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Motivation, Significance of Overall Problem 

Investigation of heavy ion beam interaction physics with dense plasma is one of key issues for Inertial Confinement Fusion (ICF) driven by powerful heavy ion beams. Both for direct and indirect drive scenarios of Heavy Ion Fusion the target design is determined by the processes of beam-plasma interaction. For any type of targets temporal profile of the energy deposition of intense ion beam strongly depends on experimental data on ion stopping in dense, strongly coupled plasmas and related hydrodynamic response of absorbing layers. Therefore, beam-plasma interaction process becomes a key issue in the design study of the interrelated ensemble Heavy Ion Driver - ICF target. In fact it determines the requirements to the output parameters of powerful ion beams, final focusing system, number of beamlets in reactor chamber, beam transport through the reactor chamber, target positioning and the design of the target geometry itself.

The detailed modeling of the heavy ion beam driven ICF conditions requires adequate quantitative description of the interaction processes of heavy ion beams with dense plasmas in a wide range of parameters (1-4(. The effects governing the physical stopping length in matter one can divide in two groups.

 First group of physical effects is almost independent on the state of stopping matter, of its temperature and density. In this group one can include nuclear fragmentation effect and straggling effects, both the energy straggling originating from the non-chromatic of the incident ion beam and by stochastic of collision process. The effects of this group can lead to the blurring of the so called "Bragg peak" at the end of the range and therefore to the stretching of the energy deposition zone. Apparently these effects can play a negative role by conversion of ion beam energy into X-ray radiation in case of indirect drive scenario. 

The phenomena of the second group are strongly affected by the state of converter matter, in particularly by the plasma temperature. The main reason is the influence of the plasma temperature and consequently of the plasma ionization degree on the Coulomb stopping process. In the very first stage of the heating phase, the ion beam interacts with dense (almost normal density) and rather cold strongly coupled plasma of low -Z material. In the end of the stopping range of a still highly charged heavy ion the process can run into the "strongly coupled" regime  [5,6]. That means the ions can slip through the layer of converter matter. The second effect appears from the temporal increase of the ionization degree of plasma. Temperature of the converter plasma changes rapidly from 0 up to about 100eV and then slowly rises up to 300 eV in the peak. Therefore the abundance of free electrons giving the most contribution to the stopping power changes dramatically. 

A limited number of experiments on measurement of total ion ranges of heavy ions for some ion beam parameters are available in literature. Many theoretical models of these processes have been developed. Most of the data for the total range of ion beams in matter are reconstructed from the experiments with protons and alpha particles. The obtained data on stopping and ranges of heavy ions in matter show significant discrepancies sometimes exceeding 20% [27-30]. Recent studies, however, showed that the available data on ion - target interaction are insufficient to form a reliable base for calculating target performance. Such variations in the ion range result in dramatic uncertainties in peak temperatures achieved, shock wave properties, and x-ray flux estimations. 

Basics of beam-plasma interaction

The possibility of producing large volumes of plasmas at relatively homogeneous conditions of high temperature and of about solid-state densities using intense heavy-ion beams has received increasing attention. Strong dependence of the ion stopping ranges on the effective charge state of heavy projectiles traversing the ionized matter motivates careful and sophisticated experimental study of this topic by the plasma physics groups at a number of collaborating with ITEP-Moscow research centers from all over the world: GSI-Darmstadt, IPN-Orsay, TIT- Tokyo, INP-Alma-Ata.

This inspires a large number of experimental studies of stopping processes, such as differential energy losses in thin target, stopping characteristics as functions of matter density, temperature, etc. A wealth of experimental data have been accumulated concerning the stopping of ions in cold matter under normal conditions when the energy loss is dominated by inelastic collisions with bound electrons (7(. At the same time, very few data have been obtained on stopping of ions in plasma, where the theory predicts a considerable enhancement of the Coulomb energy losses in collisions with free plasma electrons.

Following the theoretical studies of the energy loss mechanisms of ions in ionized matter at high temperatures (2, 8(, an active experimental work was initiated in this field [9-15]. For an experimental investigation of heavy ion beam-plasma interactions it is necessary to use an external plasma source to provide a target plasma of sufficient density and temperature. The first experimental evidence for the enhancement of the stopping power in plasma was obtained for deuterons and protons with energy 1 MeV in partially ionized plasma CH, Al (9,10,(.  The verification of the effect of enhancement of plasma stopping power was observed in a series of experimental works on the measurement of energy loss of heavy ions in hydrogen gas discharge plasmas (3,13,14,15]. 

