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Nuclear reaction rates become nonlinear with respect to flux (cm−2s−1) in

extreme environments such as those found during stellar nucleosynthesis

and terrestrial nuclear detonations. To observe these effects directly in the

laboratory, extremely high particle fluences (cm−2) are necessary but not

sufficient. Reactor-based neutron sources, such as the Institut Laue-

Langevin’s high-flux neutron reactor, were previously the closest to meeting

this challenge, albeit over ~hour time scales. In ultra-high flux environments,

where multiple reactions occur on picosecond time scales, nuclei are unable to

return to their ground states between reactions; consequently, reactions take

place on excited nuclei. To accurately model high-flux environments, data on

the cross-sections of excited nuclear states are required, which differ

significantly from those of ground states due to spin/parity effects. In order

to replicate these effects in the laboratory, short high-fluence pulses on the

order of the lifetime of a typical nuclear excited state (generally ≲1 ns) are
required. Particle beams generated by high-intensity lasers are uniquely

positioned to meet this need with the potential to produce fluences of 1017

protons/cm2 and 1022 neutrons/cm2 over a few pico-seconds or less. In addition

to providing a quantitative analysis of the rates of multiple rapid reactions in

general, the present work examines a number of laser-based experiments that

could be conducted in the near future to observe multiple rapid reactions for

laboratory-based astrophysics and the measurement of exotic cross-sections.
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1 Introduction

The rates of certain nuclear reactions in extremely hot and dense environments are

determined not only by the nuclear cross-sections of the ground state, but also by the

nuclear cross-sections of isomeric states since a significant population of them can be

maintained by constant bombardment from high particle flux and electromagnetic

processes. While the term “isomer” typically refers to nuclear excited states with half-

lives greater than 1 ns, an isomer in the present context is a nuclear excited state with a

half-life greater than 1 ps. Most nuclear isomers have an energy range of a few keV to a few

MeV and a half-life of less than a few hundred nanoseconds, making sample preparation

in sufficient quantity for cross-section measurements extremely difficult for traditional

experiments. However, due to its exceptionally low excitation energy of 76 eV coupled
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with a long half-life of 26 min, the first excited state of 235U is

among the few cases where measurement, while very difficult, has

been possible up to now. Measurements of cross-sections on
235mU appear to be up to a factor of 2.5 greater than that of the

ground state for thermal neutron induced fission [1]. Deviations

of a similar magnitude are expected to exist in the numerous

short-lived isomers too and will have a large influence on

reaction rates in certain extreme environments.

In plasmas with temperatures less than 10 keV, calculations

have suggested that isomeric states are strongly populated by

energetic neutrons and/or protons as opposed to other

electromagnetic processes [2]. Nevertheless, complex processes

such as nuclear excitation by electron capture (NEEC) and

nuclear excitation by electron transition (NEET) may also

contribute significantly despite the fact that previous

observations have ranged from inconclusive to controversial

[3–5]. The NEEC and NEET processes require the overlap of

an atomic and (extremely narrow) nuclear transition. Thus,

accurate predictions require very precise knowledge of atomic

transitions in a plasma, which is challenging due to density

effects, charge screening, and other phenomena. Definitive

observation of NEEC and NEET, especially in the plasma

environment, will be of great importance to the question of

how a population of nuclear isomers is maintained in a plasma.

As the use of high intensity short-pulsed lasers to generate

ultra-high flux particle beams has increased in popularity, so has

the desire to study isomers and other short-lived nuclei using

such beams. It has been proposed that short, high-flux laser-

accelerated particle pulses could be used to excite a population of

isomers (via both nuclear plasma interactions and other nuclear

reactions) while also inducing a nuclear reaction in the excited

target population [6]. The astrophysical implications of the

maintenance of a thermal population of nuclear excited states

by various mechanisms in extreme environments is covered

elsewhere, for example see [7]. The present work focuses on

the generation and probing of short-lived nuclei by rapid repeat

nuclear reactions using energetic particles produced by lasers, as

well as the potential for novel cross-section measurements

relevant to the astrophysics community as higher fluxes

become available. Two nuclear reactions occur on the “same”

nucleus during this process, with the first reaction producing the

nucleus to be studied, which is then subjected to a second nuclear

reaction. The term double reaction is used herein to refer to such

a reaction.

