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The vortex structure of wave packets on the transversal or spatiotemporal plane can significantly enhance
their shifts during the reflection and refraction. These shifts are classified into six types: Goos-Hinchen shift
within the plane of incidence, Imbert-Fedorov shift perpendicular to the plane of incidence, longitudinal shift,
together with three counterparts of angular shifts. Here, we analytically derive the expressions for these shifts
for three-dimensional spatiotemporal vortex wave packets that carry orbital angular momentum of arbitrary
orientation. It is found that the influence of the optical configurations (e.g., incident angle, refractive index,
etc.) on the shifts can be described by a deformation tensor, while that of the wave-packet structure is an
isotropic one. Interestingly, the spatial and angular shifts induced by the topological charge can be attributed
to two topologically distinct tangent vector fields on the spheres, respectively. Also, the conservation laws of
transverse linear momentum and vertical angular momentum are revisited. Our studies may find potential in
spatiotemporal pulse shaping and shed light on the recent controversy regarding the definition of intrinsic orbital
angular momentum for a spatiotemporal vortex pulse.
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I. INTRODUCTION

The problem of plane-wave refraction and reflection on
planar interfaces can be resolved using Snell’s law and the
Fresnel equations [1]. Pertaining to a realistic light pulse,
such as a Gaussian wave packet, it exhibits a finite frequency
and spatial broadening along its central wave vector. The
superposition of infinite plane waves can cause the spatial
centroid of the reflected and transmitted pulses to deviate from
the origin. These shifts include the Goos-Hénchen (GH) shift
within the incident plane, perpendicular to the propagation
direction, which is associated with the spatial gradient of the
Fresnel coefficients [2,3]. While the shift along the propaga-
tion direction caused by the frequency dependence of Fresnel
coefficients can lead to a longitudinal shift or temporal delay,
known as the Wigner time delay [4,5]. The shift perpendic-
ular to the incident plane is termed as the Imbert-Fedorov
(IF) shift [6,7], with the most notable characteristic being its
dependency on the handedness of the light’s circular polariza-
tion state, which consequently leads to the spin Hall effect
of light [8—11]. These shifts are on the same order of the
wavelength and is related to its polarization state. Similarly,
during the reflection and refraction processes, angular shifts
or momentum shifts also occur probably, analogous to the
aforementioned types [12—14]. These shifts are of the same
order of the inverse of the Rayleigh length. Intriguingly, for
higher-order vortex beams, these shifts are proportional to the
topological charge [15-18].

Previous research has predominantly concentrated on the
monochromatic vortex-structured beams with the orbital an-
gular momentum (OAM) along the propagation direction,
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but rarely care about spatiotemporal coupled vortices, mainly
because that it is not a long time after the experimental dis-
coveries and manipulations of these spatiotemporal vortex
wave packets (STVPs) [19-21]. These pulses, carrying OAM
perpendicular to the propagation direction, provide a novel
degree of freedom for photon manipulation, thereby holding
substantial research value. Notably, Mazanov and Bliokh et al.
recently reported their studies about the shifts of the STVPs
in planar reflection and refraction, using a methodology akin
to the analysis of monochromatic vortices to calculate these
shifts [22]. They focused on two specific wave packets—
type A and type B—with the vortex axes perpendicular to
the propagation direction and a two-dimensionally broadened
envelope. In general, the spatiotemporal coupled vortices can
be arbitrarily oriented in space and can be prepared using
various devices such as customized photonic crystal [23],
astigmatic mode converter [24], tight-focusing lens based
on spin-orbit coupling [25], a 4Pi optical configuration or
a spatial chirp [26,27]. It just forms the incentive of our
present work to provide a theoretical study for these shifts
of a three-dimensionally polarized STVPs with an arbitrary
spatially oriented OAM on planar reflection and refraction.
First, we analytically derive the expressions of these shifts
at the second-order correction approximation of wave vec-
tors. We also verify the reliability of analytic solutions by
comparing with precise numerical results. Second, by distin-
guishing the influences of configuration and the wave packet
intrinsic structure, we reveal the mechanism of the influence
of the orientation of OAM on these pulse shifts. This uni-
fied description establishes a connection between traditional
monochromatic vortices and STVPs. Finally, we also examine
the conservation laws involving transverse momentum and
angular momentum (AM).

©2024 American Physical Society
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FIG. 1. The schematic diagram of reflection and refraction of a tilted STVPs at a planar interface is shown in panel (a). we use red, cyan,
and blue arrows to denote the orientation of vortex lines of the pulse at incidence, reflection, and refraction, respectively. Their OAM directions
are also denoted by red arrows. Shifts of centroid of the pulse include spatial shifts (O — O0’*) and angular shifts (0 — O"*). Isointensity
surfaces in the wave-vector space for the tilted STVPs at different stages: (b) incidence, (c) reflection, (d) refraction under the first-order
wave-vector approximation, and (e) refraction under the second-order wave-vector approximation.

II. ANALYTICAL EXPRESSIONS FOR THE SHIFTS
OF TILTED SPATIOTEMPORAL VORTEX WAVE PACKETS

As shown in Fig. 1, we consider an incident STVP with the
vortex line along an arbitrary direction characterized by the
azimuth © and the elevation & relative to the accompanying
coordinate frame (X', y, Z) for the incident pulse. Similarly,
the accompanying coordinate frames for the reflection and
refraction are denoted (X", y, Z") and (X', y, Z"), respectively.
We use the superscript a = i, r, ¢ to represent incidence, re-
flection, and refraction, respectively. According to Snell’s law,
the STVP incident along the Z' axis with an incidence angle
6y defines a refraction angle 6 = arcsin(n, I'sin 6y), where ng
is the refractive index.

