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High-fidelity quantum gates are essential for large-scale quantum computation, which can naturally
be realized in a noise-resilient way. Geometric manipulation and decoherence-free subspace encoding
are promising ways toward robust quantum computation. Here, by combining the advantages of both
strategies, we propose and experimentally realize universal holonomic quantum gates in both a single-
loop scheme and a composite scheme, based on nonadiabatic and non-Abelian geometric phases, in a
decoherence-free subspace with nuclear magnetic resonance. Our experiment uses only two-body resonant
spin-spin interactions and thus is experimental friendly. In particular, we also experimentally verify that
the composite scheme is more robust against the pulse errors than the single-loop scheme. Therefore, our
experiment provides a promising way toward faithful and robust geometric quantum manipulation.
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I. INTRODUCTION

It is generally believed that quantum computers can be
more efficient in processing certain hard tasks that cannot
be done by their classical counterparts. However, quantum
information is very fragile and can be destroyed by the
weak environmental induced noises. Meanwhile, imper-
fect quantum manipulation will also introduce additional
errors. Therefore, to achieve high-fidelity quantum manip-
ulation, it is essential to fight against various noises and
operation errors.

Geometric phases [1-3] have some built-in noise-
resilient features [4-8], which are determined by the
global properties of the evolution paths. Therefore, geo-
metric quantum computation [9], where quantum gates
are induced by geometric transformations, is a promis-
ing candidate to achieve high-fidelity quantum manipula-
tion. Moreover, because of the intrinsic noncommutativity,
non-Abelian geometric phases [2] can naturally lead to
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universal quantum gates (i.e., so-called holonomic quan-
tum computation) [10—13]. However, geometric phases
based on adiabatic evolutions are so slow that decoherence
will introduce considerable gate errors [14,15]. To deal
with this difficulty, nonadiabatic holonomic quantum com-
putation (NHQC) was proposed recently [16—19], where
fast holonomic quantum gates can be obtained on the basis
of nonadiabatic non-Abelian geometric phases. In addi-
tion, elementary quantum operations of NHQC have also
been experimentally demonstrated in nuclear magnetic res-
onance (NMR) [20,21], superconducting circuits [22—24],
and electron spins in diamond [25-30]. An alternative
approach against decoherence is to use decoherence-free-
subspace (DFS) encoding [31-33]. Recently, much effort
has been made to combine NHQC with DFS encoding
[34—41], which can maintain both the noise resilience
of the encoding and the operational robustness of
holonomies. However, these schemes generally involve
three-body or dispersively induced interactions, which are
rather complicated and thus difficult to implement experi-
mentally.

Here we propose and experimentally realize a NHQC
scheme in a three-qubit DFS [39,40], based on the
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resonant single-loop scenario [42]. Compared with pre-
vious schemes [39,40], our implementation simplifies the
gate sequences needed for large-scale algorithms, as it
can achieve an arbitrary gate in a single step. The other
distinct merit of our proposal is that it involves only
resonant two-body interactions of two-level systems, thus
leading to fast NHQC in a simplified setup. However,
the robustness against systematic errors of the single-loop
implementation is still the same as in previous schemes.
Then, we move another step further to incorporate the
composite-loop technique [43,44] into our implementa-
tion, which is achieved by our changing the way of
accumulating the geometric phase. In addition, both the
single-loop implementation and the composite-loop imple-
mentation are experimentally tested. Our experimental
comparison between the two implementations shows that
the composite-loop implementation can indeed further
improve the noise resilience of the implemented holo-
nomic quantum gates. Finally, we emphasize that all the
DFS-encoding, single-loop, and composite-loop strategies
have not yet been experimentally demonstrated. There-
fore, our experiment provides a promising method toward
robust geometric quantum computation.

I1. SINGLE-LOOP AND COMPOSITE NHQC IN A
DFS

To realize NHQC in DFS, three physical qubits are
encoded as a logical qubit. This DFS is thus spanned by
the single-excitation vectors: S| = {|100), ]001),|010)} =
{10)z, 1)z, |E)r}, where a natural encoding of the logical
qubit |¢); = al0); + b|1); and |E), is an ancillary state
of the logical qubit; |mnk) = |m)| ® |n); ® |k)3, with the
subscript indicating different physical qubits (g1, 92, q3).

A. Universal single-qubit gates

Firstly, we introduce the construction of univer-
sal single-logical-qubit holonomic gates. To realize the
dynamic construction of the effective A-type Hamiltonian
based on DFS encoding [39,40], according to the resonant
coupling form between physical qubits, the interaction
Hamiltonian we design is Hg = H (21, 1) + H2 (22, ¢2)
with

Q;
Hi(24, ¢i) = 7[005 ¢i(XiXip1 + YiYin)
+ (=D singi(XiYipr — YiXp )], (1)

where i =1,2 and H;(£2;,¢;) denotes the interaction
Hamiltonian between the ¢; and ¢, physical qubits with
strength €2, and phase ¢;; X; and Y; denote the Pauli
operators for the physical qubit g;.

Setting Q) = Qcosf/2 and Q2 = Qsin6/2, with

Q=,/Q+Q3, and 6 = 2tan"'(Q/Q)), as shown in

(a) (b) I».
0>, |E>, 159
(c) oy, £, 1),
A A
00>, IE>L 01>, 129
FIG. 1. Proposed setup of our scheme. Effective coupling dia-

grams for three physical qubits used to realize (a) universal
single-logical-qubit gates and (c) nontrivial two-logical-qubit
holonomic gates. (b) Geometric illustration of single-logical-
qubit gates by the orange-slice-shaped path.

Fig. 1(a), we can write the Hamiltonian Hy in the DFS
S1 as

) 0 0 .
Hg = Qe (cos 5|O)L + sin 5e’¢|1)L> (E] + H.c.
= Qe |b)L(E| + Hee, (2)

where |b); = cos(6/2)]0); + sin(8/2)e®|1);, with ¢ =
¢2 — ¢1. In the dressed-state representation {|b);,|d),,
|E).}, the dynamic process of the Hamiltonian Hg can
be regarded as a resonant coupling between the bright
state |b), and the ancillary state |E);, while the dark state
|d), = sin(6/2)]|0); — cos(8/2)e®|1); decouples from the
dynamics all the time.

