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REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 71, NUMBER 6 JUNE 2000

Pulse radiolysis of liquid water using picosecond electron pulses produced
by a table-top terawatt laser system

Ned Saleh, Kirk Flippo, Koshichi Nemoto, and Donald Umstadter
Center for Ultrafast Optical Science, University of Michigan, 2200 Bonisteel Boulevard,
Ann Arbor, Michigan 48109-2099

Robert A. Crowell,® Charles D. Jonah, and Alexander D. Trifunac
Chemistry Division, Argonne National Laboratory, Argonne, lllinois 60439

(Received 13 December 1999; accepted for publication 8 February 2000

A laser based electron generator is shown, for the first time, to produce sufficient charge to conduct
time resolved investigations of radiation induced chemical events. Electron pulses generated by
focussing terawatt laser pulses into a supersonic helium gas jet are used to ionize liquid water. The
decay of the hydrated electrons produced by the ionizing electron pulses is monitored with 0.3
time resolution. Hydrated electron concentrations as high agM2vere generated. The results
show that terawatt lasers offer both an alternative to linear accelerators and a means to achieve
subpicosecond time resolution for pulse radiolysis studies2000 American Institute of Physics.
[S0034-6748)0)01306-X

I. INTRODUCTION interest here is the ability to amplify subpicosecond pulses
up to energies of 0.1 J or higher. These table-top laser sys-

The first observable species following interaction of en-tems are capable of generating peak powers in excess of
ergetic radiation with condensed matter are radical cationg0?W (e.g., 50 fs, 50 mJ It has been shown that by focus-
and ejected electrons. The ultrafast thermalization process @fig terawatt (1&W) laser pulses to intensities
these species plays a critical role in determining the final=10*®W/cn? in helium gas jets, it is possible to generate
chemical outcome of a radiation induced event. For this reaelectron pulses with a charge of a few Ait¢.While physi-
son, the development of subpicosecond pulse radiolysis tecleists are interested in this technology to study such phenom-
nigues has been identified as the single most important teckena as the generation of superrelativistic electrons and non-
nological advancement that is needed to enhance the field ¢fiear quantum electrodynamics, chemists could use these
radiation chemistry. Experiments utilizing subpicosecond techniques to conduct subpicosecond pulse radiolysis experi-
time resolution will allow the direct observation of the com- ments.
plex chemical and physical processes that are produced by To exploit the benefits of laser-based electron genera-
ionizing radiation. tors, two main issues must be addresgéglithe generation

It has been proposed that the most appropriate approaci subpicosecond electron pulses with sufficient charge to
towards the realization of subpicosecond pulse radiolysis igenerate an identifiable quantity of chemical species(and
through the development of photocathode-driven linaeg, the development of sensitive ultrafast detection techniques to
for example, Ref. 2 Several photocathode accelerators areobserve and characterize the resultant radiolysis transients. It
under development or at the proposal stafélhe chal- is the purpose of this article to address the first of these
lenges and difficulties with photocathode linacs for the meaissues. We present the results from a pulse radiolysis study
surement of ultrafast processes have to do withpulse  Of liquid water using electron pulses produced by a table-top
stability of the laser used to drive the photocathode é@)d terawatt laser systenT¢). The results demonstrate thaT2
the high degree of time synchronization of the rf field with based electron accelerator is capable of generating sufficient
the laser pulsé<0.5 p9.2 Whether one can pursue the study charge to produce a measurable amount of hydrated electron
of ultrafast processes induced by ionizing radiation remains &€a¢ in liquid water.
question that will not be answerable for several years until
ultrafast pulse radiolysis tools are realized. However, one cah. EXPERIMENT

partially shorten this developmental time frame by exploring The laser system used to generate the subpicosecond

the cqpa?éhne_s . of !aser—basgd table-top  electrongqyop, pulses is a hybrid Ti:sapphire-Nd:glass laser ampli-
generatior.® This is a logical stepping stone towards explo- fier system that is capable of produgif J 400 fg12.5 TW)

ration of the same processes that motivate the developmeglses at 1053 nm. The basic laser layout is shown in Fig. 1.
of ultrafast puls_e qu|onS|s accelerators. ) Briefly, the output of a Ti:sapphire lasé€Coherent Mira,

