JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 38, No. 3, May-June 2001

Plume Mass Spectrometry with a Hydrazine Arcjet Thruster
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Molecular beam mass spectrometry was used to measure the chemical composition, angular distribution, and
speed distribution in the plume of an arcjet thruster at 127 mm from the nozzle. The arcjet operating conditions
were 1660 W of input power, 46.4 mg/s of simulated hydrazine propellant,and a background pressure of 0.85 mtorr.
Time-of-flight spectra yielded speed distributions for N,, N, H,, and H as a function of angle 6 relative to plume
centerline. Absolute fluxes were obtained from the experimental relative flux distributions by normalizing to the
total mass flow rate. Dissociation fractions for N, and H, were 11 and 14 % . Molecules near the centerline had most
probable speeds of 7.4 km/s with the high end of the distribution extending to 10-12 km/s. The N, speed decreased
to 2.7 km/s at 6 =80 deg. The N, and N accounted for 89% of the arcjet thrust, and the mass flux for both species
decreased by a factor of 10* between 6 =0 and 90 deg. The angular distributions of H, and H were much broader,
with mass fluxes that decreased by less than a factor of 10 between 6 =0 and 90 deg. Other quantities derived from
time-of-flight spectra were the momentum flux, kinetic power flux, average speed, and translational temperature.

Nomenclature

thrust, N

mass flux, kg-s~! - sr7!
molar weight, kg - mol~!
number density, m~>
momentum flux, N - sr~
gas constant, 8.314510J mol~! - K~!

distance from source, m

mass spectrometer signal, V

detection sensitivity for species x, dimensionless
stream temperature, K

translational temperature, K

time, s
velocity, m s~
stream velocity, m s~
kinetic power flux, W - sr~
polar angle relative to plume centerline, deg or rad
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Introduction

ATA relay test satellites (DRTS) are being developed by

Mitsubishi Electric Corporation and National Space Devel-
opment Agency of Japan. Hydrazine arcjet thrusters manufactured
by PRIMEX Aerospace Company (PAC) will be used on DRTS for
north-south stationkeeping -2 Four arcjetsare mounted on the north
panel of the spacecraft, and they are fired in pairs for approximately
half an hour, three times per week to control the orbit inclination
and right ascension. Laboratory measurements and mathematical
modeling were performed to assess the attitude disturbances, orbit
perturbations, and thermal loading caused by plume impingement.
This paper describes an investigation of the plume using molecular
beam mass spectrometry. To our knowledge, there is no previous
use of this technique for a flight-model arcjet at the level of detail to
be presented here. In a complementary study, the flow near the exit
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plane was examined nonintrusively by laser-induced fluorescence ?
The measurements allow optimization of direct simulation Monte
Carlo (DSMC) input parameters (in particular, the chemical com-
position and nozzle temperature) and validationof the model for the
DRTS application?

Arcjet Operation

The MR 509-A/B arcjetis operatedin a diffusion-pumped,30-m?,
stainless-steel vacuum tank as was done in our previous arcjet
experiments,’ using a certified ultrahigh-purity gas mixture con-
taining mole fractions of 67.3% H, and 32.7% N, (nominally 2:1).
Except for removing the catalytic gas generator, the arcjet thruster,
power cable, and power processor are equivalent to DRTS flight
hardware. The mass flow rate and inlet gas density are nearly the
same for our mixture as for decomposed N,H,, but the inlet tem-
perature is 300-350 K rather than 700-800 K. Decomposed N,H,
contains NHj in an amount that depends on temperature and pres-
sure, but dissociationof NHj in the arc-heated nozzle means that it
would be a minor constituentof plume. Based on previous measure-
ments by NASA and PAC, the 2:1 H, + N, gas mixture at ambient
temperatureis expected to reduce the thrust and specific impulse by
2% compared with decomposed N,H, at the same flow rate, for ex-
ample, 504 s specific impulse rather than 514 s. The reproducibility
and accuracy of the mass flow settings are better than +1%, that
is, £0.5 mg/s at 50 mg/s flow rate. Tests are performed at 1660 W
of input power with four flow rates that are representative of arcjet
operationon the DRTS spacecraft, as listed in Table 1. Unless stated
otherwise, the results presented here are for the nominal flow rate
of 46.4 mg/s.

