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A technique is demonstrated whereby the delivered mass and flow rate versus time of a short 
rise-time gas delivery system may be accurately determined. The gas mass M that flows past a 
point in a gas delivery system by an arbitrary time t=tp may be accurately measured if that 
point is sealed off with a fast closing valve within a time interval short compared to the mass 
flow time scale. If the injected mass is allowed to equilibrate in a known volume after being cut 
off from its source, a conventional static pressure measurement before and after injection, and 
application of the ideal gas law suffices. Repeating for many different values of fP, and assuming 
reproducibility, the injected mass time history M(t) characteristic of the system without the 
fast closing valve may be determined. The flow rate versus time &W(t)/& may then be 
determined by numerical differentiation. Mass flow measurements are presented for a fast 
delivery system for which the flow of argon through a 3.2mm-i.d., 0.76mm-thick copper tube 
is isolated by imploding (8 pinching) the tube using a single turn tungsten magnetic-field coil. 
Optical measurements of the tube’s internal area versus time indicate that the tube is sealed in 
7 ,us. Results are correlated with piezoelectric probe measurements of the gas flow and 2D 
axisymmetric numerical simulations of the 6 pinch process. 

i. INTRODUCTION 

The mass flow measurement technique described in 
this article can be generalized to a wide variety of gas tlow 
systems. However, its greatest utility is for systems where 
gas densities are too low for optical refractive techniques, 
and time scales are too short for steady-state flow assump- 
tions to apply. Existing alternate techniques are either less 
accurate or more difficult in this regime. 

Gas delivery systems which use a fast opening valve to 
achieve a rapidly rising, but low-density gas flo~*-~ are 
common in pulsed powered plasma physics devices. Appli- 
cations include plasma sources for plasma gun based de- 
vices,4d gas puff z pinches,7-‘0 and active anode ion 
beams. ” The plasma gun references cited are chosen for 
their bibliographical information, due to the great number 
and variety of experiments in this category. The z pinch 
references detail gas delivery systems representative of the 
application. 

The initial neutral gas mass M injected into a pulsed 
plasma gun at the time of current delivery is an initial 
condition of primary concern when modeling mass trans- 
port in such systems.‘2>13 The mass flow rate dM/dt, on the 
other hand, is a primary boundary condition for sustained 
(steady-state) plasma gun sources.14 The ratio of dM/dt 
and the mean molecular axial velocity Q of the gas jet as it 
exits the nozzle in a gas puff z pinch is the axial line den- 
sity, a parameter of primary importance to this geome- 
try. 8,15,t6 

M(t) can be determined by integrating the density dis- 
tribution p(Z,t) over the volume of interest. Integrated 
over one spatial dimension already, time resolved optical 

refractive techniques, such as Schlieren photography and 
interferometry, have been used with great success to non- 
invasively measure the spatiotemporal density dist~butio~ 
of flowing neutral gas.r7 Unfortunately, these techniques 
require optical path line integrals of N 10” crnm2 to pro- 
duce sufficient phase front distortion (+ 1 order) to be 
useful.‘* Noninvasive measurements of dynamic neutral 
gas distributions with much lower densities have been 
based on the attenuation of beams of electrons,19*20 
ions,21V22 and soft x-rays,23 and on e- beam elastic scatter- 
in$’ and excited emission.25 Although a measurement of 
the entire or line integrated density distribution can be 
quite valuable to understanding the detailed dynamics ofa 
system, when M(t) or dM/dt is of primary concern, the 
technique discussed in this article may be more practical. 

Fast ion gauges have been used to measure the local 
density of low-density gas jets in plasma physics applica- 
tions.2P26*27 While this technique is less difficult than the 
particle beam techniques, drawbacks are poor spatial res- 
olution, invasive perturbation of gas flow, and a maximum 
atomic density of - 1017 cme3 for which the diagnostic 
responds. 

A piezoelectric pressure transducer placed directly in 
the gas stream,*‘12 or in conjunction with a pitot tube,‘s has 
been used to invasively diagnose gas flow. Quantitative in- 
terpretation of the signal, however, is prone to error. In- 
terpreting the signal as proportional to dM/dt, for exam- 
ple, assumes that the gas velocity and temperature profile 
remain constant during the time of interest, Furthermore, 
the proportionality constant itself is contentious, 

The subject of this article is the characterization of a 
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SECTlOt A-A 

FIG. 1. 0 pinch tungsten coil insert shown with the geometry for the Cu 
tube inner radius RI vs t optical measurements. 

gas delivery system’s M(t) by use of a closing valve at the 
exit orifice which closes in a time short compared to the 
M(t) time scale. Gas is injected normally until some arbi- 
trary time t= tp when the closing valve quickly isolates the 
injected gas from the gas still in the delivery system. The 
isolated gas is then allowed to equilibrate inside a sealed 
chamber. M(t,) is then determined via the ideal gas law 
from the difference in the chamber’s pressure before and 
after injection. Repeating with many different tp values 
yields the time history M(t) characteristic of the system 
without the closing valve. 