_ Recently, significant advances have been made in thgygg nm, 100 fs, 2 nds passed through a standard grating
field of high power lasersfor a review, see Ref.)7 Of  gyetcher to increase the pulsewidth-td ns. The pulse en-
ergy is then increased to 1 mJ in a Nd:YAG pumped Ti:sap-
dElectronic mail: rob crowell@anl.gov phire regenerative amplifier. The laser pulses are then passed
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through two-flash-lamp pumped Nd:glass rod amplifiershm pump photons. The 670 nm 3 mbw) output from a
which increase the energy to 1.5 and 10 J, respectively. Aliode laser was passed through the sample cell perpendicular
series of spatial filters in the amplifier system are used tdo the electron beam and was used to monitor the amount of
maintain a Gaussian beam profile and reduce ASE. Pockablvated electrons produced. The diode laser beam over-
cells are used between each amplification stage to prevetdpped the electron beam 7 mm downstream from the helium
damage in the amplifiers due to any back reflections. Aftegas jet. At this distance from the gas jet, the electron-beam
amplification, the pulses are compressed to their transformdiameter was 1.2 mm. The diode laser beam was directed
limited value of 400 fs in a standard grating compressor. Thénto an amplified silicon photodiode whose output was moni-
compressor and all subsequent optics are under a vacuum tfred on a digital oscilloscope. This setup allowed for the
a few mbar. The low repetition rate of the laser, 0.002(Hz measurement of transients with transmission changes in the
shot/10 min requires the implementation of single shot de-probe beam as small asT~0.5% for a single laser shot.
tection schemes. Additional details of the laser system can bEhe instrument response for each transient was determined
found elsewherg. from the rise time of thee,, absorption signal and was

The pulse energy used to generate the electron puls&aussian with full width at half maximurtFWHM) of 0.3
was 2 J. The 50 mm diameter laser beam was focused by @s. The water was purified in a Barnstead Nanopure car-
f/3 off-axis parabolic mirror to a spot size 6f9 um (e”2  tridge system to a resistivity 018 MQ/cm and purged
intensity in a supersonic helium gas jet. The maximum in-with argon prior to the experiments. No signal was observed
tensity was 4« 108 W/cn?. Under these conditions, a colli- when the laser was fired with no gas in the helium jet.
mated beam of 2 MeV electrons is emitted in the laser propa-
gation directiorf® The spectrum of the electrons is shown || RESULTS AND DISCUSSION
in Fig. 2. The divergence of the electron beam was 5.7°.

The temporallongitudina) profile of the electron pulses The strong transient absorption signal &y is used to
has not been measured directly. The temporal profile of thélustrate the feasibility of using® based electron generators
macrobunch is believed to be approximately equal to that ofor chemical studies. Figure 4 shows a transient decay cor-
the plasma wave which has been measured to-b® ps®

The separation between microbunches is equal to the plasma 6
wave period which is 18 fs for a plasma density of 3.4 T o5
X 10'cm 3. The duration of each microbunch is less than >
18 fs> Because of the large dispersion in the electron energy, wE 47
the temporal profile is expected to increase as the pulse = 34
propagates. The combination of dispersion effects and low § 5]
repetition rate make quantitative characterization of the elec- 3
tron pulse temporal profile difficult. m 1
The experimental setup used to monitor the solvated (1 : : , ; ,
electrons is shown in Fig. 3. Theg, are produced by passing 2 3 4 5 6 17

the electron pulse through a X®.5cm suprasil cell con- Energy (MeV)

