread in the field amplification coefficients β. Note that a higher emission voltage of RAEs is realized at a steel cathode, which is associated with the requirement to increase the electric field on steel micro-emitters with a smoother relief than on graphite.



In the case of a graphite cathode (D = 30 mm), the beam is thinnest at B = 4.3 T and represents a continuous set of adjacent jets with a diameter of ≈1 mm and a current of hundreds of milliamperes each. In this case, their number corresponds to the beam circumference (in millimeters) with an accuracy of ±1. Apparently, such a regular positioning is determined by an effect similar to the screening of the emission edge of the EEE cathodes in a magnetic field in the case of vacuum emission [34]. In the latter case, the space charge of electron flowing from the active EEE leader centers (plasma flares) reduces the field at neighboring FE centers, which are abundant on graphite. In a gas version, the screening appears to come from FE electrons [71] and the secondary (plasma) particles, which begin to accelerate rapidly in the region of a macroscopic electric field, which is enhanced near the cathode edge.



Note the increased radial thickness of the magnetized RAE beam (Figure 6a) compared to the vacuum EEE current (Figure 6b). In a vacuum, an imprint was obtained on a polymer film instead of a luminescent screen. This increase is consistent with numerical simulation of particle trajectories for the vacuum approximation shown in Figure 6d [72,73] and with estimation using formula (12) in Ref. [74]. The increase is explained by the fact that the source of fast electrons in gas is the plasma, which arises due to ionization of molecules by FE electrons. These particles can appear much earlier, including the nanosecond voltage prepulse. That is, plasma formations have time to expand by hundreds of microns by the time the critical field is reached at their boundary. This means that the emission surface of the cathode in gas initially has a much larger radial size compared to the vacuum regime, where EEE plasma flares insignificantly expand (tens of microns) during the nanosecond interval at the rate of 2 × 106 cm/s [49] and, unlike [75], the thickness of the emission edge (≈100 μm in our case, Figure 1b,c) does not change for a few nanoseconds. As a result, the vacuum EEE beam is thin in a strong magnetic field (Figure 6c). Moreover, the factor leading to the radial expansion of the RAE flow is the scattering of electrons due to elastic collisions with gas molecules.



Let us note a specific feature of the RAE beam emission from graphite. Because in any region of the cathode edge there are many small microprotrusions with large coefficients β, then, on average, the FE initiation of gas ionization begins in different regions rather synchronously. As a result, plasma formations (sources of RAEs) appear with a small time spread. Removal of a certain part of graphite (during breakdowns) changes the emission edge structure only slightly because graphite has a finely dispersed homogeneous structure. Therefore, the emission of the RAE flow is reproduced from pulse to pulse with picosecond accuracy. This is shown in Figure 7a in the measurement by a fast-response probe for the case as in Figure 5 at D = 30 mm, B = 2.1 T. Here, the total time spread of the current pulses at a fixed level at the front is measured relative to the voltage leading edge. It is in the range of 5–10 ps, and reproduces from series to series. Similar data for a steel cathode gives 5–10 times greater time spread (Figure 7b). This is due to asynchronous emission of the RAE jets from different sections of the cathode edge, because the FE centers have an inhomogeneous structure, and parameter β is, on average, less than that for graphite. The RAE emission delay for steel relative to graphite (>20 ps) and increased emission voltage determine the rise in the maximum RAE beam current, up to 50 A.



The high stability of the RAE current emission from graphite makes it possible to estimate the RAE energy by the time-of-flight method from displacement of the current peak when the collector was moved to some distance L. In our case, L = 6 cm, and the shift in the current peak in Figure 7a by 315 ps corresponded to kinetic energy of 150 keV. Taking into account the amplitude of the non-inverted peak of Uref, we found that the voltage at the cathode Uc did not exceed (modulo) 85 kV. That is, RAE acceleration in the main part of the gap occurred in the electric field “compressed” ahead of the plasma front of the ionization wave [60,61,62,69]. In our case, the plasma is magnetized and therefore has an increased density. Apparently, this determines the efficiency of the field compression [76] and an almost twofold increase in the RAE energy at the collector in comparison with eUc (e-electron charge).




3.3. Transition from the EEE Emission to the Electron Runaway in a Gas


In [77], it was shown that the current amplitude of a magnetized nanosecond explosive emission beam in the vacuum MICD at a pressure of 5 × 10−3 Torr increases significantly if, with an advance of hundreds of nanoseconds, the accelerating gap passes a sub-nanosecond beam from the same cathode (the effect of double pulses). The observed effect was explained by the charge neutralization of the electron flow by the plasma moving from the cathode. This plasma channel appeared in the presence of the leading pulse due to the expansion of the magnetized EEE plasmas and plasma arising from effective impact ionization of residual gas near the cathode. Here, the ionization cross sections are large due to the low electron energy.



