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Measurement of the Coulomb energy loss by fast protons in a plasma target
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We report measurements of the energy loss by 1-MeV protons in a plasma target created by electric
discharge in the hydrogen gas. Combined with independent measurements of the mean ionization de-

gree and the electron areal density of the plasma column, based on two-wavelength laser interferometry,
the energy-loss data let us infer the value of the Coulomb logarithm: Lf, =14.9+2.8 for the stopping
power of the free plasma electrons. This value is 3.1+0.6 times higher than that given by the Bethe for-
mula for the neutral hydrogen and, within the experimental errors, agrees with the theoretical predic-
tions.

PACS number(s): 52.40.Mj, 34.50.Bw

I. INTRODUCTION
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In the nonrelativistic limit, ignoring the usually small
contribution due to the plasma ions, the stopping power
for our purposes can be written as

The investigation of the interaction of ionizing radia-
tion with matter has always been a classical topic of
atomic and nuclear physics. Due to a wide range of ap-
plications, there still is a growing need for a deeper un-
derstanding of physical processes that determine the
stopping of fast ions in matter.

A large amount of experimental data have been accu-
mulated concerning the stopping of fast ions in cold
matter under normal conditions, when the energy loss is
dominated by inelastic collisions with bound electrons
[1]. At the same time, very few data have been obtained
on stopping of ions in plasmas, where the theory predicts
a considerable enhancement of the Coulomb energy
losses in collisions with free plasma electrons. This pro-
vides the principal motivation for the present work.

Assuming that the beam of fast ions is sufficiently di-
lute and no collective processes such as the beam-plasma
instability contribute to the stopping, the beam energy
losses can be evaluated in the single-particle approxima-
tion.

In general, the Coulomb stopping power of partially
ionized rnatter for a pointlike ion can be represented as
the sum of contributions due to bound electrons (be), free
plasma electrons (fe), and free plasma ions (fi):

4me pro
Zdt (Z, —z')Lb, +z*o Lt,I,U 3, Ue

where Xo is the Avogadro number, Z, and A, are, re-
spectively, the atomic number and mass of target atoms,
p is the target density, z* is the mean ionization degree of
the target material, U, is the thermal velocity of free tar-
get electrons, U and Z,z are, respectively, the velocity and
the eff'ective charge of the fast ion.

The Chandrasekhar function 6 (U/U, ) originates from
averaging the relative velocity of the fast ion with respect
to the target electrons over the Maxwellian distribution.
The value of G approaches unity for U ))U, —which is al-
ways the case for situations considered below —and goes
to zero as (U/U, )' at v « U, .

The Coulomb logarithms L,b, and L, f, for the bound
and free electrons, respectively, appear as a result of in-
tegration of the Rutherford cross section over the
relevant range of impact parameters or, equivalently,
over the relevant range of transferred momenta. In gen-
eral, when L ))1, the Coulomb logarithm can be ex-
pressed as L =ln(p, „/p;„), where p,„=2m, u is the
maximum transferred momentum, and p;„ is the
minimum transferred momentum below which the Ruth-
erford formula becomes inapplicable due to either atomic
binding or plasma screening.

In contrast to p „,calculation of p;„ is not trivial,
and the answer depends on whether the classical or quan-
tum limit applies to the Coulomb scattering of target
electrons by the fast ion. The division line between the
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is illustrated in Fig. 1 (note that Z,s is also a function of
v); here In@ =0.577, . . . is the Euler constant. Our case,
corresponding to protons with the energy E=1 MeV,
falls well into the quantum domain. Hence, we should
use the Bethe [2] formula

2me U

Lb, =ln
Ado

(3)

for the Coulomb logarithm of the bound electrons. Here
Ace is the mean excitation energy; for the atomic hydro-
gen Bethe calculated Ace = 1.105 Ry.

As was shown explicitly by Larkin [3], the Coulomb
logarithm l&, corresponding to the stopping on free plas-
ma electrons is given by the same Bethe formula (3), but
with the mean atomic frequency co replaced by the plas-
ma frequency co = (4mn, e /m, )

'

Lq, =ln
ACOp

(4)

A more thorough analysis of the stopping power for
the extreme cases of a fully neutral (z* =0) gas and a ful-
ly ionized (z*=Z, ) plasma reveals two main eff'ects.

