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STOPPING POWER OF HEAVY IONSIN HOT DENSE PLASMAS�M. Ogawa, Y. Oguri, J. Hasegawa, T. Aoki, U. NeunerA. Sakumi, K. Nishigori, K. Shibata, M. Kojima, M. YoshidaY. NakajimaResearh Laboratory for Nulear Reators, Tokyo Institute of Tehnology, JapanM. Nakajima and K. HoriokaDepartment of Energy Sienes, Tokyo Institute of Tehnology, Japan(Reeived November 28, 2000)Energy loss of 6 MeV/u 56Fe ions in a partially ionized helium plasmahas been for the �rst time measured as a funtion of inident harge stateranging from 21+ to 25+. Enhanement of the energy loss of the ions inthe disharge plasma has been observed over that in old helium gas. Theenhaned stopping of 16O ions with energies of� 0.2 MeV/u in laser ablatedLiH plasma has been also observed over that in old matter. Theoretialalulation proposed by Sigmund reprodues the energy dependene of theexperimental stopping power of the 16O ions in the plasma.PACS numbers: 34.50.Bw, 52.20.Hv, 52.40.Mj, 52.50.Jm1. IntrodutionStopping power of heavy ions in dense plasmas plays an important rolein heavy ion inertial fusion where energy of driver beam is onverted toX-ray energy in indiret irradiation targets. In this senario, it is importantto study ion stopping near the Bragg peak in range distribution where theenergy dependene of stopping power also exhibits a peak. We fous ourinterest on experiments with heavy ions having energies near the peak inthe stopping power urve. Many experiments of heavy-ion stopping in theompletely ionized hydrogen plasmas formed by Z-pinh disharge have beenarried out by GSI [1�6℄ and Orsay [7,8℄ groups. They observed the enhaned� Presented at the XXXV Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 5�13, 2000.(945)



946 M. Ogawa et al.stopping of ions in the plasmas ompared with that in the old matter.Jaoby et al. have observed the largest enhanement fator of 35 for 45 keV/ukrypton ions [5℄. On the other hand, no plasma e�et was obvious in thepartially ionized argon plasma of low degree of ionization [9℄ whih ontainedmany bound eletrons. We have studied stopping power of 6 MeV/u ironions in a partially ionized plasma of helium whih inludes the bound andfree eletrons with nearly equal weight. The stopping power of fast heavyions in plasma is expressed by the following Bethe type equation [10�12℄.� dEdX = �4�Z2e�e4mv2 �Nbe ln�2mv2Iav �+Nfe ln�2mv2~!p �� ; (1)where m is the eletron mass, Ze� and v are, respetively, the e�etiveharge and the veloity of the projetile ion, Nbe and Nfe are, respetively,the number densities of bound eletron and free eletron, and Iav and !p are,respetively, the average ionization energy of target atom and the plasmafrequeny. The harge equilibration of the projetile ions plays an importantrole in the stopping proess. So we measure the energy loss of the iron ionsas a funtion of projetile harge state.On the other hand, Sigmund has proposed an equation extended fromthe Bohr type equation to analyze the stopping power of low-energy ionswith veloity near or below the Bohr veloity [13℄. The Sigmund equationan be modi�ed for the plasma as below.� dEdX = �4�Z2e�e4mv2 �NbeL� mv3Ze�e2!�+NfeL� mv3Ze�e2!p�� ; (2)where ! is the resonane frequeny of bound eletron and L is the stoppingnumber given by Sigmund.It is interesting to test the Sigmund equation. So we investigate thestopping power as a funtion of projetile energy in the energy region nearand/or below the Bragg peak. For this measurement we use target plasmasformed by laser irradiation to prevent the projetile-beam de�etion fromthe magneti �eld. 2. Experiments2.1. High-energy ions in helium disharge plasmaThe experiments for heavy-ion beams with energy higher than the Braggpeak were arried out at HIMAC (Heavy Ion Medial Aelerator at Chiba)of NIRS (National Institute of Radiologial Sienes). To ensure the enoughinteration length, the target plasma was formed by the Z-pinh dishargeof helium gas in a quartz disharge tube of 165 mm in length and 27 mm