ta?ning doubly deionized water._ A 100m t_hiCk aluminum g1, 2. Energy spectrum of the electron pulses produced Tittirom Ref.
foil was mounted on the cell window to filter out the 1053 4).
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FIG. 4. Decay of thee, generated with the electron pulses fram (solid
line) and a convolution of the instrument respori@aussian FWHM 0.3
/’ u9) with a first-order decay of 1.6510° s™* (dashed ling
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FIG. 3. Experimental setup used for measuring the microsecond decay of
the e, in water. The time resolutiofdetermined by the detectowas 0.3  instrument response with a first-order decay kaf=1.65
us. A 100m thick aluminum foil was used to filter out all of the 1053 nm x 10° s~L. This value ofk, is consistent with the literaturg.
photons. For the decay shown in Fig. 4, Eq1) gives [eglo
~1.5uM. The maximum values obtained foe,o in this
responding to an induced transmission change of Q&%  experiment were-~22 uM.
sorbance of 0.00)&long with a convolution of a first-order The charge from the laser generator can be estimated
decay with the instrument respong8aussian FWHM 0.3 from the initial yield of the hydrated electron. Using the
u9). Transmission changes as high as 6% were observed. relationship that the yield in micromoles is approximately
All of the data obtained exhibited electrical noise thatequal to the dose in krad times, the production rate of the
arose from two sources. The first source was from the dishydrated electron (2.5 molecules/100 eV of energy
charge of the capacitor banks that switched the Pockel Ce||$jepositea1) and the rate at which electrons deposit energy in
The discharging capacitor banks produced a sharp rf spikghe medium, we can estimate the charge in the pulse. Elec-
that appeared at the beginning of the rising edge of the tranrons in the 1-20 MeV range deposit 2 MeV/g of material.
sient absorption signalsee Fig. 4. Noise from firing the  From this, we can estimate the charge necessary to generate
supersonic jet manifested itself as a low frequency oscillathe data shown in Fig. 4 asx310~ 2 nC.
tion (period ~7 us). While the magnitude of both sources of |t was assumed that the decay of the electron seen in Fig.
noise varied from ShOt-tO-ShOt, the transient behavior did noty is first order and comes from the reaction of the electron
The noise from the gas jet affected the decays at times longgyith impurities in the system. The electron is highly reactive
than 1.75us after the laser pulse. For this reason, the tranand reacts with oxygen at a rate ok20'°M ~1s~ %% This
sient data for times greater than 1uS after the laser pulse would suggest that the impurity level could be at the 4®1
were ignored. It is important to emphasize that the purposgsyel, not unreasonable for the experimental system that was
of the current experiment is to demonstrate thidtbased ysed. The electron could also react with other hydrated elec-
electron accelerators can produce an identifiable concentrggns generated in the systemX30° M~1s%)*? or with the
tion of chemical transient®,, in the present study. OH radical (3<10**M~1s71).12 However, the concentra-
Using Beer's Law the concentrations of thg produced  tions of the OH ande,, generated by the electron pulse
were calculated from the literature value for the extinction(1_5_20MM) are much smaller than would be necessary to
coefficient of thee,q, 670nn=1.68<10°Mtem™.° the  cayse the measured decay rate.
magnitude of the absorbance ef;, and the width of the By measuring the microsecond decay of the hydrated
electron beam at the position of the probe laser bé&a®  glectrons produced by the ionization of liquid water, it has
mm). However, the true magnitude of the absorption is acyeen shown that the electron pulses generated withsys-
tually higher than what is measured in the experiment betem can provide sufficient charge to perform chemical stud-
cause the decay @, has already begun during the instru- jes. There are many advantages to using terawatt lasers for
ment response time. If one assumes that the dec&,06  picosecond pulse radiolysis experiments. The first is that the
due to first-order kinetics, then the decayegf that occurs  technology already exists to generate electron pulses with a
during the instrument response time can be estimated fror@harge of a few nC ® Second, the cost of a terawatt laser
the relatio system is much less than the cost of a photocathode-driven
- linac. Third and for radiation chemists the most important,
_ [eaq]rle .
[eaq]ozm, (1) the advantage is that the electron pulses are naturally syn-
! chronized with the laser pulses that generate them. This will
where [e,glo is the concentration at time Qge,l, is the allow the implementation of a wide variety of sensitive,
concentration at time, andk; is the first order rate constant. laser-based detection methods that have been previously un-
The dashed line in Fig. 4 corresponds to a convolution of thevailable to the radiation chemists.
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