PHYSICS OF PLASMAS VOLUME 8, NUMBER 11 NOVEMBER 2001

Energetic particles and magnetohydrodynamic activity
in the Swarthmore Spheromak Experiment

G. Qin?
Bartol Research Institute, University of Delaware, Newark, Delaware 19716

V. S. Lukin, C. D. Cothran, and M. R. Brown
Department of Physics and Astronomy, Swarthmore College, Swarthmore, Pennsylvania 19081-1397

W. H. Matthaeus
Bartol Research Institute, University of Delaware, Newark, Delaware 19716

(Received 12 March 2001; accepted 31 July 2001

Results from the Swarthmore Spheromak Experini8&X) [M. R. Brown, Phys. Plasmag 1717

(1999 ] indicate that formation and partial merging of two spheromak plasmas can be described well
by a magnetohydrodynami®IHD) picture in which there is substantial evolution towards force

free states within each vessel, while reconnection activity, also described reasonably well by MHD,
occurs in the region of interaction. MHD simulatiofg S. Lukin et al, Phys. Plasma8, 1600

(2001 ] support and provide further detail to this interpretation. In the present study, test particle
equations are integrated using MHD data from SSX simulations to further understand the energetic
particle fluxes that are observed experimentally. The test particle simulation is run with
dimensionless parameters similar to the experiment, and particles are permitted to escape when they
encounter the simulated SSX boundaries. MHD activity related to reconnection is responsible for
accelerating charged particles. The process includes two phases—a strong but short duration direct
acceleration in the quasi-steady reconnection electric field, and a weaker longer lived stochastic
component associated with turbulence. 2001 American Institute of Physics.

[DOI: 10.1063/1.1405015

I. OVERVIEW from the reconnection zorfeNeutral gas and vacuum mag-
netic fields are introduced at the guns but only fully ionized
Magnetohydrodynamic(MHD) plasma motions are plasma and imbedded magnetic flux convect into the recon-
probably responsible for many observed properties of th@ection zone. Apart from activity that is expected near the
solar atmosphere, the interplanetary medium, and other aguyns, most of the development and interaction of the sphero-
trophysical plasmas. Examples are found in solar flares, a$aks might be described by a MHD formalism. SSX em-
well as in Coronal Mass Ejections, and other phenomeng|oys a segmented copper boundary at the midplane to allow
observed in the interplanetary medium, including fluctua-partial merging as well as relaxation of each spheromak to-
tions and turbulence. These complex processes involve relaygard its own equilibrium configuration. Early in the dis-
ation and evolution of large-scale fields, formation of Sma”charge we are able to study driven reconnection as the still
scale features such as shocks and current sheets, and M&Sming spheromaks merge at the midplane at the Afve
netic reconnection. Populations of energized charged Pakpeed Later in the discharge, the two spheromaks separately
ticles are also cqmmonly found in these same situatigns(e|ax to nearly force-free equilibfiaso that we can study
Laboratory experiments have the potential to providegpontaneous reconnection. Energetic particles and soft x-rays

complementary information concerning the interplay be-ayerse the field-free, high vacuum gap between flux con-
tween MHD motions and energetic particles that may furthegepers to various detectors on the midplane.

our understanding of these astrophysical processes. Several | g recent papéwe examined MHD activity in SSX in
recent studi€s> have described results from the Swarthmoreggme detail by carrying out MHD simulation in SSX geom-
Spheromak Experimer{SSX) and interpreted the observed etry using the TRIM MHD code developed by Schnack and
dynamics mainly in the context of MHD relaxation and mag- .o workers® These simulation results were compared to
hetic reconnection. Here we further these_studigs by examifﬁnalogous measurements in SSX. The principal results were
ing mo.dels for the prod_uctlon of engrgetlc particles assoClry) spheromak formation and partial relaxation to a force free
ated with the reconnection process in SSX. _ state occurs in both simulation and experimég:the basic

The Swarthmore Spheromak Experinfeistdesigned to timing of the spheromak interactions is gauged by the mag-
study magnetic reconnection and particle acceleration due Qetic energy density computed over a region near the inter-
the controlled, partial merging of two spheromakse Fig.  4ction (reconnection region—this forms a “clock” for the

1). The SSX spheromaks are generated by plasma guns awg¥oonnection process which compares well between SSX and