Thereafter, an arbitrary single-logical-qubit holonomic
gate in S; can be realized with a single-loop scenario
by engineering the quantum system to evolve along
an orange-slice-shaped path as shown in Fig. 1(b). In
our construction, the evolution area is set as Qt =,
with t being the entire evolution time, which is sepa-
rated into two equal segments. In the second segment
[0,7/2], we set ¢ =0, and then Hg is reduced to
Hy, = Q(|b)L(E] + |E)L(b]) and the corresponding evolu-
tion operator is U, = |d){(d| — i(|b)L(E| + |E)r(b]). In the
first segment [7/2, 7], we change the phase ¢; to ¢| = 7 +
y, and then Hg = H, = —Q (7 |b)(E| + e 7 |E).(b])
and the corresponding evolution operator UZ = |d) {d] +
i(€V|by(E| 4+ e "V |E) (b]). In this way, in the logical-
qubit computational basis {|0);,|1).}, the induced gate
operation will be

Us(y,0,¢) = Uy U, = |d){d| + € |b) (|

cos L +isin Y coso isin L sinfe-it
2 2 2

v

— /2
CcoS — — isinZ cos 6
2 2

isin 2 sin e
2
= /12 iy /5L (3)

where 5, = (X%, Y£,Z%) are the Pauli operators for the
logical qubit and 7 = (siné cos ¢, sin6 sin @, cos ). In
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the Bloch-sphere representation, Eq. (3) indicates a rota-
tion operation around the axis 7 by an angle y/2,
up to a global phase factor, which can lead to arbi-
trary single-logical-qubit gates as both 7 and y are tun-
able. In addition, the implemented gates are geometric
as the evolution of logical-qubit states satisfies (i) the
parallel-transport condition, that is, ;{j ()| Hs|k(8)), = 0,
with j,k € {b,d}, and (ii) the cyclic evolution condition
that is, |b(7)), = Us(y,0,¢)|b). = €7'|b), and |d(7)), =
Us(y,0,P)ld) = |d)..

Usually, the existence of systematic errors tends to dev-
astate the advantage of the robustness of holonomic gates
in NHQC [45,46]. To overcome this, we suggest imple-
menting the holonomic gates with composite schemes
[43,44]. To achieve this in DFS, we take Us(y/N,6,¢)
as an elementary gate, where N > 1. Thus, the target gate
Us(y,0,¢) in Eq. (3) can be achieved by sequentially
applying the elementary gate N times while keeping the
cumulative geometric phase to be y; that is,

[Us(y/N,0,$)1" = Us(y,6,9). “4)

B. Nontrivial two-qubit gates
We now proceed to the construction of nontrivial two-
logical-qubit holonomic gates, combining them with the
previously described arbitrary single-logical-qubit holo-
nomic gates. For the two-logical qubit, a six-dimensional
DFS exists; that is,
S2 ={100), [01)., [10), [11)1, [Ev), |E2)L}
= {|100100), |100001), |001100),
|001001),101000), |000101)}, (5)
where |E); and |E,), are the ancillary states; |mnkm'n'k’)
=|m); ® |n)r ® |k); @ |m')s @ |n)s @ |k')¢, that is, the
physical qubits (g1, g2, ¢3) and (¢4, g5, qs) encode the first

and second logical qubits, respectively. For the two-qubit
case, we design the Hamiltonian Hr = H3 + Hy with

Q .
Hs = g[cosqo(xm + V3Ys) 4 sin@(V3Xy — X3 V)],

Q
Hy = 74(X3X6 +13Y).
(6)

Defining Q3 = €' cos(?#/2) and Q4 = Q'sin(¥/2), with
Q' =,/Q+Q% and ¥ =2tan"'(Q4/Q3), we can
rewrite M in the DFS S, as Hr = H\p + H\>, with

A o s
HEIT) =Q (e"“’ cos 5|OO>L + sin5|01)L) (E1] +H.c,

; 1% 1%
HEZT) = Q/ (el(/J COS 5|11>L + sm5|10)L> <E2| —|—H,C,,

being two commuting parts. In the subspace {|00);, |01),,
|E1)r) or {[10), [11)1, |E2).}), HLY or Hi? forms a Hamil-
tonian that is similar to Hg in Eq. (2) for the single-logical-
qubit gates, and the two subspaces evolve independently
with the coupling diagram, as shown in Fig. 1(c). When
Q'T =, with T being the evolution time, the evolution
operator in S is

UT(ﬁa 90)
cos ¥ sin ¢ 0 0
__|sinve™ —cosv 0 0
- 0 0 —cos?®  sinde?
0 0 sinde™  cos?

(N

As the evolution in the subspace {|00),,]01).} is different
from that in the subspace {|10);,|11);} in general, Eq. (7)
denotes nontrivial two-qubit gates by our setting different
¥ and/or ¢. For example, a controlled-Z gate (Ucz) can be
constructed as

¢ 2, 2’ 2’ 2’ ’
With

K = Uk (7, %0) 03 (., %,o) Ur (%,0), )

where superscripts 1 and 2 label the two logical qubits.

