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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. NakajimaResear
h Laboratory for Nu
lear Rea
tors, Tokyo Institute of Te
hnology, JapanM. Nakajima and K. HoriokaDepartment of Energy S
ien
es, Tokyo Institute of Te
hnology, Japan(Re
eived 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 fun
tion of in
ident 
harge stateranging from 21+ to 25+. Enhan
ement of the energy loss of the ions inthe dis
harge plasma has been observed over that in 
old helium gas. Theenhan
ed stopping of 16O ions with energies of� 0.2 MeV/u in laser ablatedLiH plasma has been also observed over that in 
old matter. Theoreti
al
al
ulation proposed by Sigmund reprodu
es the energy dependen
e 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. Introdu
tionStopping 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 indire
t irradiation targets. In this s
enario, it is importantto study ion stopping near the Bragg peak in range distribution where theenergy dependen
e of stopping power also exhibits a peak. We fo
us ourinterest on experiments with heavy ions having energies near the peak inthe stopping power 
urve. Many experiments of heavy-ion stopping in the
ompletely ionized hydrogen plasmas formed by Z-pin
h dis
harge have been
arried out by GSI [1�6℄ and Orsay [7,8℄ groups. They observed the enhan
ed� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,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.Ja
oby et al. have observed the largest enhan
ement fa
tor of 35 for 45 keV/ukrypton ions [5℄. On the other hand, no plasma e�e
t was obvious in thepartially ionized argon plasma of low degree of ionization [9℄ whi
h 
ontainedmany bound ele
trons. We have studied stopping power of 6 MeV/u ironions in a partially ionized plasma of helium whi
h in
ludes the bound andfree ele
trons 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 ele
tron mass, Ze� and v are, respe
tively, the e�e
tive
harge and the velo
ity of the proje
tile ion, Nbe and Nfe are, respe
tively,the number densities of bound ele
tron and free ele
tron, and Iav and !p are,respe
tively, the average ionization energy of target atom and the plasmafrequen
y. The 
harge equilibration of the proje
tile ions plays an importantrole in the stopping pro
ess. So we measure the energy loss of the iron ionsas a fun
tion of proje
tile 
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 velo
ity near or below the Bohr velo
ity [13℄. The Sigmund equation
an be modi�ed for the plasma as below.� dEdX = �4�Z2e�e4mv2 �NbeL� mv3Ze�e2!�+NfeL� mv3Ze�e2!p�� ; (2)where ! is the resonan
e frequen
y of bound ele
tron and L is the stoppingnumber given by Sigmund.It is interesting to test the Sigmund equation. So we investigate thestopping power as a fun
tion of proje
tile energy in the energy region nearand/or below the Bragg peak. For this measurement we use target plasmasformed by laser irradiation to prevent the proje
tile-beam de�e
tion fromthe magneti
 �eld. 2. Experiments2.1. High-energy ions in helium dis
harge plasmaThe experiments for heavy-ion beams with energy higher than the Braggpeak were 
arried out at HIMAC (Heavy Ion Medi
al A

elerator at Chiba)of NIRS (National Institute of Radiologi
al S
ien
es). To ensure the enoughintera
tion length, the target plasma was formed by the Z-pin
h dis
hargeof helium gas in a quartz dis
harge 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 va
uum of a

elerator beam line. A pair of apertures of 2 mm indiameter were pla
ed on both ends of the dis
harge tube to de�ne the beam-plasma intera
tion area. The Z-pin
h dis
harge was driven with a 
apa
itorof 4 �F at voltage of 18 kV. The dis
harge 
urrent rose to a peak of 60 kAat t = 2 �s. The helium gas pressure was adjusted to 120 and 200 Pa. Theele
tron density was dedu
ed from the Stark broadening of He II n = 4 ton = 3 line at 468.6 nm [16℄. The ele
tron temperature was dedu
ed 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℄whi
h was extended by one of the authors, T. Aoki, from the original 1Dhydrodynami
s 
ode of MULTI [18℄ to in
lude the MHD 
omponents.Fig. 1 
ompares the measured and simulated ele
tron densities for thegas pressure of 120 and 200 Pa. The measured ele
tron 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, respe
tively, during the �rst pin
h around t = 1 �s. Onthe other hand, the ele
tron temperature does not so �u
tuate as the ele
trondensity and varies between 4 and 5 eV. The 
omplete LTE (Lo
al ThermalEquilibrium) 
ondition for helium plasma gives an ele
tron density of ne >1�1018 
m�3 at T e = 4 eV with a time s
ale of � = 0.1 �s [17℄. So thepresent helium plasma ful�lls almost the LTE 
ondition. However, it shouldbe noted that the dis
harge plasma is appli
able as a target only aroundt = 1 �s. This is be
ause the uniform plasma was observed with a streak
amera only between t= 0.9 and 1.3 �s when the gas pressure was set to120 Pa. The spatial distribution of the ele
tron density was 
al
ulated withthe MULTI-Z 
ode to examine the uniformity of the dis
harge plasma target.