The three-dimensional (3D) field of the incident pulse of a
longitudinal vortex line (i.e., ® = 0) can be described by the
Laguerre-Gaussian (LG) function with radial index zero and
topological charge /,

~i _ 02 o2 4w ydwd

E'(u,v, w)=Nu+isgn(Ov]lle= 5 & (1)
where u = kxi/ko, v =k, /ko, and w = (kzi — ko)/ko are the
relative deviations from the central wave vector along X iy,
and Z', respectively. kg is the central wave number, wo'is the
spatial waist. N, is the normalized factor and & = X ey +
e’e, is the normalized Jones vector of uniformly distributed
polarization of the field in the transverse plane, where we
use the superscripts X’ or y to denote its corresponding com-
ponent. Although Eq. (1) only gives the spatial envelope of
the pulse, it also determines the temporal envelope according

to the dispersion relation. For example, in free space, the
longitudinal spatial waist wy also determines that the pulse du-
ration equals wq/c. Hereafter, we conduct our analysis within
the three-dimensional spatial domain and will not repeat the
temporal aspect. The pulse in free space carries intrinsic OAM
with a value of [ /wey: per unit intensity, where ey is the unit
vector along Z'. In general, the field of the STVP with titled
angle (®, @) can be described by

E'(u, v, w) = N;[u' + isgn(l)v']"
x exp [—1u? +v? + wHGwile. ()

Here we introduce new parameters (u/,v',w’), which
are connected with the original parameters (u,v,w) by
@, v, w)T =R(®, ®)(u, v, w)". The related rotation ma-
trix is
cos®cos® cos®Osind® —sin®
R(®, d) = —sin ® cos @ 0 . (3
sin®cos® sin ®sin ® cos ®

It should be noted that the orientation of vortex line in
space is the same as that in wave-vector space. The intrin-
sic OAM of this titled STVP becomes le,/w, where e, =
(sin ® cos @, sin ® cos @, cos ®)T is the unit vector of the
vortex line. The isointensity surface of the field in wave-vector
space at incident and reflection or refraction are displayed in
Figs. 1(b)-1(e).

For the pulse with finite size, the refracted wave
vectors around the central wave undergo inhomogeneous
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recombination based on Snell’s law, and the reflected wave
vectors experience a sign reversal along the X¢ axis. In the
paraxial and quasimonochromatic approximation, the first-
order connection of the three components of the wave vectors
between the refraction and reflection pulse and incidence
pulse can be written as [18,22]

ke = koy“u, (4a)
ki® = kov, (4b)
KD = kond(w + 1), (4c)

where y" = —1, y' =cosby/cosbj, nj =1, and nf) = n.
Hereafter, we refer these shifts as the first-order terms of
the wave vector. For the longitudinal wave vector given in
Eq. (4c), what we care about is the deviation from the central
wave vector k5, = k7, — njko. Here, we also analytically
derived the second-order approximation of Snell’s law (see
Appendix A), where the second-order terms for the refraction
wave vectors can be written as

ko tan 0} (712 — 1) u?
KD — (A& +02) 54
X 2ny 005296 (52)
k() (n2 - ) u2
kt(,H) — 0 + U2 . Sb
“ 2ny  \ cos®6} ©b)

In the derivation, we have also assumed that the medium’s
chromatic dispersion is sufficiently small to be ignored. The
final calculated shifts thereby do not include the Wigner
delay, Our subsequent derivations are also based on this
approximation.

For a given field in the wave-vector space, the angular (or
momentum) and spatial shifts can be obtained by calculating
the expectation values of the wave vectors and spatial opera-
tors. The physical meaning of spatial shift is the deviation of
the pulse’s energy centroid relative to the pulse’s center (the
origin of the accompanying frame that moves with the pulse at
the group velocity). Angular shift is the deviation of the aver-
age wave vector relative to the central wave vector, which can
be transformed into the spatial shift during the propagation of
the pulse (see Appendix B), as also shown in Fig. 1(a). The
spatial or angular shifts are uniformly described by Eq. (B9)
in Appendix B. We calculate these shifts at the moment r = 0
when the incident pulse just reaches the interface.

Next we describe the overall approach to solving this
problem: Since the amplitude of the refracted and reflected
pulse can only be determined using Fresnel’s formula, we
must calculate them under the wave-vector representation,
where the position X¢ becomes the operator form X% = ; V¢,
We can replace the parameters from the refracted (reflected)
wave vectors to the incident wave vector, then the position
(wave vector) of the refraction (reflection) becomes a func-
tion of the incident wave vector. These functions have been
calculated in Appendix A, and the functions describing the
fields are also given in Appendix B. Eventually, Eq. (B9)
is then written as an integral that depends explicitly on the
parameters (u, v, w). For example, the shift of variable O“ in

the refraction or reflection can be calculated as
fffj;o [E*(u, v, w)]-I-OA“E“(u, v, wdudvdw

(0“)“ - +o00 | §ad
JI70 B (u, v, w)|Pdudvdw

El

where O is the operator for this variable, Ea(u, v, w) is the
field of the refraction or reflection and can be obtained by
applying Fresnel’s formula to the incident field. Note that the
Fresnel coefficient matrix generally depends on the direction
of wave vectors and frequencies. In the paraxial and quasi-
monochromatic approximation, we only need to consider their
first-order terms relative to u, v, w, which is referred to as the
effective Jones matrix and has been calculated in Ref. [18],
see also Eq. (B7) in Appendix B. They can also be used in our
case when the chromatic dispersion (or the difference between
group velocity and phase velocity) can be ignored.

Meanwhile, in the first-order approximation of the wave
vectors associated with the relative deviation from the central
wave vector, the spatial operators can be described by

. 1 9

X0 =i——, (Ta)
koy® ou
19
il = 7b
Va lkoav (7b)
N 1 9
20 = j——, (7c)
kon® dw

We have also derived the expressions of spatial operators
under the second-order approximation (see Appendix A), and
the second-order terms are
N n—1 a
X = Uil I - )2 u—, (8a)
koy'ngcos“0y dw
s _ itanQO(né -1) 3 l(ng —1)
! kon? u kond  dw

2! — 0, (8¢c)

The angular and spatial shifts can be obtained by substi-
tuting the related operators and effective Jones matrix into
Eq. (6) and solving the integrals. For the fundamental Gaus-
sian incident pulse, the calculation yields (see more details in
Appendixes C and D)

a a, a a,0 a a,0
<kX“,y.Z“ )0 ' = (kxg)» Z“>0 (kx(ﬂH\) Z">() ’ (9a)
a, 9 1n Q%2
o = 2 ;;ff (9b)
(k)" = ngko, (%)
R X%y a zya _(fa 2Ya
(k;(l))gvo 6(6 € )[(f ) (fv ) s ] Quz’ (9d)
(-0
(k") = <COS + 2) 7y tan 0., (9¢)
(D10 ”0 -1
<kZl >O (cos 2) 4noD’ N
) *ey fa a
<ya(1)>80 k ( )[( ) ( ) ] (9g)
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Here the shifts have been decomposed into two parts:
the first-order terms (I) and the second-order terms (II), in
which f}{ is the Fresnel coefficients of the central wave
vector (subscripts p and s denotes the components paral-
lel and perpendicular to incident plane, respectively), Q% =
|f[‘feX'|2 +|f%"%, and D = kowg/Z is the Rayleigh length.
Equations (9b) and (9e) represent the first- and second-order
angular GH shifts, respectively, whereas Eqs. (9c) and (9f)
represent the first- and second-order longitudinal wave-vector
shifts, respectively. Particularly, Eqgs. (9d) and (9g) give the
angular and spatial IF shifts, which do not have the second-
order terms. Change of the fundamental Gaussian pulse
orientation keeps the shifts invariant due to its rotational sym-
metry. As we can see, the first-order terms depends on the
polarization, as were also reported in Refs. [18,22], while
the second-order terms of the angular shifts are still of the
same order of D!, independent of polarization. Also, we can
see the relation between the second-order terms in Egs. (9¢)
and (9f),

cos kM) + sin G (kL) = 0, (10)

For spatial shifts, the nonzero term is the IF shift of refraction
due to the partial refraction and reflection. The longitudinal
spatial shift also is absent because the chromatic dispersion is
omitted.

