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B cTaTbe NpuBOAMTCA 0630p UCMOJIb3yeMbiX B BEAYLLMX HAYYHbIX FPyMnax CMCTEM 3KPaAHOB KBAaHTOBbIX
cxeM. BbigeneHbl 06wwme Tpe60BaHMS K NOCTPOEHMIO TaKUX CUCTEM U BbiSIB/IeHbI MPO6/ieMbl, CBSI3aHHble
¢ 6051bLUMM pa3HOO6pasuemM MaTepuanoB U OTCYTCTBUEM METOAMKN UX pa3paboTku.

The article provides an overview of the shielding systems of quantum circuits used in leading
scientific groups. The general requirements for the construction of such systems are outlined and
the problems associated with a wide variety of materials and the absence of the methodology for

their development are identified.

BBEAEHUE

OIHUM K3 CaMBbIX IIepPCIIeKTUBHBIX HAallpaBIeHUN
B 00/1aCTH KBAHTOBBIX BEIUHC/IEHUH SIBJISIIOTCS CBEPX-
IIpOBOAHHKOBLIE KBAHTOBBe cxeMblI [1]. Ha ceron-
HSIIHUH JeHb Ha CBePXIIPOBOJAHUKOBBIX KBAHTOBBIX
CTPYKTypax y>Ke yAaJI0Ch JOCTUYb KBAHTOBOIO IIpe-
BOCXO/ICTBA — KBAHTOBBIM IIPOLIECCOP MOXKET PeIlruTh
3amady 6bICTpee CAaMOro MOLIHOIO CYIIepKOMIIBIO-
Tepa [2]. I KOppeKTHOH U 6e30mn60uHON PaboTh
KBAaHTOBBIX CxeM Tpebyercs cobniomeHne MHOTHX
YCJIOBHM: YMeHbIleHHe HaBeJeHHOIo 3apsga [3],
MHUHHMH3ALMS QIYKTyallHi BHEIIHEI0 MAaTHUTHOTO
nions [3], obecrevyeHHe OCTOSTHCTBA TOKA M HATIPSIKe-
HUSI YIPaB/SIOMNX U CUUTBIBAIOII X KMIIY/IbCOB [4]
Y 3alMTa OT I0TOKa MHpaKkpacHoro (MK) usnyue-
HU [5-8]. Bce 3Tu paKkTOPEI BHOCAT CBOM BKJIAJ, B Pa3-
PYLIEHHe COCTOSHUSI KBAaHTOBOM CHCTeMBI — IIpolLiecc
JeKorepeHI U H [3].

Ocoboe MecTo B IIpoliecce JeKOrepeHIIU U 3aHUMAEeT
HK-u3ny4eHwue, romnajamlnee Ha obpaser ¢ KBAaHTO-
BOI CXeMOM: BJIOKeHHAs B YHII MOIIHOCTD OT IIOIa-
nanusg UK-poToHOB BhBIIIE, YeM OT KOCMHUUYECKOTO

H31ydeHUs Uin GoHOBOM panuanuu (9]. [lagaroiee
H3/ly4eHHe pa3pyllaeT KyIlepoBCKHe Iapsl ¢ obpa-
30BaHMEM KBa3H4acTHL], KOTOPble [IPU TYHHE/IHPO-
BaHUHU 4epe3 [’)K03epCOHOBCKUH I1ePeXOf, BbI3bIBAIOT
KaK 3HepreTHYecKyw pejaKkcallkdio, Tak U Aedasu-
POBKy KybuTa [4].

®nyKTyallMU BHEIIHeI0 MarHUTHOIO I10JIsI KU HaBe-
JNeHHBIN 3apsA[ BHOCSAT HEKOHTPOJIIMPyeMble H3MeHe-
HUS B IIapaMeTPbl, BXOASLIHe B SHePreTUYeCcKoe OIlK-
CaHHe KBAaHTOBOM CHCTeMBbI - [AaMHJIBTOHHAH: B [I5KO-
3epCOHOBCKYI0 S3HEPTHUI0 Ej U CBEPXIIPOBOASIIYIO Pas-
HocThb a3 § [10], a TaksKe B 4aCTOTy KyOHTa wy,. Bce
3TO INPUBOAUT K HeIlpeACKa3yeMOMY H3MeHEeHUIO
COCTOSIHUS KybHUTa.

PaboTa CBEpPXIIPOBOJHHUKOBBIX KYOUTOB BO3MOKHA
JHIIb IPU TeMIlepaType 3HAaUUTe/lbHO bo/lee HU3-
KOHM, 4YeM KpUTHUYecKas TeMIlepaTypa CBepXIIpOBO-
OHUKa (ans amomuHusa T. = 1,18 K). OxnaxkgeHue
KyOHTOB /10 TeMIlepaTyp mnopsiaka 10 MK peanusyercs
C IIOMOIIBIO CIIELIMAIBHOTO 000PyIOBAHUS ~ KPHO-
cTata pacTBopeHHd [11]. JIng yMeHbIIeHHUS BIHS-
Husa UK-Hu31y4eHHsI U IPYTHUX 3JIeKTPOMaTHUTHBIX
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BO3/IEMCTBUM Ha KBAHTOBYIO CXeMy B KpHOCTaTe
JOIIOJIHUTEJIBHO K ero KOXKyXaM MCIIOb3YIOT SKPaHH-
poBaHHe U QUIBTPALIMIO KOAKCHATIBHBIX CUTHAIBHBIX
JIMHUH [12].

