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Purpose: To develop a classical geometric interpretation of multiphoton excitation 
and apply it to MRI. To investigate ways in which multiphoton excitation can enable 
novel imaging techniques.
Theory and Methods: We present a fully geometric view of multiphoton excita-
tion by taking a particular rotating frame transformation. In this rotating frame, we 
find that multiphoton excitations appear just like single-photon excitations again, and 
therefore, we can readily generalize concepts already explored in standard single-
photon excitation. With a homebuilt low frequency coil, we execute a standard slice 
selective pulse sequence with all of its excitations replaced by their equivalent two-
photon versions. In the case of no extra hardware, we use oscillating gradients as a 
source of extra photons for excitation. Finally, with the multiphoton interpretation of 
oscillating gradients, we present a novel way to transform a standard slice selective 
adiabatic inversion pulse into a multiband version without modifying the RF pulse 
itself. The addition of oscillating gradients creates multiphoton resonances at multi-
ple spatial locations and allows for adiabatic inversions at each location.
Results: With Bloch-Siegert shift corrections, analytical multiphoton excitation 
expressions match with Bloch equation simulations. Two-photon gradient-echo 
images of a lemon and a pork rib match with their single-photon counterparts. 
Frequency-offset RF combined with oscillating gradients generate excitation where 
the RF alone does not.
Conclusion: The multiphoton interpretation presents new flexibilities for imaging. 
Excitation needs not be bound to the Larmor frequency, which opens doors to RF 
pulse design beyond the usual filter design and the potential for further imaging 
innovations.
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1  |   INTRODUCTION

Today’s MRI assumes single-photon excitation.1 That is, for 
each nuclear spin, a single photon accompanies the transition 
between energy states. This photon must resonate near the 
Larmor frequency. Here, we show that, instead of the usual 
single-photon resonance, we can excite multiphoton reso-
nances to generate signal for MRI by using multiple mag-
netic field frequencies, none of which is near the Larmor 
frequency. Only the total energy absorbed by a spin must cor-
respond to the Larmor frequency. One frequency must still be 
relatively close to the Larmor frequency, however, to avoid 
excessive RF field strengths and allow for practical imag-
ing. Although virtual photons instead of real photons usually 
contribute more to signal,2 we will use terms absorption and 
emission in this paper.

Multiphoton excitation has been described for NMR3-8 
and EPR.9,10 For NMR, two-photon excitation has been 
used to permit simultaneous RF transmit and receive, as 
the transmitted RF has distinctive frequency from received 
RF tuned at the Larmor frequency. For continuous-wave 
EPR, B0 modulation has been recast into a multiphoton 
excitation framework, where multiple photons polar-
ized in the z-direction parallel to B0 generate excitation 
together with a single photon polarized in the xy-plane. 
For MRI, however, multiphoton excitation has not yet been 
well explored. The idea that oscillating z-direction mag-
netic fields creates frequency “sidebands” is well known 
and has been used occasionally, both in excitation11 and 
reception.12 For excitation, it was used for simultaneous 
transmit and receive, and for reception, it was used to 
accelerate spatial information acquisition by increasing 
the receive bandwidth. However, as we will show, a mul-
tiphoton framework using Bloch equations and rotating 
frame transformations makes it clear that these multipho-
ton excitations excite extra resonances that look just like 
single-photon resonances, and concepts such as the Bloch-
Siegert (BS) shift, slice selective excitation, and adiabatic 
RF pulses readily generalize.

Although we describe an effect that is quantum mechan-
ical in name and in nature, the entirety of the analysis in this 
paper will be in a classical framework. We provide a com-
pletely geometrical interpretation of multiphoton effects. We 
show that with an extra RF coil, the standard slice-selective 
pulse sequence can be realized with all standard excitations 
replaced by multiphoton excitations. In the case of no extra 
hardware, extra photons can be provided by oscillating the 
gradient fields. In the case of oscillating gradients, the mul-
tiphoton interpretation leads to novel excitation pulse de-
sign techniques, a simple example of which is a multiband 
multiphoton adiabatic inversion pulse using only a standard 
hyperbolic secant adiabatic pulse13 on the RF side. Such a 

pulse may be useful for simultaneous multislice imaging 
techniques.14,15

2  |   THEORY

Standard single-photon excitation occurs when the RF field 
(B1) is polarized in the xy-plane, perpendicular to the main 
magnetic field B0. A variant of multiphoton effects occurs 
when we add more RF fields along the z-axis, parallel to the 
main magnetic field B0. The term RF is used very loosely to 
include any oscillation frequency. Although it is also possible 
to have multiphoton effects with RF only in the xy-plane,6 
the effects for our pulse durations were not practical for 
generating reasonable flip angles and for avoiding overlap 
with single-photon excitation, so we will not consider them 
here.