III. EXPERIMENTAL REALIZATIONS

We use diethyl fluoromalonate dissolved in *H-labeled
chloroform at 303 K as a NMR quantum simulator, where
three physical qubits (g1, ¢2, ¢3) are realized by the nuclear
spins of 'H, 13C, and 'F, respectively. The molecular
structure and parameters are shown in Fig. 2(a). The nat-
ural Hamiltonian in the triple-resonance rotating frame

(a) 53 13c g 19
&  Bc 100MH
e STy s s,
N9 S 1op  —194.4 Hz 479Hz 376 MHz
®) | o e
Tz Measurement
Bc— ppg — U — Pin — Uy —— (Quantum-State
19p— || | || ___ Tomography)
FIG. 2. (a) Molecular structure and relevant parameters of

diethyl fluoromalonate. The chemical shifts and scalar couplings
are on and below the diagonal of the table, respectively. (b)
Experimental scheme for QPT for different holonomic gates Uj.
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iy

NOT Hadamard

FIG. 3. Experimentally reconstructed x matrices in the
logical-qubit subspace for holonomic gates: (a) NOT (left) and
Hadamard (right) gates in the single-loop scheme; that is,
NOT = Ug(w,7/2,0) and H = Us(mr, /4, 0). (b) NOT (left) and
Hadamard (right) gates in the composite scheme with N = 2; that
is, NOT = [Us(r/2,7/2,0)]* and H = [Us(r/2, 7 /4,0)]>. (c) A
universal two-qubit gate Ur(w/4,0). All the imaginary parts of
these x matrices are less than 0.1, and are not shown here.

is

T
HNMR=E Z JiZ:Z;,

1<i<j<3

(10)

where J;; is the scalar coupling strength between the ith
nucleus and the jth nucleus. The experiment begins with
the preparation of a pseudopure state ppps = (1 — €)I/8 +
£1000) (000] from the thermal-equilibrium state by the line-
selective method [47]. Here ¢ &~ 103 denotes the polariza-
tion and / denotes the 8 x 8 identity matrix. Thereafter,
the DFS-encoded logical states can be obtained by the
rotations R!(:7)|000) = [100) = |0), and R>(7)|000) =
1001) = |1);.

0.36 ‘
A Single-loop NoT gate g/’x
032+ % Composite NOT gate ‘. ]
-
° © Single-loop hadamard gate o :K
§ 0.28 & Composite hadamard gate o o X 1
.‘é _ ’A 7’
0~ R -
s A-
0.24 o- —0// o _—*
-
- Y Tos
% OSSP I S
02 -8 1 ! | | |
0 0.03 0.06 0.09 0.012 0.015

Systematic error €

FIG. 4. Experimental gate distances with respect to systematic
error € for single-logical-qubit holonomic NOT and Hadamard
gates in the single-loop scheme and in the composite scheme with
N=2.

In the following, we take holonomic NOT and Hadamard
(H) gates as two typical examples of single-logical-qubit
gates to experimentally demonstrate their performance.
Without loss of generalization, we set ¢ = ¢ — ¢ = 0.
According to Eq. (3), one can obtain NOT = Us(mr, 7 /2,0)
under the evolution of

HY = HY = HY

V28
= T[(Xle-i-Yle + XX+ 1Y3)], (11)

with duration T = 7/, and H = Us(wr, /4, 0) under the
evolution of

HY =M = HY

Q T
= 5 cos <§) X Xs + V1 Y2)

Q .y
4+ —sin (§> XoX; 4+ 1 Ys), (12)

2

with duration 7, in a single-loop scheme. Similarly, accord-
ing to Eq. (4), composite-pulse implementations are NOT
= [Us(r/2,7/2,0)]* with

V2Q
HA = T[(Y1 Y+ XX + XX + 1 13)],
(13)
V2Q
HN = T[(YIXZ —Xih + XY — X)),

024024-4
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(b) 1 : X —xy -y . 720
vy ox o oy oy ax
i W W BN B |
oy x oy x
|57 2¢, 10 2t 10 21 2t 2t, 10 2t 1]
T . = A . 13
m mfl W e =
—x Xy -y —yx ey yx .
I m W EEm I
- T
7' . P HE
T2, T2, T T 2% "2, T

2 s 2 i

I 7 pulse I /2 pulse

FIG. 5. Experimental pulse sequences for the single-logical-
qubit gates Us(,6,0) realized (a) in a single-loop scheme and
(b) in a composite scheme with N = 2. The free evolution times
71 = cos §/(12Jcy) and 7, = sin § /(24Jc.p).

and H = [Us(r/2, 70 /4,0)]* with

Q T
H2I = 3 cos (g) (Y + Xi.Xo)

Q  m
4+ E sin <§> (X2X3 + Y2Y3)]7

Q T
Hy!! = 3 cos (§> (V1 Xy — X, Ys)

Q ./
+ 2 sin (—) XL Y; — VoX3),

2 2 (14)

for N = 2. For simplicity, we use the effective coupling
parameter 2 = 1 in the Hamiltonian Hg hereafter. Using
the Trotter formula, we approximately generate the evolu-
tion operator

, 3 3
oMt = (e—'sze—'Hlée—'sz) + 0[(%) } (15)

All the gate fidelities can reach 0.9999 by the Trotter
approximations; the corresponding pulse sequences are
presented in Appendix A.

To quantitatively access experimental implementations
of the NHQC gates, we use standard quantum-process
tomography (QPT) [48] in the logical-qubit subspace;
the experimental scheme is shown in Fig. 2(b) (see

Appendix B for details). For single-logical-qubit gates, we
prepare the initial state py, as |0)z, 1)z, (]0)z + |1)L)/\/§
and (|0); + ill)L)/\/i through the operation U, and then
perform holonomic operation Uy, for different logical gates
(e.g., NOT or Hadamard), and finally the output state
or = UmeUz is determined by quantum-state tomogra-
phy [49]. The required information is selected to recon-
struct quantum channels in the logical-qubit subspace. The
experimentally reconstructed x matrices in the logical-
qubit subspace for holonomic NOT and Hadamard gates
are shown in Fig. 3(a) for the single-loop scheme and in
Fig. 3(b) for the composite scheme. Here we estimate the
quality of the reconstructed gates by the distance between
the experimental and theoretical x matrices under the
definition of the Frobenius norm [50]; that is, D(x) =
D(Xexpt> Xth) = |l Xexpt — Xwmll. The results are 0.202 and
0.217, respectively, for holonomic NOT and Hadamard
gates in the single-loop scheme and 0.216 and 0.210,
respectively, for holonomic NOT and Hadamard gates in
the composite scheme. These errors come mainly from the
imperfection of state preparation and measurement (see
Appendix C for details).