Mass Spectrometry Apparatus

The thruster is mounted on a computer-controlled rotary plat-
form for exploring the angular range between 6 =0 and 100 deg.
As shown in Fig. 1, the rotation axis is aligned with the arcjet exit
plane. A complete map of the plume velocity vector distribution in
the far field for each species can be obtained from scans of the polar
angle 6, providedthatthe flow is axisymmetric. The copper skimmer
has an orifice diameter of 2.0 mm, a height of 49 mm, an internal
angle of 45 deg, and an external angle of 60 deg. To dissipate the
major portion of the plume heat load, a water-cooled copper plate is
attached to the bulkhead on which the skimmer is mounted. Plume
data are recorded with the skimmer orifice 127 mm downstream of
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Table1 Operating parameters for the MR 509-A/B
arcjet using a 2:1 mixture of H, + N,

Flow  Facility Arc Arc Specific  Thrust
rate, pressure, voltage, current, Thrust, impulse, power,
mg/s mtorr A% A mN? s? a
43.1 0.79 102.3 16.2 220 524 565
46.4° 0.85 105.1 15.8 230 514 580
49.6 0.91 109.1 15.2 239 503 589
62.7° 1.17 120.5 13.8 278 462 630

“Beginning-of-life performance estimated from PRIMEX thrust stand data.
®Nominal flow is 46.4 mg/s; high flow is 62.7 mg/s.

0 Y
A}
/ 1x 103 torr
3 x 10 torr QPMS
arcjet
219
DA
deflector
ionizer
/A chopper
- wheel ‘/ 1 x 107 torr
), o+ L
1000 ¢/s

L —
\ rotary platform 1000 #/s

75,000 ¢fs

Fig. 1 Apparatus for measuring angular and speed distributions of
plume molecules.

the arcjet exit plane, which was selected in the following way.” A
nozzle-to-skimmer distance less than 90 mm decreases the signal
near the plume centerline because the incident flow encounters an
increasingdensity of reflected gas at the skimmer orifice. This unde-
sirable situationis exemplified by a dip in the N, angulardistribution
near centerline. The hot-flow gas mixture is much less susceptible
to this effect than is the same mixture at cold flow because the scat-
tering cross section decreases at higher velocity® and because the
increased forward momentum of the incident particles is relatively
less altered by collisions with slowly moving targets. Increasing the
nozzle-to-skimmer distance beyond 130 mm gradually decreases
the signal due to attenuation by the background gas. The nozzle-to-
skimmer distance is chosen to be slightly greater than the distance
thatmaximizesthe centerlinesignal as acompromise between skim-
mer interference and background gas attenuation of the plume.
Background pressure is measured by a capacitance manometer
on the forward bulkhead at 0.8 m from the skimmer, and it is main-
tained at 0.85 mtorr by diffusion pumps with a combined speed
of 75,000 I/s, as measured for 2:1 H, + N, at cold flow. A key
requirement for plume mass spectrometry is that the background
pressure be low enough to perturb minimally the flow within the
probe volume at 100-150 mm from the nozzle. Collisions between
the plume molecules and background species are unavoidable, but
they are of little consequence in the higher density region near the
nozzle, where they are outnumbered by collisions between plume
molecules. Plume/background scattering becomes an issue when
the density of the flow decreases to that of the background. The dis-
tance from the nozzle where this conditionoccursis 140-240 mm for
0 =0deg,80-130mm forf = 30deg,and 20-30 mm for6 =90deg,
according to the DSMC calculations* We estimate the probability
of elastic scattering of plume species in the region where the back-
ground density exceeds that of the plume, based on an extrapolation
of the cross sections measured at ambient temperature to the higher
velocities in the plume (o o v~%!82) (Ref. 8). One further assump-
tion is that only the N, and N in the background cause significant
deflection of N, and N in the plume, whereas H, and H in the plume
are scattered by all background species. For N, and N, the scatter-
ing probability ranges from 1% at 6 =30 deg to 23% at 6 =90 deg
and, for H, and H, the probability ranges from 28 % at & =30 deg to
53% at & =90 deg. These probabilities include all possible elastic
collisions between real molecules, that is, not hard spheres, the ma-

jority of which give deflection angles less than 20 deg (Ref. 8). We
conclude that N, and N (the primary thrust carriers) are minimally
affected by interaction with the background gas and that H, and H
are perturbed to a measurable extent for 6 > 30 deg.

