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Dense plasma diagnostics by fast proton beams
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Coulomb energy losses by 3-MeV protons in a capillary discharge channel are used as a diagnostics tool to
measure the plasma density. By combining the proton energy loss data with the electron temperature measure-
ments,we have been able to diagnose the free electron dersitg.4x 10'° cm™2 in a 3.3-eV CH, plasma
to an accuracy of-17%. A considerably better accuracy can be expected for higher values of the electron
temperature[S1063-651X98)08101-X]

PACS numbes): 52.40.Mj, 34.50.Bw

I. INTRODUCTION becomes especially clean and simple for protons, for which
no complication due to the effective charge arises: so long as
Investigation of the interaction processes of ion beamghe velocity of a fast protomp>e2/fz=2.19>< 10° cmis, its
with dense plasmas is one of the key issues in the physics @ffective chargeZ.4=1. The idea is to invoke the plasma
inertial confinement fusion driven by heavy ion bedrhg].  analog of the Bethe formula, i.e., the Larkin formyted]
This has motivated a series of experiments for measuring thévhich must be no less accurgteo infer the areal density of
effects of thermal ionization of the target material on thethe free electrons in a plasma from the measured values of
Coulomb stopping power for fast io8—7]. It was found t_he energy Ios_,s_ by fast protons. This method appears egls par-
that, in general, the stopping power is increased due to gculagrly promising for the case of hot and densex 1¢
combined effect of two mechanisms, namely because the efM ) plasmas, where most of the other techniques fail. The
fective charge of a projectile becomes higher and because t#B&in objective of this paper is to demonstrate the possibili-
value of the Coulomb logarithm is increased. In particular,li€S Of fast proton beams as a potential tool for dense plasma
experiments of this type require reliable measurements of theiagnostics.
plasma density in wide ranges of both the number density,
ne=10'"-10" cm~3, and the areal density,n, dl=10"- Il. THEORETICAL BACKGROUND
10%* cm™2, of the free electrons. . _ _
For relatively low plasma densities, several methods of The diagnostics method that we explore here is based on
plasma diagnostics, such as laser interferomgdrg], laser ~ the formula
light absobtion[10], Thomson scatterinfl1], and spectro-

scopic measuremen{d 1,12, have been successfully ap- dE, Ame? Zmevé

plied. Unfortunately, for all of them there are physical rea- O - o2l Le=In : (1)
! : L X MgV hwp

sons which prevent their application beyond plasma areal e’ p

densities of=10?' cm~2 [11], mainly because the optical
depth of the plasma volume becomes excessively high.  which describes the stopping power of free electrons for fast
In this work we make an attempt to look at the problem ofprotons in a plasm@l4]. Herev, andE, are, respectively,
ion stopping from the other side, and employ the Coulomtihe velocity and the kinetic energy of fast protons in a probe
energy losses as a method of plasma density diagnostics. Itsam,n is the number density of free electrons in a target,
well known that the Bohr-Bethe formula describes the Couwpz(4vrnfee2/me)1’2 is the plasma frequency, amd, and
lomb stopping power of cold matter to an accuracy=cf% —e are, respectively, the electron mass and its electric
over a wide range of projectile energigs3]. The problem charge.
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A remarkable feature of E@1) is that, provided thaE, is (CH,) trigger
known, it contains only one unknown quantity, i.e., the den- n electrode

sity of free electrons,,. Equation(1) is applicable wheri)

the proton velocityv , is much higher than the thermal ve-
locity of free electrons) .= (2T./m)*?, and (ii) the quan-
tum limit i’wp>e2 is realized for the Coulomb scattering of
free electrons by a fast proton. One readily verifies that both
these conditions are satisfied in our experiment described

below, whereE,=3 MeV andT.=3.3 eV.

