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ABSTRACT

A fluid mechanical model is developed to assess the performance
in both finite background pressure and vacuum environments of a rocket
that is propelled by the absorption of radiant energy from a remotely
stationed, repetitively pulsed laser. The model describes the gaseous
propellant flow within a conical nozzle that is subjected to a series of
point energy depositions at the apex of the cone. An equivalence between
conical and parabolic nozzles is discussed for finite background pressure
operation. The model specifies laser parameters necessary to achieve
high specific impulses, i.e., 600 to 1000 sec. Scaling laws for high

thrust - high specific impulse rocket systems are discussed.

Experiments using pulsed COz TEA lasers were performed with
conical and parabolic nozzles. At one atmospheric background pressure,
a maximum specific impulse of 900 + 400 sec was obtained with an energy
conversion efficiency (exhaust energy/laser of energy) ~ 50%. At 10"4 at-
mospheric background pressure, a specific impulse of 500 + 100 sec

was obtained with a self-focusing parabolic nozzle.
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1. INTRODUCTION

In recent years several authorsl- 19 have discussed and analyzed
the possibility of beamed laser energy for rocket propulsion, often with
specific reference to the application of high power, ground-based lasers.
The concept is deceptively simple: provide a high energy density for
propulsion without the encumbrance of a massive on-board power supply

by absorbing radiation from a remotely stationed high-power laser.

Since the radiation absorbing propellant may be high temperature plasma,
the specific impulse can be very large, i.e., > 1000 sec. The achiev-

able thrust is limited by the available laser power, and with a remote A v
energy source, larger payload/vehicle weight ratios are possible com- ! |

pared to chemical propulsion rockets.

The multiple pulsed laser rocket propulsion experiments described
in this report are an outgrowth of single pulse and CW experiments. These

past experiments, described in Ref. 4, measured the specific impulse
and thrust/laser power that was obtained with existing laser systems.
Steady-state simulation experiments were performed in a vacuum cham-
ber with solid propellants, and pulsed laser propulsion along with the
laser-powered pulse jet concept was introduced. s A steady-state or CW
laser propulsion system is a system whose thrust remains constant in
time while the laser beam continuously provides the energy source for
converting propellant mass to exhaust kinetic energy. It was found in
Ref. 4 that a high ratio of thrust to laser power can be obtained by simply
using the laser to vaporize a solid surface. However, in order to obtain
high specific impulse it is necessary to add energy to the vapor in a
stable manner. The heating of a gas by external radiation downstream of

a nozzle throat was found to be inherently unstable when the gas is initially




weakly ionized and absorbs radiation via inverse Bremsstrahlung. The
stability of laser-heated flows both upstream and downstream of a nozzle
throat is not adequately understood and is a very complex issue. ¢ How-
ever, it appears that stable heating of a propellant in a steady-state
manner may best be accomplished by heating the gas upstream of a throat
such that the beam direction and the propellant flow direction are the
sams. & This would require a laser window in the absorption chamber
that will tolerate transmission of significant laser intensities along with

high pressures for long periods of time.

The alternative approach to CW laser propulsion that circumvents
the stability problem is to utilize a pulsed laser as described in this re-
port and our previous theoretical study. < The techniques for obtaining
large thrust and specific impulse with a pulsed laser are an outgrowth
of various experimental and theoretical problems in laser effects. e i
~ When a high power pulsed laser is focused to a high irradiance in a gas
or on a solid surface, a high temperature, high pressure plasma, which
propagates up the laser beam, is initiated. Provided the pulse is suf-
ficiently short that the high pressure gas remains in the vicinity of a
surface or nozzle wall, this method is an efficient propulsion mechanism.
The propulsion system operates in a way similar to detonation propul-
sion systems that have been proposed for use in high pressure environ-
ments. $o=20 Periodic ""explosions'' in the nozzle transfer the detonation
or laser energy to the working fluid. The two most significant potential
advantages afforded by a pulsed laser propulsion system over a CW laser
propulsion system are: 1) simplicity in engine design as a result of per-
mitting the laser beam to enter the nozzle via the exhaust plane; and,

2) elimination of constraints resulting from plasma instability, However

the power conversion efficiency (efficiency of converting laser power to
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power in the rocket exhaust) must be determined. In Ref. 4 a low
power conversion efficiency was obtained because the pulse time of
the laser was too long. In addition, with pulsed laser propulsion,
thrust is obtained when laser energy is converted to kinetic energy
by a continuously weakening shock wave traversing the propellant
gas. The relative efficiency of generating thrust in this manner is
not known a priori to be the sams as when converting laser power

to thrust in a steady process.

As a result of our past theoretical study the laser requirements
for an experimental test of pulsed laser propulsion concepts were
specified, and a suggested experiment was presented. 5 In this report
the results of a proof of principle experiment are presented. Our ex-
perimental objective is to demonstrate the feasibility of a pulsed laser
propulsion system and to determine the specific impulse as a function
of laser power, pulse repetition frequency, ambient conditions and
propellant mass flow. The nozzle configuration is taken to be an
idealized extension of the concept introduced in Refs. 2 and 4. A
schematic of the single pulse nozzle configurationz’ . is presented
in Fig. 1.1la. The nozzle walls focus the incoming beam to yield a
breakdown in the propellant at the focus. With a short laser pulse,
the resulting shock becomes a blast wave which propagates to the nozzle
exit plane, converting all of the high pressure gas behind it into a
force on the nozzle wall. This nozzle was designed for single pulse
operation only. Therefore, no considerations of propellant supply
were necessary, The fluid mechanics of a repetitively pulsed laser
propulsion system was analyzed in Ref. 8, and thus, the fluid dy-
namics of the propellant feed system were included, The configuration

analyzed is shown in Fig. 1.1b. The nozzle drawn with a solid line is
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the parabolic self focusing nozzle. However, for simplicity this nozzle
was replaced by a conical nozzle which is shown dashed in the figure.
The angle of the cone was chosen such that the exhaust gases leave the
exit plane at the same angle relative to the thrust axis as with the
parabolic nozzle. The beam was assumed to be focused externally so
that the focusing angle equals the cone angle. The propellant was

treated as a steady source flow entering at the apex (or 'throat") of

the conical nozzle, and periodically laser induced blast waves are

ignited at r = 0 where r is measured from the apex.

Experiments were performed with both a self-focusing parabolic 1
nozzle and a conical nozzle with external focusing. The helium pro- |
pellant was delivered from a fixed volume reservoir and passed through
the throat of the nozzle. At a predetermined repetition rate one, two,
or three lasers were fired sequentially and the laser energy absorbed
near the throat. The resulting expansion of the high temperature
plasma and shocked propellant provided thrust at high specific impulse.

The laser repetition rate and choked flow mass flow rate determined

the amount of propellant mass heated during each pulse.

In this report the results of the feasibility experiments are pre-
sented in Section 2, the theory of pulsed laser propulsion, when the
gas expands into a vacuum is reviewed, and also an update of the theory
for operation with back pressure is presented. The rocket, laser sys-
tem and associated parts used in the experiments are discussed in Sec-
tion 3. The experiments using conical and parabolic nozzles at 1 at-
mosphere back pressure and experiments with the parabolic nozzle at

reduced pressures are presented in Section 4. The scaling laws and

maps for large scale operation are discussed in Section 5 along with
other engineering considerations for a laser propulsion system. A

Summary is presented in Section 6.

-5- - p—




2, THEORETICAL UPDATE

2.1 Review of Model for Vacuum Operation

A fluid mechanical model has been developed to assess the perfor-
mance of the laser-powered thruster concept as shown in Fig. 2. 1. The
model utilizes blast-wave theory to calculate the thrust and specific im-
pulse in a vacuum environment. The details of the fluid mechanical model
for operation in a vacuum 2nvironment are presented in Ref. 8, and briefly
reviewed here. The nozzle is initially treated in a conical geometry for
simplicity, and equivalence between the conical and parabolic nozzle is
examined in Section 2.3, The theory for a single pulse is developed by
considering the blast wave propagating into the nonuniform density field
induced by the release of propellant in the throat region. A pulse sequenc-
ing theory is proposed to extend the single pulse theory to multiple pulse
operation. An example result for the laser energy requirements in a
vacuum environment is presented in Fig. 2.2 for helim and Fig. 2.3

for air.

In Fig. 2.2 the time between laser pulses is plotted versus the orifice
diameter (diameter of throat through which the propellant is fed into the
breakdown region). The propellant is taken to be helium which passes into
the throat from a plenum chamber at 3 atmospheres stagnation pressure.
This pressure is sufficient to ''choke'' the propellant flow at one atmos-
phere, p* and u* are the propellant density and velocity, respectively,
in the throat before the laser pulse breaks down the propellant and pro-
duces the blast wave. The energy conversion efficiency is the ratio of
energy in the blast that results in thrust to the laser energy. The results
in Fig. 2.2 are for a 50% energy conversion efficiency. An operating

corridor for multiple pulse laser propulsion at a specific impulse of 1000

-7-
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sec is delineated in Fig. 2.2. The upper boundary of the corridor is

set arbitrarily where the length of the conical nozzle is equal to fifty
times the throat diameter. I is felt that aspect ratios greater than 50
may be undesirable for full scale operation due to engineering and
weight considerations. The lower boundary of the corridor is set by
propellant feed considerations, i.e., to the right of this boundary the
time between pulses is so short that there is insufficient time for pro-
pellant to enter the nozzle between laser pulses. This is designated as
the acoustic valving limit. Constant energy lines are shown within the
operating corridor and vertical lines of constant thrust are presented.
As an example, a 100J per pulse laser operating at 7 x 10-5 sec between
pulses (14, 285 pps) is capable of powering a 132 Nt (30 1b) thrust rocket
engine that has a throat diameter of 0. 7 cm and a.length (if it were conical)
of 35 cm. Similarly, a 100 KJ per pulse laser at 7 x 10'4 sec between
pulses (1, 428 pps) will power a 13, 200 Nt (3000 1b) thrust engine with a

7 cm throat and a conical length of 3. 5 m.

