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We are studying the response of a CVD diamond detector to a strong x-ray pulse followed by a second 
weaker pulse arriving 50 to 300 ns later, with a contrast in amplitude of about 1000.  These tests, performed at the 
LLNL Jupiter laser facility, are intended to produce charge carrier densities similar to those expected during a DT 
implosion at NIF, where a large 14.1 MeV neutron pulse is followed by a weak downscattered neutron signal 
produced by slower 6-10 MeV neutrons. The number of downscattered neutrons must be carefully measured in order 
to obtain an accurate value for the areal density, which is proportional to the ratio of downscattered to primary 
neutrons. The effects of the first strong pulse may include saturation of the diamond wafer, saturation of the 
oscilloscope, or saturation of the associated power and data acquisition electronics. We are presenting a double pulse 
experiment that will use a system of several polycrystalline CVD diamond detectors irradiated by 8.6 keV x-rays 
emitted from a zinc target. We will discuss implication for a NIF areal density measurement. 
 
*This work was performed under the auspices of the U.S. Department of Energy by UC, Lawrence Livermore 
National Laboratory under Contract No. W-7405-ENG-48. 
 
 
1. Scope of the experiment 
 

CVD diamond detectors are being investigated for the measurement of the main fuel areal density, ρR, of 
implosion plasmas during the ignition campaign at the National Ignition Facility, NIF. The areal density is 
proportional to the ratio of downscattered (6-10 MeV) to primary neutrons (14.1 MeV)1, thus obtaining a value of 
ρR requires an accurate measurement of the number of downscattered neutrons (i.e. neutrons scattered inside the 
deuterium-tritium target). In this work, we are studying the effects of a large pulse recorded by a CVD diamond 
detector upon a second smaller pulse arriving from 50 to 300 ns later, with a contrast in amplitude of about 1000 
(see figure 1). This double pulse experiment will reproduce the case of a DT implosion at NIF, where a large 14.1 
MeV neutron pulse is followed by a downscattered neutron signal some tens to hundreds of ns later. Therefore, 
saturation effects due to this large pulse could have a significant impact on ρR measurements. 
 
 
 
 
 
 
 

 
Figure 1. Schematic of the double pulses 

 
 The result of such a large pulse on a smaller signal arriving later in time may include saturation of the 
diamond wafer, of the associated electronics, and of the measuring device (oscilloscope). A previous study has 
found that the 14 MeV neutrons will not saturate the diamond wafer due to an overproduction of charge carriers 
(carrier-carrier scattering), even during a successful ignition.2-4 The saturation of the oscilloscope has also been 
addressed by building and successfully testing a circuit that clips the first large peak without modifying the signal 
arriving later in time. The saturation of the associated electronics and other effects are now being quantified during a 
double pulse experiment. This double pulse experiment is essential in assessing the efficacy of a compact, 
inexpensive, robust and simple detector for areal density measurement.   
 
2. Ignition charge carrier densities with 8.6 keV x-rays 
  

We are planning to use laser-produced x-rays to generate the double pulses, employing the Comet laser at 
the LLNL Jupiter Laser Facility. The level of intensity of the two pulses is based on a charge carrier density created 
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by the x-rays similar to that created by 14.1 MeV neutrons during a DT implosion. It has been determined in a 
previous work that for a successful ignition, the charge carrier density De-h+ is equal to 1e15 e-h+/cm3, and for a 
typical failed ignition, De-h+ is equal to 3e12 e-h+/cm3. Failed ignition being the main goal of diagnostics, only the 
failed ignition case will be developed. Using equation 1, we can find that the flux of 8.6 keV x-rays, φγ, required to 
produce such a charge carrier density is about 4e8 x-rays/cm2. The ionization energy in diamond, εe-h+, is equal to 
13.3 eV/e-h+, and the energy absorption coefficient, μen, is 12.64 cm-1. The required x-ray fluxes in this work are 
then about 4e8 x-rays/cm2 for the large pulse, and about 4e5 x-rays/cm2 for the smaller pulse.2  
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Two laser beams will irradiate a zinc target and produce a flux of 8.6 keV kα x-rays in 4π space. The 

angular uniformity of the x-ray flux emitted will be checked by placing several imaging plates at an equivalent 
distance from the laser/target interaction point, at different angles. Next, the x-ray spectrum incident on the CVD 
diamond detector’s surface will be checked with a CCD camera. This x-ray spectrum, filtered by the beryllium 
window of the re-entrant tube and by the gold electrodes, will be mostly monoenergetic. Measurement of the output 
signal, Vout, and of the integral under the pulse versus incident energy will then be performed to cross-calibrate the 
different CVD diamond detectors. The next and main step will be to measure saturation effects using double pulses 
on three CVD diamond detectors. 
  
3. The Comet laser 

 
We will use a ~6 Joules, 20 ps to 600 ps beam to generate the large pulse, and a ~10 mJ, 500 fs probe beam 

to generate the smaller pulse. For the long pulse beam, the highest conversion factor (thermal x-rays created per 
Joule of laser photon, ξx-rays = 1e11 x-rays/J) is found at a laser intensity, I, of about 3e16 W/cm2.5 For the short 
pulse beam, the conversion factor (kα x-rays/J) is comparable over the necessary range of laser intensities (~1016 to a 
few 1017 W/cm2) 6, so we expect to be able to use either short or long pulses interchangeably. We can then obtain the 
spot radius, r (cm), versus the beam intensity, energy Elaser (J), and pulse width τ (s), using equation 2. We want a 
best focus configuration, i.e about 10 μm diameter laser spot. 
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The expected x-ray flux produced at certain distances from the target, L, is equal to ξx-rays∗Εlaser / (4*π*L2). 