For the realization of the two-logical-qubit gates, only
three physical qubits (g3, g4, gs) are active in the Hamilto-
nian Hy. Therefore, the dynamics of the two-logical-qubit
gates can be simulated with a three-qubit quantum proces-
sor. If we ignore the three uninvolved physical qubits, the
reduced two-logical-qubit states are

[00), = [010)346,
[10)2 = [110)346,
|E1) L = [100)346,

[01), = [001)346,
[11), = [101)346,
[E>)r = |011)346.

(16)

In our experiment, the nuclear spins ('H, 13C, '9F) are
chosen as physical qubits (g4, ¢3,qs). Similarly to the
case of a single-logical-qubit gate, a two-logical-qubit gate
Ur(/4,0) can also be implemented under the evolution
of Hr= Q'[cos(/8)(X3Xy + Y3Y4) + sin(/8) (Xz3Xe +
Y3Y6)]/2 with duration 7 = 7/ ', where Q' = 1 for sim-
plicity. We perform the standard QPT for two-logical-qubit
gates in the logical-qubit subspace by preparing 16 initial
states {[0), [1)2, (10)2 + |1)2)/+/2, (1002 + i|1)1)/v/2} ®
{102, 112, (10) + 11)1)/~/2, (10), + il1)1)/~/2).  There-
fore, the x matrix for the two-logical-qubit gate
Ur(mr/4,0) can be experimentally determined, as shown in
Fig. 3(c), and the gate distance between the experimental
and theoretical matrices is 0.274.

IV. ROBUSTNESS TEST

In the following, we experimentally test the robustness
of nonadiabatic holonomic quantum gates by taking the
single-logical-qubit gates as examples. To do this, we add
systematic errors in the Hamiltonian Hg as (1 + €)<2, with
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€ being the error fraction (i.e., the deviation of the cou-
pling strength). This type of error might be caused by
the imperfection of m-evolution condition such that the
cyclic evolution is no longer satisfied. Using the same QPT
procedure as above, we obtain the gate distances versus
the error fraction € for nonadiabatic holonomic quantum
gates in both the single-loop scheme and the composite
scheme, as shown in Fig. 4. The results indicate that holo-
nomic gates realized by the composite scheme have greater
robustness against the systematic error €. The abnormal
behaviors in the small-systematic-error range for the NOT
gate are mainly due to the imperfection of the state prepa-
ration and measurement, which dominates the main errors
when € is small. In addition, the gate infidelity induced by
the initial-state preparation can be further suppressed [51].

V. SUMMARY

By combining the advantages of geometric manip-
ulation and DFS encoding, we propose an extended
NQHC scheme, and demonstrate its feasibility in proof-
of-principle experiments via a NMR quantum-information
processor. We experimentally demonstrate universal
NHQC in DFS for both the single-loop scheme and the
composite scheme, which is an important step toward
fault-tolerant quantum computing. Moreover, we also test
the robustness of our implemented gates and show that the
holonomic gates realized in the composite scheme have
greater robustness against the systematic error than those
realized in the single-loop scheme.
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APPENDIX A: EXPERIMENTAL PULSE
SEQUENCES

Starting from the Hamiltonian for constructing holo-
nomic quantum gates in Eq. (1), as expected, the target
interaction Hamiltonian in experiments we want to design
is

2
Hs(2,0,0;01) = Hs(Q,¢15 2.02) = > Hi( . 1)

i=1

2
+sing; (X1 Y2 — Y1.X0)]

Q 6
= — {cos E[cosqﬁl(Xle + 1Y)

.0
-+ sin E[COS(¢1 + ¢)(X2X3 + Yz Y3)
— sin(¢; + @) (X Y3 — Y2X3)]} .
(A1)
Then, an arbitrary single-logical-qubit gate
US(V,9,¢) — e—iHs(Q,9,¢;y+7t)%e—i’Hs(Q,G,qﬁ;O)%

(A2)

can be achieved in a single-loop scheme by our setting

Q=/Q+9Q% 60 =2tan""(2/Q), and ¢ = ¢, — ¢,

FIG. 6. Experimentally reconstructed density matrices of initial states for single-logical-qubit gates: (a)—(e) correspond to |000),
10)z, 1)z, (|0). + |1)L)/\f2,and 10y, + ill)L)/ﬁ, respectively, where the elements in the logical-qubit subspace S| are marked as

dark-blue bars.
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Im p

1
23
K/S
6 56
7§23

FIG. 7. Experimentally reconstructed density matrices of initial states for two-logical-qubit gates: (a)~(p) respectively corre-
spond to [00)z, [01)z, [10)z, |11}z, [00) + [01)1)/+/2, (110) + 111)1)/+/2, (100); +il01)1)/+/2, (110} + il11)2)/+/2, (|00}, +
110)2)/~/2, (101), + [11)1)/~/2, (100}, +i[10)1)/+/2, (101)2 +il11)2)/v/2, (100), + [10), +[01), + [11))/2, (100), + i[01), +

[10), +i[11))/2, (]00); +i[10), +[01), 4+ i[11).)/2, and (]00), +i|01); + i|10), — [11);)/2, where the elements in the two-
logical-qubit subspace S, are marked as dark-blue bars.
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TABLE I.
C defined by C = Coxpe —

Distances of all initial states experimentally reconstructed. D(C) = ||C||

= /Tr(CCT) is the matrix F norm of the matrix

Ci, to quantify the closeness of the experimental matrix Ceyp,; and the theoretical matrix Cy,, where CT is the

conjugate transpose of C. Subscripts ' and L denote the three-physical-qubit space and the logical-qubit subspace, respectively.

Order Logical qubit Physical qubit (‘H,'* C,"° F) DL, D!