DKpaHUPOBAHHUE IIPeACTABIsIeT CObON CHUCTeMy
BJIOKEHHBIX IPYT B Apyra 3KpaHOB, OKPY>KaIOIIUX
IepsKkaTenb obpasma ¢ KBAHTOBBIM IIPOLIECCOPOM.
CHCTeMBI 3KPaHOB, HCIIOJIb3yeMble BeAyIIUMHU Hayyd-
HBIMHU TPYIIIIaMHU B 0671aCTH KBAaHTOBBIX BBIUHCIIE-
HHH, OTAMYAIOTCS KaK I10 KOHCTPYKL MM, TaK U II0
MNpPUMeHsIeMbIM MaTepuaiaM. B nanHoU paboTe mpu-
BOJUTCS aHAIK3 TPeOOBAHU I K 3KPAHAM JJIs 3ALIUTHL
0T UK-u31y4yeHHS K 3JIeKTPOMATCHUTHOTO IIOJIA,
a TaksKe 0030p CUCTeM 3KPAaHHUPOBAHUS (KOHCTPYK-
LIMH 1 MaTepHaJsIoB) A5 BEIOOPA 3KPAHOB CBEPXIIPO-
BOJHHKOBBIX KBAHTOBEIX CXEM.

MPUHL UMbl 3KPAHUPOBAHMS
3awwmra ot UK-usnyyeHums

Cpenu MCTOYHHKOB MK-H31y4YyeHHs B KpHUOoCTaTe
BbIAENSIOT [11]:

* CHTHaJIbHBIE KOaKcHaJIbHble CBU-IMHUHU, ITepenaro-

IIHe TeIlJIO OT BepXHUX CTyneHer CBU-THHUSAM;

+ 6oslee TemIble CTYIIEHU KPHUOCTATA;
* IIaCcCHBHBIE 37IeMeHTHl H3MepUTebHOM CXeMBbl, pac-

CeHrBalolKe 3JIeKTPUYECKYI0 SHEPIUIO B TEIIJIO.

[J1s 3aUTHL OT 3TUX UCTOYHUKOB UK-POTOHOB
SKpaHBI, a B HEKOTOPBIX C/IyUasiX U KPBILIKA JepsKa-
Tessi 06pasiia MOKPEIBAIOTCS U3HYTPH CIIeIHAb-
HBIMH ITOCJIOMAIMHUMU MK-M3/1yyeHHe IMOKPHI-
TUSIMU [5-8, 12-14], cTeleHb [IOTIOIMIEHU ST KOTOPBIX
MOKeT AOCTUTaTh 0,95 B TepareproBoM JHalla3oHe

INTRODUCTION

371eKTPOMAarHUTHOIO U3/Iy4eHUsl. B KauecTBe I10IJI0-
IIAOIIMX ITOKPBITUH IPUMEHSIIOTCSI IIPOMBIIIIEHHO
BBIIIYCKAKOIKecss cMobl [5-8, 12-15] (Hanpumep,
Stycast 2850 FT, Marconi LAO, Eccosorb CR-series
U IP.) OT[IeJIbHO HJIK B COUETAaHHUU C JOIOTHUTEb"
HBIMHU YaCTHLIAMHU Ha UX [I0BePXHOCTU (HallpUMep,
nopouok SiC ¢ pa3HBIM pa3sMepoM HacTHL, YIO/lb
MU TPadUTOBAS MIBI/ID).

3awura ot NEKTPUYECKNX U MarHUTHbIX nonen
McTOYHHMKaMHU 3M1eKTPOMAarHUTHOTO H3Jyde-
HUS SIBJISIIOTCSL KaK IPUPOAHBIE UCTOYHUKH, TaK
U OKpY>Kalollee obopynoBaHue [16]. B miesom, akpa-
HUPOBAaHMe BKJIIOUaeT B cebs He TOJBKO AeTalH
KOHCTPYKLIMH B BHJle KOKyXa, HO U 3JIeKTPOTeXHU-
YeCKHe COCTABISIONHe, HampuMep GuabTps [17].
KoXyxy NpensiTCTBYIOT PaCIIpOCTPaHEHHUIO dHEpP-
TUU IIOMeX B IIPOCTPAHCTBe, a QUIBTPHIL - pacIpo-
CTPaHeHHIO IIOMeX II0 IpoBoLaM. Haunydmunu
SKPaHUpPYyBOMUN 50PeKT AOCTUTAeTCS COBMECT-
HBIM HMCIIOJIb30BaHHEM 3THUX 3JIeMeHTOB [18, 19].
I[Ipyx 3TOM Ba>kKHO pacIliojaraTh GUIALTP Ha BXOAe
B 3KPaH, a He BHYTpH [19].

