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ABSTRACT

Operation of the Moscow-Jiilich pellet-generator has been studied by means of computer experiments. For this purpose
detailed gas dynamic simulations based on the solution of a full system of time-dependent Navier-Stokes equations have
been performed for hydrogen buffer gas flow. The results of gas dynamic calculations were used then for detailed pellet
trajectory simulations under the effect of the buffer gas flow. In series of additional computer experiments has been
shown that a performance of the Moscow-Jiilich pellet-generator can be easily improved by means of some changes of
the 1* sluice geometry. So, e.g. it will allow reduce required pumping speed of vacuum pumps by factor of 3.65.
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1. INTRODUCTION

A high density internal hydrogen target is required for experiments at PANDA detector and two different internal targets
are under development (see e.g. Ref. [1]). They are a cluster-jet target and a pellet target that consists of a beam of frozen
micro-droplets of hydrogen.

Shortly, process of pellets generation can be briefly described in the following way. A thin liquid hydrogen jet is
produced by pressing the cooled liquid hydrogen through a miniature converging nozzle into a chamber filled with a
buffer gas. This liquid jet breaks-up into uniformly sized and spaced micro-droplets by means of acoustical excitation.
Then the liquid hydrogen droplets are extracted into vacuum passing through a long thin separation capillary (or sluice)
via the buffer gas flow. Behind the capillary exit the buffer gas expands into vacuum as a supersonic gas jet; the gas
temperature, pressure and density in this gas jet drastically decrease and in result of liquid droplets surface evaporation
they transform to frozen micro-spheres (called pellets). Downstream the separation capillary a skimmer (or 2" sluice) is
installed on the gas-jet axis. It serves as a pellet-beam collimator and permits to use of differential pumping to meet
vacuum requirements in the storage ring.

Two main hydrogen pellet-generators have been developed. In the first one developed at Uppsala (e.g. Refs. [2, 3]) a
buffer gas that consists of a helium-hydrogen mixture at low stagnation pressure P, = 21 mbar (~13 mbar of helium and
~8 mbar of hydrogen) and stagnation temperature T, = 14.1 K is used. The measured initial droplet velocity here Vy, =
37.7 m/s that corresponds to estimated velocity of the liquid jet Vj, = 37.9 m/s. Second hydrogen pellet-generator that
has been developed by joint Moscow-Jiilich team [4] operates with a pure hydrogen buffer gas and at hither stagnation
pressure and temperature.

Operation of the Moscow-Jiilich pellet-generator I studied by means of computer experiments, which results I present in
this report. First, I have performed detailed gas dynamic simulations of the hydrogen buffer gas flow: in the region
between the nozzle and the 1% sluice exit there is a subsonic gas flow, but between the 1% and 2™ sluices the buffer gas
expands into vacuum as a free supersonic gas-jet. The results of these gas dynamic calculations I used then for detailed
pellet trajectory simulations.

I did not consider here the process of the liquid jet decay into droplets that occurs at relatively short distances from the
nozzle exit.
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2. GENERAL DISCRIPTION
2.1 Moscow-Jiilich pellet-generator design
Description of the Moscow-Jiilich pellet-generator design I have got by e-mail from A. Boukharov [5].
The converging nozzle produced from a glass tube has a length of 7 mm and an exit-hole diameter equal to 12 um.

The 1% sluice consists of three following parts. First (entrance) part of the sluice is a cylindrical tube of 54 mm length,
which inner diameter is 4 mm. It is installed on the axis at 16 mm distance downstream the nozzle exit.

The end of this tube joins by glue the second (transitional) sluice part of 15 mm length that also has a circular cross
section with an inner diameter that decreases exponentially from 4 mm to 0.6 mm in the buffer gas flow direction.

The third (exit) part of this sluice is a glass tube of 81 mm length and of 0.6 mm in inner diameter attached to the end of
the second one.

Therefore, total length of the sluice amounts to 150 mm.

The distance between 1% sluice exit and 2™ sluice entrance is 250 mm. I have no information about the 2™ sluice design,
but it is unimportant here, because the 2™ sluice does not affect on the pellet-beam formation and works only as a beam
collimator.