Table 1 gives the expected x-ray flux emitted from the zinc target, φγ1, and the expected x-ray flux reaching the 
detection volume, φγ2, which is the initial x-ray flux minus about 40% of the flux that is absorbed in the gold 
electrodes and in the beryllium re-entrant tube window. The charge carrier density and the expected charge created 
in the detector, in terms of signal’s integral, are also given. Note that as explained in reference 1, this signal is not 
the one observed on the oscilloscope, but rather the one that would be observed if no saturation occurred.2  

 
Table 1. Expected x-ray flux at certain distances from the target, L, emitted from the target (φγ1) and reaching the 

detecting volume (φγ2), charge carrier density, and the expected signal created in the detector’s volume. 
L 

(cm) 
φγ1 

(x-rays/cm2) 
φγ2 

(x-rays/cm2) 
De-h+ 

(e-h+/cm3) 
S 

(V ns) 
4 3.0e9 1.9e9 1.5e13 478 (saturate) 
5 1.9e9 1.2e9 9.7e12 306 (saturate) 
8 7.5e8 4.7e8 3.8e12 119 

10 4.8e8 3.0e8 2.4e12 76 
 

4. The detection system 
 
Three 300 μm thick, 5 mm diameter polycrystalline CVD diamond detectors7 placed in a 1.3 cm square 

aluminum casing will be used. A 4 mm diameter hole has been made in the casing to obtain an opening with no 
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material between the outside and one of the electrodes. A picosecond bias-T is connected to the detector and to the 
oscilloscope with SMA cables, and to the high voltage with a SHV cable. The high voltage will range from 700 V to 
about 1000 V. Figure 2 shows the different parts of the detection system. 
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Figure 2. Detection system: CVD diamond detector, bias-T, high voltage supply, oscilloscope. 
 

5. The experiments 
 
The angular uniformity of the x-ray flux emitted will be checked by placing several imaging plates at an 

equivalent distance from the laser/target interaction point, at different angles. Both the main beam and the probe 
beam will be tested. Next, the x-ray spectrum will be measured using a CCD camera. An x-ray spectrum produced 
by a long-pulse laser shot presents discrete Kα lines, whereas that produced by a short-pulse laser shot presents an x-
ray spectrum distributed over a large energy range (bremsstrahlung x-rays). X-ray cross sections increase 
dramatically at low-energies and thus the low-energy part of the spectrum must be removed to avoid energy 
deposition on only the surface of the detector. The filter used to remove low-energy x-rays will be composed by the 
electrodes (1 μm gold layer) and by the reentrant tube window (~690 μm of beryllium). 

 

~ 5 cm 
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Figure 3. Schematic of the double pulse experiment. Three CVD diamond detectors are inside re-entrant tubes. The 

zinc target is at chamber center in vacuum. 
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The output signal (Vout, full width half maximum, and the integral under the curve) will then be recorded 
while increasing the laser energy from a few mJ (probe beam) until about 6 J (main beam). This will allow cross-
calibration of the three different CVD diamond detectors so that later comparison of signals recorded by these three 
detectors during the double pulse test will be possible. 

 
The double pulse experiment set up is described on figure 3. CVD1 and CVD2 will be positioned in air in a 

re-entrant tube with a ~690 μm window of beryllium. The clipper circuit will be placed between the bias-T and the 
oscilloscope so that CVD1 will record a clipped first pulse and the second small pulse. CVD2 will be positioned in 
the same re-entrant tube and an attenuator will be placed before the oscilloscope since the expected large signal will 
saturate (see table 1). CVD3 will be in a second re-entrant tube and will record only the small pulse since a tantalum 
beam block will hide the large pulse from CVD3. The high energy beam will shoot first, and the low-energy beam 
will shoot from 50 ns to 300 ns later. The main interest in this work is to compare the signal recorded by CVD3 
(small pulse only) with that recorded by CVD1 (small pulse after clipped large pulse) to quantify the effect of 
saturation by the large pulse arriving first in time. The delay time between both pulses will be varied from 50 ns to 
300 ns to mimic the time delay found between the 14.1 MeV neutrons and the downscattered neutrons (6-10 MeV) 
during a DT implosion. Different cable lengths and bias-Ts will be used to understand the effects of reflections and 
bias-T saturation properties. 

 
6. Summary and conclusion 
  
 A neutron detection system composed of a CVD diamond, bias-T, high voltage supply, and oscilloscope is 
being tested to be used at the NIF for areal density measurement. Since areal density is proportional to the ratio of 
downscattered to primary neutrons, the main challenge in that measurement is the saturation effects caused by a 
large 14.1 MeV neutron signal on the downscattered neutron signal arriving later in time (50 to 300 ns). To answer 
that challenge, we are planning to use 8.6 keV x-rays produced by two of the Comet laser beams irradiating a zinc 
target. A system of 3 CVD diamond detectors and delayed shots will allow seeing the saturation effects of the large 
first pulse on the smaller pulse. We have addressed oscilloscope saturation using a clipper circuit, and we have 
explored CVD diamond wafer saturation and we expect it to be negligible. The present work, which is the last step 
in quantifying the effects of saturation, is crucial to prove that a high- temperature and -flux resistant, simple, 
compact, and inexpensive detector can measure the areal density during the NIF ignition campaign.  
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