
PAPER • OPEN ACCESS

Conceptual design of DIII-D experiments to
diagnose the lifetime of spin polarized fuel
To cite this article: A.V. Garcia et al 2023 Nucl. Fusion 63 026030

 

View the article online for updates and enhancements.

You may also like
Peripheral temperature gradient screening
of high-Z impurities in optimised ‘hybrid’
scenario H-mode plasmas in JET-ILW
A.R. Field, F.J. Casson, D. Fajardo et al.

-

Effects of drifts on scrape-off layer
transport in W7-X
D.M. Kriete, A. Pandey, V. Perseo et al.

-

Drift kinetic theory of the NTM magnetic
islands in a finite beta general geometry
tokamak plasma
A.V. Dudkovskaia, L. Bardoczi, J.W.
Connor et al.

-

This content was downloaded from IP address 129.57.81.21 on 16/02/2023 at 13:46

https://doi.org/10.1088/1741-4326/acaf0d
/article/10.1088/1741-4326/aca54e
/article/10.1088/1741-4326/aca54e
/article/10.1088/1741-4326/aca54e
/article/10.1088/1741-4326/acab75
/article/10.1088/1741-4326/acab75
/article/10.1088/1741-4326/aca48d
/article/10.1088/1741-4326/aca48d
/article/10.1088/1741-4326/aca48d


International Atomic Energy Agency Nuclear Fusion

Nucl. Fusion 63 (2023) 026030 (24pp) https://doi.org/10.1088/1741-4326/acaf0d

Conceptual design of DIII-D experiments
to diagnose the lifetime of spin
polarized fuel

A.V. Garcia1,∗, W.W. Heidbrink1,∗ and A.M. Sandorfi2

1 Department of Physics and Astronomy, University of California, Irvine, CA 92617, United States of
America
2 Physics Division, Thomas Jefferson National Accelerator Facility, Newport News, VA 23606, United
States of America

E-mail: alving2@uci.edu and bill.heidbrink@uci.edu

Received 30 August 2022, revised 12 December 2022
Accepted for publication 29 December 2022
Published 17 January 2023

Abstract
In magnetic fusion experiments, the cross sections for the D-T and D-3He fusion reactions are
increased by as much as 50% if the fuel remains spin polarized parallel to the magnetic field.
The goal of this study is to assess the feasibility of lifetime measurements of spin polarization,
in magnetic fusion relevant conditions, on the DIII-D tokamak using relative changes in charged
fusion product (CFP) loss measurements that depend upon the differential fusion cross section
dσ/dΩ. Relative measurements that capture changes in the escaping CFP pitch, poloidal, and
energy distributions are studied in two realistic TRANSP calculated plasma scenarios: (a)
vector-polarized 3He and D pellets are injected into a hot hydrogen plasma to produce
thermonuclear reactions, and (b) a tensor-polarized deuterium pellet is injected into an L-mode
hydrogen background plasma that includes unpolarized 3He neutral beam injection. Ideal CFP
signals in both scenarios show substantial pitch sensitivity to polarization for 14.7MeV proton
detection at a poloidal angle of −56◦ (on the outer wall in the ion ∇B direction), and strong
sensitivity to polarization for 3.6MeV alpha flux detection by an array of poloidal detectors.
Energy-resolved measurements of 14.7MeV protons are also sensitive to the degree of
polarization for the −56◦ port in the beam-plasma scenario. A realistic assessment of CFP
signals in the thermonuclear scenario show count rates in the range of 2× 104 cps for
pitch-resolved proton detection and 2× 105 cps for alpha flux measurements. Reduced
chi-squared χ2

r calculations show polarization lifetime measurements are feasible for either
proton or alpha detection of both enhanced or suppressed polarization for the thermonuclear
scenario. Measurements of gamma rays produced in the weak D+ 3He→ γ+ 5Li branch
complement the CFP measurements.
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1. Introduction

The D-T cross-section in magnetically confined fusion plas-
mas is increased by 50% when the spins of both nuclei are
polarized in the same direction as the local magnetic field
[1, 2]. Since the increased reactivity increases alpha heating,
the increase in fusion Q is even greater than 50% without
any additional requirement on plasma confinement [3]. Spin-
polarized fuel could relax the field and confinement require-
ments for a fusion reactor.

The retention of spin polarization in the plasma for peri-
ods comparable to the burn-up time is imperative to the suc-
cess of spin polarized fusion. Theoretically [1, 4], depolariza-
tion mechanisms from field inhomogeneities or collisions are
weak in the core of a tokamak but the polarization lifetime has
never been measured. Experiments on a mid-size fusion facil-
ity like DIII-D can assess depolarization by inhomogeneous
static magnetic fields, plasma waves, and Coulomb collisions
in realistic reactor-relevant conditions.

Handling tritium in a research tokamak is hazardous
and expensive. Fortunately, the isospin-mirror reaction D+
3He→ α (3.6MeV)+ p (14.7MeV) has nearly identical nuc-
lear and spin physics as the D-T reaction [1, 2] and can be used
as a proxy.

In addition to modifying the total cross section σ, spin
polarization makes the D-3He fusion cross section anisotropic.
The differential cross section is [5]

dσ
dΩ

=
σ0

4π

{
1− 1

2
PV
DP3He +

1
2

[
3PV

DP3He sin
2 θ

+
1
2
PT
D

(
1− 3cos2 θ

)]}
(1)

where the polar pitch angle θ is the angle between the emit-
ted charged fusion product (CFP) and the local magnetic field
at birth. The polarization factors P3He, PV

D and PT
D depend

on the spatial distribution of the nucleus. The sub-state pop-
ulation fractions in the presence of a magnetic field are N i,
where i=+1,0,−1 and i=+1/2,−1/2 for spin-1 and spin-
1/2 systems, respectively. The spin configurations are nor-
malized such that

∑
iNi = 1 for each system. The polariza-

tion factors in equation (1) can then be expressed using the
sublevels as follows: helium-3 polarization P3He = N+1/2 −
N−1/2 ∈ [−1,+1], deuteron vector polarization PV

D = N+1 −
N−1 ∈ [−1,+1], and deuteron tensor polarizationPT

D = N+1 +
N−1 − 2N0 ∈ [−2,+1]. In the absence of any polarization, the
D-3He reaction is isotropic, dσ/dΩ= σ0/4π.

The concept explored here is to measure unconfined fusion
products from D-3He reactions to infer changes in the differ-
ential cross section (equation (1)) as the polarization changes.
Although the total reaction rate depends upon the degree of
polarization, its dependence on plasma parameters such as ion
temperature Ti is even stronger. Direct measurements of the
reaction rate itself for detection of the degree of spin polar-
ization would be a challenge. Instead, relative CFP measure-
ments are preferred over absolute measurements since they

are less sensitive to uncertainties in plasma parameters. Three
properties of the escaping CFPs are potentially useful as mon-
itors of the differential cross section: pitch, energy, and pol-
oidal distribution. Scintillator based fast-ion loss detectors
(FILDs) provide accurate relative measurements of the flux vs.
pitch v∥/v of escaping CFPs [6]. Pulse-counting silicon detect-
ors can accurately measure the energy distribution of escaping
14.7MeV protons [7]. An array of detectors that measure the
escaping CFP flux at different poloidal positions [8] is also
sensitive to the CFP v∥/v at birth. Because most D-3He reac-
tion products are unconfined in DIII-D, all of these techniques
are potentially useful as diagnostics of reaction anisotropy.

The energy of a CFP produced by a beam with velocity v1
interacting with a target ion with velocity v2 is [9]

E3 =
m4

m3 +m4
(Q+K)+Vcosθ

√
2m3m4

m3 +m4
(Q+K)

+
1
2
m3V

2, (2)

where Q is the fusion energy, K= 1
2m1m2|v1 − v2|2/(m1 +

m2) is the relative kinetic energy, V= (m1v1 +m2v2)/(m1 +
m2) is the center-of-mass velocity, and θ is the angle between
V and the CFP velocity in the center-of-mass frame, v ′

3. The
first term on the right-hand side of equation (2) is the nom-
inal CFP energy,m4Q/(m3 +m4) = 14.7MeV for protons and
3.6MeV for alphas. The second term, which is usually much
larger than the third term, is a kind of Doppler shift associ-
ated with motion of the center of mass toward or away from
the detector; it determines the energy shift of the CFP from
its nominal value. In this paper, detection of both protons and
alphas are considered.

Two scenarios are covered. In the first, polarized 3He and D
pellets are injected into a hot hydrogen plasma to produce ther-
monuclear reactions that utilize 14.7MeV proton and 3.6MeV
alpha detection. In the second scenario, a tensor-polarized deu-
terium pellet is injected into an L-mode hydrogen background
plasma that includes neutral beam injection (NBI) of unpolar-
ized 3He. The persistence of changes in CFP signals yields a
lifetime measurement.

