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The spatial resolution of magnetic resonance imaging (MRI) is limited by the width of Lorentzian point spread
functions associated with the transverse relaxation rate 1/7,*. Here, we show a different contrast mechanism in
MRI by establishing RASER (radio-frequency amplification by stimulated emission of radiation) in imaged media.
RASER imaging bursts emerge out of noise and without applying radio-frequency pulses when placing spins with
sufficient population inversion in a weak magnetic field gradient. Small local differences in initial population in-
version density can create stronger image contrast than conventional MRI. This different contrast mechanism is
based on the cooperative nonlinear interaction between all slices. On the other hand, the cooperative nonlinear
interaction gives rise to imaging artifacts, such as amplitude distortions and side lobes outside of the imaging
domain. Contrast mechanism and artifacts are explored experimentally and predicted by simulations on the basis

of a proposed RASER MRI theory.

INTRODUCTION
RASER [radio-frequency (RF) amplification by stimulated emission
of radiation], also referred to as Zeeman maser, is a nuclear magnetic
resonance (NMR) phenomenon as a result of stimulated nuclear spin
transitions. RASERs have been investigated using hyperpolarized
rare gases (1-4) as well as 'H, 70, and even *’ Al spins in liquids and
solids (5-9). Multimode RASERs enable comagnetometry, which, in
turn, allows for precision measurements (10-13). In addition, multi-
mode RASER activity gives insight into fundamental phenomena in
nonlinear mathematics (14) and synergetics (15) such as line collapse,
multiple-period doubling, intermittence, and chaos (4, 12, 16).
Most recently, the parahydrogen (p-H,) pumped (17, 18) RASER
has been established (12, 16, 19-21), by creating strong population
inversions directly in room-temperature solutions. RASER magnetic
resonance imaging (MRI) is associated with an alternative contrast
mechanism than standard MRI, and it appears natural to wonder
whether it could serve as a means to overcome fundamental limits
of Lorentzian-based point spread functions (PSFs) in MRI (22, 23).
The spatial resolution of MRI is limited by the width w = 1/(rT>*)
of the Lorentzian PSF. Here, we show that nonlinearly coupled slices
can spontaneously form an image out of nuclear spin noise, as
an alternative to the superposition of uncoupled Lorentzian PSFs.
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We describe previously unknown nonlinear MRI physics in a p-H,
RASER while noting that nonlinear spin evolution in the presence of
a gradient including radiation damping effects and dipolar fields has
been reported before (24-26). We note that other hyperpolarization
techniques may be used for RASER MRI as described here (7).

Conventional MRI uses spin or gradient echoes of nuclear mag-
netization that need to be excited with RF pulses. An interesting
alternative is spin noise imaging, which measures projections with-
out external RF excitation and fast gradient switching (27). Spin
noise imaging does not require any initial hyperpolarization proce-
dure but requires cryogenically cooled NMR probes and averaging
to compensate for the low signal-to-noise ratio (SNR ~ 1).

The system under study here uses hyperpolarized samples in
combination with an external high Q resonator at room tempera-
ture (28), thereby achieving an SNR of >200 in a single scan. The
spontaneous RASER burst, which forms in the absence of external
RF excitation, reflects the superposition of nonlinearly coupled slices.
The corresponding spectrum (RASER MRI) of the burst reports on
the spatial distribution of the samples spin number density and can
have complicated and distorted shapes. On the other side, the image
is very sensitive to local variations in the input profile. Therefore,
RASER MRI entails new MRI physics challenges and opportunities
caused by the nonlinear coupling.

In the presented work, RASERs emerge when placing a proton
spin 1/2 ensemble with a large initial population inversion dy = N, —
Ny, above the RASER threshold dy, = 4 Vi/(uo hylz{ T; Q) in areso-
nant LC circuit with quality factor Q. In this system, N, and N; are
the populations of the corresponding Zeeman levels 2 and 1; Vy is
the sample volume; and py, %, and vy denote the vacuum permea-
bility, Planck’s constant, and the proton gyromagnetic ratio, respec-
tively. For RASER MR, the proton spins are first pumped into a
state of highly negative spin polarization Py. This corresponds to a
positive dy value, which is assumed to be several orders of magni-
tude above the RASER threshold dy,. An equivalent and convenient
way to characterize the threshold condition for one singular mode is
given by € = do/dw, = T>*/1:q > 1 (29, 30), where € is a dimensionless
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quantity. Note that € is the enhancement above the RASER thresh-
old, not above thermal nuclear spin polarization. The radiation
damping rate is given by ‘c;dl = Wohvyy Q do/ (4 Vy), which includes
inverted states (positive dy), and has been studied extensively in
NMR spectroscopy (24, 29, 31-33).

