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INTRODUCTION 

The effect of changing the nuclear spin on our 
understanding of the synthesis of heavy elements in 
neutron-rich astrophysical environments is potentially 
quite large.  Changes in nuclear spin due to the 
population of low-lying nuclear states in astrophysical 
plasmas are already believed to lead to alterations in the 
neutron capture cross section.  These cross section 
changes, which are parameterized in the form of a stellar 
enhancement factor (SEF), are believed to play an 
important role in the slow neutron capture process 
(s-process) responsible for the formation of heavy 
elements in certain types of massive stars. Values for the 
SEF for stellar conditions are believed to vary over a 
range of 0.8-1.5 or more for nuclei with 30<A<210.  
This new class of spin changes occurring on high-lying 
nuclear states could potentially lead to even larger 
differences in the neutron capture reaction rates which 
are responsible for the formation of virtually all of the 
elements heavier than iron through both the s- (slow) and 
r- (rapid) neutron capture processes.  The result could 
be a significant modification in our understanding of 
many astrophysical environments and scenarios ranging 
from the interiors of stars, to supernovae to the colliding 
accretion disks around neutron stars.   

In addition to the astrophysical significance of this 
research, the observation of a nuclear-plasma induced 
change in the isomer-to-ground state ratio would 
constitute the first observation of enhanced isomer decay 
arising from a nuclear-plasma interaction.  While this 
phenomenon has been predicted to occur in HED 
plasmas by Gosselin [1], electron-mediated 
plasma-nuclear interactions have only been observed in 
the laboratory once [2]. This research will therefore be 
ground breaking in two different fields of nuclear science 
research. 

Fortunately, the new generation of coupled 
long-pulse/short-pulse laser facilities opens a new area of 
inquiry where the effects of scattering off of these highly 
excited states can be experimentally studied. The 
GEKKO+LFEX facility offers the option of varying the 
relative timing of the long- and short-pulse laser beams, 
thereby allowing for a controlled experiment where 
highly-excited nuclear states are put into a HED plasma 
state before, during or after their irradiation with 
energetic protons.  

We propose to look for the effects of NEET and 
NEEC on nuclear levels in highly excited nuclei where 
the density of available nuclear states is much higher and 
the probability of a nucleus interacting with nearby 
electrons is thus greater. Target nuclei will be excited by 
laser-produced proton-induced reactions. The decay 
products of these states produced in plasma and solid 
environments will be compared. In particular, the ratio of 
isomer to ground state will be measured in both cases; a 
change in isomer population from nuclei produced in a 
plasma environment is a signature of NEEC and NEET 
interactions in the plasma. 

 

EXPERIMENTAL 

We propose to study interactions between nuclei 
and their surrounding plasma environment. To this end, 
we have been awarded facility time at the Institute of 
Laser Engineering (ILE) at Osaka University for an 
experimental search of laser-produced nuclear-plasma 
interactions to be fielded in a multi-stage campaign. The 
first stage of the experimental campaign, conducted 
between 16-27 February 2015, has focused on an 
investigation of various solid debris collector (SDC) 
designs to optimize the collection of laser-produced 
debris. The optimal design(s) will then be used in the 
second stage of the experimental campaign to search for 
the evidence of nuclear-plasma interactions (described in 
the Future Work below) in highly excited 196mAu and 
196gAu nuclei formed via the (p,3n) reactions on a 198Pt 
placed into a HED plasma state through irradiation by 
the GEKKO-XII laser. 

During this first stage, energy and background 
calibrations were successfully performed on the 
Canberra GC3226-7600 high-purity germanium (HPGe) 
detector at ILE-Osaka, corresponding to the gamma peak 
energies expected from the decay of product 196mAu and 
196gAu nuclei, as well as the various Pt and Ir nuclei and 
isomers formed via photonuclear reactions on the Pt 
target  [3,4]. Energy calibrations were performed using 
reference 370 kBq Cs-137, Am-241, and Ba-133 
calibration sources, at a 10 cm standoff from the front 
face of the detector. 

In preparation for later stages of the campaign, 
electron temperatures were measured in the plasma 
resulting from a 1-ω GEKKO-XII laser shot on a 1mm x 
1mm x 10 μm Ti foil target, using 4 GEKKO-XII beams 



to maximize power density in the target using the 
smallest possible beam focus. Radiochromic film in an 
X-ray crystal spectrometer in one of the target chamber 
diagnostic ports recorded the Ti X-ray lines emitted 
following the laser shot on the Ti target foil. These line 
emissions to back-calculate the corresponding electron 
temperature in the Ti plasma produced during the 
GEKKO-XII shot. These temperature measurements will 
be utilized in later stages of the campaign, to help 
estimate rates for the NEEC and NEET processes. 