A companion paper [10] considers many important issues
with minimal coverage here, including a historical overview
of research on spin polarized fusion in tokamaks, details of
the relevant nuclear physics, depolarization mechanisms, and
benefits for a fusion reactor. The preparation and delivery of
polarized fuel pellets is discussed in considerable detail. The
companion paper also presents a candidate scenario and detec-
tion scheme but those topics are treated more thoroughly here.

The present paper is organized as follows. Section 2
presents the experimental scenarios. In section 3, maximal val-
ues of cross section and tensor polarization are used to assess
ideal CFP signals at existing DIII-D ports in the thermonuc-
lear and beam-plasma scenarios, respectively. Next, realistic
signal levels using existing polarization technology are quant-
itatively evaluated (section 4). A discussion of additional com-
plications and considerations follows in section 5. Conclusions
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appear in section 6. Appendices discuss the numerical meth-
ods used to calculate thermonuclear signals, the generalization
of the algorithm in [11] used to calculate beam-plasma D-3He
signals, and an alternative method to calculate the accuracy of
the measurements.

2. Thermonuclear and beam-plasma scenarios

The D-3He cross section σ is an extremely strong function
of the relative energy of the reactants: it increases seven
orders of magnitude between relative energies of 10 and
100 keV. As a result, to obtain an adequate count rate in CFP
detectors, reactants with energies several times 10 keV are
required. One way to obtain an adequate reaction rate Rd3He
is to inject neutral beams with O(100) keV energies and util-
ize beam-plasma reactions. Alternatively, thermonuclear reac-
tions could be employed but the plasma must have ion tem-
peratures Ti ≳ 10 keV for useful reaction rates. (The reactivity
⟨σv⟩ is 33 times larger at Ti = 10 keV than at 5 keV.)

The strong dependence of σ on relative energy has sev-
eral implications. One implication is that direct measurements
of the reaction rates to detect changes associated with spin
polarization requires plasmas of extraordinary reproducibil-
ity, since a 10% change in Ti between 9 and 10 keV changes
Rd3He by more than 50%, which is more than the maximum
possible change associated with polarization. Owing to this
strong sensitivity, typical uncertainties in the measured Ti and
the deuterium and 3He densities could easily exceed the expec-
ted change in signal. To circumvent this difficulty, the relative
measurements described here do not depend upon the absolute
value of Rd3He

Another implication concerns the center-of-mass velocity
V. For a beam-plasma scenario, since v1 ≫ v2, the center-of-
mass velocity is determined primarily by the beam velocity,
V≃ m1v1/(m1 +m2). For 80 keV 3He beam ions, equation (2)
then implies a Doppler shift (in MeV) of

∆Ep ≃ V

√
8
5
mNQcosθ ≃ 0.75cosθ. (3)

Since this energy shift is large and the differential cross section
depends upon θ, equation (3) implies that energy-resolved
CFP measurements may be a useful diagnostic of the degree
of polarization in a beam-plasma scenario.

The situation is different for a thermonuclear scenario. The
fusion reactivity is

⟨σv⟩ ≡
ˆ ˆ

f1(v1)f2(v2)σ(|v1 − v2|)|v1 − v2|dv1 dv2, (4)

where f 1 and f 2 are the distribution functions of the two
reacting species. For thermonuclear d-3He reactions, f 1 and
f 2 are isotropic Maxwellian distributions with most probable

speeds of vth,d =
√

2Ti/md for deuterium and
√

2
3vth,d for

3He. Because the cross section is a strong function of relat-
ive energy, the most probable reactions are between relatively

fast deuterium and 3He ions going in (approximately) oppos-
ite directions. Analysis of the integrand of equation (4) shows
that, at Ti = 10 keV, the average reacting deuteron has speed
of 2.0vth,d, while the average reacting 3He ion has a speed of
1.4vth,d, with an average component of velocity opposite to
the deuterium direction of −0.95vth,d. As a result, the average
center-of-mass speed of reacting ions is only 0.71vth,d and is on
the order of the deuterium thermal velocity for nearly all reac-
tions. Hence, energy-resolved measurements of the CFP Dop-
pler shift are not a useful diagnostic of the degree of spin polar-
ization for thermonuclear reactions since the resulting energy
spread is too small to be experimentally measured.

2.1. TRANSP scenarios

As explained above, a large value of Ti is essential for a ther-
monuclear scenario. Fortunately, an operational regime with
central ion temperature Ti(0)≳ 20 keV is obtainable in DIII-
D. The regime exploits an internal transport barrier associ-
ated with strong E×B shear in plasmas with large toroidal
rotation to achieve high ion temperature reproducibly [12].
Figure 1 shows two examples of existing DIII-D discharges
with quite high central ion temperature. All existing discharges
with Ti(0)> 10 keV employed deuterium NBI into a deu-
terium plasma and had large beam-plasma D-D neutron rates.

In this study, we assume that the polarized D and 3He fuel is
delivered in the form of cryogenic pellets. (NBI of spin polar-
ized nuclei would facilitate lifetime experiments but suitable
sources are presently unavailable.) The use of spin polarized
pellets precludes the use of unpolarized deuterium beam injec-
tion to create the plasma scenario, because deuterium beams
would create a large beam-plasma D-3He reaction rate that
would be an unwanted background for thermonuclear reac-
tions between polarized fuel. Accordingly, we envision using
hydrogen beams to create the high Ti scenario in a hydrogen
(or 4He) background plasma. Once the high Ti condition is
established, polarized deuterium and 3He pellets are injected.
The resulting plasma likely will have lower values of Ti(0)
than existing shots for three reasons. First, confinement is usu-
ally poorer in hydrogen plasmas than in deuterium plasmas
[13]; also, less injected beam power and torque will be avail-
able. Second, even if the stored energy remains constant, pellet
injection will lower the ion temperature by raising the density.
Third, reductions in the plasma volume and the re-orientation
of some of the beams from on-axis to off-axis may limit access
to the previous conditions.

Despite these complications, a hydrogen beam heated scen-
ario with minority populations of polarized deuterium and 3He
fuel and Ti(0)≃ 10 keV appears obtainable. Starting with an
existing TRANSP [14] run, the ion temperature and rotation
were lowered, the neutral beams were changed to hydrogen,
and the composition was altered to create a new TRANSP run
with the profiles shown in figure 2. The deuterium and 3He
densities are both assumed to be 10% of the electron density.
As expected, the D-3He emissivity profile peaks strongly at
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Figure 1. (a) Plasma current Ip, (b) injected deuterium beam power Pinj, (c) line-average density n̄e, (d) normalized beta βN, and (e) central
ion temperature Ti(0) for two existing DIII-D discharges with Ti far in excess of 10 keV.

the magnetic axis (figure 2(d)). The equilibrium for the ther-
monuclear scenario has plasma current Ip = 1.1MA, toroidal
field BT = 2.1 T, and a monotonically increasing q profile with
q(0)≃ 1.

Figure 2 also shows the selected profiles for a beam-
plasma TRANSP scenario. In this case, the existing shot is
a low-current (Ip = 0.6MA), 2.0 T, L-mode discharge that
was heated by a single deuterium beam that injected in the
midplane in the co-current direction. The analyzed scenario
replaces the deuterium beam within the TRANSP code with
an unpolarized 3He beam with the same power, voltage, and
geometry. TRANSP properly modifies the beam deposition,
orbits, and collisional slowing of the beam ions to obtain a real-
istic 3He fast-ion distribution function. For the thermal plasma,
we assume that a tensor-polarized deuterium pellet has been
injected, so the thermal composition is switched to primar-
ily hydrogen with a minority deuterium population, together
with a small population of thermal 3He fueled by the beam
(figure 2(b)). As in the thermonuclear case, the D-3He emissiv-
ity profile peaks strongly at the magnetic axis (figure 2(d)).

For both of these scenarios, the toroidal field is clockwise
when viewed from above, so the curvature and ∇B drifts for
ions are downward. Accordingly, we consider detectors that
are located at poloidal angles that are in the lower half of

DIII-D. If the toroidal field is reversed, suitable ports are in
the upper half of the tokamak.

3. Ideal CFP signals

In this section, the maximum possible effect of spin polar-
ized fuel on CFP signals is computed for the two scenarios
described in the previous section. Realistic aspects of the
calculations are: the scenarios are plausible discharge condi-
tions obtainable in DIII-D and the calculations utilize exist-
ing vacuum ports. However, the calculations do neglect other
practical considerations such as detector count rates and limit-
ations in achievable pellet polarizations. These effects are con-
sidered in section 4. Nevertheless, these idealized calculations
have the advantage of clearly identifying the most promising
detection strategies.