We assumed that, with an increase in the residual gas pressure, a sufficiently dense plasma channel (tube) can arise when a picosecond runaway electron flow passes ahead of time in the accelerating gap, and this does not require an additional voltage pulse and a beam. The reason is that, after activation of the FE centers at the cathode, even at p = 760 Torr, the RAE flow appears with low inertia—in fact, at an instant when high-current EEE in vacuum is just beginning (Figure 8). Note that the RAE current pulse in this figure was obtained with insufficient time resolution by the probe adapted to measure a kiloampere-range EEE current. A more realistic current envelope of RAEs is represented by the signal in Figure 7a.



At pressure of <760 Torr, the RAE emission begins at lower voltages (that is, earlier at the leading edge of the pulse Uc(t)) due to a decrease in the field Ecr. In particular, in [78], data are given on the regime of a complete runaway of all free electrons in the gap with a decrease in pressure to ≈300 Torr. For p = 760 Torr, such a regime is also possible, but a rapid increase in the field in the gap to high strengths (≈1 MV/cm) is required [79].



Figure 9a presents a series of the beam current pulses recorded by a collector probe in the pressure range of 3 × 10−2–5.5 Torr. The amplitudes (modulo) and durations (FWHM) of these pulses versus pressure are shown in Figure 9b. For the pressure p < 10−1 Torr, the amplitude (≈1700 A) and duration (≈300 ps, FWHM) of the EEE current (1 in Figure 9a) does not actually change. In this case, the beam current pulse from the collector probe sufficiently matches the current envelope in the load obtained by the DTDR method. The amplitude difference was ≤10%.



At p > 0.5 Torr, the current amplitude begins to increase and reaches the maximum of ≈2800 A at p = 3 Torr. In this case, the pulse at the cathode (2 in Figure 10a) decreases in amplitude and shortens: the trailing edge is cut off. However, its duration remains in the range of hundreds of picoseconds. The reflected pulse Uref on the reflectogram (2 in Figure 10b) changes polarity with some delay. That is, ionization processes are activated in a gas. A further increase in the pressure p > 3 Torr leads to the rapid decrease both in amplitude and duration of the beam current (4 → 5 → 6 in Figure 9a), and there was no current at p > 6 Torr. Judging by the reflectograms, in the latter case, distributed breakdowns occurred in the CTL when a supply pulse was delivered to the cathode. For this, for example, at p = 760 Torr, amplitudes Uc exceeding (modulo) 155 kV with the pulse duration of >270 ps were sufficient, which was demonstrated earlier [65,80].




3.4. Estimation for the Threshold Pressure between the EEE and RAE Generation Modes


Under vacuum conditions (  p → 0  ), the flow of fast electrons registered on the collector is obviously of the explosive-emission nature. For estimates, we assume that this flow is generated at a potential difference U = |Uc| = 100 kV; the interelectrode distance is D = 1 cm; the average field strength in the gap is U/D ≈ 100 kV/cm. With a gradual increase in gas pressure, an additional source of electrons will be secondary electrons arising from the ionization of gas molecules by electron impact. The threshold value of the reduced field for electron runaway is    E  cr   / p ≈ 356    V / ( cm  ⋅  Torr )    for air/nitrogen [38], which, under conditions of an average field of ~100 kV/cm, provides the mass runaway of free electrons at pressures up to ~280 Torr. Thus, at the pressure values of interest to us (units of Torr), all secondary electrons will certainly run away, thereby enhancing the initial flow of fast electrons.



Let us determine the air pressure (p*) at which the contribution of secondary electrons becomes comparable to the contribution of primary explosive-emission electrons. The number of ionization events produced by one fast electron per unit length is given by the equation:


    d  N i    d z   = n  σ i  ,  



(1)




where    σ i    is the ionization cross section; the variable z corresponds to the direction of the electron motion from the cathode (z = 0) towards the collector/anode (z = D); n is the gas concentration. Under the considered conditions of relatively low pressure, the energy loss of the primary electron due to inelastic interaction with gas molecules can be neglected, and its kinetic energy  ε  is determined by the potential difference passed by it. Then we have, for a homogeneous field:


  ε ( z ) ≈ e U z / D ,  



(2)




where e is the elementary charge.