In the past, reactor-based neutron sources have utilized

double reactions to make cross-section measurements on

nuclei as short-lived as 233Th (t1/2 = 22 min) [8]. In contrast,

many more excited states are accessible at high intensity laser

facilities with pulse lengths between 10–15 to 10–11 s and time

integrated particle fluxes that are comparable to those produced

by themost powerful reactor-based sources in an hour. Following

a nuclear reaction, such as neutron capture or inelastic scattering,

the nucleus is nearly always left in a short-lived excited state.

Because laser pulse lengths are shorter than the lifetimes of many

of these excited states, if two nuclear reactions occur on the same

nucleus, the second reaction will sometimes occur on an excited

nucleus. Section 2 provides several examples of possible

measurements on radioactive nuclei and nuclear isomers that

may be of interest to the community, as well as a quantitative

analysis of the rates of multiple reactions on a single nucleus.

Section 3 provides a quantitative assessment of the prospects for

studying double reactions at existing facilities.

2 Multiple rapid reactions

2.1 Precise definition and significance

During the r-process,many successive nuclear reactions occur on

short time scales. Even during terrestrial nuclear detonations, up to

16 rapid neutron captures have been observed [9]. Detailed

quantitative analysis of large leaps in nuclear mass up to the

neutron drip lines requires the modeling of a large number of

reaction channels and is a complex task best left to codes. The

observation of more than a few consecutive reactions in sufficient

quantities would demand a flux well beyond the capabilities of

current facilities. For these reasons, the present work is primarily

concerned with double successive reactions of the general form

I + n → J (1)
followed by

J + n → K (2)

where a flux of particle n is incident on a sample of some initial

target nucleus, I, producing an intermediate residue nucleus, J,

which undergoes a further reaction to produce the final nucleus,

K. For example consider double neutron capture on 56Fe

56Fe + n → 57Fep
57Fep + n → 58Fe

(3)

where * indicates that 57Fe is in an excited state, whichwill be the case

at the time of the second neutron capture if it occurs on a short time

scale due to the presence of several long-lived isomeric levels

encountered during the de-excitation of 57Fe. Thus, double

neutron capture on 56Fe is a candidate for measurements of

cross-sections on a short-lived isomer. Another application is

cross-sections measurements on nuclei whose preparation in

sufficient quantities is prohibitively difficult due to their short half

lives. Consider, for instance, double neutron capture on 50Ti, which,

in contrast to double capture on 56Fe, results in the 51Ti nucleus

returning to its ground state almost instantly after the first capture. At

the National Ignition Facility (NIF), the required neutron yields for

the observation of such double reactions are already attainable.

Astrophysics is interested in double proton/neutron

absorption reactions as a possible pathway to measuring

cross-sections on unstable proton/neutron-rich nuclei that are
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needed to constrain models. Neutron capture cross-sections on

unstable nuclei are important to the rapid neutron capture

process (r-process), which produces approximately half of the

atomic nuclei heavier than iron. Proton absorption cross-sections

on unstable nuclei are important to the rapid-proton process

(rp–process), which may explain the abundances of a few nuclei

that are bypassed by the other known processes. Double capture/

absorption reactions are more straightforward to observe

experimentally. To see why, consider the following reaction

where the incoming proton is not absorbed,

62Ni + p → 61Ni + np 460mb( )
61Ni + p → 60Cu + 2n 44mb( ) (4)

where the cross-sections are taken from the ENDF library and

integrated over a typical laser accelerated proton energy

spectrum (see Figure 1). The double reaction pathway for the

production of 60Cu from Eq. (4) is in competition with the

following ordinary reaction pathway

62Ni + p → 60Cu + 3n 2mb( ). (5)

Because the cross-sections of the double reaction pathway are larger

than those of the ordinary reaction pathway, it may be tempting to

predict that the double reaction pathway will contribute significantly

to 60Cu production in high flux environments. However, due to the

statistics of double reactions, the ordinary reaction pathway will

continue to predominate over the double reaction pathway even at

the highest proton fluence that is currently achievable in the

laboratory. The same problem exists for any double reactions

involving fission, which is exemplified in section 3.1.2 using

neutrons produced at NIF. In contrast, double capture/absorption

reactions, in which Z increases by two for incident protons (or A for

neutrons), avoid this problem because the final product can only be

produced via the double reaction pathway.This problem is also

avoided in circumstances where the maximum energy of the

incident particles is below the cut-off for the competing single-

order reaction. For example, consider the following reaction

induced using 14MeV energy of neutrons from D-T fusion

208Pb + n → 207Pb + 2n
207Pb + n → 206Pb + 2n.