2.1  |  Two-photon excitation

2.1.1  |  Phase-modulated rotating frame

Consider two B1 fields with frequencies �xy and �z along the 
xy-plane and z-axis respectively. The total magnetic field in 
the laboratory frame is

where the RF field in the xy-plane is clockwise circularly po-
larized; B1,xy and B1,z are amplitudes of each RF field. In a 
clockwise rotating frame with an angular velocity of �rot, the 
effective Bz field is

To generate time-invariant Bz,eff , we choose

We refer this rotating frame as the phase-modulated ro-
tating frame following.3 This choice of �rot results in a 
non-stationary xy-plane RF field. To illustrate this effect, we 
examine the phase accrual of the xy-RF field in the rotating 
frame. Let � be the phase, then

(1)Bz = B0+B1,z cos(�zt),

(2)Bx = B1,xy cos(�xyt),

(3)By = −B1,xy sin(�xyt),

(4)Bz,eff = Bz−
�rot

�
.

(5)�rot = �xy + �B1,zcos(�zt).

(6)Bx,eff = B1,xy cos(�),
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By definition,

Combining Equations 4-8 gives

2.1.2  |  Resonance conditions

Equations 10 and 11 can be Taylor expanded if 𝛾B1,z

𝜔z

≪1 as

From Equations 9, 12, and 13, three potential resonances 
exist depending on the relative values of the frequencies 
(Figure 1):

•	 Single-photon resonance: if �xy = �B0, then Bz,eff = 0 and 
Bx,eff  tilts magnetization from the z-axis. This is the normal 
on-resonance condition.

•	 Two-photon resonances: if �xy = �B0 ± �z, then 
Bz,eff = ∓�z

/

�. The linearly polarized RF field By,eff  oscil-
lates with an angular frequency of �z, matching the ampli-
tude of Bz,eff , which induces resonances. These two new 
resonances correspond to state transitions where a single 
xy-polarized photon is absorbed and a single z-polarized 
photon is absorbed or emitted, depending on whether the 
xy-frequency is below or above the Larmor frequency. 
From Equation 13, just like with single photon excitation, 
by taking another rotating frame with angular velocity ∓�z 
and dividing the By,eff  amplitude by two for only one circu-
larly polarized component, in agreement with prior work, 
the effective angular nutation frequency for two-photon 
excitation is

Until this point, we have essentially followed the classical 
approach of Eles and Michal5 with two differences: arbitrary 
frequencies and separated B1,xy and B1,z fields.

2.2  |  Multiphoton excitation

If more terms are kept in the Taylor expansion of  
Equations 10 and 11, we can analyze higher-order excita-
tions with three or more photons. However, Taylor expansion 

(7)By,eff = B1,xy sin(�).

(8)�=∫
t

0

(�rot −�xy)dt =
�B1,z

�z

sin(�zt).

(9)Bz,eff = B0−
�xy

�
,

(10)Bx,eff = B1,xycos

(

�B1,z

�z

sin(�zt)

)

,

(11)By,eff = B1,xysin

(

�B1,z

�z

sin(�zt)

)

.

(12)Bx,eff ≈ B1,xy,

(13)By,eff ≈ B1,xy

�B1,z

�z

sin(�zt).

(14)�nut =
�B1,xy�B1,z

2�z

.

F I G U R E  1   Single- and two-photon excitation conditions. (A) Magnetic field setup in the laboratory frame with arbitrary frequencies for 
the xy- and z-RF fields. (B) In the phase-modulated rotating frame with �xy = �B0 −�z, there is a remaining static z-field that resonates with the 
oscillating field on the y-axis. In this case, both a xy- and z-photon are absorbed. (C) In the phase-modulated rotating frame with �xy = �B0, there 
is no remaining static z-field, and the static x-field causes the resonance. This is the standard single-photon resonance. (D) In the phase-modulated 
rotating frame with �xy = �B0 +�z, there is a remaining static z-field that resonates with the oscillating field on the y-axis. In this case, a xy-photon 
is absorbed while a z-photon is emitted
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requires 𝛾B1,z

𝜔z

≪1 . Alternatively, we can exactly expand Bx,eff  
and By,eff  using Bessel functions (Appendix), which reveals 
that for any integer n, resonance occurs whenever

and for each integer n, the corresponding effective angular 
nutation frequency is

Jn represents the Bessel function of the first kind of order 
n. n represents the number of z-axis photons in the resonance. 
As the maximum of Bessel functions occurs at gradually 
larger arguments for higher orders, larger �B1,z

