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Abstract

Measurements of density gradients resulting from gas ejection through a small aperture are presented. Fluorescence
emission light from gas atoms excited by a fully stripped 60 MeV carbon beam was used as a diagnostic tool. The
experimental results showed good agreement with the data of a hydrodynamic simulation. This work is related to the
design of a high-pressure target enclosed by two fast valves in order to investigate the so-called density effect in ion
stopping experiments [Nucl. Instr. and Meth. B 164-165 (2000) 139]. © 2001 Published by Elsevier Science B.V.
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1. Introduction

The so-called density effect in stopping power is
a long-standing problem [1], already investigated
experimentally by Geissel et al. [2] and Bimbot [3].
A new experimental approach, which involves a
high-pressure gas target including a density vari-
ation (same area density but variation in length) is
under development.

In the MeV/u energy regime, when the target
density is increased by a factor of 100, the energy
lost by a heavy ion beam can be modified by a few
tens of percent. The determination of the variation
with target density of the charge dependent stop-
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ping cross-section of heavy ions will provide new
valuable information for the ion-matter interac-
tion process. However, to be effective such an ex-
periment requires to satisfy several drastic
requirements for the target design: the basic one is
a possibility to change the density of the target at
least by a factor of 10 (. =54 x 10'8-5.4 x
10" em™3) during the experiment, keeping con-
stant the linear density. Next, the coupling of the
high-pressure container with the vacuum of the
accelerator must be as little disturbing as possible
especially for the charge state measurements. To
obtain the required abrupt pressure gradient at
both ends of the target, a fast valve system has
been proposed [4]. Using this device, we observed
that quasi-stationary gas flows with density gra-
dients along the beam axis arise about 100 ps after
opening of the valves. These flows can introduce
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an error in the experimental determination of the
linear density and can also affect the final charge
state of the incoming ions. Therefore, a precise
measurement of the density gradient at both ends
of the target has to be performed in order to cal-
ibrate this source of perturbation.

In the present work we present the results of a
density gradient diagnostic behind the new fast
valve rotating system, which is described below. A
beam of C®" ions obtained by stripping of a 60
MeV C’* beam delivered by the Orsay Tandem
accelerator was used as a probe to excite the gas
scintillation. This method allows to measure with a
high spatial resolution the density of the gas dur-
ing its stationary regime of leakage. The nature of
the scintillating gas has been chosen in order to fit
this application. The use of fully ionized ions at
high enough energy for the recombination process
to be negligible, enabled us to leave out an addi-
tional analysis of the dependence of the light
emission on the ion charge states.

2. Experimental set-up
For the diagnostic application a simplified

version of the gas target was used. The gas vessel
was closed in one end by a 6 um aluminum foil and
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in the other by the rotating fast valve system (Fig.
1). The geometry of the aperture of the valve has
been specially designed to reduce the exit con-
ductance length. In this particular experimental
configuration the output conductance consists in a
1.6 mm diameter and 0.7 mm length cylinder in
front of a 2 mm diameter, 2 mm length hole (Fig.
1). The rotor of the rotating system was set in
motion by a pulse solenoid. The aperture time
response of the valve was measured using light
transmission of a laser beam. The result is shown
in Fig. 2. The characteristic property of the valve
was a 1 ms time interval during which the aperture
remained entirely open and allows the full trans-
mission of a beam pulse of the same duration
without interference.

The entrance aluminum foil played two roles. It
cuts off the gas container from the vacuum beam
line and it strips 60 MeV, C°" ions to the bare
nuclei.

The direct light of the gas fluorescence was
collected on the CCD of an intensified camera via
a standard optical device (28 mm, F1.4) [5]. The
intensifier consisted of a photocathode, a micro-
channel plate electron multiplier and a phosphor
positioned in front of the CCD array. The spectral
range of the photocathode extends from 200 to 820
nm. Image processing software (WinView software
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Fig. 1. Experimental configuration for ejection gas measurements.
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Fig. 2. Aperture time response of the fast valve.

[5]) allowed to display in pseudo color palette the
intensity levels recorded by the CCD camera and
the basic processes of the image (background
subtraction, ASCII transformation, etc.)