To understand how the RASER can be used for MRI, we intro-
duce an analysis of the RASER action in the presence of a magnetic
field gradient G;. The gradient creates a frequency range A=yy - G;- L
that spans the image domain of the object of length L (section S1).
The initial nuclear spin population inversion is spread over the im-

Vot+A/2
aging domain A and is given by dy = jv“—A/Z pda(v) dv, where pg(v) is

the population inversion density and vy is the off-resonance fre-
quency in the center of the imaging domain. The integrand p4(v)dv
can be described as the number of negatively polarized spins in the
frequency interval [v, v + dv]. Given a profile p4(v), a total RASER
MRI signal emerges spontaneously out of nuclear spin noise.

To generate a system where a numerical evaluation is feasible,
we divide the image domain A into N = A/v individual slices. To
avoid numerical artifacts, the distance v between consecutive slices
has to be chosen small enough. Specifically, 8v < w has to be ful-
filled, where w = 1/(rT,*) is the natural linewidth. Furthermore, to
estimate whether a given d, is RASER active in a given gradient G,
we also introduce the threshold population density pa" = dw/w as
used below.

To calculate the dynamics of the nonlinearly coupled slices, each
slice L = 1, ..., N is characterized by an initial population inversion

Vo—A2+(1)dv
d4,(0)= IVO—A/2+(u—1)6v pa(v)dv. With a given initial d,,(0), the time evo-
lution of the RASER modes or slices can be modeled by a set of pu =
1, ..., Nnonlinearly coupled differential equations for the population
inversion d, and the transverse spin component o, = A, exp(i¢,)

) d,

dy =~ ~ 4BLo 1 A Accos(fs — 0) M
, A

Ay = - TE +Bdy YN Accos(o: — o) (2)

2
) d,
by = 2m{vo - 0.5[A - dv(2u - )]} +BA—‘; Y1 Asin(o: - 0,) (3)

Vo—A/2+udv

du(0)= [y arzeunsv pa(v) dv @)

The coupling constant B is given as B = L lezH Q/(4Vy). The
model for RASER MRI represented by Egs. 1 to 4 is formulated in
the rotating frame (for a complete derivation, see section S1) and is a
modification of the existing multimode RASER theory (12, 16). The
modifications comprise the initial boundary conditions for d,(0) in
Eq. 4, the absence of pumping in Eq. 1, and the definition of the slice
frequencies in Eq. 3. Numerical simulations of Egs. 1 to 4 reveal
three important invariance principles for RASER MRI: Provided
that 8v << wand T; >> T,*, the shape of the RASER images is inde-
pendent of (i) the value of the slicing dv, (ii) the longitudinal relax-
ation time T, and (iii) the values of the initial conditions A,(0) and
$u(0) (see section S6). According to the invariance principle (iii),
the shape of the RASER image is the same, irrespective that the ini-
tial conditions for A,(0) and ¢,(0) are random values (i.e., nuclear
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spin noise) or a weak RF pulse with fixed values for A,(0) and ¢,,(0).
The three invariance principles are crucial for RASER MRI, because
they guaranty reproducibility of RASER MRI.

Certain processes can be identified by examining the dynamics
described by Egs. 1 to 3: The population inversion of a given mode
pin Eq. 1 decays with the rate 1/T; and is decreased by the rate given
by the sum over all quadratic terms —4BAsA; cos (¢ — ¢7). In turn,
the amplitude of A, in Eq. 2 decays with the rate 1/T,* and increases
for © = p with the rate Bd,. The last term on the right side of Eq. 2,

Bd, Zﬁil Accos(0; — ¢y)for T# 1, involves a sum over all other ampli-
tudes A: cos (¢ — ¢). This sum can be a growth or decay rate for A,
depending on the specific values of all other phase differences ¢ — ¢.
The collective action of all modes strongly influences the amplitude
and sign of the rate dA,/dt, which defines the amplitudes A, of the
final image.