TRIM results;(3) reversal of magnetic field and current fila-
dElectronic mail: gingang@bartol.udel.edu mentation occurs in the reconnection zone in both simulation
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2505 §" and the details of the acceleration process may depend on
1.255 Lﬁfiﬁ_ self consistent and kinetic effects which we do not attempt to
M model here.
+ +1 1.0 Acceleration of charged particles by electric fields asso-
ciated with reconnection activity is a concept that dates at
Z least to the suggestions of Giovan®lind Dungey that
strong electric fields may be present near an X-type magnetic
|| : neutral point, thus providing a mechanism for acceleration of
charged particles in the magnetosphere. Similar arguments
were put forth by Swetand Parke?, that MHD activity
FIG. 1. Computational domain for the TRIM simulation overlaid upon the associated with reconnection or merging at field reversal
diagram of SSX. Dimensions are normalized to the flux conserver radius. points might accelerate in the vicinity of solar flares. The
possibility that reconnection provides a robust acceleration
mechanism for charged particles in low density plasmas was
and experiment; however, the current sheet thickness is dene of the original motivations for examining reconnection.
termined by Ohmic dissipation in TRIM and is limited by This remains one of our motivations for experimental and
c/wp; in SSX; and(4) Alfvénic outflow, indicative of the theoretical study of these processes in SSX. The neutral point
reconnection process is observed in both simulation and exacceleration process has been examined earlier in the context
periment. of a planar sheet pinch configuration in the presence of finite
In the present paper we extend this earlier work in twoamplitude fluctuation&?** and later in strong homogeneous
important ways, continuing to compare TRIM results with MHD turbulence'? More recently;® acceleration near a three
SSX experimental data. First, we extend analysis of MHDdimensional reconnection zone in the presence of turbulence
activity in the interaction region between the spheromakwas examined by Monte Carlo techniques.
plasmas. We examine the small scale magnetic field and the In each of the previous studies the reconnection process
current density using two-dimensional diagnostics. We alsgvas found to robustly accelerate particles to high energies.
look at direct measures of the reconnection rate in TRIMHowever, in spite of study for half a century in one form or
data. Second, we begin here an examination of the processagother, this acceleration process is not yet understood com-
by which reconnection activity in SSX accelerates chargegletely at either a theoretical or a quantitative level. There is
particles to suprathermal energies. Accurate test particle orbitot, for example, a transport model that explains its effects,
calculations using TRIM MHD as the applied electromag-as there is for diffusive acceleration by shockse, for ex-
netic fields provide the means to efficiently examine theample, Refs. 14-161n part, this may be because accelera-
physics of the acceleration process. tion by reconnection appears to be a complex combination of
We should emphasize at the onset that the MHD modetoherent(“first order”) and stochastiq“second order’)
we employ in the TRIM code does not include an accurateeffects!! At present, the overall importance of acceleration
description of the local kinetic physics of SSX. The TRIM by reconnection in space and astrophysical contexts is in-
simulations at present use an isothermal equation of statepmpletely known. It therefore seems particularly germane
and a simple Ohm’s lawhowever, with a fairly accurate to gain what insights are available from laboratory studies of
Lundquist number thus ignoring electron pressure, Hall ef- this process. The use of the SSX experiment and related
fect and other corrections likely to be of importance in smallsimulation studies seem to be appropriate first steps along
scale SSX activity. However, our main purpdsee also Ref. these lines, as we are unaware of other investigations of this
3) is to understand the timing, energetics and other grostype that have been carried out previously.
features of SSX operation. This consists of violent produc-  The paper is organized as follows. In Sec. Il, the meth-
tion of plasma by the guns, expansion into the flux conserveds for the MHD and test particle simulations are presented
ers, and partial nonlinear relaxation toward a force free statdyriefly as well as an outline of the numerical experiments
which is punctuated by intense nonsteady driven reconnegerformed. In Sec. Ill, some new MHD numerical results are
tion in the interaction zone connecting the two spheromakgresented. Section IV describes test particle simulation re-
regions. Under these circumstances strong inductive electrigults. Discussion and conclusions are given in Sec. V.
fields are driven by these energetic large scale plasma pro-
cesses. Near the interaction region reconnection occurs, and
the induced electric field is expected to give way to a resis-
tive component and other corrections, such as a Hall effeqy. MHD AND TEST PARTICLE METHOD
electric field, which operate over a small region. These con-
tributions to the electric field within the current channel are  Here we discuss additional results from TRIM
driven by the inductive field. Thus, the test particles, re-simulations of SSX. Also, trajectories of charged test par-
sponding to the total electric field, may be adequately modticles that respond to the unsteady, inhomogeneous electro-
eled without a realistic resolution of the kinetic partitioning magnetic fields from TRIM simulations are computed using
of the electric field over a region that is expected to be smalla Runge Kutta integration code, using the same boundary
On the other hand we are sensitive to the fact that the onselescription of SSX as was employed in the TRIM
of reconnection, and the structure of the reconnection zonaimulations® In this way we can gain insight into the behav-

East West
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ior of suprathermal particle populations in SSX that are only
weakly coupled to the thermal MHD plasma by collisions or g7 V(D) = Q7a[ E(X,1) + V(D) XB(x,1)], )
self consistent electromagnetic fields.

