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1 3Q excitation in spin 3/2

1.1 Scheme 1A
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Figure 1: The figure illustrates the preparation of non-equilibrium state in a spin 3/2 sys-
tem. The first two pulses (dotted blue box) are employed for preparing the non-equilibrium
state, while the remaining pulses are employed for creating the desired MQ coherence. The
redistribution of the spin population due to the preparatory pulses are depicted underneath.
The duration between the pulses is 2 us.

1.1.1 Density matrix calculations

To begin with, the Hamiltonian of an isolated quadrupolar spin system subjected to the
Zeeman (H,), Quadrupolar (Hg) and the RF interaction (Hpgp) is represented by

H=Hy;+ Hg+ Hpp

= —hwol, — wola, B)[312 — I(I + 1)] — 2hw; cos(wt)I,. (1)
In the above equation ‘wy’ denotes the larmor frequency and ‘wg’ depicts the quadropolar in-
teraction (wgq (a, 8) = 21?26;%1) <3coszﬁfl + gsin25 cos2a ) ). The oscillating magnetic field is

characterized by the frequency ‘w’ and amplitude ‘w;’. Since the magnitude of the quadrupo-
lar interaction often exceeds the amplitude of the RF field (wg > wy), the above Hamiltonian
is transformed into the Zeeman-Quadrupolar (Z-Q) interaction frame[l] as defined below.

Fipe(t) = eHHet ehHot o=t Hat o=t @)
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To facilitate analytic description, operators of the kind 117 were defined recently[2] to de-
scribe transitions in quadrupolar spin systems. In this representation, the index ‘q’ depicts
the order of the excited coherence |[Am| = ¢ and ‘r’ the excitation frequency through the rela-
tion, w = qwo +rwg. Employing these operators, the RF Hamiltonian in the Z-Q interaction
frame is represented by

Hgr(t) = —% [2 { <I§1)(a) + ugl)(s)> litlo—wol) | ( () i Ié”(s)) e(—it[w—wo})}
VB {(19(@) + i1 %(5)) el o) o (19(a) i1 () el Lo )
V3 { (1@ + i1 (s)) ellerlarsa@d}) o (10)(a) = ir(s) ) erler{eoraa@m ) ]
(3)

When the excitation frequency is chosen to w = wy + wg, the above equation reduces to an
effective RF Hamiltonian as represented below.

Hppepr = —han /311 () (4)

For the sake of illustration, the above effective RF Hamiltonian (exclusive of the coefficients)
will be symbolically represented by X ) in the following sections. Subsequently, the equi-
librium density operator in the conventional scheme is transformed by a frequency selective
pulse (X)) as represented below.
ﬁ(tl) —e ;»,HRFcfftlp q(o)eéHRF,effh
p(t1> _ zle(+)t1ﬁeq(o)efile(*‘)tl (5>

Employing the operator relations summarized in recent literature[1, 2], a closed form solution
for the density operator is obtained.

p(ty) =1, + L(rl( ) sin V3wt + [+0 <cos V3wt — 1) (6)

When the amplitude of the RF pulse is adjusted to (v/3w;t; = ), the density operator
reduces to a simpler form as described below.

plty) = I — 21'%) (7)

The evolution of the density operator under a sequence of frequency selective pulses with
™

filp angles (\/lg, T 7 \/lg), respectively, is evaluated and described below.

plts) = I, — 2119 — 21 ®
plts) = L+ 3157 (s) — 2189 — 219 — 31" (9)
plts) = L +31%)(s) — 2189 — 317 — 31" (10)
plts) = L + 315 (s) — 3]J(r0) — 319 — 319 (11)

1.1.2 Excitation of 3Q transitions in spin 3/2
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Excitation of TQ transitions in spin 3/2 system

Population diagram ; :capulation Excitation Profile
(A) Equilibrium state © DQ - Coherence
o TQ 1.0
| —3/2 >...—A x(0) e
i 000000 >
| —1/2 >m.|_' RF field esse -%0 5
I
|+1/2 >m.|.n_: ”  eseeee  C
| +3/2 >ee00000e ¥ e 000
Equilibrium state ¥ gD E;(.(O.) ');('_; e ;(E:)': Excitation 0-06 z z
(B) Non-equilibrium state - Time:(ms)
- a tl t2=llt3lllltl4lllltlss 10-
Excitation .
|—3/2>0000  y(0) €000  x(-) eeee x(+) ge >
000000 000000 I 000000 2 5
|- 1/2 >n_ (Y M e 2
|+1/2> ........ —) ae T) es0000 T) 000000 _
| +3/2 >e0000e Z \mnn_$ e 3 e 00 . ' J
Non-Equilibri tat ' 0 10 20 30
on-Equilibrium state Excitetion Time (us)