3.1. Method

A naive, ‘brute force’, approach to calculating CFP signals
is to launch ions from their birth locations and record their
positions and velocities when they strike the wall; however,
because detectors typically occupy a small volume in phase

4
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Figure 2. Assumed plasma profiles for the thermonuclear (solid lines) and beam-target (dashed) scenarios. (a) Ion (no symbol) and electron
(symbols) temperatures; (b) electron (no symbol), thermal deuterium (∗), and thermal 3He (diamond) densities; (c) toroidal rotation;
(d) D-3He emissivity. The abscissa is the square root of the normalized toroidal flux ρ.

space, this method is computationally inefficient and noisy.
A far more elegant and efficient approach is to follow orbits
backward in time from the detector. Since the slowing down
time of CFPs is four-to-five orders of magnitude longer than
typical orbit times, escaping CFP orbits are collisionless and
reversible in time. Further, phase space is conserved along
the orbit. Detected orbits are effectively detector sightlines,
albeit curved ones that depend upon particle energy, pitch,
and the equilibrium fields. Liouville’s theorem implies that the
detector count rate is [15]

C(E3) =

˚
dldAdΩS(r,v3). (5)

This method is widely employed in the magnetic fusion
community and its validity is well established. For example,

in a set of beautiful experiments on TFTR, Zweben et al com-
pared the pitch [6] and poloidal [8] distributions of promptly
lost CFPs with theoretical predictions.

For simplicity, throughout this section, in all plotted figures,
the detected orbits are assumed to have the same detector area
A and effective solid angle∆Ω so that the count rate is simply
proportional to the integral of the emissivity over the curved
sightline trajectory, C∝

´
Sdl.

Polarized fuel alters the differential cross section
(equation (1)). We envision experiments that compare signals
from discharges with pellets that are unpolarized, oriented
to increase the total cross section, and oriented to reduce the
total cross section. We call these three pellet configurations
‘isotropic,’ ‘enhanced,’ and ‘suppressed.’ For the thermonuc-
lear scenario that employs both deuterium and 3He pellets, the
differential cross sections for these three spin configurations
are

5
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Figure 3.
´
Sdl vs. pitch vϕ/v at the detector for (a) 14.7MeV protons and (b) 3.6MeV alphas measured at the midplane port for enhanced,

isotropic, and suppressed differential cross sections (solid lines) in the thermonuclear scenario. The dashed curves are the variation that
would occur if the pitch stayed constant on its orbit. The symbols indicate the values of pitch for the four orbits plotted on the right.
(c) Elevation of DIII-D. The thin black curves are flux surfaces; the thick black curve represents the vacuum vessel wall. The overlaid nearly
circular orbits are 14.7MeV proton orbits with values of pitch of 0.2 (red) and 0.8 (cyan); the 3.6MeV alpha orbits have pitch of 0.6
(yellow) and 0.8 (green). The diamond symbols indicate the locations of the four ports examined in this study.

dσiso

dΩ
=

σ0

4π

[
PV
D = P3He = PT

D = 0
]

dσenh

dΩ
=

9σ0

16π
sin2 θ

[
PV
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]
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dΩ
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σ0

16π
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) [
PT
D = P3He = 1=−PV

D

]
.

(6)

Here, the values in the right column show the selected polar-
izations employed in equation (1).

For the beam-plasma scenario where only the deuterium
pellet is polarized, the three differential cross sections are

dσiso

dΩ
=

σ0

4π

[
PV
D = PHe = PT

D = 0
]

dσ+

dΩ
=

σ0

4π

(
5
4
− 3

4
cos2 θ

) [
PT
D = 1 & P3He = 0

]
dσ−

dΩ
=

σ0

4π

(
1
2
+

3
2
cos2 θ

) [
PT
D =−2 & P3He = 0

]
.

(7)

In both scenarios, the differential cross section depends
upon the value of θ, the angle between the magnetic field
and the emitted fusion product velocity in the center-of-mass
frame. This angle is closely related to the CFP pitch angle

cos−1(v∥/v), the only difference being that the pitch angle
is normally evaluated in the lab frame. Here, we define the
‘pitch’ as the ratio of the toroidal velocity to the total speed
vϕ/v at the detector. In general, the value of pitch changes
along the orbit, so the value of cosθ in equations (6) and (7)
is not identical to the detected pitch (a) because v∥/v changes
along a guiding center orbit and (b) because θ is evaluated in
the center-of-mass frame. Nevertheless, to leading approxim-
ation, the detected pitch is closely related to cosθ, so different
pellet polarizations should cause differing pitch dependencies
at the detector.

Figure 3 shows that this expectation is correct, especially
for 14.7MeV protons. This figure plots the integral of the
emissivity over the detected orbit,

´
Sdl, as a function of detec-

ted pitch for the three different differential cross sections in
equation (6). Since most of the reactions take place near the
magnetic axis (figure 2(d)), it is the value of the pitch angle
near the magnetic axis that determines the differential cross
section. Nevertheless, comparison of the dashed and solid
curves in figure 3(a) shows, for 14.7MeV protons, evaluation
of dσ/dΩ using the detected pitch yields nearly the same result
as using its actual value at the birth location. Examination of
the detected proton orbits (figure 3(c)) explains why this is the
case. At this port, the detected orbit is simply a single Larmor
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orbit, so v∥ hardly changes. (Detailed tracking of the pitch
along the orbit shows that the actual change between detector
and core is 0.10.) All three signals decrease as the detec-
ted pitch increases because the shrinking gyroradius samples
farther from the magnetic axis, where the emissivity is smaller.
For 14.7MeV protons in this configuration, in addition to its
dependence on the spatial emissivity profile, the detected pitch
distribution is directly sensitive to changes in differential cross
section.

The situation is more complicated for 3.6MeV alpha detec-
tion. Since the alpha Larmor orbit size is half as large as for
14.7MeV proton orbits, now the detected sightline samples a
portion of the guiding center orbit (figure 3(c)). Consequently,
the pitch at the detector is no longer the same as the pitch near
the magnetic axis, so the approximation that the detected pitch
is approximately cosθ no longer holds. (Notice the difference
between the dashed and solid lines in figure 3(b)). Detailed
tracking along the orbit shows that the pitch changes by 0.5
between the detector and the core for the orbit with initial pitch
of 0.6. Another difference is that, at its peak, the predicted sig-
nal is much larger than for the 14.7MeV orbit. This is because
the orbital ‘sightline’ is much longer near the magnetic axis
than the 14.7MeV orbit that makes a single pass through the
central region (figure 3(c)).

Similar calculations for the beam-plasma scenario reinforce
these conclusions. Since the toroidal field of 2.0 T is similar
to the 2.1 T thermonuclear scenario, detected 14.7MeV pro-
tons execute a single Larmor orbit and the detected pitch is
nearly identical to the pitch at the magnetic axis, as in the ther-
monuclear example. However, since the current of 0.6MA is
considerably lower than the 1.1MA current of the thermonuc-
lear case, the guiding-center orbits of detected 3.6MeV alphas
are more poorly confined, so the detected pitch is closer to the
pitch at the magnetic axis than in the thermonuclear case.

In the following subsections, calculations such as those
shown in figure 3 appear for both 14.7MeV protons and
3.6MeV alpha orbits at poloidal angles of−100

◦
,−77

◦
,−56

◦

and 0
◦
for both the thermonuclear and the beam-plasma scen-

ario. Also, additional complications for the calculations in the
beam-plasma scenario are considered.

3.2. Thermonuclear scenario

Several simplifications are permissible for calculations in the
thermonuclear scenario. First, since the center-of-mass velo-
city V is small, no distinction between the center-of-mass
frame and the laboratory frame in the calculation of the
differential cross section is required. Second, also because
V is small, the Doppler shift in equation (2) is modest
and only modify orbital velocities by ≲1%, so only CFPs
at the nominal birth energy need be considered. The cal-
culated values of

´
Sdl for the three different differential

cross sections (equation (6)) for four different DIII-D ports
appear in figures 4(a)–(d) and 5(a)–(d) for protons and alphas,
respectively.

As discussed previously, owing to large anticipated variab-
ility in the total reaction rate, an actual experiment will rely
primarily on relative measurements to assess the degree of

nuclear polarization. Consequently, the most promising detec-
tion geometries are ones where the shapes of the curves vs.
pitch (or port location) differ for the enhanced, isotropic, and
suppressed cases. In figures 4(e) and 5(e), the pitch depend-
ence of the enhanced (solid lines) and suppressed (dashed
lines) cases for each port are shown after normalization by
the isotropic prediction. (The graphs plot piū/(uip̄), where pi
and ui are the polarized and unpolarized signals at a particular
pitch value and p̄ and ū are the average polarized and unpo-
larized signals for the entire array.) For proton detection, the
large difference between the enhanced and suppressed cases
for the 0◦, −56◦, and −77◦ ports (figure 4(e)) indicates that
measurement of the pitch dependence of the 14.7MeV proton
flux at any of these ports is a promising detection technique.
In contrast, the similarity of the curves in figure 5(e) indic-
ates that pitch-resolved measurements of 3.6MeV alphas at a
single port are unlikely to provide useful information.