(6)

The cross-section for the production of 206Pb from 208Pb in a

single reaction, or 208Pb + n → 206Pb + 3n, is vanishingly small

because the two-neutron separation energy of 208Pb is 14.1 MeV.

Therefore, like double absorption reactions, the detection of
206Pb is unambiguously linked to the double reaction in Eq. (6).

2.2 Quantitative analysis of double
reaction rates

2.2.1 Simplified mathematical forms
The following assumptions are useful in order to analyze

double reaction rates in laboratory conditions:

FIGURE 1
Cross-sections for the reactions in Eqs 4 and 5. Taken from the ENDF library. For reference, a typical distribution of laser accelerated proton
energies is shown.
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1. All reactions occur virtually instantaneously (zero pulse

width), and

2. Multiple order reaction rates are low relative to ordinary

reactions.

Assumption (I) is true if nuclides J and K have a long half-

life relative to the pulse width; and hence, species decay is

irrelevant. This assumption highlights a benefit of short

pulsed lasers: shorter pulse widths make more intermediate

states available as short-lived isomers that would otherwise

decay to the ground state before a second reaction occurs.

Assumption (II) is mathematically true if the inverse of the

fluence is much less than the relevant cross-sections, which in

practice amounts to a fluence of at least ~ 1022 particles per

cm2 in most cases of interest. A consequence of assumption

(II) is that “burn-up” of the initial target atoms can be

ignored. While the neutron fluence from recent high yield

NIF shots approach this limit, none of the other laboratory

sources currently available come close. Establishing a

differential equation accounting for the rate of production

and loss, such as through decay or nuclear reactions (if

applicable), of each nucleus is the standard procedure for

calculating the amounts of a species of nuclei over time while

subject to flux. Other examples of this procedure can be seen

in [8–10]. Under the assumptions (I) and (II), the relevant

rate equations are

z

zt

I t( )
J t( )
K t( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � 0 0 0
ϕσJ 0 0
0 ϕσK 0

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ I t( )
J t( )
K t( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦
such that

I 0( )
J 0( )
K 0( )

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ � NI

0
0

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ (7)

where I(t), J(t), and K(t) are the time dependent number of the

initial target nucleus, the intermediate residue nucleus, and the

final nucleus following the double reaction, respectively. ϕ is the

flux (cm−2s−1) and NI is the number of target nuclei. σJ is the

cross-section for the reaction that produces J from I and σK is the

cross-section for the reaction that produces K from J. The

diagonal terms of the matrix in Eq. (7) vanish due to the

simplifying assumptions described above. Otherwise, the

solutions become unwieldy but can be handled using

mathematical software if needed. Assumption (II) makes a

difference of less than 5% for all figures given in the present

work. The solutions of interest to Eq. (7) are

J t( ) � NI ϕt( )σJ
K t( ) � 1

2
NI ϕt( )2σKσJ (8)

K(t) in Eq. (8) is the total number of double reactions. A lower

bound on the fluence (ϕt) in order to observe double reactions is

then determined by setting K(t) = 1, giving

ϕt( )min ~









2

NIσKσJ

√
. (9)

2.2.2 General mathematical forms
Eq. (8) is easily generalized to higher order reactions (e.g.

triple neutron capture) giving

yield of nth order reaction( ) � NI

n!
ϕt( )n ∏n

i�1
σ i (10)

where n is the number of successive reactions and σi is the cross-

section for the ith reaction.

Relaxing assumption (I) by allowing the intermediate

nucleus, J, to undergo decay at a rate of λJ per second, the

following multiplicative correction factor can be applied to Eq.