Plume molecules are detected by a quadrupole mass spectrome-
ter (QPMS) that is optimized for the mass range below 30 atomic
mass units (amu) and is equipped with an electron-impact deflec-
tor ionizer and a channel electron multiplier. The multiplier output
is sent to a current preamplifier having a gain of 10 V/uA and a
rise time of 10 us. Waveform averaging of the time-of-flight (TOF)
spectra for up to 10* shots enhances the signal-to-noise ratio at a
given angle. To improve the detection sensitivity for H and N atoms,
an electron-impactenergy of 20 eV is chosen to minimize the extent
of dissociativeionization, thatis, H, — H* + Hand N, — N+ +N.
Figure 2 shows a mass spectrum (after background subtraction)
recorded while admitting a small amount of the propellant mixture
into the mass spectrometer through a leak valve. Here the N* pro-
duction from N, is negligible compared to NI, and the H*/H7 ratio
fromionizationof H, is only 1%. The spectrumin Fig. 3 is measured
on the arcjet plume centerline using molecular beam sampling; it
displays an H*/H] ratio of 9%, along with signals at 14 (N), 15
(NH), 16 (NH;), and 17 amu (NH;) that are absent in Fig. 2. No
time-correlatedsignalis seen at 17 amu when the wheel is spinning,
and therefore, NH; is not a detectable constituent of the plume.
However, the presence of time-correlated signals at 1, 14, 15, and
16 amu (in addition to the demonstrated minimal extent of disso-
ciative ionization) proves that the sampling system can detect H, N,
NH, and NH; in the plume.

The speed distributionof a collimated supersonicmolecular beam
is conventionally represented by
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Fig. 2 Mass spectrum of the 2:1 H; + N, gas mixture using a leak valve
to bleed the sample into the mass spectrometer vacuum chamber.
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Fig. 3 Mass spectrum measured on plume centerline during arcjet

operation using molecular beam sampling with the chopper wheel in
the open position.
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This applies to an idealized flow at the skimmer orifice that has a
three-dimensionalMaxwellian speed distributionat the stream tem-
perature 7, superimposedon the stream flow velocity v, (Refs.9 and
10). Here d f represents mass flow per steradian, that is, mass flux,
in the speedincrementdv. The arcjet flow differs from this idealized
case, but our final results are independent of the assumptions un-
derlying Eq. (1) because we use the equation only for least-squares
fitting and not for extracting the average speed or translational tem-
perature.

The chopper wheel has four 1.6-mm-wide slots and is rotated
at 200 revolutions per second, giving a nominal shutter duration
of 23 us. Calibration of the speed measurements is performed by
comparing TOF spectrafor a cold flow of helium through the arcjet.
A relatively short drift distance is chosen (583 mm from wheel to
ionizer) to enhance the sensitivity and to enable the detection of
plume species at high angles. As a consequence, it is necessary to
account for the wheel shutter function when extracting the speed
distribution from a TOF spectrum as follows. The molecular flux
at the ionizer is assumed to be proportional to the mass flow per
steradian d f/dv at the skimmer as given by Eq. (1). The output
signal S from the QPMS is proportional to the number density at
the ionizer and, hence, S is proportional to molecular flux divided
by v. The TOF spectrum dS/dt is then given by

_ _ 2
2 exp[%} )

ds
dr

dv

dr

This expressionis convolved with the measured shutter function us-
ing fast Fourier transformsas partof the least-squares-ftting routine.
Fitting of each TOF spectrum to the convolved Eq. (2) yields the
parameters v, and 7. The routine gives a very good representation
of the data in most cases, as shown in Figs. 4 and 5.
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Fig. 4 TOF spectra for N in the arcjet plume; data points and least-
squares curves are shown at angles of 6 =0 and 50 deg.
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Fig. 5 TOF spectra for H; in the arcjet plume; data points and the
least-squares curves are shown at angles of 6 =0 and 80 deg.

Results and Discussion

TOF spectrafor N, N, H,, and H in the arcjet plume are recorded
in 10-deg increments from 6 = 0 to 100 deg, and the data are con-
verted to speed distributions. The area under the speed distribution
curves as a function of angle (namely, the angular distribution) is
multiplied by sin 6 to convert from flux per steradian to flux per ra-
dian for integrationover the angularrange. As a first approximation,
this integral is proportional to the total flow rate of a given species
in the plume. However, a correction factor is needed to account
for the species-dependentapparatus sensitivity. The latter is needed
to determine the amount of H relative to H, and the amount of N
relative to Ny, but not for determining the overall ratio of plume hy-
drogento nitrogen, which s specified by the propellantcomposition
(67.3% H, 4 32.7% N,).