With an array of detectors, one could compare the ratio
of the flux vs. poloidal angle. This is shown for protons and
alphas in figures 4(f ) and 5(f ), respectively. (Here, the sig-
nals for the different polarizations are normalized by the flux
for that polarization at the −56◦ port.) Here, the situation is
reversed: since the enhanced and suppressed curves are similar
for the proton case, a poloidal array of 14.7MeVproton detect-
ors is unlikely to provide useful polarization information. On
the other hand, since the curves differ markedly, measurement
of the 3.6MeV alpha flux with three detectors situated at pol-
oidal angles of −100◦, −77◦, and −56◦ is a very promising
detection technique.

Representative orbits for these two promising arrangements
appear in figure 6. For pitch-sensitive proton detection from
the−56◦ port (figure 6(a)), detected orbit sightlines all transit
close to the magnetic axis but, as in the example of figure 3, the
pitch at the magnetic axis is close to the detected pitch, ensur-
ing strong sensitivity to the differential cross section. In con-
trast, for the poloidal array of 3.6MeV alpha detectors, strong
sensitivity is obtained by measuring different guiding center
orbits that all pass through the magnetic axis with different
values of pitch (figure 6(b)). (The orbit detected at a poloidal
angle of −56◦ has little parallel velocity near the magnetic
axis, while the orbit detected at −100◦ has a larger value of
|v∥/v|.)

Numerical details about the calculation of
´
Sdl appear in

appendix A.

3.3. Beam-plasma scenario

Calculations of CFP signals from beam-plasma reactions are
more challenging. For beam-plasma reactions, the energy shift
from the nominal value in equation (2) can be appreciable.
The emitted CFP energy depends on the velocities of the react-
ants and the direction of emission, so the ‘sightline’ trajectory
depends upon the reaction kinematics, with the consequence
that different CFP energies probe different volumes in both
velocity and configuration space [11].

Ideal energy resolved count rates are calculated in this
section. We express the d-3He reaction in standard nuclear
physics notation 2(1,3)4, where particle 2 is the thermal

7
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Figure 4. (a)–(d)
´
Sdl vs. pitch for enhanced, isotropic, and suppressed differential cross sections for 14.7MeV proton detection at four

different ports for the thermonuclear scenario. (e) Dependence of the flux for the enhanced (solid) and suppressed (dashed) differential cross
sections relative to the isotropic dependence for the same four ports. The curves have been normalized so that the total flux in both cases are
equal. (f ) Relative flux after integration over pitch vs. port location for the enhanced, isotropic, and suppressed differential cross sections.

deuterium, particle 1 is the 3He beam, particle 3 is the detected
CFP, and particle 4 is undetected. Our concern is with both
products of the d(3He,p)t reaction, i.e. the representation of
particle 3 and 4 are interchangeable. Thus, m1 = 3mp, m2 =
2mp,m3 =mp or 4mp andm4 = 4mp ormp, respectively, where
mp is the proton mass. The measured energy-resolved count
rate (equation (5)) isC(E3,∆Ebin), whereE3 is the CFP energy
and ∆Ebin is the energy resolution of the measurement.

Similar to the formulation for collimated neutron detection
[16], equation (5) can be divided into two parts. One
part describes the d-3He reactivity for the selected reaction

kinematics, and the second part describes the number of fast
ions that can produce a CFP with the velocity v3 accepted by
the specified sightline,

S(v3,r) =
ˆ

dv1

ˆ
dv2R(v1,v2,v3,r)pgyro(v1,v2,v3)

× f1(v1,r)f2(v2,r). (8)

The emissivity R depends upon the D-3He cross section
(including anisotropy), the relative velocities of the reactants
|v1 − v2|, and the emitted CFP’s velocity v3. Integration over

8
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Figure 5. Same as figure 4 but for 3.6MeV alphas.

the thermal distribution function f 2 is merged into the emissiv-
ity R, making R a function of the ion temperature Ti, the rota-
tion velocity vrot, and the deuterium target density nd. The
velocity space factor pgyro(v1,v2,v3) represents the probabil-
ity density that the gyroangle of the fast ion has the correct
value to produce the measured proton. An expression for pgyro
for detection of 3MeV protons produced in D-D reactions
appeared in [11]. The generalization of pgyro for arbitrary react-
ant mass appears in appendix B.

There are three relevant rest frames to consider [11]. The
CFP velocity v3 is known in the lab frame. The effect of the
target distribution function f2(v2) on the reaction rate is most

easily computed in the rotating plasma frame. Effects from
anisotropy are computed in the center-of-mass frame.

Calculations are done within the FIDASIM framework
[17, 18]. A new version of the CFP algorithm [11] is developed
to calculate equation (5) for diagnostics that measure CFPs
produced from D-3He fusion reactions between a 3He beam
ion distribution function and a thermal deuteron. Initial cal-
culations of time-reversed CFP orbits compute effective solid
angles and sightlines for the relevant range of incident proton
or alpha velocity vectors. For each sightline, using the pre-
computed orbit as input, FIDASIM calculates the reactivity
averaged over the thermal distribution of the ‘target’ deuterons

9
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Figure 6. (a) Projection of a pair of 14.7MeV proton orbits that are very sensitive to the differential cross section in the 1.1MA
thermonuclear equilibrium; these are the proton orbits with pitch of 0.4 and 0.8 in figure 4(b). (b) Projection of three 3.6MeV alpha orbits
whose ratio is very sensitive to the differential cross section; these are the alpha orbits with the largest values of

´
Sdl in figures 5(b)–(d).

fromBosch and Hale coefficients [19] and the probability pgyro
that a fast ion of specified energy and pitch has a gyroangle
that is consistent with the kinematic equations. The code can
be viewed online on the FIDASIMGitHub page [20], and doc-
umentation is found at [21].

Pitch spectra for the three polarization modes in
equation (7) for the previously mentioned DIII-D ports are
shown in figures 7(a)–(d) and 8(a)–(d) for protons and alphas,
respectively. The interpretation is similar to the thermonuclear
case. Since large variations are observed between the dσ+/dΩ
and dσ−/dΩ cases, figure 7(e) suggests that measurement of
the pitch dependence of the 14.7MeV proton flux at any
of the four ports is promising, whereas the similarity of the
curves in figure 8(e) shows that pitch-resolved measurements
of 3.6MeV alphas at a given port would not provide useful
information.

Comparisons of the ratio of the flux vs. poloidal angle
appear in figures 7(f ) and 8(f ) for protons and alphas,
respectively. Again, the takeaways are similar to the conclu-
sions for the thermonuclear scenario. Proton detection shows
little variation and alpha detection shows large variations
between the dσ+/dΩ and dσ−/dΩ cases. A poloidal array
of detectors measuring 3.6MeV alphas would provide useful
information, whereas an array of 14.7MeV proton detectors
would not.

Energy resolved spectral signals for protons are shown
in figure 9 for the four ports. Because the Doppler shift
is proportional to Vcosθ (equation (2)), the CFP energy is

sensitive to the dependence of the differential cross section
dσ/dΩ on the emitted pitch θ. Consequently, to a large extent,
the energy dependence resembles the pitch dependence. For
example, large values of pitch have stronger signals for the
dσ−/dΩ case, while the dσ+/dΩ case produces stronger sig-
nals for small pitch. As a result, when the predicted signals
are integrated over pitch, as in figure 10, low energies that
are associated with large pitch have the strongest signals for
the dσ−/dΩ case but higher energies that are associated with
small pitch have the largest signals for the dσ+/dΩ. In partic-
ular, the −56◦ port in figure 10(c) shows the largest variation
in energy.

In contrast, the alpha energy spectrum is insensitive to the
type of polarization. This is expected, since most alphas meas-
ured at a particular port are emitted with nearly identical pitch
(figure 8).

The best proton and alpha orbits for the beam-plasma scen-
ario are shown in figure 11. Similar to the thermonuclear scen-
ario, the −56◦ port (figure 11(a)) is best for pitch-sensitive
proton detection since sightlines pass near the magnetic axis.
On the other hand, a poloidal array is best for 3.6MeV alpha
detection since each port samples a narrow range of orbits
with the values of pitch that allow the sightline to pass near
the magnetic axis (figure 11(b)). This is encouraging since the
beam-plasma signals utilize a lower-current (0.6MA) equilib-
rium than the higher current (1.1MA) thermonuclear scenario,
implying that the choice of an attractive detector configura-
tion is not strongly dependent upon the equilibrium. Using
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Figure 7. (a)–(d) Flux vs. pitch for the three differential cross sections of equation (7) for 14.7MeV proton detection at four different ports
for the beam-plasma scenario. The signals are integrated over energy. Panels (e) and (f ) are in the same format as figures 4(e) and (f ), where
red, green, blue, and cyan are −100

◦
, −77

◦
, −56

◦
and 0

◦
in panel (e), respectively.

FIDASIM to calculate CFP signals, the conclusions of this
section match the thermonuclear scenario, and additionally
show that energy-resolved detection of 14.7MeV protons is a

possible detection technique. (Energy detection is even more
favorable if the beam is higher energy andmore tangential than
the DIII-D beams.)
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Figure 8. Same as figure 7 but for alphas.

