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We present an analysis of the gas dynamics and density distributions within a capillary-discharge

waveguide with an embedded supersonic jet. This device provides a target for a laser plasma accel-

erator which uses longitudinal structuring of the gas-density profile to enable control of electron

trapping and acceleration. The functionality of the device depends sensitively on the details of the

density profile, which are determined by the interaction between the pulsed gas in the jet and the

continuously-flowing gas in the capillary. These dynamics are captured by spatially resolving

recombination light from several emission lines of the plasma as a function of the delay between

the jet and the discharge. We provide a phenomenological description of the gas dynamics as well

as a quantitative evaluation of the density evolution. In particular, we show that the pressure differ-

ence between the jet and the capillary defines three regimes of operation with qualitatively different

longitudinal density profiles and show that jet timing provides a sensitive method for tuning

between these regimes. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4935631]

I. INTRODUCTION

Laser plasma accelerators (LPAs) are gaining increasing

visibility as attractive electron sources because of their ultra-

high acceleration gradients which make them extremely

compact.1–5 The unique properties of LPAs, including high

peak brightness, femtosecond bunch durations, and intrinsic

synchronization to the laser system, promise to enable a

wide variety of new, exciting, table-top-scale applications

ranging from high-energy physics to medicine to ultrafast

science.6–10 The high acceleration gradients are achieved by

using relativistically-intense laser pulses to excite electron-

density waves in a plasma which yield �GV=cm electro-

static fields that are thousands of times higher than can be

achieved in RF-based conventional accelerators. Due to the

highly nonlinear nature of this process, however, LPAs cur-

rently suffer from large energy spreads, difficulties in tuning

parameters, and a high degree of shot-to-shot variability rela-

tive to their RF counterparts. Managing the dynamics of the

laser-plasma interaction is thus a critical step for the imple-

mentation of this technology, and has been a focus of LPA

research over the last decade. Of primary importance are

controlling the mechanisms of injection and subsequent

acceleration.

Laser-machined, gas-filled, capillary-discharge wave-

guides are very attractive targets to address this need for sev-

eral reasons. First, the waveguide keeps the laser focused,

thereby increasing the acceleration length and permitting

higher beam energies with lower driver input energies rela-

tive to unguided LPAs.11,12 Second, they provide a versatile

platform for compact implementation of longitudinal density

structuring, i.e., controlling the longitudinal profile of the

plasma density to tailor the properties of the accelerator. In

particular, the integration of a sub-mm, supersonic jet into

the design provides a tunable and localized region of high

density which has recently been shown to be effective for

enhancing stability and for controlling electron injection and

energy.13,14

Despite the success of this approach, precise characteri-

zation of the device behavior, including quantification of the

jet pressure, its effect on the rest of the structure, and the tem-

poral evolution of the system, has not been possible due to

the lack of a suitable diagnostic. Standard plasma-density

diagnostics based on interferometry cannot be used here

because of the scattering at the laser-machined surfaces and

the lack of cylindrical symmetry.15 Since the jet must be

pulsed in order to maintain sufficiently low background gas

densities, the device exhibits a highly dynamic and complex

behavior, resulting from the jet-capillary interaction. An

understanding of these phenomena is critical for guiding fur-

ther improvements in the device design, including the loca-

tion and shape of the jet nozzle, as well as for development of

a consistent methodology to optimize the device perform-

ance. In particular, the jet-pressure evolution and the induced,

transient density gradients within the structure must be char-

acterized to effectively control the target density profile.

In this paper, we outline the sequence of gas-dynamic

events involved in the jet-pulsing cycle and show how to use

the evolution of the gas distributions within the device to quan-

tify both the jet-pressure as a function of time as well as the

resulting density gradients. Analytical calculations based on

simple fluid models are used to validate the experimentally-

determined dynamics. In particular, we show that pressurea)Electronic mail: nmatlis@gmail.com
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gradients induced in the capillary by the jet are concentrated in

the region connecting the jet to the rest of the capillary, and

that the gradients in that region can be tuned from negative to

positive using the jet timing. Three timing regimes, defined by

the sign of the gradient, are described, and estimates of the lon-

gitudinal gas-density profiles in these three regimes, based on

the ideal gas law, are presented along with their impact on the

operation of the device.

II. EXPERIMENTAL SETUP

Experiments were performed in the BELLA center at

Lawrence Berkeley National Laboratory. A 250 lm diameter

capillary waveguide and supersonic jet nozzle were laser-

machined onto sapphire plates using an on-site facility,13

producing structures with a surface roughness of about

10 lm, peak to valley. Figure 1(a) shows the sapphire struc-

ture as well as the discharge and gas-delivery hardware.

Each of the functionally-distinct regions of the sapphire

structure referred to in the text have been independently la-

beled in the figure. A continuous-flow controller at pressure

PH2
¼ 50� 200 Torr was used to supply hydrogen (H2) gas

to the capillary via two curved slots of cross-sectional area

0.5 mm2 which intersected the capillary 25 mm apart. The

supersonic converging-diverging (CD) nozzle, with a throat

diameter of 570 lm and a 6� expansion cone, was machined

transversely to the capillary between the capillary entrance

and the first fill slot. The capillary intersected the expansion

section 1.2 mm from the throat, where the cross-sectional

area was approximately twice that at the throat.

A high-speed valve supplied by Alameda Applied

Sciences Corporation16 with an open time of 1 ms was used

to pulse helium (He) with pressure PHe ¼ 0� 50 psi (gauge)

into a “plenum” which supplied the backing pressure for the

nozzle. The plenum consisted of a section of 3/16-in. inner

diameter pneumatic tubing, the jet supply slot, and various

connectors. An independently-pumped exhaust channel con-

nected to the end of the nozzle was used to evacuate and

ensure supersonic operation of the jet.