When the higher vortex structure is introduced into the
pulse, the pulse will acquire additional shifts that depend on
both the orientation and topological charge /. The calculation
yields the first-order terms of angular shifts (see Appendix C),

(ko o = (k;9>)g’° + 11 |:(1 - sin2®coszd>)(k§(ul))g’o

_,V“““228“12¢(%“WZ°]s (11a)
(ke | = (o) ] [(1 — sin’@sin’ ) (kD)
- —51“2‘3;1“ 20 (k;EP)g'“], (11b)
<ka(l))() . (k“(”) —] [W(,&m)g,o
+_ngsh12§Dcos(D<kgav§o]’ (110)

and the second-order terms,

_ (1=n)

a(Il)
<er >® @ 4]’10D

|
)}

a (5 —1) !
<sz11)>0 o = £—D|:(|l| + )( <60 )
2

9 cos”d
—|l|sin“®

cos“6y

1
tan )| (11| + 1
an 0|:(| | )<00520

5 [ cos’d
— |1|sin“® 5
cos“ 0y

+ Sin2<I>> + 1}. (12b)

We can see from Egs. (11a)—(11c), the shifts of wave
vector are linearly dependent on |/|. In addition, the second
and third terms on the right-hand side of Egs. (11a)—(11c)
demonstrate self-coupling and cross-coupling behaviors, re-
spectively. They are tunable by adjusting the orientation angle,
® and . When the angles, ® and &, are both chosen as 7 /2
(or /2 and 0), the first-order terms reduce to the results of
type A (or type B) reported in Ref. [22], except for the cross-
coupling terms. When our 3D model degenerates into the
two-dimensional (2D) model in Ref. [22], the cross-coupling
terms disappears due to the infinite Rayleigh length along
the corresponding direction, leading to the complete agree-
ment of our present results with those presented in Ref. [22].
The cross-coupling between two transversal components and
longitudinal component also give rise to the shifts in k;f,l).
For the case of the vortex with longitudinal orientation (i.e.,
® =0 and ® = 0), all the cross-coupling terms just disap-
peared, where the first-order terms are the same as those for
the monochromatic beam [16]. It is suggested that we can
choose some specific ® and & to maximize (or minimize)
the sensitivity of these shifts to the OAM, as discussed in
the next section. Besides, the additional second-order terms in
Egs. (12a) and (12b) have the same relationship as Eq. (10).

Meanwhile, we can derive the first-order terms of spatial
shifts for a tilted vortex pulse as (see Appendix D),

2

(XD o = l— cos @(k“)a 0 (13a)
a,,2
0 = 57— P cos oV, (3t
Y w2 . . a,0
(Z98 o = lZnO())/ — sin © sin (k"))
wé . a\a,0
— ZF sin ® cos <I>(k), )o , (13¢)

un)

which represent the spatial GH shifts, IF shifts, and longi-
tudinal shifts, respectively. At the same time, we have the
second-order terms (see also Appendix D)

I'sin © sin d(n} — 1)

x'ye = — : 14a
( Jo.o 2koy* cos*Oon} (142)
H(IDva cos ® tan Qo(n% — 1)
0" N6 =1 5
’ Zkoi’lo
sin ® cos <I>(n(2) — 1)
l 5 , (14b)
2k()l10

which rely on / linearly. The independence on spatial waists
or duration time of pulse suggests the robustness of spa-
tial shifts. Another most striking feature is that the angular
shifts can be exchanged to the spatial shifts through the vor-
tex structure [17]. For some specific ® and &, Egs. (13)
and (14) reduce to the results reported in Refs. [16,22]. In-
terestingly, the first-order terms were interpreted as the real
spatial shifts induced from imaginary angular shifts [18],
while the remaining terms including (y“)§ and second-order
terms are related to the spin Hall effect and OAM Hall effect,
respectively.
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FIG. 2. Analytical results (curves) and numerical results (symbols) for angular and spatial shifts of the refracted (¢) and reflected (r) STVPs
with a topological charge / = 1 and an orientation of ® = 7 /3 and ® = /6, as a function of the incidence angle 6,. Several parameters are
chosen as follows: the refractive index of the medium ny = 1.5, wavelength A = 632 nm, waist wy = 201 wum, and transversal polarization

e, =[(1+i)ey +el/+/3.

In the derivation of the above analytical expressions, two
approximations have been made: a second-order approxima-
tion for the correlation between the incident and refracted or
reflected wave vectors (see Appendix A), and a first-order
approximation for the Fresnel field transformation matrix (see
Appendix B). To confirm the accuracy of these derived an-
alytical expressions, we have conducted precise numerical
simulations of these shifts without these approximations by
directly utilizing Eqgs. (A2) and (B2). We display in Fig. 2 the
curves of the spatial and angular shifts as the incident angle
is changed. As can be seen from the figure, the magnitudes of
spatial shifts (first column) and angular shifts (second column)
are at the orders of D! and k™!, respectively. As the incident
angle increases from 0 to 90 degrees, most of these shifts
also increment from nearly zero to their maximum values.
However, there are some exceptions. For instance, the angular
shift k! of the reflected pulse reaches a maximum near the
Brewster angle [14], which also results in an enhancement
when it is cross-coupled to spatial shifts X" or Z", as shown
in Figs. 2(d) or 2(f). The longitudinal angular shift §k/ is not
zero even when the incident angle is zero, mainly contributed
by the second-order terms, as can be seen from Eqgs. (9e)
and (12b).

