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The National Ignition Facility(NIF), currently under construction at the Lawrence Livermore
National Laboratory, will provide unprecedented opportunities for the use of nuclear diagnostics in
inertial confinement fusion experiments. The completed facility will provide 2 MJ of laser energy
for driving targets, compared to the approximately 40 kJ that was available on Nova and the
approximately 30 kJ available on Omega. Ignited NIF targets are anticipated to produce dp to 10
DT neutrons. In addition to a basic set of nuclear diagnostics based on previous experience, these
higher NIF yields are expected to allow innovative nuclear diagnostic techniques to be utilized, such
as neutron imaging, recoil proton techniques, and gamma-ray-based reaction history measurements.
© 2001 American Institute of Physic§DOI: 10.1063/1.1319356

I. INTRODUCTION DT gas. The pressure of the vaporizing ablator drives the
capsule inward, compressing and heating the DT fuel. The
convergence of a number of shocks raises the temperature of

Livermore National Laboratory. When completed, the NIFthe DT gas to the point that nuclgar fusion begins.. If the fuel
will be able to deliver 1.8 MJ of laser energy to a target. Onl2yer has been compressed to high enough density, the alpha

its current schedule, the NIF will deliver first light to the Particles deposit their energy in the fuel, raising it to thermo-
target chamber center in late FY 2004 and will be completediuclear temperatures, and the thermonuclear burn propa-

in late FY 2008. The first neutron producing experimentsgates, consuming a large fraction of the fuel.
would occur near mid-FY 2006. Nuclear diagnostics can be used to measure many of the

One of the main missions of the facility is to achieve properties of this implosion process and include nuclear
thermonuclear ignition of fusion fuel using the indirect drive yield, ion temperature, electron temperature, implosion time,
approach of inertial confinement fusighCF).? In this mis-  burn width/burn history, burn region, fuel areal density
sion, the laser beams will be used to heat a “hohlraum,”(pR), ablator areal densityp@R), and shell mix.
producing a uniform x-radiation field which heats the outer Nuclear diagnostics have been identified, as well, as the
surface of a capsule. A typical ICF capsule design has afhdicators of ignition, with a rapid rise in nuclear yield or ion
ablator, a layer of frozen deuterium—tritiu®T) fuel, and  temperature with some progressive change in experimental
conditions being seen as a good indicator of alpha particle
3Electronic mail: jimurphy@lanl.gov deposition in the fuet.

The National Ignition Facility (NIF) is a 192 beam laser
system(Fig. 1) currently under construction at Lawrence
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Nuclear diagnostics have both advantages and disadvan-
tages compared to other diagnostics. Advantages include the
highly penetrating nature of neutrons, gamma rays, and high
energy protons. This allows diagnosis of the core of an im-
ploded capsule, even with very dense implosions. In addi-
tion, the fact that the products of the fusion reactions are
being measured makes nuclear diagnostics effective at deter-
mining the overall effectiveness of a target design, since cre-
ating fusion products is, in fact, the ultimate goal. Disadvan-
tages include the fact that information can be obtained only
near the time of peak compression, since this is when fusion
products are created. Nuclear diagnostics are, of course, not
applicable to the wide range of experiments that have N@IG. 1. The National Ignition Facility is a 192 beam, 2 MJ glass laser
nuclear yield, such as x-ray dri\?ep|anar hydrodynami(;%, currently under construction at Lawrence Livermore National Laboratory.
materials properties, or most laser-plasma instability
experiment$. The subset of fusion products that can escape noreN

n imoloded le must be very penetrating. and therefor 4. IS the number of gamma counts that would have
a ploded capsule must be very penetrating, a Crel0Seen measured had counting begun immediately after the
they are very difficult to image.

o . . . implosion and continued indefinitely,, is the neutron yield,
The utility of nuclear diagnostics for ICF and other high r is the distance from the neutron source to the activation

energy Qensity physics experiments h_as peen_demonstrate mplemis the mass of the sampll,, is Avagadro’s num-
and a wide range of nuclear diagnostics is being develope, er,f is the branching ratio of the decag is the atomic
and designed for the NIF. The requirements are broader th a’ss of the activation sampla, is the abundance of the
hgs been required on previous ICF facilities. Neutron yieldﬁsotope being activate is the ,efficiency of the counting
will need to be measufed over roughly 13 orders of magn"system,nSal is a factor which accounts for self-absorption of
tude, from the lowest yields of about®DD neutrons, up to