[IpUHLIMII 35KPAaHHUPOBAHUS OT 3JIEKTPHUUECKOTO
I10/IS 3aKJ/II0YaeTCs B Ilepexofe 3apsifa U3 CBO-
6omHOrO MPOCTPAHCTBA HA 3KPaH U yXo4a ero
B 3eM0 [17]. TIo3TOoMy A4 3 OeKTHBHOM 3aIHUTHI
OT 3/1IeKTPHUYeCKOro MOoJIs 3KpaH CleAyeT BBIIIOJ-
HSTh U3 XOPOILO IIPOBOASIIEro MaTeprana (Menp,
AIIOMUHUH) C KAUeCTBEHHBIM 3a3eMJIeHHueM — KOH-
TaKTHOE COIIPOTUBJIEHHE C 3eMJIeH JOIKHO OBITH
MHHHUMAJIBHBIM.

Fluctuations of the exter-

The superconductor quantum cir-
cuits [1] present one of the most
promising trends in quantum com-
puting. Nowadays, quantum supe-
riority has already been achieved
with the use of superconducting
quantum structures - a quantum
processor can solve a problem faster
than the most powerful modern
supercomputer [2]. Many conditions
are required for correct and error-
free operation of quantum circuits:
reduction of the induced charge [3],
minimization of the external mag-
netic field fluctuations [3], ensur-
ing current and voltage constancy
of control and readout pulses [4] and

protection against infrared (IR) radi-
ation [5-8]. All these factors contrib-
ute to the destruction of the quan-
tum system state, the so called deco-
herence process [3].

A special place in the decoherence
process is occupied by IR radiation
hitting the sample with the quan-
tum circuit: the intrinsic power
from IR photons hitting the chip is
higher than a power from cosmic
rays or background radiation [9].
The incident radiation destroys
Cooper pairs to form quasiparticles,
which, when tunneling through
the Josephson transition, cause both
energy relaxation and dephasing of
the qubit [4].

nal magnetic field and the
induced charge cause uncontrol-
lable changes in the parameters
included in the energy descrip-
tion of the quantum system - the
Hamiltonian: in the Josephson
energy E; and the superconduct-
ing phase difference § [10], as well
as in the qubit frequency wy,. This
leads to unpredictable changes of
the qubit state.

Operation of superconductor
qubits is only possible at a temper-
ature significantly lower than the
critical superconductor temperature
(for aluminium T, = 1.18 K). Qubits
cooling to temperatures of 10 mK
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OT IOCTOSIHHOTO M MeJJIeHHO MeHSIOIerocs
(mo 1 xI'1]) MAarHUTHOIO II0JISI UCIIOJIB3YIOT SKPaHBI
13 GeppoMarHMTHBIX MaTepHaoB (IepMaoes
(L-MeTanna, MAarHUTOMSTIKOTO CIIJIaBa) UJIM CTa-
7er) ¢ 60JIBIION OTHOCUTEIBHONM MarHUTHOU ITPOHU-
11aeMOCTBIO |1,. B TaKOM 9KpaHe THHUU MAarHUTHOM
MHIYKIUH [IPOXOASIT B OCHOBHOM II0 €ro CTeHKaM,
obnasaromUM MaJblM MarHUTHBIM COIPOTHUBIIe-
HHeM I10 CPAaBHEHHIO C BO3/lyIIHBIM IPOCTPAHCTBOM.
KadecTBO 3KpaHUPOBAHUS 3[1eCh, B OCHOBHOM, OITpe-
Je/seTcss MAarHUTHON ITPOHHULIAeMOCTBI0 9KpaHa (17,
20].

[IpUHLUI IeHCTBUS 3KPaHOB OT IIepeMeHHOT0
BBICOKOYACTOTHOI'O MarHUTHOIO I10/IS 3aK/I04aeTCs
B TOM, YTO B 3KpaHe B036y>kmaeTcsi mepemeHHast JJIC,
KOTOpas CO3LaeT IlepeMeHHble HHYKIIMOHHbBIE BUX-
peBble TokH (Toku ®yKo) [21]. MarHUTHOe I10/1e 3TUX
TOKOB Oy/JeT 3aMKHYTBIM: BHYTPH 3KpaHa Oyger
HaIlpaB/eHO HaBCTpeuy Bo30y KAalolleMy I0/II0, a 3a
ero npezeiaMHu - BIO/Ib Hero. Pe3ypTUpyIoliee moje
ocsabreHO BHYTPH 5KpaHa U yCHIEHO BHe ero, TO eCTh
IIPOUCXOAUT BBITECHEHHUE II0Js1 U3 3KpaHa. Takoe
3KpaHHUPOBAHHUE y>Ke 3aBUCHUT OT INIYOUHBI IPOHUK-
HOBEHHU S 110/ ITPHU pa3HoM yactoTe ("ckuH-3ddPexrT")
Y HauMHaeT XOpoIlIo paboTaTh € 4acToT BhlIe 1 KII.
[l 5KpaHOB HCIIONb3yIOTCSI HEMAaTHUTHEIE U dep-
POMarHUTHBIE MaTepHaJbl, KOTOpPble BRIOMPAIOTCS
HCXO0Asl U3 INyOMHBI IPOHUKHOBEHUS 0N [22].
Cpenu BO3MOKHBIX: Mefb, AJIIOMUHHUH, [L-MeTaJlI,
CTaJb, LUHK U JP.