Figure 2: The figure depicts the efficiency of TQ excitation in spin 3/2 system employing (A) Equilibrium and (B) Non-
Equilibrium state. On the left hand side, the population distribution before and after the pulse is depicted. In panel (A), the
initial state corresponds to the Boltzmann distribution while in panel (B) the excitation is carried out from a non-equilibrium
state. The resulting excitation profile (Single crystal) from the two schemes are depicted on the right hand side. The following
parameters in the form of pulse amplitude (v, (kHz)), frequency offset (vf,; = v; — v (MHz)), the pulse duration (7; = ¢; —t;_;
(ps)) were employed in the simulations i.e. (v1;, T;, V5oi). (A) (56, t, 0). (B) (72.2, 4, 1.5), (72.2, 4, -1.5), (62.5, 2, 0), (72.2,
4,-1.5), (72.2, t, 1.5). In above simulations the quadrupolar coupling constant Cy = 3 MHz and n = 0.
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1.2 Scheme 1B

Preparation of Non-equilibrium state
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Figure 3: The figure illustrates the preparation of non-equilibrium state in a spin 3/2 system.
The first two pulses (dotted blue box) are employed for preparing the non-equilibrium state,
while the rest creates the desired coherence. The redistribution of the spin population due
to the preparatory pulses are depicted underneath. The duration between the pulses is 2 us.

1.2.1 Density matrix calculations

The evolution of the density operator under the pulse scheme 3B (see Figure 3) with flip-

angles (7?:, 3 250 3 73) is described below.

pto) = I. (12)
plt) = I — 213 (13)
plty) = I — 21'% — 41 (14)
plts) = I + 31" (s) — 31'Y — 21%) — 41 (15)
plts) = I, — 31%)(s) — 31 — 21'%) — 31 (16)
plts) = I — 3187 (s) — 31 — 31'%) — 31 (17)

1.2.2 Excitation of 3Q transitions in spin 3/2
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Excitation of TQ transitions in 3/2 system
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Figure 4: The figure depicts TQ excitation in spin 3/2 system employing (A) Equilibrium state and (B) Non-Equilibrium
state. On the left hand side, the population distribution before and after the pulse is depicted. In panel (A), the initial state
corresponds to the Boltzmann distribution, while in panel (B) the excitation is carried out from a non-equilibrium state. The
resulting excitation profile (Single crystal) from the two schemes are depicted on the right hand side. The following parameters
in the form of pulse amplitude (v, (kHz)), frequency offset (v4,,; = v; — 1y (MHz)), the pulse duration (7; = t; —t,_1 (s)) were
employed in the simulations i.e. (v1;, 7, Vfo;). (A) (56, t, 0). (B) (72.2, 4, 1.5), (62.5, 4, 0), (72.2, 2, -1.5), (62.5, 4, 0), (72.2,
t, 1.5). In above simulations the quadrupolar coupling constant is kept constant (see Figure 2).
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2 Excitation of 5Q transitions in spin 5/2 system

2.1 Scheme 2A
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Figure 5: The figure illustrates the preparation of non-equilibrium state in a spin 5/2 system.
The first four pulses (dotted blue box) are employed for preparing the non-equilibrium state,
while the remaining pulses are employed to create the desired coherence. The redistribution
of the spin population due to the preparatory pulses are depicted underneath the pulse
scheme. The duration between the pulses is 2 us.