In addition, a photomultiplier (PM) located
behind the target was used for monitoring the
beam intensity and pulse duration. The quartz
window of the PM was used as a scintillator. The
linearity of its dynamic range (~10) was checked
with a Faraday cup (FC) in a preliminary experi-
ments without gas. We use a PM because it works
(unlike FC) in the proper way in a gaseous me-
dium. The signal from the PM was recorded by a
digital oscilloscope Lecroy-9304A with subsequent
transformation into ASCII format for later pro-
cessing. This information has been used for nor-
malizing the gas fluorescence with respect to the
number of incident ions.

Two experimental configurations have been
used in the work:

1. The calibration mode, where the CCD camera
looked at the beam-gas interaction just be-
low the first metallic window (position 1 in
Fig. 1).

2. The measurement mdde, where the camera was
watching the ejection area of the fast valve (po-
sition 2).

The first position was used to establish the corre-
lation between the light yield and the gas pressure
for a given ion beam intensity in steady state. The
second one allowed to analyze the density gradient
in a gas flow resulting from the gas leakage
through a small aperture of the valve.

Two gases in a wide range of pressures
(1700 Torr) have been investigated, i.e. hydrogen
which is of interest for use with the fast valve
system and neon for its scintillating properties.

3. Calibration processes and theoretical consider-
ations

The carbon beam was pulsed with a pulse du-
ration of 1 ms for hydrogen gas and 300 ps for Ne
experiments. Results of measurements are pre-
sented in Figs. 3 and 4, respectively. From these
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Fig. 3. Dependence of emission light with gas pressure for hy-
drogen. Solid line corresponds to Eq. (6).
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Fig. 4. Dependence of emission light with gas pressure for neon.
Solid line corresponds to Eq. (2).
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figures, we see that the intensity of the emission of
light first increases linearly with target density at
low pressure. This occurs for pressure less than 5
Torr in hydrogen and 50 Torr in neon. Above
these pressures, the two curves exhibit slightly
different behaviors. In neon the emission tends to
saturate at high pressure while in hydrogen it still
increases linearly but with a much smaller slope
than at low pressure. Such behavior of the cali-
bration curves can be analyzed by looking at the
collisional-radiative rate equations leading to light
emission. For our calibration purpose, we do not
need to go into the detail of all the microscopic
processes, so we present below a qualitative de-
scription of the emission process.

As the beam intensity is rather small, the pop-
ulation of excited or ionized atom/molecule is
small enough for neglecting all collision between
two excited or ionized atoms and the incident
beam interacts only with the gas particles in their
ground state. The non-linear dependence of light
emission with gas pressure can then be related to
the competition between the lifetime of the radia-
tive excited states and the inverse of the frequency
for the collision reactions leading to quenching of
these radiative states. It is well known that radia-
tive transitions are not the only processes that can
lead to decay of the excited states of gas atoms. In
dense gases the collision mechanism have to be
taken into consideration. An important point of
our experiment is that the resonance lines, that can
be absorbed by the ground state of the gas parti-
cles, do not contribute to the detector signal as
their wavelength are well below 200 nm. There-
fore, the absorption plays a negligible role and the
detector signal is directly connected to the number
of emission events.

With 60 MeV carbon ions we are in the high
velocity Bethe regime. Therefore the excitation
cross-sections are nearly proportional to the opti-
cal oscillator strength of the transition and in-
versely proportional to the excitation energy.
From these rules we can deduce that the ionization
and excitation processes are of equal importance
and nearly half of the ionization processes produce
electrons with a kinetic energy larger than the
ionization potential. As a result many highly ex-
cited states are created either from the direct

beam-atom interaction or from the secondary
electrons. These excited states contribute further to
the light emission through a cascade of radiative
decay.

The simplest way to introduce the influence of
collisions is to suppose only one-step processes.
That is, a radiative state, once produced, will ei-
ther emit a photon or be destroyed by collision.
Each radiative state i is then characterized by a
creation coefficient t;, a coefficient for spontaneous
emission A4; and a coefficient D; for destruction by
collisions. By equaling the rate of creation and
destruction, we obtain the equilibrium condition

I’lgl’lBT,‘ = A,’I’li + Dining, (1)

with n,, ng and »; the density of the gas particles,
the incoming carbon ions and the radiative state,
respectively. By supposing that the most intense
lines have coefficients of the same order of mag-
nitude, this gives an emission intensity of the form

kP

[=— 2
P+ P’ )

with P the gas pressure in Torr and Py = 3.14 x
107 A/D.