A TRIM® implementation appropriate to SSX was de-Where the characteristic particle gyrofrequency 6
scribed previously,along with preliminary MHD results that =€Bp/mc for particle massm. The magnetic fieldB(x,t)
demonstrate the ability of such simulations to describe, ognd electric fieldE(x,t) are obtained from the results of the
even reproduce, salient features of SSX dynamics. The MHORIM simulation, and are now expressed in Alfvepeed
model is three-dimensional3D) cylindrically symmetric units.

single fluid MHD The parametef) 7= «, which arises in5) as a conse-
quence of our choice of normalizatiofsee Ref. 11 has a
o7_p LY. _ ) number of important physical interpretations, as can be seen
ot (pu)=0, from the relations
A q m; A T
JB _ i A
_ 2 a=Q71p=0—=|— — =—, 6
—=VX(uxB)+ VB, 2 AT G M| (o) 7 ©

Here, 7y=27/() is the test particle gyroperiod/w; is the
ﬁ—prvaVZu &) ion inertial length in the background plasma, aag;
c .

ou
pl=+(u-v
(u-Vju)= = (47N g°/m;) 2 is the ion plasma frequency in the back-

Pl at

round plasma, wherg, andm; are, respectively, the charge
nd mass of a background ion. The parameateouples the
particle units to the MHD field units. The later two expres-
sions in Eq.(6) are particularly revealing, as they indicate
that « represents the ratio of the relevant MHD and patrticle
time scalesry and 75, or equivalently, the ratio of the two
relevant length scales/w,; and . For SSX, a~15. In

space and astrophysical plasma situations, typicallys
much larger(see, for example, Ref. 17

The simulation code solves for the three components og
the vector potentiaf, the three components of the momen-
tum densitypu and the densityp. The magnetic field i8
and, in the MHD approximation, the electric current density
is J=cV X B/4. In the above equations the symbajsand
v represent the resistivity and kinematic viscosity, respec-
tively. For the present simulatiol®@=\v 4/ 7~1000 andR
=\v/v=~1000 for characteristic lengthand characteristic
Alfvén speedv 5. The parameters and set up of the code are
described further in Ref. 3. The code employs an unstruc-
tured triangular grid in thé—2 plane. Cylindrically symmet- Ill. MHD RESULTS
ric no slip perfectly conducting boundaries are imposed. The
startup of TRIM emulates the SSX plasma gusse Ref. 3
which are used to produce two spheromak plasmas. The
interact along slots between the two halves of SSX. Th
dynamical activity in this interaction regiqisee Fig. 1is of
central interest in the present paper.

The motion of charged test particles with mamsand
velocity v, is governed by the Newton—Lorentz equation

An illustration of the SSX device is shown in Fig. 1.
%ost of our discussion will focus here upon the activity near
é e central shaded region in which reconnection between the
two spheromaks occurs. As the two spheromaks approach
one another and begin to interact, there is a buildup of mag-
netic energy in the interaction region. The time at which this
reconnection zone energy reaches its peak has been used
earlier as the arbitrary zero for the timing of subsequent in-
V() X B(x,t) teractions. We will also adopt this convention here. Details of
glymv]=aq Ex O+ ————|, (4 sSX dynamics are found in the Refs. 1-3, as are compari-
sons with TRIM simulation at similar MHD parameters.
where vy is the Lorentz factor. To simplify the computations We emphasize that we do not attempt a precise numeri-
we recognize that energetic particles in SSX are nonrelativeal simulation of SSX dynamics. This is not feasible at the
istic (y—1) and adopt a normalization in which the unit of present time for a number of reasons. For example, there are
speed is the mean Alfvespeedv,, \ is a length scale as- operational limitations of both SSX and TRIM to certain
sociated with the SSX devicénajor radiug and the time windows of parameters space. SSX physics is also not ex-
scaler, is the transit time for an Alfve wave to cross the pected to be MHD at small scales, as we emphasized in our
major radius. As is customary in MHD turbulence calcula-earlier papersee Ref. R Instead our approach is to try to
tions, we express the magnetic field in Alfvepeed units. find dynamical similaritiesand differencesbetween the two
This is accomplished, starting with the magnetic field incases, so that we may further our understanding of the phys-
laboratory unitB,,, and definingB=B,,,/ V4 7po, Wherepg ics of both systems, and others to which similar ideas apply.
is a characteristic density. We adopt a scale for this magnetic The most obvious signature of reconnection and one that
field, B, (equivalent to the characteristic Alfuespeed »). sets up the geometry for neutral point acceleration, is the
All velocities are expressed in units of,. From the equa- dynamical appearance of X-point magnetic configurations.
tions of motion it follows that the natural scale for electric This happens in SSX and TRIM in the interaction regions.
field becomesEy=vaBo/c. In our calculation$ we take  First appearance is somewhat before the energy maximum at
va=7.72x10° cm/s, N\=25.4cm, andpo=2x10* proton t=0, and noticeable X-points persist for several teng.sf
masses cit, so that the Alfva crossing time isty  thereafter. Figure 2 illustrates X-points in the interaction re-
=3.24us. The particle equation of motion becomes gion both in TRIM simulations and from SSX data. Simula-
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FIG. 2. Magnetic-field lines in the reconnection zone from TRIM simulatimasels(a) and(c)] and from SSX experimental dafpanels(b) and(d)]. The
SSX data shown are chosen to correspond in time to the TRIM simulation re@ltsme=3.15us; (b) time=3.3us; (¢) time=11.73us; (d) time
=11.6us. The plots show X-point formation in the reconnection zone for both simulation and experimental data.

