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Abstract : Ey coupling a hydrogen plasma to a Tandem accele
rator, transmission and energy losses of 2 MeV/u carbon and 
sulfur beams passing through a plasma target have been inves
tigated. Fluctuations in beam transmission have been observed 
and attributed to a plasma lens effect. Moreover, energy loss 
measurements indicate an enhanced stopping power of the 
plasma relative to its cold matter equivalent. 



1. INTRODUCTION 

The study of beam-plasma interactions is of interest 
in connection with the experimental and theoretical problems 
linked to inertial confinement fusion El,21. Moreover, the 
stopping power of free electrons at a given temperature is a 
fundamental quantity, the knowledge of which is essential for 
testing the ion stopping theories. The present letter 
describes an experimental approach to this problem, which 
consists in coupling a hydrogen plasma to the Orsay-IPN 
Tandem accelerator, and gives the first results concerning 
l"1 32 "C and 3 beam transmission and energy losses. An extension 
of this work to heaviest projectiles has been performed at 
Darmstadt C33. 

2. EXPERIMENTAL PROCEDURE 

The experimental set up is shown in Fig. 1. The plasma 
target, developed at the GREMI Lab., is produced by an elec
trical discharge in hydrogen. The quartz tube diameter is 
equal to 5.5 cm. The electrodes are 41 cm apart. A solenoid 
produces a 0.2 Tesla axial magnetic field synchronized with 
the discharge in order to minimize plasma instabilities. The 
cell i3 open towards the beam line by two axial collimators 
(3 mm diameter and 13 cm long) which reduce the gas conduc
tance between the tube (9 torr H-, before plasma ignition) and 
the beam line (10~ torr). An efficient differential pumping 
is obtained using two high rate roots (140 1/s) and a booster 
operating at 6000 1/s. A high power capacitor bank (5 kJ, 13 
kV, 60 \xF) is used to fire the plasma. A Faraday cage has 
been built around the plasma unit, including the capacitor 



bank and its power supplies to reduce electrical noise on the 
detectors. 

The plasma characteristics (electron density, tempera
ture and ionization degree along the plasma axis) have been 
measured off line by interferoraetry using a He-Ne laser. They 
have been confirmed, off line and on line, using a two wave
length absorption method with an Ar laser C4,53. A systematic 
study revealed the good reproducibility of the characteristic 
plasma parameters (fluctuations lower than ± 15 % over 100 
shots for given initial H-, pressure and discharge voltage). 
The evolution of the electron density and plasma temperature, 
as a function of time, are shown in Fig. 2. Fifteen micro
seconds after ignition, the free electron density reaches a 
value of 4 10 cm" and the temperature amounts to 2.7.10 K. 

The heavy ion beam (2 MeV/u 1 2 C 4 + or 3 2 S 7 + ) is bunched 
at a 2.5 MHz frequency, the beam pulse width being adjusted 
to 2 ns. The absolute incident energy is measured using a 

-4 deflection magnet, with a relative accuracy AE/E of ± 10 
The ion pulses are detected by three phase probes, which are 
matterless capacitive detectors C63. The shape of these 
detectors and the associated electronics have been optimized 
to deliver the maximum signal. Special care has been taken 
for shielding these detectors from the noise produced by the 
discharge (double copper housing, power supply from Cd-Ni 
batteries). 

The first phase probe (PSD is placed upstream rela
tive to the plasma cell and is used for detecting the inci
dent beam pulses. Two phase probes (PS2 and PS3) placed 
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irwnstream are used to measure the beam time of flight on a 
3.71 m path i) the plasma cell being under vacuum, iij the 
cell being filled with 3 torr H-, and iii) after plasma 
ignition. The time differences resulting from the three 
detector signals are digitized using a special acquisition 
device (Multistop TDC C73J, the capacity of which corresponds 
to 40 beam pulses travelling through the system, i.e. to a 
period of 16 us. 