Stopping Power of Heavy Ions in Hot Dense Plasmas 947in inner diameter [14, 15℄. The plasma target was di�erentially pumped tomaintain the vauum of aelerator beam line. A pair of apertures of 2 mm indiameter were plaed on both ends of the disharge tube to de�ne the beam-plasma interation area. The Z-pinh disharge was driven with a apaitorof 4 �F at voltage of 18 kV. The disharge urrent rose to a peak of 60 kAat t = 2 �s. The helium gas pressure was adjusted to 120 and 200 Pa. Theeletron density was dedued from the Stark broadening of He II n = 4 ton = 3 line at 468.6 nm [16℄. The eletron temperature was dedued from theline-intensity ratio of I(He II 468.6 nm)/I(He I 587.6 nm) [17℄. The generalbehavior of the helium plasma was simulated with the MULTI-Z ode [14℄whih was extended by one of the authors, T. Aoki, from the original 1Dhydrodynamis ode of MULTI [18℄ to inlude the MHD omponents.Fig. 1 ompares the measured and simulated eletron densities for thegas pressure of 120 and 200 Pa. The measured eletron density ranges from1�1018to 2�1018 m�3 and from 2�1018 to 4�1018 m�3 for the gas pressureof 120 and 200 Pa, respetively, during the �rst pinh around t = 1 �s. Onthe other hand, the eletron temperature does not so �utuate as the eletrondensity and varies between 4 and 5 eV. The omplete LTE (Loal ThermalEquilibrium) ondition for helium plasma gives an eletron density of ne >1�1018 m�3 at T e = 4 eV with a time sale of � = 0.1 �s [17℄. So thepresent helium plasma ful�lls almost the LTE ondition. However, it shouldbe noted that the disharge plasma is appliable as a target only aroundt = 1 �s. This is beause the uniform plasma was observed with a streakamera only between t= 0.9 and 1.3 �s when the gas pressure was set to120 Pa. The spatial distribution of the eletron density was alulated withthe MULTI-Z ode to examine the uniformity of the disharge plasma target.
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Fig. 1. Time evolution of eletron densities measured and alulated with MULTI-Zode, (a) for 120 Pa and (b) for 200 Pa.



948 M. Ogawa et al.The alulation provided the spatial non-uniformity of the plasma as � 20 %within a radius of 1 mm for the gas pressure of 200 Pa. The non-uniformityfor the ase of 120 Pa was � 10 %. The MULTI-Z alulation indiated thatthe present plasma target was uniform enough for the in-beam experimentswith the beam radius de�ned as 1 mm.The energy loss experiments were performed with an 56Fe beam of6 MeV/u energy at HIMAC. The pulsed iron beam had a time spaingof 10 ns. The 56Fe ions with seleted harge states ranging from 21+ to25+ were injeted to the target plasma. The energy loss of the ions havingpassed through the plasma was measured with the time of �ight method.The �ight distane was 3.8 m. The outgoing ions were deteted with anassembly of a gold foil and a miro hannel plate (MCP). The MCP plaedat the angle of 45 degrees to the ion beam deteted the seondary eletronsgenerated at the gold foil. The MCP was shielded from the plasma light.Fast digital osillosopes reorded the signals of MCP, RF, beam pikupand disharge urrent. The measurements were repeated for various timingsafter disharge ignition.In order to onvert the measured energy loss to the stopping power, themass thikness dX of the target plasma was evaluated as dX=MHeLne=hZi,where MHe, L, ne, hZi are the mass of helium atom, the plasma length, theeletron density and the mean harge of helium plasma, respetively. Theexperimental mean harge was evaluated by inserting the measured ele-tron density and temperature into the Saha's equation [19℄. The MULTI-Zode also gave the mean harge hZi. Fig. 2 ompares the experimentalmean harge and the simulated one. We adopted the experimental valuesto alulate the plasma mass thikness although the disrepany between
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Fig. 2. Time evolution of eletron temperature measured and alulated withMULTI-Z ode, (a) for 120 Pa and (b) for 200 Pa.