tion times oft=3.15us andt=11.73us are chosen from the current in regions just beyond the central filament is sys-
TRIM, and SSX data are selected at approximately the sami@matically of a sign opposite to that of the central current
time after the energy maximum for the discharge. Note thaghannel. This corresponds to flux bunching near the recon-
the Alfven speed in the TRIM simulation is approximately nection site and is a familiar feature of highly nonlinear re-

10 cmjus; more precisely it corresponds to a 324 Alfvéen  connection seen in simulations. We are not aware that this
crossing time of the 25.4 cm major radius of the device. has been reported previously from experiments.

The reader should take note of the relatively greater de- As current filamentation is a signature of the reconnec-
gree of symmetry in the TRIM X-points compared to thetion process, so is the production of mean square electric
SSX X-points. This is fundamental only in that it points out current density. This provides a global or volume averaged
the highly fluctuating and irregular nature of SSX dynamics.measure of filamentation, and also provides a measure of the
Slight asymmetries in the functioning of the plasma guns camroduction of small scale magnetic structure. In MHD, the
induce significant irregularity in the encounter of the plas-production of small scales can indicate strong nonlinearity or
moids when they arrive at the interaction region. Similareven a cascade in steady state turbulence. Here we choose
irregularities can be seen in TRIM in some runs, such aghe region of interest to be demarcated by a rectangular box
when mesh differences between the east and west guns iin ther—z domain centered in the interaction zone, defined
duce small asymmetries that grow in tirtet shown. The  by: r=(0.4,0.7) andz=(—0.15, 0.15), in normalized units.
important similarities between SSX and TRIM data in Fig. 2Figure 4 shows the mean square current density vs. time for
are related to the highly dynamic driven reconnection that ithe TRIM simulation. This quantity does not compare very
induced in each case by the encounter of the two spherawell in its details with SSX data apart from gross features
maks. such as the peak near0. Such agreement would not be

Figure 3 shows the azimuthal component of electric curexpected since the current sheet thinning in SSX is estab-
rent densityd ,= 3B, — d,B, from both TRIM data and SSX lished by kinetic Hall effectsand not by a simple Ohm's
data for the same cases and at the same times as those shdaw, as in the present implementation of the TRIM MHD
in Fig. 2. This quantity is determined for SSX by computing simulations. However, the electric field associated with the
the local circulation density around points on a two-reconnection proces@nd therefore the reconnection nate
dimensional lattice of magnetic field probes, described irare expected in both cases to be controlled by the large-scale
more detail by Kornaclet al? In each case, one can see thatdynamic of the encounter between the two spheromaks. Dif-
the electric current density is concentrated into filament-likeferences in detailed current sheet structure clearly should de-
structures near the center of the interaction region. This ipend upon the details such as inclusion of generalized Ohm’s
associated with the strong shear seen in the magnetic field law terms such as the Hall effect. Presumably this would
the X-point regions. This is a classical signature of reconnecgive a more correct local structure in comparison with SSX,
tion. Also in both experiment and simulation, we can see thabut it may not change significantly any process that is prin-
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FIG. 3. Contour plots of , computed from the curl of the magnetic-field data in the TRIM simulations are shown in ganaii(c) and the corresponding
experimental data from SSX is shown in pan@$ and (d). The data correspond to that shown in Fig.(&: time=3.15us; (b) time=3.3 us; (c) time
=11.73us; (d) time=11.6 us.