1. The reduced recombination rate in fully ionized plasma causes enhanced charge states of the projectile ions, which enters the stopping power in a quadratic term. This effect is more important at low beam energies close to the thermal energies of the plasma electrons. As a result a difference in the stopping power up to a factor 40 between plasma and cold gas can be observed.

2. The enhanced stopping power due to the free electrons in plasma causes an enhanced plasma stopping power of a factor 2 - 3 in comparison to cold gas. 

However, the separation of these two effects from energy loss data analysis always has some ambiguity (15]. For this reason the comparative measurements of the energy losses of protons and heavy projectiles, having the same velocity and different atomic masses, combined with measurements of charge state distribution aid in better understanding of the processes involved in the interaction of heavy ion beams with a partially ionized matter. On the other hand the plasma densities achieved in these experiments range from 1016cm-3 to 5·1019cm-3. The density condition in fusion targets will, however, be in a different regime. Therefore it is necessary to study interaction processes like energy deposition and charge state distribution in extremely dense plasma. The proposed investigation will deliver important data on the energy deposition process and effective charge state of heavy ions in a dense plasma. 

Activities of the ITEP group.

During last five years the ITEP group has developed a number of plasma target designs with different plasma parameters specifically for the beam-plasma experiments:

The electrical discharge plasma target [19]. The plasma generated by igniting an electric discharge in two collinear quartz tubes of 6 mm in diameter and 78 mm long. The capacitor bank of 3 (F, discharged at voltages 2-4 kV, produces the electric current of 3 kA in two opposite directions in either of the two quartz tubes. Such a design for the plasma target enables us to suppress the well-known effect of the current: the focusing effect of the first discharge tube is compensated for by the defocusing effect of the second one. Symmetry of the discharge is ensured by special inductive coils, included into the discharge circuit, with two wires for the two current branches winded in the opposite directions. For the initial pressure of the hydrogen gas ranging from 200 to 900 Pa, the plasma electron density of up to 1017 cm-3 can be created in such a discharge. The discharge current oscillates with a half period of ~5(s, which agrees fairly well with the calculated lifetime of the hydrogen plasma, spilling out of the tube ends in the course of the hydrodynamic expansion.

The capillary plasma target. The plasma generated by igniting an electric discharge inside a 50 mm long cylindrical capillary channel bored in a polyethylene slab. The power supply by a capacitor bank with a maximum stored energy of up to 150 J, and triggered by a spark-gap switch. The electrodes at both ends of the capillary manufactured from carbon. The temperature 3.0 - 3.5 eV of plasma was determined by measuring the intensity of plasma emission in the continuum spectrum in the wavelength range from 200 to 300 nm, with reference to the standard impulse light source with a brightness temperature of 40 000 K. The pressure 300 - 1000 bar of the plasma was determined by a - calibrated detector for three sizes of the diameters capillary channel 1.5 mm, 2.0 mm, 3.0 mm.

 The explosive plasma generator. To optimize the explosive plasma generators numerical simulations of plasma shock compression and a special series of shock wave experiments were carried out. They show the possibility to construct small-sized linear and cumulative explosively driven plasma generators with shock front velocities of about 6-20 km/s using high explosive charges not exceeding 30-150 g. 

The construction of a linear generator is the most simple one and well investigated [20]. Shock wave velocities of 6-10 km/s in gases with normal atmospheric pressure as initial pressure are reachable. The detonation products in this device push a metal foil, a so-called flyer plate, which produces a plane shock front in the gas, creating a homogenous, macroscopic plasma layer in front of the flyer plate. The glass tube remains immobile without being destroyed during a time of about 1 (s while the plasma sheath passes through the tube. The flow of plasma is practically one-dimensional. This cylindrical plasma slug is of the diameter of the tube, 2 cm, and has a thickness of 1 cm. The advantage of this plasma generation method in comparison with other methods is the homogenity of parameters in the whole plasma volume. Also the absence of strong electromagnetic fields, that affect the beam transport through the plasma target in discharge plasmas, is of advantage. Cumulation the shock wave energy by a converging geometry by applying a conical section to the linear generator allows to increase the shock waves velocities causing higher free electron densities in the initial gas. The cumulation of the shock wave energy in the conical section leads to shock velocities of 10~12 km/s. Due to this geometry in the section of the target with the reduced diameter a homogeneous plasma slug of 0.5 cm diameter and a thickness of more than 1 cm is created. This plasma sheath exists with constant parameters for about several microseconds, which is on the right time-scale to carry out interaction measurements with the ion beam. With the cumulative generator higher degrees of ionization and higher electron densities were obtained in Xe. Nevertheless it can also be used for investigating the contribution of bound electrons to the stopping power in nonideal plasma.