III. INFLUENCE OF THE ORIENTATION OF VORTICES
ON THE SHIFTS

There is a more intuitive way to show spatial and angular
shifts given by Eqs. (11a)—-(14b). As shown in Appendix C, the
expectation values of u, v, and w have a simpler relationship
with their expectation values for the fundamental Gaussian
pulse,

(6.0 — (U)o (u)o
oo — s | =1TO, )] W |, A5
(w)g.o — (U)o (w)g
where
1 0 0
7O, ®)=R'©,®)] 0 1 0 |R@O, ),
0 0 0

(u,v)§ #0, and (w)j =0. In wave-vector space, we
can define a constant fundamental vector fJS = (u)gex« +
(v)gey + (w)iez«, which can also be represented in the
form fJS = (u)Gexe + (V')jew + (w')jez« in the frame
(X", y*,Z") aligned with the vortex line of the inci-
dent pulse [i.e., (€x«, €y, €z4) = (€xra, €ye, €7¢)R(O, @)]. The
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components can be obtained from the original one by
()5, ()5, (W) = RO, Y((u)5, (v)§, (w)§)". We can
also define the vector Ug 4 for the titled high-order vortex
pulse in a similar way. Then, Eq. (15) can be further written
as

(U)g.e = (11 + D), (16a)
(6.0 = (1] + D{)g, (16b)
(w)g o = (w)§. (16¢)

The above equations indicate that the high-order components
parallel to vortex plane are |/| 4 1 times the fundamental com-
ponents, while the component parallel to vortex line remains
unchanged. We can write Ug, 4 as

Ub.0 = U5 + [(exe - Uex + (e - Tley]. (1)
This relation, unaffected by the optical property of the
medium and environmental configuration, is only dependent
on the pulse structure including the spatial and polarized parts.
Thus we refer to U, , as the isotropic angular-shift vector. Tt
can be regarded as a natural extension of the coupling rela-
tionship of the longitudinally orientated case [18]. According
to Eq. (4), the angular shifts are just equal to the product of
koUg ¢ and

A ye 0 0
fe=10 1 o], (18)
0 0 nt

which describes the environmental configuration including the
incidence angle and the refractive index of the material. By
substituting Egs. (17) and (18) into Eq. (4), we obtain the re-
lations of the first-order angular shifts between the high-order
and fundamental cases,

DAKS, = DAKG + |11[(€§)  DAK &

+ |1|[(e;,¢,) DAKG &, (19)

where the vector AkQ is defined by (k)”((al))O oexe +
(k;’(l’)O o€ + (3k5) ez, being scaled by D~'. Here &.. ¥
and %o ya are the vectors on the vortex plane of pulse in

wave- vector space (i.e., eX,a o = R ex« ye) and in spatial

space [i.e., eX,a v = (F*)~ exm wa], respectively. In fact, the
basis (€., €., €7.) is the dual ba51s of (€5, e),u, €..). Both
of them are nonorthogonal bases due to deformation. The
last two terms on the right-hand side of Eq. (19), parallel
to the vortex plane, are actually the tangent components of
AKk{ based on parallelogram decomposition, characterizing
the angular-angular coupling.

The above procedure can also be employed to analyze the
spatial shifts. The expectation values of i9,, id,, and id,, have
the following relationship:

(i04)6 o — (i0,)5" (u)g”
(i9,)8 o — (i9,)5° | =1T(©, &) (e |. (20)
(i00)% o — (9)5° (w)g?

where
0O 1 0
T(©,d)=kDR' (O, &) -1 0 0 |R®O,P.
0O 0 O
We can also refer to Ug ¢ = (i0u)§ p€xe + (i04)6 o€ +

(i0w)@, pze as the isotropic spatial- shift vector. Then, the

spatial-shift vector Arg 4 equals ky ()~ IU“)(D For the
components of the frame (X", y/, Z’“) Eq. (20) can be further
simplified as

(i0)6 ¢ = (i0s)§ + lkoD{v"), (21a)
(i), = (idy)g — LkoD(V')G, (21b)
(i0w) 6. = (i0u)g- (21c)
Eventually, we obtain the relation for spatial shifts,
koAreY), = koArg + I (%) DAKS e
—1[(e4)" DAKE] e, (22)

where the vector Argy is defined by (X“0)¢ jexs +
(D)E pey 4+ (28 peze, being scaled by k;'. Distin-
gulshlng from the angular—angular coupling, angular—spatlal
coupling features the rule of projection decomposition and
cross-correlation between the X' and y™“ direction, as indi-
cated in the last two terms on the right-hand side of Eq. (22).

The above coupling mechanisms have also been vividly
depicted in Fig. 3. We have identified every orientation as
an intersection point of the direction vector and an ellipsoid,
where the ellipsoid is the same as the isointensity surface of
the fundamental Gaussian pulse. The point is also employed
as the starting point of the shift vector. In this way, these
ellipsoids actually represent the parameter spaces of orien-
tation, and the shift vector field on them can be seen as a
function of this parameter space. The isotropic envelope of the
fundamental pulse is deformed from a sphere to an ellipsoid
after refraction with the emergence of unified angular shift, as
shown in Fig. 3(a). The ellipsoid and shift vector field on it can
be simultaneously deformed backed to a sphere and a funda-
mental isotropic angular-shift vector field by (F*)~!, as shown
in Fig. 3(d). Increasing the topological charge by one induces
an additional isotropic angular-shift vector field, which is ac-
tually spherical tangent components of the fundamental vector
field, as shown in Fig. 3(e). It can further be deformed into the
induced angular-vector field that is also a tangent vector field
of the ellipsoid by . Given the orientation of the vortex line,
we can obtain the corresponding tangent vector. Specifically,
the field have two zero points, as shown in Fig. 3(b), almost
along the X' axis. Therefore, the shift vector of the pulse
with the vortex line oriented along this direction will not be
changed by increasing the topological charge. Meanwhile,
by rotating this induced isotropic angular-shift vector field
90 degree clockwise along the oriented axis, we can obtain
the induced isotropic spatial-shift vector field, as shown in
Fig. 3(f), which can be deformed by (ﬁ‘“)_l into the induced
spatial-vector field, as shown in Fig. 3(c). These shift vector
fields induced by increasing topological charges have two
singularities; although they have a Poincaré index of +1, the
angular-shift vector field is of a source-sink type, whereas
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FIG. 3. The shift vectors related to the refracted pulse as a function of the orientation of vortex line. Each orientation corresponds to an
intersection point of the orientation vector and the ellipsoid. The point is also chosen as the starting point of the shift vector. Specifically, the
ellipsoids in panels (a) and (b) represent the isointensity surfaces of the refracted fundamental Gaussian pulse in wave-vector space, while panel
(c) shows the surface in spatial space. The sphere in panels (d), (e) and (f) is predeformed, representing the incident fundamental Gaussian
pulse’s isointensity surfaces. In every subplot, the scales serve to measure the magnitude of the shift vectors. The first-order angular-shift
vectors of the fundamental pulse (a) can induce angular-shift vectors (b) and spatial-shift vectors (c) by increasing one topological charge.
Three ellipsoids and three shift-vector fields can be simultaneously deformed by the tensor  into three spheres with (d) the fundamental
isotropic angular-shift vector field, (e) the induced isotropic angular-vector field, and (f) the isotropic spatial-shift vector field, respectively.
The incident angle is 60 degrees and other parameters are the same as those in Fig. 2

the spatial-shift vector field is of a circulation type. These
singularities also exhibit robustness to deformations of the
parameter space.

