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Abstract

Results of experimental investigations of characteristics of
ion streams generated from laser plasma after focusing the laser
beam either with an aspheric lens or with aparabolic mirror (al-
lowing an observation of theion emission in the direction of the
target normal) are presented. The photodissociationiodinelaser
PERUN operating with A = 1.315um and delivering energy up
to 50J was exploited in the experiment. In this contributionwe
restricted ourselves to the results of ion emission measurements
from T'a—, Pb— and Bi— plasma.

Introduction

Present studies of the emission of ions from the laser pro-
duced plasmas are mainly motivated by agrowinginterest inthe
physicsof heavy ion accelerators. Inthe application of thelaser
plasma as a source of multiply charged heavy ions high current
densitiesarerequired. From thisviewpoint, as numerous experi-
ments show, thelaser plasma sources seem to bevery promising.
In comparison with the el ectron cyclotron resonanceion sources,
which are employed for heavy ion injectors at present, higher
current densities of highly charged ions are expected. Thus the
charge state of ions, theion velocity (or theion energy) and the
ion current density were the basic parameters of interest. How-
ever, it is evident that whilst the ECR sources are nowadays
highly developed as far as their rdliability and simplicity of op-
eration isconcerned, thelaser sources still face major technol og-
ica and even scientific problems.

PERUN Experiment and Results

lon emission experiments were mainly performed with the
photodissociation iodine laser system PERUN [1]. lon collec-
tors (IC), acylindrical eectrostatic energy analyzer (IEA) and
a Thomson mass spectrometer (TS) were applied to monitoring
theemission of theions[2]. Theion species, their energy, abun-
dance and/or velocity distribution were explored in dependence
onthelaser power density, focus setting with respect to the target
surface and the changing the angle of observation. The collec-
torsare based purely on the time-of-flight effect, the spectrome-
terscombinetime-of -flight with theacti on of e ectric or magnetic
fidd ontheions. Thecollectorsfirst separatethe el ectron compo-
nent and thenthey measuretheion current. Theoutcomeis, how-
ever, influenced by the secondary emission, which is adding to
the net current. Since the secondary emission coefficient, which
is specific for any cathode material, may be energy and charge
dependent, it introducesa certain degree of uncertainty inthere-
sults. Thisisthe main source of error in the absol ute estimates

of theion number. Inthefollowingit was assumed that for each
ion charge unit impinging on the collector cathode one extra sec-
ondary electron is struck out.

The analyser devices use either an eectric field alone to
separate the ion species as in the IEA or the combined electric
and magnetic field in the TS. The geometry of IEA is that of
a cylindrical capacitor segment, where the radia electrostatic
field separates the ions entering through a dit. The sensor is
a vacuum windowless electron multiplier. An [EA requires a
repetitive laser operation (typically 20 shots) to determine the
charge energy spectrum.
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Figure 1: IC signals and | EA record of Bs.

TSrendersthewholespectrum in asingleshot, but theresolu-
tion power for highly charged speciesispoor. The output picture
formed either on an ion sensitive foil or amultichanne plateis
composed of a set of parabolas, each corresponding to asingle
value of e/m. Whereas for light elements like contaminantsin
the vacuum of thetarget chamber theparabolas are quitedistinct,



the higher charges usually coalesce. In practiceit isthusimper-
ativeto usean | EA to get aquantitative answer. However, if the
recordings of the TA are processed numerically, in particular, a
grid of precalculated parabolasis overlapped with the output the
identification of ion groupsisfast and convincing. Both the de-
vicesaredifficult to calibrate absol utely, but placing acoaxial IC
inthe path of flight of an IEA makes an absol ute calibration pos-
sible. Examples of ion collector signals and electrostatic anal-
yser spectrafor Bz isshownin Fig. 1. Two groups of ions (fast
and thermal) are clearly discernable on thecharge-integrated and
time-resolved signal from anion collector, whichwas located in
afar expansion zone. The spectrainFig. 1 clearly provetheex-
istence of ionswith charge states about 50+. Weregistered fully
stripped Al, or nearly stripped C'o and N4, and ionswith charge
state higher than 48+ of heavy elements. T'a, W, Pt, Au, Pband
Bi. Inprincipal, the mass-to-charge ratios, energies and abun-
dance of the emitted ions can be determined from the spectra.
Theionsare not only generated, but also accelerated. The max-
imum energy of theionsincreases with the laser power density.
In our experiments with high-Z targets the highly ionized ions
with energies up to severa MeV were registered. Keepingin
mind atwo group e ectron model [3] the fast ion expansion ve-
locity can be interpreted as a sound speed with the hot electron
temperature.