Stopping Power of Heavy Ions in Hot Dense Plasmas 949the experimental and simulated ones, in partiular, for the ase of 200 Pa isobvious. For example, the eletron density of ne = 1 � 1018 m�3 and themean harge of hZi = 1 give the mass thikness of dX = 55 �gm�2 for theplasma olumn of 165 mm in length. The equilibrium thikness X of thearbon foil was obtained by Baron [20℄ as X = 5:9+22:4W �1:13W 2 wherethe thikness X and the ion energy W are in �gm�2 and MeV/A, respe-tively. This empirial formula gives the thikness of 100 �gm�2 whih wasalmost ful�lled by the helium plasma with the gas pressure of 200 Pa at the�rst pinh around t = 1�s.2.2. Low-energy ions in laser plasmaExperiments with the low-energy ions were onduted to study the stop-ping proess for the ion energy lower than the Bragg peak. The 16O beamswith energy ranging from 2.4 to 5.6 MeV are generated with the 1.7 MVtandem at Tokyo Institute of Tehnology. A proton beam with the sameveloity as the oxygen beam is also used to extrat the Coulomb logarithmterms in the stopping power equation. Two types of plasma targets are in-stalled on the beam line. One is based on a Nd-glass laser of 3 J energyand 30 ns pulse width [21�23℄. A LiH pellet of about 60 �m in diameteris irradiated by the laser. The spherially expanding plasma was observedwith a fast framing amera. The eletron density was diagnosed by theMah�Zehnder interferometry. Fig. 3 indiates radial distributions of theeletron density observed at 60, 80 and 100 ns after start of the laser irradi-ation. The LiH plasma with the eletron density of 1�1018 m�3 at t = 60ns is appropriate to an inident beam with a radius of 0.5 mm. The optialspetrosopy of the ontinuum emission gave the eletron temperature of 10to 20 eV. The ratios of singly ionized atom to neutral atom were evaluatedfor hydrogen and lithium using the Saha's equation [19℄. The ratios of thenumber densities were n(Li+)/n(Li) � 1000 and n(H+) = 390. The ratioof Li2+ to Li+ was n(Li2+)/(Li+) = 0.1 even for the minimum density forthe LTE ondition, i.e., 1020 m�3. Consequently the LiH plasma onsistedof mainly of Li+ and H+ and the neutral omponent was negligible. Themass thikness of the LiH plasma was evaluated as �X = 1.4 �gm�2 att = 60 ns. The energy loss of the ions in the LiH plasma was measuredwith the time-of-�ight method where the DC beam from the tandem waspulsed by a 100 MHz hopper. The ions having passed through the plasmawere deteted with an assembly onsisting of a arbon foil and a MCP. Theseondary ions emitted from the arbon foil were bent by 180 degrees with apermanent magnet and then deteted by the MCP. This detetor geometrywas adopted to shield the MCP from the plasma light.
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Fig. 3. Radial distributions of eletron density of LiH plasma observed at 60, 80and 100 ns after the laser irradiation.2.3. Solid hydrogen target for laser plasmaAnother plasma target is formed by irradiating a plate with a CO2 laserof 6 J per pulse. The laser is line-foused to suppress the density gradientalong the inident ion trajetory. We replae the previous polyethylenetarget with a solid hydrogen target to improve the degree of ionization ofthe plasma. Fig. 4 shows a shemati view of the solid hydrogen target forthe ion-plasma interation experiment. We use a GM refrigerator with therefrigerating power of 1 W at temperature of 4 K. The hydrogen gas is fed toan ie forming ell overed with an aryli ase after a opper bed is ooleddown to 7 K from the room temperature in 60 min. It takes 10 min to growa transparent hydrogen ie of 8 mm � 3 mm � 4 mm in thikness. This size
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Fig. 4. A shemati view of solid hydrogen formation for ion-plasma interation.