Eq. (2) was used to fit the experimental points
in the neon case. The solid line in Fig. 4 corre-
sponds to the value Py = 107.6 Torr. Note that it is
not possible to reproduce the hydrogen data, using
Eq. (2). The value of P, may be related to micro-
scopic coefficients: in neon, the probability for
decay of the most intensive lines observed in the
experiment is in the range (1-3) x 10® s~! [8],
while the frequency of atom collisions for
quenching was found to be 6 x 10° s~! under a gas
pressure of 1 Torr [6], the quenching process being
essentially due to the reaction

Ne* + Ne — Ne; +e. (3)

The probabilities of radiation and collision pro-
cesses are then getting equal when the gas pressure
reaches approximately 50 Torr. This is in reason-
able agreement with our P, value, taking into ac-
count the approximations used to derive Eq. (2).
The effect of the quenching collisions can be
clearly identified by using a gas mixture H, + Ne.
In Fig. 5 we report the variation of intensity with
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Fig. 5. Dependence of emission light with gas pressure for a
mixture neon + hydrogen. The pressure of Ne is kept constant
at 200 Torr. The pressure scale indicates the sum Ne + H. Solid
line corresponds to Eq. (5).

increasing the hydrogen pressure, keeping constant
the Ne partial pressure. As observed experimen-
tally, the emission comes mainly from the neon
atoms. Therefore by introducing the hydrogen gas
we only increase the destruction rate due to colli-
sions of the radiative neon states: as the energy of
the lowest exited state of neon atom equals ~16.6
eV [8], which exceeds the ionization potential of
hydrogen atoms, the reaction

Ne'+H, — Ne+Hj +e (4)

will suppress successfully the radiation transitions
in the mixture of neon and hydrogen gases. Using
the same approximation as above, the intensity is
now given by

kP Ne

[=—m—¢—7—. 5
By + Pune + Py )

We see in Fig. 5 that Eq. (5) yields a good fit of the
experimental data. The obtained value « ~ 30 in-
dicates that the process of Eq. (4) is 30 times more
effective than Eq. (3), coming first from the dif-
ference of the average velocity of the molecules at
the same temperature and next from the values of
the cross-sections.

The pure hydrogen case is not as simple as the
neon one. Here many new reaction channels ap-
pear and the light emission cannot be reduced to a

one-step process as soon as the pressure is above a
few Torr. First highly excited molecules may be
dissociating. In that case, the excited atoms are
created at supra-thermal velocities. In that case, as
the coupling energy of a H; molecular ion is about
11 eV [7], the following reaction

H'+H, — Hj +e

can efficiently decrease the population of the
excited levels with principal numbers n >3 (E =
12.1 eV) of hydrogen atoms in a dense gas. Taking
for example the Ho line that has a decay rate of
about 4.4 x 107 s7! [6], the corresponding colli-
sional decay rate may be estimated starting from a
typical value of the cross-section derived from the
molecule diameter ¢ ~ 107> cm? [6,7]. This im-
plies that, beyond a few torr, the frequency of
atom collisions becomes larger than the probabil-
ity of Ho radiation transitions, in accordance with
the first part of the curve in Fig. 3. Non-dissociate
molecular excited states have emission and de-
struction coefficients that are different from the
atomic one. As the branching ratio for dissociation
depends strongly on the initial vibro-rotational
state of the molecule, this induces the emission and
destruction coefficient to be pressure dependent.
With a first order dependence, Eq. (2) may be re-
placed by
kP(1 + aP)

I= P+P (6)
In Fig. 3, the curve with a full line represents the
result of Eq. (6), with P, = 6.4 and a« =9 x 107%.

4, Gas density gradient

When the source of emission of light is not
uniform in density, a direct relation between the
density and the light intensity can be obtained
through the calibration described in the previous
section, provided that the emission is local. Non-
local emission may be due to large mean free path
(mfp) either of the excited atoms or of the highest
energy secondary electrons.

In our case, for atoms in excited states, the mfp
is related to the lifetime of radiative states. If we
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take the largest value of 100 ns for the lifetime of
excited states, it yields 0.2 mm for the mfp of the
hydrogen atoms at 300 K.