cipally regulated by large-scale dynamics. However thehe purely resistive TRIM simulation. Requisite improve-
present treatment could be improved by including more rements in modeling remain to be investigated in future, more
alistic kinetic effects in the current sheet region, a more comeomplete SSX simulation studies.
plete equation of state, and self consistent effects of the en- In Fig. 4,t=0 corresponds again to the time of maxi-
ergized particle population. Each of these might enable bettanum magnetic energy in the reconnection zone. For TRIM
correspondence to be drawn between simulation and the exesults there are there are two very large pulses of mean
perimental results. Specifically, with regard to Fig. 4, thesquare current, both near=0, corresponding to strong,
reconnection process appears to begin earlier in SSX than driven response of the current to the collision of the sphero-
TRIM, presumably due to kinetic processes, and the subsénaks. It appears that the initial interaction is strongly driven
quent burst of mean-square current activity is more intense iBy the inertia of the plasmoids as they collide. There is also
unsteady but generally declining activity in the mean-square
current for a number of Alfue crossing times thereafter. A

t/Ta similar diagnostic of mean-square current computed from the

200 2 (,) 2 ‘,‘ 6 8 1,0 1.2 2D SSX magnetic probe array is included in Fig. 4. Although

» —TRIM ] the timings are roughly similar, we note that the levels are
150 | - SSX i much lower in SSX than in TRIM. This may be due to dif-

3 ] ferences in the Ohm’s law. However the measured SSX cur-
rent channel may be limited by the coarse resolution of the
probe array. Other diagnosti@sot shown similar to Figs. 2

<J?>1J?
=
(=)
T

50 L ] and 4 indicate that magnetic X-points, current concentrations
E J ] and other indicators of reconnection persist through that pe-
0E. TR N riod. However, the reconnection at these later times seems to
-10 0 10 20 30 40 be much better characterized as spontaneous, and not
t (us) strongly driven by the plasmoid motions, as the spheromaks

) have settled down into their formation phase at these later
FIgB. A; Shown is the mean-squarﬁfcompone.nt of the MHD current times (see, for example, Refs. 1 andl 3
(J¢>/J0 computed from the reconnection zone in the simulation, as a func- . . .
tion of time. The 2D volume of integration is defined Isy= (0.4, 0.7) and Another quantity of great interest with regard to recon-
z=(—0.15,0.15), in normalized units. Large mean-square current in the1ection activity is illustrated in Fig. 5. This quantity is the
reconnection zone is indicative of intense turbulence and/or reconnection igtrength of the induced electric field averaged over the inter-

_thls region. Note that, foIIo_Wlng the period of very intense osml_latory activ- action region, and normalized by the product of the charac-
ity aroundt=0 us, there is a secondary peak néarll us. This corre-

sponds to one of the times of Figs. 2 and 3. Also shown is the same quantit&eriStiC A_vaen speed and the CharaCteriStiC magnetic ﬁ(_:*'ld
from SSX 2D magnetic probe data. See discussion in the text. strength in the SSX/TRIM domain. In a steady reconnection
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region, the induced electric field|vXB|)/(vaBy) Vs time, wherev,
=(/B(®)%(87p(1))) is time variable. The two-dimension&D) volume --time=16.84 s

3
of integration is, as in Fig. 4, defined byr=(0.4,0.7) andz 10 E
=(—0.15, 0.15), in normalized units. 3

fvi)

2L
model, this quantity would be uniform in space. The induced 10
electric field normalized in this way may be thought of as the
fraction of the Alfven speed at which plasma can approach . [
the reconnection zoné.Inflowing plasma carries the mag- 10 0
netic field which is to be reconnected, and then the plasma
and flux are expelled into the regions that may be referred t@g_ 6. “Tail formation.” Distribution functionsf (v.t) of particles remain-
as the reconnected islands. Thus the normalized inducedyg within the simulation domairitop panel, and of particles that escape
electric field is a natural measure of the rate of magnetigear a given time during a time interval 6f=1.62us (bottom pangl for
reconnection. We can see from the Figure that there ar%"o timest=5.10us andt=16.84us. Note that, though statistics for the
. L . . ottom panel is lower, a flatter distribution of the escaping particles is ap-
pulses of strong induced electric field, which we associatgrent. in all of the simulationy=15.56.
with stronger reconnection, in the same time periods in
which we saw strong current filamentation in Fig. 4. The
very high values of the reconnection rate0.7 in these
pulses again supports the interpretation that the reconnectigscapes, it is replaced with another particle in the interaction
during these times is strongly driven. Subsequently, the norzone, having the same position as the original particle and
malized rate of reconnection fluctuates between values dlso having speed, . This is called a “resupply” run and
about 0.05 to 0.2 with an average of about 0.1 from the total particle number within the SSX domain is in this
=5 us to the end of the data recordtat 40us. This is a  case,N,=10%, a constant. For all test particle simulations
very interesting number because it has been cited empiricallliscussed in this paper, the coupling parameter that matches
as a “standard” reconnection rate, first in turbulent MHD particle to MHD units is the typical SSX value=Q\N/v
reconnection at high Reynolds numb&tsnd second in col- =15.56.
lisionless reconnection as seen in hybtidand Hall An overall view of the energized particle distribution is
MHD?%?! simulations. However, a full theoretical under- shown in Fig. 6 for a run with no resupply of particles. The
standing of the reconnection rate is yet to be presented. top panel shows distributions in speed of particles that re-
main within the confines of SSX, for two times. One can
readily see that particles have been lost by the later time
=16.84us, as the distribution at the earlier time
Numerical experiments with test particle trajectories=5.10us has distinctly more area under the curve. Keeping
were carried out using the TRIM data. Two types of calcu-in mind that each particle had initial speed afl, the dis-
lations were done. In the first kind, a large number of testributions become broadened substantially, with significant
particles, typicaIIpr=10‘S protons, are injected into the in- numbers of particles evolving both to higher and to lower
teraction region with random positions and gyrophases, bugnergies. The peak of the distribution remains near the initial
all with speedv 5. The integration of the test particle orbits speed at=5.10us, but byt=16.84us the most probable
commences at~—3 us of the TRIM simulation, about 1 speed has noticeably decreased.
Alfvén time before the local magnetic energy peak in the  The bottom panel of Fig. 6 shows distributions of par-
reconnection zone. Subsequently, if a particle encounters thecles that have escaped from the SSX/TRIM simulation dur-
wall of the simulated SSX device, its orbit calculation is ing an interval of time of duration 1.62s centered about the
halted and it is considered to have “escaped.” Particles arsame time as in the top panek 5.10us andt=16.84us. It
lost through escape in this type of calculation and are nots evident that the distribution of escaping particles is harder
replaced. In the second type of simulation, when a particléflatter) than the distribution of particles remaining in the