) . . L the gamma radiation in the sample, ang,,s accounts for
high ga|n_|mpI03|ons yielding 16 DT neutrpns, or about 30 neutron scattering in the sample itself. The actual colijts
MJ of fusion energy. lon temperatures will need to be mea

sured from 1 up to 50 keV for targets yielding more thanare related by the expression

about 3< 10" neutrons. The average emission time of neu- N,=N,, e Tdelay/7(1— e~ TeoundT), (2
trons needs to be established with 100 ps accuracy for laser ) ) . )
pulse lengths up to 20 ns long. where 7 is the decay time for the decaygelay is the time

between the implosion and the start of counting, ang.:is

the duration of the counting.
Il. CORE NUCLEAR DIAGNOSTICS The method of operation and calibration will be deter-

mined by the neutron yield to be measured. For relatively

A set of “core” diagnostics has been identified. A diag- low yield (below about 1& DT neutrong, the system will
nostic is considered core if it is required to measure the ineonsist of samples with mass on the order of tens of grams.
teraction of the laser beams with the targets, has a wide usgthe transport of neutrons in the sample, as well as the self-
base and strong programmatic requirements, and requireshsorption of the radiation emitted by the sample, may be
minimal R&D.” Thus, the core diagnostics are known tech-significant. In addition, the counting geometry is designed to
niques that have been successfully utilized on previous largee very efficient, but makes absolute calibration of the de-
lasers and are known to work. Table I lists the core nucleatector difficult. However, the method of calibration removes
diagnostics along with the institution responsible for each. these issues. The sample is exposed to a known neutron flu-
ence from a neutron generator in which the neutron produc-
tion is monitored by measuring the “associated particle” in
The total neutron yield from ICF targets will be deter- the reaction in which the neutron is produc8dcor the DT

mined by an absolutely calibrated neutron activationreaction, the alpha particle created in the reaction is moni-
systent An activation sample, consisting of a suitable ma-tored, and a fluence at the activation sample is determined.
terial, will be placed at some known distance from the ICFwjith this method of calibration, Ed1) reduces to
target and irradiated with the neutrons produced in the ex-
periment. The neutrons will render the sample radioactive b?

A. Activation measurements

BLE I. Nuclear diagnostics which constitute a subset of the NIF “core”

an amount proportional to the neutron fluence experience lagnostics and the institutions responsible for providing those diagnostics.

by the sample. The activated sample will then be remove

from the target area to have its radioactivity measured and Diagnostic system Institution responsible
the yield from the experiment determined. Activation system/low yield Sandia National Laboratories
The yield from the targetY, produces a number of Activation system/high yield Los Alamos National Laboratory
; ; Neutron time of flight Los Alamos National Laboratory
counts in the deteCtCNy given by Neutron emission time Los Alamos National Laboratory
Yn mNpaof Neutron spectrometer Los Alamos National Laboratory

N Y= yp— T €Nsauans: (1) Debris/radiochemistry Nuclear Weapons Effects program
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Scintillator Microchannelplate TABLE II. Specifications for each of the detectors in the neutron time of
) i Photomultiplier tube flight (n ToF) and emission timéET) system for the NIF.
Light guide and
transition piece Diameter Thickness Distance
Detector (cm) (cm) (m) Main purpose
nToF-ET 25 0.5 0.5  Neutron emission time
S5cm (emission time measurement
n ToF-LAND 40 5 6 Low yield measurement
(large neutron
— < detectoy
0.5cm n ToF-6 5 0.5 6 lon temperature for DD
) ) ] (6 m detector experiments
FIG. 2. Schematic of a typical current-mode neutron detector. The dimenp ToF-17 5 0.5 17 lon temperature for DT
sions listed are fonToF-6 andnToF-17. (17 m detector experiments
m o . . .
N, .= an—z k, (3) facilities. These systems are relatively inexpensive, have

large dynamic range, and have fast time response, making
wherek includes the various nuclear quantities, detector efthem ideal candidates for a reliable base system of diagnos-
ficiencies, and self-absorption factors. tics.