4. Accuracy estimates

The previous section showed several promising options
for detection of the degree of polarization, including a

pitch-resolving 14.7MeV proton detector for both the thermo-
nuclear and beam-plasma case, a poloidal array of 3.6MeV
alpha detectors for the thermonuclear case, and energy-
resolved proton measurements for the beam-plasma case. But
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Figure 9. FIDASIM calculated energy distributions for 14.7MeV proton detection in the beam-plasma scenario for the four ports. All three
polarization cases are shown. Signals are integrated over successive intervals of pitch ≃0.25.

these calculations all assumed ideal detectors and polariza-
tions. This section provides realistic, quantitative assessments
of the feasibility of these detection techniques.

The first practical complication is that current technology
cannot produce fuel pellets with 100% polarization. A reas-
onable value for vector polarization of 3He is 0.65 [10]. For
deuterium, one approach uses an H-D capsule and another
approach uses a 7Li-D capsule. The expected values for the
H-D capsule are 0.4 for the vector polarization and 0.12 for
the tensor polarization [10]. The 7Li-D capsule can poten-
tially deliver larger values of 0.70 and 0.41 for the vector and
tensor polarizations, respectively. In the evaluations displayed
in the following figures, we consider the more conservative H-
D values for the thermonuclear case, i.e. PV

DP3He =±0.26 and
PT
D = 0.12 in the expression for the differential cross section

(equation (1)). For the beam-plasma assessment, we use the
more optimistic value of PT

D = 0.41 associated with the 7Li-
D pellet. (Significant dσ−/dΩ tensor polarization variation is
not presently available.) Although these are likely values using
existing technology, new schemes discussed in [10] should
be able to produce PV

D = 1 and PT
D = 1 and possibly even

PT
D =−2 but require extensive research and investment [10].

Figures 12(a) and (b) compares the normalized differential

cross sections used in section 3 with the realistic cross sections
used here.

A second practical complication is detector count rates.
According to equation (5), in addition to

´
Sdl, the count rate

depends upon the area of the detector and its solid-angle res-
olution. To estimate these, we assume a FILD similar to one
currently installed on DIII-D [22]. This detector has a rect-
angular 1mm by 3mm aperture that provides ∼5◦ resolu-
tion in pitch and ∼15◦ resolution in gyroangle; for this geo-
metry, the coefficient that multiples

´
Sdl is approximately

3× 10−5 cm2. The number of counts also depends upon the
desired temporal resolution, which depends upon the rate of
decay of the polarization. Theoretically, the polarization state
is expected to decay slowly [1], so we assume 50-ms time bins
in our analysis.

A third practical complication is the sensitivity of predicted
signals to the integrated emissivity

´
Sdl. It was stressed in

the introduction that relative measurements are less sensitive
than absolute measurements to the large uncertainties in the
overall reaction rate, but the same strong sensitivity also com-
plicates interpretation of relative measurements. Figure 12(c)
shows that reasonable estimates of the uncertainties in Ti, nD,
and n3He substantially broaden or narrow the thermonuclear
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Figure 10. Beam-plasma proton spectra integrated over pitch for the four detector ports.

emissivity profile. Similarly, in the beam-plasma case, uncer-
tainties in the fast-ion and deuterium density profiles can
broaden or narrow the emissivity profile (figure 12(d)). In
addition, the escaping orbits, which are the effective sight-
lines, depend upon the equilibrium reconstruction. To test the
sensitivity to uncertainties in equilibrium reconstructions, an
EFIT equilibrium [23] from a nearby time that differs from
the baseline reconstruction by typical random error is selec-
ted, and the calculations of

´
Sdl are repeated.

Figures 13 and 14 show the results of calculations that
employ these assumptions about pellet polarization, detec-
tion efficiency, and emissivity and equilibrium profiles for the
thermonuclear scenario. The error bars shown on the figures
are the one-sigma errors associated with counting statistics,
the square root of the number of counts. One observation is
that predicted signal levels are significant, in the range of 2×
104 cps for pitch-resolved proton detection and 2× 105 cps
for alpha flux measurements. A second observation is that, as
expected, the results are sensitive to the emissivity profile and
equilibrium; however for a given assumed set of profiles, the
difference between the curves for different polarization states
is similar.

To assess quantitatively the accuracy of these candidate
measurements, we consider the null hypothesis that the polar-
ized data are consistent with unpolarized signals and compute
the reduced chi-squared χ2

r . If χ
2
r is significantly greater than

unity, the candidate measurement detects polarization with
high confidence but, if χ2

r ≲ 1, the measurement is unable
to reliably detect polarization. The procedure for calculating
χ2
r ≲ 1 is well defined for random errors but proper assess-

ment of systematic errors is more challenging. We have used
two methods that yield similar conclusions; the simpler but
less rigorous treatment appears here, while a more rigorous
and complicated method is documented in appendix C. For
application of the simpler method to the relativemeasurements
in figures 13(b) and 14(b), the reduced chi-squared is

χ2
r =

1
N− 1

N∑
i=1

(∆si)2

σ 2
i

. (9)

Here, N is the number of measurements (15 for protons and
3 for alphas), σ 2

i is the random error associated with count-
ing statistics for the polarized and unpolarized measurements
and their normalizations (added in quadrature), and∆si is the
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Figure 11. (a) Projection of two 14.7MeV proton orbits with pitch of 0.2 and 0.9 in the beam-target equilibrium. (b) Projection of four
3.6MeV alpha orbits. Pitch at the detector is different for all four ports and orbits pass near the magnetic axis.

Figure 12. Comparison of the ideal differential cross sections (solid lines) used in section 3 with the realistic differential cross sections
(dashed lines) employed in section 4 for the (a) thermonuclear and (b) beam-plasma cases. (c) Sensitivity of the thermonuclear D-3He
emissivity profile S to 5% uncertainty in Ti and 10% uncertainties in nD and n3He. The error bars show one-sigma uncertainties at selected
locations. The solid curves show the baseline emissivity profile computed by TRANSP, together with wider and narrower profiles employed
in figures 13 and 14 to test the sensitivity of the calculations to the emissivity profile. (d) Emissivity profiles employed in analysis of the
realistic beam-plasma case.
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Figure 13. Realistic synthetic thermonuclear data for enhanced (PV
DP3He = 0.26, PT

D = 0.12), unpolarized (PV
DP3He = PT

D = 0), and
suppressed (PV

DP3He =−0.26, PT
D = 0.12) polarizations for a 14.7MeV proton detector at the −56◦ port. The calculations assume pitch

angle resolution of 5◦, gyroangle resolution of 15◦ and temporal resolution of 50ms. Both (a) raw counts and (b) signals after normalization
by the total detected flux (b) are shown. For each polarization case, the four curves represent calculations with the baseline emissivity profile
and equilibrium (thick lines with triangles), the narrow emissivity profile of figure 12(c) and baseline equilibrium (dash-dot lines with
diamonds), the wide emissivity profile of figure 12(c) and baseline equilibrium (dashed lines with ∗), and the baseline emissivity profile but
different equilibrium reconstruction (dotted lines with X symbols). Note: some error bars are smaller than the symbol size.

difference between the polarized and unpolarized calculations
for eachmeasurement. To take account of the systematic errors
associatedwith uncertainties in the emissivity profile and equi-
librium reconstruction, the smallest value of |∆si| of the four
curves is utilized. The results of this calculation (table 1) indic-
ates that confident detection is feasible for the thermonuc-
lear cases. Both the enhanced and the suppressed polarization

states supply useful information. As shown in more detail in
appendix C, alpha detection is less sensitive to potential sys-
tematic errors and more accurate.

In the last column, table 1 shows calculated values of χ2
r

for the larger polarization values provided by 7Li-D capsules.
With this degree of polarization, extremely high confidence
is obtained for both protons and alphas. However, there are
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Figure 14. Realistic synthetic thermonuclear data for detection of the 3.6MeV alpha flux with detectors at three different poloidal angles.
The calculations assume 50ms temporal resolution, 15◦ gyroangle resolution, and measurement of all significant escaping pitch angles. The
figure format is the same as figure 13.

Table 1. Estimates of χ2
r for synthetic data calculated using equation (9). The third column assumes PV

D = 0.40 and PT
D = 0.12 and the

fourth column assumes PV
D = 0.70 and PT

D = 0.41. Values much greater than unity indicate confident detection.