2.1.1 Excitation of 5Q transition in spin 5/2 system
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Excitation of 5th Quantum in a 5/2 system
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Figure 6: The figure depicts the excitation of 5Q-transition in spin 5/2 system employing (A) Equilibrium and (B) Non-
Equilibrium state for a spin-5/2 system. On the left hand side, the population distribution before and after the pulse is
depicted. In panel (A), the initial state corresponds to the Boltzmann distribution while in panel (B) the excitation is carried
out from a non-equilibrium state. The resulting excitation profile (Single crystal) from the two schemes are depicted on the
right hand side. The following parameters in the form of pulse amplitude (v ; (kHz)), frequency offset (v4,; = v; — vy (MHz)),
the pulse duration (7; =t; —t,_; (us)) were employed in the simulations i.e. (v1,, 7, vf..). (A) (100, t, 0). (B) (56, 4, 3), (56,
4,-3), (44.2, 4, 1.5), (44.2, 4, -1.5), (41.67, 2, 0), (44.2, 4, -1.5), (44.2, 4, 1.5), (56, 4, -3), (56, t, 3). In above simulations, the
quadrupolar coupling constant Cg = 10 MHz and 7 = 0.
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2.2 Scheme 2B
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Figure 7: The figure illustrates the preparation of non-equilibrium state in a spin-5/2 system.
The first four pulses (dotted blue box) are employed for preparing the non-equilibrium state,
while the remaining pulses are employed to create the desired coherence. The redistribution
of the spin population due to the preparatory pulses are depicted underneath. The duration
between the pulses is 2 ps.

2.2.1 Excitation of 5Q transition in spin 5/2 system
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Excitation of 5th Quantum in a 5/2 system
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Figure 8: The figure depicts the excitation of 5Q-transition in spin 5/2 system employing (A) Equilibrium and (B) Non-
Equilibrium state for a spin-5/2 system. On the left hand side, the population distribution before and after the pulse is
depicted. In panel (A), the initial state corresponds to the Boltzmann distribution while in panel (B) the excitation is carried
out from a non-equilibrium state. The resulting excitation profile (Single crystal) from the two schemes are depicted on the
right hand side. The following parameters in the form of pulse amplitude (v ; (kHz)), frequency offset (v4,; = v; — vy (MHz)),
the pulse duration (7; = ¢; — t;_1 (us)) were employed in the simulations i.e. (v1;, 7, vsoi). (A) (100, t, 0). (B) (56, 4, 3),
(44.2, 4, 1.5), (41.67, 4, 0), (44.2, 4, -1.5), (56, 2, -3), (44.2, 4, -1.5), (41.67, 4, 0), (44.2, 4, 1.5), (56, t, 3). In above simulations
the quadrupolar coupling constant is kept constant (see Figure 6).
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3 Comparision of TQ excitation in spin 3/2 and 5/2
systems

1 . Matrix representation of T®)3 operator in spin 3/2

00 01
. 0 0 0 O
TG = 00 0 0 (18)
00 0O
2 . Matrix representation of T®3 operator in spin 5/2
000+v5 0 0
000 0 2v2 0
@3 _ _° 000 0 0 +5 (19)
3v2| 000 0 0 0
000 O 0 0
000 O 0 0

As depicted in Figure 9, the efficieny of TQ excitation is lower in spin 5/2 in comparision to
spin 3/2 i.e.,

TQspin—s/2 _ 2

TQspinf3/2 3

The above result may also be deduced from the matrix elements of the 7°¢)3

sented above.
3 3|3 3\ _,
2" 2 2" 2

5 3| @3
22

4 Frequency Sweep techniques

operator repre-

4.1 Single Frequency Sweep (SFSy/o)

11
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Figure 9: The figure depicts the excitation of 3Q transitions. Panel (A) depicts the excitation
profile of TQ transition in a spin 3/2 system in a single pulse experiment whereas panel (B)
depicts the TQ excitation profile in a spin 5/2 system employing frequency selective pulse

scheme.

4.2 Double Frequency Sweep (DFSI/O)
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Figure 10: The figure depicts the excitation of 5Q transitions in a spin 5/2 system employing
discrete frequency selective pulses and continuous frequency sweep techniques. The entire
MQ experiment is divided into three stages. 1) Preparation, [X@H][XM®][X©O][X ()] 2)
Saturation, [X (7] 3) Excitation, [X (7] X @] X®][XEH].
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Figure 11: The figure depicts the excitation of 5Q transitions employing discreet frequency
selective pulses and continuous frequency sweep techniques in a spin 5/2 system. The entire
MQ experiment is divided into three stages. 1) Preparation, [X®H][X ][ X®)[X)] 2)
Saturation, [X(?)] 3) Excitation, [X (7)][X ][ X ][ X @),
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