Assume for a moment that a probe beam of fast protons

propagates through a uniform column of lengitbf a fully

ionized plasma. Having measured the proton energies at the

entranceEp, and upon the exit,;, from the plasma col-
umn, one readily infers the value of; by solving the equa-
tion

2 _
Neel = ———— —, )

which is obtained from Eq(1) in the nonrelativistic case,

S

FIG. 1. Principal scheme of the plasma target.

have typically a factor of 2—3 lower values thag,, the
effect of these additional uncertainties is suppressed in the
case of significant ionization when the number of free elec-
trons ng, exceeds the total number of bound electrops
=2, nvpk. Nevertheless, practical applications of this diag-
nostic method require that some information on the plasma

when Ep=%mpv|2), under the assumption that the Coulombtemperature be obtained in the experiment. By using these

logarithmL¢, remains constant over the energy intergh
<E,<Ey (the latter is well satisfied in our case

data(for which a considerably lower level of accuracy can be
tolerated together with the measured proton energy losses, a

Since Eq.(1) is the key element of the diagnostic method good-quality estimate of the free electron density can be ob-
under discussion, a few comments on its validity would be intained.

order. Theoretically, Eq1) can be considered as firmly es-

tablished, at least for the case whHeg>1 and the plasma is

To check the sensitivity of the inferred valuesmf to the
ionization equilibrium, we performed a series of simulations

weakly coupled14]. By analogy with the stopping in cold with the thermodynamic codeaHA-4, designed for comput-
matter[13], its accuracy can be evaluated as no worse thaing ionization equilibria in multicomponent weakly coupled
1-2 % for multi-MeV protons passing through a plasma withplasmag16,17. It should be noted here that, when calculat-

Ne=10""-10"" cm~3, where L=10. Strong coupling at
higher matter densities is not expected to affect @y.no-

ing the ionization equilibrium, there also arises an uncer-
tainty associated with the cutoff of the partition functions of

ticeably, provided that the energy spectrum of electron exciions, and with a modeling of the interparticle interactions.

tations is quasicontinuous over the energy sdeie=% w,

We checked the sensitivity to these effects by trying different

and the density of electron states can be approximated as theutoff procedures and different models for the plasma cou-
of free electrons. Unfortunately, the only experiment bypling. It was found that the ensuing variations in thg
Belyaevet al. [15], where Eq.(1) was tested directly had a values remained withinc5% for our experimental condi-
resolution that had not allowed to validate it any better thartions.

to an accuracy oft 20%.

Under realistic experimental conditions, the plasma is
typically only partially ionized, and its stopping power for

protons is given by

dE,  4me'ng N
V" et > o VokLbk [
Mev k Tl

)

wheren, is the number density of the ion speciesvy, is
the number of bound electrons in the iknand

2
2mMeu
I

Lbk=|n

(4)

lll. EXPERIMENT

The plasma was generated by igniting an electric dis-
charge inside ah=50 mm long cylindrical capillary channel
bored in a polyethylene slab, as is shown schematically in
Fig. 1. Two different diameters of the capillary channel have
been used in the experiments, naméhy, 105 and 3 mm. The
power was supplied 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 have
been manufactured from carbon.

The temporal history of the discharge current measured
by the Rogowsky coil is shown in Fig. 2. This figure shows
also the pressure of the plasma during the discharge phase

is the Coulomb logarithm of the bound electrons for thisfor the diameter/e1.5 mm of the capillary channel. The

species. Herd, (eV) is the mean excitation energysually
referred to as the mean ionization potenfis]) of the ionk.

temperature was determined by measuring the intensity of
the plasma emission in the continuum spectrum in the wave-