The described pellet-generator operates at the following conditions. The nozzle and 1* sluice temperature, as well as, a
buffer gas stagnation temperature are equal to 20 K. Stagnation buffer gas pressure P, = 100 mbar; ambient buffer gas
pressure behind the 1% sluice P, = 6:10 mbar. Background pressure behind the 2™ sluice is 1-10” mbar.

Velocity of the liquid jet (before it breaks-up into micro-droplets) Vi, = 4 m/s, which length is in the range of 1+5 mm.
Unfortunately, I could not get from the Moscow-Jiilich team any data about initial droplet-beam angular divergence after
the liquid jet decay.

The hydrogen droplets have diameters > 20 um.

2.2 Gas dynamic simulations

Gas dynamic simulations of the buffer gas flow have been performed using our VARJET code. This code is based on the
solution of a full system of time-dependent Navier-Stokes equations for multicomponent gas mixtures and is described in
detail in Ref. [6]. It has been carefully checked and I have successfully used it for development of the LEBIT [7]
(Michigan State University, East Lansing) and SHIPTRAP [8] (SGI, Darmstadt) projects for the buffer gas cooling of
radioactive ion beams and for development of the ASACUSA gas-jet target [9] (CERN, Geneva), as well. Results and
descriptions of the other our numerical investigations of the ion beam buffer gas cooling technique one can find in Refs.
[10-12].

In the last year I finished VARJET calculations for R&D of a gas-target setup for matter and antimatter collisions with
antiprotons and heavy highly charged ions at the HITRAP facility within the FAIR-Collaborations SPARS and FLAIR
[13]. T used VARIJET code also for development of a focused ion beam source of a new type for micro- and
nanoelectronics technologies [14].

An influence of the liquid hydrogen jet and droplets on the buffer gas flow field parameters has been neglected, because
the droplets (~ 20+50 wm in diameter) occupy only a small fraction of a buffer gas flow cross section even in the
narrowest part of the sluice (it is the glass tube with inner diameter of 600 um).

2.3 Pellet trajectory simulations

Results of the gas dynamic calculations (flow fields of buffer gas density, temperature and velocity components) were
incorporated in the other code [15] for detailed pellet trajectory simulations.



At operation conditions of the Moscow-Jiilich pellet-generator the droplets (or/and pellets) sizes are much larger than
mean free pass values of the hydrogen buffer gas molecules. Therefore, the droplet dynamics in the buffer gas flow can
be described in framework of continuum theory, where droplet moves in the gas under action of a viscous drag force. In
the region downstream the 1% sluice exit, where buffer gas density drastically decreases due to the supersonic gas jet
expansion into vacuum, the continuum theory should be corrected.

An expression for the drag force Fp on a spherical particle (in our case it is a droplet or pellet) of radius rpin a gas can be
written as [16]:
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where Vi = V|, — Vg, 1S the relative velocity between the particle velocity V), and the buffer gas velocity Vgas, Pgas is
the buffer gas density, Cp is the drag factor, which expression depends on the local Reynolds number for the particle in
the buffer gas flow (see for details Ref. [16]), and C¢ is Cunningham rarefaction correction that can be written as [16]:
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where Agy is @ mean free pass of the hydrogen gas molecules.

Because of viscosity the buffer gas velocity distribution across the sluice channels has a parabolic shape with a
maximum value on the axis (e.g. see Fig. 3 bellow, where results of gas dynamic calculations for radial gas velocity
distribution in the middle of the third part of the sluice is shown). It means that the gas velocity on the side of the droplet
towards the axis is higher than that one towards the channel wall. So, due to Bernoulli's low there is a force that compels
the droplets move to the axis. This Bernoulli's force is proportional to the buffer gas density, the droplet cross section,
the relative velocity V. and the difference of the gas velocities on the two sides of the droplet. This focusing effect of
the buffer gas flow inside the sluice has been also taken into account in the pellet trajectory simulations.

3. CALCULATION RESULTS

3.1 Results of gas dynamic calculations
Some results of gas dynamic simulations for the Moscow-Jiilich pellet-generator are presented in Figs. 1-10.