Rapid gas isolation is accomplished by imploding the 
(copper) gas delivery tube with a pulsed axial magnetic 
field (6 pinchingz9) near the exit orifice. Similarly 8 
pinched metal tubes have previously been used as fast clos- 
ing blast shields for diagnostic protection,30 axial magnetic 
flux compressors for generating a high magnetic-field inte- 
rior to the tube,31 and for hermetically sealing cylindrical 
capsules by pressure welding a tube onto a plug.32 The 8 
pinch was designed with the help of calculations performed 
using the two-dimensional, multimaterial, magnetohydro- 
dynamic (MHD) shock code CALE.~~ A more detailed 
treatment of the simulation and other 8 pinch design con- 
siderations are presented elsewhere.34 

II. EXPERIMENT 

Figure 1 illustrates the pinch geometry as configured to 
optically measure the 19 pinched tube’s inner area versus 
time. The (tungsten) magnetic-field coil used to implode 
the tube is detailed. The W coil is shrunk fit into the center 
of an outer single turn coil machined from a 15 cm x 15 
cm X 5 cm block of high carbon steel. The outer coil cur- 
rent feed gap is the same width, and is aligned with that of 
the W coil. The outer coil is energized by a parallel plate 
transmission line from a capacitor bank. Nominal dis- 
charge parameters are 44 pf, 20 kV, 47 nH, 3.5 ma, 584 
kA, and 8.63 ps current period. A peak magnetic field of 60 
T occurs at the outer surface of the tube at t= 1.7 ps, 
according to CALE The W coil has not failed after 110 
discharges. 

The optical R,(t) measurement is performed by ex- 
panding the beam from a 5 mW, 0.633 pm HeNe laser to 
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FIG. 2. Fast gas injection geometry. 

about 3 mm. The beam is then aperture limited by the Cu 
tube’s minimum i.d. and focused onto an amplified d.c. 
coupled photodiode. The tube’s internal area (assumed to 
be AI =rRf) versus the optical signal V is determined by a 
three-point (quadratic) calibration using signals from ( 1) 
the initial tube, (2) a radially half-closed tube (from a 
low-energy pinch), and (3) a fully closed tube. This cali- 
bration is necessary due to a significant observed nonlin- 
earity in the Al vs Y relationship, perhaps due to light 
reflected from the tube interior, or nonuniformity in the 
laser light. Y=O.34 times the initial tube signal when At 
=0.25 times its initial area (radially half-closed). Any 
higher-order nonlinearity could conceivably result in a re- 
sidual systematic R,(t) error in excess of 10%. 

Figure 2 is a drawing of the fast gas injection geometry 
with the W coil in place. The pinch delay is varied from 
500 to 1500 ps from the valve trigger (O-1000 ,U from the 
start of gas flow), The mass injected into the test volume is 
- 100 pg during this interval. The leak rate of the sealed 
tube results in a mass increase of only - 1 pg by the time 
the pressure gauge stabilizes (6 s) . Details of the fast open- 
ing valve are nonessential for this article. 

The pressure measurement after gas injection is per- 
formed by an Alphatron35 pressure gauge recorded on a 
chart recorder. Direct species-specific calibration curves of 
the Alphatron signal versus injected mass are recorded by 
replacing the fast injection system with a calibrated leak. 
The leak rate is set with a needle valve to be much greater 
than the ambient leak rate, but sufficiently slow for the 
Alphatron to record accurately. The leak rate is deter- 
mined by measuring the pressure drop rate in a small ple- 
num (bled by the leak) with a capacitance manometer. 
The plenum volume (including that of the manometer) is 
determined by backfilling with alcohol. 

The principle application intended for the diagnostic is 
to measure the mass flow into vacuum of system with a 
tube of length L, (cf. Fig. 2). An estimate of the pertur- 
bative effect of the excess length of 3.1 cm beyond L, 
(necessitated by the technique to form a vacuum seal) was 
made by doubling the excess length and comparing mass 
results. 

A simple assumption that can be made about the signal 
from a piezoelectric pressure probe placed in the gas jet 
ejected from the end of the delivery tube is that it is pro- 
portional to dM/dt. The M( tJ measurement of interest is 
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FIG. 3. Experimental and theoretical (CALE) R,(t) and R,(t). t=O on 
this scale corresponds to the start of pinch current. 

used to test this assumption. The  tube is cut to length Lr 
for this experiment since the B pinch technique is intended 
to estimate the mass flow into vacuum of a  tube of length 
L1, as discussed in the previous paragraph. The probe36 is 
placed with its 0.5-cm-diam pressure sensitive surface 
about 1  cm from the exit of the Cu tube. The  time  integral 
of the signal is scaled in magn itude to fit a  corresponding 
pinch M(t,) measurement  data set for comparison at sev- 
eral different values of tp. 

Another application of the mass flow measurement  
technique of interest is the determination of the mean mo- 
lecular axial velocity in the delivery tube as the gas passes 
a  point at arbitrary distance z from the flow restrictor 
[&=&(z,t)]. This is accomplished by ma intaining a con- 
stant tube length LO, but taking M( tJ measurements with 
the W  coil at variable distances z= L1  from the flow re- 
strictor (cf. F ig. 2) to determine both z and t dependences,  
G iven M=-M(z,t), 

alu/at 
5=-mz 

z 11) 

follows from the fluid continuity equation. 