Bound electrons introduce two additional sources of undength range from 200 to 300 nm, with a reference to the
certainty: one associated with the ionization equilibriumstandard impulse light source with a brightness temperature
(which, in particular, depends on the plasma tempergtureof 40 000 K[21]. The pressure was determined by a piezo-

and the other associated with the valuesJpf However,
because the Coulomb logarithrag, for the bound electrons

crystal detector, which was calibrated to an accuracy of bet-
ter than* 10%.
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FIG. 2. Temporal evolution of the discharge curréciirve 1

and plasma pressufeurve 2 in the capillary. S S U S R
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In our experiment we used ugs-long pulses of 3-MeV X (m m)
protons delivered by the 148.5-MHz “Istra-36" radio fre-

guency quadrupolar linac at Institute for Theoretical and Ex- FIG. 4. Image profile of the proton beam on the MCA screen

perimental Physic§22]. The proton beam with a longitudi- before (curve 1,E,=3 MeV) and after(curve 2,E,=2.51 MeV)
nal momentum spread ofAp/p=102 was transported ignition of the discharge.

through a magnetic separator, which reduced the momentum
spread down to 10°. The beam current was at a level of 1 ) ]
mA after the slit of the separator magnet. As shown in Fig. 3lime resolution of better than 0/s. The spot image of the
the p|asma target was integrated into the vacuum System &foton beam on the screen Of the mICI’OChannel analyzer was
the beam line. Differential pumping proved to be sufficiently tracked by a charged-coupled-deviCD) camera. The de-
effective in insulating the beam line vacuum from the pres-Pendence of the image position on the strength of the mag-
surized target during its operation cycle. The proton energyetic field was measured by using 3-MeV protons, and then
losses were analyzed by using a dipole magnet with a defleéhe dependence of this position on the proton energy was
tion angle of 48° over a radius of 707 mm. calculated. The proton energy loSg,— E,; was determined
The image of the proton beam in the plane perpendiculaPy measuring the displacement of the beam image on the
to the beam axis was registered by using a microchanndcreen of the microchannel analyzer.
analyzer(MCA). It consists of a microchannel plat®!CP) Figure 4 shows the profiles of the beam image in the
of a 70x90-mn? size and a blue-light phosphoric screen registration plane before and after the discharge was ignited.
mounted on a fiber Optics disk. A pu|Sed power 5upp|y forAn additional time dEIay between the plasma |gn|t|0n and the

the MCP enabled us to measure the energy of protons with #iggering of the MCP power supply allowed us to scan the
proton energy losses over the operation cycle of the plasma

target. The maximum energy loss by 3-MeV protons was
beambendin ifferentia 17079 keV for the/e=3 mm capillary, and 49875 keV
3 capillary analyzing for the b=1.5 mm capillary.

= umpiny
magnet R=500 mm PUTPINg target magnet R=707 mm
—
vacuum

60’ gauge IV. RESULTS
3 MeV proton beam S :;/II;: . . . .
The plasma probed in our experiment was an atom-ionic
O ggf;;eiggal ?gacmoera mixture of initial composition CH heated to a temperature
(B_e=) T.=3.0 eV. Having measured the energy lost by protons in

IBM-computer

the plasma column, the number density of the free electrons

FIG. 3. Experimental setup for measuring the energy loss ofls can be determined from E¢R) by replacingl¢ with the
3-MeV protons in a capillary discharge. total effective Coulomb logarithm
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2 2 2

2mev, 2meu 2Mev
L=In ﬁwp +6&cin 3 +5§0+|n\1(:—++~'~
2mev 2mg?
+écsin P4 gyln 3 P (5)
C+5 H

where ¢, .= n,/ng is the ratio between the number density of
the ion (atom speciesk and that of the free electrons. The
values of £, have been calculated with the codeHA-4
[16,17.

The mean excitation energy of atomic hydrogel,
=15.0 eV, is well known[18]. For neutral carbon we can
take the recommended experimental valige=75 eV from
Table VI in Ref.[13]. To evaluate the unknown quantities
Jci »Jeao, - .. for asingly charged and higher carbon ions,
we employ the approximate procedure proposed in [RE].