�z

 is needed to 
generate multiphoton resonances. Generalizing further, if we 
have photons of different frequencies along the z-axis, we 
simply multiply another Bessel function for that frequency 
(Appendix). In the case of two different frequencies, we have 
resonances whenever

and for each n and m, the corresponding angular nutation fre-
quency is given by

As a side note, Bessel function expansion has also been 
used in the context of excitation k-space with sinusoidal gra-
dient waveforms.16,17

2.3  |  Bloch-Siegert shift

Off-resonance RF fields slightly shift resonance frequen-
cies, a phenomenon termed the Bloch-Siegert (BS) shift.18,19 
This shift also affects multiphoton excitation, as off-resonant 
RF fields are always used. The resulting BS shifts can be 
calculated based on all the off-resonant terms in the phase-
modulated rotating frame. Specifically, each off-resonant 
term adds a BS shift. To the second order, the BS shift is

where B1,off  is the magnitude of the off-resonant RF field and 
�off  is the frequency offset from the resonance, which can 
be a single-photon resonance or any multiphoton resonance. 
In theory, the number of off-resonant terms, whose ampli-
tudes are given by the integer orders of the Bessel function, 

will be infinite. The infinite sums can be approximated by 
the Carson’s bandwidth rule,20 which heuristically states that 
~98% of the power of a frequency-modulated signal will be 
contained in a bandwidth of 2 (�+1)B, where � is the peak 
modulation index and B is the highest frequency in the mod-
ulating signal. In our case, � is the largest �B1,zn

�zn

 and B is the 
largest �zn.

Consider a case with one B1,xy and two B1,z, where resonances 
occur at �xy = �B0 + k�z1 + l�z2. Then, the off-resonant 
terms in the phase-modulated rotating frame are (Appendix,  
Equation A15)

Each of these terms contributes to the BS shift as approxi-
mated by Equation 19, resulting in a total BS shift of

The summation can be evaluated numerically with 
Carson’s bandwidth rule.

3  |   METHODS

3.1  |  Numerical simulation

Bloch simulations were performed in MATLAB R2017a 
(The MathWorks, Natick, MA) using the built-in ode45 or 
ode113 solver. All xy-frequencies represent offsets from 
the Larmor frequency, as we used the rotating frame at the 
Larmor frequency.

3.1.1  |  Resonance verification

First, multiphoton resonances were verified by evaluating 
resulting transverse magnetization versus various combina-
tions of xy- and z-RF frequencies (10-ms hard pulses). RF 
in xy and z were swept from −30 kHz to 30 kHz and from 0 
to 30 kHz with a step size of 60 and 30 Hz, respectively. For 
each simulated point, B1,z was chosen such that �B1,z

�z

=1. B1,xy 
was kept at a constant 1�T .

3.1.2  |  Nutation frequency verification

Simulation was then compared with the analytical nuta-
tion frequency expressions over a wide range of magnetic 

(15)�xy = �B0 + n�z,

(16)�nut = �B1,xyJn

(

�B1,z

�z

)

.

(17)�xy = �B0 + n�z1 + m�z2,

(18)�nut = �B1,xyJn

(

�B1,z1

�z1

)

Jm

(

�B1,z2

�z2

)

.

(19)�BS =

(

�B1,off

)2

2�off

,

(20)
Bxy,off = B1,xy

∑

(n,m)≠(k,l)

Jn

(

�B1,z1

�z1

)

Jm

(

�B1,z2

�z2

)

ei((n−k)�z1+(m−l)�z2).

(21)�BS total =

(

�B1,xy

)2

2

∑

(n,m)≠(k,l)

(

Jn

(

�B1,z1

�z1

)

Jm

(

�B1,z2

�z2

))2

(n−k)�z1+(m− l)�z2

.
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field strengths and frequencies that may be encountered in 
practice. Because the analytical expressions give resonance 
nutation frequencies, simulation must consider the BS shift 
as described in the theory section. For example, if a two-
photon resonance is desired with �xy = �0 + 10,000 rad∕s 
and �z =10,000 rad∕s, and it was predicted that the BS shift 
was +87 rad∕s for this resonance, then the xy-frequency 
was shifted by the BS shift such that we still hit the de-
sired resonance. That is, for the simulation, the frequencies 
�xy = �0 + 10,087 and �z =10,000 would be used instead. 
Analytic transverse magnetizations were calculated using 
an effective flip angle obtained by multiplying the effective 
nutation frequency with the hard pulse duration of 10 ms.

3.2  |  Scanner experiments

All MRI experiments except for the multiband RF pulses were 
performed on an Aspect 1T wrist scanner (Aspect Imaging, 
Shoham, Isreal). The multiband RF experiments were per-
formed on a GE 3T MR750w scanner (Waukesha, WI).