(1) In low-density plasmas, typical for gas discharges,
the values of the plasma frequency ~ are much lower
than the atomic frequency 6, i.e., free electrons "feel" a
passing projectile at much larger impact parameters (or,
equivalently, at much lower transferred momenta). As a
result, as can be seen from Eqs. (2) —(4), the ionization of
gases leads to the increase of their stopping powers mere-
ly beCauSe L&e )L be

(2) The second effect cannot be seen from Eq. (2). The
dynamic equilibrium between the ionization and the elec-
tron capture processes for a projective ion is different in

classical and quantum domains, controlled by the value
of the dimensionless parameter

Benin, q AU 'AU

&min, cl j e Zeg e Ze)I

cold and ionized matter because the cross section to cap-
ture a free electron is usually much lower than the cross
section to capture a bound electron. As a result, the
efFective charge Z,~ of a projectile passing through a fully
ionized gas is shifted to higher values, causing a further
enhancement of the energy loss rate [5].

Following the theoretical studies of the energy-loss
mechanisms of fast ions in ionized matter at high temper-
atures [4—6], an active experimental work was initiated in
this field. The first experimental evidence for the
enhancement of the stopping power in a plasma was ob-
tained for deuterons and protons [7,8]. Later, systematic
measurements of the energy loss by heavy ions in a hy-
drogen plasma confirmed at a much higher confidence
level the enhanced stopping in plasma targets [9—13].
The experiments have been performed at energies be-
tween 1 and 6 MeV/u, i.e., in the limit v ))v„ for a large
variety of ion species from carbon to uranium. In all
cases, however, the measurements yielded the combined
efFect of the two principal mechanisms of the stopping
enhancement [see Eq. (2)], with no quantitative distinc-
tion between the individual contributions of each of
them.

At low kinetic energies, where the projectile velocity U

becomes comparable to the thermal velocity of the plas-
ma electrons U„ the increase in the energy loss rate is ex-
pected to be even more dramatic [14,15]. In this case, the
main contribution to the enhanced stopping power for
heavy ions in a plasma is believed to be caused by
significantly higher values of the efFective charge Z, ff ow-
ing to the reduced recombination rate in ionized gases
[5,16].

The main goal of the present experiment was to mea-
sure separately the enhancement in the Coulomb stop-
ping of fast ions in a plasma due only to the increase of
the Coulomb logarithm, i.e., to measure directly the
value of the Coulomb logarithm of free electrons L~, in a
hydrogen plasma. To this end, 1-MeV protons have been
chosen as projectile ions because their effective charge
Z,&=1 remains essentially the same in cold and ionized
gases.
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II. DESCRIPTION OF THE EXPERIMENT

Consider two different states of a gaseous hydrogen
target: a cold neutral state and a hot partially ionized
one. One readily estimates that for 1-MeV protons prop-
agating in a gas with temperature below 500 eV the
effective charge Z,s-= 1 and 6 (u/u, ) = 1. Then, as can be
seen from Eq. (2), the energy loss dE in the cold hydro-
gen is directly proportional to the product of the
Coulomb logarithm by the areal density of the gas
column,

dEc =COnSt XLb nbecdX

FICx. 1. Classical and quantum limits for the Coulomb
scattering of free electrons by different fast ion species moving
with different kinetic energies. It is assumed that each ion has
the equilibrium effective charge value +eZ,&, which is a func-
tion of its velocity.

whereas the loss in the partially ionized case is

dE =const X(Lb, nb,—dx+L&, n&, dx ); (6)

bee& &bep& and & fe are, resPectively, the number den-
sities of the bound electrons in the cold case, and of the
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bound and free electrons in the partially ionized target.
To be rigorous, we distinguish between the Coulomb log-
arithm for the cold molecular hydrogen, L„„(A'co=18.5
eV [1]), and that for the atomic hydrogen, L bep
(A'co= 15.0 eV), in the partially ionized plasma.