The spatial encoding of each sliceu =1, ..., N is reflected by the first
term in Eq. 3, where each slice is oscillating at the angular frequency
o, = 21(vo — 0.5 (A — 3v(2u — 1))). Apart from this linear evolution
of ¢, with time ¢, there is a nonlinear collective term (Bd,/A,)
Zfil A sin(¢; — ¢,), which is responsible for synchronism. Equa-
tion 3 is analogous to Kuramoto’s model of synchronized oscillators
(34-36). The dynamics of RASER MRI given by Egs. 1 to 4 can be
described by a collection of synchronized oscillators or slices with dis-
tinct angular frequencies @y, where the amplitude A, of each oscilla-
tor depends on the self-organization controlled by the collective
interaction with all other slices. Therefore, the derivative of the
amplitude of each slice depends on the mean-field amplitude
produced by all other slices.

Last, the total RASER signal is obtained by the sum of all transverse
spin components Sig(f)=N" 12 Z]}\LIRe (o)=N" 12 w=14, Re(exp [i,]),
where NV is a normalization constant. Here, we focus on the dif-
ference between the concept of single PSFs to analyze conventional
magnetic resonance image formation and the collective mean-field
approach, which is the basis of RASER MRI. Numerical solutions of
Egs. 1 to 4 are evaluated (see Fig. 1) to highlight the difference of
the spin dynamics for a single RASER slice and the collective be-
havior of coupled slices.

The simplest case is shown in Fig. 1A for N =1 and T} = oo,
where the numerically evaluated form matches the exact solution in-
troduced by Mao et al. (31, 37, 38) and discussed by others (39, 40).
The corresponding phased and absolute spectra of o = 0, are
displayed Fig. 1A (bottom right). For this case, T} = o, the PSF
is a hyperbolic secant with width wge, (section S2 and eq. S19).
Close to the threshold, such a PSF is narrower than the Lorentzian
NMR linewidth w = 1/(nT,*), because the RASER signal involves
dedamping.

No exact solution exists for a finite T;, but the MR signal rep-
resents an asymmetrically shaped PSF (Fig. 1B and section S3). The
linewidth w,; in the spectrum is slightly broader compared to the
symmetric case (Fig. 1A) but still smaller than w.

Here, we include both the effects of finite T; and the nonlinear
interactions between N slices formed in the presence of a gradient.
In contrast to standard MRI, the image contrast and the spatial res-
olution cannot be explained by independent individual PSFs. Each
slice is sensitive to the collective action of all slices, which makes
RASER imaging highly sensitive to local variations in d, (sec-
tion S4A), providing interesting avenues for future investigations
for RASER MRI.
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Fig. 1. Simulated RASER signals and the corresponding Fourier-transformed spectra for different numbers of interacting slices. The nonlinear interaction
between all slices is mediated by the virtual photons (wavy arrows, wavelength » sample dimension) in the resonator (red) (57). After the RASER burst, the Zeeman ener-
gy of the spins is fully transferred to the current of the coil (52). (A) For N=1 and T; = oo, the signal a4(t) = a(t) is plotted in the [t, Re(a), Im(a)] space (left). The projection
Re(o) fordp=4.2- 10" and the corresponding Fourier-transformed spectra are shown on the right. (B) For N=1,T;=5sand dy=4.2 - 10", the signal burst a(t) is asym-
metric with respect to time. (C) Sketch of three representative signals oy, where u=1, 15, and 30 of N=30 interacting slices [T; =5 s, A=6 Hz, rectangular profile with
pa(v)=7.5- 10'°/Hz]. (D) Five representative signals a, of N=50 coupled slices [Ty =5 s, A= 10 Hz, nonuniform density pq4(v)]. Threshold population density
pd‘h =din/Ww=6.6- 10"*/Hz is indicated as dotted line in the insets in (C) and (D). FFT, fast Fourier transform.

RESULTS

RASER MRI explored by numerical simulation

In the simulation in Fig. 1C, a rectangular polarization profile (in-
set, top right) is assumed to generate a RASER signal in the presence
of a field gradient. The time evolution of three of the N = 30 slices is
depicted on the left. The shape of signal of these slices differs signifi-
cantly from the uncoupled PSFs in Fig. 1 (A and B). A correspond-
ing one-dimensional (1D) RASER image (projection) is obtained as
the Fourier transform from Sig(#) = Re(Zau). The amplitude in the
center of the RASER image is larger, and decaying side lobes arise
outside of the image boundaries at x = +4 mm (bottom right). These
artifacts are expected from the theory described in Egs. 1 to 4 and
evaluated in detail by numerical simulations in section S4.