For high energy incident carbon ions, the
maximum energy of the secondary electrons is
2m.V?, with m. the mass of the electron and V the
velocity of the incoming carbon ions. Then, 60
MeV carbon ions yield a maximum of 10 keV for
the energy of secondary electrons. In hydrogen,
such electrons have large mfp but they are very
few. The average value of the energy of the sec-
ondary electrons is E,, =~ I In(En.x/I), I being the
ionization energy and E,, the maximum of
transferred energy. For hydrogen we get
E,, = 100 eV. Thus most secondary electrons have
enough energy to excite the target atom but their
mfps are small enough not to perturb the gradient
analysis. Using the data of [9], within a Monte-
Carlo trajectory calculation, we obtain an mfp of
0.3 cm for 100 eV electrons in a 1 Torr hydrogen
gas. Due to a much larger scattering cross-section
the mfp in neon is much smaller. Thus non-local
emission can perturb the gradient analysis only in

4—p
1cm

the hydrogen case and at pressures less than a few
torr.

One of the images of the gas ejection through the
fast valves is shown in Fig. 6 (hydrogen). This figure
attests that the emission is in fact almost local as the
transverse radius of emission is nearly equal to the
beam radius. The corresponding gas density profiles
along the beam axis, deduced from these results, are
reported in Figs. 7 and 8. They are reconstructed
from the images of gas ejection, using the calibra-
tion procedure described in the previous section.
The total linear density of the target is not more than
10 cm?. Therefore the 60 MeV carbon ions lost
less than 10% of their energy within the target. The
small induced variation of the excitation cross-sec-
tion may be corrected by assuming a 1/E variation
of the cross-sections. The saturation of the fluores-
cent yields at high gas density gives rise to a signif-
icant growth of inaccuracy in the reconstruction. In
the considered diagram, the relative estimated error
does not exceed a factor of two. Nevertheless, it
might be considered to be acceptable for measure-
ments of this kind. '

C eam

Fig. 6. Picture of the ejection area taken with the CCD camera. The drawing indicates the geometry of the aperture. The initial pressure

in this case was 700 Torr of hydrogen flowing through a 2 mm hole.
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Fig. 7. Ejection profile for hydrogen. The solid line presents
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Fig. 8. Profile for neon ejection. The solid line presents calcu-
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The reliability of the results obtained are sup-
ported by a good agreement of the experimental
data with the results of numerical simulation of
gas leakage through a small aperture performed
using a 2D hydrodynamic code (solid lines in Figs.
7 and 8). The gas flow was considered in the cy-
lindrical geometry taking into account thermal
conductivity and gas viscosity. The original equa-
tion set was solved in Lagrangian coordinates us-
ing a somewhat modernized numerical code [10]
adapted to the experimental conditions.

In view of applications for density effect anal-
ysis in the beam-target interaction process, the
important result that we obtain is that the linear
density on the axis of the expanding gas is, at the

maximum of the target operating pressure of
nearly 3 x 10" cm? in hydrogen and 10 times less
in neon. For an energy loss analysis, it is necessary
that the target linear density is much larger than
these values. This is obtained by target of a few
centimeters length at pressures of hundreds of torr.
For charge state analysis, it will be required that
the probability for one recombination process in
the expanding gas is less than one. That is, the
corresponding cross-section has to be smaller than
the linear density.

Clearly these two conditions are related to
heavy ions at high energies. Due to the large de-
pendence of the recombination cross-section on
the target atomic number, the hydrogen case is of
more concern for charge analysis. A rough esti-
mate of the domain of interest may be obtained
using charge state equilibrium tables [11] and
semi-empirical formula for the recombination
cross-sections [12]. By requiring first that in its
equilibrium state, the ion is still far from being
fully ionized and next that the recombination
cross-section is smaller than the linear density of
the expanding gas we found, for example, that our
device can be used at 2 MeV/u for atomic numbers
from chlorine up to krypton. Above 4 MeV/u all
ions have a small enough recombination cross-
section, in that case it is thus only required that the
equilibrium charge is not too large.

5. Conclusion

We present the complete package of experi-
mental investigations to develop and to realize
density diagnostics in a gas during its stationary
regime of leakage in vacuum using fluorescence
emission light from atoms exited by an incident
ion beam.

The significant distinctions from linearity of the
dependence of light yield on gas density even at
relatively low pressure (5 and 50 Torr for hydro-
gen and neon, respectively) appears to be a strong
evidence of the dramatic effect of the collision
processes on the population of the exited levels
and requires the mandatory predetermined cali-
bration in the investigated range of gas pressures.
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The obtained good agreement of the experi-
mental and numerical data supports the capability
of the technique proposed.

The abrupt transition between the gas container
and the vacuum behind the aperture of the rotat-
ing valve observed in the experiment supported
that the target proposed can be successfully used
to investigate high density effects in ion stopping
experiments of high energy heavy ions.
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