IV. CONSERVATION LAWS OF TRANSVERSAL LINEAR
MOMENTUM AND VERTICAL ANGULAR MOMENTUM

The translational symmetry of configuration along the x
and y directions implies that transversal momentum of the
pulse must be conserved on reflection and refraction,

t
cos 6

Q" (ks ). + 10 0% key)o o = (key)op-  (23)

cos by
Here we assume that medium is nonmagnetic, n = 1. The
above equation gives constraints on the components in the lab-
oratory coordinate frame (x, y, z), as shown in Fig. 1(a). For
the fundamental Gaussian pulse, our results given in Eq. (9a)
includes the two additional terms of second-order angular
shifts compared with previous results, which had been proven
to satisfy the above conservation laws [18]. They contribute
additional transversal linear momentum,

ey

, = Cos 90<kt(n)) + sin 490<k’(n)> (24)

0

Note that the above equation is just equivalent to zero accord-
ing to Eq. (10). Therefore, the fundamental shifts satisfy the
conversation laws. For angular shifts of the tilted STVP, we
can prove that every first-order terms in Eqs. (11) satisfies
the conservation law: (I) Self-coupling parts for the reflection
and refraction are just equal to the corresponding shifts of
fundamental Gaussian pulse times the same constant, thereby
satisfies the conservation law. (II) For the cross-coupling
parts, such as the last term of (k“(l) )6. and the last two terms

of (k“(l)) ©.0 10 Egs. (11), we can substitute it into Eq. (23) to
obtain the requirements of the conservation. The requirements
are

—cos? 000" (k[ V) " + ng cos? G Q" (K V) Yt =0 (25)

for the angular GH shifts (k§ )% o,
cos 000 (kD) / v+ mocos GO, /v =0 26)

for the angular IF shifts (k“(l) o> and

sin @ cos QOnOQ’2<ky’(D>O + sin 6] cos Oyny Q’z(k;a)); =0,

(27a)
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sin 6y cos Goro Q" (ki )y / v

+ sin 6 cos 6o @ {K), /v =0 27b)

for the longitudinal wave-vector shifts (k%(l]))%’q,, respec-

tively. By using y" = —1, y’ =cosfy/cosf), and ng =
sin 0/ sin 6}, Egs. (25)-(27) can be reduced to

2t
21 FOV cos” 6 N
—Q"(ki"), + o e 92 02(K"), =0, (28a)
r cos 6}
Qr2<k;,(l)>0 + l’lo—OQt2<k;(D>; =0, (28b)

cos by

which just returns to the conservation laws for the first-order
shift of a fundamental Gaussian pulse along the x and y di-
rections. Besides, the second-order terms given in Egs. (12)
contribute zeros to (k)% . based on Eq. (10). These terms
thereby also satisfy the conversion law. Therefore, total angu-
lar shifts of the tilted STVP satisfy the conversation law of
transversal linear momentum.

In addition to linear momentum conservation, the rota-
tional symmetry along the z axis gives the conservation

equation for z components of total angular momentum,

O +m0 B2 = U 29)
/0,0 000590 210,90 = \Vi/0,9>

where total AM consists of spin AM, intrinsic OAM, and
extrinsic OAM: J = 8¢ + L + L. Specifically, the uni-
fied polarization determines spin AM 8¢ = 2Im(e*" "¢ ez,
whereas the spatial shift along the y direction determines ex-
trinsic OAM L% = k((y*)ex.. For the fundamental Gaussian
pulse without intrinsic OAM, the spatial shift (y*®)5? given
in Eq. (9a) is the same as the result in Ref. [18] satisfying
conservation law of AM.

For higher-order titled STVPs, we should consider the
intrinsic OAM. However, there is a controversy about the
intrinsic OAM of STVPs: one claim is that the circularly
symmetric STVPs with topological charge [/ carries [//2 of
intrinsic OAM per photon in free space [28-30], whereas the
other claim is that this value is /i under the same condi-
tion [31,32]. Here we calculate the intrinsic OAM based on the
second claim. Although the profile of the pulse at refraction
is deformed and cannot be described by standard or elliptic
LG modes, as shown in Fig. 1(e), we can still calculate its
intrinsic OAM. In fact, the operator of the intrinsic OAM of
STVPs can be written as L% = iV x k¢ in the second claim.
By substituting it into Eq. (6) and calculating the integral, we
can obtain expectation of the components of intrinsic OAM:

a

(L;l(’;,)(_)’q) = (n§ 4+ 1/n)l sin © cos /2, (30a)
(L), o = (v*/n§ + ni/y")l sin ©sin &/2,  (30b)
(L%’;){(;<l> = (y*+1/y")lcos ®/2. (30c)

The above equation indicates that the orientation of intrinsic
OAM, affected by the deformation of pulse, is neither along
the vortex line at incidence nor along the vortex line at reflec-
tion or refraction. Eventually, z components of total AM at

incidence, reflection, and refraction can be written as

a

(1)o.0 = COSO((Sza)E o — siNOG{LLL)G o

+ cos(LYu)o o — kosinbi (Vg o- (1)

By combining Egs. (13), (14), (28), (30), and (31), we
can prove that they indeed satisfy the conversation law
given by Eq. (29). The confirmation of the conversation
law suggests the rationality of the intrinsic OAM we used.
Reverse reasoning from Eq. (29) suggests a method for
calculating (y*)¢ 4. It should be noted that the result ob-
tained by using this method excludes the cross-coupling term
cos O (ki) 41y “w? /2, which does not conflict with Eq. (29)
because of its compatibility with the equation of linear mo-
mentum conservation law.