3.2.1  |  Experiment I: two-photon excitation 
with an extra z-RF coil

Two-photon RF pulses were transmitted simultaneously with 
a commercial coil at 44.73 MHz (i.e., Larmor frequency plus 
130 kHz) and a homebuilt solenoid coil at 130 kHz (Figure 2) 
in the same manner as shown in Figure 5 of Eles and Michal.5 

The homebuilt coil, resonated and matched at 130 kHz, was 
inserted into the commercial coil, producing RF in the B0 di-
rection. The input to the 130-kHz coil was connected to a 
custom-built power amplifier (100 W, operational between 
100 kHz to 1 MHz), which was connected to an arbitrary 
waveform generator (Keysight 33600A; gated burst mode 
and 130 kHz). The gating signal was synchronized to the 
scanner’s control signal for the transmit/receive-switch, such 
that the 130 kHz signal was generated whenever the scan-
ner transmitted a RF pulse. The 130 kHz shift was chosen 
as the shift is sufficiently large to avoid single-photon reso-
nances. That is, all the frequencies transmitted by the two 
coils were outside of the range of single-photon excitation 
within the field of view. Gradient-echo images of a lemon 
were acquired with: TR/TE = 500/3.0 ms, FA = 10°, 500-
µs sincgauss pulse, resolution = 0.625 × 0.625 × 3 mm3,  
80 × 80 mm2 FOV, 10 slices, 40-kHz readout bandwidth,  
axial orientation, 66-s scan time. Gradient-echo images of  
a country-style pork rib were acquired with: TR/TE =  
500/8.4 ms, FA = 45°, 10-ms sincgauss pulse, resolution =  
0.625 × 0.625 × 2 mm3, 80 × 80 mm2 FOV, 10 slices, 40-kHz 
readout bandwidth, coronal orientation, 66-s scan time.

3.2.2  |  Experiment 2: two-photon excitation 
with gradient coils

Oscillating gradients can also provide z-axis RF. For exam-
ple, given a sinusoidal gradient vector G⃗ sin(𝜔zt), the ampli-
tude of the resulting z-axis RF is spatially linearly varying as

F I G U R E  2   Example two-photon 
scanning setup. An extra B1,z solenoid is 
aligned with B0. The control signal for 
the transmit/receive-switch (T/R switch) 
from the scanner triggers output from the 
waveform generator. The triggered 130 kHz 
signal is amplified and fed into the B1,z coil
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The corresponding flip angles are therefore also spatially 
varying following the nutation frequency in Equation 16. 
As an illustration, a copper-sulfate-solution phantom was 
non-selectively excited using the x or y gradient oscillating 
at 16 kHz in conjunction with an xy-RF offset by −16 kHz 
from the Larmor frequency. A Larmor-frequency 180° pulse 
was used to only refocus the center slice. Other parameters 
are: TR/TE = 500/8.4 ms, 700-µs excitation pulse (180° SLR 
RF pulse and 0.386 G/cm sinusoidal gradient), 700-µs 180° 
SLR refocusing pulse, resolution = 0.625 × 0.625 × 5 mm3, 
80 × 80 mm2 FOV, 2 slices, 40-kHz readout bandwidth, axial 
orientation, 66-s scan time.

3.2.3  |  Experiment 3: multiband 
multiphoton adiabatic pulse

Using gradients for multiphoton excitation opens an avenue 
for novel pulse designs. As an example, we created a multi-
band multiphoton adiabatic inversion pulse by combining a 
standard hyperbolic secant adiabatic inversion pulse with an 
oscillating gradient, in contrast to previous approaches that 
add multiple pulses together21 or periodically switch RF on 
and off.22 To implement it on the GE scanner, a fast spin 
echo pulse sequence with an inversion recovery module 
using a multiband hyperbolic secant inversion pulse was pro-
grammed in KSFoundation EPIC.23 To view the multiband 
inversion profiles, the inversion-pulse gradients were applied 
along an axis perpendicular to the fast spin echo imaging 
plane. A plot of the pulse waveforms is shown in Supporting 
Information Figure S1.

With a spherical phantom, we compared several combina-
tions of RF and gradient waveforms with an inversion recov-
ery time of 0.5 s. First, we used an 8-ms hyperbolic secant RF 
pulse with parameters A0 = 22 μT, μ = 4.9, and β = 800 rad/s.  
Adding a constant slice-selective 0.2 G/cm DC gradient re-
sults in a single inversion band. Superimposing a 3-kHz AC 
gradient with an amplitude equal to 1.5 times that of the DC 
gradient produces multiband inversion. This combination 
ensures that at the spatial locations where the local Larmor 
frequency is offset by 3 kHz from the center, �B1,z

�z

= 1.5, and 
the two-photon resonance is the most efficient resonance 
compared to any other resonance (Supporting Information 
Table S1). Similarly, at spatial locations with local Larmor 
frequencies offset by 6 kHz, we have �B1,z