The condition to reach supersonic operation17 (i.e.,

choked flow) for ideal monoatomic gases like He, which

have an adiabatic index of c ¼ 5=3, is Pamb=PHe < 0:487,

where Pamb is the ambient pressure in the nozzle before the

jet fires. Assuming there is sufficient time between shots for

the plenum to evacuate through the exhaust, the plenum

pressure is caused by a small amount of H2 which leaks into

the plenum from the capillary. It is therefore clear that

Pamb < PH2
� PHe, and that the nozzle is supersonic for all

combinations of PHe and PH2
used here.

A 100–150 A, 200 ns current pulse was used to ionize

gas in the capillary and jet to form the optical waveguide.11

The resultant plasma volume extended up the capillary fill

slots as well as the jet supply and down the jet exhaust. A

custom spectrometer was implemented by imaging the sap-

phire structure from the side using a CCD camera with a

50 mm TV-objective lens and placing a transmission grating

in between the lens and the object (Fig. 1(b)). The wave-

length selection was done by rotating the camera about a

horizontal axis lying in the plane of the transmission grating.

The result was to create an angularly-dispersed set of

images, with one image for each emission wavelength

(Fig. 1(c)). The transmission grating was oriented to disperse

light vertically so that the vertical direction in the image

plane corresponded simultaneously to wavelength and

(locally to each image) the vertical spatial dimension.

Interpretation of the vertical image direction thus required

special treatment.

In the ideal concept of the spectrometer, the emission

lines are sufficiently narrow and spectrally separated that

each one generates a single, spatially resolved image in a

FIG. 1. (a) Diagram of the integrated capillary waveguide and supersonic jet

structure. (b) Schematic of spectrometer. Three diffracted rays of red, green,

and blue represent dispersion of the light from the sapphire structure. (c)

Conceptual depiction of the image plane showing sapphire structure

multiply represented by several hydrogen and helium lines. The dashed box

labeled “region of interest” shows the analysis region.
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vertical location distinct from the other lines. In this way, 2D

spatial information can be obtained for each emission line.

In practice, however, there were several deviations from this

ideal. First, there were adjacent lines in the combined He-H2

spectra that were close enough to each other to cause partial

overlap of their images (See Fig. 1(c)). Second, for the H2

lines (in particular, in the region of the capillary), the spectra

were significantly broadened, causing blurring of features in

the vertical direction. And third, a continuum emission

existed in between the distinct atomic lines that contributed

to a background signal on the camera.

The negative effects of image-overlap and spectral-

blurring were mostly confined to the vertically-extended

components of the structure, such as the jet, the jet exhaust,

and the gas slots. Therefore, the quantitative analysis was

done with light coming exclusively from various sections of

the capillary. Since the transverse dimension of the capillary

was too small to be resolved by the imaging system, the ver-

tical direction for this component could be interpreted unam-

biguously as wavelength, and since there was no dispersion

in the horizontal direction, longitudinal variations could be

resolved. The use of distinct gases for the jet and capillary

(i.e., He and H2, respectively) was done specifically to allow

the two sources to be distinguished by their emission signa-

ture and for the dynamics to, therefore, be resolved. The

spectrometer was set up to capture multiple hydrogen and

helium emission lines to allow calibration of the spectral

axis. Figure 2 shows three individual raw images cropped to

display the region of interest (Fig. 1(c)), which included the

2D brightness distributions of the Ha (656.3 nm) and helium

D3 (587.6 nm) emission lines which were used for the analy-

sis. The three images were chosen to illustrate the main fea-

tures of the evolution of the 2D brightness distributions and

show the relationship between hydrogen-line and helium-

line distributions. A more in-depth description of the three

images is provided in the analysis below.

The time resolution of the technique was set by the

recombination time of the plasma, which was measured to

be of the same order as the duration of the current pulse,

i.e., 200–300 ns. Because the recombination time is much

shorter than the timescales of fluid motion, the light acted

as a strobe to capture the (effectively) instantaneous spatial

distributions of the neutral He and H2. The dynamics of the

interaction between the two gases was thus captured by

scanning the timing delay, t, between the discharge and the

jet trigger.

Interpretation of the measured line-intensity distribu-

tions is complicated by their dependence on several param-

eters which can each vary spatially, including the neutral

gas density, the degree of ionization, the plasma tempera-

ture, the collection efficiency of the imaging optics, and the

output coupling of the recombination light (i.e., the trans-

mission through the structure walls), which is affected by

the surface roughness as well as the presence of deposi-

tions, for example, from materials used in the assembly of

the device. In addition, the line brightness and its longitudi-

nal profile were observed to vary on a timescale of thou-

sands of shots, most likely due to evolution of the output

coupling, although no significant modification of the sur-

face roughness was detected. Establishment of a suitable

reference is thus a key aspect of the analysis required to

obtain quantitative information about the jet-capillary

dynamics.

III. ANALYSIS

In this section, we describe an intricate series of steps

for quantifying the pressure evolution and gradients within

the device. To clarify the methodology, we first present an

overview of the neutral-gas evolution, resulting from the

interaction between the jet and capillary gases. A detailed

description of each step then follows.

Before the jet fires, H2 flows in a steady state through

the fill slots to the capillary and then through the Endcap and

Midcap. The fill slots and other H2 delivery tubes were

designed to minimize the difference between the pressure at

the source, PH2
, and the pressure at the capillary, Pcap, result-

ing in Pcap � PH2
, to within about 1%. Since the pressure

supplied by both slots is the same, there is no flow across the

Maincap, and thus a region of constant density is provided.