Takske A5 MepeMEeHHOI0 3J1eKTPOMArHHUT-
HOTO I10/IsI XOPOILIO 3aIHIIAI0T CBEPXIIPOBOJHUKHU:

B H[€a/IbHOM IIPOBOAHUKE HET II€PeMeHHBIX 3JIeK-
TPUUYeCKHX U MarHHUTHBIX I0JIel: TOKH IIPOTeKaloT
I10 IIOBEPXHOCTH, He IPOHHUKAas B I1ybp MeTasa [19].
Eciiv 0TBEPCTHS U LIETH B 3KPaHe OTCYTCTBYIOT, TO
BY MarHuTHBIE U 3JIEKTPHYECKHE 101 OTCYTCTBYIOT
nubo BHYTPH, 1160 CHAPY>KH 9KpaHa.

CYILECTBYIOWME CUCTEMbI 3KPAHUPOBAHUSA
KBAHTOBbIX CXEM

Huske mmpencTaBieHbl CUCTeMBl 3KPAaHHUPOBAHUS
CBEPXITPOBOAHUKOBBIX KBAHTOBBIX CXeM, KOTOpbIe
HCIIOJIB3YIOT BeyIlle HayuHBble IPYIIbl B CBOUX
HM3MepUTEeTbHBIX CXeMaX.

Princeton University (CLLA)

B cxemax 3KpaHHPOBAHUS 3/leCh B KaueCTBe MaTe-
puana mepskatens obpasla ¢ KBAHTOBOM CXeMOU
Jallle BCero UCIOAb3yeTcst Menb (12, 23] (puc.1). Ilepen
BXOJOM B JlepKaTe/lb CTAaBUTCSI QUIBTP Ha OCHOBE
Eccosorb CR-110 B coueTtaHuu c LPF (Low Pass Filter),
CTOSIMM CHapY>KH 3KPaHOB [12, 23, 24]. ITocie gepska-
Tessl UAeT SKPaH C MOIVIOMIAOII MM ITOKPBITHEM TH60
Ha ocHoBe Eccosorb CR-124 [23, 24], nubo ¢ UCIOIb-
30BaHHeM CMOJHI Stycast ¢ yactuuamu SiC [12, 23].
OCHOBOM 3KpaHa CAYXHUT Menb [12] unu anomu-
HUU [23, 24], KOTOPBIN ABISETCS ellle U CBepPXIIPo-
BOASIIMM. Jlajiee B 3KPAaHUPOBAHHUHU HUCII0/Ib3yeTCs
3KpaH U3 P-MeTasnna (12, 23, 24], B HEKOTOPBIX CI1y-
4yasx - ABOMHOM [12]. TaKk>Ke B 4aCTH CXeM B Pa3HBIX
MecTax HCIonb3yeTcs Mylar - aloMHU3HMPOBaHHBIH
JABCaH ~ UCIIO/Ib3YIOMIMHCS B KadecTBe JOIIOTHUTe b
HOTI'0 OTpasKalollero cios (23, 24].

is realised with a special equip-
ment - dissolution cryostat [11]. To
reduce the influence of IR radiation
and other electromagnetic influ-
ences on the quantum circuit in the
cryostat, shielding and filtering of
coaxial signal lines are used in addi-
tion to the cryostat covers [12].
Shielding presents a system of
nested screens surrounding a sam-
ple holder with a quantum pro-
cessor. Shielding systems used
by leading research groups in the
field of quantum computing vary
both in design and in the mate-
rials used. This paper provides an
analysis of shielding requirements
for protection against IR radiation

and electromagnetic fields and
an overview of shielding systems
(designs and materials) for select-
ing screens for superconducting
quantum circuits.

PRINCIPLES OF SHIELDING

Protection against IR radiation
The sources of IR radiation in

the cryostat are [11]:

« signal coaxial microwave lines
transferring heat from the
upper stages to the microwave
lines;

¢ warmer cryostat stages;

* passive elements of the measur-
ing circuit that dissipate electri-
cal energy.
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To protect against IR pho-
tons sources, the screens, and
in some cases also the sample
holder lid, are internally coated
with special IR absorbing coat-
ings [5-8, 12-14], whose absorp-
tion degree can reach 0.95 in the
terahertz range of electromag-
netic radiation. Commercially
available resins [5-8, 12-15] (e.g.
Stycast 2850 FT, Marconi LAO,
Eccosorb CR-series, etc.) alone
or in combination with addi-
tional particles on their sur-
face (e.g. SiC powder of different
particle sizes, carbon or graph-
ite dust) are used as absorption
coatings.
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MIT Lincoln Lab (CLLA), ETH Zurich (lLiseiiapus)