In Fig. 1D, we simulate a RASER image using a spin density pro-
file pa(v) to match the experimental setup described in Fig. 2
(A and B). This nonuniform spin density profile pq(v) entails two
equal compartments separated by a gap. The evolution of five rep-
resentative RASER slices of N = 50 coupled slices is shown (Fig. 1D,
left). The image after Fourier transformation (bottom right) re-
flects roughly the shape p4(v) except for the deformed amplitudes
of the flat tops and the side lobes, which occur outside the imag-
ing boundaries.

Experimental realization of RASER MRI: 1D demonstrations

To experimentally examine the RASER MRI theory, a simple phan-
tom was prepared consisting of a cylindrical sample chamber divided
into two measurement chambers by a glass slide (Fig. 2, A and B).
The two chambers are individually supplied with p-H, to generate
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highly negative polarized proton spins (i.e., dy > dy,). The chemical
system chosen is pyrazine in a liquid methanol-dy solution with a
dissolved iridium-based Signal Amplification By Reversible Exchange
(SABRE) catalyst for nuclear spin polarization (18, 41). RASER magnetic
resonance image were acquired in the presence of weak G, and G, mag-
netic field gradients on the order of a few milligauss per centimeter.

Conventional magnetic resonance images were obtained with
a spin echo sequence of 90° followed by a 180° rf pulse (Fig. 2C) as a
reference. Before the acquisition of the reference spin echo image
(SEI), a crusher field gradient was applied to the hyperpolarized sam-
ple, to suppress spontaneous RASER buildup. 1D images were ac-
quired using the G, gradient to visualize the two chambers separated
by the dividing glass slide. 2D images were recorded through stepwise
switching of the G, and G, gradients to rotate through a circle with
constant absolute gradient [|G| =(G,> + GH)"?]. The 2D image was
then obtained via projection reconstruction, which is also com-
mon in computed tomography.

The RASER images were acquired in a similar way (Fig. 2D), but
in contrast to the spin echo sequence, no RF pulses were applied.
The signal is acquired in the presence of G, and G, field gradients
during spontaneous RASER emission, which begins shortly after
the crusher field gradient is turned off.

The RASER action can be measured over an indefinite period
(Fig. 3A), when p-Hj is continuously bubbled through the solution.
However, the bubbling-induced sample motion in the presence of
field gradients is a challenge for imaging. The motion collapses the
RASER spectrum in each chamber into one average frequency
(Fig. 3B). To avoid line collapse induced by sample motion and to
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Fig. 2. Experimental setup for MRI of a two-chamber phantom and corresponding pulse sequences for SEl and RASER MRI. (A) Schematics of the two imaged chambers
and of the gradient directions. (B) Photo and top-down schematic of the two chambers (L =8 mm in diameter and 10 mm in height separated by a 1-mm-thick glass slide)
including bubbling of p-H, through two capillaries [100 um in outer diameter (OD) and 30 um in inner diameter (ID)]. (C) Spin echo sequence of 90° followed by a 180° rf pulse
for SEI. (D) RASER imaging sequence. For both imaging sequences, a crusher gradient is applied to destroy all coherence, while negative proton polarization is built up by
SABRE pumping at magnetic fields By of 3.9 and 7.8 mT. p-H, bubbling is interrupted to allow the solution to settle for a time At. For SEI, the image is encoded in the echo
signal. In the case of RASER MRI, the signal builds up spontaneously in the absence of any RF excitation. Frequency encoding is performed in the x and z directions.

enable imaging, the p-H, flow had to be stopped and an additional
waiting time At was introduced, which allows for the solution to
settle and the motions to halt. Now, both spin echo and 1D RASER
signals could be acquired (Fig. 3, D and G) shortly after the crusher
gradient was switched off. The acquired RASER burst in Fig. 3G is
significantly longer than the corresponding spin echo in Fig. 3D
acquired at the same gradient strength of Gz = 3.84 mG/cm.