�z

= 3.0  and  
the three-photon resonance is the most efficient resonance. 
Therefore, for a field of view encompassing 6-kHz offsets in 
either direction, we expect a five-band adiabatic pulse com-
posed of single-, two-, and three-photon adiabatic inversions. 
Next, a 12-ms RF pulse (μ = 4 and β = 600 rad/s) and a  

0.2 G/cm DC gradient superimposed with a 5.5-kHz AC gra-
dient were used to produce three thinner bands. Finally, to 
demonstrate unevenly spaced bands, the 12-ms pulse was ap-
plied with a 0.175 G/cm DC gradient that was superimposed 
with a 5.5-kHz and a 4-kHz AC gradient with amplitudes of 
0.2625 and 0.175 G/cm, respectively. These values were cho-
sen such that higher-order bands were not formed in the field 
of view because of negligible excitation efficiency.

Under procedures approved by our institution’s IRB, 
a healthy volunteer was scanned. For the human brain, the  
5 bands produced by 8-ms multiphoton adiabatic inversion 
pulses as in the first phantom experiment were imaged with 
inversion recovery times of 400 ms, 650 ms, and 2500 ms. 
The parameters of the fast spin echo readout were: ETL = 8,  
TR/TE = 4000/44 ms, FA = 90°, FOV = 230 × 230 mm2, 
matrix = 256 × 256, 1 slice of 2-mm thickness, 62.5-kHz 
readout bandwidth, axial orientation, 128-s scan time.

4  |   RESULTS

4.1  |  Numerical simulation

4.1.1  |  Resonance verification

The transverse magnetization generated by two perpendicu-
lar B1 pulses (B1,xy and B1,z) showed five lines of elevated 
intensity versus the 2D frequency sweep (Figure 3A). The 
center brightest line, corresponding to Δ�xy =0, repre-
sents the single-photon resonance. The two lines closest to 
the center line represent the two-photon resonances, where 
Δ�xy ≈ ±�z. The two furthest lines represent the three- 
photon resonances, where Δ�xy ≈ ±2�z. Note that with the 
fixed ratio of �B1,z

�z

= 1 , the excitation efficiency decreases 
toward higher-order resonances. To further illustrate the 
multiphoton-resonance nature, Figure 3B,C show representa-
tive time and frequency domain plots of a two-photon excita-
tion. Note that there is no component of the excitation at the 
Larmor frequency. Visualization of magnetization nutation is 
shown in Supporting Information Videos S1-S7.

4.1.2  |  Nutation frequency verification

Without BS shift compensation, there was significant devia-
tion between Bloch simulation and transverse magnetization 
derived analytically from Equation 16, especially at higher 
B1,xy strengths (Figure 4D-F). However, with the pre-com-
pensation, the simulation matches nearly exactly the ana-
lytical expressions (Figure 4A-C). The effective flip angle 
increases linearly with the strength of B1,xy (Figure 4A) but 
changes nonlinearly with increasing B1,z and �z, as J1

(

�B1,z

�z

)

 

(22)B1,z = G⃗ ⋅ r⃗ sin(𝜔zt).
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oscillates nonperiodically (Figure 4B,C). Potential deviations 
between simulation and analytical expressions may occur 
when the BS shift approximation is not accurate. The sec-
ond-order BS shift approximation used here, however, works 
well for the range of values shown. Although the amplitude 
of B1,xy has the strongest effect, all parameters influence the 
BS shift.

4.2  |  Scanner experiments

4.2.1  |  Experiment I: two-photon excitation 
with an extra z-RF coil

With a standard gradient-echo sequence, the two-photon res-
onance produces similar image quality as those of the single-
photon resonance for both the lemon and pork rib (Figure 5). 
Spatial shading (Figure 5B) is because of inhomogeneity of 
the B1,z coil and magnetic field deviations from the z-axis. 
SNR differences (Figure 5C,D) are because of different tun-
ings of the receive-coil frequency and therefore matching 
with the low noise amplifier, because frequencies were tuned 
to B1,xy transmit frequencies on the transceiver coil. Any 
other slight SNR differences may be because of inaccurate 
flip angle calibration. As such, no quantitative SNR compari-
son is made.