ITomxon K 5KpaHUPOBAHMIO B 3TUX ABYX TPyIIIIaxX CX0-
neH (puc.l). [laHHBIe [10 MaTepHaIaM JIep>KaTesisi BCTpe-
YaIOTCS PeIKO, HO Ha OCHOBe PaboTsl [25] MOSKHO IIpen-
IIOJIOSKUTH, UTO MpeAIOYTeHHe OTAAI0T MeJU. [laree
yCTaHABIMBAIOTCS 3KPaHbl 1160 13 ogHoro Cryoperm-10
(mepmannown) [11, 26], nubo Cryoperm-10 c ajoMU-
HHEeBBIM LJHJIMHAPOM BHYTPH [25, 27]. [l crieinprye-
CKOM 3aIUThI OT KOCMHUYECKOI0 K3/1yueHHsI MOTYT IIPU-
MEHSITh SKPaHHUPOBAaHUe U3 CBUHIIOBBIX OpycKoB [28].
3/ech TO3Ke UCIIOIB3YI0TCSI PUIIBTPBL: Ha OCHOBe Eccosorb
CR-110 [27, 28] mu Eccosorb CR-124 [11], a Takske LPF [26, 29]
OTIe/BHO WU B codeTaHuU ¢ HPF (High Pass Filter) [25].

University of California (UC) Berkeley (CLLIA)

[l U3TOTOBJIEHH S iepsKaTesIsi HCIIONIb3YeTCst Melb — be3
MOKPBITUSA [30] Miu mmo3onoueHHas [31], a Takke anio-
MUHUI [32] (puc.2). [lanee mpuMeHseTcs 160 IIpocToe
3KpaHHpoBaHHe Cryoperm [33], 1160 cTyIIeH4YaToe 3Kpa-
HHUPOBAaHHe: Mefb C IOIVIOMIAIIHNM MaTepuaioM (30,
32, 34], anroMHHHeBbIN UUAUHAD [32] unu donsra [30],
Cryoperm [30, 32, 34]. ®rIBTpaIIHsI BXOXHOM THHUH 0be-
Crie4rBaeTCss GUABTPAMHU IIPOMBIIIIEHHOTO ITIPOM3BOI-
ctBa LPF [34-36] 11 HPF [31] M/1M CAMOCTOSITeILHO U3rOTOB-
JIeHHBIMH Ha 0CHOBe cMoJIbI Eccosorb [30] mau MemHoro
ropomIka [36].

Delft University of Technology (Huaepnaxgpi)

[Io MaTepHhaiaM AepsKaTessl LJaHHbIe IIPUBOASATCS
He Be3Jle, HO BCTpedaeTCs UCIIOJIHeHHe AepsKaTess
M3 Me[H, IIPHU 5TOM Ha BHYTPEHHIOI CTOPOHY JepsKa-
TeJIsI HAHOCHTCS IIOTJIONIAoIIee IIOKPhITHE [37] (pI/IC.Z).

Jlasee IpUMEHSIOT MHOTOC/IOMHOE 3KPaHHUPOBAaHHUE:
AJIOMUHUEBBIH 9KPaH U [Ba 3kpaHa u3 Cryophy (pas-
HOBUAHOCTh MarHHUTOMSTKOIO CIlIaBa) [37]. s duiib-
TPALIMH UCIIONB3YIOT Eccosorb-gunbeTpsl [37-39], pacro-
JIO’KeHHBbIe BHe 5KPaHOB.

IBM (CLLIA)

Yaie Bcero JAHHbIE [10 MaTepUaly fiepsKaTesisi He ITPU-
BOZSITCS, OAHAKO B pabote [40] yka3aHoO, YTO Jep>KaTe/lb
HM3TOTOBJIEH M3 JIIOMUHUS (PUC.3). DKpaHUPOBAHUE
IpeAcTaBisieT coboi NMIMHAP M3 Ammuneal cryoperm
(Pa3sHOBUAHOCTh MAaTHHUTOMSTKOIO CIIJIaBa) C IIOKPBI-
TheM BHYTpPH U3 Eccosorb CR-124 [41, 42]. TakxKe
B pabore [40] Ha ocHOBe cmosnbl Eccosorb CR-124 6p11a
BBITIO/THEHA BHEIIH SIS 000/I09Ka JIep>KaTess, 3/1eCh 5Ke
3KpaHHUpOBAaHHe U3 [I-MeTa/Jla IPUMeHeHO KO BCeM
CTYIIeHsAM KpHocTaTa. acTo MCIOIB3YIOT GUIBTPHI
u3 Eccosorb [41, 42].

Google Al Quantum (CLLA)

HepskaTenu, B OCHOBHOM, M3TOTAaBIMBAIOT M3 a0~
MUHUSA [43, 44], B HEKOTOPBIX C/IyUYassX KPBIIIKY
JlepsKaTejisl MOKPHIBAIOT IIOTJIOMIAKIUM MaTepHra-
JIOM Ha OCHOBe CMOJIBL Stycast ¢ yacTunamu SiC [44]
(puc.3). lanee ycTaHaBIKBaeTCs 9KPaH U3 -MeTaJlIa
(43, 44]. Tak>Ke BCTpe4yaeTcs UCIOTHEHHe 3KPaHU-
POBaHUS B BUJEe MHAMBU/yalbHOIO 3KpaHa [2] Han
06pasLoM ¢ KBAHTOBOM CXeMOMH, Ha BHYTPEHHIOIO
YacTh TAKOr0 3KpaHa TOKe HAHOCUTCS ITOTJIONIA0-
mee MOKpbeITHE. PUABTPALUA IMHHUU IIPOUCXOJUT
nocpencTtsoM npomeinieHHeIX LPF u LPF g UK
IouarasoHa [43-45].