The spatial resolution limit is given by 8z = w/(yy - G;) in con-
ventional MRI (22). This limit yields 8zgg; = 280 pum for the SEI in
Fig. 3E, and as a result, the gap and the edges of the sample are not
well resolved. However, for RASER 1D projection in Fig. 3H, the
slope at the image boundaries at the gap is more than three times
steeper. This corresponds to an estimated spatial resolution of
dzp; = 90 um. However, care has to be taken with this comparison
because the contrast mechanism for RASER MRI is based on collective
and nonlinear interaction. Spatial resolution might not be a suitable
measure for the observed hole in Fig. 3H. Instead, we examine the
sensitivity of RASER MRI to local variation in the object pg(v) com-
pared to the sensitivity of conventional MRI to local variations in the
object. Simulations support that RASER MRI is more sensitive to
small local variations in the imaged object (section S4A and fig. S7).

The measured 1D RASER image in Fig. 3H shows signal lobes
outside the boundaries of z = —4 mm, in accordance with the sim-
ulation shown in Fig. 1D. These artifacts from 1D RASER MRI
are analyzed in section S4B, and a potential correction method
is proposed.
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Experimental realization of RASER MRI: 2D demonstration
and comparison to traditional SEI

of hyperpolarized solutions

Both a 2D SEI (Fig. 4A) and a 2D RASER MRI (Fig. 4B) of the same
sample are obtained, extending 1D imaging to 2D imaging by re-
constructing from 30 angular directions. The field gradient used for
the SEI was 3.5 times larger than that for RASER MRI to obtain
comparable resolution. Each individual projection in the SEI has a
resolution of 50 um, only about an order of magnitude higher than
modern microimaging (42-44). The two semicircle-shaped halves
and the 1-mm gap are visible in Fig. 4 (A and B). These images also
display typical projection reconstruction star artifacts outside of the
imaging domain. The 2D RASER image in Fig. 4B not only shows
sharper features but also exhibits a deformed shape of the sample
and its gap, paired with several interfering lines. These lines could
be caused by the nonlinear interaction between the slices, analogous
to features observed during strong radiation damping at high mag-
netic field (45). An alternative reason could be the residual motion
in the liquid after turning off the p-H, pumping. These artifacts can
be identified in the individual 1D projections, which are used to
reconstruct the 2D RASER image (see fig. S11).

RASER MRI dependence on polarization

A stark contrast of RASER MRI to traditional MRI is the depen-
dence of RASER MRI images on the magnitude of the nuclear spin
polarization. Figure 5 shows a series of 1D RASER images and SEIs
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Fig. 3. 1D projections of a continuously pumped proton RASER, a SEI, and a RASER image. (A) Continuously SABRE pumped proton RASER signal and corresponding
fast Fourier transform spectrum (B) in the presence of a gradient G,. A Hamming window is applied to the signal before fast Fourier transform to suppress sinc wiggles.
(D) Spin echo acquired with the sequence in Fig. 2C and (E) corresponding Fourier-transformed SEI. (G) RASER burst acquired with the sequence in Fig. 2D. (H) Corre-
sponding RASER 1D projection, which is three times better resolved (8zg ~ 90 um) than the SEl in (E). Bo=7.8 mT (proton resonance frequency of 333 kHz), and no slice
selection is applied. The RASER image (H) has SNRmax =360 at At =2 s, while the SEl in (B) yields SNRmax = 140 at At =5 s. All images are phased in the absolute mode and
were measured in a single scan. (C, F, and I) Corresponding image phantom and 1D projections.

A 2D reference SEI B 2D RASER image

|G| =21.6 mG/cm

6 6 |G| = 6.3 mG/cm
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Fig. 4. 2D SEl and 2D RASER image. (A) 2D SEl and (B) 2D RASER MRI measured
at 3.9 mT. The 2D images (A and B) are obtained by projection reconstruction of
30 projections each. These 1D projections are measured with the sequence in
Fig.2 (Cand D) from different angles by varying G, and G, such that G,(2 + GZ2 =constant.
In (A), the two capillaries used for p-H, supply are visible around x=-1 mm,
z=0.5mm and x=-1.5 mm, z=-2 mm for each chamber. The RASER image (B) is
recorded at a 3.5 times smaller gradient than (A), but both spatial resolutions are
similar. The RASER image is affected by interference lines. The origin of these arti-
facts is discussed in the text and in section S5.

of the phantom, acquired with decreasing levels of polarization, i.e.,
decreasing population inversion dy. The polarization was adjusted
by implementing an increasing waiting time At between the polar-
ization step and acquisition.