This method is limited, since the calibration requires a  The NIF current-mode detector syst€mwill consist of
source that can produce neutron fluences similar to that eXour detectors(Table Il) at three different locations in the
pected in experiments. Since the self-absorption and neutrdilF target bay. The system will be used to extend the range
transport in the sample are dependent on the size and shapkyield measurements below that available with the nuclear
of the sample, reductions in sample size for high yield targetsctivation system. It will be used to obtain ion temperatures
would result in changes in the efficiency of the system.from the width of the neutron energy spectrum for both DD
Maintaining the same sample as used in calibrations wilend DT targets. With the addition of an optical fiducial, a
ultimately result in saturation of detection systems. Increasdetector located close to the target will be used to obtain
ing r or 741y Can, as best, increase the range of the systemeutron emission time.
by a few orders of magnitude.

A second method for calibrating the systémutilizes  C. Neutron spectrometer
thin foils of activation material in which the contribution of The Los Alamos National LaboratoryLANL) Tion

self-absorption and neutron scattering is small. The folil is(pronounced “tee-ion} neutron scintillator arr& will be

counted in a geometry that can be reprqduced with a t.raceu'pgradeﬁl1 and installed for use on the NIF. The array con-
able gamma-ray calibration source that is used to ob_tam Alsts of 1020 detectors each made up of a scintillator and
absolute calibration for the gamma-ray detector used in ar]qa'hotomultiplier tube. The signals are recorded with time-to-

lyzing the sample. By utilizing foils and activation reactions digital converters so that a histogram of neutron arrival times

with well known nuclear cross sections, isotopic abundance%an be produced. This system allows the energy distribution
and branching ratios, Eql) can be used to obtain accurate of neutrons to be determined

neutrpn yields.over a wide .dynamic range by choosing ap- The array can operate over a yield range from1®d’ to
propriate reactions and varying the mass of the sampbg,|f 3% 10° DD neutrons or & 107 to 1x 10°DT neutrons. If

and 7yansare kept small, their uncertainty can be reduced Sqhe primary neutron yield is within this range, the instrument

as to not contribute significantly to the yield determmaﬂon.a/an be used to give the ion temperatffreyhich is how it

F_urthlermore, lsev_er_al f?'ls r?f d|ffe:fdnt elem;anr':s C?r}dbg US€Has used at Nova. However, the higher anticipated yields on
simultaneously, giving further confidence of the yield deter-,. .\ will allow other uses as well.

mination. Si.nce this_m_ethod _utilizes small samples to keep The DD reaction has two nearly equal branches:
self-absorption low, it is restricted to higher yields than the
previously described system. D+D—p+T, (4)
It is anticipated that a range of neutron yield will exist 3
for which both systems are useful. Since the two calibrations D+D—n+"He. ®
will be independent, the comparison of results will also in-The triton (T) produced in the first branch is born with 1.0
crease confidence in the measurement. MeV, and has a finite chance of reacting with a fuel deuteron
to produce a secondary neutrohif the pR of the fuel is
sufficiently low, the triton does not slow significantly on the
way out of the fuel, and the probability of reacting is simply
Current-mode neutron detectors consist of plastic scintilproportional topR, so that the ratio of secondary to primary
lators coupled to fast photomultiplier tub&gig. 2) and uti-  neutrons becomesgR diagnostic?® If, however, the capsule
lize high-bandwidth transient digitizers. A light signal is pro- has highpR, then the triton can slow to thermal energies. In
duced in the scintillator when recoil protons lose their energythis case, the faster the slowing rate, the fewer the secondary
in the plastic. Such systems have been used to measure theutrons produced. Since slowing is a strong function of
neutron yield'? ion temperaturé>~*” and neutron emission electron temperature, secondary yield then becomes an indi-
time'® of ICF targets on Nova, Omega, and other large ICFcator of electron temperature.