2.2 Finite Back Pressure Operation

A description of pulsed laser propulsion operating at finite back
pressure may be developed in a manner similar to the vacuum mode.
The prepulse flow field is established first; then the single pulse is
modeled, and finally, pulse sequencing for REP operation is outlined.

Consider the prepulse propellant flow through a conical nozzle
operating at finite ambient pressure p_. The plenum pressure is P,
and is so chosen to choke the flow at the sonic orifice. Downstream of
the orifice, the flow accelerates supersonically and then shocks down to
subsonic flow as illustrated in Fig. 2.4, It is noted here that the nozzle

length will be chosen such that the blast wave will remain strong enough
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to propagate from the orifice to the exit plane., Hence, the weaker shock,
established by the chamber pressure P, cannot propagate to the exit
plane and will remain stationary in the diverging portion of the nozzle.

Within the conical nozzle, continuity requires
* %k %2
ik Jl.&.é;_L_ (2. 1)
pr

where u is the gas velocity, p isthe gas density, X denotes sonic con-

ditions and r is measured from the apex of the cone. The sonic radius

* *
r is related to the orifice diameter D by

1
* L Sl
& — 2.2
r (40) D (2.2)

where () is the solid angle of the cone

Q=21 (1 - cos ec) (2.3)

and © & is the cone half angle. The density in the subsonic flow is ap-
proximately equal to P, Py o P, Hence, the gas density and velocity in

the subsonic section are

1y-1)
pz = (1%3.) p* pm/po (2.4)
and
2
! 2 l/(y-l) R
AN wR v deep AN
respectively,

_~13-
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Equations (2. 4) and (2. 5) describe a subsonic flow of approximately
uniform density. Hence, the blast wave {ormed by the laser energy de-
position propagates into a nearly uniform atmosphere. The Sedov solu-

tion for the motion of the shock front yields

1/5 1/5
x E 4m 2/5
- (2)7 (@) 2.6

where ;0 is a constant of order unity and factor (411/9)1/5 is introduced
since the energy E is restrained to expand into () instead of 4T stera-

dians.

The length (L) of the nozzle is chosen such that the shock velocity,
dR'/dt, is twice the speed of sound (a_) at the nozzle exit plane. This

insures that the gas pressure within the nozzle is always in excess of p

The time corresponding to the shock propagation from r = Oto r = L
is denoted by tblast'
5/2
L
t = (2.7)
t 5/2 2 1/2
blas £ / (E/'p )l/ (4n/Q> /
o o.
1 i = 2 — = i
Solving the equation dRs/dt a_for L Rs at t tbla.st' we obtain
5/3 \L /3 1/3
% (E/pz)l/ (4rr/0)/
L = v (2. 8)

(5%)27

The pulse sequencing theory requires that the laser pulse be re-

peated on a time scale which is somewhat less than tc’ the time required

- 14-
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for the flow to convect through the nozzle, otherwise propellant will exit
the nozzle without being shocked. The convection time may be obtained
by integrating the fluid velocity, u(r). Omitting the relatively short time

required for the gas to convect through the supersonic portion of the nozzle

’

we obtain
3
L
t = 1 ’ (2. 9

/ Y—l R e
z i ot o 2
3 (m) (p/p)u (r)
where in omitting the superonic flow, we have assumed that L is much

greater than the shock location

1/2
L >> r* (_A_*> (2. 10)
A

x
and the area ratio A/A  js known function of po/ P, through the normal

shock relations.

Having defined the relevant times and nozzle length, the theoretical
value of the impulse that may be obtained from this system may be deter-
mined by extending the vacuum theory. The vacuum and finite back pres-
sure cases are identical when the time between pulses (tp) is chosen such
that it is equal to the convection time tc. In this case, the Nth shock pro-
cesses the propellant released during the Nth cycle and the gas expands
through a nozzle that is one breakthrough radius in length. The time
and spatial pressure fields may differ in the finite back pressure and
vacuum cases but the momentum transfers are practically identical be-
cause the pulse energy and propellant masses at breakthrough are iden-
tical. The length of the nozzle has been chosen such that the gas pres-

sure is well in excess of P, (Vs = Za.w) and the percent of the vacuum
15« :
o e . s i e A L




thrust recovered is limited only by the length of the nozzle. The vacuum

theory indicates that the specific impulse for this length nozzle is 3/4

of the vacuum limit.

3
= = - =
Tsp (tp c) T s |(tp tC) e i)
vacuum
for y = 5/3, independent of p_ . The expression for I has

sp vacuum
been previously derived and is restated:

L = 1/2 1 \1/2
e TT T o SRR L
p u (D) P

When tp is less than tc’ the Nth pulse propagates through the pro-
pellant released during the Nth cycle, and through the tail of the pre-
vious pulse. The tail of the previous pulse is a gas of pressure p,, and
was non-existent in the vacuum case. The net effect of this tail is to
enhance the specific impulse of the system. Each successive pulse will
see a nozzle filled with propellant at a pressure of approximately P, -
Hence, each pulse delivers the same total impulse, independent of t |,
but the mass of propellant expanded during each pulse increases in direct
proportion of tp . Subsequently, the specific impulse scales as l/tp and

the constant is chosen to recover Eq. (10) when tp & tc

t
Isp (pcn) e 8 & Isp (tp 2 tc) : (2. 13)
P vacuum

e e e i



Values specific to our experiments were inserted into Eq. (2. 13)
and the results are illustrated in Fig. 2,5. The results of Egs. (2.7),
(2.9), and (2. 13) may be used to compare with experiment results at
finite back pressure using the 15° conical nozzle and this will be done
in Section 4. In addition, these equations will be used to determine

scaling laws which are discussed in Section 5.

2,3 Equivalence Between Conical and Parabolic Nozzles at Finite P,

A fluid dynamical theory discussed above, described pulsed laser
propulsion using a conical nozzle and an externally focused beam. In
this subsection we consider the re quirements for an equivalent self-
focusing parabolic nozzle which meets the design conditions set forth
for the conical nozzle. From a one-dimensional steady gas dynamic
point-of-view, the area ratio for both nozzles must be the same in order
to yield the same gas pressure and velocity at the nozzle exit plane,

To achieve proper pulse sequencing, the fluid convection time and the

shock propagation time through the nozzle must also be equivalent.

A coordinate system is established at throat of the parabolic nozzle,
Fig. 2.5. The parabolic nozzle is described by

= 2,
Yp = Ba& (2.13)
and the conical nozzle by
y. = 8, (x+x)) (2. 14)
-117"
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where x is the distance from the apex of the conical nozzle to the
parabolic nozzle. Choosing B and x such that both nozzles have the

same area ratio and divergence angle at the exit plane, we obtain

B:ZBCJLP

and

where Lp is the length of the parabolic nozzle. From :he definition
of x it follows that the length of the equivalent parabolic nozzle is
one half of that of the conical nozzle (Lc)

To establish an equivalence of the basis of the flow convection
time, one-dimensional gas dynamics is used. The difference in the

area vs. x histories of the two nozzles indicates that the convection

times are identical if

1 1/3
L =<—) L =0.55L ,
) 6 c c

where it should be noted that this relationship is valid only in subsonic
flow (finite p_ operation). For vacuum operation, the gas reaches its
limiting velocity and Lp must equal Lc for equivalent convection

times. Hence, there is no equivalence between parabolic and conical

nozzles for vacuum operations.
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The shock propagation time is also an important part of the pulse
sequencing. In a conical nozzle operating at finite p_ . the shock

3/2 3/4

velocity decay is 1 / x or (area) ~'"., Using the area history for

the parabolic nozzle the shock propagation times are equivalent if

1 2 2/5
L i <-5-) Lc=0.57 Lc

These three criteria for the equivalence between parabolic and
conical nozzles are slightly inconsistent for finite p, operation. How-
ever, one can use this approximate equivalence to design an experiment
using parabolic nozzles at finite background pressure and expect to
achieve the specific impulses predicted by the conical nozzle theory.
Ultimately, a more detailed theory is necessary but for the present
time, the theory is developed only to the point of defining appropriate
experiments. In addition, a theory for parabolic nozzles needs to be
developed for vacuum operation conditions (i.e., when the cold pro-

pellant is supersonic throughout the nozzle).
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3. EXPERIMENT DESIGN AND ASSEMBLY

3.1 Nozzle Dcsign

Experiments were performed using two distinct nozzle configura-
tions, conical and parabolic. Beccause the theorctical modeling was for
a conical nozzle, a series of experiments were performed with a conical
nozzlc to compare with the theoretical predictions. This configuration
is gasdynamically the simplest, and beam focusing is accomplished ex-
ternally, permitting control and variation of laser beam spot size and
breakdown location, On the other hand, because a full size rocket will
use a self-focusing nozzle, experiments with a parabolic nozzle were
also performed. This nozzle is cptically optimum and permits near

spherical focusing of a collimated laser beam.

3.1.1 Conical Nozzle

The size of the nozzle was determined using the theoretical pre-
dictions for an Isp performance of approximately 800 sec. Because ex-
periments were to be performed at different ambient pressures (from

one atmosphere to a vacuum), a flexibility of having two nozzle lengths

was built into a design. Theoretically, it has been determined that a
nozzle length equal to 3 Rb' where Rb is the "breakthrough' radius,
provides greater than 90% of the thrust obtained with an infinitely long |
nozzle when the propellant specific heat ratio y 2 1. 5. < Therefore, we |
will make the nozzle length to be 3 Rb for a specific operation condition,
Considering the design map for vacuum operation with air as a propel-

5K
lant shown in Fig. 2,3and D = 0.5 cm, which is appropriate for laser

energies from 5to 15 J, a reasonable choice of maximum interpulse time

is 100 psec. Rb #~ 8 cm for this case and the nozzle length was made

24 cm long.




