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Abstract

Two experiments have been performed to investigate heating by high-intensity laser-generated electrons, in the context
of studies of the fast ignitor approach to inertial confinement fusiGi). A new spectrometer and layered targets have

been used to detect}emission from aluminum heated by a fast electron beam. Results show that a temperature of about
40 eV is reached in solid density aluminum up to a depth of aboud90
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1. INTRODUCTION 230 um in solid aluminum targetép = 2.7 g/cm®). Such
penetration was in good agreement watilisionalmodels,

In the fast ignitor scheme for' inertial confinement fusion aluminum being a good conductor, which implies negligible
(ICF), the phase of compression of the nuclear fuel is sepg|ocyric field inhibition, as predicted by Begt al. (1997).

arateddf[oom ;he plrlage_ O.f |gr|1|t|on. Hbeatlng andlll_gnmonhare Until now, no experiment really investigated the heating
caused by a fastelativistic) electron beam travelling in the effect of fast electron beams, a crucial point in fast ignition.

fuel, generated by a short-pulse, high-energy laser bear\T/\Iith this goal, we carried out two experiments with the

foc\:;;sgd on the target atr:ngh |kr)rad|agce. _ _ HLULI and VULCAN lasers, with an energy on target of
arious experiments have been one.to mve_stlgate t &bout 20-25 J and 100-120 J, respectively, and intensity on
propagation of the fast electron beam into sphd d,er_]s'tytarget of the order of 1§ W/cm? In particular, we wanted
][nate?als. These dem?nstrated godocri]_c;)]nvlersmn eff|C|en% have as accurate as possible an indication of the temper-
rom faser energy to _eectrons, and high € ectron temperasy re reached in the metal, at solid density and at different
tures in agreement with the scaling law depths, due to heating by the electrons.
b As a diagnostic for the temperature, we usegceifission
T (keV) = 100(11%) from aluminum. In many recent experiments Emission
o ] . 5 from cold atoms has been used as a diagnostic for fast elec-
(Beget al, 1997, wherel is in units of 1_G W/em®and  tron penetratior(see, e.g., Begt al, 1997; Pisankt al.,
A in microns. As an example, at a laser irradiance of aboupgo(). Here we have exploited the fact that ionized atoms
10" W/em® at LULI, Pisaniet al. (2000 obtained a con-  emit shifted K, lines (the wavelengths depend on the ion-
version efficiency of about 25% with an average fast elecization stage of the emitting atom; House, 1868his effect
tron energy of about 500 keV and a penetration dépth s que to the reduced screening in the ionized atom, due to
the lower number of electrons. In our case, ionization arises
Address correspondence and reprint requests to: E. Perelli-Cippoyecause of strong heating of the matefiatemperatures of
Dipartimento di Fisica “G. Occhialini,” and INFM, Universita degli Studi several electron volisinduced by the passage of the fast

di Milano-Bicocca, Piazza della Scienza 3, 20126 Milano, Italy. E-mail: . - X
duperel@tin.it electron beam. Then, using appropriate models, the shifted

171




172 E. Martinolli et al.

verified with a pinhole camejaThe irradiance on the target
Image plane was about 1& W/sz.

The VULCAN laser chairiwith five amplification stages
allowed us to focus an energy up to 120 J on a focal spot of
v T A about 6um radius; the duration of the pulse was of 1 ps, and
the irradiance was a few times 0N/cm?

To detect the X-ray lines, a new spectrometer has been
developed, based on a conically bent KAP Bragg crystal, a
-Cone scheme first proposed by H&ll994). Such a device, shown
apex in Figure 1, presents some advantages with respectto the tra-

ditional Von Hamos spectrometer: a great compactness, a high
brightnesgthe conical bent crystal concentrates photons on
the detector, and a large spectral windov—8.5 A).
Targets used during the experiments were of two types:
Some were of pure aluminum, others were “sandwich” tar-
gets composed of two aluminum foils, with variable thick-
ness, and a central copper fé¢dee Fig. 2. We used pure
aluminum target from 2.2um to 450 um (at LULI) and
from 6 to 100Qum (at VULCAN); the Al-Cu-Al targets had
a central copper layer of 20m and a final layer of 2@m,
K, emission can be related to the ionic population and to thevhile the first aluminum(propagation layer ranged from
temperature of the emitting material. 20 to 500um. A few targets had instead a 26n copper

One of the goals of the experiments was to separate thigyer and a 16zm third aluminum layer: This does not
fast electron contribution to the heating from other effectschange the general meaning of the results.

To do this, we used multilayered targets, as discussed in the When a high intensity, short-pulse laser is focused on the

Cone axis

Source

(target) Conical bent

crystal

Nodal line

Fig. 1. Spectrometer schema.

following section. front face of the first aluminum layer, a fast electron beam is
produced. On the other hand, the interaction also produces
2 EXPERIMENTAL SETUP high intensity X-ray bremsstrahlung inside the material. This

continuum radiation could mask the Hines from deeper
We performed experiments using the LULI terawatt lasematerial. Also, the front layers are directly heated to high
chain and the VULCAN laser chain. The LULI CPA laser temperatures by the direct action of the high intensity laser
chain(a Ti:sapphire laser pulse amplified by four Nd:glassbeam. This could result in unwanted shiftegdédnission. To
stagegallowed us to reach a pulse duration of about 300 fsavoid this problem, a central copper layer was used: This
with an energymeasured at the output of the compregsor absorbs a large part of the bremsstrahlung while the elec-
of 20—25 J atA = 1057 nm. About half of this energy was trons easily pass through it and reach the third layer of the
contained inside the focal spot. The laser pulse was focusedrget, also made of aluminum, used as a fluorescer.