4.2.2  |  Experiment 2: two-photon excitation 
with gradient coils

When using gradients as a z-axis RF source, the frequency 
range is limited by the gradient slew rate, and the resulting 
RF field varies linearly in space (Equation 22). Different ex-
citation patterns corresponding to different flip angles were 
generated with Gx and Gy gradients (Figure 6A-D). When 
the z-axis RF (i.e., oscillating Gx and Gy) is turned off, no 
excitation occurs (Figure 6E), demonstrating its two-photon 
nature. This two-photon excitation differs from spatial and 
spectral selective excitation that assumes RF transmitted and 
received both at the Larmor frequency and makes a small-tip 
approximation.17

4.2.3  |  Experiment 3: multiband 
multiphoton adiabatic pulse

Figure 7 shows the expected adiabatic inversion bands on 
a spherical phantom and human brain. It is possible to cre-
ate more bands. However, as the Bessel function values be-
come more dispersed with higher-order resonances, power 
efficiency for the higher-order multiphoton adiabatic inver-
sions decrease and the total RF power needs to be increased 
to achieve full inversions for the higher-order resonances. 

F I G U R E  5   Two-photon gradient-echo 
sequence. (A) Single-photon excitation for 
a lemon. (B) Two-photon excitation for the 
lemon. (C) Single-photon excitation for 
a country-style pork rib. (D) Two-photon 
excitation for the pork rib. In (B) and (D), all 
transmit xy-RF was shifted up by 130 kHz 
and a 130-kHz square wave z-RF was 
transmitted simultaneously with the xy-RF
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F I G U R E  6   Spin-echo with two-photon excitation. (A) Image acquired after excitation with RF offset by 16 kHz and Gy gradient (up/down 
direction) oscillating at 16 kHz and (B) 1D line plot of signal versus y-axis position for a center band of the image showing linear intensity 
variations as predicted by theory for small �B1,z

�z

 and flip angle. (C) Excitation with RF offset by 16 kHz and Gx gradient (left/right direction) 
oscillating at 16 kHz and (D) 1D line plot of signal versus x-axis position for a center band of the image showing linear intensity variations. The red 
bands in (A) and (C) indicate the signal locations of (B) and (D), respectively. (E) Excitation with RF offset by 16 kHz and no gradients

F I G U R E  7   Multiband multiphoton adiabatic inversion. Multiband adiabatic inversions on a spherical phantom and a human brain with 
various parameters. (A) An 8-ms hyperbolic secant RF pulse (A0 = 22 μT, μ = 4.9, β = 800 rad/s) with a 0.2 G/cm DC gradient and a 0.3 G/cm 
3-kHz AC gradient. (B) A 12-ms RF pulse (μ = 4, β = 600 rad/s) with a 0.2 G/cm DC gradient and a 0.3 G/cm 5.5-kHz AC gradient. (C) The 
same RF as in (B) with a 0.175 G/cm DC gradient superimposed with a 5.5-kHz and a 4-kHz AC gradient with amplitudes of 0.2625 G/cm and 
0.175 G/cm, respectively. For the human brain, five-band multiphoton adiabatic inversion pulses as in (A) were imaged with inversion recovery 
times of (D) 400 ms, (E) 650 ms, and (F) 2500 ms. The white matter, gray matter, and CSF are seen to be selectively attenuated based on the 
inversion recovery time, respectively
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Other frequencies in the rotating frame of the multiphoton 
resonance may also gain relative power and affect the suc-
cess of the adiabatic pulse. Nevertheless, when producing 
multiple inversion bands, multiphoton resonances increase 
RF efficiency compared to the traditional method of adding 
independent pulses,21 as the same RF pulse produces excita-
tion in each band. In theory, to achieve at least the same ef-
fective pulse amplitude for the multiband resonances as that 
of an original single-band pulse for single-photon resonance, 
we would need to multiply the RF amplitude by the inverse 
of the minimum Bessel function multiplier. In the five-
band case with up to three-photon resonances shown, this is 
1∕J2(3.0) = 2.06. By multiplying RF amplitude by 2.06, we 
can achieve four extra bands, and if more ripple is accept-
able in some bands, RF amplitude potentially need not even 
be increased at all. In comparison to Koopmans et al,22 this 
method may be slightly less power efficient because of the 
less than or equal to unity Bessel function factor, but it allows 
for much shorter pulses as the RF is not paused for gradients. 
Furthermore, the ability to make unevenly spaced pulses is 
potentially useful. 1D simulations of the inversion profiles 
for similar pulses are shown in Supporting Information 
Figure S2.

5  |   DISCUSSION AND 
CONCLUSIONS

We present here a general approach for analyzing and im-
plementing multiphoton MRI under a classical framework. 
The approach unifies single-photon and multiphoton excita-
tion under the same mathematical framework. The approach 
is validated with both simulation and experiments.

The multiphoton interpretation predicts a type of exci-
tation that occurs even when the RF field has no frequency 
components near the Larmor frequency. In this paper, we 
have provided a way to determine the effects of such exci-
tations. With the multiphoton interpretation, true-resonance 
conditions are established, and with this knowledge, exten-
sions for shaped pulses and nonlinear effects such as the BS 
shift and adiabatic pulses follow.