Results of calculation for the H, buffer gas velocity flow field in different parts of the sluice are shown in Figs. 1-4. The
radial buffer gas velocity distribution in the middle of the 3" part of the sluice is shown in the Fig. 3.

Figs. 5 and 6 are similar to Fig.4, but it show gas flow fields of temperature and density, correspondingly.

The buffer gas flow out the sluice into vacuum at ambient pressure P, = 6:107 mbar via free supersonic gas-jet
expansion. Details of this supersonic jet structure are shown in Figs. 7-9. There is a well-marked classic Mach disk at
~11 mm distance downstream the sluice exit. The buffer gas passing through this Mach disk undergoes a transition from
supersonic regime to subsonic one. After that the gas accelerates up to supersonic velocities again.

Fig. 10 shows the H, buffer gas static pressure distribution along the axis. Notice that an ambient pressure in this vacuum
chamber P, = 6:107 mbar, which 300 times higher than the static pressure on the axis of supersonic jet upstream the
Mach disk (e.g. at 10 mm distance from the sluice exit).

The hydrogen buffer gas flow rate through the 1 sluice Q = 8.67-10*° mol./s that corresponds to 36.1 mbar I/s at room
temperature. So, to maintain 6-10” mbar ambient pressure in the vacuum chamber between 1% and 2™ sluice it is
necessary to use a vacuum pump of 602 I/s effective pumping speed. It can not be a compact turbo molecular pump



because of a bad vacuum for turbo molecular pumps operation. For pumping one need here to use a large Roots pump,
which nominal pumping speed should be higher than 2200 m*/h.
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Fig.1. Colored plot of the H, buffer gas velocity flow field in the region from the nozzle exit to the sluice entrance and
inside the first part of the sluice (bottom): black arrowhead lines are the H, gas streamlines; the red color represents
maximum and the blue color — minimum velocity values. The gas velocity distribution along the axis is shown in the
top.
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Fig.2. Colored plot of the H, buffer gas velocity flow field in the secoOnd and third part of the sluice (bottom): black
arrowhead lines are the H, gas streamlines; the red color represents maximum and the blue color — minimum velocity
values. The gas velocity distribution along the axis is shown in the top.
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Fig.3. The radial H, buffer gas velocity distribution in the middle of the 3™ part of the sluice (see Fig. 2).
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Fig.4. Colored plot of the H, buffer gas velocity flow field downstream the sluice exit (bottom): black arrowhead lines are
the H, gas streamlines; the red color represents maximum and the blue color — minimum velocity values. The ambient

pressure P, = 0.06 mbar. The gas velocity distribution along the axis is shown in the top.
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Fig.5. Colored plot of the H, buffer gas temperature flow field downstream the sluice exit (bottom): black arrowhead lines
are the H, gas streamlines; the red color represents maximum and the blue color — minimum temperature values. The
ambient pressure P, = 0.06 mbar. The gas temperature distribution along the axis is shown in the top.



Q

[Gas density along the axis|

Q

Q
=
\ et

Gas density, mol./om®

Q

0 50 100 150 _ Z00 _ — 250
Distance from the sluice exit, mm

1 1 1 N

o 1 1 1 1 1 1 1 1 1 1 1 1
50 0 S0 100 150 200
Distance from the sluioz exit, mm

Fig.6. Colored plot of the H, buffer gas density flow field downstream the sluice exit (bottom): the red color represents
maximum and the blue color — minimum density values. The ambient pressure P, = 0.06 mbar. The gas density
distribution along the axis is shown in the top.
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Fig.7. Colored plot of the H, buffer gas velocity flow field in vicinity of the sluice exit (bottom): black arrowhead lines are
the H, gas streamlines; the red color represents maximum and the blue color — minimum velocity values. The ambient
pressure P, = 0.06 mbar. The gas velocity distribution along the axis is shown in the top.
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Fig.8. Colored plot of the H, buffer gas temperature flow field in vicinity of the sluice exit (bottom): the red color represents
maximum and the blue color — minimum velocity values. The ambient pressure P, = 0.06 mbar. The gas temperature

distribution along the axis is shown in the top.
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Fig.9. Colored plot of the H, buffer gas density flow field in vicinity of the sluice exit (bottom): the red color represents
maximum and the blue color — minimum velocity values. The ambient pressure P, = 0.06 mbar. The gas density
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Fig.10. The H, buffer gas static pressure distribution along the axis. The ambient pressure P, = 0.06 mbar that a factor of
300 less than the static gas pressure on the axis of supersonic jet upstream the Mach disk.