V. CONCLUSION

Under the approximation of second-order wave vector
connection and first-order Fresnel coefficients, an analytic
derivation for the spatial and angular shifts of a 3D STVP
with an arbitrarily oriented OAM at planar reflection and
refraction has been presented. These results are in excellent
agreement with the precise numerical calculations and at the
same time extend the studies of longitudinal and transversal
vortices in Refs. [16,22] to a more general situation. These
results highlight the fact that the influence of orientation, to
some extent, can be regarded as an isotropic problem after
distinguishing a deformation tensor. It is found that the angu-
lar shifts and spatial shifts induced by the topological charge
number can be described by two tangent vector fields on the
sphere, respectively. Moreover, conservation laws of linear
and angular momentum have also been examined, especially
emphasizing the importance of the intrinsic OAM. Our study
is expected to not only guide a possible solution on recent
controversy on the intrinsic OAM of STVP [28-32] but also
provide theoretical support for precise manipulation on the
STVPs. Another further investigation can include chromatic
dispersion to study the Winger time delay.
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APPENDIX A: WAVE VECTOR AND POSITION
OPERATORS AT REFRACTION

For the wave vector of the incident pulse, the transforma-
tion between the components of laboratory coordinate frame
and accompanying coordinate frame is

k! = cos @okyi + sin ok,
ké = — sin Oykyi + cos Opkzi,
ki, = ky. (A1)
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Snell’s law gives the relationship between the incident wave
vector and the refracted wave vector as follows:

K, =k

X,y°

between the components for the refracted pulse are
Ky, = cos gk, — sin6pkl,  kj, = sin Ok’ + cos Gpkl. (A3)

Here, k, remains unchanged and will be omitted hereafter. By

combining Egs. (A1) and (A2), we can represent Eq. (A3) as
a functions of the variables,

up =kyi/ky, uy =ky/ko,

which shows that

k)’ (a2

K= () + (6) + (k)] — (ki) —

where we have ignored the frequency dependence of the
refractive index n(w) =~ ng. Similarly, the transformations

J

uy = kzi/ko — 1, (A4)

ki = ko cos O[u1 cos Oy + (uz + 1) sin 6y] — ko sin 96\/n§[uf + 12 + (uz + 1)*] — [u; cos 6 + (u3 + 1)sin6p]* — u3,

Ky = ko sinOf[uy cos O + (uz + 1) sin 6] + ko cos 96\/n§[uf + 12 + (uz + 1)*] — [y cos 6y + (u3 + 1)sin6p]* — u3.  (AS)

Performing a Taylor expansion of the above equation, we can obtain the first two-order terms,

3 3
k!, 32k, kotan6f(nd — 1) [ u?
K & Xy + X ;= ykouy — CASY L +2],
X Zl ou; Z u;ou; j= Vit 2ny cos20! 2
i 0 i,j=1 0
3 3
ok! 9%k, ko (n2 — 1) u?
Skl ~ Z |y 7 s = nok 0 1 2. A6
z ; ou, Ou * i,Z=1 Ou;du; Hiltj = Molotts + 2ng 005296 T (86)
where (Sk’Z, = kb, — ngko. By substituting Eqs. (A4) into Egs. (A6), we obtain the connection of wave vectors in a second-order
approximation.

The position operators at refraction can also be expended in the basis (id/du;, id/du,, id/du3), that is,

3
X 9
Xy Z =i A7
Y "ok Z Bui (A7)

X!,y,Z! i=1 X/ 22!

Note that the expectation of id,, for a Gaussian pulse is the same order as that of u;. Therefore, the second-order approximation
of the position operators for a Gaussian pulse involves the zero- and first-order terms of the Jacobian matrix

8(”1’ Uz, I/L3)
o )

which can be further determined by calculating the inverse matrix of the Jacobian matrix
(k. K. k)
A(uy, up, uz)

From Egs. (A6), it yields

tanef(nz—l) (n —1)
(k% kr kt ) ' 1100005890 U 0 Vlo(‘;)OSZHU
oy (2 2
— = 2 27—k tan 6y (ng—1 ny—1
o(uy, uz, u3) 0 - U;Eoo Lu 1 (Uno )”2
0 0 no
(A3)
After inverting Eq. (A8) under zero- and first-order approximations and some algebraic calculations, we have
R SIS
Ml,Mz,M?, _ [ang 1 1
Ak ki ky) ko o —g)ue 1 (1 | whe | (A9)
0 0 —

no

By substituting Eq. (A9) into Eq. (A7) and denoting (u;, u», u3) as (u, v, w), we eventually obtain the second-order approxima-
tion of the position operators,

g Lo (-1 9 , 139

= —, =j——ti—ty— — Ly — =
lkoy’ du  koy'nicos’6y dw ko dv kon? o kond 0w kong dw

(A10)
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APPENDIX B: EFFECTIVE JONES MATRIX

In this Appendix, we summarize the method presented in
Ref. [18] to calculate the transformation between the incident
and the refracted or reflected monochromatic 2D field under
a first-order approximation of the Fresnel formula. Here, we
present its 3D version for the polychromatic pulse. The Fres-
nel formula can be written as follows:

(Eg k), E2K%), 0)" = F&)(Ej k'), EX (k). 0)"

' fikh 00
Fi(k') = 0 fuK) 0 |,
0 0 1

(BI)

where p mode Eg (k%) and s mode Eg(k“) are the polar and

azimuthal component of field E“ of the wave vector k“ in the
spherical coordinate frame. Fresnel coefficients f); depend on
k' (actually on the polar angle #' and frequency w of k) in the
following way [1]:

o 2 cos 0/ (ki)
Fo ) = ) cos 61 (kD) + cos 6 (kD)
£k = 2 cos Oi(k’)
§ cos (k') + n(ki) cos 0 (ki)’
) = n(k') cos 0 (k') — cos 6" (ki)
P n(ki)cos 0i(k) + cos 0 (ki)’
k) = cos (k') — n(k?) cos 0" (k') B2)

cos 0i(k) + n(ki) cos 0 (ki)’

where the refraction angle as the functions of wave vectors
can be expressed as 6'(k’) = arcsin[n~'(k’) sin #(k?)]. The
transformation between the components of spherical coordi-
nate and accompanying coordinate is

[E2 k%), E4(k),0]" = UKD [Ef. (k). EA(k), Eg. k9],
(B3)
where the matrix U (k?) is defined by

U (k") = Ry[65 (K" ]R:[¢* KDIR[[60(K)],  (B4)
with R, and R, representing the rotation matrix along the y
and z axes. By combining Egs. (B1) and (B3), we can obtain
the field transformation between the incident and the refracted
or reflected pulse,

[Bg. (), Bk, Bz k]

= T“(k“)[E}i (k"), E_\’,(k’), E’,(k’)]T, (BS)
where the effective Jones matrix T4(k?) =
UT(k")F(k)U(k').  Considering the paraxial and
quasimonochromatic approximation of the pulse, it
is reasonable to consider the first-order terms of
T¢k%) = UT(k)F*(k')U (k’), which can be calculated
as follows:

91In £

d1n 1
F¢ =diag|:f;’<l+u anfp)’
0

31n f¢ 31n fo
(14 42, 20N ] (Be)
a0 8]10

+ wmy

Here my = 0yn|w, = no(1 — vg / vg) describes the relative dif-
ference between group velocity and the group velocity at the
central frequency. In this paper, we do not consider the terms
wmod In f) /0n. It is valid when that the group velocity of
the medium equals its phase velocity, or when the chromatic
dispersion at center frequency can be ignored. Eventually, the
first-order approximation of the effective Jones matrix can be
written as

T*(k*) ~ T*(u, v) = T + uT* + vT®,  (B7)
where
Ta() — f; O Tau — ;X; O
0 f) 0 foxal
O !lY(l
™ = G (BS)
-fYe 0
and T =0. Here XJ =0plnf)le. Y, =I[1-

spl Yy lcotfy, and the 3 x 3 matrices have been

degenerated into 2 x 2 matrices by considering the
negligibility of the Z¢ components in the paraxial
approximation.