(8) to get double reaction yield

multiplicative decay correction( ) � 2 tλj + e−tλj − 1( )
t2λ2j

. (11)

Since the rate of double-reactions is not linear with respect to

the fluence, the following generalization of Eq. (8) must be used

in the case of spatially non-uniform fluence

K t( ) � 1
2
∫F2〈σK E( )〉〈σJ E( )〉ρ dV (12)

where the angle brackets around σK(E) and σJ(E) represent flux-

weighted average cross-sections, F is the fluence, and ρ is the

atom density. Because Eq. (12) depends on the square of the

fluence, the rates for diverging sources break from the intuition

one may have for ordinary reaction rates. Consider the following

example. An isotropic point source is embedded in a spherical

vacuum of radius r0 and surrounded by material with atom

density ρ extending from r0 < r < ∞. The total double reaction

yield is, assuming zero attenuation

(yield) � 1
2
σKσJρ∫F2 dV � 1

2
σKσJρ∫∞

r0

s

4πr2
( )2

4πr2 dr

� s2σKσJρ

8πr0
(13)

where a total of s particles are emitted by the point source.

Interestingly, the yield of the double reaction is finite despite

particles traversing an infinite amount of material, whereas the

yield of single, ordinary reactions diverges to infinity.

2.3 Cross-section determination

Because most cross-sections for the population of isomers by

inelastic nuclear reactions have not been experimentally

measured, the present work uses the TALYS [11] code to

estimate cross-sections as needed. The 235U(n, n′)235mU cross-

section has been measured experimentally with results agreeing
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very well with TALYS [12]. While such success is not universal,

errors greater than a factor of two are expected to be uncommon.

TAYLS can calculate the cross-section for the production of any

isomer given that the corresponding discrete nuclear level is

documented and assigned a half-life in the Evaluated Nuclear

Data Structure File (ENDSF) library. If the discrete state is not

assigned a half-life then it cannot be treated as an isomer by

TALYS. In TALYS, isomers are produced by both direct

inelastic scattering and a time-dependent cascade of decays

from higher levels. Fortunately, the code can account for isomer

production via feeding from decay of higher excited states,

which in many cases is the dominant mechanism as opposed to

direct inelastic excitation to a given level. This feature is crucial

for isomer production calculations in laser environments where

isomeric states with lifetimes as short as a few hundred ps may

be effectively stable on the time-scale of the laser’s pulse width.

The algorithm in TALYS will allow an excited nucleus to decay

to any available lower lying discrete levels until a level is reached

with a half-life greater than or equal to a user-specified

threshold, at which point further decays stop. The effects of

this setting are demonstrated in Figure 2 where large differences

are seen in the calculated cross-sections for the excitation of the

70 eV isomer of 235U by neutrons. Setting the minimum half-

life threshold to 100 ps results in a lower calculated cross-

section because higher, shorter-lived levels are now considered

stable by the code and no longer decay to the 70 eV excited

state. As a result, perhaps surprisingly, the first excited state of
235U is not a great candidate for studying isomers on laser time

scales. According to TALYS, the isomer 235mU is maintained in

the largest quantities on ps scales when 235U target nuclei are

irradiated by 14 MeV neutrons, as discussed in greater detail in

section 3.1.2.

3 Running the numbers

3.1 Neutrons at NIF

3.1.1 Estimated yields
The National Ignition Facility (NIF) currently holds the

record for highest neutron flux produced in a lab. Implosion

experiments on the NIF vary in their complexity and the

neutron yield, thus fluence, that is achievable. Simple gas-

filled capsules can produce DT neutron yields of 1014–1015

and are straightforward to execute. More complex “layered”

experiments, in which a layer of DT ice is grown against the

inner surface of the capsule, are significantly more complex

but enable higher yield. Experiments in the “burning plasma”

regime have produced neutron yields up to ~ 5 × 1016 [13]

and more recent experiments have generated much higher

yields, up to ~ 4 × 1017 [14]. Based on these results, near-term

experiments using yields above 1017 are possible and even

higher yields, for example up to 1018, may be plausible within

the next several years. In these experiments, the neutron flux

lasts ~ 100 ps and is contained within a ~ 50 μm radius. For a

neutron yield of 1017, this corresponds to neutron fluence of

4 × 1021 neutrons per cm2. The next most intense neutron

source in terms of run-integrated fluence is found in research

reactors, which are capable of producing ~ 1019 thermal

neutrons per cm2 per day.