The results of experimental activities dedicated to the development of a free electron density diagnostic method [21] based on the energy loss data of monochromatic proton beams in partially ionized plasma are briefly summarized. Diagnostic method is based on the formula (1), which describes the stopping power of free and bound electrons for fast protons in plasma: 
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 (1).  Here: 
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are the velocity and the kinetic energy of fast proton beam; me, e the electron mass and electric charge; nfe the number density of free electrons in a target;

 EMBED Equation.3  

 EMBED Equation.3  

 - the Coulomb logarithms of free electrons and bound electrons for different species, respectively; (p=(4(nfee2/me)1/2  the plasma frequency; nk  the number density of ion species k; 
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 the number of bound electrons in ion k, and Jk [eV] the mean excitation energy. By measuring the proton energy loss in a column of fully ionized plasma one readily infers the value of nfe. Under realistic experimental conditions, the plasma is typically only partially ionized and the influence of bound electrons on the energy loss must be taken into account. Bound electrons introduce two sources of uncertainly: one associated with the ionization degree and the other associated with the values of Jk. However, because the Coulomb logarithms Lbk  for the bound electrons are typically lower than Lfeby  a factor of 2-3, the effect of these uncertainties is suppressed in the case of significant ionization, when the number of free electrons nfe exceeds the total number of bound electrons nbe. Nevertheless, practical applications of this diagnostic method require that some information on the plasma temperature be obtained in the experiment. By using this data combined with the measured proton energy losses, a good-quality estimate of the free electron density can be obtained. To check the sensitivity of the inferred values of nfe on the ionization equilibrium, we performed a series of simulation with the thermodynamic code SAHA-4, designed for computing ionization equilibrium in multi-component weakly coupled plasma (22]. The plasma probed in our experiment was an atom-ionic mixture of the initial composition CH2 heated to a temperature Te ( 3 eV.  It was generated by igniting an electric discharge inside an l = 50 mm long cylindrical capillary channel bored in a polyethylene slab [21]. Experimental measurements of the protons' energy losses in capillary plasmas, have been performed on the ITEP-RFQ linac (Moscow) and on the Tandem accelerator at the Erlangen-Nurnberg University. The values of the free electron density for different proton energies are in good agreement with one another within the experimental error. The dominant contributions to the error of the free electron density originate both from the measurement of the proton energy loss and from the definition of the value of the Coulomb logarithm. A simple analysis shows that the accuracy of this method should improve with increasing plasma temperature, as more and more of the atomic electrons become excited into the continuum. In our example of a CH2 plasma, for instance, it would simply suffice to verify that the electron temperature Te exceeds 5 eV to be able to measure the nfe values to an accuracy of about ( 5%.

First experiments [23] with explosively driven plasmas at ITEP in collaboration with ICP RAS in Chernogolovka were done using the cumulative generator. A steel flyer-plate was accelerated by the detonation (60g TNT) to a velocity of 6.5 km/s. In the linear first part of the shock tube a shock wave velocity in Xe of D0=6.9 km/s was reached. After passing the conical part the speed of the shock wave increased as well as the thickness of the plasma layer, to the value mentioned above. The compact vacuum pumped steel chamber for explosions up to 200 g TNT equivalent is the centre of the set-up. Differential pumping and fast valves [24] proved to be sufficient for the protection of the high vacuum beam line from the pressure increase and detonation products from the high explosives. For the first stages of the experiment 60 g of the RDX (an inert hexogen derivate) was used to create Xenon plasmas. The energy loss measurements will be performed by using well-established time-of-flight (TOF) methods. To provide a high amplitude signal amplification and the required time resolution a micro-sphere plate (MSP) was used in the stop detector for the TOF measurements. So the first experiments with the weakly nonideal xenon plasma showed a reliable operation of the experimental set-up