The flow through the Midcap and Endcap, however, results

in pressure and density gradients in these sections.18,19 Most

of the gas exiting the Midcap flows down the jet exhaust

rather than into the Precap, due to the former’s much-larger

diameter. Figure 2(a) shows a spectrometer image taken just

before the jet fires. The H2 emission line is visible,

FIG. 2. (a)–(c) Spectrometer images corresponding to region of interest in Fig. 1(c), showing the hydrogen Ha (656.3 nm) and helium D3 (587.6 nm) emission

lines for discharge delays of 0 ms, 0.5 ms, and 1.5 ms, respectively, at PHe¼ 65 psi (absolute) and PH2
¼ 100 Torr.
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illuminating the entire structure, while the He line is com-

pletely absent. The longitudinal variations in the H2-line

brightness are caused by variations in both the output cou-

pling and the light collection efficiency.

Once the valve triggers, high-pressure He rushes into the

plenum, filling it on a �1 ms timescale. If the valve is open

sufficiently long, the plenum pressure equilibrates with the

source pressure, PHe, since the valve orifice is much larger

than the nozzle orifice. Once the valve closes, the plenum

pressure then drops as gas escapes through the nozzle orifice.

The jet pressure, PjetðtÞ, corresponding to the pressure in the

nozzle where it intersects the capillary, tracks the evolution of

the plenum pressure, but is significantly lower due to the

effects of expansion in the nozzle. The pressure gradient

in the Midcap reacts in turn to the evolving jet pressure.

As the jet pressure rises at the beginning of the cycle, the pres-

sure difference across the Midcap, DPðtÞ � PjetðtÞ � Pcap,

becomes less negative and eventually changes sign after going

through zero. The direction of the flow and the density gradi-

ent also reverse during this process. Once the flow reverses,

He from the jet progressively displaces the H2, first in the

Midcap and then in the Maincap and fill slots. Figure 2(b)

shows a spectrometer image at the moment PjetðtÞ ¼ Pcap.

The H2-line distribution is relatively unchanged, compared to

Figure 2(a), but the He line has now appeared, localized to the

jet, the jet exhaust and the Precap. In Figure 2(c), Pjet has

exceeded Pcap, and the displacement of H2 by He can be seen

by the extension of the He line into the Maincap and by the

corresponding regression of the H2 line. Once the valve

closes, Pjet begins to drop and eventually falls below Pcap, at

which point the gas flows revert to their original directions.

However, any He which entered the Maincap remains

trapped, at this point, by the H2 flowing through the slots.

The relationship between PjetðtÞ and Pcap thus defines

three regimes with qualitatively different behaviors and

longitudinal gas-density distributions (Fig. 3). We label these

regimes sub-critical (Pjet<Pcap), critical (Pjet¼Pcap), and

over-critical (Pjet>Pcap). It is assumed for the analysis here

that PHe is sufficiently high that all three regimes are eventu-

ally reached, however, this is not always the case. During the

evolution, the jet density and the positive gradient in the

Precap both track the jet pressure monotonically. By con-

trast, the density gradient in the Midcap tracks the pressure

difference, DPðtÞ, which reverses sign during the evolution

of the jet. In the Maincap, the density gradient remains zero

until the over-critical regime is reached, at which point a

small negative gradient is generated. As described below,

most of the pressure drop to the right of the jet occurs across

the Midcap, and only about 6% occurs across the Maincap.

Because the jet pressure temporal evolution drives the

dynamics of the system, quantitative determination of PjetðtÞ
is the required first step of the analysis. In the second step,

PjetðtÞ is used to model the displacement of H2 by He in the

over-critical regime in order to calibrate the flow properties

of the system, which then allows a detailed description to be

made for the longitudinal density profiles in each of the three

regimes. The impacts of these density profiles on the opera-

tion of the accelerator are then discussed.

A. Jet pressure evolution

The jet pressure evolution was characterized using the

methodology presented by Matlis et al.,20 and is summar-

ized here. In that work, it was shown that the He emission

light integrated over the region of the Precap, SHe
PrecapðtÞ

(Fig. 4(a)), is proportional to the instantaneous jet pressure,

PjetðtÞ. Since the Precap is oriented transversely to the

motion of the jet gas, it provides a measurement of the jet

static pressure, which is directly connected to the density

via the ideal gas law. Because the jet exhaust isolates the

Precap from the rest of the capillary structure, the signal

from Precap is unaffected by the capillary pressure or by

the interaction between the jet and the capillary.

The calibration for SHe
PrecapðtÞ was obtained by using

the Midcap as a sensor of the pressure balance between

the jet and capillary. The integrated He signal from the

Midcap (Fig. 4(a), red-solid curve) shows a sharp upward

transition which defines the time, t ¼ tcrit, when the jet pres-

sure equals the capillary pressure (Pjet¼Pcap). The H2 sig-

nal integrated over the Midcap (Fig. 4(a), green-dotted

curve) shows a corresponding sharp downward transition at

the same time, indicating that the H2 gets displaced by the

He. Since Pcap � PH2
, the pressure of the jet at the critical

time, PjetðtcritÞ, could be approximated by the known H2 set

pressure, PH2
. The transition analysis thus provided a direct

measurement of both a time and a pressure which define a

reference point on the PjetðtÞ curve. The delay scan was

then repeated for a range of capillary pressures (Fig. 4(b)).

Since it takes longer to reach the critical condition for

higher capillary pressures, the variation in tcrit with PH2

was used to map out PjetðtÞ. By scaling SHe
PrecapðtÞ to fit this

transition-based data, the desired calibration was then

obtained (Fig. 4(c)). The calibrated PjetðtÞ curve agrees very

FIG. 3. Evolution of the longitudinal density profile resulting from the jet-

pressure evolution through the three regimes.
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well with the transition-based data in both shape and abso-

lute timing.