When the rocket is operated in a finite back pressure environ-
ment, a normal shock will exist in the nozzle for the cold propellant
flow (see Section 2). Therefore, different design criteria for the
nozzle lengths are appropriate as discussed in Section 2, Specifically,
the laser induced blast wave pressure at :he exit plane should be strong
compared to the maximum background pressure. This requirement for
laser energies = 4J is met by a nozzle 3.2 cm long operating at 1 atm,
Therefore, the nozzle was made 24 cm long with a detachable skirt
20. 8 cm long. A schematic of the conical nozzle - plenum chamber
assembly is presented in Fig. 3. 1. In order to minimize the weight
of the assembly, aluminum was used. The plenum is attached to the
nozzle with a diaphragm in between to maintain the stagnation pressure
in the plenum until the experiment is performed. Design considerations
for the plenum will be discussed below. The rocket is completely self-
contained to permit use of a ballistic pendulum as is discussed below.
The nozzle half angle was chosen to be 15° and greater than 95% of the
theoretical thrust can be anticipated with this nozzle angle. ¥ In addi-
tion, this angle allows multiple laser beams to be focussed at the
throat. Four pressure transducer ports are provided to mount four
LD-80 (Celeseo Products Inc. ) pressure transducers. Cne transducer
is mounted in the plenum wall to monitor the change in the stagnation
pressure during the experiment. The second transducer is mounted
close to the nozzle throat to measure high pressures in the break-
down region. The third transducer is placed at the estimated '""break-
through' radius to determine the propellant pressure prior to the
isentropic expansion, ’ and the fourth transducer is mounted in the ex-

haust plane.
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3. 1.2 Parabolic Nozzle

Full size laser propelled rockets are apt to use self-focusing
parabolic nozzles. Therefore, experiments were planned to test the
feasibility of such a nozzle. Design criteria for parabolic nozzles
have been discussed in Section 2 discussing the equivalence between
conical and parabolic nozzles. An existing parabolic shell was modi-
fied for the experiments and this nozzle is shown schematically in
Fig. 3.2. The exit diameter is 7.2 cm and length is 10 cm with a

focus at approximately 1 throat diameter down stream of the throat.

3.2 Plenum Chamber Design

The design of the plenum chamber is based upon the calculated
propellant mass flow rate and operating maps in Figs. 2,2 and 2, 3,
In order to ensure that the propellant flow would ''choke, ' when
performing experiments in one atmosphere ambient pressure, a stag-
nation pressure of 3 atm in the plenum was used (see Section 2 and
Ref. 8). As shown in Fig., 3.1, the throat diameter chosen was 0. 5
cm., When air is used as a propellant, we calculate m = 13.4 gm/sec.
Using the slowest laser repetition rate of 104 pulses per second and
four laser pulses, we require 5.4 x 10-3 gm of air. Because it is
desirable to maintain approximately constant plenum conditions dur-
ing the experiment, e.g., < 10% change in plenum pressure during
the 4 x 10°% sec, the air mass should be 5.4 x 102 gm. Withp_ =3
atm this requires a plenum volume of 16 cm3. If helium is used as a
propellant, we have, y = 1.67, P, = 3 atm, P, = 4.86 x 10-4 gm/cm
3,13 x 107 grn/cm3 and m = 5.4 gm/s. A 10% change in pres-

3

E
P
sure will occur after 150 psec - a typical duration using four laser

pulses. The 16 v::m3 plenum is appropriate for helium, air, and other

propellant gases.
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Fig. 3.2 Parabolic Nozzle.
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When the high energy laser pulse is focused at the throat, the blast
wave generated propagates into the plenum as well as the nozzle, The
shock will propagate upstream of the throat because the shock is much
stronger than the plenum stagnation pressure. Because the shock
could significantly perturb the propellant mass flow conditions, care
was taken to minimize adverse effects of the plenum shock. The
plenum shock may be treated in two ways. First, we can design the
plenum chamber such that the plenum shock is dissipated inside the
plenum. The dissipated shock will increase the temperature of the
propellant varying the stagnation conditions after each laser pulse;
this is not desirable. Second, the plenum walls can be designed such
that the plenum shock is reflected off these walls and propagates back
into the nozzle. In this case, for a given pulse repetition rate, the
sizing of the plenum should be considered by taking into account the
shock return time, plenum mass loss due to reflected shock and the
nozzle refill time with and without shock gas. Conditions are shown
in Fig. 3.3. For a pulse repetition rate of 10"‘4 to 2 x 10+5 sec"l and
for our experiment with a throat diameter, D* = 0.5, we see in Fig.
3.3. that the distance of the reflecting wall should be greater than D*
but less than 1 cm from the throat. Consequently, a cylindrical shock
reflector with a curved shock reflecting surface, (radius of curvature
1 cm), is mounted inside the plenum. The center of curvature of the
shock reflector lies in the plane of the throat and is located on the
nozzle axis. The reflector was made hollow and circular holes of
twice the throat area were drilled in its periphery so that this volume
can be used as part of the plenum. The reflector is screwed onto a
threaded stud which is fastened to the plenum rear wall. This mount-
ing arrangement potentially permits the use of the shock reflectors of

different designs if desirable.

-26-
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At the rear plenum wall, a threaded gas inlet port is provided for
a valve. In order to ensure that the plenum is pressurized properly,
a specific filling procedure is followed for each experiment. The
plenum is emptied with a vacuum pump and pressurized to a pressure
of 28 psig, (~ 3 atm) with propellant gas four times before the expe-
riments are carried out. With this procedure, we can obtain more

than 99% pure propellant gas in the plenum.

3.3 Diaphragm Design and Operation

In order to separate the high pressure propellant in the plenum
chamber from the gas at ambient pressure or less in the nozzle, a
diaphragm is used. In addition to maintaining the stagnation pres-
sure in the plenum until the experiment is performed, the use of the
diaphragm also permits filling the plenum with different gases. Since
the performance characteristics of a rocket depend upon the mass flow
rate through the throat, the diaphragm is placed just downstream of
the throat. A diaphragm appropriate for our requirements should
satisfy the following:

(i) The diaphragm should not interfere with the gas dynamics
of the system and thus, should uncover the sonic orifice

completely when it is burst.

(ii) The diaphragm should fully open before the stagnation con-

ditions in the plenum vary significantly. If we allow the
loss of the propellant from the plenum during the opening
of the diaphragm not to exceed 5%, we can approximately
calculate the diaphragm opening time., Assuming sonic
conditions at the throat, we estimate this time to be 200

usec, If the first laser pulse in a train of pulses is to be
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o= i

meaningful, the diaphragm opening time requirements
are more stringent. Typically, for an interpulse time

of 30 usec, the diaphragm should fully open in less than

30 usec.
(iii) It must hold a pressure difference of three atmosphere
v without a leak.
(iv) It should be convenient to use.

Based upon the aforementioned requirements, a number of materials

including aluminum, copper, Mylar and latex were considered and tried.
We also examined diaphragm scoring techniques such as chemical etch-
ing, electroplating and scribing. From a comparison of different di-
aphragm materials, it was found that the latex diaphragm best suits our
requirements. The latex material is stretched over the nozzle flange.
In order to control the magnitude of the tension on the diaphragm, a
circle was printed on the surface of the latex material and stretched by
500%. Each time it was ensured that the deviation of the stretched
printed circle from a perfect circle was less than 10% at a specified
radius. This scheme ensures that the diaphragm is stretched uni-

formly to a reasonable degree of accuracy for each experiment.

The diaphragm was punctured with an electrical spark. A series

of experiments were done to determine the electrode position which
yields the minimum opening time. The diaphragm opening time was . i
measured by monitoring light transmission through the throat and by
this technique which is described below. I was concluded that the

electrode should be halfway between the O ring and the nearest edge » {
of the throat (see Fig. 3. 1). 3




Sy ey e e o

E As discussed above, determination of the time it takes for the

| diaphragm to be fully open is necessary in our experiment. A tech-
nique which monitors the transmission of a He-Ne laser beam through ]
the diaphragm was employed for this purpose. This scheme is il-
lustrated in Fig. 3.4. A He-Ne laser beam is deflected at right angles
using a beam splitter and is then focused onto the shock reflector in

the plenum using a focusing lens. A photodiode detects the light that is

3 reflected from the shock reflector and transmitted through the diaphragm

which is translucent. In Fig. 3.5, we show the oscilloscope trace of

the reflected light. As the diaphragm tears, the diaphragm loses some
of its tension at the throat wherethe transmission ‘of He-Ne beam is ;
being monitored and becomes thicker and thus more optically dense.

For this reason, in Fig. 3.5, we see that just after the diaphragm is
punctured, the transmitted light intensity decreases but increases again
when the diaphragm clears the hole. With a pressure difference of 28 psi

across the diaphragm and with a beam diameter of 1. 5 mm it was found i

that the diaphragm starts to open in about 60 psec and fully opens in about
78 usec. We have also done experiments with a beam diameter of 0.5 j
cm and with no pressure difference across the diaphragm. The corres-

ponding opening times are 60 psec and 110 psec.

3.4 Ogptical Train

|

{ Optical systems were designed for both the parabolic and conical

. 9 2
W/cm

near the nozzle throat to produce the needed laser-induced breakdown in

nozzle. Each system may have to generate irradiances of = 10

the propellant gas. This was accomplished by 30 cm focal length mirrors
for each laser beam and the short conical nozzle experiments., The para-

bolic nozzle self-focused the laser beams to produce the breakdown. Ex-

periments were not performed with the 24 cm long conical nozzle due to
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lack of time but, the optical system was designed. The optical system
is composed of a set of four off axis telescopes. Each telescope is
composed of first a 5 cm diameter divergent mirror and a 10 cm dia-
meter convergent mirror. This arrangement was necessary in order
to obtain the irradiance of = 109 W /c:rn2 at a distance much greater
than the nozzle length. The distance was chosen to be 60 cm by a trade-
off between off-axis angle, focal length, and diameter of the primary
mirror. Calculations of the astigmatism introduced by an off-axis
telescope were made and found to be intolerable - i.e., the high in-
tensity area would be too large. Therefore, the straightforward tech-
nique for using orthogonal planes to eliminate astigmatism was inves-
tigated and was determined to be satisfactory. This means that the
sagital rays from the small divergent mirror became the tangential

rays cf the large convergent mirror.