FIGURE 2
Two different TALYS calculations of the cross-sections for the production of the first excited state in 235U by neutron inelastic scattering. The
time-scale can be adjusted by setting the minimum half-life to be treated as an isomer. The effective cross-section for the production of the first
excited state is smaller on short time scales because higher excited states do not have enough time to feed the first excited state.

Frontiers in Physics frontiersin.org05

Burggraf and Zylstra 10.3389/fphy.2022.993632

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.993632


In the following examples, it is assumed that 1015 target

atoms are seeded in the NIF capsule and exposed to a neutron

yield of 1017 (fluence = 1021 neutrons/cm2). For a given pair of

cross-sections, these conditions give a double reaction yield of

yield of double reaction( ) ≈ 5 × 108σJσK b−2[ ] . (14)

where σJ and σK are the cross-sections for the first and second

reactions in units of barns.

3.1.2 Fission on an excited nuclear state 235mU
According to cross-sections provided by TALYS, the most

numerous fissionable isomer created by neutron interactions on

FIGURE 3
Cross-sections for the production of several isomers from neutron bombardment of 235U.

FIGURE 4
Time averaged ratio of 235mU to 235U maintained by the 235U(n, 2n)234mU reaction during high flux bombardment of 235U by 14 MeV neutrons.
234mU refers to the 43.5 keV, 252 ps half-life isomer of 234U. This isomer of 234U is chosen here because it has the highest production cross-section
from NIF neutrons on 235U according to TALYS calculations. At a ratio of 1:10, it likely becomes possible to observe changes in fission rates and yields
due to multiple reactions.
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235U nuclei under the conditions of a high yield NIF implosion is

the 43.5 keV, 252 ps isomer of 234U produced by the
235U(n, 2n)234mU reaction, with a calculated cross-section of

about 0.7 b for the relevant neutrons. See Figure 3 for a few

other relevent cross-sections output by TALYS. Using this value

and a fission cross-section of 2 b, Eq. (14) gives 7 × 108 fissions on
234mU. This is small in comparison to the number of ordinary

fission on the 235U target nuclei, which calculated using standard

methods gives 2 × 1012. Since fission of 235U dominates over
234mU by a factor of ~3,000 under these conditions, it is unlikely

that there will be a measurable difference in overall fission rate or

fission product yields due to the presence of isomers created by

neutrons. Figure 4 shows the time averaged ratio between the

number of 234U isomers and initial 235U nuclei as a function of

neutron fluence. A ratio that would potentially lead to a

measurable difference in fission observables is ≈1/10. The flux

required to achieve this at NIF, all else equal, would be

≈ 2 × 1023 n/(cm2), or a factor of ~ 50 increase over current

capabilities. Coincidentally, this value is about what is expected

for igniting capsules at NIF [15]; page 92). NIF appears to be the

most promising high flux source of any particle type currently

available for this type of measurement. In the near future,

however, completely different approaches, such as using

surrogate reactions with reverse kinematics in storage rings

are also promising [16].

3.1.3 Double neutron capture
In contrast to fission, where the observability of double

reaction effects are determined by the ratio of ordinary fission

to fission following a secondary reaction, double neutron capture

can be observed unambiguously by the detection of (Z, A+ 2)

nuclei. While the neutron capture cross-sections for 14 MeVD-T

neutrons are quite low, a significant fraction of neutrons at NIF

are down scattered to lower energies. Figure 5 depicts the energy

spectrum down to 1 MeV; the rates of neutrons with energies less

than approximately 1 MeV are poorly understood due to the

difficulty of measuring them at NIF [15]; page 76. Even though

only a minute fraction of neutron flux is in the thermal energy

range, because the cross-sections for neutron capture at thermal

energies can be over 100,000 times larger than for MeV neutrons,

the low energy neutron component can have a significant effect

on capture yields. Note that the calculations below do not include

neutron energies below 1 MeV and therefore represent lower

bounds on expected yields.