B. Current-mode detectors
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r T In addition to the debris collector, other techniques, such

10k $ * TotalNeutons as collection of activated gases on a cryogenic fikgare
a 2 being considered.
310" pe ...".,JE
E F : lil. ADVANCED NUCLEAR DIAGNOSTICS
£ 10°F
2  aney _/\ With the higher neutron yields anticipated to be avail-
10k RumE e, able on the NIF, a number of diagnostic techniques will be-
3 ", come available that have, in the past, either not been at-
10 L , , L tempted or have suffered from too little signal. Many of
0 5 10 15 20 25 30 these techniques are currently under development either for
Energy (MeV) the NIF or for other facilities, such as the Omega Laser
FIG. 3. Calculated tertiarjreaction-in-flight(RIF)] neutrons from a high- Facility,™ where C_ry09emc direct-drive ICF experiments are
convergence NIF capsule as well as the total neutron spectrum. scheduled to begin soon.
A. Fusion gamma-ray-based burn history
For highpR implosions, tertiary processéscome into Burn histories have been measured in ICF experiments
play: using scintillators placed very close to the tartféthin plas-
D+T—n (14.1 MeV)+a (3.5 MeV), (6)  fic scintillators coupled to streak cameras allow good time
resolution, limited by the transit time of neutrons across the
n+D—n'+D’" (0-12.5 MeV, (7)  thickness of the scintillator.

On the NIF, due to the presence of high-x-ray fluxes
from targets and unconverted laser light near the target
that is, a DT neutron collides with a fuel ion, accelerating itchamber center, diagnostics will need to remain at a much
up to many MeV. That fuel ion then has a finite probability larger distance from the target chamber center, perhaps as far
of reacting with other fuel ions to produce a very high-as 50 cm, to prevent excessive amounts of ablated diagnostic
energy tertiary neutron. Since this process involves three ramnaterial from being deposited onto the NIF optics.
actions, the ratio of tertiary to primary neutrons is propor-  Since the duration of the burn of an ICF capsule is on the
tional to (pR)?. order of 100 ps, time resolution of about 10 ps is required for

The tertiary process leads to a continuum of neutron enthe measurement. Fa 1 keV DT target, the time-of-flight
ergies up to the maximum of 30.5 Md¥ig. 3). The neutron  spreading will exceed 10 ps for a detector greater than 8 cm
spectrometer will be able to measure the leading edye from the target. For higher temperatures or for DD, the dis-
time) of the energy distribution but will saturate before thetance is even smaller. This prevents the use of neutrons for
arrival of the primary neutrons. measuring burn history.

Single-hit neutron arrays have been used to characterize Efforts are underway to utilize the 16.7 MeV gamma-
mix in ICF implosions either by measuring the yield from ray-producing branch of the DT reaction for burn history
deuterated plastic capsule implosiher by measuring the measurements,
energy spectr.a of sgcondary neutrons produced in moderate D+T— y+5He, 9)
convergence implosiorfS.

In addition, less sensitive neutron spectrometer arraysince photons show no time-of-flight spread. The branching
consisting of up to 1D detectors have been consideféd. ratic® for this reaction is only about$10 °, so detecting
While these may allow more detailed neutron energy spectrthis reaction on a background of gamma rays produced when
to be obtained, techniques for reducing the cost per channéte DT neutrons interact with the target, target positioner,
will need to be developed to make such a system practicaland other materials near the target can be difficult.

A number of different technigues have been
investigated> Some of the more promising utilize the detec-
tion of Cerenkov radiation from relativistic electron—
positron pairs created when the gamma ray interacts in a

Debris from high-energy-density experiments is of inter-converter of some type. When a charged particle travels in a
est, and the core set of the NIF diagnostics will include amedium at a speed exceeding the speed of light in that me-
debris collectof® Nuclear diagnostic personnel are working dium, radiation is emitted, primarily in the direction of the
to ensure that this system can also be utilized for radiochemmotion. This radiation is prompt, and therefore can be used
istry diagnosis of ICF implosions. for high bandwidth measurements.