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Fig. 1. Time evolution of ele
tron densities measured and 
al
ulated with MULTI-Z
ode, (a) for 120 Pa and (b) for 200 Pa.



948 M. Ogawa et al.The 
al
ulation 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 
al
ulation indi
ated 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 spa
ingof 10 ns. The 56Fe ions with sele
ted 
harge states ranging from 21+ to25+ were inje
ted to the target plasma. The energy loss of the ions havingpassed through the plasma was measured with the time of �ight method.The �ight distan
e was 3.8 m. The outgoing ions were dete
ted with anassembly of a gold foil and a mi
ro 
hannel plate (MCP). The MCP pla
edat the angle of 45 degrees to the ion beam dete
ted the se
ondary ele
tronsgenerated at the gold foil. The MCP was shielded from the plasma light.Fast digital os
illos
opes re
orded the signals of MCP, RF, beam pi
kupand dis
harge 
urrent. The measurements were repeated for various timingsafter dis
harge ignition.In order to 
onvert the measured energy loss to the stopping power, themass thi
kness 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, theele
tron density and the mean 
harge of helium plasma, respe
tively. Theexperimental mean 
harge was evaluated by inserting the measured ele
-tron density and temperature into the Saha's equation [19℄. The MULTI-Z
ode also gave the mean 
harge hZi. Fig. 2 
ompares the experimentalmean 
harge and the simulated one. We adopted the experimental valuesto 
al
ulate the plasma mass thi
kness although the dis
repan
y between
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Fig. 2. Time evolution of ele
tron temperature measured and 
al
ulated 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 parti
ular, for the 
ase of 200 Pa isobvious. For example, the ele
tron density of ne = 1 � 1018 
m�3 and themean 
harge of hZi = 1 give the mass thi
kness of dX = 55 �g
m�2 for theplasma 
olumn of 165 mm in length. The equilibrium thi
kness X of the
arbon foil was obtained by Baron [20℄ as X = 5:9+22:4W �1:13W 2 wherethe thi
kness X and the ion energy W are in �g
m�2 and MeV/A, respe
-tively. This empiri
al formula gives the thi
kness of 100 �g
m�2 whi
h wasalmost ful�lled by the helium plasma with the gas pressure of 200 Pa at the�rst pin
h around t = 1�s.2.2. Low-energy ions in laser plasmaExperiments with the low-energy ions were 
ondu
ted to study the stop-ping pro
ess 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 Te
hnology. A proton beam with the samevelo
ity as the oxygen beam is also used to extra
t 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 spheri
ally expanding plasma was observedwith a fast framing 
amera. The ele
tron density was diagnosed by theMa
h�Zehnder interferometry. Fig. 3 indi
ates radial distributions of theele
tron density observed at 60, 80 and 100 ns after start of the laser irradi-ation. The LiH plasma with the ele
tron density of 1�1018 
m�3 at t = 60ns is appropriate to an in
ident beam with a radius of 0.5 mm. The opti
alspe
tros
opy of the 
ontinuum emission gave the ele
tron 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 thi
kness of the LiH plasma was evaluated as �X = 1.4 �g
m�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 dete
ted with an assembly 
onsisting of a 
arbon foil and a MCP. These
ondary ions emitted from the 
arbon foil were bent by 180 degrees with apermanent magnet and then dete
ted by the MCP. This dete
tor geometrywas adopted to shield the MCP from the plasma light.