Estimates of the ion current density and the number of ions
withagiven charge state produced duringasinglelaser shot were
performed by processing of thel C signa with the use of thedata
from |EA spectra. The total maximum ion current density at-
tained 12mA/cm? with lense and ~ 22mA/cm? 94cm from
aTa target (recalculated value according to #2 law) using the
parabolic mirror. An evaluation of the experimental datapointed
out that about 30% of theions of their total amount arein ahigh
charge states (from 35+ to 45+). When recal cul ated to the num-
ber of the particles our measurements give thus at least 10% of
ionsin asingle charge state within a single pulse lasting about
1ps. The maximum values are observed in the direction of the
normal to the target, as it follows from the measurements with
the parabolic mirror. To obtaintheentireion energy distribution
for asingle value of the laser energy a series of measurements
changing the analyzer voltage was made. As the measurements
are fairly laborious and time consuming they were performed
only for T'a— ions, see [3].

Exploiting the theoretical considerations in [4-8] a depen-
dence of the average charge state of ionson el ectron temperature
was constructed, which is shown in Fig. 2. It isseen that an
average charge state of T'a-ions 45 is attainable at an electron
temperature of about 1.0 — 1.5keV, while at the same temper-
ature the average charge state of Au- and Bi-ions is 51 and
55, respectively. This corresponds to the ectronic structure of
the heavy ions, which unlike the neutral atoms tend to form a
closed electron shell with 28 electron left (Ni-like ions). For
a further ionization a fairly high potentia barrier would have
to be overcome. In this sense it is easier to achieve a higher
ionization degree starting from heavier e ements.

The generation of theionsin the laser plasma, as far as their
charge states and numbers are concerned, isvery sensitiveto the
position of the laser focus with respect to the target surface. The
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Figure 2: Calculated mean charge of T'a, Au and B+ dependent
on the e ectron temperature

resultsof our studiesof theeffect of focussettingontheionemis-
sionis summarized in Fig. 3. There is a position of the target
lying behind the true focus (aim in front of the target surface),
which is most favourable not only for generation of the highly
ionized particles but also for attaining a maximum yield of the
ions. Then it is most likely that the laser shots aimed repeat-
edly in the same point on the target surface deteriorate both the
amount and the average charge state of the emitted ions. It was
found that after the 3rd laser shot the plasma parameters are so
changed that the energetic highly charged ions are missing and
thetotal ion emission is much weaker.

Discussion and Conclusions

It isinteresting to compare the requirements of anideal LHC
injection at CERN with the performance of the short pulsed
lasers as potential ion source drivers. Since these lasers appear
to be more costly and less practica then the CO, these draw-
backs must be balanced by specific advantages offered by them.
A principle advantage might well be skipping of the first strip-
per in the Linac line. Also the number of ionsand the timing of
their arrival should be such, asto alow for a singleturn booster
operation and possibly to avoid the use of LEAR (which would,
however, be the purpose of any laser source). The requirements
of CERN are summarized as follows:

For the lead ions experiment an ideal source should yield

Pba5+
Pb54+

3.6mA
4.3mA

(=3 x 10°iong)
(=3 x 10°iong)

17.3keV/u
20.8keV/u

6us
6us

Inderivingthese numbersit wasassumed that theextractionvolt-
ageisset to 80kV and no stripper. Thiscompares with the num-
bers obtained e.g. withtheiodinelaser using a T'a target

Ta42+ 22.8mAcm~2 1us (= 10%ions) 12.7keV/u
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Figure 3: Dependence of theion current and of the mean charge
on the focus setting

In the last line the second number is the current density in the
collector current maximum of the fast ion group (about 30%
of the total) obtained with the mirror focus measured in reality
by a coaxial 1C 174cm from the target, but transformed using
a quadratic law to a distance of 94cm (to make it compatible
with the lens focusing). The fast group involves about 10 ion
species and the pulseisshort. Althoughthe estimate of 108 ions
available for the extraction is fairly conservative, it is difficult
to see, how especialy the pulse timing could be extended to the
required 6u.s tempering just at the laser. Looking at the charge-
energy spectra a natural spreading of the pulse by the time-of-
flight would dictate an intolerably long flying path.

A certain improvement might be expected resorting till to
shorter wavelenght laser. Thenthereisalessacce eration andthe
energy spectrumisnarrower. Equally alarger focus, whilekeep-
ing the power density constant, might supply more ions, but at
the cost of adisproportionateincrease in the pul se energy, since
not only the focus area grows, but aso the pulse should be pro-
longed, see [1]. But it isunlikely that the timing of the pulse
might be reconciled with the LHC injection demands without a
major change in the subsequent acceleration regime,
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