on a focal spot with a typical diameter of about 2t (as As a detector, we used X-ray Kodak DEF film.
Al120-500 um Cu 20-25 um Al 16-20 um /
P
—
Laser Fast electron beam
—>
# —,
\\4
Continuum radiation absorbed by K-o emission
copper

Fig. 2. Structure of the “sandwich” targets.
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3. TYPICAL RESULTS AND DISCUSSION energy(see Fig. 3. The films also presented the He-like
lines from aluminun{see the whole film in Fig. ¥lat 1588.3
In this preliminary presentation, we consider only the re-eV photon energy. We used these lines for wavelength cali-
sults obtained at LULI with simple targets. bration. It is known that ionized atoms give,Kines of
In many cases, the films show the presence of a blueshorter wavelength than neutral ones. This blue shift is due
shifted line near the “main” K line at 1486.7 eV photon tothe reduced shielding by electrons of the nuclear coulomb

—
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Fig. 3. Image of a film recorded at LULI and corresponding densitometry showing the cold and,Hotel€ indicated by the two
arrows respectively at 8.34 and 8.27iAtensity in arbitrary units vs. photon energy also in arbitrary gnitee shot energy was 24 J
and the target was 40m Al foil.
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cold hot He -
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Fig. 4. This film shows the cold Klines and the Hgline; these two lines have been used to get a calibration of the wavelength scale.
The shot energy was 4.22 J and the target wagu2h2\l foil.

potential. Aluminum atoms which are ionized once, twice, Results obtained at VULCAN were very similar, with, in
three, or four times emit Klines of about the same wave- general, less noisghanks to the use of compound targets
length of neutral atoms, while the blue-shift effect becomesvhich allowed us to observe Kines up to more than 10@m
more important for more highly ionized atorsee Fig. 5. thickness of the propagation Al layer. In a very few cases, all
By detecting K, emission we can get an idea of the ionic with less than 5@um thickness, the presence of the ghot”
population distribution inside the emitting material; this canline was detected, suggesting a slightly higher temperature.
then be related to the temperature with appropriate model$ndeed, for a more precise determination of the material
We chose the model by Lee and Mdd€84) that considers temperature, we need to evaluate the relative amount of
average ionization stages, as shown in Figure 6. The bludifferent ionization states and relative emission. This work
shifted (“hot”) line present on the films at 8.27 A corre- is now in progress.

sponds to a significant presence of 5ons. At the same Suchresults can be compared with the order of magnitude
time, in almost none of the films we detected the presencexpected for the temperature induced in the background
of the hot line corresponding tot6ions; thus we can deduce material by the passage of the fast electrons. Inavery simple
a temperature of about 40 eV, for simple targets up to aboutay, the average temperature can be written, by neglecting
40 um. ionization losses and using energy equipartition, as

8,1 Z s
— yd

7.8 : : : i —— 2
L] 2 4 6 8 10 12 50 100 150
lonization stage T (eV)

Fig. 5. Wavelengths of Al K, emission as a function of the ionization stage Fig. 6. Dependence of the average ionization from the temperature, ac-
of the emitting atoms. cording to the model of Lee and Mo(&984).
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_anEL energy deposition inside the material is radially not uniform.
T= NV Even if the comparison between these simple models and
) ) ) ) experimental results seems to suggest a lower-than-expected
wherenE, is the energy in hot electrons,is the fraction of  temperature, clearly detailed computer simulations are
such energy deposited in the voluigandn, is the back-  needed in order to drive any conclusion.
ground electron density. This simple equation shows iow  Nevertheless, the two experiments have shown the pos-
depends on the propagation details trough the volunvée  g;pjlity of measuring the temperature of a solid as a result of
can consider the limiting cases of collimated propagationpe passage of the fast electron beam, using X-ray spectros-
(due to self-pinching of the beam induced by magnetic fields copy. Also the use of a Al-Cu-Al sandwich has allowed a
whereV~R?, and of “free” collisional propagation, where |qer noise and a better definition of the signal. This al-
V ~ 2/371°. HereR s the dimension of the hot electron |gyeq the fast electron contribution to be clearly distin-

source andithe considered penetration deg®is a quantity guished from other possible sources of heating of the
of the same order, but bigger, than the laser focal spot radiuggckground matter.

as already shown in shadography images by Grengtlat
(1999. The fractiona can be estimated, by assuming an
exponential profile for energy deposition as-Exg1/l,], ACKNOWLEDGMENTS
wherelyis the typical penetration of fast electrons in(éée,
e.g., Pisankt al, 2000. Finally, we taken, = NapZ*/A, These experiments have been performed in the context of the
with Z* = 5, as shown by our experimental results. This"Accessto Large Scale Facilities” Program of the European Union.
givesT ~ 440 eV for cylindrical propagation ari~ 60 eV We warmly acknowledge a_II the members_of the LUI__I and
for semispherical propagation. VULCAN laser staff. E. Perelli-Cippo took part in the experiments
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