From published data,!' N, and N have equal cross sections for
electron-impactionization at 20 eV, as do H, and H (all four cross
sectionsare close to 3 x 1077 cm? with an estimated uncertainty of
+10%). Moreover, N, and N are observed to have similar angular
distributions, as are H, and H. Therefore, we assume that N, and
N in the plume are detected with equal sensitivity, Sx», and that
H, and H are detected with equal sensitivity, Sy,. Comparing inte-
grated angular distributions for H, and N, gives a measured overall
sensitivity ratio of Sy,/Sn, =0.629. The measured sensitivity ra-
tio of the QPMS for ambient temperature gases is Syp/Sno = 1.48,
which means that the molecular beam sampling system enhances
the detection of N, and N (relative to H, and H) by a factor of
1.48/0.629 =2.35. We present these observed ratios to illustrate
the performance of the sampling system; they are not used as a cor-
rection for any of the data. Because the QPMS transmission varies
by only a factorof 1.48 between masses that differ by a factor of 14,
it is safe to assume that the QPMS transmission is approximately
the same for masses that differ by a factor of 2, namely, H, and H or
N, and N. The enhanced sensitivity of the sampling system for N,
and N (relative to H, and H) is attributedto the larger source volume
for H, and H, which gives greater nonparaxial velocity components
at the skimmer and prevents a portion of the molecules from being
detected’ In other words, the angular acceptance of the sampling
system discriminates against molecules coming from the outer re-
gion of the extended source volume.

Based on the foregoing,dissociationfractionsare calculated from
the integrated angular distributions, and species flow rates are de-
termined from the known total flow of hydrogen and nitrogen, with
the results for nominal flow listed in Table 2. The main difference
between nominal flow and high flow is that the dissociationfraction
of N, decreases from 11 to 6%, as would be expected for a decrease
in propellantspecific energy (joules per kilogram). However, the H,
dissociation fraction is 14% at both flow rates. A second data set
recorded at nominal flow gives results similar to those in Table 2,
with the addition of measurements for NH and NH,, which have
mole fractions of around 1.5 and 0.5% respectively.

Speed distributions measured over the angular range are plotted
in Figs. 6 and 7 for N, and H, using Eq. (1) normalized to the
mass flows in Table 2. Althoughthe expectedarcjet specific impulse
correspondsto an average exhaustspeed of about 5 km/s, molecules
near the centerline have most probable speeds near 7.4 km/s, with
the high end of the distribution extending up to 10-12 km/s. The
most probable N, speed decreases to 2.8 km/s at angles away from
the centerline. Speed distributions for H, are noticeably broader
than for N,, with a centerline peak at 7.9 km/s that decreases to
5.8 km/s at = 100 deg. Integrating the speed distributions yields

Table2 Plume chemical composition at nominal
flow (46.4 mg/s) by mass spectrometry®

Mole Dissociation Flow,
Species fraction fraction mg/s
N, 0.257 0.1094+0.013 36.0
N 0.063 —_— 4.4
H, 0.510 0.1434+0.017 5.1
H 0.170 —_— 0.9

*Overall atom ratio of hydrogen to nitrogen is taken to be
67.3/32.7=2.06.
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Fig. 8 Mass flux vs angle for N, N, H,, and H.

the mass flow per steradian, that is, mass flux, as a function of angle
shown in Fig. 8 for N, N, H,, and H. The angular distributions are
very similar for N, and N at a given flow rate, with the flux for both
species decreasing by a factor of 10* between 6 =0 and 90 deg.
In previous measurements on the NASA modular arcjet with pure
hydrogenpropellant;’ the H, mass flux decreased by a factor of 10
between 0 and 90 deg. However, in the present experiment with
the 2:1 H, 4+ N, gas mixture, the flux of H, and H decreases by
less than a factor of 10 between 0 and 90 deg. We find that putting
even a small amount of N, in the flow broadens the H, angular
distribution, which suggests that H, is scattered more strongly by
the heavy species than by other H, molecules.