vivp 2 3

IV. TEST PARTICLE RESULTS
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FIG. 8. Mean square velocity incremed{AvZ+Av3))/2v3 vs time in

FIG. 7. Time history of three quantities that indicate energization of par-| 0G-LOG plot, as defined in the text. Note that for the separation time of
ticles: Top tracgdashed lingis the maximunmy? of all particles at a given  |ess than 1us, the slope of the curve is near 2.0.

time; solid line is the mean square velodfty’(t)) of all particles within the
simulation domain, and the dotted ling(is?(t)) for all particles escaping in
a window of time(width 6t=1.62us) centered at timé.

normalize to 24 . Figure 8 shows the result of this compu-
tation for the same TRIM/test particle simulation shown in

simulation domain. One concludes that more energetic paiFigs. 6 and 7. The short time response of the particle is
ticles are more likely to escape by encountering the walls. distinctive—we see that for time increments less than about

Another view of the dynamics of the particle distribu- 1 us, the velocity increments scale liké*®. This is exceed-
tions is provided in Fig. 7, which shows maximum andingly close to ther? dependence that would be expected for
mean-square velocities vs time. The top trace shows maxparticles accelerated in a constant electric field. It is highly
mum v? computed over all the particles within the simula- suggestive to interpret this as follows: A typical particle find-
tion domain at a given time. The peak in this curve, near ing itself in or near the interaction zone between the sphero-
=2-3 us, occurs about an Alfvetransit time after the pe- maks is likely to experience acceleration associated with the
riod of greatest activity in the induced electric field, mean-MHD induced electric field, which is approximately the elec-
square current and magnetic energy that occurs ardundtric field associated with the reconnection process. However,
=0 us. The peak lasts for about an Alfvéime, as did the the time of exposure of the particle to this electric field is
period of most intense activity in the underlying MHD quan- relatively short—a fraction, perhaps 1/3, of an Alfvizansit
tities. All of this is consistent with the pictute? that the  time. For time increments longer thanus, it is unlikely that
turbulent neutral point acceleration mechanism attains maxithe particle will continue to experience the effects of this
mum particle energies on a time scale of the order of theoherent electric field. Instead the velocity changes are ran-
Alfvén time. After this peak there is a broader plateau ofdom, and in this case sub-diffusive, in that the velocity in-
maximumu? lasting for several Alfva crossing times. The crements increase slower than linearly in time. The first part
acceleration process is still active during this period of sponef this described scenario is quite similar to the coherent
taneous or weakly driven reconnection. The two bottomcomponent of acceleration by turbulent reconnection de-
traces show the mean square particle velo@i§(t)) vs time  scribed by Ambrosianet al!! In the present case, the time
of the particles within SSX/TRIM, and also for particles es-of exposure to the coherent electric field is probably deter-
caping near timeé. Now we can see that the distribution is mined by a combination of three factors: The time depen-
the broadest during the high activity period just after dence of the electric field, the trajectory of the particle leav-
=0 us, and that this “temperature” decreases thereafter agg the interaction/reconnection zone, and the possibility that
the reconnection and MHD activity decay in time. The es-the particle escapes the SSX boundaries. The lack of a truly
caping particles have a mean-square velocity that peaks diffusive spread of velocities beyond time increments @fsl
little later, and which remains above the value for the internals probably due to the fact that the correlation length of the
population for all later times. Clearly, it is the faster particlesfluctuation is comparable to the size of the system. Real dif-
that tend to escape more easily. fusion, with((Av)?)e 7, requires that the forces experienced