The optical system for the parabolic nozzle consisted of plane
mirrors directing each 3 x 3 cm laser beam into the parabola. The

angle between each laser beam and the axis of symmetry was approx-

imately 6 x 10-2 radians.

3.5 Laser System and Delay Generator

The laser system used to investigate multiple pulse laser pro-
pulsion is composed of three CO2 laser kits (K-103) from Lumonics
Research Ltd. of Canada. These TEA lasers are charged from one
high voltage power supply, and triggered individually from a four
channel variable delay trigger generator. Therefore, one, two, or

three laser pulses were obtained with various interpulse times.

e
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The CO2 TEA laser is a short pulse laser, Typically the output

pulse of such a laser has a very short high power spike followed by a

lower power but longer duration '"tail." This 'tail" can contain up to
; 2/3 of the total laser energy. The experiments consisted of operating

the lasers with a flowing gas mixture of He : CO2 tN, of 5:1.6:0.8

H SCFH measured with flow meters calibrated for a\ir.2 The laser capa- .J
i citors were charged to 32 kV, and the lasers had an output of approxi-
mately 9J each. This output energy was selected as a result of a trade-
off between pulse-to-pulse stability of 3 lasers and total output energy.
The pulse shape was monitored with a LTD-TO5 pyroelectric detector

manufactured by Carson Alexiou. Figure 3. 6 is a representative trace

of the detector output. We observe a spike and a tail of several psec

B

duration. The laser energy was monitored with a 50D pyroelectric

energy meter manufactured by Lumonics. The amplitude of the ap-

proximately 50 msec wide pulse is proportional to the laser pulse energy.

A four channel trigger generator was used to sequence the lasers.
The delay generator could either be triggered internally by a variable

delay timer or signal from an antenna. Both methods were used de-

pending on the electronic circuit used to break the diaphragm. During
the one atmosphere tests, the antenna was used and the signal came
from the spark that broke the diaphragm. During the low pressure tests,
i.e,, 10"4= atm, the internal circuitry was used. One of the output
channels was used to trigger a high voltage pulse to break the diaphragm.
This technique was used because of the need for a short duration elec-

trical pulse to eliminate glow discharge problems in the vacuum chamber.
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3.6 Vacuum Chamber

Before performing experiments at reduced pressures, it is neces-
sary to know the ambient pressure at which the cold propellant gas flow
expands as if it were expanding in a total vacuum. For the conical
nozzle of 24 cm length, calculations performed during one-dimensional
isentropic relations show that for helium propellant (po ~ 3 atm) the
vacuum expansion is achieved when the ambient pressure is less than
6.5 microns. Under the same conditions with air as a propellant,
vacuum expansion is achieved when the pressure is less than 30 microns.
The difference between air and helium is a result of the specific heat
ratio difference between a monatomic and diatomic gas. Background
pressures slightly higher than these were used to keep the pump-down
time reasonable for the ~ 0.42 m3 (15 &3) chamber used. Therefore,
oblique shocks existed at the exit plane. To illustrate the effect of
background pressure, calculations were made of the propellant exit
velocity as a function of the ambient pressure for steady-state helium
flow through the conical nozzle with the plenum stagnation pressure of
3 atmospheres. For exit pressures greater than 5.4 x 10-3 atmosphere,
a normal shock exists in the nozzle and the flow is initially supersonic
and finally subsonic. Inthe ambient pressure range 5.4 x 10“3 at-
mosphere to 8. 56 x 10-6 atmosphere, the helium flow is supersonic
throughout the length of the nozzle and oblique shock waves exist at
the exit plane. Since the theoretical analysis carried out in Section 2.
and Ref. 8 is based upon the as sumption that a supersonic flow is pre-
sent throughout the length of the nozzle, it is best to perform experi-
ments at ambient pressure less than 5.4 x 10-3 atmospheres to com-

pare experimental and theoretical results.
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A vacuum chamber assembly was designed and procured for per.
forming laser propulsion experiments at these reduced background pres-
sures. The chamber consists of a steel bell jar, 0. 7lm diameter and
1. 2 m long, horizontally mounted on wheels which roll on a track. The
bell jar was modified by adding two 10 cm diameter observation windows
along the side. The laser beams pass through potassium chloride (KC1)
windows mounted on an aluminum flange which forms the remaining side
of the vacuum chamber, Three rectangular ports for visual/optical
monitoring of the rocket and flanges for electrical feedthroughs were
provided. Three rods attached to the large aluminum flange and a
smaller flange attached to the rods were placed in the chamber to hold
the optics and nozzle in the chamber. The chamber was evacuated with
a mechanical vacuum pump so that a vacuum of < 25 pcould be obtained.
Provision was also made to be able to backfill the chamber with a spe-

cific gas if desired.

-37-
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4. EXPERIMENTAL RESULTS

The goal of the experimental program was to demonstrate the feasibility
of the proposed pulsed laser powered thruster and achieve high specific
impulse expected from this system. The theory, which has been dis-
cussed in Section 2, predicts the operating parameters which yield an

Is of 1000 sec for both vacuum and finite back pressure operation, Ex-
periments were performed with exit plane pressures ranging from 10~
to 1 atm, and it will be seen that the desired specific impulse was ob-
tained with approximately 50% energy conversion. Two rocket nozzle
configurations were designed and tested - a conical nozzle with external
optical focusing and a parabolic nozzle with internal focusing. The ex-
periments will be discussed in chronological order. Conical nozzle ex-
periments were performed at 1 atmosphere and parabolic experiments
were performed at 1 to 10-4 atmospheres. The latex diaphragm was
used in all the experiments separating the plenum from the nozzle. We
will first discuss how long it takes for the helium propellant gas to fill

the nozzle.

4.1 Propellant Flow Through the Nozzle

Since we are interested in shocking the propellant gas, it is first J
desirable to know the time it takes for the propellant gas to fill the |
nozzle. The gas pressure as a function of time was measured at two
places downstream of the throat. The pressure—time history was ob-

tained at one atmosphere ambient pressure using only the small conical

nozzle. When the diaphragm bursts, a shock wave is produced. This
shock wave arrives at the first transducer in 120 usec and at the second
transducer in 170 usec. Thus, the diaphragm shock travels a distance

of 1.5 cm in 50 usec, with an average shock velocity of 3 x 104 cm/sec.




——————

If we assume strong shock relations, we find that the helium-air contact
surface travels with a constant velocity which is 5/6th of the shock velo-
city. From this we can deduce the time it takes the helium to fill the

nozzle to be 126 psec.

We can also obtain a rough estimate of the nozzle filling time by
modeling the propellant flow through the nozzle as follows: we can as-
sume the flow as one-dimensional flow in a constant area shock tube.
In this case, the helium-air contact surface moves with a constant
velocity which is 3/10th of the local sound speed and takes 132 psec
to reach the exit plane. However, in a diverging nozzle the velocity
of He-air contact surface does not remain constant but decreases
downstream of the nozzle. Consequently, 132 psec should be con-
sidered as the lower bound on convection time for helium. Another
estimate of the nozzle-filling time could be made if we assume that
the flow in the nozzle is steady anc isentropic as in Section 2.2, In

this case helium fills the nozzle in 130 psec.

There is close agreement in the nozgle filling times deduced from
the shock arrival time and from calculations performed using two dif-
ferent models. Therefore, it is proper to itake 130 u sec as the nozzle-

filling time for time sequencing of the laser pulres.

4,2 Conical Nozzle Experiments

The first series of experiments were performed with short conical
nozzle using helium propellant at 1 atmosphere background pressure. Up
to two laser beams were focused at the nozzle throat with 30 cm focal
length mirrors. The laser interpulse time was varied to obtain the de-

pendence of Isp on interpulse time with other parameters fixed.
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The experimental arrangement is shown in Fig. 4.1. The primary
diagnostic for the rocket performance was a ballistic pendulum to mea-
sure total impulse. This pendulum had a length of 3. 35 m and a mass
of 300 gm. The maximum deflection was recorded photographically
and by observation. This was accomplished by illuminating a thin ver-
tical wire attached to the rear of the rocket with a He-Ne laser beam,
The specularly scattered light was magnified by a lens to obtain a 6.9
magnification of movement. The maximum displacement of the image
was observed and also the length of the motion was recorded with an

open shutter camera.

The rocket cold flow parameters were discussed in Section 3, and
specifically for these experiments, the plenum conditions were p =
2.93 x 10° dyne/cmz, T ~ 293°K, and p, = 4.9x 1074 gm/cmo3, with
helium as the gas. Therefore, the choked flow mass flow rate with the

0. 5 cm diameter throat is 5.4 gm/sec.

The sequence of events for the experiments were as follows:

j Plenum pressurized and rocket installed on the pendulum;
2. Capacitor charged until the applied voltage broke the diaphragm;
3. Delay generator triggered by the EM wave from the electri:al

pulse breaking the diaphragm;

4. Diaphragm opened and helium flow commences;
5. First laser triggered 180 usec after event # 2;
6. Subsequent laser(s) triggered at specific interpulse times.