The plateau at the top of the PjetðtÞ curve shows that the

plenum pressure, Pplen, has equilibrated to the source pres-

sure, PHe, which enables a measurement of the pressure drop

caused by the CD nozzle: ðPjet=PplenÞmeas ¼ 0:085. For com-

parison, an estimate of the pressure ratio27 based on an isen-

tropic expansion of 2.1, determined for our geometry, yields

ðPjet=PplenÞisent ¼ 0:062. The pressure ratio can then be used

to determine the jet temperature based on isentropic expan-

sion of an ideal gas

Tjet

Tplen
¼ Pjet

Pplen

� �c�1
c

: (1)

Assuming the He is initially at room temperature, the jet

temperature was then Tjet ¼ 111 K.

B. Hagen-Poiseuille flow in the over-critical regime

The calibrated PjetðtÞ information was then used to char-

acterize the longitudinal density distribution in the remainder

of the capillary structure. Of particular importance to the

operation of the device is the evolution of the density gra-

dients in the Midcap and Maincap, which affect electron

injection and subsequent acceleration in the LPA. To deter-

mine these gradients, a model was developed to explain the

displacement of H2 by He in the Maincap in the over-critical

regime. Comparison of the model to the observed displace-

ment allowed calibration of the pressure gradients in the

Midcap and Maincap, from which the density gradients

could then be inferred using the ideal gas law.

The flow in the Maincap was resolved by plotting the

longitudinal intensity distributions of the He and H2 emission

lines (integrated over the transverse dimension of the capil-

lary) as a function of the discharge delay (Fig. 5). The longi-

tudinal intensity distributions of the emission lines were

normalized using the distributions at early times before the

jet arrival. As a result, the longitudinal variations due to

FIG. 4. Jet pressure calibration data taken in delay increments of 0.02 ms

and averaged over three shots taken per step. (a) Sample data (PH2

¼ 100 Torr and PHe ¼ 50 psi (gauge)) used for determination of tcrit and cali-

bration of PjetðtÞ, showing the relationship between the Precap He (black

solid line), the Midcap He (red dotted-dashed line), and the Midcap H2

(green dashed line) signals. The level of the Precap He signal at tcrit corre-

sponds to PH2
. (b) Multiple Midcap He traces for PH2

¼ 50, 75, 100, 125,

150, 175, 200 Torr and PHe¼ 50 psi (gauge), showing how tcrit increases

with PH2
. (c) Calibrated He pressure curves for PHe ¼ 10, 30, 50 psi (gauge),

overlapped with data from transition analysis (empty squares).

FIG. 5. (a)–(c) Plots of the helium D3 emission-line longitudinal distribution

vs delay for PHe¼ 10, 30, 50 psi (gauge), respectively, and PH2
¼ 85 Torr.

(d)–(f) Corresponding hydrogen Ha emission-line plots. Each horizontal line

in the images in (a)–(f) corresponds to a single step of 0.100 ms in the delay

scan, and is average over the data taken from the three images in that step.

(g) Calibrated PjetðtÞ curves associated with (a)–(f).
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non-flow-related factors, noticeable, for example, in Fig. 2,

were eliminated. The progressive advancement and the com-

plementing retreat of the He and H2 line distributions,

respectively, show that He leaks into the capillary and nearly

completely displaces the H2. The flow rate is only a few m/s

and depends roughly linearly on PHe and PH2
.

The very low Knudsen and Reynolds numbers

(Kn � 0:006 and Re � 1, respectively), indicate that the

flow is both viscous and laminar, suggesting that it can be

described by Hagen-Poiseuille (H-P) flow, for which pres-

sure gradients are balanced by viscous friction, resulting in a

constant flow with a parabolic radial flow profile.17,21 The

flow deviates from traditional H-P flow, however, in that it is

compressible, it is made up of two gas components, and the

pressure gradient varies in time. Compressibility may be

neglected since the mean free path is much smaller than the

pipe diameter21 (i.e., Kn� 1) and the flow is very sub-

sonic: �u � cs, where cs is the sound speed. The presence of

more than one gas species was accounted for by using the

weighted average of the viscosity of each gas component,

and the evolution of pressure gradient was handled by

assuming that the flow was quasi-static.

The quasi-static assumption is valid provided that the

flow in the device responds on a time-scale significantly

faster than the variation in the jet pressure. Two time-scales

of particular relevance are the formation time, which

describes how quickly H-P flow is established, and the time-

scale for the pressure variations to be communicated to the

rest of the device. The formation time was estimated to be

tf orm ¼ RRe=15�u � 8ls, where R is the pipe radius,22,23

which is much faster than the fastest variations in PjetðtÞ (i.e.,

the onset of the jet, tonset � 750ls—see Fig. 4(c)). The time-

scale for the jet-pressure variations to be communicated to

the entire structure can be inferred from the horizontal stria-

tions visible, for example, in Figure 5(c). These striations are

due to pressure oscillations originating from the jet, as can

be seen in Figure 5(g). The timing of the ripples is nearly in-

dependent of z, showing that pressure information is commu-

nicated across the Maincap much faster that the flow

dynamics of interest in the Maincap. The use of a quasi-

static H-P description is thus justified.