Because multiphoton excitation applies RF fields with fre-
quencies significantly shifted from the Larmor frequency, one 
compelling application of multiphoton MRI is simultaneous 
transmit and receive via frequency isolation. Simultaneous 
transmit and receive MRI has been implemented in other 
ways,24-27 and provides the advantage of high imaging ef-
ficiency without dead time and high SNR with minimal  
T2 and T∗

2
 decay, especially useful for imaging short-T2 spe-

cies. However, as Brunner et al11 also noted for sideband ex-
citation, such a scheme with multiphoton excitation may be 
most practical at low main magnetic field strengths. This is 
because the efficiency of multiphoton excitation depends on 

an absolute, not relative, offset from the Larmor frequency. 
A simultaneous transmit and receive scheme would require 
filters to separate the transmit frequency from the received 
frequency. Separating a 100 kHz and 50 kHz transmit and 
receive would be much easier than separating a 100.1 MHz 
and 100.05 MHz transmit and receive. Furthermore, at low 
fields, SAR from the decreased excitation efficiency is a 
smaller concern, and larger RF fields are easier to produce at 
lower frequencies.

Multiphoton MRI offers a new way to explore novel con-
trast for MRI. Although, post multiphoton excitation, the 
magnetization evolves similarly as in single-photon exci-
tation, the multiphoton excitation pulses can alter signal evo-
lution during excitation. For example, excitation RF is known 
to affect relaxation rates such as with T1� and the recently 
described relaxation along a fictitious field.28 Multiphoton 
excitation provides a new way to manipulate multiple RF 
waveforms and sample various interaction time scales. For 
example, a B1,z field could be chosen to be in sync with bio-
logical or chemical processes of interest and impact the cor-
responding MRI signal. The choice of multiphoton excitation 
RF frequencies could also alter the effect of magnetization 
transfer and chemical-exchange saturation transfer.

Finally, multiphoton MRI offers extra degrees of freedom 
for designing excitation pulses. As already shown, a simple 
single-band adiabatic inversion pulse may be made multiband 
via a proper choice of gradient waveforms. In general, for 
slice-selective excitation, RF pulse design can be extended 
beyond the usual filter design. For more general 3D selective 
excitation, an image space multiphoton excitation framework 
could be used instead of excitation k-space.29 Without a small 
flip angle approximation, but with some BS shift approxima-
tions, excitation at each spatial location for time varying RF 
and gradients may be calculated. As gradient30,31 and tradi-
tional RF coils gain more channels and spatial–temporal flex-
ibility, much more can be achieved using multiphoton MRI to 
encode spatial, spectral, and temporal information.
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SUPPORTING INFORMATION
Additional Supporting Information may be found online in 
the Supporting Information section.

FIGURE S1 Example multiband adiabatic pulse waveforms. 
Waveform plot for multiphoton multiband adiabatic inversion 
pulse generated by KSFoundation Epic’s sequence plotting. 
In this case, The DC gradient is 0.2 G/cm, the AC gradient 
is 1.5 times the DC gradient strength, and the hyperbolic se-
cant RF pulse has nominal parameters A0 = 22 μT, μ = 4.9, 
β = 800 rad/s. The pulse duration is 8 ms. The AC gradient 
frequency is 2737.5 Hz, which leads to a maximum gradient 
slew rate of 51.6 T/m/s, which is well within standard hardware 
capabilities
FIGURE S2 Example multiband adiabatic pulse simula-
tions. An 8 ms hyperbolic secant RF pulse with parameters 
A0 = 22 μT, μ = 4.9, β = 800 rad/s is simulated with (A) only 
a DC gradient, (B) a DC gradient and a 5475 Hz gradient 
with 1.5 times the amplitude of the DC, and (C) a DC gradi-
ent and a 2737.5 Hz gradient with 1.5 times the amplitude of 
the DC. One, three, and five adiabatic inversion bands can re-
spectively be seen in the field of view. Red numbers indicate 
the full width half maximum (FWHM) in kHz. Any slight 
differences in FWHM may be because of slight asymmetries 
in the BS shift or numerical error
TABLE S1 Example Bessel function values. Note that as the 
ratio of z-axis RF strength to frequency increases, higher order 
multiphoton effects start to become non-negligible. Also note 
that multiphoton efficiencies oscillate with the ratio, and the 
zero crossings of Bessel function are not quite periodic
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VIDEO S1 Two-photon excitation simulation with lower B1,z.  
The magnetization vector nutation path is visualized in 3D 
for a two-photon excitation in the Larmor frequency rotating 
frame. The xy-RF frequency is pre-compensated for BS-shift 
as described in the main text. An ~360° hard pulse is simu-
lated. �z was chosen to be relatively small so that the mag-
netization vector movement can be easily followed visually. 
For visualization purposes, the red line representing the mag-
netization path gets darker in color with decreasing z-position
VIDEO S2 Two-photon excitation simulation with medium 
B1,z