3. RESOXTS 

3.1. Fluctuations of the beam transmission : 
plasma lens effect 

The evolution of the PS2 phase probe response versus 
time is shown in Fig. 4b, in correlation with the light 
signal from the plasma (Fig. 4a). The amplitude of this 
response is proportional to the number of charges in each 
beam burst. Before ignition (t < 0), its amplitude remains 
constant and corresponds to the beam intensity transmitted 
through the cold gas. After a short period (t = 0-15 us) 
during which the noise pick-up prevails, the signal is obser
ved again, but with an amplitude reduced by a factor 2 rela
tive to the initial one. This attenuation is attributed to a 
defocusing effect of the plasma which reduces the beam trans
mission through the exit collimator. In contrast, for t ' 22-
11 us and for t = 55-77 us, signal enhancements are observed. 
These enhancements are also attributed to magnetic effects 
which new improve the beam transmission through the collima
tor. Such plasma lens effects, which had never been observed 
before for heavy ions, have already been reported for more 
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intense Z pinch plasmas and lighter beams C8J. Note that beam 
enhancements can easily be distinguished from the noise 
bursts Bl and B2 through a time scale dilatation (Fig. 4c) 
which reveals the periodic structure of the signal. 

3.2 Energy losses 

The energy losses of C and 3 beams in 9 torr H-,, 
deduced from time of flight measurements with and without 
gas, are found to be 0.61 t 0.05 MeV and 3.11 i 0.15 MeV 
respectively. These results are in fair agreement with semi-
empirical tabulations C33. 

The energy losses in plasma have been measured for ~ -C 
in and 3 projectiles, and for two time windows corresponding 

to the beam intensity maxima mentioned above. The results are 
in 

displayed in Fig. 5 for J"Z ions, and for a 13 kV discharge 
n 

in 9 torr H„. (A similar behaviour is observed for "C pro
jectiles, the energy losses being reduced by a factor 5, 
consistent with the ratio of effective charges of C and S 
ions). The experimental energy loss AE (open symbols) is 
compared in Fig. 5 to the calculated value AE„ = iE-, * AE-, +• 
AE, (filled symbols), in which 

- AE^ =1.1 t 0.3 MeV is the energy loss in the 
residual cold gas in the collimators (length 26 cm, average 
pressure estimated from hydrodynamics : 6.6 i 2 torr), 

- iE-, is the energy loss due to collisions with free 
electrons, the density of which is derived (within ± 20 %) 
from the diagnostic measurements. According to the results of 
elaborated calculations C103 a factor 2 enhancement is assu
med for the stopping power of free electrons relative to the 
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bound ones in the given beam and plasma conditions. The 

variation of AE-, with time is also displayed in Fig. 5 (solid 

line>, 

- ûE., arises from collisions with bound electrons of 

atomic hydrogen in the plasma. This term is always smaller 

than 0.25 ûE n, but varies with the plasma temperature, in 

phase opposition with ûE-* Ttms its influence tends to wash 

out the oscillating behaviour of AE-* '^ie er*"or o n ÛE3 which 

comes mainly from the uncertainties in the neutral atom den

sity determinations, is of about ± 50 %. 

A fair agreement is observed between ûE and AE~ in the 

region 20-35 us for which the plasma density and ionization 

are relatively high. This agreement, within the limits of 

uncertainties (dashed line), is a good evidence for an enhan

ced stopping power of the plasma relative to its equivalent 

cold matter. 

In the region 60-75 us, the difference between ûE and 

4ÛE- is slightly out of the uncertainty range. However, this 

region corresponds to low plasma densities and temperatures 

for which the neutral H density determination is more 

uncertain than in the high density region. 

Finally, it can be seen that the calculated curve 

oscillations are not found experimentally. This seems to 

indicate an underestimation of the bound electron density in 

the cell, particularly at low temperature. 

In conclusion, this first experiment opens the way to 

more extensive studies of heavy ion beam-dense plasma inter

actions of interest for inertial confinement fusion. 
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FIGURE CAPTIONS 

Figure 1 : Experimental set up. T : plasma target, C : colli
mators, E : electrodes, G.R. : gas regulation, 
H.V. : high voltage supply, PP : primary pumps, 
R : roots, B. : booster : PS1,2,3 : phase probes. 

Figure 2 : Evolution of the electron density (d) and plasma 
temperature (T) versus time (t) for 13 IcV dis
charge in 9 torr H-,, 

Figure 3 : Beam transmission through plasma. 
a - plasma light 
b - signal from PS2. Bl,2 : noise bursts 
c - time dilatation of PS2 signal. 

Figure 4 : Experimental and calculated energy loss in plasma. 
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