For a pipe of circular-cross-section, the velocity profile

for traditional H-P flow is given by

u rð Þ ¼ DPpipe

4lL
R2 � r2ð Þ; (2)

where DPpipe is the pressure difference over the length L of

the pipe, l is the dynamic viscosity, and r is the radial coor-

dinate. To account for the evolution of the pressure and vis-

cous forces in the Maincap, the flow speed is written as

u r; z; tð Þ ¼
DPmain tð Þ

4l zð ÞL
R2 � r2ð Þ; (3)

where DPmainðtÞ is the evolving pressure difference across

the Maincap. Since viscous friction forces contribute line-

arly with the pipe length, the effect of the mixed gas com-

position can be modeled by using a viscosity of the form

lðzÞ ¼ lH2
þ ðz� z0ÞDl=L, where Dl � lHe � lH2

, and

lHe ¼ 18:7 lPa s and lH2
¼ 8:7 lPa s are the He and H2 vis-

cosities, respectively, at room temperature, and z is the lon-

gitudinal coordinate relative to the entrance of the device,

and z0 ¼ 4:6 mm is the position of the start of the Maincap.

Assuming that the line-emission intensity is independent

of r, the speed of the He-H2 boundary seen in Figure 5 can thus

be represented by the radially-averaged flow rate, given by

�u z; tð Þ ¼
DPmain tð ÞR2

8l zð ÞL
¼ 1

2
u0 z; tð Þ; (4)

where u0ðz; tÞ � uð0; z; tÞ is the maximum flow speed in the

radial profile. To compare this expression to the data, how-

ever, requires information about DPmainðtÞ. As Section III C

will show, to get DPmainðtÞ requires an analysis of a pressure-

divider effect caused by the junction between slot 1 and the

capillary.

C. Pressure divider circuit

In the over-critical regime, the primary effect of the two

fill slots, which connect to each other via the supply tubes, is

to communicate pressure information from one side of the

Maincap to the other, and thus lessen the pressure gradient

driving the flow in this region. To model this effect, the de-

vice can be represented by a flow circuit (Fig. 6(a)), with

each section acting like a flow resistor. The flow in each

section then is described by Eq. (4), which can be written

analogously to Ohm’s law: DP ¼ QZ, where Q � A�u is

the volumetric flow rate, A is the cross-sectional area, and

Z � 8pðlL=A2Þ is the component resistance (summarized in

Table I, normalized to the resistance of the Midcap). The

resistance of component combinations can then be calculated

in the same way as for electrical circuits.

Since the resistance of the Maincap is large relative the

other components, only a very small amount of the flow

(�0.4% of the total) goes down the left branch of the loop.

We thus approximate the effect of the loop by using an effec-

tive resistance, Zef f � Zslot1 þ Ztube, which is approximately

FIG. 6. (a) Circuit diagram modeling the effect of capillary fill slots on the

dynamics of the hydrogen displacement in the Maincap. (b) Simplified cir-

cuit diagram combining elements of the loop into a single effective element.
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equal to the resistance of the right branch. The result is a

simplified circuit, shown in Figure 6(b). The simplified cir-

cuit makes it is clear that the circuit acts as a pressure di-

vider. For a one-gas, steady-state flow, the pressures across

the Midcap and Maincap can thus be approximated by

DPmid �
Zmid

Zmid þ Zef f þ Zsupply
� Pjet � PH2ð Þ

� 0:87� Pjet � PH2ð Þ; (5)

DPmain �
Zef f

Zmid þ Zef f þ Zsupply
� Pjet � PH2ð Þ

� 0:06� Pjet � PH2ð Þ; (6)

respectively. These expressions show that most of the pressure

drop induced in the capillary by the jet in the over-critical

condition is manifested across the Midcap, and only a small

fraction, � � Zef f =ðZmid þ Zef f þ ZsupplyÞ � 0:06, of it drives

the flow in the Maincap. The effect of the jet evolution on the

density profile is thus much stronger in the Midcap than in the

Maincap. Nonetheless, the small Maincap pressure gradient

can be observed as a 5–10% longitudinal variation in the line-

intensity across the Maincap, most obvious in Fig. 5(c).

In principle, as He flows through the system, the resistan-

ces of the components change due to the difference in viscos-

ity between He and H2, modifying the behavior of the circuit.

However, the estimates of the transit times, Dt, shown in

Table I, obtained by integrating Eq. (4) for each component,

show that the circuit evolution only affects the first �0:5 ms

of the Maincap dynamics, after which the circuit may be con-

sidered static. The impact of this evolution is minor, and while

a more complete analysis accounting for this evolution is pos-

sible, it is beyond the scope of this paper.

The circuit analysis thus shows that the Maincap pressure

drop should be expressed as DPmainðtÞ ¼ �½PjetðtÞ � PH2
	,

where � represents a pressure divider factor determined by

the resistance ratio between the Midcap and slot 1. Using

this expression and the jet-pressure information obtained

above, the position of the boundary as a function of time,

z
calcðtÞ, was then calculated by using �uðz; tÞ ¼ dz
=dt to inte-

grate Eq. (4)

ðz
calc tð Þ

z0

l zð Þdz ¼ R2

8L

ðt

tcrit

�½Pjetðt0Þ � PH2
	dt0: (7)

The results were then compared to the corresponding

observed boundary positions, z
obsðtÞ, which were determined

from the data in Fig. 5 by defining the boundary as the loca-

tion within the He-H2 boundary where the line brightness

dropped to half of the maximum. Although both the He and

H2 emission line data gave similar results, the H2 line was

used exclusively for the analysis.

Figure 7 shows the comparison between z
calcðtÞ and

z
obsðtÞ for PHe¼ 30 psi (gauge) and several capillary pres-

sures. The observed positions are represented by the sym-

bols, and the corresponding calculations based on PjetðtÞ, are

represented by the solid curves. Rather than use � ¼ 0:06

obtained from the circuit analysis to do the comparison,

� was used as a fitting parameter which was optimized inde-

pendently for each pressure value. The best fit values were

then compared to the predicted value from the circuit analy-

sis. This approach allowed a more precise comparison of the

temporal dependences of z
calcðtÞ and z
obsðtÞ, which was nec-

essary for the analysis below. The best-fit values of � were

averaged for all combinations of PHe 2 f10; 20; 30; 40; 50g
psi (gauge) and PH2

2 f55; 70; 85; 100g Torr, and resulted in

h�f iti ¼ 0:108 6 0:025, which agrees roughly with the circuit

analysis. In addition, Figure 7 shows that the agreement

between z
calcðtÞ and z
obsðtÞ is excellent, in both the shape and

in absolute delay.

