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Experimental implementation of heat-bath
algorithmic cooling using solid-state
nuclear magnetic resonance

I8 Baughl. O. Mouzsa’, . A, R',lanl. AL Nayak"”& R. Laflamme '

The counter-intsitive properties of quantum mechanics have the
enitial to revolutionize information processing by enabling the
i! of efficient z:xmlhnu with n:inmm classical
uumlerpm“"' Harmessi s power requires the
of 4 set of huilding bocks’, one of which is a method to initialize
the set of quantum bits (qubits] to a knewn state, Additionalky,
fresh ancillary qubits must be available during the course of
comiputation to achicve fault tolerance® ™, Tn any physical systens
wsed to iplement quanitum computation, one must therefone be
able to selectively and dymambcally remove entropy from the part
ofﬂ-esg-mmdut 15 5o b reapped 1o quibsits, One such method s
:u ‘apen-system’ conling protocal in which a subset of qubits can
e brought into contact with an external system of large heat
capacity. Theoretical efforts™" have led w an inyslementation-
independent conling procedure, namely heat-hath algorithmic
onoling. These efforts have culminaied with the propesal of an
optimal algarithm, the partner-pairing algorithm, which was used
to compaie the physical limits of heat-hath algerithmic cooling''.
Here we repart the experimental realization of multi-step conling
of a quantum system via heat-hath algorithmic cooling, The
experiment was carried out using noclear magnetic resonance of
a solid-state ensemble three-qubit system. We demonstrate the
repeated repalarization of a partioular qubdt to an effective spin-
Theath temperature, and altermating logical operations within the
three-qubit subspace to altimately conl o second qubit helow
this temperature. Demonstration ol the control necessary for
these operations represents an important step forward in the
manipulation of solid-state nsclear tic resomance qubits.
Muchear |11.15n.'r'w resomance | WMR-hased ensemble quantum
information processing (CIP) devices have provided excellent st
heds for controlling non-trivial rembers of qubits' . A solid-state
NMR QP architecture bailds on this success by incorporating the
execntial features of the liquid-state devices vhile offering the
potenitial to resch unit polarization and thus contred more qubiss"™*,
[ thiis architecture, the shundant nucler sping with pelarization P
fioren a large-heat-capacity spin-hath tlat can be eitler coupled to, o
decoupled from, 2 dilute, embedded ensermble of apin-labelled
teotopamers that comprise the qubal register. Bulk spin-coaling
procedures such as dynarmic nudlear polaration are well known
and capable of reaching polarizatons near wnaty'™", This architec-
ture s one realiztion wathin a large cas of presible solid-state OIF
systems in which eoherently controlled qubits can be hrought intn
contact with an external system that behaves as a heat hath. The
inciples and methods applied in solid-state NMR QP will there
re apply to many other systerms. An additional motiation is
development of control tedmiques that future quantum devices
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will hamess. For this experiment, we develop 2 novel teclmigque 1o
implemes mtlwm'ntmllcdquhr hath interzction, and alsa report the
first application of stronghy Inndul.m:& pulses' to solid-stase NMR
foor high-fidelity, erberant qubit cont

The three-qubit quantum information processor used here is
formed by the three spin-172 “C nuclei of Botopically labelled
makonic acid molecules, oooupying a dilute fraction of Lxtfice sites
im an otherwise unlabelled single crystal t’flThﬂOnlCMh] {unilabelled,
with the exception of naturally oocurring O sotope at the rate of
L1%). The cemcertration of labelled molecules was Maloaic
acid alse comtaing abundant spin-102 "H rwce, which comprise the
hezt-bath. Fgure | ghinws the ' H-decoupled, " C-NME spectrum for
the erystal {and orystal orientation ) wed in this wode. The spectnum
shiow the NME absorption peaks of both the qubat spins {gquarets)
and natural abundance ' spins {singlets), the latter being incon
sequential for QIP purposes. The table in Fg. | lises the parameters of
the ensermble qubit hamaltonian chtzined from fitting the spectrum,
and also inrll:lllmrwplmgs imvotving the methylene protens caleu
lated for this apstal orentation from the knowm orystal structure'™,
Experiments were perfoomed at room temperature at a static mag-
netic feld strength of 7.1°T, where the thermal "H polarizstion is
Pyo=24%107