Protection against electric and
magnetic fields

Sources of electromagnetic radia-
tion include both natural sources
and surrounding equipment [16]. In
general, shielding includes not only
construction details in the form of
enclosures but also electrical compo-
nents such as filters [17]. Enclosures
prevent the propagation of interfer-
ence energy in space, while filters
prevent the propagation of interfer-
ence through wires. The best shield-
ing effect is achieved by using these
components together [18, 19]. It is
important to insert the filter at the
inlet to the shield, but not inside
it [19].

The principle of shielding from an
electric field is to transfer the charge
from the open space to the shield
and to divert it into the ground [17].
Therefore, for effective protec-
tion against the electric field, the
screen must be made of a highly
conductive material (copper, alu-
minium) with a good ground con-
nection - the contact resistance
with the ground must be as low as
possible.

The shields made of ferro-
magnetic materials (permalloys
(p-metal, soft magnetic alloy) or
steels) with high relative magnetic
permeability p, are used against
constant and slowly changing (up
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to 1 kHz) magnetic fields. In such
a shield, the magnetic induction
lines run mainly along its walls,
which have a low magnetic resis-
tance compared to the air space.
The shielding quality here is mainly
determined by the magnetic per-
meability of the screen [17, 20].

The operating principle of screens
against an alternating high-fre-
quency magnetic field is that an
alternating EMF is excited in the
screen, which creates alternating
induction eddy currents (Foucault
currents) [21]. The magnetic field of
these currents will be closed: inside
the screen they will be directed
towards the excitation field, and
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Fig.2. Shielding circuits in University of California (UC) Berkeley and Delft University of Technology
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Chalmers University of Technology (LLiBewys)

JlepskaTenu U3TOTaBIKUBAOT U3 MeIH [46] MK anoMU-
Hu4 [47] (puc.3). SKpaHUPOBaHKe MHOIOCTyIIeH4aToe
Y IPUMeHSeTCS KaK K fiep>kaTeslo, TaK M KO BCeH HIK-
Hell IUIMTe KpuocTaTa [47]. [lepskaTeslb OKpy>KaeT Me[-
HBII 5KPaH C [IOIJIOMAON MM IIOKPBITHEM, Aajlee UAeT
3kpaH Cryoperm. Bcd HMIKHSASA CTyIleHb KPpUOCTaTa
OKpY>KeHa MeHBIM KO3KYXOM C ITOIVIOLIAIOII KM IIOKPbI-
THeM, 3aTeM CTaBHUTCSI CBEPXIIPOBOJSIIIUM 3KpaH.
QUIbTpaLIUs CUTHAJIa [IPOUCXOAUT C ITomollpo BPF
(Band Pass Filter) u ¢unsrpa Eccosorb.

Karlsruhe Institute of Technology (KIT) (fepmanus)
MartepuaJisl gep>kaTens - Mefb [48] u anoMUHUN [49)]
(puc.3). B KauecTBe 3KPaHHPOBAHHUS HCIIONB3YIOT
Cryoperm [48, 49], K KOTOPOMY B HEKOTOPBIX CJy-
YasiX MOTYT 106aBUTh CBUHIIOBBIK 3KPAaH BHYTpPH [48].
BcTpedaeTcst UCIIOIb30BAHHE IPOMBIIIIEHHOTO GUIIB-
Tpa BPF [48].

Yale University (CLUA)

751 nepskaTesell UCIIOAB3YIOT aJIOMUHUM [50] unu
Menp [51] (puc.4). SKpaHUPOBaHKe MHOIOCTyIIeH4YaToe:
MeIHBIH 3KPaH C IOIVIOMIAIONIMM ITIOKPLITHEM C YTOIb-
Ho¥ nUTbIO (Carbon black), 3ateM nuIMHAp M3 MarHu-
ToMsIrKoro criaBa Alumetal (pa3HOBUIHOCTD MarHUTO-
MSITKOrO CIUIaBa) [50]. @UIBTPHI YyCTAHABIKUBAIOTCS KaK
LPF, Tak u Eccosorb [50].

ITo MaTepHaaaM AepskaTeslel JaHHBIX He IIPUBO-
OUTCSI. DKpaHUpOBaHHUe TUO0 OJUHAPHOEe IOCpes-
ctBoM Cryoperm [52], 11bo cTyreH4aToe: Mefib C TOKPbI-
THeM Stycast ¥ YroJIbHOM IIBLJIBIO 1 MAaTHUTOMSITKHE

Ammuneal [53] (puc.4). PrIbTPaLIKS OCYILECTBIAETCS
nocpenctBoM ¢uasTpoB LPF u Eccosorb [52, 53], mpuuem
Eccosorb B HEKOTOPBIX CJIy4dasiX PacIoaaraloT BHYTPH
3KpaHoOB [52].