In order to determine the importance of the mixed-gas

viscosity prescription, a separate analysis was then done of

the PH2
¼ 100 Torr case in which lðzÞ was replaced with

lH2
. Figure 7 (pink-dashed curve) shows that the agreement

is, in fact, significantly worse for the pure-gas case. In partic-

ular, the pure-gas calculation has less curvature, which is

precisely what should be expected. Since He has a greater

viscosity than H2, the flow should progressively slow down

as more and more He enters the Maincap. This effect is

absent in the pure-gas case. This analysis thus confirms the

importance of viscosity in determining the flow.

TABLE I. Parameters describing the elements of the circuit, including resis-

tances normalized to that of the Midcap, Z=ZMid and transit times, Dt, for

gas to cross the elements for the range of conditions studied.

Element L [mm] Reff
a Z/ZMid Dt [ms]b

Midcap 1.55 0.12 1.00 0.02–0.05

Maincap 25.1 0.12 16.2 2–12

Endcap 2.20 0.12 1.42 0.03–0.07

Slot 14 0.375 0.05 0.32–0.52

Tube 330 1.19 0.02 >15

Supply 1141 1.19 0.08 >50

aEffective radius defined by cross-sectional area of element.
bRanges encompass values of PHe and PH2

used here.

FIG. 7. Comparison of the measured and calculated boundary positions, z
,
for Pcap ¼{55, 70, 85, 100} Torr and PHe¼ 30 psi (gauge). Measured values

are represented by symbols and calculations using PjetðtÞ, and fitting the val-

ues of � is represented by curves with color corresponding to the symbols. A

second calculation (pink stars) is done for the 100 Torr case where pure H2

was assumed.
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The H-P flow hypothesis thus appears well supported by

both the quantitative agreement between the two estimates

of � as well as by the goodness of the fits in Figure 7.

However, as will be described in Section III D, the parabolic

radial flow profile inherent to the H-P based model presented

so far conflicts with the high degree of sharpness of the edges

in the longitudinal intensity distributions (Fig. 5) which

define the boundaries between the He and H2 regions in the

Maincap. Resolution of this discrepancy required a detailed

analysis of radial effects and diffusion at the He-H2 interface

(Fig. 8) which provided more information about the condi-

tions within the capillaries.

D. Radial flow profile effects and diffusion

The gradient at the edges of the He and H2 emission-line

longitudinal intensity profiles represents a “boundary region”

in which the radially-averaged composition of the gas is

changing, due either to molecular intermixing or to inter-

penetration of the two flows. In the absence of mixing, the

flow profile described in Eq. (2) implies a parabolic He-H2

interface with a vertex that extends with time according to

zvertexðtÞ ¼
Ð t

tcrit
u0ðz; t0Þdt0 þ z0 (Fig. 8(a)). Since the flow ve-

locity at the wall is zero, the point where the parabola inter-

sects the capillary should remain fixed at z¼ z0. As a result,

the He and H2 concentrations, averaged over the radial pro-

file, should vary linearly with distance, z0 � z� z0, between

z0 and zvertexðtÞ (Fig. 8(b)). In this picture, the boundary

region should thus always reach z0. Inspection of the data

in Fig. 8(c), however, shows that the boundary region

(delineated by the dashed lines) can be well separated from

z0 � 5 mm.

To quantify these effects, we define a gradient scale-

length for the boundary by Dz � c0=@zcðz
Þ, where c(z) is

the longitudinally-varying line brightness (correlated to the

radially-averaged H2 concentration) and c0 is the brightness

of the H2 emission line corresponding to a concentration of

100%. The location, z
, of the boundary is then defined

by cðz
Þ � c0=2, and the gradient in the brightness at that

location is @zcðz
Þ (Fig. 8(d)). To compare the measured

scale-lengths with the H-P model, we used the normalized

scale-length, Dz=z
0, where z
0 � z
 � z0. Since the normal-

ized gradient scale length in the H-P model is a constant

(Dz=z
0 ¼ 2—see Fig. 8(b)), the measured values of Dz=z
0

could be averaged over delay as well as PH2
(Fig. 9(a)). The

fact that the measured values are significantly less than 2 is

equivalent to the statement above that the boundary is sepa-

rated from the origin, as depicted in Figs. 8(c) and 8(d).

The strong dependence of Dz=z
0 on PHe in Figure 9(a)

indicates that another mechanism is most likely at play. The

obvious choice is diffusion. To test this hypothesis, Dz data

for all PHe and PH2
were combined in a plot versus t� tcrit

(Fig. 9(b)). The plot shows that the temporal dependence of

the gradient scale-length is fit very well by a function

describing diffusive mixing of He and H2 at the interface:

Dz ¼
ffiffiffiffiffiffiffiffiffiffi
4pDt
p

. The diffusion coefficient, D, was then plotted

as a function of capillary pressure and compared with known

values for the inter-diffusion coefficient of a binary He-H2

mixture,24 as well as for the self-diffusion coefficients for

pure helium25 and pure hydrogen26 (Fig. 9(c)). The good

agreement in both value and dependence show that the

observed gradients are well explained by diffusive mixing.

The dependence of Dz=z
0 on PHe in Figure 9(a) can thus be

explained as resulting from the dependence of the flow speed

on the driving pressure, which affects the amount of time

available for diffusive mixing.