Since the plasma areal density n, dx = ( n f, + n b, )dx
and its degree of ionization both change in time during
the electron discharge, an important issue for the experi-
ment is the time control of (1) the plasma areal density
n, dx, (2) the plasma ionization degree z', and (3) the con-
tamination of the plasma volume by heavy impurities due
to the evaporation of electrode material in the electrical
discharge.

To ensure correct experimental measurements of the
Coulomb logarithm within a 510% error bar, the fol-
lowing important requirements regarding the plasma tar-
get, the diagnostics, and the beam stability are to be
fulfilled.

(1) The energy loss dE in the target has to be less than
the initial projectile energy E and, at the same time, to
exceed by at least a factor of 10 the stability limit 5E for
the beam energy provided by the accelerator. Also, the
energy loss should significantly exceed the resolution
threshold of the energy analyzing apparatus. For 1-MeV
protons, a hydrogen gas target with an areal density of
nHdx =n, dx —10' cm is a suitable choice.

(2) Since 1-MeV protons, passing through a hydrogen
target with the areal density of —10' cm, would lose
some 3 keV of their energy, the energy stability of the
beam has to be about oE/E =+100 eV/(1 MeV)
=+1X 10-4.

(3) The energy resolution of the beam energy diagnos-
tics line should be not worse than 10% of the energy loss;
in reality, the resolution of about 200 eV has been provid-
ed.

A. Accelerator

The requirements for the ion beam have been fulfilled
by using the UKP-2 tandem accelerator at the Kazakh
Institute for Nuclear Physics in Alma-Ata [17]. During
the experiments, the stability of the accelerating voltage
was maintained at the level of +100 V.

The plasma target was integrated into the high vacuum
system of the beam line. Differential pumping at a rate of
300 1/s proved to be sufficient in insulating the vacuum
beam line from the pressurized target during its operating
cycle.

B. Plasma target

The plasma was generated by igniting an electric
discharge in two collinear quartz tubes, each of 6 mm in
diameter and 78 mm long (see Fig. 2).

The capacitor bank of 3 pF, discharged at voltages 2 —4
kV, produces the electric current of 3 kA flowing 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 plasma lens [18] caused by
the magnetic field of the current: the focusing effect of
the first discharge tube is compensated for by the de-

differential quartz
pumping

( L = 78 mrn.r-'
=-=-- - -- ----pkasma

tubes

d=6mm. )

reg lon-- ------ ----=-:-

beam lina diaphragm
d = 1 mAl.

!

C+ H V switch3P Fcapacitor
bank

) r = 100&

H V 2.0 —4.0 kv'

FIG. 2. Principal scheme of the plasma target used in the ex-
periment.

focusing effect of the second one. Symmetry of the
discharge is ensured by special inductivity 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 (2—9 mbar), the plasma electron density of up

17 —3to 10 cm can be created in such a discharge.
The discharge current oscillates with a half period of

-5 ps, which agrees fairly well with the calculated life-
time of the hydrogen plasma, spilling out of the tube ends
in the course of the hydrodynamic expansion.

C. Plasma diagnostics

According to Eqs. (5) and (6), the essential parameters
to be measured in the experiment are the areal density of
the free electrons and the degree of ionization. The mea-
surements have been performed by using the method of
time-resolved two-wavelength Mach-Zehnder inter-
ferometry in axial direction. Only the plasma region
where the proton beam passes —i.e., the region of 1 mm
in diameter and 150 mm long —has been probed. The
electron areal density in this region is assumed to be in-
dependent of radius, as is confirmed by the parallel lines
of the interferometric pattern in the streak images. The
optical setup for the Mach-Zehnder interferometer with
two lasers (He-Ne with A, , =0.63 pm and He-Cd with
A,2=0.44 pm) is displayed in Fig. 3. Streak images of the
interferometric fringes have been recorded with the
streak-camera FER-7. The dimensionless shifts of fringes
k1 and kz with respect to the neutral-gas target state,
determined by the refraction index of matter along the
target axis, can be expressed as linear combinations of the
areal densities of the bound and free electrons along the
line of sight,
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He-Kd iase~ FIG. 3. Optical scheme of the two-
wavelength Mach-Zehnder interferometry
plasma diagnostics.
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Having measured the values of k& and k2, we can calcu-
late the quantities

is the mean degree of ionization, and

1
k, =k, + CHnb„dx, kz=k2+ CHnb„dx . (12)

The values of nb„dx were determined experimentally by
measuring the proton energy losses in the cold target
state. As a result, the two-wavelength method gives us
the possibility to Inonitor the temporal evolution of the
plasma areal electron density and the mean degree of ion-
ization.