VIDEO S3 Two-photon excitation simulation with higher 
B1,z

VIDEO S4 Two-photon excitation simulation with higher 
B1,xy

VIDEO S5 Two-photon excitation simulation with below 
Larmor �xy

VIDEO S6 Two-photon excitation simulation with large �z

VIDEO S7 Three-photon excitation simulation. The same 
as Supporting Information Video S3, except that the xy-RF 
frequency is set to satisfy a three-photon resonance with the 
corresponding BS-shift compensation

How to cite this article: Han V, Liu C. Multiphoton 
magnetic resonance in imaging: A classical description 
and implementation. Magn Reson Med. 2020;84:1184–
1197. https​://doi.org/10.1002/mrm.28186​

APPENDIX 

GENERAL MULTIPHOTON 
EXCITATION WITH A SINGLE 
XY-PHOTON
In the phase-modulated rotating frame, we have

Equations A2 and A3 can be combined to form

With Jn representing the Bessel function of the first kind 
with integer order n, the generating function of the Bessel 
function of the first kind is

Let z= ei�zt, then i ⋅sin(�zt)=
1

2

(

z−z−1
)

. Equation A4 
becomes

This is known as a Jacobi-Anger expansion. From 
Equations A1 and A6, resonances occur whenever

and for each n, directly from the amplitude in the phase-modulated 
rotating frame, the effective angular nutation frequency is

MULTIPHOTON EXCITATION WITH 
ONE B1,xy  AND TWO B1,z  FIELDS
In this case, Bz = B0 + B1,z1cos(�z1t) + B1,z2cos(�z2t) with a 
single B1,xy field. In our phase-modulated rotating frame, the 
effective fields are

Let � =
�B1,z1

�z1

 and �=
�B1,z2

�z2
, Equations A10 and A11 can be 

rewritten in complex notation as

Or equivalently,

(A1)Bz,eff = B0−
�xy

�
,

(A2)Bx,eff = B1,xycos

(

�B1,z

�z

sin(�zt)

)

,

(A3)By,eff = B1,xysin

(

�B1,z

�z

sin(�zt)

)

.

(A4)

Bxy,eff = B1,xycos

(

�B1,z

�z

sin(�zt)

)

+ iB1,xysin

(

�B1,z

�z

sin(�zt)

)

= B1,xye
i
�B1,z

�z
sin(�zt)

.

(A5)e
x

2
(z−z−1) =

∞
∑

n=−∞

Jn(x)zn.

(A6)
B1,xye

i
�B1,z

�z
sin(�zt) = B1,xye

�B1,z

2�z
(z−z−1)

= B1,xy

∞
∑

n=−∞

Jn

(

�B1,z

�z

)

ein�zt.

(A7)�xy = �B0 + n�z,

(A8)�nut = �B1,xyJn

(

�B1,z

�z

)

.

(A9)Bz,eff = B0−
�xy

�
,

(A10)Bx,eff = B1,xycos

(

�B1,z1

�z1

sin(�z1t)+
�B1,z2

�z2

sin(�z2t)

)

,

(A11)By,eff = B1,xysin

(

�B1,z1

�z1

sin(�z1t)+
�B1,z2

�z2

sin(�z2t)

)

.

(A12)
Bxy,eff = B1,xy cos

(

� sin(�z1t)+� sin(�z2t)
)

+ iB1,xysin
(

� sin(�z1t)+� sin(�z2t)
)

.

(A13)

Bxy,eff = B1,xyei(� sin(�z1t)+� sin(�z2t)) = B1,xyei� sin(�z1t)ei� sin(�z2t).
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Plugging Equation A6 into Equation A13 results in

Equation A15 shows that in the phase-modulated rotat-
ing frame, xy-RF has angular frequencies of n�z1+m�z2.  

Therefore, from Equations A9 and A15, resonances occur 
whenever �xy = �B0+n�z1+m�z2, and the effective angular 
nutation frequency for n and m is

For more than two frequencies along the z-axis, the 
analysis straightforwardly extends to having more mul-
tiplied Bessel functions, one for each new frequency 
involved.

(A14)Bxy,eff = B1,xy

∞
∑

n=−∞

Jn (�) ein�z1t

∞
∑

m=−∞

Jm (�) eim�z2t,

(A15)Bxy,eff =

∞
∑

n=−∞

∞
∑

m=−∞

B1,xyJn (�) Jm (�) ei(n�z1t+m�z2t).

(A16)�nut = �B1,xyJn

(

�B1,z1

�z1

)

Jm

(

�B1,z2

�z2

)

.