Radiochemistry can be used in ICF to infer conditions in ~ The detection of Cerenkov radiation from an ICF target
the ablator at the time of peak burn. Activation of ablatorwas attempted using a lead glass detector on NoBe-
material or radiochemical tracers by fusion neutr¢asd to  cause of the high lead content and index of refraction, the
some extent by charged particlesan take place in an lead glass served as both a converter and Cerenkov detector.
amount that depends on the yield and the ablator areal detNo gammas were detected, but the instrument was found to
sity (pAR) at implosion time. be sensitive to neutrons interacting in the glass.

D'+T—n (up to 30.5 MeV+ a, (8)

D. Debris and radiochemistry collector
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FIG. 6. Simulated neutron images from a NIF capsule that failed due to too
large a flux asymmetry driving the capsule. At At resolution, the asym-
metry of the implosion is seen, but details require higher spatial resolution.
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provide high-bandwidth burn histories as a demonstration of
the utility for the NIF.

FIG. 4. Detection efficiency of the gas Cerenkov detector. The threshold can
be adjusted by changing the gas pressure. B. Neutron imaging

Ad hich d iallv shaped lic C Neutron imaging is currently being investigated compu-
etector which used a specially shaped acrylic eren'Eationally to determine its utility for determining failure

I;ov deLet():tor and tsepargti coane rter was tmore scl;c.cets;]sfull. r'ﬁ‘odes of NIF ignition capsules. From these calculations, the
mm converter an cm be converter used in the InFequired spatial resolution for an imaging system will be

strument were able to obtain signals at the correct time fOHetermined Currently, a resolution of about A6 appears
gamma rays® Without the converters, the signal was much,[0 be useful for some purposes, but a resolution phBmay

reduced. S : : )
L . . be necessary to see details in the implosion structice 6).
Because of the high index of refraction of this Cerenkov In penumbral imaging, an aperture that is larger than the

detector, it is sen3|t|ve_ hot only_to the very high-energy 98Myize of the source to be imaged is used. In the detector plane,
mas from the DT fusion reaction, but also to much lower

: ; '~ the detected image consists of an umbra, which is the region
energy gammas from reactions of neutrons with materials i hich is exposed to the entire source through the aperture,

or near the target. For experiments in which large amounts g urrounded by the penumbra, the region which is progres-

matgnal are near the ta.rget., such as a hohlragm ora qy%"lvely obscured from the source by the aperture edges. The
genic shroud, this contribution could compromise the timeg, i rce image is encoded in this measurement and must be
response of the signal.

decoded.
A gas Cerenkov detectbrallows the threshold of Cer- Neutron imaging has been perform&dsing penumbral

enkov Iight production to be adjusted by changing _the 938%perture¥’ and has attained neutron resolution of approxi-
pressure in the detect@Fig. 4). Because a gas will typically mately 60 um38 Apertures have been designed to give a
have an index of refraction that is very close to unity, thetheoretical resolution of 1@m 39

gamma detection threshold can be set very high. A system Los Alamos National Laboratory and the Commissariat

hoas beer|1_ desggedr?nd_lfﬁprlcatfag. 5 for tesgng I?n the al’Energie Atomique(CEA) in France have recently begun a
mega Laser Facllity. 1niS system uses a berylium Con'coopera’[ive effort to develop neutron imaging for use on the

verter to produce relativistic electron—positron pairs whichy, - and the Laser MegaJouieMJ).° Near term goals wil

emit gerenlfovl light while trzve!ing 'élhrougf:l 2 atrzn (I)'f EO ae to determine the potential of each technique to achieve
gas. An optical system was designed to collect the light an igh resolution imaging reliably for the NIF and LMJ, to

relay it to a microchannel plate photomultiplier tube for de'_determine the effectiveness of unfold methods for analyzing
tection. The system has been successfully tested using a li enumbral images, and to compare the results from neutron

ehar gccelerator bohh o l()jelir:/er enerr]glgetic elg.ctr.ons _?ihrecdtly Benumbral imaging with that from neutron pinhole imaging.
the flaltector ‘ES we ads re mr?str:a . L:gg ra.|at||on.. N e}e ANL will pursue pinhole imaging' and CEA will pursue
tor will soon be tested using high-yield DT implosions. Fol- penumbral imaging?