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Fig. 3. Radial distributions of ele
tron 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-fo
used to suppress the density gradientalong the in
ident ion traje
tory. We repla
e the previous polyethylenetarget with a solid hydrogen target to improve the degree of ionization ofthe plasma. Fig. 4 shows a s
hemati
 view of the solid hydrogen target forthe ion-plasma intera
tion experiment. We use a GM refrigerator with therefrigerating power of 1 W at temperature of 4 K. The hydrogen gas is fed toan i
e forming 
ell 
overed with an a
ryli
 
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 i
e of 8 mm � 3 mm � 4 mm in thi
kness. This size
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Fig. 4. A s
hemati
 view of solid hydrogen formation for ion-plasma intera
tion.



Stopping Power of Heavy Ions in Hot Dense Plasmas 951of the i
e is adjusted to the line-fo
used CO2 laser spot. The hydrogen i
e
an be formed every 10 min without breaking the va
uum. The hydrogenplasma was diagnosed by the opti
al spe
tros
opy. The plasma emission ata distan
e between 0 and 3 mm from the hydrogen surfa
e was 
olle
tedwith an opti
al �bre 
onne
ted to a poly
hromator. The ele
tron densitywas dedu
ed from the Stark broadening of the H� lines and the ele
trontemperature from the intensity ratio of the H� to the H� line [17℄. Fig. 5shows the time evolution of the ele
tron density, the ele
tron temperatureand the CO2 laser. The present ele
tron density of 0.5 � 2 �1017 
m�3 islower by a fa
tor of two than the ele
tron density measured previously withthe polyethylene plasma. This dis
repan
y is probably due to the largerobje
tive area than the previous one whi
h was de�ned to a distan
e of 0.5to 1.5 mm.
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tron density and ele
tron temperature of hydrogenplasma, and CO2 laser. 3. Results3.1. High-energy ions in helium dis
harge 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 indi
ated for simpli
ity. The 
harge states of the in
ident ironions ranges from 21+ to 25+ where the �rst pin
h is around 1 �s after theignition. In this 
ase the stopping power depends on the 
harge state be-
ause the plasma thi
kness was less than the equilibrium thi
kness of about100 �g
m�2. The stopping power observed in the plasma around 1.1 �s isenhan
ed by a fa
tor of two to three than the stopping power for the 
oldhelium gas [24℄ as indi
ated in Fig. 6 with a dotted line. The theoreti
al
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Fig. 6. Stopping power of 6 MeV/u 56Fe ions in helium plasma measured for gaspressure of 120 Pa as a fun
tion of in
ident 
harge state. A dotted line indi
atesstopping power for 
old helium gas and a solid line depi
ts theoreti
al stoppingpower of 56Fe ions with 
harge state of 25 in helium plasma.stopping power 
al
ulated with the Bethe type of Eq. (1) is also depi
tedin the �gure by assuming the e�e
tive 
harge of the 56Fe ions as 25+. Thetheoreti
al 
urve overlaps with the highest stopping power observed at thepin
h timing although the theoreti
al evaluation does not reprodu
e the ob-vious time dependen
e of the experimental data. However, it should benoted that the 
onversion of the experimental energy loss to the stoppingpower depends on the mean 
harge hZi of the helium plasma. This dis
rep-an
y might be removed by taking into a

ount of the time evolution of thee�e
tive 
harge and by the more detailed plasma diagnosti
s. The plasmadiagnosti
s with the higher spatial resolution 
ould give the more reliableestimation of the mean 
harge hZi of the partially ionized helium plasma.Fig. 7 shows the similar results for the 
ase of 200 Pa. The measuredstopping power is independent of the initial 
harge state of the 56Fe ionswithin the errors. This fa
t re�e
ts that the 
harge state of the proje
tileions rea
hed to the equilibrium distribution in the plasma and then the majorpart of the stopping pro
ess was governed by the equilibrium 
harge state.In this 
ase the target plasma was thi
k enough to realize the 
harge-stateequilibrium. The enhan
ed stopping over the 
old helium gas was 
learlyobserved for the 6 MeV/A 56Fe ions in the plasma.