For SEI, decreasing polarization entails decreasing SNR for each
image in Fig. 5A, but the shape of the image in the interval of
2 s <At <20 s (about a few T relaxation periods) remains invariant.
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The spatial resolution for the SEI is determined by the slope on the sample
boundaries with 8zgg = 50 um. This observation is in overall good
agreement with the theoretical expectation of dzsg; = w/(yn - G;) =
55 um. Although the initial negative polarization (dy) changes by more
than a factor 10 within the first 20 s, the shape of the SEIs is invariant.
This behavior exists because the widths of the underlying PSFs barely
deviate from a Lorentzian linewidth and radiation damping effects
are insignificant. At longer waiting times (At > 20 s), noise becomes
more dominant, and the shape deteriorates as more efficient relax-
ation at the walls decreases the image amplitude at the boundaries
of the sample.

In contrast, the RASER image shape in Fig. 5B strongly depends
on polarization. We attribute the differences between the two image
halves to disparities in the bubbling rates and phantom shapes (see
section S4C). In the case of low polarization (At > 15 s), the maxi-
mum amplitude of the right half of the sample is substantially
smaller, because the population inversion density pg(v) is closer to
the RASER threshold density pa'™. Because of the collective and
nonlinear nature of the contrast mechanism, the slightly larger
pa(v) of the left half substantially suppresses the amplitude on the
right half. This asymmetry in amplitude is much less pronounced if
pd(v) is further above pdth, for example, at a weaker gradient G, as in
Fig. 3H. Figure 5C shows simulated RASER images for five different
initial population inversions dy and corresponding profiles pq4(v)
(see fig. S10) to examine the origin of the RASER image distortions.
The experiment at At = 8 s matches the simulation with only one
peak (width = 0.6 Hz; fig. S9), and for the experiments At < 8 s, the
simulation qualitatively reflects the amplitude deformations and
side lobes seen in the measured images. The ripples in some images
in Fig. 5B cannot be simulated assuming a uniform division of the
RASER image into N = A/3v slices. Motional artifacts and variations
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A

Spin echo projections at
G,=19.2 mG/cm,A =65.4 Hz

B RASER projections at
G,=5.76 mG/cm,A = 19.6 Hz

C Simulated RASER projections
N=65w, =0.3Hz,A=19.6 Hz

d=2-10"

I d=1.2-10"

i =

Waiting time At (s)

55 I

. N

d=6.3-10'

d;=3.6-10"

i I
1.5 7 A
x6.4
8

Distance from center z (mm)

Distance from center z (mm)

4 8 -8 -4 0 4 8
Distance from center z (mm)

Fig. 5. Projections of measured SEI, RASER MRI at B, = 7.8 mT, and simulated RASER MRI at different waiting times At. (A) The SEl was acquired at G,=19.2 mG/cm
(8zsg1=0.055 mm) without slice selection. The shape remains form invariant up until At=20s. (B) The 1D RASER image was acquired at G,=5.76 mG/cm. At higher polar-
izations, i.e., for At <5 s, both sides of the image are governed by strong nonlinear effects. At lower polarization, At > 5 s, the amplitude of the right half in the phantom is
strongly attenuated. At At =8 s, the RASER image is reduced to one peak of 0.6 Hz width. (C) Simulated RASER images, based on Egs. 1 to 4 and on a profile p4(v) similar to
the SElin (A). These reflect the basic features at different values d (1 to V), i.e., side lobes outside of the imaging domain and nonlinear deformations. All spectra are phased

in absolute mode and normalized to the maxima of each image.

of T}, T>*, and B field over the image domain may be responsible
for the observed ripples.