Two different designs, spherical, and cylindrical, for 
solid debris collector prototypes were manufactured 
using 3D additive printing, using an ABS thermoplastic 
stock to build the collectors. These prototypes contained 
nearly 4π coverage, with ports left in the walls of each 
collector to allow for GEKKO and LFEX laser entry 
holes, as well as ports for necessary diagnostics and 
target alignment, and can be seen in Figure 1. Both of 
these designs were successfully fielded, by mounting a 
1mm x 1mm x 10 μm Pt foil target inside the center of 
each collector design such that the target was aligned in 
optimum position and orientation for irradiation from 
either GEKKO or LFEX lasers. Such a Pt target can be 
seen mounted inside the spherical SDC in Figure 2. 

 
Fig. 1. The fielded cylindrical and spherical SDC 

prototypes. 

 
Fig. 2. The spherical SDC design, with a Pt target foil 

mounted inside, visible through center port. 

Following the mounting of targets inside the SDC 
prototypes, the collectors were successfully inserted and 
aligned inside the GEKKO-LFEX target chamber, in 
preparation for a 1-ω GEKKO-XII laser shot, using 4 
GEKKO-XII beams.  

After the shots, the collectors were quickly removed 

from the target chamber, and brought to the HPGe 
detector for gamma spectroscopy, to observe any 
photonuclear reactions on the Pt target foils. The 
collectors were split in half along the equator, and 
attached to the front face of the HPGe detector, which 
shielded by a thin nitrile glove to prevent accidental 
contamination of the detector for future counting. The 
collectors were counted for 12 hours, in 1-hour counting 
intervals, to measure the change in photonuclear product 
decay over time.  

 
Fig. 3. The spherical SDC after a GEKKO-XII shot on Pt 

target. The black marks on the inside surface are from 
laser light reflected off the target, as well as some 

unconverted 2-ω light. 

RESULTS AND DISCUSSION 

After analyzing the background-subtracted gamma 
spectra from the debris collectors after shots, no 
statistically valid peaks can be identified above the 
random signal noise. This is to be expected, as the 
photonuclear reaction products of natural platinum have 
reaction thresholds upwards of 7 MeV, and the 
GEKKO-XII laser is only capable of energies up to O(10 
keV). Regardless, these results help validate expectations, 
and may serve as a "blank" for the future gamma spectra 
of the same Pt targets following (p,3n) reactions from 
LFEX, so that any photonuclear contributions may be 
subtracted out. 

 

FUTURE WORK 

An important investigation for debris collection 
diagnostics will be to determine the absolute collection 
efficiency of the different detector designs, including 
designs with the same geometry, but manufactured from 
different materials. Radioactive gold samples will be 
counted using HPGe detectors, and mounted in the 
GEKKO XII target chamber. Following GEKKO XII 
laser shots, the radioactive debris will be collected using 
various solid debris collector designs, and the collection 
efficiency of the debris collectors will be deduced by 
counting the activity of the sample before and after 
implosion. The optimal design will then be used in the 
full-scale experimental investigation of nuclear-plasma 
interactions.  



The second stage of our campaign, which we will 
propose in the future, will be to perform a series of shots 
where we use the LFEX petawatt laser to produce an 
energetic proton beam capable of forming highly excited 
196mAu and 196gAu nuclei via the (p,3n) reactions on a 
198Pt placed into a HED plasma state through irradiation 
by the GEKKO-XII laser. This focus will involve some 
technical challenges, namely, inserting and aligning two 
targets into the SDC design, while keeping both targets 
aligned with the GEKKO and LFEX laser beams, as well 
as designing a SDC with ports large enough to 
accommodate the GEKKO and LFEX beams, but still 
maximizing its solid angle coverage of the target. 

 By adjusting the relative timing between the two 
lasers we will be able to study the change in the spin of 
the highly-excited compound nuclear states populated 
following neutron emission by observing differences in 
the isomer-to-ground state ratio in the radioactive 196Au 
collected following the shot. Depending on the success 
of this, we will install the optimized debris catcher at 
GEKKO-LFEX and using it to observe the double 
isomer-to-ground state ratio, where we vary the relative 
timing of the GEKKO and LFEX beams. 

Once an optimum collector design has been 
obtained, we will develop an optimized solid 
radiochemistry diagnostic system at GEKKO-LFEX and 
measure the production rates of the 196m,gAu and 198m,gAu 
radionuclides in a more massive 198Pt foil.  This would 
involve testing different debris catcher technologies over 
the course of 10 shots. 

 
The solid radiochemistry diagnostic we develop for 

GEKKO-LFEX will be of general value to any potential 
nuclear science program that relies on the observation of 
radioactive reaction products. In addition, the search for 
NEEC and NEET interactions on highly-excited nuclear 
states in high energy density plasmas, will open the door 
to a broad set of experiments at the intersection of 
nuclear and plasma physics. 
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