The distribution functions give us a good idea about theby each particle average to zero, thus that the fluctuations as
collective behavior of the particles, but they do not tell usobserved by the particles average to zero. This is expected
very completely how individual particles respond to theonly if the particle trajectories span more than a correlation
MHD electric fields. To uncover more about this issue, welength of the fluctuations. We note also that the coherent
compute the mean-square velocity increment versus time ofelocity changes at short time are composed of a mixture of
separation. That is, for each particle we compute the squar@ccelerating and decelerating particles, which is indicated by
of the change in its toroidal velocity for a specified time spread of the particle distributions to both higher and lower
separation 7, that is Av,(t,7)?+Av,(t,7)?, where speeds.
Avi(t,7)=v;(t+ 7)—v;(t). We average this over origin in As we have noted, in the test particle simulations with
timet and over particles. The result is a mean-square toroidato resupply of particles, the number of particles remaining
velocity increment, a function only of time separatianVe  within the simulation domain decreases in time, as particles,
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especially those that have been accelerated, encounter the —_— ) ) ) . :
. . . . . FIG. 10. “Tail formation (with particle resupply” Distribution functions
wall and are lost. ThIS IS qufan_tlfled_m_ Fig. 9, WhIC.h Showsf(v,t) of particles remaining within the simulation domdtop panel, and
the number of particles remaining within the SSX/simulationof particles that have escaped the donaisitom panel, for a simulation in
domain vs time, for aer:105, no-resupply case. Also which particles are resupplied after escéa® described in the textfor two
shown is the complementary quantity—the number that hav8mest=0.6us andt=15.6.s. Note that in the top panel particles spread
. . to both higher and lower speeds with a core distribution that resembles a
escaped vs. time. It can be seen that the number of partICI%faxwellian centered about the initial speed, while in the bottom panel an
remaining within the simulation domain decrease apprOXi'exponential tail with the slope of 3.05 is observed.
mately as an exponentidli(t)~e~Y>#S for times up to
aroundt=15us. Note that the macroscopic resistive decay
time for SSX is around 10@s? are detected cumulatively in time outside the domain due to
We turn now to a brief discussion of test particle simu-SSX-like acceleration? Figure 10 provides an answer to this
lations in which particles are resupplied. When a particlequestion, showing speed distributions again-a0.6 us and
encounters the boundary, its position and velocity ceasat t=15.6us. One can see that the escaped particles also
evolving—it “escapes” from the SSX boundaries. We re- have a broad distribution, with significant numbers of par-
place it with a new particle moving at the Alfuespeed and ticles at speeds lower thar, . From the Figure we can see
positioned within the interaction region. This allows a con-that the higher speed particles seem to follow an exponential
stant number of particles to be maintained in the sample oflistribution fairly well. However, given the dynamic range of
dynamically evolving trajectories. However, one should notthe speed, it is difficult to distinguish this fit from other pos-
interpret diagnostics based on the resupply strategy as corrsible functional forms. For example, the same speed distri-
sponding to steady state statistical distributions. The reasdoution follows a power-law distributioinot shown just
is, of course, that SSX and the TRIM/SSX simulation are notabout as well as it follows an exponential.
in a steady state. So, the main reason for adopting the resup- As a final comparison between the simulation and SSX
ply strategy is to maintain better statistics for the test pardata, we show, in Fig. 11 a sample of energetic particle
ticles at later times. pulses detected by SSX and by the TRIM particle simula-
Distributions of particles in speed for a particle resupplytions. The particle data are acquired using Retarding Grid
run are shown in Fig. 10, for a relatively early time Energy AnalyzerdRGEA) with selected bias voltages. lons
=0.6us, and for a time well into the formation phage, above the gate energy are collected and contribute to the
=15.6us. The top panel shows the distribution function measured particle current. In the illustration, the gate volt-
f(v,t) of particles remaining within the simulation domain. ages correspond to proton speeds/2¥ ,, V3V, and 2V,
Here, the distribution at the earlier time is much broader(about 100, 150, and 200 V, respectivelifor the compari-
This is during the highly active period when the reconnectionson, the escaping test particle data are analyzed with the
is rapid and driven. There is, at both times, a core distribusame threshold energies. A time of flight delay has been sub-
tion centered aboutul,, which is expected since that is the tracted from the timing of each experimental pulse, using a
speed at which particles are injected. In the core, the particlesonservative estimate of 25 cm for the drift distance and
are not far from a Maxwellian distribution, but only for (since the velocity distributions are steahe threshold ve-
speeds very close tavl, . At higher, and at lower speeds, the locity as given by the gate energy. One can see that the
distribution resembles an exponential. generation of a burst of super-Alfuie particles leaving the
In the bottom panel of Fig. 10, the speed distribution ofdevice in both cases. Also in both cases the pulse peak oc-
test particles that escape the SSX domain is examined. Thurs a few microseconds—(7,) after the “zero” time de-
addresses the question: What kind of particle distributiondined by the peak of the reconnection zone magnetic energy.
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t/ Ty significant numbers of particles decelerated and accelerated,;
0 2 4 6 (5) for short periods of timgless than an Alfve crossing
0015 [ ' " TRIM 1 time), particles see, on average, a nearly constant electric
2 i 5 ] field, consistent with models of trapping and acceleration in