As is known [81], the electron impact ionization cross section depends nonmonotonically on the electron energy  ε . Its maximum value for air/nitrogen is    σ  max   ≈ 3 ⋅   10   − 16        cm   2    and corresponds to the energy    ε  max   ≈ 110    eV   . The largest contribution to the gas ionization is made by the part of the electron trajectory with   ε >  ε  max    . Here the cross section can be approximated as   (  A 1  / ε ) ln  A 2  ε   [47] (pp. 22–30), or, for consistency with [81], as:


   σ i  ( ε ) ≈    σ  max    ε  max    ε  ln     2.718 ε    ε  max       ,  



(3)




where 2.718 is the base of the natural logarithm. Substituting (2) and (3) into (1), we arrive at the ordinary differential equation with respect to the variable  ε :


    d  N i    d ε   =   n D  σ  max    ε  max     e U ε   ln      2.718  ε    ε  max       .  











Its integration over the entire path of the electron, 0 < z < D, taking into account that   e U > >  ε  max   ,   yields:


   N i  ≈   n D  σ  max    ε  max     2 e U     ln  2       2.718  e U    ε  max       .  











The number of primary and secondary electrons becomes comparable at Ni = 1, i.e., when, due to the interaction of explosive-emission electrons with gas, the number of fast electrons doubles. Then, the corresponding threshold value of the gas concentration is given by the formula:


   n ∗  ≈   2 e U   D  σ  max    ε  max       ln   − 2       2.718 e U    ε  max       .  



(4)







For the conditions under consideration, this gives    n ∗  ≈ 9.9 ⋅   10   16        cm    − 3     (recall that under normal conditions the gas concentration is   ~ 2.7 ⋅   10   19        cm    − 3    ), which corresponds to the threshold pressure p* ≈ 2.8 Torr.



At 0 < p < p* (i.e., at pressures lower than ≈2.8 Torr), it can be assumed that explosive-emission electrons form the basis of the flow of fast electrons. With an increase in pressure within this interval, the fraction of secondary electrons arising due to the interaction of explosive-emission electrons with gas increases from 0 to ~50%. The “gas amplification” of the fast electron current is realized, which is in good agreement with the experimentally observed picture for pressures rising to 3 Torr; see Figure 9.



Let us now discuss what will happen with a further increase in pressure. At the threshold pressure p = p*, the scale at which the number of fast electrons doubles coincides with the interelectrode distance D. When the threshold is exceeded, i.e., for p > p*, this scale will be less than D. In such a situation, the role of secondary electrons in ionization processes becomes fundamentally important; an avalanche multiplication of fast (runaway) electrons will occur. Because this process is explosive (the number of electrons will grow exponentially), then even with a slight excess of the pressure p*, the nature of the electrons reaching the anode/collector will inevitably change. The overwhelming majority of electrons will become secondary, born due to impact ionization of air molecules. In such a situation, the high-current flow of explosive-emission electrons is no longer required to initiate ionization processes in the gas. A flow of FE electrons from the cathode, orders of magnitude less intense, will suffice. This will lead to a shift in the moment of generation of the flow of fast (runaway) electrons to earlier times; no time delay will be required for the initiation of EEE due to the Joule heating of the cathode material by the FE current. This is precisely the picture observed in experiments when the pressure changes from 3 to 5.5 Torr; see Figure 9. The picture typical for EEE changes to the picture typical for RAE generation: the peak of the current burst is recorded earlier; its leading edge becomes steeper; the duration and amplitude decrease. The character of the high-voltage pulse reflections from the load (Figure 10) indicates the formation of a sufficiently dense plasma as a result of effective gas ionization in the interelectrode gap.



Let us summarize our reasoning. At pressures p < p* ≈ 3 Torr, explosive-emission electrons form the basis of the flow of fast electrons. As the pressure approaches the threshold p*, the effect of “gas amplification” of the current becomes significant; secondary electrons arising as a result of impact gas ionization by primary electrons begin to play a noticeable role in the flow of fast electrons. At pressures p > p* ≈ 3 Torr, the role of ionization processes grows explosively. The flow of fast electrons at the anode can be interpreted as a result of the avalanche multiplication of RAEs in the gap, and the primary RAEs are no longer explosive-emission, but field-emission in nature. For pressures near the threshold p* (or n*) determined by Formula (4), the transition occurs from the EEE mode to the RAE generation mode.





4. Conclusions


For the first time, in a sub-nanosecond range of durations and a wide range of residual gas pressures, for two cathode materials (graphite or steel), the jet characteristic of a tubular electron beam and its azimuthal homogeneity determined by the discreteness of activated FE centers was investigated in detail. In the experiments with generation of runaway electron flows in gas, it was shown that when the voltage at the cathode increases at a rate of hundreds of kilovolts per nanosecond, activation of the FE centers on graphite occurs with a time spread of several picoseconds. In the vacuum mode of explosive electron emission, this makes it possible to form kiloampere electron beams with a sub-nanosecond current front and with a similarly low jitter.