The trace illustrates the heliurn propellant induced wave followed by the

much stronger laser pulse induced wave.
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Impulse measurements were made under the following conditions
to evaluate the rocket performance and each laser pulse had an energy
of ~ 8.7J:

1. "Cold" helium propellant (no laser pulses);
2, Helium propellant with one laser pulse;
3. Helium propellant with two laser pulses.

a. At = 125 usec;

b. At = 60 usec;

C. At = 30 usec.

The impulse data is shown as a histogram in Fig. 4.2. The coupl-
ing coefficient was determined for all cases and found to be ~ 17 dyne-
sec/J. This impulse data and calculated propellant mass flow was used
to calculate the specific impulse. The well known formula for specific

impulse, Isp' for a pulsed rocket is

L. e (4. 1)

where I is the impulse, Am-" is the propellant mass and g is the ac-
celeration due to gravity. I is in this manner that the Isp is a useful
parameter to keep track of the propellant mass utilization. There is an
uncertainty in the propellant mass to be used to calculate the specific
impulse. The mass flow rate will be taken to be the cold flow mass flow
rate calculated for the known plenum conditions. After the first laser
has fired, the laser induced blast wave momentarily stops the flow, i.e.,

acoustic valving, and then after the pressure gradient changes sign, the
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flow restarts. Therefore, an upper bound for the propellant mass in-

troduced for the second pulse, Am, is

Am = mAt (4.2)

where At is the timne between pulses. i

Using this formulation we can determine the specific impulse

pertinent to the nth pulse, (Isp) ,» DY knowing the impulse due to n - 1

pulses, In 1’ and n pulses, In, mass flow rate and time between
pulses. Hence, we obtain the specific impulse for the nth pulse to be |
!
I 3 |
-1
(15 )n S L (4.3) \
P gm At
Using this formula, we reduced the data in Fig. 4.2 to obtain the spe-

cific impulse for the 2nd pulse and the results are given in Fig. 4. 3.
The circles represent the average values of the specific impulse cal-

culated by

5 « X
, TRy A R (4. 4)

gr;x At

The theoretical predictions using Eq. (2. 13) for various assumed values
of the energy conversion efficiency are shown for comparison with the
conical nozzle data in Fig. 4.3. The error bars are determined

using the best estimate of the standard deviation and the statistical
formula for dete rmining the standard deviation of the difference of two

variable quantities is

- - —
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where o, is the standard deviation for double pulse experiments and

01 is the standard deviation for the single pulse experiments. Using

Eq. (4.3)the 1 0 error bars were determined for the Is data and

are shown in Fig. 4.3, We note that even though the data is for in-
dependent experiments, the impulse for two pulses is not independent
from the impulse due to one pulse. Specifically, if an experimental
value of the impulse is higher than the average value for two pulses,
it is likely that the impulse of the first pulse was also higher than the
average impulse. Thus, this method accentuates the error bars but

is used because it is fair representation of the data.

A detailed analysis has not been done to determine the sources of
scatter in the data, but some comments can be made. The variations
could have been caused by variations in laser pulse energy, laser
breakdown induced blast waves - strength and location, and plenum

conditions. The laser produced breakdowns have had variations in

strength and location which would effect the rocket impulse. Cold flow ;
propellant impulse measurements have produced variations in impulse.
Because a fraction of the total impulse is due to the cold flow after the
laser pulses are over, the cold flow impulse needs to be considered,

(it is subtracted out in the data reduction process). The causes of this

P Y Tt W P e

scatter could be variations in plenum pressure, changes in exit velocity/
density time history, or slight differences in area ratio due to imperfect

alignment of the plenum and nozzle.

These experiments have shown that an Isp of ~ 1000 sec can be
obtained with this laser powered thruster. In addition, the predicted
dependence of Isp on interpulse time correlates very well with theoretic-

al predictions discussed in Section 2.
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4.3 Parabolic Nozzle Experiments

The conical nozzle was used to compare the experimental results
with theory. Because it is expected that a full-scale rocket will use a
parabolic nozzle, experiments were done with a parabolic nozzle utiliz-
ing the same plenum and throat as the conical nozzle. These experiments
ranged from one to three laser pulses and background pressures from one
to 10-4 atmospheres (corresponding to altitudes from sea level to ~ 70 km).
As the experimental results will show, the laser produced blast waves excited
from the nozzle during the interpulse time for the 10“4 atm experiments,
so no new phenomenology would be encountered if the background pressure
had been reduced even further. Furthermore, because the pulses are
independent, asymptotic performance was reached with only a few pulses,
the results are independent of pulse number. The experiments will not
be discussed in chronological order which is 1 atm, 1/5 atm, and 10-4

atm,

4.3.1 Parabolic Experiments at One Atmosphere

The atmospheric background pressure experiments with
parabolic nozzle used the same plenum chamber, pendulum and impulse
recording techniques as the conical nozzle experiments. The character-
istics of the parabolic nozzle were discussed in Section 3 (10. 5 cm long

and 7. 2 cm exit diameter yielding an area ratio of 205).

The same experimental procedure was used as described
in Section 4. 2 with the exception that the delay between the spark break-
ing the diaphragm and the first laser firing was increased from 180 to
400 u sec to ensure that the breakdown would occur in helium. However,

this plenum did not have sufficient capacity to fill the entire parabola
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with helium at 1 atm, so the rocket performance was for a mixture of
helium and air. As described in Section 3, the plenum is capable of
providing the necessary propellant mass for the vacuum tests because

of the falloff of propellant density for the entire nozzle length.

The one atmospheric background pressure tests were per-
formed to establish the initial feasibility of beam focusing using a para-
bolic nozzle and a learning experience before using the vacuum chamber.
It was understood before the experiments were performed that the data
would not be representative of full-scale operation at one atmosphere
because the nozzle was designed for vacuum operation and was too large

in volume yielding weak waves at the exit plane.

Data was taken as follows:

1. "Cold'* helium propellant (no laser pulses);
2. Helium propellant with one laser pulse;
3. Helium propellant with multiple laser pulses (interpulse

time &~ 32 usec)

Impulse data was obtained and is shown in Fig. 4.4. The
impulse data can be used just as in the conical nozzle experiments to
obtain a propellant specific impulse. It is noted that for these tests,
much of the shocked gas leaving the parabola is air. Therefore, one
needs to delineate between actual specific impulse and propellant specific
impulse. They become equal when the rocket is operated for a long time,
but not in the case for one or two pulses. I should be pointed out that
the definition of fuel specific impulse is also used in detonation propul-

sion where the exhaust gases include shocked ambient gas as well as

!
1
?
i
|
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products of the explosive. 1659 The impulse data and calculated pro-

pellant flow yields an average value of Isp of 256 sec for the second
pulse, with an upper 1 0 bound of 420 sec and lower 1 o bound of
110 sec.

4. 3.2 Parabolic Experiments at 1/5 Atmosphere

When the vacuum chamber was ready for use, tests were
performed at reduced pressure. The diaphragm still was being broken
with the same technique of charging a 2. 5 nfd capacitor until the latex
was punctured. As expected, this technique would not work at all pres-
sures because of glow discharge generation at lower pressures. Be-
fore a remedy was instituted, tests were performed at 1/5 atmospheric

pressure.

The same procedure was used as discussed above with a
180 usec time delay between the spark breaking the diaphragm and the

first laser firing. The following tests were performed:

1. Cold flow (no lasers);
2. One laser pulse with helium propellant;
3. Two laser pulses with helium propellant.

The impulse again was determined using a ballistic pendulum 45 cm in
length. The impulse results are given in Fig. 4.5. This data was re-
duced to obtain the propellant specific impulse for the second pulse.
The result is that Isp = 1100 sec and the coupling coefficient ratio of
impulse to laser energy, was 34 d-s/J. These are not consistent num-
bers for steady operation because the conversion efficiency is greater

than unity (in this case 2.4). This explicitly shows that the air within
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the nozzle is significantly contributing to the thrust. If many pulses had

been used, asymptotic performance would have been achieved.

A pressure transducer was mounted perpendicular to the
optical axis after the above experiments had been done. A silicon photo-
diode was another diagnostic which monitored the laser breakdown
radiation from the parabolic nozzle. Two representative traces are
shown in Fig. 4. 6. Figure 4, 6a is for three laser pulses with the
chamber evacuated to 1/5 atmosphere. We note the 180 pusec transit
time of the first wave which is propagating into some He and some air.
Figure 4. 6b is for a case when the chamber was evacuated to 2 torr and
backfilled with helium to 1/5 atmospheric pressure. Here the transit
time is much less, illustrating the faster wave speeds that occur as
expected in helium. Figure 4. 6a illustrates three laser pulses occur-
ring before the processed gas reaches the exit plane and Fig. 4. 6b

shows the first pressure pulse reaching the exit plane when the third

laser fired. Because the laser induced wave had not reached the exit
plane before the lasers ceased, asymptotic operation clearly has not

been achieved with this number of laser pulses. To achieve asymptotic

operation with a few laser pulses and also demonstrate operation at
lower pressures corresponding to higher altitudes, tests at 10’4 atm

were performed.

4,3,3 Parabolic Experiments at 10_4 Atmosphere

Data was taken at 1. 6 x 10.4 atm pressure to demonstrate
operation in a vacuum regime. The vacuum operation theory required
a supersonic expansion of the cold propellant gas in the nozzle. This
condition was met for our parabolic nozzle with an area ratio of 205

for pressures below 5 x 10"3 atmospheres. However, because the
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transit time of a wave is longer than the interpulse time at this pressure,
it is not certain that the rocket has achieved asymptotic performance
for each pulse when only 2 or 3 pulses are used. This uncertaintly can
be eliminated by reducing the vacuum chamber pressure so that each
pressure pulse exits from the nozzle before the next laser fires. In
this manner the pulses are certain to be independent and asymtotic per-
formance is obtained with a few pulses. The operating parameters for
this to occur are dependent on both laser and rocket parameters and
were experimentally achieved with the chamber pressure at 1. 6 x 10-4
atm and a laser interpulse time of 35 psec. This behavior is demon-
strated with pressure transducer data shown in Fig. 4.7. A pressure
transducer was mounted parallel to the optical axis and off center so as
to monitor the stagnation pressure of the exhaust gas but not block the
laser beams. The other trace is the signal from a silicon photodiode
monitoring the light from the laser produced breakdown. Because the
pressure wave is detected before the second laser fired, the indepen-
dence of the pulses has been demonstrated. The data will be discussed

in more detail below.

The tests at 1. 6 x 10"4 atm pressure again used helium
propellant with a laser interpulse time of approximately 30 psec. Be-
sides measuring the imparted impulse with a ballistic pendulum, mea-
surements were made of the laser energy, interpulse time, optical
radiation from the breakdown region and static and stagnation pressures.
The optical radiation was monitored using a silicon photodiode which has
a sensitivity from the UV to 1. 1 microns. The signal was useful as a
relative measure of the strength of the laser induced breakdown and
the presence of propellant after each laser pulse, Two pressure trans-

ducers were mounted near the nozzle exit plane. One was mounted
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perpendicular to the rocket axis to monitor static pressure and the other

parallel to monitor the stagnation pressure.