CFP Polarization χ2
r (H-D) χ2

r (7Li-D)

Proton Enhanced thermonuclear 4.4 16.3
Proton Suppressed thermonuclear 2.6 4.9
Alpha Enhanced thermonuclear 5.8 19.4
Alpha Suppressed thermonuclear 4.2 8.2
Proton Tensor polarized beam-plasma 0.13 1.7
Alpha Tensor polarized beam-plasma 0.08 0.9
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Figure 15. Realistic synthetic data for detection of 14.7MeV protons at the −56◦ port for unpolarized and tensor polarized deuterium
pellets with PT

D = 0.41. The calculations assume pitch angle resolution of 5◦, 15◦ gyroangle resolution, and 50ms temporal resolution. The
figure format is the same as figure 13(b).

caveats. First, this evaluation assumes the same deuterium
density as for the H-D case but, owing to the higher Z of
lithium compared to hydrogen, a smaller pellet is probably
needed to keep the increase in electron density manageable.
On the other hand, lithium injection is usually favorable for
tokamak operation [24] so its presence may assist high Ti
operation. Second, the 7Li(p,α)α fusion reaction produces a
background. At the 75 keV energy of hydrogen beam injec-
tion in DIII-D, the reaction cross section is ∼10−28 cm2 [25],
which implies a beam-plasma emissivity an order of mag-
nitude smaller than the thermonuclear d-3He emissivity. The
reaction releases 17.3MeV of energy, divided between the
alphas. This implies that the proton and alpha diagnostics must
include some energy and/or gyroradius discrimination to avoid
this unwanted background.

In contrast to the thermonuclear case, uncertainties in the
analyzed beam-plasma scenario compromise confident detec-
tion, even for the higher polarization values of 7Li-D pellets
(table 1). Proton measurement of tensor-polarized 7Li-D pel-
lets is the most sensitive but, as shown in figure 15, the curves
and error bars for the unpolarized and tensor-polarized cases
partially overlap, a reflection of the smaller difference between
the polarized and unpolarized cross sections (figures 12(a) and
(b)) and the lower reaction rate (figures 12(c) and (d)) for the
beam-plasma case compared to the thermonuclear case. Evid-
ently, a 3He beam that produces more reactions or summation
over multiple shots or over larger time intervals is required for
confident detection in this case. Alpha detection (not shown)
is less sensitive than proton detection for this scenario.

In an actual experiment, one imagines making measure-
ments like those shown in figures 13 and 14 in successive dis-
charges with enhanced, suppressed, and unpolarized pellets.
In each discharge, measurements are acquired for hundreds of
milliseconds to track the decay of the polarization over time.
Figure 16 shows hypothetical data from such an experiment
for pitch-resolved 14.7MeV proton emission from a thermo-
nuclear plasma. The analysis for that figure assumes that

PT
D = 2−

√
4− 3(PV

D)
2, (10)

which is the initial tensor polarization associated with thermal
equilibrium in a solid deuterium pellet. However, it should be
noted that the different polarization terms PT

D, P
V
D, and PHe

may decay at different rates in an actual experiment. Never-
theless, the analysis shows that proton data suffice to measure
the polarization lifetime with ≲15% accuracy.

Synthetic data like those analyzed to produce figure 16 can
be used to estimate the one-sigma uncertainty in the inferred
polarization. For pitch-resolved 14.7MeV proton data from
the −56◦ port in a thermonuclear experiment, the uncertainty
in PV

DPHe is ∼0.04. For 14.7MeV proton data from the same
port in a beam-plasma experiment, the uncertainty in PT

D is
∼0.10. For a poloidal array of three 3.6MeV alpha detectors,
the uncertainty associated with counting statistics in inferring
either PV

DPHe in a thermonuclear experiment or PT
D in a beam-

plasma experiment is very small (<0.01), implying that sys-
tematic errors will determine the ultimate resolution.
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Figure 16. Time evolution of the fitted vector polarization PV
DPHe

for hypothetical pitch-resolved 14.7MeV proton data from the
−56◦ port. The PV

DPHe coefficient is inferred from data similar to
figure 13, assuming that PT

D is given by equation (10). Each symbol
and error bar is from an ensemble of trials with randomly generated
counting statistics. The lines are from subsequent exponential fits to
the PV

DPHe coefficients. The hypothetical data assumed a PV
DPHe

exponential decay time of 0.40 s; the exponential fits to the
generated data are 0.45± 0.04 and 0.35± 0.04 s for the enhanced
and suppressed cases, respectively.

Although we emphasize individual relative measurements
here, in an actual experiment, all available data would be
utilized in a unified framework, including measurements of
the total D-3He rate, Ti and nHe profiles measured by charge
exchange recombination (CER) spectroscopy [26], and the
nD profile measured by the main-ion CER diagnostic [27].
In that regard, inclusion in the diagnostic suite of a gamma-
ray detector that measures the total D-3He rate is particularly
attractive.

In addition to the primary branch that produces the
14.7MeV proton and 3.6MeV alpha, the D-3He reaction also
produces a pair of gammas at 16.9MeV and 15.4MeV, with
a branching ratio of approximately 4.5× 10−5 at fusion rel-
evant energies for the 16.9MeV gamma [28]. The differential
cross sections for these reactions are sensitive to the D and
3He spin states. The differential cross section is the product
of three factors: the square of a reduced matrix element, the
branching ratio for gamma decay of the 5Li nucleus, and an
angular weight W(θ), where θ is the angle of emission of the
gamma relative to the local magnetic field. The evaluation of
W for 5Li gamma decay is analogous to the calculation out-
lined in appendix A of [10] for the α + proton final state. As
shown in figure 17, the two gammas depend differently on the
emission direction; both are sensitive to the alignment of the
D and 3He spins.

If gammas are detected ‘with equal efficiency’ from all pos-
sible locations throughout the torus, and so from points with
all possible field direction at the moment of fusion, then one
effectively integrates over the plotted W distributions. While
it may not seem obvious at first sight, the integrals of the
γ(0) and γ(1) distributions are in fact identical; this is true

Figure 17. Angular dependence W(θ) of the differential cross
section for gamma emission to the ground and first excited state for
D and 3He nuclei with parallel or anti-parallel spins. These
distributions assume the ideal case of 100% polarization of the
initial D and 3He spins.

for both the case with parallel D and 3He spins, as well as
for the anti-parallel case. Furthermore, the integral of W with
parallel initial spins is three times larger than the integral ofW
with anti-parallel spins, and that is true for both γ(0) and γ(1).
This factor of three is the same polarization enhancement that
occurs in the alpha + proton final state.

In principle, with a collimated gamma detector such as the
vertically viewing instrument that measures emission at∼90◦

at JET [29], one could exploit the differing angular depend-
encies of the two gammas in figure 17 to detect the polariza-
tion state of the nuclei. Because the natural line widths of the
two gammas are quite large (Γ0 = 1.2MeV andΓ1 = 6.6MeV,
respectively), the measured spectrum must be deconvolved
to infer the relative contributions of each gamma but, with
adequate energy resolution and counting statistics, that can be
done accurately [30, 31].

Unfortunately, owing to the low branching ratio, the count
rate is too low for collimated gamma measurements in DIII-
D. To obtain adequate counting statistics, a detector should
have large intrinsic efficiency, large area, and large solid angle.
Estimates indicate that a∼103 cm3 bismuth germanate scintil-
lator mounted just outside the vacuum vessel would measure
>104 cps in the thermonuclear shots. Because such a detector
would detect gammas with many values of θ from a large spa-
tial volume, the measurement is insensitive to uncertainties
in emission profile and equilibrium reconstructions (

´
Sdl),

thus providing a valuable complement to the primary CFP dia-
gnostics. In discharges with large D–D neutron rates, the large
(n,γ) background produced by 2.45MeV neutrons can obscure
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the relatively weak D-3He gamma peak but, in our thermo-
nuclear scenario, the D–D rate is orders of magnitude smaller
than in those discharges, so the (n,γ) background should be
manageable. A review of gamma-ray diagnostics in tokamaks
appears in [32] and an example of successful recent detection
appears in [31].

5. Discussion

The previous section gave a realistic, quantitative assessment
of experimental feasibility. In this section, additional complic-
ations and considerations are discussed, often qualitatively.

There are multiple issues associated with delivery of the
pellet fuel. The actual preparation and delivery of spin-
polarized pellets has many challenges that are discussed in
detail elsewhere [5]. To summarize, we envision filling gas-
discharge-polymer shells like those used in inertial fusion
research [33] with polarized fuel. For the 3He, the nuclei are
polarized prior to diffusing through the shell; for deuterium,
the pellet contains both H and D so RF can be used to transfer
H spin to D. Once prepared, the shell pellets are injected ver-
tically into the tokamak from a 77K cryogenically cooled gun
for the 3He pellets and a 2K gun for the H-D pellets [10].

Ameasurement of the polarization upon entry into the toka-
mak is desirable since, due to inhomogeneity of the magnetic
field, some nuclei may depolarize during pellet injection. For
example, the loops of a superconducting quantum interfer-
ence device located at the end of the flight tube could be used
to measure fluctuations in the magnetic field produced from
changes in the depolarization of the nuclei upon entry. If this
depolarization mechanism is operative, it will occur too rap-
idly to be detected accurately by the CFP measurements. On
the other hand, as long as the signal-to-noise ratio remains
adequate, if the actual injected polarization differs somewhat
from the expected (or measured) value, this does not pre-
clude study of the other depolarization mechanisms (such as
wave-induced depolarization), since one could still infer the
lifetime of polarization from a time series of accurate CFP
measurements.