A better understandingof scattering processesin the plume canbe
obtained by applying energy and momentum conservationto hard-
sphere collisions between a fast projectile a slower target that is
moving with the bulk flow velocity. We consider three cases: 1) For
a light projectile and a heavy target, the initial velocity magnitudes

are relatively unchanged by the collision, with the light species
being scattered at angles anywhere between 0 and 180 deg and the
heavy species continuing in the direction of the bulk flow. 2) For
a heavy projectile and a light target, the heavy velocity change is
small, and the light velocity change can be anywhere from zero up
to a velocity greater than that of the projectile. The heavy scattering
angle is kinematically restricted to a small value, for example, less
than 4.1 deg for a 14:1 mass ratio, and the light scattering angle
is restricted to a larger value, for example, between 47 and 90 deg
for a 14:1 mass ratio. 3) Finally, for collisions between projectiles
and targets of equal mass, both collision partners can undergo large
velocity changes. Scattering angles are anywhere between 0 and
90 deg, and the angle between the two final velocity vectors must
equal 90 deg.

Hence, in the large majority of collisions between species of dif-
ferent masses, the light molecule is deflected more than the heavy
one. This mechanism explains the mass dependence of the plume
angular distributionsin Fig. 8. The case of a light projectile collid-
ing with a heavy targetis especially effective because the scattering
angle can be as large as 180 deg. For H atoms in the arcjet plume,
the scattering from N, and N is sufficient to yield a nearly isotropic
distribution of H atoms over much of the angular range with the
maximum flux occurring at 30 deg rather than on centerline. A
closer look at Fig. 8 shows that N and H atoms have broader an-
gular distributions than their respective parent molecules, as would
be expected. One can also view trends seen here as an example of
diffusive mass separation, which has been observed previously in
freejet expansions at low Reynolds number.!

To derive the momentum flux, average speed, translational tem-
perature, and speed ratio, we consider the number density speed
distribution at a distance r from the source:

dn 1 df
—_ = 3
dv  Mr?v dv ®)
The number density N at a distance r and angle 6 is
“ dn
N(r,0) 2/ —dv 4)
o dv

The expectation value of v to the mth power is

1 * dn
m o L an 5
(") N—/o Y (5)

The mass flux f, momentum flux p, and kinetic power flux w at an
angle 6 are

f© = / ﬂ dv = NMr?(v) (6)
o dv
p®) = / ﬂv dv = NMr*(v?) @
o dv
LA L
w(®) = 3 % vidv = 2NMr (v’) (8)

The net thrust F is the integral of p cosé over the forward hemi-
sphere:

/2
F=2m / p(0) cos(0) sin(0) do 9)
0

The translational temperature 7, is calculated by assuming the ther-
mal energy associated with gas flow along the viewing axis is

TRT, = sM([v — (v)]*) (10)
which yields

T, = (M/R)[{(v*) — (v)*] an
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Table3 Thrust determined by mass spectrometry
at nominal flow (46.4 mg/s)

Thrust
Species Thrust, mN fraction
N, 209+31 0.785
N 28+4 0.104
H; 25+4 0.094
H 441 0.017
Total 266+40 1.000
PAC Total? 230+5 —_

“Beginning-of-life performance estimated from PRIMEX
thrust stand data.!

momentum flux (N/sr)

angle (deg)
Fig. 9 Momentum flux vs angle for N, N, H,, and H.
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Fig. 10 Kinetic power flux vs angle for N, N, H,, and H.

Error bars for these quantitiesin Figs. 8-12 are estimated systematic
uncertainties associated with the apparatus calibration. Statistical
uncertainties from the curve fitting are generally much smaller.
Momentum flux is a key parameter for evaluating plume impinge-
ment, and itis plotted as a functionof anglein Fig. 9. For 6 < 40deg,
the momentum flux is dominated by N,, whereas for 6 > 50 deg,
the main contributoris H,. Momentum flux is about 1 N/sr on the
centerline,decreasing to 10~ N/sr at § =90 deg. The net thrust for
each species from Eq. (9) is listed in Table 3. Here N, contributes
78.5% of the net thrust at nominal flow and 84.5% at high flow,
while the contribution of N drops from 10.4 to 6.2% when the flow
isincreased.There is an 8-9% contributionto net thrust from H, and
less than a 2% contribution from H. Comparing our total thrust in
Table 3 with the values derived from PAC thruststand data indicates
an overall accuracy of £10-15%. Of course, the main purpose of
this experimentis not to determine thrust, but to measure the plume
chemical composition, angular distribution, and speed distribution.
The kinetic power flux plotted as a function of angle in Fig. 10
provides a measure of the convective heat input on spacecraft solar
arrays and thermal control surfaces. As in the case of momentum
flux, N, is the main carrier of power flux for 6 < 40 deg,andH, dom-
inates for 8 > 50 deg. The kinetic power on the centerline is 3500~