3.2 Results of trajectory calculations for the present Moscow-Jiilich pellet-generator

Results of trajectory simulations of the droplets (pellets) velocity as a function of the distance from the nozzle are shown
in Fig.11. It is suggested here that droplets have a diameter of 20 pm and that after the liquid jet breaks-up into these
droplets they start move with an initial velocity V;, =4 m/s along the axis (i.e. an angle between direction of the droplets
movement and the axis 0;, = 0). The simulation results of the buffer gas velocity distribution along the axis are shown in
the Fig. 11 for comparison.

As one can see from the Fig.11, the droplets velocity is considerably increased inside the sluice (in Fig.11 it is the region
of 70+166 mm distances from the nozzle) under the buffer gas drag force. But downstream the sluice exit, where the
buffer gas expands into vacuum as a free supersonic jet, the droplets velocity is increased only a little: from 216 m/s at
the distance from the nozzle X = 166 mm to the final velocity Vg, = 220 m/s at X = 416 mm (it corresponds to the
position of the 2™ sluice entrance). This behavior of the droplets downstream the 1% sluice exit is explains by the drastic
decreasing of the buffer gas drag force due to the decreasing the buffer gas density by a factor of a thousand (see formula
(1) and Figs. 6 and 9).

Fig. 12 shows the details of the first part of the Fig. 11 - it is a region from the nozzle exit to the distance of 45 mm
downstream. Notice, that first droplets are decelerated down to velocity of 0.35 m/s at 5.5 mm distance upstream the
sluice entrance and then they are accelerated by the gas flow up to 4.2 m/s inside the first part of the sluice.
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Fig.11. Simulation results of the droplets (pellets) velocity as a function of the distance from the nozzle (red line). Droplets
have a diameter 20 pm, an initial velocity V;, =4 m/s and move along the axis. The simulation results for the buffer gas
velocity distribution along the axis (blue line) are shown for comparison.
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Fig.12. Simulation results of the droplets velocity as a function of the distance from the nozzle (red line). Droplets have a
diameter 20 pm, an initial velocity Vi, = 4 m/s and move along the axis. The simulation results for the buffer gas
velocity distribution along the axis (blue line) are shown for comparison.



The results of calculations for a pellet final velocity as a function of pellet diameter are shown in Fig.13.
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Fig.13. Pellet final velocity as a function of the pellet diameter. The initial droplets velocity Vi, =4 m/s.
A decreasing of the pellet velocity with the pellet diameter is simply explains by an inertia effect.

Because I did not have data about initial droplet-beam angular divergence after the liquid jet decay, I have decided
perform computer trajectory simulations for droplets, which start to move in the buffer gas at various angles 0;, to the
axis. Fig.14 shows results of simulations of three trajectories of the droplets, which start to move at the following initial
angles to the axis: 0;, = 50 mrad, 0;, = 100 mrad and 0y, = 150 mrad. The droplets diameter and the initial velocity are
equal to 20 pm and 4 m/s, correspondingly.

1
0,9 —6in = 50 mrad
E 0.8 —Bin =100 mrad

- 0,7 .

1] —0in =150 mrad
‘>§ 0,6 -
20,5
=)

£ 0,4
'sluice exit |
0,3 Hin lslwce exit |

o
-
Q
0,2 -
g =
S
4
(]

0,1 1 1

-0,1 ~— 1

-0,2 Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll Ll

0 40 80 120 160 200 240 280 320 360 400
Distance from the nozzle, mm

Fig.14. Simulation results of trajectories of the droplets, which start to move at different initial angles 0y, to the axis. The
droplets have a diameter of 20 um, its initial velocity V;, =4 m/s.



A strong focusing effect of the buffer gas flow is clear visible. A more detailed view of these trajectories inside the sluice
is shown in Fig.15.
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Fig.15. A more detailed view of the droplet trajectories inside the sluice. A droplet size is shown as a yellow circle for
illustration.