Thirteen runs were made composed of three cold flow, three
two-pulse and seven three-pulse. The impulse data showed very poor
statistics because the cold flow impulse dominated the total impulse
which had not been the case for the higher pressure tests. The cold
flow impulse increases as the background pressure is reduced due to
the increasing exit velocity with decreasing background pressure. Be-
cause the requirement of relatively constant plenum condition needs to
be met, one solution is to reduce the exit plane velocity of supersonic
cold propellant. This can be done by using a higher molecular weight
propellant gas. This was not tried in the present program because a
study of different propellants was beyond the scope of the program. Be-
cause the scatter in the impulse data was greater than the added impulse
of the third laser pulse, technique of computing Isp from impulse measure-
ments and propellant mass flow could not be used to provide accurate data.
Therefore, the pressure transducer data was used to calculate the exhaust ]

velocity, and, thus, the specific impulse.

An average propellant velocity was calculated using measure-
ments of the transit time of the propellant wave over the measured dis-
tance from the focus of the nozzle to the transducer. The vacuum theory
was used to compare the average velocity to the exit velocity for our ex-
perimental conditions and it was found that these velocities are identical,
i.e., within 5% Therefore, the deduced wave velocity will yield the Isp
because the exhaust pressure times the exit area term in the thrust equa-
tion is small compared to ilie propellant momentum term for our experi-

ments.




The average transit time for the second pulse was 20.5 usec
with a maximum of 30 psec and a minimum of 15 psec. The average
transit time for the third pulse was 25 psec with a maximum of 15 psec
and a minimum of 10 pusec. The above transit times and the eleven cen-
timeter distance from the focus tothe transducer yields an average spe-
cific impulse of 540 sec for the second pulse with an average laser energy
of 7.9 J and an average specific impulse of 440 sec for the third pulse
with an average laser energy of 7.3 J. Because theAaverage laser energy
was lower for the third pulse, it is expected that average specific impulse

would be lower for the third pulse compared to the second pulse.

Not only the transit time measurements but also the magni-
tude of the stagnation pressure along with a model will yield an approxi-
mation of Isp' Because the static pressure is more than an order of mag-
nitude smaller than the stagnation pressure, the stagnation pressure P,

is
~l 4.6
P zpu (4. 6)

where P, is the density and u, is the gas velocity at the exit plane.

Using the measurement of P and a calculated density at the transducer
location, the exhaust velocity can be calculated. The density was cal-
culated using the theoretical profile for a conical nozzle, the calculated
propellant mass, and nozzle length. ? A new theory for a parabolic nozzle
was out of the scope of this program. A linearly increasing density with
axial distance to the wave-front is appropriate for our case of using helium,
(y = 1.67), and we will assume this density field does not change after
breakthrough. The density at the wave front can be calculated using the

- 58-

o el o aninole 4o sl Lo — a0 cLEctians.




calculated mass per laser pulse and the solid angle of the rocket. A solid
angle of 0. 032 ster rad was calculated from the exit area and nozzle length.

The formula for the density at the wave front, Py + is

(4.7)

where m is the propellant mass, r is the distance from the focus, and
Q2 is the solid angle of the gas expansion. Specific to our experimental

conditions of 30 [ sec between pulses, we find that

pe T 2x 10-6 gm/cm3

The measurements of the stagnation pressure ranged from 3 x 105 to

2
7x 105 dynes/cm . Using Eq. (4.6), we find that the exhaust velocity

ranges from 5.5 x 105 to 8.4 x 105 cm/s yielding an Isp of 550 to 840
sec. These values fall within the error bars of specific impulse cal-

culated from transit time data.

The deduced specific impulse for all the parabolic expe-
riments is plotted in Fig. 4.8 as a function of background pressure.
Theory lines are also provided. It is clear that only the 10-4 atm ex-
perimental results compared closely with the theory. Both the 1/5
and 1 atm experimental conditions, i.e., two pulses, were not repre-
sentative of asymptotic performance so it is expected that there would

be disagreement between theory and experiments.

The experimental and theoretical results presented above
have demonstrated that 1) the PSI pulsed laser-powered thruster is a

working concept; 2) a 500-1000 sec specific impulse can be cbtained;
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3) gaseous propellant feed systems are reliable for self-regulating pro-
pellant flow; and, 4) parabolic nozzle focusing yields a strong laser
breakdown in the propellant and significant thrust to laser power ratio.

4.4 Pressure Transducer Data Interpretation

In the Appendix it is shown that it is difficult to determine the flow
velocity using a velocity diagnostic in the multiple pulse experiments.
In Section 4. 3 we discussed, briefly, how the pressure transducer data
was used to determine the specific impulse in the parabolic nozzle ex-
periments. In this section, the techniques for determining additional
gas propefties using the transducer data and blast wave theory, are
presented. The pressure-time history at the short conical nozzle exit
plane can give us information which can be used to deduce the flow
velocity for the tests at 1 atm. An LD-80 (Celesco Transducer Pro-
ducts Inc.) pressure transducer was used at the nozzle exit plane to

obtain pressure-time history as shown in Fig. 4.9.

Let RS be the distance of the pressure transducer from a virtual
blast wave source, Ps, be the pressure measured and tsl be the blast

wave arrival time at the transducer. From blast wave calculations,

we obtain

1/5 1/5 2/5
By (E.) (.4_") ¢ (4. 8)
s o [o] Q s

T O (ﬂ)R -3 (4.9)
ot

o)
I
v
=
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—Pressure transducer



U =  ee——— D (4.11)

where D is the blast wave velocity, Ul’ the velocity of the gas just
: behind the blast wave, E is the energy, e, is the density and ( is
the solid angle of the nozzle. From Eqs. (4.8) - (4.11), we can deduce

the blast wave energy, the density and exit velocity of the flow as follows:

Exit Velocity (ueL

NI I i LN S S G g Rl

Using Eqs. (4. 8), (4.10) and (4. 11) we get

R -3/2 R b R
2 - 3 1) a2
o el 5 Yy *SOiD \R e e

s e s

1 1

Blast Wave Enerﬂ (E)
From Eq. (4.9) we can calculate E
5. ~l r s (%) p , (4. 13)
8¢ s =3




Gas Density (p )

From Eq. (4. 8) we can calculate (E/ po)

¢ 2
25 (y +1) °1
po = + ps R_ o (4. 14)
1 s

Specific Impulse (IspL

The specific impulse is defined as the thurst per unit weight flow
rate. The thrust T is given as

2
e peAeue * (Pe-po) Aeg (4. 15)

where the subscript e refers to the nozzle exit plane and P, is the

ambient pressure.




The thrust T is a function of time. Consequently, Isp in Eq. (5.9)
is the instantaneous specific impulse. However, since most of the mass
is near the blast wave, Isp in Eq. (4. 16) is also the average specific im-

pulse. The mass flow rate rh is given as

Just after the shock

R 3

Pe i 1

E sl 3
8 e
1

Using Eq. (4. 14) we get
) A R 38 R 3/2
L A, 2yt *3 2 (y-1 o e
h 5 y+1 372 5 \vy+1I) p 172
R t g R L
e s, 1 5, s,

The last term on the right hand side in Eq. (4.17) is a contribution due to
the ambient pressure which is neglected in the blast wave theory. Since

1 i 0 i il de il it A




e

pe/po 2 5, this contribution due to P, is also neglected in the calculation
of the specific impulse. Therefore, from Eqs. (4. 12) and (4. 17) we get

5/2
R ~3/% R Rs
s 4 2 P % P S (Y - 1) l (4.18)
sp S5(y+Dg \R t 5 \Y+1 L%
P £ D, :, Y R 3/2':5 :

1

Two laser pulses of 8.7 Joules energy were focused at the throat
of the small conical nozzle. With the plenum pressurizéd to 28 psig
with helium, pressure transducer measurements were made in one at-
mosphere ambient pressure. The results of these measurements are
presented in Figs. 4.10 - 4. 12. In Fig. 4. 10, we show the blast wave
energy for eight different tests. For both laser pulses the ratio of blast
wave energy to laser energy yields energy conversion efficiencies of the
order of 50%. This is in agreement with the comparison of theoretical

and experimental results shown in Fig. 4. 3.
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5. SCALING LAWS FOR EXPERIMENTS
AT

INCREASED LASER ENERGY

5.1 Laser Energy and REP Rate Requirements

To illustrate the results for finite p_ and design experiments over
a wide range of parameter space, we restrict the propellant to helium
at 3 atm pressure and 300 °K. The nozzle is a 15° conical nozzle de-
signed for an Isp of 1,000 seconds at 50% energy conversion efficiency.
The required pulse repetition frequencies and nozzle lengths are ob-
tained as functions of orifice diameter, pulse repetition frequency,
1/At, and ambient pressure. The restraints on the system are that At

* %
must exceed t and D /u to assure acoustic valving and p_ must

blast
be sufficiently high to retain the interior shock (Fig. 2.4) well inside

the nozzle. When p_ is reducedtoa level where the shock moves out-

side the nozzle exit plane, the vacuum results for finite length nozzles

are appropriate.