DISCUSSION

The proof-of-principle experiments provided here and the corre-
sponding nascent theoretical framework motivate several new chal-
lenges and may provide an opportunity to explore the power of
alternative contrast mechanisms provided by RASER MRI. A high
sensitivity with respect to local variations in the input profile was
found, which is based on collective nonlinear interactions between all
regions of the sample. There is negligible background signal from
other protons (e.g., water or solvent) in RASER experiments. At low
magnetic fields (4 and 8 mT are demonstrated here), the RASER
signal is many orders of magnitude larger compared to the signal
of the more abundant background protons with low Boltzmann po-
larization. At higher magnetic fields (1.4 T) in RASER NMR spec-
troscopy, no proton background signals of water were observed
because the RF from the RASER active protons does not excite the
chemically shifted water protons (46). Further potential advantages are
the absence of external RF excitation (27) (e.g., caused by the trans-
mission coil), which imply minimal specific absorption rate, avoid-
ing unintended heat deposition. In addition, RASER MRI can
produce sufficient contrast with weaker magnetic field gradients,
reducing potential concerns over peripheral nerve stimulation (47).
This is a relevant concern if in vivo translation is possible. Last, the
RASER MRI theory is connected to many seemingly disjunct systems
in science and technology. The developed system of differential
equation (Egs. 1 to 4) and its solutions for the RASER MRI model
are equivalent to the fundamental equations in many other fields
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with prominent examples in synergetics (15) and nonlinear dy-
namics (14, 36,48, 49). We point the interested reader to section S6,
where several of those analogies are detailed.

MATERIALS AND METHODS

Sample preparation and setup

SABRE samples were prepared under Schlenk conditions. The sam-
ples contained 5 mM SABRE catalyst precursor [Ir(cyclooctadiene)
(1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene)Cl] (41), and
Cpyr = 100 mM pyrazine in methanol-d,. Pyrazine was chosen be-
cause it is associated with a single resonance in the NMR spec-
trum with ngpyr) = 4 chemically and magnetically equivalent
protons, ideal for RASER and SEI experiments. Three hundred mi-
croliters were filled into each chamber, giving a total sample volume
Vs =600 pl. A glass capillary [~100 um in outer diameter (OD) and
30 um in inner diameter (ID)] was introduced into each chamber
for parallel p-H, supply. During polarization buildup, p-H, was
bubbled through the solution at a flow rate of ~30 sccm and at pressure
of 2 bar. p-H, was generated using a Bruker p-H, generator at 35 K,
yielding ~94% enriched p-H, gas. The sample is located in a cylindrical
glass tube (ID = 8 mm), divided by a glass slide (1 mm in thickness) for
two-chamber experiments. The designed phantom is handmade.
The 1-mm-thick glass sheet is held in place by chemically resistant
glue. The liquid sample inside the two chambers is located in the
sensitive volume of a cylindrical NMR detection coil (10 mm in ID
and 10 mm in height), which is connected to an external resonator
with high quality factor (Qex = 360 at 166 kHz) for sensitive de-
tection of the NMR or RASER signals (28). Typically, a negative
pyrazine proton polarization of Py ~ —107> to 10 is achieved in a
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magnetic field ranging from 3.9 to 7.8 mT. These chosen magnetic
fields are close to the field By = 6.5 mT, where the SABRE 'H polariza-
tion for pyridine and similar chemical motives such as pyrazine is
maximized (18). With respect to RASER MRI, low magnetic fields
do offer the additional advantage of lower susceptibility artifacts.

Setup-specific parameters

A SABRE-induced 'H polarization of Py = -1073 corresponds to a
population inversion dy = cpyr - Vs - (=Ph) * fig(pyr) Na = 0.1 mol/1 - 6 -
1071 =(=107%) - 4, 6.022-10%/mol = 1.4 - 10". The total number of
'H spins in the sample is N, = 1.4 - 10%°. Analogous calculations yield
the initial conditions for simulations in RASER MRI explored by nu-
merical simulation and RASER MRI dependence on polarization and
the Supplementary Materials. For example, in Fig. 5, the initial popu-
lation inversion is assumed to lie between dg = 3.6 - 10'® and 2 - 10,
The "H NMR parameters of pyrazine were measured to be Ty* = 0.7 s
(Lorentzian width w = 1/(xT,*) = 0.455 Hz). T} values at different
positions were measured using the results of the SEIs versus At (see
Fig. 5A). We found T, = 5.0 s in the bulk. The measurement close
to the walls varied around T; = 2.5 + 0.5 s. For the simulations, we
chose a difference in T; between the bulk and the walls of 3 s.