In this orientation, the methylene carbon C, lwaa o dipolar
muplm# of 19kHz to H,,, of the metlgloe "H pair, whenes mo
other "C-"H dipolar conpling in the system i lager than 2kHe
(see g | for atom nomenclature). Therefiore, 2 spin-exchange
harniltonian of the form

wlo!+ola' +alat
H.= -";- r,"'-‘-"‘.L m
et e o
that couples the two muclear specics will generate dynaimics dorni-
n.lmi b the large Co-Hey coupling at short 1.IITh“ ltlu. Dy are
YC-TH dipelar couplings, indices & run over Y H e,
vespectively, and o s the G-axis Pauli operator for spin e, 5m|t|ng
fromn the natural mupli:g lamiltonian, H,, =% Dyolal (2, we
EETER

up|ﬂiudu.|m.u1j|'k\?ula: time-suspension’ sequence™ synchronously
w both “C and 'H sping to avate the effective apin-exicliange
Darnilbenian (in the wopgling frame), to lowest order in the Magnus
exparsinn of the sverage hamiltonian®™, Application of the sguece

fior the O —H,yyi exchange period 7 = 34 Ii}
m an approximale sdap gale (slate echange) between the O, 2nd
H,,, spars. With an mitial bulk 'H polanization Py, this proaedure
yidds a selective dynamic transfer of polarization ¥ =nFy tn Gy,
wiere 0= [g] = 1 and ideally [g] = 1. We define the effective spin
hath temperature to be that which comrespends to the experimentally
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Figure i lwﬁldhﬂrknﬁmh acid s pin system,
Boitom, "H-decouwpled, *'C spectrum mear the [210] orieniation with respect
tin thee stathe muagnets: dd. The hlinedashed lne & the experimental MR
absanpiion specirwm, and the salid red line ica e Muolspleyascgnemenis aee
indicated by the labebs ©, C; amd ., The central peaks in cach ssulziplel
correspand le aaiural shusdance the sasmple,
incansegmential far Q1 purposrs. The prak height
mobecule peaks indicate the strong coupling reginee, that i, the ™'
intramuolecular dipalar coupfings are <|rln|||c1||l compared bo ihe relative
chemical hifts, Top, tabde shewing the ' rotating-frame hamiltonian
parameters (chemical chifis along diagonal; dipelar coupling sirengihs
off-diaganal; all valies s kHz) obabned from the spectnal ic Dakso includies
caboulated dipolar couplings lnvelving the methydene protons based on the
abaniid coordinates” and the crpstil oricntition oblaisad fron the speotesd
it

obtained P under this procedure, and refer to this transfer as a
refresh operation. We obtained P == 0,858, experimentally, and
found that repeated refresh operations showed no loss in efficiency
given at least a 6ms delay for "H-"H equilibration. However, we
aobserved a docay of Py as a function of the nomber of repetitions,
adue i acourmulated ol aerrors, whicl lesd to an kdentical loss in
the refresh polarization.