Université Pierre et Marie Curie (®panuwms), Royal Holloway
University of London (Benuko6putanus), University of
Maryland (CLLIA)

Jlep>kaTesnn U3roTaBIMBAIOT U3 [1030/I04eHHOM Meu [54]
WY aMIOMUHHESA [55] (puc.4). DT rpynisl obbeJUHSET
JIBOMTHOE 5KPAHUPOBAHHUE |L-METAJIIOM, HO B PA3HbIX KOH-
durypanmsix: BOKpyr Jepskatess [56], BOKpyT BCero Kpro-
cTata [55], KOMOHMHHPOBAHHBIN BapHAHT (JepskaTenu
M HIDKHSS CTYIIeHb KpHocTata) [54]. B Royal Holloway
TOIIOTHUTE/IBHO YCTAHABIMBAIOT CBEPXIIPOBOASIINH
CBUHLIOBBIM IXUTHHAP [55]. ITomxom K GUABTPAIUH Pas-
nudeH: BPF B Université Pierre et Marie Curie [54], HPF
y Royal Holloway [55] 1 LPF B University of Maryland [56].

3AKNIOYEHUE

AHaJIu3 5KPpaHUPOBAHUSA KBAHTOBBIX CXeM B Befy-

IIMX HAyYHBIX TPYIIIIaX B 067IaCTH KBAHTOBBIX BBIUKC-

JIEHUH TOKa3bIBAeT, YTO BBIIIOJHSIOTCS TpeboBa-

HHS K MaTepHajaM 3KPaHOB [/ 3JIeKTPOMAarHUT-

HOI 3aIIMUThI. TaK>Ke pacCMOTPeHHBIe CHCTeMBI 9Kpa-

HOB I103BOJISIIOT BBISIBUTh HEKOTOPbIe 3aKOHOMEPHOCTH

B OKPaHHUPOBAHUU:

* MHOIOCTYIIEHYATOCTh 3KPAHUPOBAHHS,

* MCIIO0/Ib30BAHMeE CIIeMaJIbHBIX ITOIIOM[AIOIIHX K31y~
YyeHHe IOKPBITUI Ha OCHOBe 3IOKCHUAHBIX CMOI
Eccosorb unu Stycast ¢ nobasinerHueM yactulil SiC Uiu
YTOJILHOM IIBUIH;

outside the screen they will be
directed along it. The resulting field
is attenuated inside the screen and
amplified outside it, i.e., the field
is displaced from the screen. This
shielding is already dependent on
the depth of field penetration at dif-
ferent frequencies ("skin effect") and
starts to work well from frequen-
cies above 1kHz. Non-magnetic and
ferromagnetic materials are used
for the shields which are chosen
based on the depth of field penetra-
tion [22]. Among the possible ones
are: copper, aluminium, p-metal,
steel, zinc, etc.
Superconductors ensure
good protection against the

alternating electromagnetic
fields, in an ideal conductor there
are no alternating electric and
magnetic fields: currents flow
over the surface without pene-
trating deep into the metal [19]. If
there are no holes or gaps in the
screen, there are no HF magnetic
and electric fields either inside or
outside the screen.

EXISTING SHIELDING SYSTEMS FOR
QUANTUM CIRCUITS

Described below are the super-
conductor quantum circuit
shielding systems used by lead-
ing scientific groups in their
measurement circuits.

Princeton University (USA)

In the shielding schemes here copper
is most commonly used as the sam-
ple holder material with the quan-
tum circuit [12, 23] (Fig.1). In front
of the holder an Eccosorb CR-110
based filter is placed in combination
with an LPF (Low Pass Filter) stand-
ing outside the screens [12, 23, 24].
Behind the holder there is a screen
with an absorption coating either
based on Eccosorb CR-124 [23, 24] or
using Stycast resin with SiC particles
(12, 23]. The base of the shield is cop-
per [12] or aluminium (23, 24], which
is also superconductive. A p-metal
screen (12, 23, 24] is then used in the
shielding, in some cases a double
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screen [12]. Also, in some circuits
Mylar (aluminised lavsan) is used
in various places as an additional
reflective layer [23, 24].

MIT Lincoln Lab (CLUA), ETH Zurich
(Switzerland)

The approach to shielding in these
two groups is similar (Fig.1). The
data on holder materials are rare,
but based on work [25] it can be
assumed that copper is preferred.
Then, shields are installed, either
of a single Cryoperm-10 (permalloy)
[11, 26] or Cryoperm-10 with an alu-
minium cylinder inside [25, 27]. For
specific protection against cosmic
rays, a shielding of lead bars can be

applied [28]. Here too filters are also
used: based on Eccosorb CR-110 [27,
28] or Eccosorb CR-124 [11], as well as
LPF [26, 29] alone or combined with
HPF (High Pass Filter) [25].

