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High-intensity (.1019 W cm22) laser-plasma interactions have been shown to produce large
quantities of protons with energies up to several tens of MeV. A range of laser-driven
proton-induced reactions in copper have been investigated and the observed reactions quantified.
The energy spectrum of the accelerated protons was determined from the reactions in a single thin
copper foil and found to be in agreement with that deduced from (p,n) reactions measured in a
stack of copper foils. The potential applications of this diagnostic technique are discussed. ©2004
American Institute of Physics.@DOI: 10.1063/1.1645314#

High intensity laser-plasma interactions at intensities
greater than 1019 W/cm2 have been shown to lead to fast
electron acceleration to energies larger than 200 MeV,1 g
radiation and energetic ions including a few tens of MeV
protons,2–4 and several hundred MeV heavy ions.5,6 There
are many potential applications of these energetic particles
and high energyg rays. For example, in the past few years
multi-MeV proton beams, generated from intense laser-
plasma interactions, have been used to produce short-lived
positron emitting isotopes in low-Z materials such as11B and
H2

18O via (p,n) reactions.7–9 Multi-MeV proton beams
have also been used as a particle probe to measure electric
charging of microscopic targets irradiated by a laser at an
intensity of 1019 W/cm2.10 The proton energy spectrum is
often diagnosed by measuringb1 decay from induced
63Cu(p,n) 63Zn reactions in copper stacks, using a NaI de-
tectors based coincidence counting system.5,8,11With increas-
ing laser intensity, protons are produced with much higher
energies and can induce reactions with higherQ values.

This letter reports a range of observed reactions in cop-
per, induced by proton beams from a petawatt laser-solid
interaction. By measuring the reactions induced in a single
thin Cu foil a method of diagnosing the proton energy spec-
trum produced in an experiment of this type is highlighted.

This technique is less invasive to the proton beams and
therefore could be used in conjunction with potential appli-
cations of the proton beams.

The experiment was carried out on the new petawatt arm
of the VULCAN Nd:Glass laser at the Rutherford Appleton
Laboratory, U.K. The 60 cm beam was focused to a;7.0-
mm-diam spot using a 1.8 m focal length off-axis parabolic
mirror, in a vacuum chamber evacuated to;1024 mbar. The
average pulse duration was;750 fs and the energy on target
was ;170 J with a corresponding intensity of;2
31020 W cm22. A 10-mm-thick aluminum foil was irradi-
ated by thep-polarized laser beam at an angle of 45° to
generate multi-MeV proton beams from both sides of the
target. A stack of copper foils was positioned at both sides of
the target along the target normal direction at a distance of 38
mm. The size of the copper pieces in each stack was 50350
mm with the first two pieces 100mm thick, the next two
pieces 250mm thick, two pieces 500mm thick and finally
two pieces of 1-mm-thick Cu positioned at the back of the
stack~furthest from the target!. The copper samples have two
isotopes63Cu(69.17%) and65Cu(30.83%).

The Cu foils in the stacks were exposed to the proton
beams from the laser-irradiated target and the production of
various isotopes was observed in the foils. The front foil
~100mm thick! in each copper stack was analyzed before and
after the laser shot using two well-shielded germanium de-
tectors ~CANBERRA GX3518!. The isotopes and corre-
sponding reactions in the samples were identified based on
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their emittedg-ray energies, intensities, and half lives. The
detection efficiencies of the two germanium detectors were
calibrated using known sources of152Eu, 57Co, 22Na, 137Cs,
and 60Co to facilitate absolute numbers of laser induced
reactions to be determined. The activity from the
63Cu(p,n) 63Zn reaction in each piece of copper in the stacks
was measured using the 3 in.33 in. NaI coincidence system,
to obtain the proton spectra. The detection efficiency of the
NaI coincidence system has also been calibrated using the
22Na source.

Parts of theg-ray spectra for the first Cu foil in both the
front and rear samples, measured with the germanium detec-
tors, are shown in Fig. 1. Characteristicg-ray lines of the
nuclei 62Zn, 63Zn, 65Zn, 61Cu, and64Cu have been observed
in both samples. These nuclei have mainly been generated
through the proton-induced reactions63Cu(p,2n) 62Zn,
63Cu(p,n) 63Zn, 65Cu(p,n) 65Zn, 63Cu(p,p12n) 61Cu and
65Cu(p,p1n) 64Cu, respectively.61Cu and64Cu may also be
produced in63Cu(g,2n) 61Cu and65Cu(g,n) 64Cu reactions.
However, in 10mm Al primary target, the production of
bremsstrahlungg rays is small andg induced reactions will

make a negligible contribution to the observed yields. The
numbers of all the observed nuclei in this shot have been
calculated from the measured characteristic line intensities
after taking into account the detection efficiency of the ger-
manium detector, the decay branching ratio,g-ray emitting
possibilities, and the half lives of the isotopes. The numbers
of each nuclei are listed in Table I along with the correspond-
ing proton-induced reactions and the peak value of the cross
sections of these reactions. The observed reactions have
quite differentQ values and cross-section peak energies,12

e.g., the cross section for63Cu(p,n) 63Zn peaks at 10.9 MeV,
whereas the maximum for the63Cu(p,p12n) 61Cu reaction
is at 40 MeV, as shown in Fig. 2.