Another issue related to pellet delivery is that, most likely,
the fuel will be deposited away from themagnetic axis. Central
deposition is achievable with large pellets but large increases
in density are incompatible with the desired high Ti regime.
The injected pellets resemble the ‘shell pellets’ employed in
disruption mitigation experiments [34]. The required quantity
of 3He fuel is similar to the amount of argon delivered in the
shell-pellet experiments. For example, in a disruption mitig-
ation experiment, a 2mm diameter pellet with 10 atm argon
fill delivered its payload near a normalized minor radius of
ρ≃ 0.4 [34]. Central deposition is enhanced by pellet injection
from the high-field side [35] so, if this is compatible with pre-
servation of the polarization during injection, high-field side
(or vertical) injection is preferable to low-field side injection.
The calculations presented above assume centrally peaked
nd and n3He profiles (figure 2(b)), so, almost certainly, some
convective inward transport is required to bring the fuel into
the high fusion emissivity region. Inward transport rates are

scenario and species dependent and are not well established
for the desired plasma conditions. A likely timescale is 50–
100ms. Empirically, low collisionality favors density peaking
[36] and the desired regime has low collisionality. In TFTR
experiments, 3He puffed at the plasma edge reached the core
with inward transport times of ∼100ms [37]. Thus, we anti-
cipate inward transport of the pellet payload to the high fusion
emissivity region will occur on an acceptable timescale in an
actual experiment, but this assumption requires further study
and experiments.

Another issue that requires further research is the optimal
size of the pellets. In the absence of large MHD or changes in
confinement regime, the stored energy often remains roughly
constant after pellet injection, so the fractional increase in
density is approximately equal to the fractional reduction
in temperature, ∆n/n≃−∆T/T. The thermonuclear D-3He
reaction rate is proportional to nDn3He⟨σv⟩, with the reactivity
being a strong function of Ti. Although smaller pellets have
lower values of nDn3He, the reaction rate is not necessarily
lower than assumed in our thermonuclear scenario, since ⟨σv⟩
is larger for a smaller reduction in Ti.

A related issue is the timing of pellet injection. Ideally,
to measure the polarization lifetime for as long as possible
and to isolate different possible depolarization mechanisms,
the fuel would immediately be heated to high temperature.
However, pellet injection into a high Ti regime with prop-
erties resembling the desired one often triggers disruptions
or confinement-degrading neoclassical tearing modes [38].
It may be necessary to inject less fuel than assumed in
section 2, so repeat discharges might be required to achieve
suitable accuracy. Alternatively, injection prior to the high-
power phase could prove more stable but this might prevent
detection of relatively rapid depolarization mechanisms. Once
again, additional experiments to establish the best scenario are
desirable.

Backgrounds associated with D+D fusion reactions are
manageable. There are two backgrounds to consider, one asso-
ciated with the D+D → 2.4MeV neutron + 0.8MeV 3He
branch and another associated with the D+D→ 3.0MeV pro-
ton + 1.0MeV triton branch. For equal deuterium and 3He
concentrations at Ti = 10 keV, the emissivity of each of these
D+D branches is 1.3 times larger than the D-3He emissivity.
The concern for the neutron-3He branch is that 0.8MeV 3He
ions produce secondary ‘burnup’ D-3He reactions as they slow
down [39]. Most 0.8MeV 3He ions produced in D–D reactions
are confined in a 1.1MA plasma but, for an average electron
temperature of ⟨Te⟩= 2.5 keV, only 6× 10−3 of the 3He ions
produce a secondary D-3He reaction as they thermalize, so
secondary reactions produce 14.7MeV protons and 3.6MeV
alphas at <1% of the thermonuclear D-3He rate.

The proton-triton branch is of greater concern. The orbits
of 3.0MeV protons and 1.0MeV tritons are very similar to
3.6MeV alpha orbits. Moreover, as discussed below, the dif-
ferential cross section for the D+D reaction has an unknown
but likely significant dependence on spin polarization, so it
is essential to distinguish the D+D fusion products from
the D+3He ones. A scintillator-based FILD detector is envi-
sioned for the pitch-resolved 14.7MeV measurement. Since
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the gyroradius of the 14.7MeV proton is 2.2 times larger than
the 3.0MeV proton gyroradius, the two proton ‘spots’ on the
FILD scintillator plate are widely separated and easily distin-
guished. However, for the 3.6MeV alpha flux measurement,
the gyroradius is only 1.2 times larger, so a different discrim-
ination method is required. Here, one could exploit the differ-
ence in range between protons and alphas in a pulse-counting
energy measurement. The range of a 3.0MeV proton in sil-
icon is 92microns, while the range of a 3.6MeV alpha is only
15microns. If one uses a thin ∼15micron silicon detector to
measure the alphas, their ∼3MeV peak can be readily distin-
guished from the lower-energy pulses deposited in the detector
by the protons and tritons.

Since DIII-D normally operates in deuterium, it would be
simpler operationally to study the polarization lifetime using
D–D fusion reactions rather than D-3He reactions. The com-
plication with D–D reactions is that, although they are known
to be anisotropic even with unpolarized fuel [40], the depend-
ence of the differential cross section on spin polarization is
controversial theoretically. Hence, although it is likely that
there is some dependence, themagnitude of the expected effect
is unknown. Nevertheless, one can imagine making measure-
ments with polarized and unpolarized deuterium pellets in
scenarios similar to the ones described here. For the thermo-
nuclear case, only deuterium pellets would be injected; for
the beam-plasma case, an unpolarized deuterium beam would
replace the unpolarized 3He beam. The confinement of the
3MeV protons produced in D–D reactions is nearly identical
to 3.6MeV alpha confinement, so the alpha flux detectors
(perhaps with thicker silicon diodes) could be used to meas-
ure the escaping 3MeV protons. Since the D–D reaction rate
is comparable to the D-3He rate for those conditions, count
rates remain adequate. If either scenario produces a measur-
able dependence on polarization, then the lifetime of the polar-
ization could be inferred from the rate of decay of the effect,
even without knowledge of the expected initial value.

Although DIII-D should provide reactor-relevant tests of
depolarization by plasmawaves and Coulomb collisions, DIII-
D is not equipped to study depolarization at the walls under
reactor-relevant conditions. DIII-D is a graphite-wall device
and carbon is predicted to retain too much tritium for use in
a reactor [41]. Depolarization at a metal wall is predicted to
be more rapid than with a carbon wall [42]. Another likely
difference is the importance of recycling. In DIII-D, even dur-
ing divertor operation, nuclei often return to the plasma after
interacting with the wall. Depending on the ultimate design of
the divertor, recycling is likely to be less important in a reactor.
The majority of escaping fuel will be reprocessed. As an aside,
although polarizing the fuel adds additional complexity and
cost to a fusion power plant, in a D-T reactor, reprocessing
of tritium is absolutely essential [43], so polarizing the fuel
merely adds an additional step to the multi-step tritium recov-
ery process.

An attractive alternative approach that is not currently
possible on DIII-D is to use ion cyclotron resonance heat-
ing (ICRH) of a dilute 3He population to produce a large
beam-target D-3He reaction rate. (DIII-D is not equipped with
an ICRH capability but many other facilities are.) Minority

heating of 3He at its fundamental cyclotron frequency [44] has
been employed in tokamaks for decades and is a very effect-
ive way to create a fast-ion population at energies that pro-
duce abundant D-3He reactions [45]. For example, on the Prin-
ceton Large Torus (PLT), a population of ICRH-accelerated
3He ions with energies in the 100–400 keV range produced
large reaction rates [46] and energy-resolved 14.7MeV pro-
ton measurements showed that the perpendicular energy of the
reacting 3He ions was much larger than the parallel energy
[7]. A possible scenario is to accelerate a small 3He popu-
lation (concentration ∼5%) to ∼200 keV energies in a 4He
plasma, then inject a tensor-polarized deuterium pellet. In a
device where 14.7MeV protons escape with little change in
pitch (as in PLT), the signals from collimated proton detect-
ors at two different pitch angles (such as 40◦ and 90◦) would
be directly proportional to dσ+/dΩ (figure 12(b)); measure-
ments of the energy spectra [7] would confirm the origin of
the reactions. The ideal device for such an experiment has (a)
magnetic fields that are large enough to confine∼400 keV 3He
ions but low enough that 14.7MeV protons readily escape and
(b) relatively small volume in order to minimize the amount
of polarized fuel required for adequate signals.