Before applying the aforementioned field transformation
formulas, we should acquire a more detailed understanding
of the shifts we are calculating: Since the energy density of
the pulse at position r is I(r) ¢|E(r)|?, then, similar to the
formula for calculating the mass centroid, the formula for
calculating the energy centroid of the refracted or reflected
pulses in the wave vector representation is

oy — LT TG GV R (ke
fff |E/a(ku)|2dku :

Similarly, we can define the average wave vector (k“)¢. These
six components are exactly the six types of shifts mentioned in
the main text. It is important to note that, as the pulse changes
over time, the energy centroid will also change with time,
although the mean of wave vector will not change. We define
the moment the pulse just arrives at the interface as t = 0. It
is not difficult to show that its energy centroid at the moment
to would be

(r(1))" = (x*(0))* + vgn(A (k) )y,

(B9)

(B10)

where vg is group velocity, (r¢(0))“ is the spatial shift vector
att = 0, n(v) is the unit vector of v, and A (k)¢ = (k*)* — k§
indicates the deviation of the mean of wave vector relative to
the central wave vector. Therefore, as the pulse propagates,
the orientation of A (k)¢ can be transformed into spatial shift
vector, which also explains why we refer to A(k?) as the
angular shift vector in the main text. We have also illustrated
this process in Fig. 1(a).

It should be noted that the refracted field obtained in
Eq. (B1) is just the amplitude of a plane wave with wave
vector k but is not the representation of the refracted pulse
in wave-vector space due to the inhomogeneity of distribu-
tion of refracted wave vectors. In fact, the representation
of the refracted pulse is actually formulated as E'“(k%) =
[a(k")/ 8(k”)]1/ 2E“(k"). Therefore, by replacing the param-
eters from the refracted or reflected wave vectors k“ to the
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incident wave vector ki, Eq. (B9) can be rewritten as

omye — ST B GOT O (OB (1)K
fff |E//g(k,‘)|2dkl- .

Here, O is the spatial or wave vector operator as a function of
k', as provided in Appendix A, and the field E”¢ is the specific
functional form of Eq. (B1) depending on k’. We can rewrite
Eq. (BY) as

(B11)

E"“(k") = E4(k?) = F*Kk)HE (k). (B12)

By replacing the parameters from k' to (u, v, w), we even-
tually obtain Eq. (6), which is consistence with that given in
Refs. [5,18,22].

APPENDIX C: ANGULAR SHIFTS

The denominator in right-hand side of Eq. (B9) denoted
0% equals | fp"exll2 + fs"ey|2 under the zeroth-order approx-
imation and represents the intensity of refracted or reflected
pulse. Based on Eq. (BY), the angular shifts of the tilted STVP
with a vortex line along (®, ®) have the form

(Ak")G o

1
= @/// AKh(u, v)|ILG; (i, V', w')|*dudvdw,
(CD)

with the new scaled components of the wave vec-
tor @, v, w) =R(®, ®)u,v, w), , LG mode
LG, (i, v/, w') = Ny(u/ + isgn(l)v/)le~kawo@ +v"+w™)/4,
and polarization-dependent quadratic form

h(u, v) = (7, )T (u, )T, v)(X, ') . (C2)

Equation (C2), given by Eq. (B7), can be linearly approxi-
mated as follows:

h(u, v) ~ ho + hyu + hyv + hy,w, (C3)
where the expansion coefficients are
ho = (&7, )T (X, ) =07,
he = (&7, &) (T@TTO 4 TOT) (X, &)
= 0,0,
hy = (X7, &) (TTTO 4+ TOT) (X, )"
= 2Re(e [ (1)Y= (A1),
hy = 0. (C4)

To solve the integral in Eq. (C1), we represent all involving
terms on the parameters (', v’, w’). First, the quadratic form
is expended in the new scaled components, that is, h(u, v) =
ho + hyu' + hyv' + hyw'. The relationship between these
new expansion coefficients and the coefficients given in
Eq. (C4) can be expressed as

(hu’s hv’v hw')T = R(®7 q))(hua hvv hw)T (CS)

Second, according to Eq. (4a), the first-order wave vector
AKY" can represented as

AkD = koy“uexa + kovey + kon“weyza
= ko(y“exa, €y, n“ez)R(®, )/, v/, w). (C6)
Third, the infinitesimal element is rewritten as du'dv'dw’ =

dudvdw. By substituting Egs. (C5) and (C6) into Eq. (C1),
and after some algebraic operations, we have

ko u
(Ak”(l))‘é@ — 7(J/‘lexa, ey, n‘ez)| V |,
0 w
U mlu 0 0
V|=rT@®)0 m o0
w 0 0 mfj)
hu
x R(©, ®)| h, |. €7
h

w

Here m!, m!, and m!, are actually the second-order moments

of LG modes, defined by

m, = /// WHLG (v, w)Pdudvdw

= (Ill + 1)/2koD),

m! =/// VLG (i, v, w)Pdudvdw

= (11l + 1)/ (2koD),

mfu = //:/ w/2|LG1(u/, U/, u)/)|2dudvdw

= 1/(2koD), (C8)

= o~

~

respectively. In above derivation, we have used some feature
of LG modes, such as the odd-order moments equals zeros.
Equation (C7) can also be explicitly represented as

(kD) o = (ke 4 1) [(1 — sin2@cos? ) (ki)

agin2 1
_ w%;m)g’o], (C9a)
(e, o = ()" + 11 [< I = sin’@sin” @) (k)"
.2 .
_ %(kggng’“} (C9b)

(@ (140 ng sin2® cos @, a0
<kZE‘I))(-),<1> = (kZE”)O B |l||:02—y“<kx(“l)>o

nd sin 20 cos ® a,
4 02T 7 (e 0], (C9c)

B v o
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where (kf((l))g’o, (k;,‘“))g’o, and (kg(l))g’o are the angular shifts
for the fundamental pulse with following forms:
a, ag In Qa2
ka(ul) 0 — .4 ,
( X )() Y 2D
fa) (fa )2ya