D. Energy-loss diagnostic line

k2~2 —k )A, ,
Pl dX—fe C g2 g2

2 1

CH(1 —a) —A2C, n X)

CH(1 —n) —
A, ,C,a ~2

n fedX
Co-

nf, dX +nb, dX

(9) To carry out measurements of the proton energy losses,
the following diagnostic system has been developed. The
diagnostic line, shown in Fig. 4, consists of the following
sequence of the beam-optics elements positioned along
the proton beam path behind the plasma target: the en-
trance slit S1, the bending magnet with a deAection of 45
over the radius of 1.S m, the electrostatic deflector, which
deAects the beam in the horizontal plane, and the quadru-
pole electrostatic lens. Behind the 0.1-mm slit S2 that
can be shifted perpendicular to the incoming beam a 1-
mm-thick plastic scintillator is placed. The scintillator is

differential pumping
Si = irnm

~l

target

bending magnet nuclear reaction diagnostic

Nal(TI) 100 ~100

AL target

FIG. 4. Scheme of the diagnostic line for
measuring the proton energy losses.
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connected to a photomultiplier by the fiber optics. The
signals are digitized with the 10-MHz analog-to-digital
converter and stored in the computer.

In the present experiment the diagnostic line with the
L =450 cm separation between the slits S1 and S2 was
used, which let us achieve a high-energy resolution of
oE/E=0. 02% at E =1 MeV.

The beam deAection in the bending magnet depends on
the value of the proton energy coming out of the target.
If the protons lose a certain energy dE in the target, the
beam is displaced by a certain distance dx against the di-
agnostic slit S2, with dx being directly proportional to
dE. At the same time, this displacement can be reverted
by applying an appropriate voltage U to the electrostatic
deflector. Apparently, the applied voltage U is also
directly proportional to the proton energy loss dE.

To determine experimentally the relationship between
the deAection potential U and the energy loss dE, we
made use of the standard technique based on the resonant
reaction Al (p, y) Si (E„=991.9+0.05 keV) that is

regularly available at the UKP-2 accelerator. The y pho-
tons were detected with the NaI (Tl) scintillator. Proton
energy variations caused by the variations of the hydro-
gen gas pressure have been compensated for by an ap-
propriate voltage applied to the casing of the Al target;
this voltage served as the measure of the proton energy
loss dE. The calibration curve obtained in this manner is
shown in Fig. 5. The same measurements were used to
determine the areal density of the bound electrons
n becdX.

Each measurement of the proton energy loss dE in the
plasma was based on measuring the intensity of the pro-
ton beam during the discharge at a fixed value of the
deflector potential U. The beam current fluctuations due
to the instability of the proton source were suppressed by
averaging over a series of 50 shots. Then, the measure-
ment was repeated for the next value of the deAector po-
tential U, with an increment corresponding to a dE =560
eV change in the proton energy. In this way, the entire

relevant range of the proton energies was scanned for
fixed values of the initial hydrogen pressure and the capa-
citor bank voltage.