lowing successful detection of fusion gamma rays, the sys- Neutron imaging requires effort in three areas: pinhole/

tem will be modified to utilize an optical streak camera toaperture fabrication, mechanical alignment of the aperture to
the target, and development of detectors. Neutron apertures

Internal Be or

other converter Tungsten and pinholes, due to the penetrating nature of neutrons, must
shielding Piithary miifor . . . . .
and spider it Fill valve be very thick(Fig. 7). Since the apertures are narrow, this
\, gives a narrow field of view and alignment tolerances are
=\ —> tight.
2 atm CO2
16.7 MeV ray
S d: i . .
Seondary mirer + atemloan for C. Charged particle techniques
Aluminum “Bat Ears” detector w/ skid
gas cell Tungsten shielding plate

In addition to neutrons and gamma rays, fusion reactions
can produce charged particles which also convey information

FIG. 5. Design for a gas Cerenkov detector that has been designed afPout the implOSi_on- In some cases, such as the 15 MeV
fabricated for use on the Omega Laser Facility. proton produced in the D¥*He reaction, these particles can

Microchannel plate PMT
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vantage of the fact that the neutrons are produced nearly
instantaneously and the time spread of their arrival at a de-
tector is taken as due to their energy distribution. When one
measures the burn history of a target using a detector close to
the target, the nearly monoenergetic nature of the neutrons is
utilized. If one would like both time and energy resolution,
then a detection method must be used which does not require
either assumption.

One method of allowing separate measurement of both
the energy and arrival time of a neutron at a detector is by
means of the recoil proton technigtfeNeutrons impinging
on a thin plastic foil strike some of the protons, transferring
some of their energy to the protons. The energy of the proton
is given by

4(my/m,)

pzm E, cos 0, (10)

whereE, is the energy of the neutron incident on the fail,

is the angle between the original velocity of the neutron and
that of the recoil proton, anch, andm, are the masses of the
proton and neutron, respectively. Approximating the neutron
and proton masses to be the same, @) reduces toE,

=E, cos 6.

Proton energy can be measured in ways other than time
of flight, such as through magnetic analyzers or through en-
ergy deposition in silicon detectorig. 8). If the recaoll

be very penetrating and escape the imploded core of a caprotons are apertured to a single aritjiéhen the energy of
sule. The availability of charged particle diagnostics allowsthe protons is, by E¢(10), proportional to the energy of the
the measurement of yield from neutronless reactions such &€utron. The spread of the proton energy is a measure of the
the D-2He reactiorf2 allows measurement of charged par- €nergy spread of the neutrons, thus giving ion temperature
ticle slowing as the particle traverses the abl4tdf and  information. The time history of the different proton energies
enables a measurement of fygR from knock-on ions cre- ¢an then be used to obtain a time-dependent ion temperature.

ated when fusion neutrons collide with and transfer energy to ~ Similar information can also be obtained by measuring
these iong® the arrival time at an array of single-hit detect&tswith
formed in reaction paths similar to those forming neutrgns. (TDCS), and amplitude-to-digital convertefADCs), the en-
The use of these particles for symmetry gid measure- €rgy and arrival time of recoil protons can be measured sepa-

FIG. 7. Comparison ofa) a neutron pinhole that will be fielded on Omega
high-yield implosion experiments an@) a penumbral aperture used on
Nova experiments.

ments has been investigated for the KiF.

D. Recoil proton /deuteron techniques

As was stated earlier, when ion temperatures are mea-

rately. From these, the energy and arrival time of the neu-
trons at the foil can be determined. If these are sufficiently
well measured, then the energy and birth time of individual
neutrons can also be determined.

These techniques require the use of very thin plastic foils

sured using neutron time-of-flight spreading, one takes adsince thick foils would lead to slowing of the protons as they

Magnetic Field

® Array of single-
hit detectors

Recoil protons

Q
N

Current-Mode
Detectors ﬁ

High-Bandwidth
Transient Digitizers

TDCs, ADCs

Neutrons from
target

CH foil

leave the foil. In thick foils, recoil protons would be born at
different thicknesses in the foil and would lose energy de-
pendent on the location in the foil and the recoil angle.
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