For each electronic subshgllof an ionk the mean exci-
tation energy is written a$ ;=ge, ;, wheree, ; is the elec-
tron binding energy in this subshell, aigdis an empirical
factor whose values typically fall in the range £4=<2 (for
atomic hydrogemy=1.105). We assume for simplicity that
has the same value for all subshells of a given korand
evaluatel, by summing up the contributions of all the popu-
lated subshells

‘]k:g eX[{; ka’jlnfk’j / 2 ka,])'

Here vy, j is the number of bound electrons in the subshell
For neutral carbon, the value =75 eV impliesg=1.9.

(6)
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FIG. 5. Total effective Coulomb logarithin defined by Eq( 5)
and calculated as a function of plasma temperaliyéor a fixed
value of pressur® =700 bar. Also shown are partial contributions
due to the freel(s) and bound electrons of different ion species.

practically independent of .. Over the temperature range
T.=3.0-3.6 eV measured in our experiment, the variation of
L is due primarily to a variable contribution of Cions. We
estimate that the corresponding uncertainty in the valde of
is no more thant8%.

Making use of the known ionization potentials for successive As already mentioned above, we conducted experiments

ions and the subshell binding energigs of a neutral atom,

for two values of the capillary diametef=d.5 and 3 mm.

we can evaluate the subshell binding'energies of successivithe plasma parameters were quite stable and reproducable

ions as[20]
ek,jzeo,j+AEk1 (7)

whereA e, is the difference between the ionization potential
(i.e., the binding energy of the outer electyaf the ionk

from shot to shot. Two quantities characterizing the plasma
state were measured simultaneously, namely, the electron
temperaturel, and the total plasma pressufe The results
obtained in the shots where the highest values of the proton
energy loss were measured are summarized in Table I.
From Eq.(5) it is clear that, in order to infer the;, value

and the binding energy of the same electron in the neutra[},y applying Eq.(2) to the measured proton energy loss, it is

atom. In this way, having assumegd=1.5, we calculate

Joi=~115 eV, Jc,,~190 eV, Jc, 3~300 eV

8

for the ionization stages 1— +3 of carbon. The uncertainty
in thus evaluated values ofJpcan be tentatively estimated
as +0.3, which implies somet 3% uncertainty for the in-

ferred values ohg, under our experimental conditions.

The dependence of the total effective Coulomb logarithm

L on the plasma temperatufg, is illustrated in Fig. 5. The

sufficient to have the data for only one thermodynamic
quantity—eitherT, or P. The results presented in Table |
have been obtained by using the measured values of tem-
peratureT,. The pressure values that were calculated with
the saHA-4 code for thesen,, and T, agree well with the
measuredP values listed in Table I, which validates the
overall consistency of our approach.

V. CONCLUSION

calculations have been performed for a fixed value of the We have demonstrated that the Coulomb energy losses by

plasma pressure=700 bar with thesaHA-4 code. It is seen
that the free electron contributidny,= In(2mevf)/hwp)~10 is

fast protons can be used as a practical diagnostic method to
measure the density of free electrons in plasmas. In the case

TABLE I. Summary of the experimental results.

EpO_ Epl Te P nfe(Te)
6=1.5 mm 49075 keV 3.3:0.3 eV 70G:70 bar (6.4-1.1)x10° cm 3
6=3.0 mm 17&:79 keV 3.3:0.3 eV 25@+ 25 bar (2.5:1.1)x10° cm ™3
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of partially ionized plasmas, the energy loss data must béhe CH, plasma, for instance, it would simply suffice to
supplemented by simultaneous measurements of either thverify that the electron temperatuiig=5 eV to be able to
electron temperatur&, or pressure® of the probed plasma. measure the, values to an accuracy of abotit5%, pro-

In our experiment with the Ckl plasma aff,~3.3 eV in a  vided that the error for the proton energy loss is below this
capillary discharge, we have been able to measure the frdevel.

electron density as high as.=6.4x 10'° cm~3 to an accu-

racy of = 17%. The dominant contribution to the error origi- ACKNOWLEDGMENTS
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