III. RESULTS AND DlSCUSSlON 

Figure 3  plots the imploding Cu tube’s R,(t) and 
R,(t) as inferred experimentally, and from a  CALE simu- 
lation. The  experimental R,(t) is inferred from R, (I) as- 
suming the tube wall cross section remains constant. Ac- 
tually, R,= 1.66 f 0.06 m m  is measured with calipers after 
the pinch. The  “*” term quantifies the tube’s eccentricity. 
CALE gives a significantly shorter implosion time  than the 
experiment. One possible explanation for this is that CALE 
neglects the decrease in total implosive force on  tube due to 
the W  coil current feed slot. 

F igure 4  plots several isolated injected mass measure- 
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FIG. 4. Isolated gas mass vs the time t= tp the 6 pinch is triggered “+” 
r=O p’s on this scale corresponds to the time the gas injection valve is 
triggered. The plenum is 689 kPa Ar. Le= 14.8 cm and L, = 11.7 cm. The 
solid line is a time integrated piezoelectric probe signal scaled to fit the 
pinch data for t < 400 ys. 

ments using the 8  pinch geometry shown in F ig. 2. The  
deviation from proportionality of the integrated piezo sig- 
nal from the mass measurements beyond 900 ps is illus- 
trated in F ig. 4  by scaling the piezo data to fit for earlier 
times. Adiabatic cooling of the valve plenum as it evacu- 
ates, resulting in a  decrease in & over time, may be  the 
cause. The deviation implies a  serious lim itation to the 
quantative interpretation of such piezo signals. The  fast 
valve used in this experiment closes by itself after several 
m illiseconds. If one could assume that the piezo signal 
V,(t) is proportional to dM/dt for the entire time  it is 
open, M f t) could be  determined from,12 

J;V,( t’)dt’ 
M(t) =““‘f,m  V,(t’)&’ y (21 

where M ,, is determined from a  static pressure measure- 
ment after the valve closes by itself (no pinch). Unfortu- 
nately, the late time  loss of linearity causes this technique 
to overestimate the early time  M f t) by about a  factor of 2. 
Interestingly, no  ma jor deviation from linearity is observed 
for similar data taken with deuterium as the plenum gas. 
M(t) from Eg. (2) agrees with the B pinch results to 
within lo%-15% when using 689 kPa D, in the plenum. 
D,“s greater thermal conductivity may cause the plenum to 
remain more isothermal. 

There is a  long time-scale drift in the apparatus, pos- 
sibly due to valve conditioning or aging. Because of this, a  
dedicated series of a  small number  of shots is generally 
performed for applications which require determining 
small differences in M  resulting from small changes in the 
geometry, such as those described in the rest of this 
section. 

The  effect of the excess tube length beyond the W  coil 
is tested in a  dedicated series of five shots using the same 



TABLE I. Summary of data for ii, measurements. 

M  w M w 
t (p) (L,=11.7 cm) (L*=9.2 cm) b (m/s) 

660 5.8 10.0 15.2* 1.6 397*56 
760 22.2 *to.5 32.9* 1.4 452*77 

parameters as used for Fig. 4 for two shots, and increasing 
the tube length by 3.1 cm (keeping Li constant) for three 
shots. The pinch time relative to valve trigger is t=760 ps 
throughout. The mean masses measured are (with vari- 
ances) 22.OkO.3 yg and 20.8% 1.0 ,ug for the short and 
long tube, respectively. One may conclude from this that, 
for these parameters, the injected mass drop resulting from 
the excess length of tube beyond the W  coil is from 0% to 
lo%, with a two standard deviation confidence. 

Estimates of V’, based on Eq. ( 1) , are made in a ded- 
icated series using the same parameters as used for Fig. 4, 
and then correlating with a set of shots where Lo is kept 
the same, but L1 is reduced by Az=2.5 cm (to 9.2 cm). iQ 
is determined at t=660 and 760 ~CLS from this series. Ac- 
cording to Fig. 4, ~3M/&~0.17 g/s during this time inter- 
val. dM/& is approximated as AM/Ax, where AM at each 
sampled time is the difference between the L1 = 9.2 cm and 
the L1 = 11.7 mass measurements. The results are summa- 
rized in Table I. Each set of parameters is sampled 24 
times with the mass means and mean variances tabulated. 
The uncertainties of the tabulated values of v7, reflect only 
these variances. The speed of sound uS in room-temperature 
Ar is 323 m /s. Gas flowing through a long straight tube 
into vacuum will have Mach-l flow (&=u,), provided vis- 
cous drag on the tube walls may be neglected. The & mea- 
surements in Table I are reasonably consistent with room- 
temperature Mach-l flow. Unfortunately, the & results 
available to date are insufficient to test the adiabatic ple- 
num cooling hypothesis discussed above since they are 
taken at relatively early times. 
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