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Fig. 7. Stopping power of 6 MeV/u 56Fe ions in helium plasma measured for gaspressure of 200 Pa as a fun
tion of in
ident 
harge state. A dotted line indi
atesstopping power for 
old helium gas and a solid line depi
ts theoreti
al stoppingpower of 56Fe ions with �xed 
harge state of 25 in helium plasma.3.2. Low-energy ions in laser plasmaFig. 8 
ompares the stopping power measured as a fun
tion of the 16Obeam energy with the 
ompiled values for the 
old matter [25℄. It is �rstnoted that the experimental values are larger by a fa
tor of two to three thanthe 
urve for the 
old matter. The experimental stopping power in
reaseswith the de
rease of the beam energy. On the 
ontrary, the stopping power
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urve for the 
old matter de
reases in the energy region of below 0.5 MeV/u.This fa
t led us to use the Eq. (2) instead of the Bethe type Eq. (1) for thetheoreti
al 
al
ulation of the stopping power.To 
al
ulate the theoreti
al stopping power of the ions in the plasma, weestimated the 
harge-state fra
tion of the in
ident ions in the target plasmaby solving the rate equation [11℄. As a typi
al 
ase, the e�e
tive 
hargewas obtained to be 4.7 for the 3.6 MeV 16O ions in the LiH plasma withthe ele
tron density of ne = 1�1018 
m�3 and the ele
tron temperature ofTe = 15 eV. The Coulomb logarithm term in the Eq. (2) was taken fromthe 
al
ulation by Sigmund [13℄. The theoreti
al stopping power for theplasma is indi
ated with a solid 
urve in Fig. 8. The 
al
ulation reprodu
edthe energy dependen
e and also the magnitude of the measured stoppingpower. This 
al
ulation suggests the larger stopping power for the lower-energy beam in a fully ionized plasma. In fa
t Ja
oby et al. have observedthe large enhan
ement fa
tor of 35 [5℄.4. SummaryStopping power of 6 MeV/u 56Fe ions in a partially ionized helium plasmaprodu
ed by Z-pin
h dis
harge has been for the �rst time measured as afun
tion of in
ident-beam 
harge state ranging from 21+ to 25+. We haveobserved that the stopping power measured around the pin
h timing att = 1.1 �s is larger by a fa
tor of two to three than the stopping power for
old helium gas. However, further detailed study is ne
essary to analyze thetime evolution of the stopping pro
ess.The stopping power of low-energy 16O ions in LiH plasma has been forthe �rst time observed as a fun
tion of beam energy. Enhan
ement fa
torsof the stopping power for the plasma over that for the 
old matter are twoto three depending on the beam energy. Theoreti
al 
al
ulation based onthe work of Sigmund is in good agreement with the experimental energydependen
e of stopping power.This work was partially supported by Grant-in-Aid for S
ienti�
 Re-sear
h of the Japanese Ministry of Edu
ation, S
ien
e, Sport and Culture,and the Resear
h Proje
t with Heavy Ions at NIRS-HIMAC. One of theauthors (U.N.) was supported by the A.V. Humboldt-Stiftung and by theJapan So
iety for the Promotion of S
ien
e. C. Deuts
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