1 10), 1100) 0.070 0.055
2 1), 1001) 0.072 0.060
3 142 (]100) + |001))/+/2 0.147 0.114
4 |-)1 (1100) + i001))/~/2 0.164 0.149
5 [00), 1100) 0.070 0.056
6 |01); |001) 0.072 0.063
7 [10), 1110) 0.101 0.077
8 [11), |011) 0.113 0.086
9 (100), + |01),)/~/2 (1100) 4 1001))/+/2 0.147 0.128
10 (10), + 111))/~/2 (J110) 4 [011))/+/2 0.187 0.170
11 (100), + i]01),)/v/2 (]100) 4 i[001))//2 0.164 0.155
12 (110), +i[11)1) /2 (J110) +i]011))/+/2 0.186 0.164
13 (100), + [10),)/+/2 (1100) + [110))/+/2 0.118 0.082
14 (101), + |11))/v/2 (J001) +1011))/+/2 0.121 0.081
15 100y, + |10).)/~/2 (1100) + i[110))/+/2 0.115 0.088
16 101y, 4+ il11).)/v/2 (J001) +i011))/+/2 0.130 0.101
17 100y, + [01), + [10), + |11)1)/2 (|100) + |001) + [110) + [011))/2 0.190 0.169
18 (100);, + 7|01); + [10), + 7]01))/2 (]100) +]001) + [110) +i[011))/2 0.152 0.135
19 (100), + [01); 4+ i|10), + i|11),)/2 (1100) 4 [001) 4 i|110) + i[011))/2 0.198 0.151
20 (100), 4 i]01), + i[10), — |11))/2 (1100) 4 i|001) + i[110) — [011))/2 0.169 0.144

with Q7 = . For the NOT and Hadamard gates, the
operator has the form

Us(r.0.0) = ¢~ THs(@0.027)(2/2) ~Hs(@0.0:0)(t/2)
— o Hs(Q.0,0,00 (A3)
because  Hs(£2,0,0;27m) = Hs(€2,0,0;0) = Q[cos(6/2)

(X]X2 + Yl Yz) + SIH(Q/Z)(XzX_?, + Y2Y3)]/2 The holo-
nomic NOT and Hadamard gates correspond to 6 = 7/2
and /4, respectively.

Using the Trotter formula in Eq. (15), we can design
the experimental pulse sequence for the realization of the
Us(m,0,0) gate, as shown in Fig. 5(a). Similarly, for the
realization of a composite gate with N = 2, Us(,0,0) =
[Us(r/2,6,0)]%, where

US (7_[/2 9 0) — e*iHs(Q,9,0;3JT/2)(T/Z)efiﬁs(ﬂﬁ,o;o)(f/z)
(A4)

with Hg(2,60,0;3m/2) = Q[—cos(6/2)(X1 Y, — V1.X0) +
sin(6/2)(X, Y3 — Y»X3)]/2. Figure 5(b) shows the whole
experimental pulse sequence for Us(rr, 6, 0) in the realiza-
tion of the composite-gate scheme with N = 2.

For the experimental realization of the two-logical-
qubit gate Ur(w/4,0), the target Hamiltonian is Hy =
Q'[cos(rr/8) (X3Xy + Y3Yy) + sin(w/8) (X3Xs + Y3Y6)]/2,
which is the same as the Hamiltonian for the holonomic
Hadamard gate, except for the qubit labeling. Therefore, it

can also be implemented by the pulse sequence shown in
Fig. 5.

APPENDIX B: QUANTUM-PROCESS
TOMOGRAPHY IN THE DFS

In the maintext, we follow the standard QPT method
[48] to experimentally reconstruct x matrices in the
logical-qubit subspace for holonomic operations. The
goal of QPT is to determine a fixed set of opera-
tion elements (E;} for a quantum channel &: E(p) =
> n Xn m,oE Letp, 1<) < d*) be a fixed, linearly
independent basis for the space of d x d matrices. Each
E(p;) may be expressed as a linear combination of the
basis states £(p;) = Y, Ajxpr. Given that an input state
p: and {E;} are known, one can determine the action
of Emij,, =Y, ’Z"pk, where ,3’"” are complex num-
bers that can be determmed by standard algorithms. Thus,
Dok D an,B]f,’(’”pk = Y, Ajkpk. From the linear indepen-
dence of the py, it follows that 3, 3" Xmn = Ajic for each
k. Finally, one can determine y,,, given the known values
of Bi" and A using standard methods of linear algebra.

For single-logical-qubit gates, the fixed set of operation
elements {£;} can be

Ey=1I, E =X, E, =-iY,, Ei=27, (Bl
where I;, = [0)(0] + [1) (1], X]

L= 10)2({1] +1)(0], ¥ =
i0) (1] — #]1).(0], and Z, = IO) O] =

|1y,(1] in the DFS.

024024-8
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TABLE II. Distances of all experimental final states after nonadiabatic Holonomic quantum gates. Superscripts X1 and H1 denote
NOT and Hadamard gates, respectively, in the single-loop scheme, superscripts X2 and H2 denote NOT and Hadamard gates, respec-
tively, in the composite scheme, and superscript 2 denotes a two-logical-qubit gate. Subscripts F and L denote the three-physical-qubit
space and the logical-qubit subspace, respectively.

Order Initial state pX  pft pX pX pit pit o piz pl o pl D?
1 0Y, 0243 0.187 0244 0.171 0289 0.198 0259 0.184

2 1), 0275 0.191 0228 0.165 0285 0.191 0251 0.185

3 4. 0305 0225 0287 0237 0319 0233 0278 0218

4 =)z 0259 0.160 0278 0203 0254 0.195 0250 0.179

5 [00),, 0.289 0.221
6 101); 0279 0231
7 [10), 0.278 0.249
8 1), 0256 0.228
9 (100), +101))/+/2 0307 0.255
10 (110), + 111)1)/+/2 0268 0235
11 (100); +i01))/v/2 0236 0.208
12 (110), +il11),)/v/2 0242 0215
13 (100); +110))/+/2 0286 0.243
14 (101), + [11)1)/+/2 0263 0210
15 (100);, + i]10),)/v/2 0250 0214
16 (101), +i[11))/v/2 0231 0.171
17 (100), + |01), + [10), + [11)2)/2 0276 0212
18 (100)z +i101), + [10), +il01)7)/2 0.263  0.230
19 (100 +101), + 1|10y, +i|11).)/2 0.287 0.259
20 (100), +101) +i[10), — |11)1)/2 0.275 0.240

There are 12 parameters, specified by x;. We prepare four  the y matrices for single-logical-qubit gates in the DFS as
input states as