The experiment conszts of the first i operations of the partnes-
pairing 2lporithm {PPA] an three qubitc three refresh opermations,
and three permutation gates: that operate on the qubt regester. This =
deseribed in the quantum aremt diagram of Fgo 2 Dunng the
register operations, the "H polarizzton i fist rotated mbo the
trarwverse plane, and then ‘spin-bocked” by 2 {1|\1nﬁ| phase-matched
radio frequency (r.£) field that both preserves the bulk "H polariz
tion and decouples the "H-""C dipolar interactions. As 'H-"H
dipolar interactions are merely scaled by 2 fackor — 102 under spin-
lencheing, H.,, i allened o equilibeare with the bulk "H nuche viaspin
diffusion, This coours on a timescale longer than the trmansvers:
dephasing time (T H,, ) = 100 as}, but much shorter than the spin-
lattice relaxation time |7 =« 508) of H,, .. Henos H,,) plays the role
aaf the fast- .rt{_s.mgqulntda.mﬂn.d in th protesed of vef. 1 The first
twn pegister operations ane swap gares; the thisd i a tlree-hit
compresgion (35C] gate® ™ that boosts the polanzation of the fist
aqubit, 2, at the expense of the polarizations of the other two qubats.
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Figure 2 | Schematic quantum cincuit diagram of the implemented
protogol. Time faws from left 1o dght. The three bt campression | 1HC)
paie is showa here demsposed as
il -‘qulul..:-"u: Th
partner-pairing ol pari
polarization Py ol the imatoky #igs
im duratinn, whereas the register operations are hetwern 0.7 and 1.3 msin
duradion. Thermal condact fakes place during “H spin-lecking pulses thal
beegin just befare the register aperations, and extend am addiveansd 12 ms
alter cach nperatlon. Hay can be thought of as an additienal “special
parposs qubit m this experiment: despite nan-selective 'H canired (due ta
bk hydeugenatinng, the refresh and thermal cantact eperations cowld be
petlarmed using callective "H contral. Thas, B, serves a6 a Gast-rclisiog
“qubsit’ and the bulk "F-bath 25 2 thermal bath of lige beal capacity.

Tdeally, the protocol builds 2 uniform polaimtion on all three qubits
commespomding to the hath polarization {first fiee steps), then sdec
tivedy transfers. as much entropy as passible from the first qubit to the
other two [last step ). The last step | 3BC) leads toa polarization boost
by a factor of 302 on the first qubit. Sobsequently, the heated qubits
can he re-onoded to the spin-hath ternperature, and the compression
step nepeated, Tteratively, wntil dw aspmptotic value of the first-bit
polariztion is reached. This limiting polarization depends only on
the number of qubits and e bath prdarizat L and s ideally
PUC ) = 28 for elaree qubsits (for - qubits it is 2 2 in e regime
P 27", and 10 the regirme P Se 277 (refi 11, 22)), The first six
sleps carviad aut heve sheuld yidd a pelarization nr LEF an O,
assuming, ideal operations.

The contml operations performed here are quantum control
aperations: state-independent unitary votations in the Hilbert
space, However, it should be noted that the heat-bath algrrithmic
coking gates are all permutations that map computational hasis
states to otha computational hasis states. Therefore, pate fidelities
wiedne regsured with respect o correlation with these known states,
vather than the manifold of generic quantum states, We toak
advantage of this property to further optimize the control paameters
af the " gares (register operations] for the state-specific transfor-
mationg of the protoonl. These aperationg were camied oot using
nurmrically optimized control sequences refored o as strongly
mindulating pulses'". Such pulss dove the sstem strongly at all
trmest, such that the average of amplitsde is comparable 0, o greater
than, the magnitude of the internal hamiltongan, The: allovws mboomee-
gemeitiess in theensermble qubit hamilonian to be eficemily rdooused,
5o that ensemble enberence is better maintained throughout the pate
operations,

In this set of experiments, the 'C qubit spins are initialized to
infinite temperature | a]sn-ndlnghmldhlrﬂ Vi Lexcitation pulse
is folloveed by a dephasing period in which "H dipolar fields
effectively dephase the "'C pelarization). Following the fifth step,
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Figare 3 | Exparimental results in terms of € spartra and their intagrated
Intemsities. 3, Reudoul species ablainad following sach of the sis steps in
the protacol. & colour sl indicates peak stensities, which ane b arbitrary
mnits, The integraied peak intensitios far cach mulliplet sorrespond 1o the
encmbde epin polarizations. The natural sbundance Co, danal thal
appears at ench refresh step {adding 1o the intensity of the central peaks)
shoubd he ignored; we are anly inderesied in the part of the signal arising
dram the 3" qubit malecales, which can be seem clearly In the ©) and ©3
apeviral reginms b, Bars indicars isdeal qubsii poliriations a1 cac step;
cxperimental vilues ahisined fram balegration of the above speoti dre
i s shaded bands, whess thivkaess indizcan s sxperimental unsertainny.