III. RESULTS OF MEASUREMENTS

Lf,
Lb„

L bep

dE* a Lb„
(13)

where dE =3.8+0.4 keV is the proton energy loss in the
plasma target at 1.2 ps after the ignition, when the ion-
ization degree a =0.44+0. 1 is maximum. Here
dE,*=dE,(n&, dx )l(nb„dx) is the energy loss in the cold
hydrogen with the areal density nb„dx numerically equal
to the measured areal density n&, dx =(7.2+0.2) X 10'
cm of the free electrons in the plasma state of the tar-

Figure 6 shows the processed experimental data for the
proton energy losses obtained for a single pair of the
values of the initial areal density n b„dx =3.0 X 10'
cm and the capacitor bank voltage 3 keV. The experi-
mental error is determined by the accuracy of measure-
ment of the beam intensity distribution in the plane of the
slit S2. The main contribution to the beam spread origi-
nates from the finite beam emittance value. Also shown
in this figure is the oscillogram of the absolute value of
the discharge current Aowing through the target. The
half period of the current oscillation, equal to 5 ps, delim-
its the lifetime of the plasma state.

Results of the two-wavelength interferometry, as ob-
tained for the same values of the initial hydrogen pres-
sure and the capacitor voltage, are displayed versus time
in Figs. 7 and 8. It is seen that both the areal density of
the free electrons n f,dx and the mean ionization degree a
achieve maxima at about 1 ps after the ignition of the
discharge. We use these maximum values to infer the
plasma Coulomb logarithm Lf, .

By virtue of Eqs. (5), (6), and (11) we can express the
ratio between the Coulomb logarithms for the free and
bound electrons as
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PIC~. 6. Plotted as a thick black curve is the temporal
behavior of the proton energy loss dE~ in the plasma target.
Shown also is the absolute value (in arbitrary units) of the elec-
tric discharge current.
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FIG. 7. Areal density of the free plasma electrons along the

beam path as a function of time during the first half-period of
the discharge current oscillation.

the proton energy loss. The overall target areal density
was suKciently small, so that 1-MeV protons lost no
more than 4%%uo of their initial energy and the beam-target
interaction could be treated in the monochromatic ap-
proximation.

By comparing the energy losses in the cold and ionized
target states and assuming that the Coulomb logarithm
Lb, for the bound electrons is well known (from both the
theory and experiment), we have been able to infer the ex-
perimental value of the Coulomb logarithm for the free
plasma electrons, L f, = 14.9+2.8. An essential point
here is that no effects associated with the variation of the
projectile effective charge Z,z have interfered with the
enhancement of the stopping power due to the target ion-
ization: to a high accuracy, Z,~ for 1-MeV protons
remains equal to 1 independent of the target state. The
main source of error in the measured value of Lf, origi-
nates from the measurement of the mean ionization de-
gree in the plasma state of the target.

Our experimental result is to be compared with the
theoretical prediction by Larkin [3]:

get; it can be easily inferred from the calibration curve in
Fig. 5. Finally, evaluating Lb,~ and Lb„ from Eq. (3) by
substituting kB=15.0 eV and Ace=18. 5 eV, respectively,
we arrive at

=3.1+0.6 Lf =14.9+2.8 .
Lbee

2meU

= 12.13+in

=12.48 .

Lf, =ln
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IV. CONCLUSION
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We have measured the energy losses by 1-MeV protons
in a gaseous hydrogen target in two different states: in
the cold state of neutral gas and in the partially ionized
plasma state. The parameters of the plasma and beam di-
agnostics have been aimed at achieving a = 10%%uo accura-
cy in measuring such key quantities as the areal densities
of the free and bound electrons along the beam path and

Note that the above theoretical value is known to an ac-
curacy better than 0.5% because a 10%%uo error in the value
of n&, (typical for our experimental conditions) results in
only a 0.4% error for the theoretical value of Lf, . Thus,
within the experimental errors, no discrepancy has been
found between the theory and experiment for the stop-
ping of fast pointlike charges in low-density plasmas.

The results of our experiment have direct implications
for the inertial confinement fusion targets driven by the
beams of light and heavy ions. In both types of ther-
monuclear targets the beam absorbing layers usually con-
tain low-density layers of low-Z materials [19],which be-
come fully ionized in the course of ion irradiation.
Hence, an adequate modeling of the ion stopping in plas-
mas is a key element for the target design in the inertial
confinement fusion. Also, once the Larkin formula for
the stopping power of the free plasma electrons is experi-
mentally verified, the energy losses by fast protons could
be employed as a powerful tool for the plasma diagnostics
in a number of different types of experiments.
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