L (Pt P AL
X =4 (/OiL Pi)Al’ (B2)
{10)2, 11)2, (10}, + 1)) /~/2, (100 + il1)1)/v/2},
with
and the final states through a quantum channel £ are 1/, X
T - (B3)
2\X -1
= £(10).(0D, : : —y
, For two-logical-qubit gates, we prepare 16 initial states
pi = EADLAD, [Vm) = In) ® Im), where _|n), m) € {|0)r, 1)1, (10} +
p5 = E(H)L(+D) +iE(=){—=D — L+ Do + p4)/2, 1)1)/v/2, (10 + il1)1)/+/2}, and measure the final states
/ . N through the two-logical-qubit t hannel: p/ =
Py = EQ)LHD — €1 =)l — (L= o} + /2, oroush the fworlogicabqubit quantum channcl: 12y,

EOmn = Yum) (Vuml). As for the case for single-logical-
qubit gates, we reconstruct the physical-qubit state p;,, and
which can be reconstructed with use of quantum-  then extract the elements in DFS S, to form p/%. From
state tomography (i.e., experimental density matrices  the experimental p/- , the x matrices for two-logical-qubit
for three physical qubits). To illustrate the behav-  gates in DFS are obtained as

iors of quantum gates in the logical-qubit subspace,

we extract the matrix elements only in DFS S; to X2 = A5p"AS, (B4)
form pjr = 3"y irci100.001 €1y 17) ('] from the three-qubit

state o/ — where AL = AL ® AL, and

P, Zz,/e{OO0,00I ______ i € 10 G- The experimentally 2 1
reconstructed results for the initial and final states in the

. . . . /L /L 1L /L
three-physical-qubit space are shown in Figs. 6 and 7, Pii P2 Pz Pis
respectively, where the elements in the logical-qubit sub- L ok ph s P
space are marked as the dark bars. We calculate the corre- p=r ngl PéLz p§L3 Péﬁ P, (B3)

sponding distances of p/- from the theoretical ones, listed

,O/L ,O/L ,0 ,0
in Tables I and II. From the experimental p/-, we obtain ab P a3 ad

024024-9
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where Py = I ® [(pf, + pi3 + p3, + piy) ® I.] and P/ is
the transposition of Py.

APPENDIX C: ERROR ANALYSIS

Tables I and II shows the distances of all initial states
experimentally prepared in Figs. 6 and 7 from the theo-
retical ones. If we input these experimental initial states
into an ideal quantum channel, the distances of the recon-
structed x matrices in the logical-qubit subspace by ideal
QPT are around 0.148 and 0.167 for the single-logical
qubit gates and the two-logical-qubit gates, respectively.
According to the experimental signal-to-noise ratio, we
perform a numerical simulation by generating white Gaus-
sian noise on the measurements, which leads to an error of
around 0.026. Consequently, the errors for the x-matrix
QPT come mainly from the imperfection of the initial
states, as well as that of quantum-channel x reconstructed
(e.g., the nonadiabatic holonomic quantum gates). We also
find that the gate distance for the two-logical-qubit gate
is larger than that for the single-logical-qubit case. This is
because that the two logical qubits have a larger Hilbert
subspace than the single logical qubit, and a larger Hilbert
space results in more errors in the matrix elements.

[1] M. V. Berry, Quantal phase factors accompanying adiabatic
changes, Proc. R. Soc. London A 392, 45 (1984).

[2] F. Wilczek and A. Zee, Appearance of Gauge Structure
in Simple Dynamical Systems, Phys. Rev. Lett. 52, 2111
(1984).

[3] Y. Aharonov and J. Anandan, Phase Change during a Cyclic
Quantum Evolution, Phys. Rev. Lett. 58, 1593 (1987).

[4] P. Solinas, P. Zanghi, and N. Zanghi, Robustness of non-
Abelian holonomic quantum gates against parametric noise,
Phys. Rev. A 70, 042316 (2004).

[5] S.-L. Zhu and P. Zanardi, Geometric quantum gates that are
robust against stochastic control errors, Phys. Rev. A 72,
020301(R) (2005).

[6] J. T. Thomas, M. Lababidi, and M. Z. Tian, Robustness of
single-qubit geometric gate against systematic error, Phys.
Rev. A 84, 042335 (2011).

[7] P. Solinas, M. Sassetti, T. Truini, and N. Zanghi, On the
stability of quantum holonomic gates, New J. Phys. 14,
093006 (2012).

[8] M. Johansson, E. Sjoqvist, L. M. Andersson, M. Erics-
son, B. Hessmo, K. Singh, and D. M. Tong, Robustness
of nonadiabatic holonomic gates, Phys. Rev. A 86, 062322
(2012).

[9] E. Sjoqvist, Trend: A new phase in quantum computation,
Physics 1, 35 (2008).

[10] P. Zanardi and M. Rasetti, Holonomic quantum computa-
tion, Phys. Lett. A 264, 94 (1999).

[11] J. Pachos, P. Zanardi, and M. Rasetti, Non-Abelian Berry
connections for quantum computation, Phys. Rev. A 61,
010305 (1999).

[12] L. M. Duan, J. I. Cirac, and P. Zoller, Geometric manipula-
tion of trapped ions for quantum computation, Science 292,
1695 (2001).

[13] V. V. Albert, C. Shu, S. Krastanov, C. Shen, R.-B. Liu, Z.-
B. Yang, R. J. Schoelkopf, M. Mirrahimi, M. H. Devoret,
and L. Jiang, Holonomic Quantum Control with Con-
tinuous Variable Systems, Phys. Rev. Lett. 116, 140502
(2016).

[14] W. Xiang-Bin and M. Keiji, Nonadiabatic Conditional Geo-
metric Phase Shift with NMR, Phys. Rev. Lett. 87, 097901
(2001).

[15] S.-L. Zhu and Z. D. Wang, Implementation of Universal
Quantum Gates based on Nonadiabatic Geometric Phases,
Phys. Rev. Lett. 89, 097902 (2002).