4. HOW EASILY IMPROVE THE PELLET-GENERATOR PERFORMANCE

After an analysis of the obtained results I have made a conclusion that a performance of the Moscow-Jiilich pellet-
generator can be easily improved. For this purpose it will be enough just to make some changes into the 1* sluice design.

First, it looks reasonable to decrease the distance between the nozzle exit and the sluice entrance (now it is 16 mm)
because the droplets are decelerated down to the buffer gas velocity already at 5.5 mm distance upstream the sluice
entrance (see Figs. 12).

Second, taking into account that there is no droplets focusing inside the long first part of the sluice (this part of the sluice
has 54 mm length and 4 mm inner diameter) — thermalized in the buffer gas droplets move here parallel to the tube axis
with about constant velocities, which values depend on a distance from the tube axis (see Fig. 1) — one can considerably
shorten this tube and, in addition, decrease its inner diameter.

Third (and most important), I recommend decrease the inner diameter of the exit part of the sluice (now it is a glass tube
of 81 mm length and of 0.6 mm inner diameter). It will not lead to the droplet-beam losses inside the sluice (see Fig. 15),
just quite the contrary the smaller inner diameter of this tube will allow reduce the buffer gas load into the vacuum
chamber behind the sluice exit.

Of course, the entrance and exit diameter of the exponential (the second or transitional) part of the sluice should be
adjusted to the new diameter values of the first and exit sluice part.

Forth, instead of the 2™ sluice that installed at big distance from the exit of the 1* sluice (now this distance is 250 mm)
I recommend to use a skimmer with a small entrance aperture (e.g. it may be a commercially available skimmer from
Beam Dynamic — see for details Ref. [17]) placed on the supersonic buffer gas-jet axis upstream the Mach disk (see Figs.
7-10).

To check how these changes can help to improve the performance of the Moscow-Jiilich pellet-generator 1 have
performed the gas dynamic and trajectory simulations for the following new sluice geometry:

- distance between the nozzle exit and the sluice entrance is 9 mm;

- the first part of the sluice is a cylindrical tube of 5 mm length with inner diameter of 2 mm;



- the second (transitional) sluice part of 13.5 mm length has an inner diameter that decreases exponentially from 2 mm to
0.4 mm in the buffer gas flow direction;

- the third (exit) part of the sluice of 81 mm length has an inner diameter of 0.4 mm.

The buffer gas operation conditions in these simulations are the same as they are for the present Moscow-Jiilich pellet-
generator: the stagnation hydrogen buffer gas temperature and pressure are equal to 20 K and 100 mbar,
correspondingly; the ambient pressure in the vacuum chamber behind the new sluice exit is 0.06 mbar; velocity of the
liquid jet Vi = 4 m/s, which length is in the range of 1+5 mm.

The results of calculations for new sluice geometry are presented in the two next sections.

4.1 Results of gas dynamic calculations for new sluice geometry
Figs. 16-17 show results of calculation for the H, buffer gas velocity flow field in different parts of the new sluice.

The results of gas dynamic simulations for gas flow fields of velocity, temperature and density in the vacuum chamber
downstream the new sluice exit are shown in Figs. 18, 19 and 20, correspondingly. Fig. 21 shows the H, buffer gas static
pressure distribution along the axis in this vacuum chamber.

As one can see in the Figs. 18-21, the structure of the supersonic gas-jet here differ from that one of the present Moscow-
Jitlich sluice (see Figs.7-10). E.g. the position of the Mach disk here corresponds to ~5.5 mm distance from the sluice
exit that is twice less than it is in the case of the present Moscow-Jiilich pellet-generator.

The buffer gas flow rate through the new sluice Qguice = 2.39-10%° mol./s that corresponds to 9.9 mbar 1/s at room
temperature. So, to maintain 6-10” mbar ambient pressure in the vacuum chamber behind the new sluice it will be
enough to use a Roots pump of 165 1/s pumping speed.