= Re(exi*ey) ( DO ,

a(D\a.0
(ks

a(l) a,0
(kge)y” =0. (C10)
In the above derivation, we have only considered the first-

order wave vector Akg%. Now, we intend to calculate the

expectations of the second-order wave vector Ak‘é(lclp) given in

Eq. (5a). In the second-order approximation of the expecta-
tion, we only need consider the zeroth-order approximation
of polarization-dependent quadratic form given in Eq. (C2).
By exchanging the parameters (u, v, w) to (&', v, w’), this
problem can also be attributed to calculate the second-order
moment matrix of LG modes. Specifically, Eq. (C8) lists all
nonzero elements of this matrix of LG modes. By utilizing
(u, v, w) = R(®, ®)(/, V', w'), it is straightforward to obtain

W4 o = [11](1 — sin*@cos* @) + 11/(2koD),
(0?8 o = [II(1 — sin*Osin* @) + 11/(2koD).

(C11)
By substituting Eq. (C11) into Eq. (5a), we have

(L=78) G+ -
=-—tan
.2 4pyD 0 cos26
. cos2® 9
—|l|sin"®| —5— +sin"® | + 1|, (Cl2a)
cos“6y
2
a(ll) _ (”0 - 1)
(k )O‘D 4noD 7+ cos

! + 1)
260

2o
.2
2 + sin QD) + 1j|. (C12b)
o

(k)

COos

— |l|sin2®<cos

APPENDIX D: SPATIAL SHIFTS

The procedure of the derivation of spatial shifts is the same
as the derivation of angular shifts but more complex. We
first calculate the expectation of the first-order spatial shifts
given in Eq. (A10). For a titled STVP, we also introduce new
scaled components of spatial operator (id,, id,, i9,,), which
are connected with the original one by a rotational matrix,

(iaus iavv law) = R(@, q))(iau’s iav’a iaw’)- (Dl)

The expectation of id,,,

by
(idy @q)—Q ///LG,(uvw)P"

x LG/, v/, w)du'dv'dw’, (D2)

similar to Eq. (B9), can be calculated

where i9,, and all of the related Jones matrices have been put
in

P = (X,

u

)T (u, 0)id, T (u, v)(¥, ). (D3)

We can decompose P4 into two parts, Pa(l) and P“(z) defined
as

Xi’ e),)T’

(ho + hyu' + hyv' + hyw))idy, (D4)

N i*
PV = (e
PO =

,ey*)TT(u, V)T (e

where we have given the definition of Ay and h,,, etc. in Ap-
pendix C. Considering the odd-order moments of LG modes
equal to zero, the expectation of ﬁlf,(l) for the scalar LG modes
can be resolved into

<ﬁa'(1)>((l—),q> = ’(eXl* y*)TOTau/(e

X” ey)T/Qa2

= ihl, Q™. (D5)

u

Here we denote (¢X', & )TOT (X',
ond part, we note that

") as I, For the sec-

LG}id,LG; = koD[sgn(I)v'|LG,_;|*
+i/ILG;_ 1> — il |ILG/|*].  (D6)

By combining Egs. (D4) and (D6), we can resolve the expec-
tation of Pz(z) into following form:

(P> oD —— [sen(Dhyml " + ihym, " — ihyml].

(D7)

>OCI>

By combining Egs. (D5), (D7), and (C8), we obtain
(i0u)%.¢ = Uhy + iy — hu /2)]/ Q. (D8)

The other two components, id,, and id,,, can also be resolved
in the same way. The calculated result shows

(i0)6 ¢ = [—lhy +i(h v — hy /2)]/ 07,

(i0u)6.0 = i(h'w — hy /2)/0". (D9)
In analogy to (hy, hy, hy), (1, H,,, k) can be obtained by

the rotation of the original one, namely,

(B, By W) = R(O, @)K, H,, 1) .

u v Tw

(D10)
It is not difficult to show that the original one satisfies
iy —hi/2) =0,
iy = h/2) = —Im(@* e[ (£7)Fs + (£)7X].
i(hy — hy/2) =0. (D11)

For the fundamental Gaussian pulse and the tilted angle ® =
0, ® =0, we have

(i0,)§° =0,
(i0,)5" =
(i0u)g° =0.

—Im(e* e[ (fy ) Y+ () ve]/ 0%,
(D12)

Equation (D12) implies that only the IF shift (Ay)3® =
—kolm(eX*e")[(f5)*Ys 4 (f1)*Y"1/Q* occurs. The reason is
that our configuration is actually an example of partial reflec-
tion, while the GH shift only occurs at total reflection. When
the topological charge increases along the orientation (®, ®),
we can combine Egs. (C5), (D1), (D8)-(D10), and (D12) to
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obtain the these scaled spatial shifts. The result shows

(198 o — (i9,)5° (u)g°
(10,6, 6 — (10,050 | =1T(©, @) ()§° |.
(i00)% o — (i0)5° (w)5?
0 1 0
T(©, d) = kyDR'(®,®)| -1 0 0
0 0 O
x R(©, ®). (D13)

Eventually, the expression of the first-order spatial shifts can
be written as

2
apya 1 %o a\@0
(XNG o= 12)/“ cos O(ky) ™,

(D14a)

(y*ya _<a)a,o_l7’aw5 @(kaﬂ))“’o (D14b)
Y e = W 5 COSPW o o

2
(292 o = 1=

. . a(l) a,0
2y sin © sin ®(kg"))

2
w . a,0
—1—25in © cos CD(k“) ,
ng Y10

(D14c)

Solving the second-order spatial shifts, as shown in Eq. (A10),
can be attributed to solving the spatial-angular moment

matrix of LG modes. The skill of derivation is the same as the
previous section. Here we only provide the result. The new
spatial-angular moment matrix is

Wity o (Widy)ge  (Uidw)g o
Widn)ge (Vid)pe (Vidw)p e
(Widy)oo (Wid)ge (Widy)g e
1[0 -1 0
1 (D15)
0 0 —i

which is independent on the polarization, frequency, and spa-
tial waist of the pulse. After applying the rotation operator,
the related elements of the original spatial-angular moment
matrix take the form

(iudy)g.e = 18inOsin d/2,
(ivu)g.e =1cos®/2,

(ivdy)g. e = —Isin®cos ®/2. (D16)

Specifically, the expression of orbital angular momentum pre-
sented in Egs. (30) can be easily derived from above equation.
By substituting Eq. (D16) into Eq. (A10), we can obtain the
explicit expressions of the second-order spatial shifts (14).
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