[16] E. Sjoqvist, D. M. Tong, L. Mauritz Andersson, B. Hes-
smo, M. Johansson, and K. Singh, Non-adiabatic holo-
nomic quantum computation, New J. Phys. 14, 103035
(2012).

[17] G. F. Xu, C. L. Liu, P. Z. Zhao, and D. M. Tong, Nonadia-
batic holonomic gates realized by a single-shot implemen-
tation, Phys. Rev. A 92, 052302 (2015).

[18] E. Herterich and E. Sjoqvist, Single-loop multiple-pulse
nonadiabatic holonomic quantum gates, Phys. Rev. A 94,
052310 (2016).

[19] Z.-Y. Xue, F.-L. Gu, Z.-P. Hong, Z.-H. Yang, D.-W. Zhang,
Y. Hu, and J. Q. You, Nonadiabatic Holonomic Quantum
Computation with Dressed-State Qubits, Phys. Rev. Appl.
7, 054022 (2017).

[20] G. Feng, G. Xu, and G. Long, Experimental Realization
of Nonadiabatic Holonomic Quantum Computation, Phys.
Rev. Lett. 110, 190501 (2013).

[21] H. Li, L. Yang, and G. Long, Experimental realization
of single-shot nonadiabatic holonomic gates in nuclear
spins, Sci. China: Phys. Mech. Astron. 60, 080311
(2017).

[22] A. A. Abdumalikov, J. M. Fink, K. Juliusson, M. Pechal,
S. Berger, A. Wallraff, and S. Filipp, Experimental realiza-
tion of non-Abelian non-adiabatic geometric gates, Nature
(London) 496, 482 (2013).

[23] Y. Xu, W. Cai, Y. Ma, X. Mu, L. Hu, T. Chen, H. Wang,
Y. P. Song, Z.-Y. Xue, Z.-Q. Yin, and L. Sun, Single-Loop
Realization of Arbitrary Nonadiabatic Holonomic Single-
Qubit Quantum Gates in a Superconducting Circuit, Phys.
Rev. Lett. 121, 110501 (2018).

[24] D. J. Egger, M. Ganzhorn, G. Salis, A. Fuhrer, P. Miiller,
P. Kl. Barkoutsos, N. Moll, I. Tavernelli, and S. Fil-
ipp, Entanglement Generation in Superconducting Qubits
Using Holonomic Operations, Phys. Rev. Appl. 11, 014017
(2019).

[25] C. Zu, W.-B. Wang, L. He, W.-G. Zhang, C.-Y. Dai, F.
Wang, and L.-M. Duan, Experimental realization of univer-
sal geometric quantum gates with solid-state spins, Nature
(London) 514, 72 (2014).

[26] S. Arroyo-Camejo, A. Lazariev, S. W. Hell, and G. Bal-
asubramanian, Room temperature high-fidelity holonomic
single-qubit gate on a solid-state spin, Nat. Commun. 5,
4870 (2014).

[27] Y. Sekiguchi, N. Niikura, R. Kuroiwa, H. Kano, and H.
Kosaka, Optical holonomic single quantum gates with a
geometric spin under a zero field, Nat. Photonics 11, 309
(2017).

024024-10


https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1103/PhysRevLett.52.2111
https://doi.org/10.1103/PhysRevLett.58.1593
https://doi.org/10.1103/PhysRevA.70.042316
https://doi.org/10.1103/PhysRevA.72.020301
https://doi.org/10.1103/PhysRevA.84.042335
https://doi.org/10.1088/1367-2630/14/9/093006
https://doi.org/10.1103/PhysRevA.86.062322
https://doi.org/10.1103/Physics.1.35
https://doi.org/10.1016/S0375-9601(99)00803-8
https://doi.org/10.1103/PhysRevA.61.010305
https://doi.org/10.1126/science.1058835
https://doi.org/10.1103/PhysRevLett.116.140502
https://doi.org/10.1103/PhysRevLett.87.097901
https://doi.org/10.1103/PhysRevLett.89.097902
https://doi.org/10.1088/1367-2630/14/10/103035
https://doi.org/10.1103/PhysRevA.92.052302
https://doi.org/10.1103/PhysRevA.94.052310
https://doi.org/10.1103/PhysRevApplied.7.054022
https://doi.org/10.1103/PhysRevLett.110.190501
https://doi.org/10.1007/s11433-017-9058-7
https://doi.org/10.1038/nature12010
https://doi.org/10.1103/PhysRevLett.121.110501
https://doi.org/10.1103/PhysRevApplied.11.014017
https://doi.org/10.1038/nature13729
https://doi.org/10.1038/ncomms5870
https://doi.org/10.1038/nphoton.2017.40

SINGLE-LOOP AND COMPOSITE-LOOP REALIZATION...

PHYS. REV. APPLIED 12, 024024 (2019)

[28] B. B. Zhou, P. C. Jerger, V. O. Shkolnikov, F. J. Heremans,
G. Burkard, and D. D. Awschalom, Holonomic Quantum
Control by Coherent Optical Excitation in Diamond, Phys.
Rev. Lett. 119, 140503 (2017).

[29] N. Ishida, T. Nakamura, T. Tanaka, S. Mishima, H. Kano,
R. Kuroiwa, Y. Sekiguchi, and H. Kosaka, Universal
holonomic single quantum gates over a geometric spin
with phase-modulated polarized light, Opt. Lett. 43, 2380
(2018).

[30] K. Nagata, K. Kuramitani, Y. Sekiguchi, and H. Kosaka,
Universal holonomic quantum gates over geometric spin
qubits with polarised microwaves, Nat. Commun. 9, 3227
(2018).

[31] L.-M. Duan and G.-C. Guo, Preserving Coherence in Quan-
tum Computation by Pairing Quantum Bits, Phys. Rev.
Lett. 79, 1953 (1997).

[32] P.Zanardi and M. Rasetti, Noiseless Quantum Codes, Phys.
Rev. Lett. 79, 3306 (1997).

[33] D. A. Lidar, I. L. Chuang, and K. B. Whaley, Decoherence-
Free Subspaces for Quantum Computation, Phys. Rev. Lett.
81, 2594 (1998).