It is common knowledge that for the best skimming the skimmer should be placed inside the supersonic gas-jet upstream
the Mach disk position. So, in the case of the Moscow-Jiilich pellet-generator operation with the new sluice it will be
reasonable to install the skimmer at ~5 mm distance from the sluice exit. As to an optimum skimmer aperture diameter, it
should satisfy a condition, when a Knudsen number Kn > 1 (the Knudsen number here is determined as a ratio of the
mean free pass length of the hydrogen gas molecules Ag, to the skimmer diameter). In our case it corresponds to the
skimmer with 0.2 mm aperture. In this case the gas load into the next high-vacuum chamber (behind the skimmer) will
be about Qgim = 1.7-10" mol./s that corresponds to 7-10" mbar /s at room temperature. As a result, the pellets can be
extracted into high-vacuum conditions (~3-10~ mbar) with the use of a small turbo molecular pump of ~200+300 1/s.
Notice, that the background pressure behind the 2™ skimmer in the present Moscow-Jiilich pellet-target setup is 1107
mbar (unfortunately, I do not know what vacuum pumps are used to maintain this pressure).
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Fig.16. Colored plot of the H, buffer gas velocity flow field in the region from the nozzle exit to the new sluice entrance and inside the
first and second parts of this sluice (bottom): black arrowhead lines are the H, gas streamlines; the red color represents maximum and
the blue color — minimum velocity values. The gas velocity distribution along the axis is shown in the top.



600 ! |
500 . : o
= {Gas velocity along the axis| |
240 7
3 7 |
2300 e
=
gzoo e |
100 —— |
o
D ~__/
25 50 |

100
Distance from the nozzle tip, mm

|Sluice - part 3 |

0.25

, MM
o

Radius
. 5
5

o
<
(]

lgas welocity values, mis|

e
=

'
—_

llllllllllllllllll|l|llllllllllIl|llllglolllllllllt
Distance frem the nozzle tip, mm

Fig.17. Colored plot of the H, buffer gas velocity flow field in the second and third part of new sluice (bottom): black arrowhead lines
are the H, gas streamlines; the red color represents maximum and the blue color — minimum velocity values. The gas velocity
distribution along the axis is shown in the top.
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pressure P, = 0.06 mbar. The gas velocity distribution along the axis is shown in the top.
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Fig.19. Colored plot of the H, buffer gas temperature flow field behind the new sluice exit (bottom): the red color represents
maximum and the blue color — minimum velocity values. The ambient pressure P, = 0.06 mbar. The gas temperature

distribution along the axis is shown in the top.
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Fig.20. Colored plot of the H, buffer gas density flow field behind the new sluice exit (bottom): the red color represents
maximum and the blue color — minimum velocity values. The ambient pressure P, = 0.06 mbar. The gas density
distribution along the axis is shown in the top.
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Fig.21. The H, buffer gas static pressure distribution along the new sluice axis. The ambient pressure P, = 0.06 mbar, that
about a factor of 200 less than the static gas pressure on the axis of supersonic jet in front of the Mach disk.

4.2 Results of trajectory calculations for new sluice geometry

Results of trajectory simulations for the droplets (pellets) velocity as a function of the distance from the nozzle are
shown in Fig.22. It is suggested here that droplets have a diameter 20 um and that after the liquid jet breaks-up into these
droplets they start to move with an initial velocity Vi, = 4 m/s along the axis. The final pellets velocity at 5 mm distance
from the new sluice exit (where the skimmer should be placed) Vg, = 165 m/s. The simulation results for the buffer gas
velocity distribution along the axis are shown in the Fig. 22 for comparison.

Fig.23 shows the details of the Fig. 11 for a region between the nozzle exit and 16 mm distance downstream. Notice, that
droplets here decelerate in the buffer gas down to 1 m/s velocity at about 1 mm distance from the new sluice entrance (in
accordance with my simulations for the present Moscow-Jiilich sluice geometry droplets decelerate down to 0.35 m/s
velocity — see Fig.12).

The results of calculations for a pellet final velocity as a function of pellet diameter are presented in Fig.24.