A code was developed to unfold the proton spectrum
using the measured numbers of the observed isotopes. The
first step involved the derivation of a response function. The
number of nuclei produced by one proton with energyEp

was calculated for each reaction using the published proton
stopping range and cross section data.12 Then, starting with
an arbitrary initial proton spectrum, the number of nuclei for
each reaction was calculated by convoluting the spectrum
with each response function. The ratio of the measured num-
ber of nuclei to calculated values was determined for each
nucleus and the proton spectrum was adjusted repeatedly ac-
cording to the ratio and its corresponding response energy
region until the calculated numbers for all observed nuclei
were consistent with the measured ones within the preset
error. The proton spectra derived in this way at the front and
back of the Al target foil are presented in Fig. 3.

The number of protons from the backside of the primary

FIG. 1. The measured gamma spectra from the proton-irradiated copper
foils. ~a! Spectrum for front copper sample;~b! spectrum for back copper
sample. The main peaks for the nuclei have been labeled in the spectra.
Characteristic lines of some nuclei produced by heavy ion reactions have
also been observed, especially for the front copper sample, which will be
discussed elsewhere.

FIG. 2. The cross sections~see Ref. 12! for the observed reactions as a
function of proton energyEp .

TABLE I. Residual nuclei observed in the copper activation samples and corresponding proton-induced
reactions.

Nuclei

Observed number of nuclei

Reactions
Q values
~MeV!

Peak cross
sectionspeak

~mb!

speak

energy
~MeV!Front side Backside

62
Zn (1.2060.14)3107 (1.6560.40)3107 63Cu(p,2n) 62Zn 213.26 135 23.0

63
Zn (7.2760.64)3108 (4.4560.45)3108 63Cu(p,n) 63Zn 24.149 500 13

65
Zn (7.8860.82)3108 (4.5460.50)3108 65Cu(p,n) 65Zn 22.134 760 10.9

61
Cu (1.7660.21)3106 (5.5660.43)3106 63Cu(p,p12n) 61Cu 219.74 323 40.0

64
Cu (6.561.2)3107 (5.7860.34)3107 65Cu(p,p1n) 64Cu 29.910 490 25.0
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target is smaller than that from the front side in the lower
energy range~,18 MeV!, but is much larger in the higher
energy range. The high-energy cutoff in the rear proton spec-
trum is 40 MeV, somewhat higher than that from the front
proton spectrum~33 MeV! in this shot. The conversion frac-
tions of laser energy into proton beams greater than 5 MeV
were calculated from the proton spectra, which are 6.2%
~10.4 J! for front proton beam and 4.3%~7.2 J! for the rear
one.

The proton spectrum at the front of the Al target was also
measured with the copper stack technique for the same shot,
as presented in Fig. 3. As shown, the proton spectrum deter-
mined from the induced reactions in the single Cu foil is in
good agreement with that determined from63Cu(p,n) 63Zn
reaction in the copper stack, indicating that the technique can
be employed in experiments of this type.

As the protons and other ions are produced through
highly nonlinear processes in the plasma, there could exist a
large shot-to-shot fluctuation in the proton spectra for similar
laser intensities. Large fluctuations have also been observed
in previous experiments13 and this could be a problem in the
applications of the laser-generated proton beams unless the
spectra can be monitored using noninvasive diagnostic tech-
niques. The technique described in this work uses only a
very thin layer of copper which can be inserted into the pro-
ton beam with minimal changes to the properties of the
beam. In other words, the thin layer of copper could be used
as a proton spectrum monitor without disrupting potential
applications of the proton beam. A thinner copper layer has a
smaller impact on the proton beam, but as a monitor of pro-
ton spectrum, thinner copper also has a lower sensitivity. The
Cu thickness should be optimized according to the energies
and intensities of the protons and the affordable impact of the
monitor on the proton application.

In conclusion, proton beams generated from the interac-
tion of a VULCAN petawatt laser pulse with an aluminum

foil have been used to irradiate the copper samples and in-
duce nuclear reactions. Five different proton-induced reac-
tions in copper have been measured and used to develop a
proton spectrum diagnostic technique. This technique, which
employs a germanium detector, has an important advantage
over the commonly used Cu foil stack technique, as it can be
used in conjunction with other diagnostics or even with po-
tential applications. As the cross-section peak energies of the
observed proton-induced reactions in copper lie in the range
of about 10–40 MeV, the technique is applicable to measure
the proton energy spectrum in this energy range. It is also
possible that the energy range can be extended by using a
composition of copper and other material such as cobalt,
zinc, and/or nickel in a single foil in which proton-induced
reactions with much higher or lowerQ values can be ob-
served.
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FIG. 3. Deduced proton spectra from the front and rear of the aluminum
target, determined by proton-induced reactions in single thin layer of copper
sample. The proton spectrum from the front side as also measured from
63Cu(p,n) 63Zn reactions in a stack of Cu foils is also shown for compari-
son. Typical error bars for the curves are shown.
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