Table4 Kinetic power flux determined by mass
spectrometry at nominal flow (46.4 mg/s)

Power
Species Power, W fraction
N, 716£122 0.711
N 105+ 18 0.104
H; 151£26 0.150
H 35+6 0.035
Total 1007 £ 171 1.000

average speed (km/s)

2 —
0 20 40 60 80 100

angle (deg)
Fig. 11 Average speed vs angle for N,, N, H,, and H.
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Fig. 12 Translational temperature vs angle for N, N, H,, and H.

4000 W/sr, decreasingto 4-8 W/srat 6 = 90 deg. Total kineticpower
and power fractions are listed in Table 4, showing a partitioning
among the species that differs somewhat from Table 3 in that H, and
H contribute more to the power flux than they contribute to thrust.
The total kinetic power (here measured as 1007 &= 171 W) shouldin
principle exceed the arcjet thrust power (1/2F gyI;, =580 W from
PAC data' or 760 £ 230 W from our Table 4) because the thrust is
reduced by divergence losses. However, it appears that there is an
additionalsource of errorin the power flux, most likely the measured
speed, which contributes a v* term in Eq. (8).

The average speed is plotted as a function of angle in Fig. 11,
indicating that the velocity slip between N, and Hj, is only 0.2 km/s
at # =0 deg, but the slip increases to 3 km/s at 6 =80 deg. The
average speed of N, is 7.5 km/s on the centerline and decreases to
2.5 km/s at # =80 deg. Changing from nominal flow to high flow
causes the average speed for each species to fall off more rapidly
with angle. Translational temperatureis plotted as a function of an-
gle in Fig. 12, showing values in the range of 1500-2500 K for N,
and N and 300-900 K for H, and H at nominal flow. The N, speed
distribution is actually narrower than that of H, (Figs. 6 and 7),
but because they have approximately the same average speed, the
N, temperature is five to six times higher than the H, temperature.
Changing from nominal flow to high flow has the effect of lower-
ing the translational temperature, particularly at angles away from
centerline.
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Conclusions

Aninvestigationof the chemical compositionand flow properties
of an arcjet thruster plume was performed using molecular beam
mass spectrometry with simulated hydrazine propellant. Electron-
impact ionization at 20 eV allows H and N atoms in the plume to
be detected with minimal interference from dissociative ionization
of the parent molecules. Dissociation fractions of N, and H, are 11
and 14% at the nominal flow rate of 46.4 mg/s and 1660 W of input
power. Absolute mass fluxes for N,, N, H,, and H are obtained by
normalizing the measuredrelative flux distributionsto the total mass
flow rate, which together with the speed distributions measured by
TOF gives the momentum flux, kinetic power flux, average speed,
and translationaltemperaturefor each species. Although the average
speed is 7.5 km/s near the centerline, the N, and N atom speeds
decrease quickly with angle, as one would expectbased on the rated
specific impulse of 514 s. The angular distributions of H, and H
are much broader than those of N, and N, which we interpret as
resulting from collisionsbetween light and heavy species, where the
light species undergoes a greater deflection and is scattered away
from the centerline.

As reported in a separate study,* the DSMC calculations at zero
background pressure are in very good agreement with the data re-
ported here for the heavy species (N, and N), whereas for the light
species (H, and H), the differences between the experiment and
the prediction are indicative of perturbations by the finite back-
ground pressure. Average speeds measured for N, N, and H, are
within 0.5 km/s of the prediction at all angles, and for H the agree-
ment is within 0.8 km/s. The measured angular distributions for
H, and H are somewhat broader than the DSMC results, evidently
as a consequence of collisions with the background gas, whereas
the N, and N angular distributions are very well predicted by the
model, consistent with our expectation of a minimal effect by the
background.
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