Similar to the Figs.14 and 15, the results of simulations of three trajectories of the droplets, which start to move at
different initial angles 0;, to the axis, are presented in Figs. 25 and 26 for the case of new sluice geometry. The droplets
diameter and the initial velocity are equal to 20 um and 4 m/s, correspondingly. As one can see in the Fig.26, amplitudes
of trajectories oscillations inside the new sluice are considerably less than that one inside of the present Moscow-Jiilich
sluice (see Fig. 15 for comparison).
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Fig.23. Simulation results of the droplets velocity as a function of the distance from the nozzle (red line). Droplets have a
diameter 20 pm, an initial velocity Vi, = 4 m/s and move along the axis. The simulation results for the buffer gas
velocity distribution along the axis (blue line) are shown for comparison.
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Fig.25. Simulation results of trajectories of the droplets, which start to move at different initial angles 0y, to the axis. The
droplets have a diameter of 20 um, its initial velocity V;, =4 m/s.
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illustration.

5. DISCUSSION AND CONCLUSIONS

First of all I should note that there is a disagreement between value of final pellets velocity in my calculations and that
one declared by Moscow-Jiilich team (e.g. Refs. [18, 19]). So, in my simulations for the present Moscow-Jiilich sluice
and pellet diameter of 30 pm the final velocity Vg, = 191 m/s (see Fig. 13), but in the experiments of the Moscow-Jiilich
team the average velocity of 30 um pellets amounts to ~70 m/s. One might say that there are some rough mistakes in my
calculations, which is account for this disagreement. But I cannot agree with it because of:

first, results of my previous similar simulations [20], which I have performed for the buffer gas conditions and the
sluice (or a “vacuum injection capillary”) geometry of the Uppsala pellet-generator are in agreement with the
measurements, in which a typical final velocity values range from 60 m/s to 100m/s [3],

second, the final pellet velocities in Moscow-Jiilich pellet target, as a matter of principle and irrespective of results of my
simulations, should be higher than that ones in the Uppsala pellet target because of the drag force Fp (1) inside the
vacuum injection capillary of the Uppsala pellet-generator by a factor of five less than the drag force inside the present
Moscow-Jiilich sluice.

By means of detailed computer simulations it has been shown that to improve the performance of the Moscow-Jiilich
pellet target, it will be enough to make described above changes in the design of the 1" sluice and replace the 2™ sluice
by the skimmer placed on the supersonic buffer gas axis upstream the Mach disk.

It will allow reduce required pumping speed of vacuum pumps by factor of 3.65 (from 602 I/s to 165 1/s).

An inter-droplet (and pellet) distance L is determined from V|, = L-f, where V,, is a droplet (or pellet) velocity and fis a
frequency of a piezo-electric transducer. It means that for a given frequency f and for a given pellet diameter an effective
pellet target thickness is inversely proportional to the final pellet velocity Vg, So, the new sluice geometry has an



advantage over the present one since it provides for the pellet beam with lower pellets velocities (see Fig. 13 and Fig.
24).

On the other hand, a minimal inter-droplet distance cannot be less than the droplet diameter. As a result, it means that a
maximum operational driving transducer frequency f is determined by a minimal droplets velocity that is achieved in
droplet deceleration process in front of the sluice entrance. From this point of view the new sluice again has an
advantage over the present one because the minimal droplets velocity here is 1 m/s compared to 0.35 m/s as it is in the
case of present Moscow-Jiilich sluice (see Fig.12 and Fig. 23).

The buffer gas flow conditions in vicinity of the nozzle exit has a strong impact on of the liquid jet formation and then its
disintegration into droplets, but these processes are outside the scope of my computer simulations. Nevertheless, it is
clear that the buffer gas flow conditions in this area are identical for the both sluices, which I explored in this work by
means of computer experiments (the present Moscow-Jiilich sluice and the new one). Therefore, I can assert that process
of the liquid jet decay into droplets in the case of using the new sluice will take place in exactly the same way as it is in
the present Moscow-Jiilich pellet-generator.

In conclusion I should say that the suggested here new design of the 1* sluice cannot be considered as an optimal
solution for an improvement of the Moscow-Jiilich pellet-generator performance. Mainly, this report is a demonstration
of powerful tools, which can be used for a further development of the PANDA pellet target by means of computer
investigations.
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