[34] G. F. Xu, J. Zhang, D. M. Tong, E. Sjoqvist, and L. C.
Kwek, Nonadiabatic Holonomic Quantum Computation in
Decoherence-Free Subspaces, Phys. Rev. Lett. 109, 170501
(2012).

[35] J. Zhang, L.-C. Kwek, E. Sjoqvist, D. M. Tong, and
P. Zanardi, Quantum computation in noiseless subsys-
tems with fast non-Abelian holonomies, Phys. Rev. A 89,
042302 (2014).

[36] G.Xuand G. Long, Universal nonadiabatic geometric gates
in two-qubit decoherence-free subspaces, Sci. Rep. 4, 6814
(2014).

[37] Z.-T. Liang, Y.-X. Du, W. Huang, Z.-Y. Xue, and H.
Yan, Nonadiabatic holonomic quantum computation in
decoherence-free subspaces with trapped ions, Phys. Rev.
A 89, 062312 (2014).

[38] J. Zhou, W.-C. Yu, Y.-M. Gao, and Z.-Y. Xue, Cav-
ity QED implementation of non-adiabatic holonomies for
universal quantum gates in decoherence-free subspaces
with nitrogen-vacancy centers, Opt. Express 89, 14027
(2015).

[39] Z.-Y. Xue, J. Zhou, and Z. D. Wang, Universal holonomic
quantum gates in decoherence-free subspace on supercon-
ducting circuits, Phys. Rev. A 92, 022320 (2015).

[40] Z.-Y. Xue, J. Zhou, Y.-M. Chu, and Y. Hu, Nonadiabatic
holonomic quantum computation with all-resonant control,
Phys. Rev. A 94, 022331 (2016).

[41] P. Z. Zhao, G. F. Xu, Q. M. Ding, E. Sjoqvist, and D.
M. Tong, Single-shot realization of nonadiabatic holonomic
quantum gates in decoherence-free subspaces, Phys. Rev. A
95, 062310 (2017).

[42] Z.-P. Hong, B.-J. Liu, J.-Q. Cai, X.-D. Zhang, Y. Hu, Z. D.
Wang, and Z.-Y. Xue, Implementing universal nonadiabatic
holonomic quantum gates with transmons, Phys. Rev. A 97,
022332 (2018).

[43] G. F. Xu, P. Z. Zhao, T. H. Xing, E. Sjoqvist, and D. M.
Tong, Composite nonadiabatic holonomic quantum compu-
tation, Phys. Rev. A 95, 032311 (2017).

[44] T. Chen and Z.-Y. Xue, Nonadiabatic Geometric Quantum
Computation with Parametrically Tunable Coupling, Phys.
Rev. Appl. 10, 054051 (2018).

[45] S. B. Zheng, C. P. Yang, and F. Nori, Comparison of the
sensitivity to systematic errors between nonadiabatic non-
Abelian geometric gates and their dynamical counterparts,
Phys. Rev. A 93, 032313 (2016).

[46] J. Jing, C.-H. Lam, and L.-A. Wu, Non-Abelian holonomic
transformation in the presence of classical noise, Phys. Rev.
A 95, 012334 (2017).

[47] X. Peng, X. Zhu, X. Fang, M. Feng, K. Gao, X. Yang, and
M. Liu, Preparation of pseudo-pure states by line-selective
pulses in nuclear magnetic resonance, Chem. Phys. Lett.
340, 509 (2001).

[48] I. L. Chuang and M. A. Nielsen, Prescription for experi-
mental determination of the dynamics of a quantum black
box, J. Mod. Opt. 44, 2455 (1997).

[49] J.-S. Lee, The quantum state tomography on an NMR
system, Phys. Lett. A 305, 349 (2002).

[50] G. Wang, Property testing of unitary operators, Phys. Rev.
A 84, 052328 (2011).

[51] A. Shabani and D. A. Lidar, Theory of initialization-free
decoherence-free subspaces and subsystems, Phys. Rev. A
72, 042303 (2005).

024024-11


https://doi.org/10.1103/PhysRevLett.119.140503
https://doi.org/10.1364/OL.43.002380
https://doi.org/10.1038/s41467-018-05664-w
https://doi.org/10.1103/PhysRevLett.79.1953
https://doi.org/10.1103/PhysRevLett.79.3306
https://doi.org/10.1103/PhysRevLett.81.2594
https://doi.org/10.1103/PhysRevLett.109.170501
https://doi.org/10.1103/PhysRevA.89.042302
https://doi.org/10.1038/srep06814
https://doi.org/10.1103/PhysRevA.89.062312
https://doi.org/10.1364/OE.23.014027
https://doi.org/10.1103/PhysRevA.92.022320
https://doi.org/10.1103/PhysRevA.94.022331
https://doi.org/10.1103/PhysRevA.95.062310
https://doi.org/10.1103/PhysRevA.97.022332
https://doi.org/10.1103/PhysRevA.95.032311
https://doi.org/10.1103/PhysRevApplied.10.054051
https://doi.org/10.1103/PhysRevA.93.032313
https://doi.org/10.1103/PhysRevA.95.012334
https://doi.org/10.1016/S0009-2614(01)00421-3
https://doi.org/10.1080/09500349708231894
https://doi.org/10.1016/S0375-9601(02)01479-2
https://doi.org/10.1103/PhysRevA.84.052328
https://doi.org/10.1103/PhysRevA.72.042303

	I. INTRODUCTION
	II. SINGLE-LOOP AND COMPOSITE NHQC IN A DFS
	A. Universal single-qubit gates
	B. Nontrivial two-qubit gates

	III. EXPERIMENTAL REALIZATIONS
	IV. ROBUSTNESS TEST
	V. SUMMARY
	ACKNOWLEDGMENTS
	A. APPENDIX A: EXPERIMENTAL PULSE SEQUENCES
	B. APPENDIX B: QUANTUM-PROCESS TOMOGRAPHY IN THE DFS
	C. APPENDIX C: ERROR ANALYSIS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