polarizations {in units of P ) of (88, 083 and 0,76 [ 0051 are built
up an Cy, ©; and C,,, respectively, The final 3BC operation vidds
PO F = 122 & 05, anincrease of 48% compared to tle averape
polarization (82} following step five, Despite control imperfections
that effectively heat the qubits at each step, we are able to ool the G,
apubit ensembike well below the effoctive "H spin-hath temperature,
The resules are swmmarzzed in l-uq, 3; in Fig 3a are shown the
1puu~.1]m[umuu‘.mrmmuuhnguu Capin polaritions follewing
aach of the six steps, and in Fig. 3b the integrated intersities are
graphed in comparison with the sdeal values. We nete that the overall
fudelity of the experiment, F = 122150 = (&)1, implies an ermor per
step ol 3.7%. This enor mte i only aboat a fzctor of teo lager than
the average enor per tan-gqubit gate obtained ma benelmark lquid-
stzle NME CHPF experiment'”. Furthermere, the st2le-eomedation
fudelity af the 35 gate over the polarizations on all three qubits is
€56 = 05, From Fig, 5h, it can be seen that the fideling of the refresy
operation drops off roughby quadratically in the number of steps; this
is comsistent with the less of bulk 'H polariztion due o pulse
imperfections both in the multiple-pulse refresh operations and in
the apin-locking sequence. As the broadband pulss have been
optimizged for Aip-angke in these woguence, we suspect tat e
rernaining ervers are mainly die tooswitching trangients that occur in
the runed 1 circuitry of the MR probe head, and to 2 besser extent
adf-resonance and finabe pulse-width effects that meodify the awe
hamiltomian™. Srmilar effects lead to imperfect Bdeliy of the V'
comtrol. With sustable improvements o the resonant arouil reponse
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and by incorporating numerical aptimezmtion of the multiplepulse
refresh operations, we expect that several iterations of the protocol
combd be carried out and that the limiting, polarization of 2P could be
approached in this systern. The same methadnlogies shoald also be
applicabde in langer qubit systerms with similar architecture, For a six-
qubit systern using, the PPA, a hath polarization P = 0.2 would be
sufficient, in principle, to reach a pare state on one qubit’. Such bulk
nuclear polarizations are well within resch via well-lnewn dyramic
nuclear polarization techniques’; for example, anpaired electron
sping at defects (g-factor = 21 in a feld of 3.4 Tand at temperature
4.2 K are polarized 1o 05,

Ths wodk dermomstrates: that solid-state SAME QP devices could
b e o irmplemment active evmor correction. Given a bath polariza-
tion mear umty, the refresh operatiom implemented bere would
comstitute the dvnamic resctting of 2 chosen qubit. This would
allowe a new NiR-hased test bed for the ideas of quartum ervor
correction and for comtrolled open- spstem quantum dynamics in the
regimne of igh state purity and up o appreodmatehy 20 qubits,

MR experiments were carried ol an room emper,
salid-mare spmmi.

rrspnuud;.- 'I.'I>= syl was
Rrown fram s

ime was Tl = S5, w0 the d(l:ls h(lm.m s was
average "' frec-inducion. dephasing rme (with 'H
w car sample. wne is dominaead by
thee cnsenmble dispersic ‘af chemical shifs, misch of w & is effecrivey removed
Iy the casenal saperaiens, Thesign of the strangly wedubiting
2y the metbesdelogy describad in eefl 13, and perally fancicns weee
amplisudes somparabia 1o or greter shan the
-frame hamili Thastsr pasls weees
4 over 3 distribution af eo. amypdi
tive mezmured disiribosion over the spin ensemble (o
Thee ‘ime-smpension’ sequence appliad symchrans tr 1o ' wnd 'Howeas 2
12 pulse s.:lmq.n.m:e aif the Cory 48 pake sequence™. The delays hnwaell
e vistal | ..nuntn’ esequmwu-lnps. H spin.

b sonmpring e initial nefvsh p..lmn.m.m.[
' palbirization P-measured in a separme experimen. These yield the rrin of
B va P and B o Fryadng the fact that Py = 3960,
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