The range of residual gas pressures in the accelerating diode (units of Torr) was determined, where the vacuum mechanism of explosive electron emission is supplemented by the effects of the gas ionization by runaway electrons. For pressure up to ≈3 Torr, this leads to an increase in the magnetized beam current. In this case, the duration of the current (hundreds of picoseconds) was found to be comparable to the regime in a high vacuum. With an increase in pressure to the region of >3 Torr, with a slight decrease in the amplitude, the steepness of the front increases (up to ≈25 kA/ns, 5 in Figure 9a) and the current pulse duration decreases to ≈100 ps due to the development of a subsequent breakdown in the accelerating gap with participation of RAEs. Then, with an increase in pressure to ≈5.5 Torr, a rapid decrease in both duration and amplitude of the electron flow occurs.



Thus, it was shown that the current of a high-current electron beam having a duration of hundreds of picoseconds can be significantly increased in the pressure range of several Torr, while maintaining a picosecond temporal emission stability and the front steepness, and without significant reduction in duration and amplitude of the voltage at the cathode. This provides opportunities for increasing the power of electron sub-terahertz SR generators with spatially developed electrodynamic systems.
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Figure 1. (a) The beam injector unit with a cold tubular cathode (1), pulse solenoid (2), and collector current probe (3) with segment collimator (4). (b–d) Edge options for the tubular cathodes having an outer diameter of 22 mm. (e) Adjustable voltage pulses formed by a high-voltage generator to feed the cathode. 
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Figure 2. (a) DTDR signal acquisition circuit and setting of the signals (b) used to separate Uref from the noise on the U1 signal tail and to measure the delay time τ1 of the load reflection in no-load mode. 
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Figure 3. Typical oscillograms of incident (U1) and reflected (Uref) voltage pulses obtained in the modes of the MICD operation in vacuum (a) and at atmospheric pressure (b). 1; 2—graphite cathode; the gap D = 10 and 30 mm, respectively. 3; 4—steel cathode; the gap D = 10 and 30 mm, respectively. 
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Figure 4. Diode configuration with 2-needle cathode; autograph of RAE jets. 
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Figure 5. Autographs of magnetized tubular RAE beams obtained in atmospheric air at various values of accelerating gap D (10 and 30 mm), cathode voltages (63–132 kV), and magnetic fields (0.53–4.3 T) for graphite and steel cathodes having a diameter of 22 mm and emitting edge of ≈0.1 mm thick. The red circle shows the position of a fast-response current probe collector. Diameter of all photographs is 25 mm. 
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Figure 6. Autographs of tubular beams in the MICD with graphite cathode and the gap D = 30 mm. (a) RAEs at B = 0.53 T; (b,c) vacuum EEE beam at B = 0.53 T and B = 2.1 T, respectively. (d) Calculation of electron trajectories for the case (b). 
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Figure 7. Measurement of the RAE emission temporal stability at D = 30 mm. The collector has a diameter of 9 mm. Five consecutive pulses are presented. (a) Graphite cathode. The total beam current is 22 ± 4.5 A. The leading edge and duration (FWHM) of the current are ≈30 ps and ≈45 ps, respectively. Delayed RAE current pulse is shown for the time-of-flight estimation of the particle energy. (b) Increased emission time spread in the case of a steel cathode. 
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Figure 8. Positions of the vacuum EEE beam current (2 kA) and the RAE flow at p = 760 Torr with an absolute time reference. Binding to the voltage pulse is conditional. Parameters: D = 10 mm; graphite cathode; collector has diameter of 25 mm; B = 2.1 T. 
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Figure 9. (a) Pulses of the electron beam current from collector probe at different air pressures in the MICD: 1—3 × 10−2 Torr; 2—1 Torr; 3—3 Torr; 4—4 Torr; 5—5 Torr; 6—5.5 Torr. Other parameters: graphite cathode; D = 10 mm; collector has diameter of 25 mm; B = 2.1 T. (b) The dependence of the amplitude (modulo) and duration (FWHM) of the beam current pulse in the pressure range. 
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Figure 10. (a) The cathode voltage pulses registered using the DTDR method. (b) Supply pulse and the cathode reflections, time-aligned accounting for the delay τ1. Pressure: 1—3 × 10−2 Torr; 2—3 Torr. Other parameters: graphite cathode; D = 10 mm; B = 2.1 T. 
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