University of California (UC) Berkeley
(USA)

Copper - uncoated [30] or gold-
plated [31] as well as alumin-
ium [32] are used to manufacture
the holder (Fig.2). Then, either
simple Cryoperm shielding [33] or
staggered shielding is used: cop-
per with absorption material [30,
32, 34], aluminium cylinder [32] or
foil [30], Cryoperm (30, 32, 34]. The
inlet line filtration is provided by

commercially available LPF [34-36]
and HPF [31] filters or self-made ones
based on Eccosorb resin [30] or copper
powder [36].

Delft University of Technology

(The Netherlands)

The data on the holder is scarce
but a copper holder occurs when
an absorptive coating is applied
on the inside of the holder [37]
(Fig.2). Then a multi-layer shield-
ing is applied: an aluminium
shield and two shields made of
Cryophy (a kind of magnetically
soft alloy) [37]. Eccosorb filters
[37-39], located outside the screens,
are used for filtering.
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IBM (USA)

Most often no data are given for the
holder material, however, [40] indi-
cates that the holder is made of alu-
minium (Fig.3). The shielding is
made as cylinder of Ammuneal
cryoperm (a kind of magnetically
soft alloy) with a coating of Eccosorb
CR-124 inside [41, 42]. Also, in [40],
based on Eccosorb CR-124 resin, the
outer shell of the holder was made;
here the p-metal shielding was
applied to all stages of the cryostat.
Eccosorb filters are often used [41, 42].

Google Al Quantum (USA)
The holders are mainly made of
aluminium [43, 44], in some cases

the holder lid is covered with
an absorbing material based on
Stycast resin with SiC particles [44]
(Fig.3). Then a p-metal shield is
installed [43, 44]. There is also a
shielding design of in the form of
an individual screen (2] over a sam-
ple with a quantum circuit, and an
absorbing coating is also applied to
the inside of such a screen. Line
filtering takes place via indus-
trial LPFs and LPFs for the infrared
range [43-45].

Chalmers University of Technology
(Sweden)

The holders are made of copper [46]
or aluminium [47] (Fig.3). The

HAHO MHOVCTPHA Tom 14 Ne7-8 2021

shielding is multistage and applies
to both the holder and the entire
bottom plate of the cryostat [47].
THE HOLDER SURROUNDS
A COPPER SHIELD WITH AN
ABSORPTION COATING, followed
by a Cryoperm shield. The entire
lower stage of the cryostat is sur-
rounded by an absorption coated
copper casing followed by a super-
conducting shield. The signal is fil-
tered using a BPF (Band Pass Filter)
and an Eccosorb filter.

Karlsruhe Institute of Technology
(KIT) (Germany)

The holder is made either of cop-
per [48] or of aluminium [49]
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trial BPF filter is used [48].

Yale University (USA)
Aluminium [50] or copper [51] is
used for the holders (Fig.4). The
shielding is multi-stage: a copper
shield with an absorption coating
with carbon dust ("Carbon black"),
then a cylinder of Alumetal (a kind
of magnetically soft alloy) [50].
Both LPF and Eccosorb filters are
fitted [50].

No data is given for the holder
materials. Shielding is either

single made of Cryoperm [52] or
staggered: Stycast coated copper
with carbon dust and magneti-
cally soft Ammuneal [53] (Fig.4).
Filtration is done by means of
LPF and Eccosorb filters [52, 53],
in some cases [52] with Eccosorb
being placed inside the screens.

Université Pierre et Marie
Curie (France), Royal Holloway
University of London (Creat
Britain), University of Maryland
(USA)

The holders are made either of
gilded copper [54] or of alumin-
ium [55] (Fig.4). These groups
share dual p-metal shielding,
but in different configurations:

around the holder [56], around
the whole cryostat [55], a com-
bined version (holders and the
lower stage of the cryostat) [54].
Royal Holloway additionally
installs a superconducting lead
cylinder [55]. The filtration
approach varies: BPF at Université
Pierre et Marie Curie [54], HPF at
Royal Holloway [55] and LPF at the
University of Maryland [56].

CONCLUSIONS

Analysis of shielding of quantum
circuits performed by the leading
scientific groups in the field of
quantum computing shows that
the requirements to shielding
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materials for electromagnetic

shielding are fulfilled. The ana-

lysed shielding systems allow of
revealing some regularities in
shielding:

« multi-stage shielding;

« use of special radiation absorb-
ing coatings based on Eccosorb
or Stycast epoxy resins with the
addition of SiC or carbon dust
particles;

« use of superconducting shields
or shields made of metals
with high relative magnetic
permeability.

However, with a variety of
solutions for protecting quantum
circuits from IR radiation and

other electromagnetic interfer-
ence, it is not entirely clear what
the configuration and sequence
of shielding should be, how
many shields are required and
where the absorption coating
should be placed. Thus, among
the problems in the shielding
issue are:

 lack of criteria for assessing
the effectiveness of shielding
systems;

« ambiguity in the set of materi-
als used in the shields;

« lack of a clear idea of how well
the shielding performs the task
of protecting the quantum cir-
cuit from external influences.
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It follows from the above that
there are no recommendations
for shielding. To solve these
problems, a theoretical justifi-
cation of the applied solutions
is required to screen out redun-
dant shielding options and per-
form afterwards the experimen-
tal testing of the selected solu-
tions to choose the most effective
shielding system. |
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