Stopping Power of Heavy Ions in Hot Dense Plasmas 951of the ie is adjusted to the line-foused CO2 laser spot. The hydrogen iean be formed every 10 min without breaking the vauum. The hydrogenplasma was diagnosed by the optial spetrosopy. The plasma emission ata distane between 0 and 3 mm from the hydrogen surfae was olletedwith an optial �bre onneted to a polyhromator. The eletron densitywas dedued from the Stark broadening of the H� lines and the eletrontemperature from the intensity ratio of the H� to the H� line [17℄. Fig. 5shows the time evolution of the eletron density, the eletron temperatureand the CO2 laser. The present eletron density of 0.5 � 2 �1017 m�3 islower by a fator of two than the eletron density measured previously withthe polyethylene plasma. This disrepany is probably due to the largerobjetive area than the previous one whih was de�ned to a distane of 0.5to 1.5 mm.
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Time [ns]Fig. 5. Time pro�les of eletron density and eletron temperature of hydrogenplasma, and CO2 laser. 3. Results3.1. High-energy ions in helium disharge plasmaFig. 6 shows the measured stopping power of 56Fe ions in the heliumplasma formed with the gas pressure of 120 Pa where the errors of � 30 to60 % are not indiated for simpliity. The harge states of the inident ironions ranges from 21+ to 25+ where the �rst pinh is around 1 �s after theignition. In this ase the stopping power depends on the harge state be-ause the plasma thikness was less than the equilibrium thikness of about100 �gm�2. The stopping power observed in the plasma around 1.1 �s isenhaned by a fator of two to three than the stopping power for the oldhelium gas [24℄ as indiated in Fig. 6 with a dotted line. The theoretial
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954 M. Ogawa et al.urve for the old matter dereases in the energy region of below 0.5 MeV/u.This fat led us to use the Eq. (2) instead of the Bethe type Eq. (1) for thetheoretial alulation of the stopping power.To alulate the theoretial stopping power of the ions in the plasma, weestimated the harge-state fration of the inident ions in the target plasmaby solving the rate equation [11℄. As a typial ase, the e�etive hargewas obtained to be 4.7 for the 3.6 MeV 16O ions in the LiH plasma withthe eletron density of ne = 1�1018 m�3 and the eletron temperature ofTe = 15 eV. The Coulomb logarithm term in the Eq. (2) was taken fromthe alulation by Sigmund [13℄. The theoretial stopping power for theplasma is indiated with a solid urve in Fig. 8. The alulation reproduedthe energy dependene and also the magnitude of the measured stoppingpower. This alulation suggests the larger stopping power for the lower-energy beam in a fully ionized plasma. In fat Jaoby et al. have observedthe large enhanement fator of 35 [5℄.4. SummaryStopping power of 6 MeV/u 56Fe ions in a partially ionized helium plasmaprodued by Z-pinh disharge has been for the �rst time measured as afuntion of inident-beam harge state ranging from 21+ to 25+. We haveobserved that the stopping power measured around the pinh timing att = 1.1 �s is larger by a fator of two to three than the stopping power forold helium gas. However, further detailed study is neessary to analyze thetime evolution of the stopping proess.The stopping power of low-energy 16O ions in LiH plasma has been forthe �rst time observed as a funtion of beam energy. Enhanement fatorsof the stopping power for the plasma over that for the old matter are twoto three depending on the beam energy. Theoretial alulation based onthe work of Sigmund is in good agreement with the experimental energydependene of stopping power.This work was partially supported by Grant-in-Aid for Sienti� Re-searh of the Japanese Ministry of Eduation, Siene, Sport and Culture,and the Researh Projet with Heavy Ions at NIRS-HIMAC. One of theauthors (U.N.) was supported by the A.V. Humboldt-Stiftung and by theJapan Soiety for the Promotion of Siene. C. Deutsh is aknowledged forvaluable disussions.
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