The total quality factor of the combined resonator (external res-
onator and NMR coil) is Q = 100. The B, field profile from the NMR
detection coil in the center of the sample is calculated to be about
10% lower compared to the field at the edges of the sample. As the
RASER active slices interact through the B; field of the coil, the cou-
pling now depends on space, which is not accounted for in the pa-
rameter B in Egs. 1 to 3. In summary, the dependence of B, T,*, and
T on the location of the sample is the major sources for RASER
imaging artifacts. Correction algorithms for artifacts are state of the
art for high-field MRI scanners (50) and could mostly be adapted to
the artifacts presented here. The magnetic fields of the low-cost
MRI system are generated by a set of four handmade shim gradients
(Gx Gy, Gy, and Gerush) and an electromagnet producing a constant
field in the range of 0.5 mT < By < 20 mT. For our experiments, we
chose By = 3.9 and 7.8 mT corresponding to 166.6- and 333.3-kHz 'H
resonance frequency, respectively. The reference frequency of
the spectrometer is chosen such that the off-resonance frequency vy
is between 20 and 150 Hz away from the 'H resonance frequency.
The homogeneity of the By field is 1 part per million (ppm)/cm”.
The p-H; supply in a low-field electromagnet in conjunction with
sensitive external high-quality-factor enhanced (EHQE) detection
avoids the necessity of a shuttling system for rapid transport of the
sample into a high-field magnet. The G, and G, gradients were used
to obtain projections from 30 different angles (in 6° steps). All data
were acquired in a single scan. SEIs were acquired at an echo time of
1 s. 2D images were obtained after projection reconstruction of the
1D slices using a MATLAB code, written for this project. The spatial
resolution is divided into a resolution along a slice in radial and angular
direction. The radial resolution is 50 um for SEI at 21.6 mG/cm,
which corresponds to 160 points along the 8-mm sample diameter.
The angular resolution with 30 slices spanning 180° is 6°.

There are frequency shifts due to slow magnetic B, field drifts in
the order of a few ppm per minute. At 333 kHz (7.8 mT), these drifts
on a time scale of 10 min were more pronounced compared to
166 kHz (3.9 mT). The reason is thermal instability of the current
supply in conjunction with heating of the resistive By field coil. For
one 1D RASER image measured at 7.8 mT with a corresponding
RASER burst lasting a few seconds, a drift of a ppm per minute means
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less than 0.1 ppm or 0.03-Hz frequency drift. The image domain A is
typically chosen between 10 and 100 Hz (corresponding to about 20
to 200 slices for SEI), so the drift for a single 1D RASER image is
negligible. For a 2D RASER image with a total measuring time of
about 30 min for all 30 1D slices, the central frequency between the
individual 1D slices could differ by a few Hz. Thus, each 1D image
was shifted to yield the same center frequency for all 1D images
before projection reconstruction.

Simulation details

The simulations based on the model Egs. 1 to 4 were performed
using Mathematica 8. The NDSolve[] routine was used for the nu-
merical evaluation of the variables d,(t), A.(t), and ¢,(t). The com-
putation time of the system egs. S5 to S8 can be quite long depending
on the number of modes N. All parameters d,, A, and ¢, are cou-
pled in between each other in a nonlinear way by the cos and sin
terms on the right sides of egs. S5 to S7. This is the reason for many
nonlinear phenomena, which can arise in this RASER MRI model,
ranging from phase locking, collapse phenomena, nonlinear image
distortions, and edge effects to multiple-period doubling and chaos.
While there are exactly N coupling terms for A, and ¢, in egs. S6
and S7, the number of coupling terms for d, in Eq. S5 is N(N — 1)/2.
For larger numbers of slices, N > 100, the system of equations be-
comes elaborate and a large amount of computation is required.
The computation time is roughly proportional to N°, so the system
eqgs. S5 to S7 is classified as a polynomial problem. A typical numer-
ical evaluation using a personal computer takes about 60 s for
N =50 and can be many hours to days for N > 100.

For these simulations, initial conditions for d,,(0), A,(0), and ¢,(0)
are required. The initial conditions for d,,(0) at t = 0 were calculated for a
given profile pg(v) (Eq. 4). For Ny=14 - 102 'H spins, the average
value for the initial spin noise amplitude is <A> ~ (NS)”2 =1.18-10"
with a random phase ¢,(0). For the simulations, constant values were
assumed for simplicity [i.e., Ay(0) = 10'2 and ¢u(0) = 0] because the
RASER image is independent from the initial transverse spin compo-
nents [see invariance principle (III) in Introduction and section S1).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abp8483
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