Consider double neutron capture on 40Ar, yielding 42Ar.

The cross-sections for this reaction, integrated over the NIF

spectrum in Figure 5, are 1.2 × 10–4 b, and 1.4 × 10–3 b for 40Ar +
n → 41Ar and 41Ar + n → 42Ar, respectively, according to the

ENDF library. This gives an expected yield according to Eq. (14)

of 1.5 × 103 42Ar nuclei given that 1015 initial 40Ar nuclei are

seeded into the capsule. With a half-life of over 30 years, these

rates are not high enough to perform gamma spectroscopy.

Efforts are currently underway to test the viability of using the

RAGS system to collect and store 42Ar for transport to Argonne

National Laboratory where accelerator mass spectrometry will

be performed (per personal communication with Micheal Paul

of Argonne National Laboratory). Much higher double neutron

capture yields are possible, with the highest achievable at NIF

being around ~ 5 × 106 if a nucleus with a high neutron capture

cross-section like 158Dy is used. Using a nucleus with a more

FIGURE 5
Energy distribution of neutrons during a NIF implosion. Data taken from [15]; page 7). The cumulative fraction is also given for the reader’s
convenience so that the fraction of neutrons in a given energy range can be quickly estimated by taking the difference between the values at two
energies.
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typical neutron capture cross-section like 235U gives an

estimated yield of ~ 6 × 105 radioactive 237U nuclei from

double neutron capture. As a final example, consider double

capture on 56Fe as denoted in Eq. (3), a possible scheme to

measure neutron capture cross-section on excited 57Fe as

compared to the ground state. This reaction gives a

calculated yield of ~ 104 58Fe nuclei, easily measurable by

techniques such as accelerator mass spectroscopy.

3.1.4 Other reactions
The production of 232U from 235U via double reactions

cannot occur via a single reaction from neutrons at NIF

because the threshold for the (n, 4n) reaction is

approximately 19 MeV, avoiding the previously described

problem of dominance by an ordinary reaction channel.

There are two pathways to produce 232U from 235U via

double reactions

235U + n → 234U + 2n .56 b( )
234U + n → 232U + 3n 3.2 × 10−3 b( ) (15)

and

235U + n → 233U + 3n 3.0 × 10−2 b( )
233U + n → 232U + 2n 0.18 b( ) (16)

where the cross-sections, taken from ENDF, are energy-

weighted. The usefulness of this example is the high yields.

Compared to the example of double neutron capture reaction

on 235U, the calculated yield of 232U in this example is 3,000x

greater, at 2 × 109, owing to the higher cross-sections.

3.2 Protons from TNSA

3.2.1 Estimated yields
Irradiating thin foils with short-pulse, ultrahigh intensity lasers to

generate energetic protons is emerging as a promising method for

achieving fluxes high enough to be relevant for multiple reactions. In

particular, the well-known Target Normal Sheath Acceleration

(TNSA) method is distinguished from conventional ion

accelerators by its ability to send high count particle bunches into

very small areas with a very short pulse length. The best set of

conditions within reach of current systems is ~ 1013 protons [17]

produced over a 50 μm radius with a 15° diverging angle. The

following yield calculation assumes that the protons traverse

through a target material of typical solid densities (5 × 1023

atoms/cm3) and a thickness of a few mm, beyond which the

double reaction rate is virtually zero due to beam divergence (this

can be seen by using Eq. (12), following the same pattern of the

example of Eq. (13)). Taking into account these (generous)

assumptions, the maximum achievable rate of a double proton

reaction using protons from TNSA at existing facilities is about

max. tot. yield of double reaction( ) ≈ 6 × 102σJσK b−2[ ] (17)

where σJ and σK and the cross-sections for the two reactions in

barns. Thus, to be readily detectable, the product of the cross-

sections of the two reactions must be such that σJσK ≳ 0.001 b2.

3.2.2 Double proton absorption
For example, consider the following double proton

absorption reaction on 206Pb

FIGURE 6
Schematic of a gas transport system for the collection of nuclear reaction products that was tested at the PHELIX laser facility.
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206Pb + p → 205Bi + 2n
205Bi + p → 204Po + 2n.