2 0010 —(Wivp) >20 | turbulent reconnecting fields;(6) escaping particles on av-

3 - (vvp)? > 3.0 ] erage have a higher energy than those remaining in the simu-
é — (VVpA)?>40 ] lation domain;(7) the spectrum of accelerated particle is ap-
E 0.005 7 proximately exponential within the domain, and for the
g escaped particles it is either exponential or power law.

T 0.000 L This description of MHD activity and particle accelera-
tion has been developed by examining experimental data and
25 ¢ gsx results of both MHD and test particle simulation data. This
20 F 3 appears to be a fruitful way to proceed, as each approach has
5 . —(Vp)?>20 1 distinct advantages as well as limitations. Correspondence
5 154 : - (vvp)?>3.0 ] between modeling and experiment allows for stronger con-
B 1.0 ; — '(V/VA)2>4'O‘E clusions to be drawn. While our description of reconnection
u,; : : ] and associated acceleration mechanisms cannot be consid-
= 05 F FT T T e ] ered complete, we believe that the present description is the
0.0 Evis , , R first time that these elements have been brought together to
0 5 10 15 20 describe charged particle behavior in a reconnection sce-
t (us) nario. We again recall that kinetic effects, especially those

associated with low collisionality and self-consistent effects
FIG. 11. Flux of protons/test particles with energies abovg 23V, and of energetic particles, are expected to be influential in SSX

4V,§, from TRIM test particle simulation datéop) and from SSX data ; ; ;
(bottom). Pulses of super-Alfugic particles are observed in both cases, with and have not been included in the present mOde“ng effort.

the main pulses occurring sevepas aftert=0, the time of peak magnetic Allo_ng with influence of the equation of Sta(talso oversim-
energy in the reconnection zone. plified hereg these factors may be responsible for features of
the onset of reconnection and acceleration, and structure of

. ) . the reconnection and acceleration region, that are not acces-
These traces also portray some information about the particlgp o with our currect modeling approach. Clear directions

spectra. Although the SSX pulses are broader, the nature f_i%ir further research are suggested. As experimental diagnos-

““_“”9 of the p‘%'ses appears to be_ very _similar. This againjeq on ssX are improved, we expect to be able to examine
reinforces the view that the TRIM simulations capture muchy, e gptie issues pertaining to timing of the acceleration at

of the basic physics of SSX. various energies. Analysis of the spectral distribution and
other statistical properties of MHD fluctuations is also under-
V. DISCUSSION way, using improved probes. Improved MHD descriptions,
We have examined the behavior of energetic chargedhcluding, for example, the Hall effect, should permit more
particles in the Swarthmore Spheromak Experiment. Particurefined and accurate treatment of the current filamentation
lar emphasis is placed on those that are accelerated near theocess. It remains to be determined if this will substantially
interaction region between the two partially relaxed spheroaffect the characteristics of the acceleration mechanism.
mak plasmas. The particles respond to electromagnetic fieldsnally, as we acquire greater confidence that our modeling
that are modeled using an MHD simulation code. The MHDefforts provide plausible physical interpretation of the
description of SSX behavior so obtained has been comparegdSX experimental device itself, we are becoming more inter-
here and elsewhere with SSX experimental field and particlested in examining the scaling of observed reconnection
measurements. The principal results are as follows. and acceleration mechanisms to other physical parameters.
(1) MHD simulation shows that the interaction region is We can, for example, envision larger SSX devices in the
characterized by formation of magnetic X-points and co-numerical models, and study the scaling of physical pro-
located filamentation of electric current densit®) there are  cesses such as energy spectra, maximum energy, and other
two phases to the MHD evolution. First, there is an intenseproperties of the energetic particles. In this way, insights may
period of interaction as the two spheromak plasmas first erbe gained regarding similar processes that occur in much
counter one another. Reconnection activity is strongly driverdlifferent parameter regimes on the sun and in astrophysical
in this phase. Second, there is a longer period of mildesettings.
MHD activity, which is characterized as either weakly driven
or spontaneous reconnectidB) the reconnection rate, mea-
sured by thg locally averaged inducgq electric field, peakgckNOWLEDGMENTS
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