Operating maps have been developed as outlined above and are
illustrated in Figs. 5.1 - 5.4. The independent variable is D which,
for choked flow and Isp = 1,000 sec, is related to thrust (T) by

T =-} pu D I

Each map corresponds to a different p_and illustrates the laser energies,
nozzle lengths and pulse repetition frequencies necessary to achieve 1, 000
seconds. It is noted that the system parameters are very sensitive to the

choice of p_ and one could initially question the possibility of designing a
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single system which could operate between 1 atm background and a
vacuum. However, note that for a specific thrust (or D*), operating
close to the 1 atm valving limit will reduce the nozzle length to a min-
imum. Reduction of p_ Will then tend to sweep the interior shock

-5 %
(Fig. 2.4) from the nozzle. If we were to operate at At = 2 x 10 5 D

’
Fig. 5.1 indicates that acoustic valving will be accomplished at 1 atm.,
Figure 5. 2 illustrates that the vacuum model becomes appropriate for
P 10-1 atm. Hence, we need only consider the 1 atm and vacuum
requirements. The pulse repetition frequency and thrust are now fixed

in terms of D"'= and illustrated in Fig. 5.5. The laser energy and nozzle
lengths required for 1 atm operation and vacuum operation are also il-
lustrated in Fig. 5.5. Due to our choice of operating near the acoustic
valving limit, the required energy and nozzle lengths are nearly con-
sistant. The ultimate and optimum design is beyond the scope of this
study. We only illustrate that one laser system and one nozzle can,

with modest inefficiencies, operate from sea level to vacuum. Figure 5.5
clearly specified laser requirements that are beyond the scope of present
day technology. Therefore, to demonstrate the concept of pulsed laser
propulsion, we must design a rocket nozzle to be compatible with an ex-
isting laser. This restriction results in a design which is operational

at only one background pressure.

5.2 Pulse Length Requirements

Many existing high power lasers operate at relatively low PRF com-
pared to those required in Fig. 5.5. Since a high back pressure implies
a subsonic propellant flow, it, therefore, implies long convection times
and low PRF. Hence, our best chance of utilizing an existing laser is in

conjunction with a one atmosphere background. Figure 5. 6 illustrates
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that a 1 KJ laser will require a 22 cm nozzle whereas a 10 to 100 KJ laser
will require nozzles upwards of oane meter in length. (Parabolic lengths
are 1/2 of this value.) The PRF associated with each laser simply depicts
the orifice diameter or level of thrust. The criterion which distinguishes

the best choice of existing lasers is the pulse duration, TP, which must

be much less than the shock propagation time t as illustrated in Fig.

blast

5. 6. If the pulse duration is significantly less thant ¢ the energy de-

position may be considered 'instantaneous'' and the p‘i'leassent theory is
valid. Choosing 'rp < tblast/S has proven successful for the small scale
laboratory experiments and is used as an upper limit on pulse duration.
Hence, a KJ laser must not exceed a 10 pusec pulse duration, whereas

a 10 KJ laser cannot exceed a 25 y sec pulse duration. So long as these
limitations on the pulse duration are accomplished, a corresponding nozzle
may be designed to be operated in conjunction with a KJ and 10 KJ laser.
These designs are illustrated in Figs. 5.7 and 5.8, respectively. A KJ
laser operating at 100 pulses/sec requires a D* of 0.31 cm, and a length
(parabolic) of 11 cm. Such a device will yield 6 1bf (26.7 Nt) o:; thrust.
Alternatively, a 10 KJ laser operating at 100 pps requiresa D of 1 cm,

Lp = 23 cm and will deliver 60 lbf (267 Nt) thrust. All devices have an

aspect ratio of unity as depicted by the original choice of ec = 18° and
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6. SUMMARY AND CONCLUSIONS

A series of proof of principle experiments with supporting analysis
have been performed to demonstrate that the PSI pulsed laser propulsion
concept can achieve high specific impulse. The maximum specific im-
pulse experimentally obtained was 920 sec at 1 atmospheric operation
and 540 sec at low pressure operation. Besides demonstrating a high
specific impulse, it was shown that agreement between the specific im-

pulse predicted by a simplified theory and the experimental results are

obtained if the conversion efficiency of laser power to rocket power is
taken to be 50%. The pulsed laser propulsion concept was demonstrated
for both a conical nozzle (which was useful to compare with theory) and
a parabolic nozzle which is the most likely nozzle shape for a full scale
rocket. In addition, the experiments demonstrated that acoustic valving
can be achieved, i.e., the propellant mass flow is regulated by the laser

produced blast waves.

Scaling laws were established which specify laser parameters and
propellant mass flow to obtain laser powered rocket performance for
arbitrary Isp and thrust as a function of back pressure. Results of the
scaling laws were discussed in Section 5 and dramatically illustrate that
back pressure lowers necessary laser repetition rate while increasing
required laser energy per pulse. This allows the use of developing high
power laser technology to test this propulsion concept with larger laser
energies. For example, a rocket thrust of 100 pounds (445 Nt) with an
Isp of 1000 sec can be obtained with a 10 KJ/pulse laser operating at
100 pps.

Since the goal of this program was simply to demonstrate a concept,

several issues remain to be resolved. The specific impulse obtained was
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a result of two laser pulses. For thrusting in a vacuum each pulse is
independent and a two pulse simulation adequately represents the steady-
state thrusting sequence. However, at one atmosphere the transient

effects of start up may require many pulses before steady-state simula-

tion is obtained. At present, it is not clear how representative the two
pulse results are of long duration testing with a one atmosphere back-

ground pressure. In addition, helium is not a realistic propellant because

b T e

of systems considerations and specific impulse measurements with other
propellants must be made before an optimum propellant choice can be made.

Finally, the energy loss mechanisms must be isolated before the energy

conversion efficiency can be determined in order to permit scaling of this

thruster concept.

Although many issues remain and this program is far from complete,

the results of the present experiment are the first step toward establishing

pulsed laser propulsion as a viable future propulsion system,
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APPENDIX

DIRECT MEASUREMENT OF PROPELLANT EXHAUST VELOCITY
USING DOUBLE SPARK TECHNIQUE

A direct measurement of the propellant exhaust velocity was desired
to provide more accurate measurements of Is than those discussed above.
Because of the high velocities (> 105 cm/sec) and short duration (~ 10-5 sec),
conventional velocity measurement techniques are not applicable. Thus, a
double spark technique was developed which could provide the data under
certain conditions. This double spark technique was a modification of the
technology developed by Lahaye et al. 5 Unfortunately, the diagnostic did
not work for conditions of prime interest, i.e., rocket operation with two
laser pulses, and the data from pressure transducers and blast wave theory
were subsequently used to deduce exhaust velocity, blast wave energy and
ambient density. I is not clear at this time whether the problems with the
spark diagnostic could not have been resolved with further work; however,
continued troubleshooting was beyond the scope of the present contract.

The technology will now be described.

In the double spark technique, two pairs of electrodes were placed
along the direction of the flow as shown in Fig. Al. The technique is

based upon the following features:

(1) A spark at the first set of electrodes ionizes a narrow fila-

ment of gas;

(ii) The ionized gas moves with the flow velocity towards the

second pair of electrodes;

|
|
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Fig. A. 1 Double Spark Velocity Diagnostic .
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(iii) Before the ionized gas reaches the second pair, a voltage,
which is approximately 90% of the minimum voltage that
causes a breakdown in the ambient gas, is applied on the

spark gap 2;

(iv) When the ionized gas moves to the second set, a break-

down occurs in the presence of the applied voltage.

The precise timings of occarrence of the two sparks can be obtained
either by using a photodiode or by monitoring the current pulses using

a current loop. Thus, a determination of the time it takes for the gas
to flow from spark gap 1 to spark gap 2 can be made. Knowing the
distance between the two pairs of electrodes and assuming that the flow
velocity essentially remains constant from one pair to the other, we can

determine the gas velocity.

To test the technique, the flow velocity measured from the double
spark technique as described above was compared with a Pitot tube
measurement. A steady flow was created in a pipe of 3 cm diameter
using a vacuum pump. A velocity of 80 meters/sec measured with the
double spark technique was found to be within 20% of that obtained from

a Pitot tube measurement.

It is possible to arrange the two sets of electrodes in two ways,
1) the parallel configuration (Figs. A, 1); and 2) the perpendicular con-
figuration (Fig. A.2). The alignment of the electrodes is critical in the
parallel configuration while only a fraction of the ionized gas is utilized
to trigger spark gap 2 in the perpendicular configuration, Preliminary
experiments performed using both these configurations yielded useful
velocity data. However, éue to alignment considerations, we have used

the perpendicular configuration.




Electrodes

Nozzle

A |

N

— Electrodes
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Fig. A.2 Perpendicular Electrode Configuration.




It would be illuminating to list conditions under which the velocity
measurements using the double spark technique will work. Let hl and h2
be the electrode gaps in spark gap | and 2 and d the distance between the
two sets of electrodes. To prevent electrical interference between the
two pairs (i.e., jumping of the spark from cne set to the other), the fol-

lowing condition should be satisfied

Ideally, one would like to keep d as small as possible. This means

that both hl and h_ should be minimized. This can be accomplished by

2
using very thin electrodes. In our case, we used pointed graphite elec-

trodes 1.5 mm in diameter made from a soft pencil lead. Typically,
the spark gap was 2 mm while d was 5 mm. Of all the electrode materials
tested, including aluminum and copper, the life of the graphite electrodes

was found to be the longest.

The two triggered electronic circuits schematically shown in Figs. ]

A.3 and A. 4 use Krytron tubes EG & G¥KN-6B. One square trigger

pulse (width ~ 2 pusec and ~ 30 volts) from the delay generator triggers
both these circuits. The circuit shown in Fig. A. 3 cannot be used for

the second pair as it is not designed to apply the voltage for an extended
period of time while the circuit in Fig. A.4 could be used for both sets

of electrodes, if desired. In our case, we have used the circuit in Fig. A.3
to trigger spark gap |l and the circuit in Fig. A. 4 to apply voltage to the

second set of electrodes.

The location of the electrodes with respect to the rocket nozzle is
shown in Fig. A.2, To ensure that the electrodes do not block the laser

beam, the electrodes were placed to one side of the nozzle as shown.

«93. ‘




den >aedg Surs9838ra] 207 d1FeWIAYDS dWOIPITT ¢ 'V By

de9
yJedg
£ 3 E
] 1K¢
&
“or03 i I
uoshay 3Ilt : as|nd
- * Jathi
(7=U) ..mshm_um:?: i ﬁww w_mp m't 111
gL'} O X8°
621 8% wi

M L




.

-den uo aFejop Buwyoymg J0 3 d1RWAYDIS DWOIPIAT ¥ 'V Sy

de9
yJeds
. —
S
Wm 5 A9 @
0z =}, 0IXE"T \m
9-No# A
9293 F. |
o 9SINd !
UOJAIY 11 J3bbla)
Al
I

MSL ') 01X8" :
OW®RISDW I




The double spark scheme, in principle, can be used to measure the
gas velocity at different times. By producing sparks at the first set of
electrodes after specified time intervals and simultaneously applying volt-
age at the second set, we can obtain flow velocity as a function of time.