The success of the diffusive mixing model, however,

only exacerbates the discrepancy of the gradient analysis

with the H-P flow model. To estimate the contribution to the

gradient from the radial flow profile, ðDz=z
0Þf low, the contri-

bution from diffusion, ðDz=z
0Þdif f must first be removed. To

do this, we used the value of Dz=z
0 from Figure 9(a) corre-

sponding to the least amount of diffusion as an upper bound

to ðDz=z
0Þf low. The flow contribution is dependent only on

the distance traveled by the interface, and not on the time

taken to traverse the distance, while the diffusion contribu-

tion is dependent only on time. Therefore, the case with the

FIG. 8. Helium-hydrogen interface. (a) Diagram of the He-H2 interface

for H-P flow, depicting the gas distributions in an r-z slice of the capillary.

(b) Expected radially-averaged concentrations of He and H2 for H-P flow

case depicted in (a). (c) Sample data showing the evolution of the longitudi-

nal distributions of He (left) and H2 (right). The dashed lines indicate the

edges of the boundary region. (d) Diagram showing a snapshot of the longi-

tudinal intensity distributions of the He and H2 lines, overlapped. The posi-

tion of the interface is defined as the location where the line brightness is

half of the maximum, corresponding to a radially-integrated gas concentra-

tion that is half of maximum.
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highest flow velocity, the shortest time for the boundary

to move across the capillary and therefore the least amount

of diffusion represents an upper bound to the contribution

from the flow profile. This case corresponds to the highest

PHe and the smallest value of Dz=z
0, so we can estimate

ðDz=z
0Þf low � 0:16, which is much smaller than the pre-

dicted value of 2.

Since the dynamics of the boundary region is dictated

by the radial flow profile, two potential explanations exist for

the discrepancy: (1) the radial flow profile is significantly

flatter than parabolic or (2) the emission-line intensity is

radially non-uniform. Since the importance of viscosity

(which necessitates a parabolic flow profile) in describing

the propagation of the He-H2 boundary was confirmed, the

second explanation is indicated. In this case, the observations

would more strongly weight the radial section of the flow

profile corresponding to the greatest temporally-integrated

emission of light. This boundary analysis may thus provide a

measure of information about the radial distribution of light

emission from the capillary even though the imaging system

was incapable of directly resolving radial features (and thus

only yielded radially-averaged measurements).

To estimate the magnitude of the radial-weighting

effect, the H-P model was revised to include only the central

subset of the radial distribution defined by r � rmax. The con-

tribution to the normalized gradient scale-length from the ra-

dial flow profile within rmax is then given by

Dz

z
0
rð Þ ¼ 2r

2� r
; (8)

where r � ðrmax=RÞ2 corresponds to the effective fractional

area of the capillary cross-section contributing to the mea-

surement. By selecting only the central portion of the flow

profile, the range of encompassed flow speeds is reduced,

which in turn reduces the gradients in the boundary and

increases the average speed according to

�u ¼ 1

2
u0 2� rð Þ: (9)

The value of r therefore has an impact on the best fit value

of � by adjusting the calculated flow rate for a given pressure

gradient. Best-fit values of � were determined for a range of

r values between 0 and 1 (Fig. 9(d)). The figure shows that

by reducing r below 1, the agreement between the best-fit

value of � and the value of 0.06 determined from the

pressure-divider circuit analysis is improved. The best agree-

ment occurs at r ¼ 0:22, which corresponds to Dz=z
0ðrÞ
¼ 0:25, which is not far from upper-limit value of 0.16 deter-

mined above from Figure 9(a). Thus, the interpretation that

only the central portion of the radial flow profile contributes

to the measurement not only explains the discrepancy in the

gradient scale length but also improves the agreement

between the calculated and measured positions of the He-H2

boundary.

It is likely that the radial distribution of light emission is

connected to the current dynamics during the discharge, rais-

ing the interesting possibility that something may be learned

from the boundary analysis about the radial current profile or

about the mechanisms involved in the emission. As a prelim-

inary test along these lines, the peak current of the discharge

was varied to see if any effect on Dz=z
0 could be observed.

Figure 9(e) (black solid line) shows that increasing the peak

current from 110 A to 220 A indeed increased the normal-

ized scale length by an amount of the same order as the flow

contribution estimated from Figure 9(a), suggesting that the

radial distribution of light emission may depend on discharge

current.

E. Operation and design considerations

The analysis presented here provides a strategy for

designing and tuning the device to obtain the desired longitu-

dinal density profile. In the original design concept, a local-

ized high-density region connects directly to a longer,

uniform-density region. We have shown that to achieve this

“critical profile,” the device must be operated at the critical

condition, and that PHe cannot be used to tune the peak jet

density without affecting the density gradients in the jet

FIG. 9. (a) Measured normalized gradi-

ent scale-lengths vs PHe (black dots) and

prediction from H-P flow (blue-dashed

line). (b) Measurement of diffusion

coefficient by fitting gradient scale-

length vs time relative to tcrit. (c)

Comparison of measured diffusion coef-

ficients vs Pcap (black dots) against

known values of interdiffusion coeffi-

cient for a He-H2 binary mixture (black

curve) and self diffusion coefficients of

He and H2 (green-dashed and blue-

dotted curves, respectively). (d) Fit val-

ues for � as a function of r. Each point

corresponds to an average over PHe and

PH2
values. (e) Normalized gradient

scale-length (black line) and corre-

sponding r values (red-dashed curve) vs

peak discharge current. Note: Lines con-

necting data points in figures (a), (d),

and (e) are only meant to guide the eye.
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vicinity. Since the evolution of the longitudinal density pro-

file follows a similar pattern during the ramp-up of pressure

in the jet for different values of PHe, the choice of PHe pri-

marily affects how fast the evolution coordinate changes and

the maximum pressure achievable. This result identifies the

jet timing as a more useful tuning knob than jet backing pres-

sure for achieving the desired profile.