(18)

Using data from ENDF and TALYS for Pb and Bi, respectively,

and averaging the cross-sections over a typical TNSA spectrum

gives a value of 0.5 b for both reactions. From Eq. (17) this gives a

yield of 150 204Po per laser shot. Since the conditions leading to

Eq. (17) were generous, experimental observation of double

reactions using TNSA is possible in the relative near-term

with some improvements. Upcoming laser facilities with a

higher repetition rate will be particularly useful; newer lasers

are expected to shoot once per minute or at Hz to 10 Hz rates,

making “rare event” searches feasible with routine proton yields

as low as 1011.

3.2.3 Initial steps at PHELIX facility
In the vicinity of high intensity laser interactions with matter,

the majority of conventional nuclear measurement techniques

will fail due in part to high peak current, strong electromagnetic

pulse (colloquially EMP), and the presence of plasmas. This has

motivated the development of a gas transport and collection

system in which nuclear reactions occur within a small,

hermetically sealed chamber through which inert gas flows,

carrying reaction products to a filter where gamma

spectroscopy is performed (see Figure 6). A successful proof-

of-principle demonstration was conducted at the peta-watt

PHELIX laser facility in 2020 [18] using 500 fs, ≈ 200 J laser

pulses to accelerate bunches of protons via TNSA. The maximum

proton fluence tested using this method at PHELIX is 2 × 1011

protons/cm2, incident on 238U targets. An optimistic estimate of

the rate of double reactions under these circumstances predicts

only one occurrence every ~10,000 laser shots, which would

require years of daily operation at the maximum repetition rate.

The distance between the 238U target and the gold TNSA foil

(5 cm, see Figure 6) was the primary factor limiting the amount

of usable fluence in these experiments. This distance, ideally,

would be on the order of a few microns, effectively bringing the

laser-matter interaction inside the chamber–a significant

overhaul over the current design. Nonetheless, this is the

initial step toward radchem-type experiments at peta-watt

laser facilities, whereas similar capabilities known as RAGS

have existed at NIF for about a decade. The development of

this platform is ongoing, and additional work by the present

authors and collaborators will be published elsewhere in the

coming months by the present authors in collaboration with

others.

4 Summary and outlook

The possibility of inducing multiple nuclear reactions in

rapid succession has been considered in order to study

nuclear reactions on short-lived isomers and exotic nuclei.

A set of practical equations with varying degrees of generality

for estimating double reaction rates has been developed.

Double neutron-capture reactions have been performed

using reactors capable of producing 1019 neutrons/cm2/day,

but the slow accumulation of fluence precludes studies on

short-lived nuclear isomers, which are required to conduct

studies relevant to ultra high-flux environments such as those

that occur during the r-process. High intensity lasers, while

posing new measurement challenges, have the potential to

outperform the highest fluence achievable with conventional

methods by orders of magnitude, and have pulse lengths

down to a few ps to ns.

For reactions where an isotopic signature can be uniquely

linked to the double reaction, such as double neutron capture, the

necessary fluence is currently readily attainable at NIF using D-T

fusion neutrons. Upcoming facilities such as ELI-NP will also

meet this threshold with sources of neutrons and protons. For

double reactions that do not produce an unambiguous isotopic

signature, such as neutron capture followed by neutron induced

fission, the experimental fluence required to observe them is

much higher, generally greater than ~ 1023 particles per cm2. This

is because this class of double reactions will only manifest

experimentally if double reaction rates are on the same order

as ordinary reaction rates. At this point, nonlinearities in reaction

rates with respect to flux become apparent; such an observation

in a laboratory would be monumental in the study of extreme

environments. NIF is currently the most promising facility for

achieving the necessary fluence, but further increases of ~50x are

still required.

Owing to their ability to squeeze a large number of particles

into a very small area in a very short duration, next-generation

lasers will be at the forefront of the study of nuclear reactions in

extreme environments. Amajor challenge in the near termwill be

the adaptation of current measurement methods and

instruments to the hostile environment of the high intensity

laser, as well as the development of new measurement methods.

The present authors hope that this work will serve as a catalyst for

additional research and discussions in this emerging field.
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