6. Conclusions

Polarized fuels could significantly enhance the performance of
a burning plasma, provided that the polarizations are retained
for periods comparable to the burn-up time. This paper focuses
on detection of polarization-dependent changes in the dif-
ferential cross section dσ/dΩ in order to measure the life-
time of spin-polarized fuel. A suitable facility needs uncon-
fined fusion products to facilitate detection, either polarized
beams or hot (Ti ≳ 10 keV) plasmas to produce adequate count
rates, and reactor-relevant depolarization mechanisms. DIII-
D provides all three. The most promising detection strategy
is a poloidal array of 3.6MeV alpha flux detectors. A pitch-
resolving 14.7MeV proton detector located at a poloidal angle
of −56◦ is also sensitive. Both detection schemes are sensit-
ive for a wide range of plasma currents. For either detection
strategy, polarizations that either enhance or suppress the total
cross section provide detectable signals. Quantitative assess-
ment of uncertainties shows that these strategies can detect
the presence of polarization with high confidence, even for
the less than maximal values of polarization available with
existing technology. Although substantial technical challenges
must be overcome to successfully deliver the polarized fuel to
the plasma core, this study shows that, if those obstacles are
surmounted, accurate lifetime measurements of the polariza-
tion are feasible on DIII-D.
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Appendix A. Numerical methods to calculate
thermonuclear signals

Equation (5) states that the CFP countrate C is C(E3) =˝
dldAdΩS(r,v3), where dl is over the sightline trajectory,

dA is over the detector area, dΩ is over the solid angle accepted
by the detector collimating structure, and S(r,v3) represents
the D-3He emissivity (in reactions/volume-time) of CFPs that
are emitted at position r along the sightline with the correct
values of detected energy E3 and solid angle Ω. This appendix
sketches the methods used in the calculations of sections 2.1
and 4.

EFIT [23] is used to reconstruct the equilibrium, so the
axisymmetric magnetic field B is known on a cylindrical (R, z)
grid. CFP orbits are computed by integrating the Lorentz force
law dv/dt= qv×B using the Adams–Bashford–Moulton
method. Since the orbit is followed in reverse, the ‘initial’ con-
ditions for the calculation is actually the position and velocity
of the CFP at the detector (r,v). The (r,v) coordinates of the
orbit is stored in 1 cm steps. The guiding center orbit calcu-
lated using the code described in the appendix of [47] is used
to ensure that orbits correctly terminate when they reapproach
the wall.

The emissivity profile S is a function of the flux coordinate
ρ, the square root of the normalized toroidal flux. To compute´
Sdl, the equilibrium reconstruction is used to map orbital

spatial positions into ρ, then S is inferred through interpolation.
The local pitch cosθ needed for evaluation of the differential
cross section in equation (1) is computed at each step from
v ·B/vB. The values of

´
Sdl plotted in section 2.1 are actually∑

S(r)dσ/dΩ(v)∆l summed over the orbit.
In the evaluations of actual signal levels in section 4, greater

care of the
˜

dAdΩ term is required, since a realistic detector
samples a range of orbits. Since the detector area is small com-
pared to the orbit size, the approximation [15]

ˆ ˆ
dAdΩ≃ A

ˆ
T(Ω)dΩ (A.1)

is used, where T(Ω) is a transmission factor that depends upon
the angle of the orbit at the aperture. Here, we assume rectan-
gular apertures oriented to select gyroradius and pitch. Since
the 14.7MeV proton trajectory is sensitive to initial gyroangle,
a 5× 5 gyroangle-pitch grid is used in figure 13. For alpha flux,
the orbits are insensitive to initial gyroangle but very sensitive
to initial pitch, so a large number of initial pitch values (e.g.
81) are used for the calculations shown in figure 14.

Appendix B. Generalization of pgyro

The goal is to generalize the factor that considers the number
of fast ions in velocity space that can produce a reaction with
the specified value of v3 for any general CFP. Generalization
of pgyro follows section 4.2 of [11] and important parts of the
derivation are described here. Masses, mi, in the equations of
energy and momentum conservation in the lab frame are left
general. Using the coordinate system described in the paper,
v1, v2 and v3 are inserted into the conservation equations and
yields the following

v⊥

(
2µ1 sinϕ− µ1µ2

µ3

2va
v3

)
cosγ

= (1+µ3)v3 −
q

µ3v3
− (2µ1v∥ + 2µ2vb)cosϕ

− 2µ2va sinϕ+
(µ2

1 −µ1)v21
µ3v3

+
(µ2

2 −µ2)v22
µ3v3

+
2µ1µ2

µ3v3
(vbv∥ + vcv⊥ sinγ) (B.1)

where µi = mi/m4 and q= 2Q/m4.
To get a general pgyro factor, we want to calculate a

pair of gyroangles γ for two energies E3,high and E3,low;
we are interested in the velocity-space spread of fast-ion
gyroangles that produce protons in a specified energy bin
∆Ebin. Equation (B.1) is used to determine γhigh for E3,high =
E3 +∆Ebin/2 and γlow forE3,low = E3 −∆Ebin/2. The gyrora-
dius probability factor is pgyro ≃ |γhigh − γlow|/π.

An issue in calculating equation (B.1) occurs when an
energy bin extends beyond the permissible values ofE3 that are
compatible with the other selected parameters. To find the per-
missible regime, the maximum and minimum values of E3 are
found from equation (B.1) when cosγ ≃±1. Using the quad-
ratic formula to find the extreme values of v3 yields

v3 =
−B+

√
B2 − 4AC
2A

(B.2)

where A, B and C are defined as

A= 1+µ3

B= 2µ1(∓v⊥ sinϕ− v∥ cosϕ)− 2µ2(vb cosϕ+ va sinϕ)

C=− 1
µ3

[
q− (µ2

1 −µ1)v
2
1 − (µ2

2 −µ2)v
2
2 − 2µ1µ2(vbv∥ ∓ v⊥va)

]
.
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Table C1. Typical values of χ2
r for proton detection using 15 pitch measurements or alpha detection using three flux measurements (first

column) for synthetic data with the polarization listed in the second column. The expected values Pi are for the polarization state in the third
column for the

´
Sdl case listed in the fourth through seventh columns.

CFP Di Pi: Baseline Wide Narrow EFIT

Proton Enhanced Enhanced 1.0 8 3 3
Proton Enhanced Unpolarized 13 17 9 14
Proton Suppressed Suppressed 1.0 1.2 3.3 1.1
Proton Suppressed Unpolarized 7 6 12 7
Alpha Enhanced Enhanced 1.0 1.0 1.3 1.7
Alpha Enhanced Unpolarized 11 12 8 7
Alpha Suppressed Suppressed 1.0 1.0 1.0 1.1
Alpha Suppressed Unpolarized 7 6 9 10

Appendix C. Estimate of χ2
r including systematic

uncertainties

To obtain a more accurate assessment of the experimental
accuracy that includes the random errors associated with
counting statistics and the systematic errors associated with
uncertainties in the emission profile and CFP orbits, the fol-
lowing procedure is adopted.

(a) Select one of the thermonuclear cases (enhanced or sup-
pressed polarization; proton or alpha detection) as calcu-
lated by the baseline prediction (figure 13 or figure 14).
The data points for the original prediction are {Ci}.

(b) Use a Gaussian random number generator with
√
Ci as the

one-sigma error to generate a set of synthetic data {Di}.
(c) Normalize the synthetic data, D̄=

∑
iDi/N, where N is

the number of synthetic data points.
(d) These normalized synthetic data are compared with a

different set of predicted data {Pi} that use a different
emissivity profile or a different assumption about the spin
polarization.

(e) Calculate the reduced chi-squared,

χ2
r =

1
N− 1

∑
i

(Pi/P̄−Di/D̄)
2/σ 2

i , (C.1)

where σi is the random error in Di/D̄ associated with
counting statistics.

(f) Calculate χ2
r for multiple trials for the different

´
Sdl

models and assumptions about polarization. Tabulate the
results.

The results of this procedure appear in table C1. To inter-
pret this table, consider first the rows where the polarization
of the synthetic data is the same as the assumed polarization
of the prediction. Ideally, if the prediction was insensitive to
the assumed emission profile, χ2

r ≃ 1 for this case. However,
the first row of the table shows that χ2

r ≃ 8 if the baseline
emissivity profile is replaced by the wide profile; this indic-
ates strong sensitivity to experimental uncertainties in S. The
second row shows the same synthetic data compared with the
unpolarized predictions. Ideally, this would give a value of
predicted χ2

r much larger than any of the values in the first
row. However, in this case, the smallest value in the second

row is only slightly larger than the largest value in the first
row; this indicates that uncertainties in S may prevent con-
fident determination of the polarization state. Now examine
the last two rows in the table. For alpha detection of sup-
pressed polarization, the flux is insensitive to the assumed
emissivity profile, soχ2

r ≃ 1 when the suppressed case is com-
pared with any suppressed prediction. On the other hand, when
the suppressed case is compared with the unpolarized pre-
dictions, χ2

r ≳ 6 for all of them. Polarization can be detec-
ted with high confidence for this case. Similarly, the middle
rows of the table show that proton detection of suppressed
polarization is detectable, as is alpha detection of enhanced
polarization.
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