From this, an average gas velocity can be determined.

We are interested in measuring the propellant flow velocity at the
nozzle exit plane after the propellant is pfocessed by the laser initiated
shock. The density distribution behind the blast wave is such that most
of the gas is contained in a thin layer just behind the w#ve front. As the
blast wave propagates, it accelerates and compresses the gas. In one
atmosphere ambient pressure operation, it is this mass of gas, which
comes out of the nozzle just behind the blast wave, that is responsible
for producing most of the thrust in the rocket. Consequently, it is reason-
able to compute the specific impulse by determining the velocity of this
slug of gas. Since most of the mass is contained in a thin layer, one time
measurement of the gas velocity is sufficient to determine the average

specific impulse.

The precise time when the first spark should be triggered is de-
termined from the arrival time of the blast wave. With the use of a
pressure transducer at the exit plane, the arrival time of a laser blast
wave can be measured. Thus, arrangements can be made to trigger the

first spark gap just after the arrival of the blast wave.

In multipulse experiments, it is necessary to measure the gas velo-
city after the propellant has been processed by the nth lager-initiated shock.
This measurement will enable us to compute the specific impulse produced
by the nth lager pulse. The high energy laser pulse, when focused at the

nozzle throat, causes a gas breakdown there. A plasma is produced, and




the ionized gas flows out of the nozzle behind the blast wave. Since the
double spark scheme is based upon ionizing the gas at the first set of
electrodes and subsequent. movement of this ionized gas to the second

set, it is necessary to determine if the residual ionization due to the pro-
ceeding laser pulse will interfere with the velocity diagnostics in the milti-

pulse experiments.

In order to obtain an understanding of the interference problem, one

should consider the following:

(i) What is the motion of the ionized gas initially produced at
the nozzle throat as a function of time? For this an x-t
diagram describing the motion of the blast wave and the

gas is required.

(ii) What is the electron density (i.e., the degree of ioniza-
tion of the gas) that is required to trigger the spark gap
at 2? Coupled to this is the issue: Is the recombina-
tion process in the ionized gas fast enough that the re-
sidual ionization in the gas is incapable of triggering the

second spark?

The details of the motion of the blast wave as a function of time are
illustrated in thé x-t diagram of Fig. A.5. This map is prepared assum-
ing a constant density helium flow in the nozzle at S. T. P, The blast
wave solutions, modified to account for the solid angle of the nozzle,
are assumed to be applicable. Ewven though the laser pulse of energy
8.7 Joules is focused at the throat, the shape of the wave front is such
that for large propagation distances (propagation distances >> throat dia)
it would appear to have originated from a virtual source which is 0.93 cm

upstream of the throat. Since it takes only a fraction of a microsecond

n97n
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for the blast wave to move from the virtual source to the throat, in the
computation of the propagation times, the origin of time has also been
shifted to that for the virtual source.

The open shutter picture§ of the plasma produced by a high energy
laser pulse in one atmosphere ambient pressure show that on the average
the length of the plasma is 2 cm. Consequently, we assume that the ini-
tial breakdown, produces charged particles for a distance of 2 cm down-
stream of the throat. Our aim is to determine the motion of these charged
particles as a function of time and space.

The well known equations for a blast wave for constant density will
now be used to determine an x-t diagram for fluid elements. £ The

velocity profile of the gas behind the blast wave is weakly dependent upon

Y, the ratio of specific heat at constant pressure to specific heat at con-
stant volume. If U is the gas velocity at a distance r from the source
and U1 is the gas velocity just behind the blast wave which is at a dis-
tance RB (Rs > r) from the source, the blast wave calculations show that

U/Ul is a function of r/Rs. For strong blast waves and for 1-/Rs = 0.5,

U/U1 is a linear function of r/R. From this we can determine the motion

of a slug of gas as a function of time as follows:

9]

.ﬂ-l = -Rr-forrsRs. (A. 1)
s

if D(=d Rs/dt) is the blast wave velocity, then




The blast wave velocity is related to time, ambient density, and energy

by

1/5
2 E = 41
D = §° ? ( ) t S (

o

0

(A, 3)

where E is the blast wave energy, o is the ambient density and §°

is a2 numerical constant though a function of y. Therefore,

Also

or

On integration we get
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where a = [4/5 (y + l)]'l and Cl is the integration constant.

For helium y = 1.67 and,therefore, a = 3.34, thus we have

An x-t diagram has been computed and is shown in Fig, A.5. We
present the path of two slugs of gas, one which starts from the throat and
the other which starts 2 cm downstream of the throat, as a function of
time. The relationt = Cl r3' - was used and the following boundary

conditions were applied:

t = 0.193 pHsec at r = l cm

for a slug of gas starting from the throat, and

t = 3.00 psec at r = 3 cm §

for a slug of gas starting from 2 cm downstream of the throat.

At large propagation distances from the virtual source, the blast
wave becomes weak. When the blast wave has propagated 6 cm the
virtual source, at an energy conversion efficiency of 50%, its Mach num-
ber is only 1. 57. In the same time the slug of gas which started from the
throat propagates 3.9 cm in the map of Fig. A.5. Consequently, for
further dete. ‘ination of the motion of the slug of gas, the assumption of
a strong blast wave is not valid and it is necessary to incorporate a low

Mach number correction to the gas motion.

For air (y = 1.4), Back and Lee23 have obtained the velocity pro-
file (U/Ul) as a function r/Rs for different shock Mach numbers [Ms]. j

-101- I




Their numerical results are also valid for low shock Mach numbers.
Since the velocity profile is weakly dependent upon Yy, it is appro-

priate to use their numerical results to obtain a qualitative understand-
ing.

In Fig. A.6, U/Ul is plotted as a function of r/Rs. Within 5%,

this curve is valid for M: = 2.5 and is taken from Back and Lee.

Thus,
U r
- = . 1.5 42 5=\ A. 8)
Ul : (Rs> iy

From Eqs. (A.2 - A.4) we get

1/5 1/5
LB =yl o 2=\ (an)' s
U_dt-(“l) -1.5+2.5<R) £, 5(9) <Q) t>/° (A.9)

On integration,

K K
r = At . - T%-I-{- tZ/S (A. 10)
&%)
where
K, = (2 /7 (y+ )

/5 /5

)
u

, = (L2 (ven) g ®70)'° ama)!
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For helium flow, with y = 1.67, the energy conversion efficiency
= 50%, E = 8.7 Joules, R 1.62 x 10-4 g/cm3, and B = 1.112, we
obtain

0.75 2/5

r = Gt 4 622.57¢ (A. 11)

when t is in psec and CJ2 is an integration constant.

In Fig. A.5, the dashed lines represent the low Mach number cor-
rection calculated using Eq. (A. 11). The ionized gas reaches the first
electrode gap in 17 psec and second gap in 50 psec. Thereafter, the
jonized gas remains at the two pairs of electrodes for times longer than
the planned interpulse time (60 psec or shorter). In order to determine
whether the ionized gas is capable of triggering an untimely spark at the
second set, it is necessary to determine the electron density in the gas

surrounding the electrodes.

When the double spark technique was tested in a 3 cm diameter tube,
through which a steady flow was produced using a vacuum pump, the longest
interspark time observed was 162 psec. From this, we can estimate the
electron density in air that is needed to trigger spark gap 2. In air the
recombination coefficient (pe) for the dominant reaction N: + e > No
is approximately 10-7 cm3/sec. The life time T of electrons is given

as

= 1.62x l()"4 sec .

Therefore, in air, the electron density required to trigger the spark gap

2is 6 x lolo electrons/cms. In helium, the recombination rate is slower;

~-104-
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consequently, an electron density of 6 x lolo eleci:ron/cm3 or more would
persist for at least 162 psec. Ifthe first spark is triggered after 17 psec
and before 179 usec from the laser pulse, the spark will be produced in
the ionized gas surrounding the first electrode, thereby increasing the de-
gree of ionization of the gas. Since the ionized gas is capable of trigger-
ing the second spark, even when the first spark is not produced, it is dif-
ficult to determine an unambiguous, meaningful correlation between the

flow velocity and the instant the second spark is triggered.

From this analysis, we draw the following conclu sions:

(i) The double spark scheme for velocity measurement can be
used to measure gas velocity and indeed was tested for
single pulsed experiments. This is possible when the first
spark is triggered just after the arrival of the blast wave
and before the arrival of the ionized gas at the first elec-

trode.

(ii) In the multipulse experiments, the residual ionization caused
by the preceding laser pulse would interfere with velocity
measurement and may trigger either an untimely second
spark or may cause the spark to jump to the wrong elec-
trode. Therefore, the double spark technique cannot be
used to measure gas velocity in the multipulse experiments
if the interpulse time is going to be less than about 162
Msec. Since the planned interpulse time is much less than
162 psec, it appears that this scheme is not useful for our
application.

In Fig. A.7, an open shutter picture of the spark technique is pre-
sented. Only one laser pulse is fired. The picture shows the plasma that




Fig. A.7 Open Shutter.



has come out of the exit plane and two sparks at the two sets of electrodes.

The first spark is vertical, as expected, while the second is convex up-
stream. The convex shape of the second spark shows that the spark is
triggered by the flowing electrons. (In unionized air at rest, the spark
is generally straight.) The precise timings of the occurrence of events
are presented in the oscilloscope trace of Fig. A.8. The arrival time of
the blast wave at the pressure transducer placed at the first pair of elec-
trodes indicates that a substantial portion of the conical nozzle is filled
with air. The photodiode signal indicates that the second spark occurred
64 psec after the first spark. The x -t diagram in air also predicts

long interspark times (Fig. A.9). I is also clear that in air the assump-
tion of constant gas velocity between the two pairs of ele~trodes intro-

duces large errors while this is not so in helium (Fig. A.5).
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