A key design parameter of the critical profile is the ratio

of the electron density in the jet to that in the capillary,

njetðtcritÞ=ncap, which is set by the degree of expansion of the

jet gas in the nozzle. This ratio can be determined by using

the assumption of isentropic expansion (P=qc ¼ const) in

conjunction with the ideal gas law and the critical condition,

PjetðtcritÞ ¼ Pcap:

njet

ncap
tcritð Þ ¼

Pjet

PHe

� ��c�1
c

: (10)

Using the calibration Pjet=PHe ¼ 0:085 from the jet charac-

terization in Section III A gives njetðtcritÞ=ncap � 2:7. This

estimate assumes that both the capillary and the He at the

source are at room temperature, and do not take into account

density or pressure structure within the jet which could be

important.

Operating away from the critical condition provides a

greater range of options. In this case, jet timing can be used

as a knob for tuning the longitudinal density profile in the

region connecting the jet to the rest of the capillary, which

has been shown to sensitively affect electron injection in the

accelerator.13 The gradient in this region can be tuned from

negative to positive while minimally affecting the rest of the

capillary. These longitudinal density gradients are important

because they control the phase velocity of the plasma accel-

erating structures relative to the electrons, which affects both

electron injection and subsequent acceleration.13 The density

gradients in the Midcap and Maincap can be quantitatively

estimated by applying the ideal gas law to the pressure anal-

ysis described above and using the estimates of the jet and

capillary temperatures

@n

@z
tð Þ

� �t�tcrit

Mid

� Pcap � Pjet tð Þ
kBTcapLMid

; (11)

@n

@z
tð Þ

� �t>tcrit

Mid

�
1� �ð ÞPcap �

Tcap

Tjet
� �

� �
Pjet tð Þ

kBTcapLMid
; (12)

@n

@z
tð Þ

� �t�tcrit

Main

� 0; (13)

@n

@z
tð Þ

� �t>tcrit

Main

�
� Pcap � Pjet tð Þ
� �

kBTcapLMain
; (14)

where LMid and LMain are the lengths of the Midcap and

Maincap, respectively.

In the over-critical regime, temperature gradients can

play a significant role in the Midcap, since the cold jet gas

leaking into the room-temperature structure takes time to

heat up. The timescale for the leaking gas to thermalize with

the capillary based on radial heat conduction (�35ls) is sim-

ilar to the timescale for the gas to traverse the Midcap

(�30ls). The temperature difference between the jet and

capillary gases will therefore accentuate the density gra-

dients in the Midcap. In the Maincap, however, the thermal-

ization timescale is much shorter than the transit timescale,

and the gas can be considered to be fixed at the (room) tem-

perature of the sapphire. In this case, pressure variations can

be directly interpreted as density variations. As temperature

is clearly an important factor in determining the density, it

would be beneficial to supplement the measurements pre-

sented here with direct measurements of the temperature.

Over-critical operation, using different gas-species for

the jet and capillary carries the additional consequence of

producing a Maincap section with mixed composition, the

impacts of which are not known. Across the interface, the

molecular number density is preserved, because both temper-

ature and pressure are matched, however the electron density

after ionization will depend on the number of ionization

stages for each molecule. For a He-H2 interface, no electron

density gradient is expected at the interface, but for other

species combinations, the interface could present a method

for generating sub-mm electron-density jumps with tunable

position. For high-repetition-rate applications, over-critical

operation with two species is also problematic since the jet

gas becomes trapped in between the slots, with a concentra-

tion that evolves on the diffusion timescale, which can be

many milliseconds.

As a final note, the speed of the He-H2 boundary in the

Maincap provides an additional benefit as a diagnostic of ab-

lative damage to the capillary structures. Since the dynamics

of this device is sensitively determined by the shape of the

jet nozzle, which sets PjetðtÞ and Tjet, and by the resistance of

the Midcap section, which sets �, any ablative damage to the

jet and Midcap from the high-intensity laser causes dramatic

changes in the speed of the flow through the Maincap. This

change is necessarily accompanied by significant changes in

both the jet density and Midcap gradients.

IV. CONCLUSIONS

We have shown that it is possible to resolve the gas dy-

namics and pressure gradients in a longitudinally-structured

LPA target composed of a capillary discharge waveguide

and an embedded supersonic jet, providing information criti-

cal for proper tuning of the accelerator. The dynamics are

captured by using helium in the jet and hydrogen in the cap-

illary and spatially resolving individual emission lines of the

recombination light associated with the two gases. The dis-

charge acts like a strobe that allows capture of the spatial dis-

tributions of the gases as a function of delay after the jet is

fired. We used this technique to develop a phenomenological

description of the device behavior and quantify the pressure

evolution in the jet and capillary.

In particular, a transducer was developed for the jet

pressure, and a diagnostic of the pressure balance between

the jet and the capillary was identified. These two develop-

ments allowed calibration of the jet pressure evolution and

characterization of the embedded supersonic nozzle. The
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determination of the jet pressure enabled modeling of the

interaction between the jet and capillary gases which allowed

quantification of density gradients in the device and of their

evolution.

The characterization of the pressure dynamics, which

has not been directly accessible previously, as well as the de-

velopment of models describing the device behavior together

provide a detailed prescription for controlling the evolution

and longitudinal distribution of the gas density. In particular,

jet timing is identified as an effective method to tune the den-

sity gradients at the jet-capillary junction and in the capillary

as well as the longitudinal composition of the capillary gas.
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