p. The future experiments with higher plasma density and, consequently, with nonideal parameter Г more close to 1.0 are planed with heavy ion beams.਍吀栀攀
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The experiment on measurement of the Coulomb energy loss by fast protons in a plasma target has been conduct敤⁩渠捯

ted in collaboration with GSI, Darmstadt, and INP, Alma-Ata [25]. The goal of this experiment was to measure separately the enhancement in the Coulomb stopping of fast ions in plasma due only to the increase of the Coulomb logarithm, i.e., to measure directly the value of the Coulomb logarithm of free electrons in the hydrogen plasma. Using the method of time-resolved two-wavelength Mach-Zehnder interferometer in axial direction has performed the measurements of areal density of the free electrons and the degree of ionization. The experimental value of the Coulomb logarithm for the free plasma electrons Lfe= 14.9±2.8 is a good agreement with the theoretical prediction by Larkin [26], 
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12.48. Hence, an adequate modeling of the ion stopping in plasma a key element for the target designs in the inertial confinement fusion. Also, once the Larkin formula for the stopping power of the free plasma electrons is experimentally verified, the energy losses by fast protons could be employed as a powerful tool for the dense plasma diagnostics.

SCIENTIFIC SCOPE OF THE PROJECT.

The Detailed Research Objectives recearch objectives of the ITEP group in frame of the collaborative project can be specified as follows:

to investigate the energy losses and charge state distribution of 110 keV/u Cu and U ion beams in plasma target by using the ITEP RFQ linac.

to investigate the energy loss and the charge state distribution of heavy ion beams of different atomic mass in dense, explosively driven plasma in collaboration with GSI-Darmstadt and ICP RAS in Chernogolovka by using the UNILAC facility.

to analyze the experimental data and make the comparison between the theoretical and numerical predictions.

to improve the theoretical models and their mathematical implementation with account of the obtained data for the specific conditions of interest.

to analyze the influence of the data obtained on the requirements to the parameters of the heavy ion accelerator-driver and on the design of the HIF targets.

Detailed Work Plan for First Year, Including Proposed Methods or Techniques.

 Development of the experimental setup for the experimental measurements of energy loss and charge state distribution of 110 keV/u Cu and U ion beams with plasma target on ITEP RFQ accelerator.

The experimental setup on the RFQ accelerator area will be designed; the necessary part of the installation will be manufactured and installed.  I - III quarts.

The diagnostic systems of the energy loss measurement ion beam will we integrated into the beam line. III - IV quarts

The electrical discharge plasma target will be installed and aligned with respect to the ion beam axis.  IV quart.

Development of the experimental setup for the measurement of energy loss and charge state distribution of heavy ion beam with explosive plasma target on UNILAC facility at GSI.

Special chamber for a explosive plasma target will be integrated in the UNILAC beam-line at Z6 experimental area. I - III quarts

The plasma diagnostic system for the temperature and shock velocity measurements will be installed II - IV quarts

The experimental investigation of energy loss and charge state distribution of the ion beam with explosive plasma target will be started. - IV quart.

A number of existing experimental facilities, test benches and plasma devices will be used in the experiments. The available at ITEP and in collaborating institutes diagnostic systems will be employed. The most important of them are listed below:

The electrical discharge plasma target at ITEP

The ITEP capillary plasma target.

The explosively driven plasma generator ICP/GSI.

Heavy ion ITEP RFQ accelerator,

UNILAC accelerator facility at GSI-Darmstadt,

Tandem electrostatic accelerator at INP Alma-Ata. 

Plasma diagnostic systems: spectroscopic, interferometer, plasma pressure detectors, pyrometer and others.

Beam diagnostic system for energy loss and charge state distribution.

Very important for the success of the project is a very fruitful collaboration between groups from ITEP, GSI (Darmastadt), INP (Orsay), INP (Alma-Ata) and TIT (Tokyo), exchange of scientists, scientific equipment, diagnostic systems and the joint use of the accelerator facilities.
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