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\V"c dc.;cribc tb<' objr.<"tivcs. dC'sign and prcd.kt.C'Ci performance of Ctovcr, which is a ground-based 
experimtmt to measure the faint j<B-mode" polari::>ation pattern in the co:>mic microwav~ bac.:kground 
(C)..fB). To achieve Lhis goal. CcOV('f wil1 ma.k(' polarimetric observations or approximalcly l000dc~2 

of the •ky in spectral bands c~ntred on 97, 150 and 22.5 GHz. The observatioru; will be made with 
a two-mirror ('ompact. range antenna. fc<l hy profiled. corruga.tOO horns. The t<'l~.opc h~am ~d7~ for 
ea<"h bi\nd are 7.$, 5.5 and 5.5arrmin, respectively. The polarisation of the sky will be measured wit.h 
a rota.ting half-wa\~e plate and i;tationary analyser, whkh will be an orthomodc trt\nsducer. The skY 
covcr~c (Cl!l'lbined with the an~lar tC!Olu.tlon will allow us to mea.."UTC the anp1lar power !Spfl."lta 
bet""""" 20 < t < 1000. F-vh fn-quanq· bBnd wlll ~mploy l<ri ""1gle poi11ril;;won, photnn nnl..- limit«! 
TES boloni.:terS rouled to 100 u1K. ' l'hP b;i,ckgrouud-limitt:J ,...,,,;th-lty of u1""" d~t.ctor arr y:< will 
:illow us to ronst aun Lhc U!nSOr-t<J..6a!.laI ri.tio t<> 0.026 nt Ju. ""'um!ng a.ny polaru;od foreground 
;ignalg can b" subtracted w1lh minimal degradatioa lo l.h.l 150 GRz se:t:ilLivl\\-. Sys Lema.l.ic: erron. will 
be miti:o;at!!<I by mo<luli\t1ni: the polarlsarion of t he 2'ky signols wi·h rhe rm .. ;tlng half .... ·11"'1 pint"- f:\Ft 
-"11m111h ~can• und periodic: telescope rotaTions obo•1 i boresi&h'.. Th" th ree .spi.rtral bar\Cls will l>P 
<iivided int.o two separate but nf>.a.rly identical in.-:truments-one for 97GHz and another for H;Q and 
225 GHz. The two instruments '""m be sited on identical three-axis mounts in the Atacama Desert in 
Chile near Pampa la Bola. Obsf!rvations are expN1;ed to beiz:in in late 200~1. 

I Introduction 

The currently fuvoun:d cosmologi<:al model predids that gro'-ir wuves produced <luring a. period of 
<'.osmolo!!ical inflation i;hould have imprinted a faint primordial "B-mode· polarisation pattern in tlle 
Cl\fB1.!! The amplitudf' f)f th~ gravity-w<tve !!ignal is relat!'CI to the expansion n1. e, :111d hence em>rgy 
scale:1• dm'iog !nfiation anci is therefore not yet predicted by fimdamental theory. By precisely charRCteT· 
bing Lhc pofo.rization of t.he CJ\IB. it should be possible to put strong constraints on the \.-acious theories 
oi inf1<:1t1011 . A discovery of die primoTdiw B-modt- signal would be sig11ifu:a11t breakthrough for botL 
ai;Lcoph~ .-if!'; anti parlkle pity il.'-1!, sitwe '''" wcmld Lhrn be prohin~ pbysk ·al the 1010 Uu\' :;nue. 

To date. the characterisation of the Cl\IB temperature anisotropy has given the prevailing J\CD!'.:I cos­
mologic:HI model a st rnug foot ing4 ·5 Thi· fool in~ WllS further strengthened when t.hc brighter "B-modc" 
polru-isation sirnal. which the prevailing model pr!'Clicted, was recently measured6'7. The anticipated 
13-mode signal has not yet been clisCO\"i!red because the current genera.tion of instrumentation is not 
sensitive enough to detect it. 

lu this pape1·, we describe Ctover, whid1 is a next-geueratiou Cl\IB experiment that will have sufficient 
sensitivity to measure the T and E-rnode signals and, b:v searching for a cosmological B-mode signal, 
measure or constrain the tensor-to-scalar ratioa down to r = 0.026. This is a factor of 20 lower than the 
l'nrrenl upper limit from C.\lB measlln'lnents alone11 • Therefore, the core astrophysical i,'08.ls of C,over 
are the following: to determine the energy scale of inflation , to improve constraints on a collection of 
cosmolo,gica.l parameters, to measure a 11011-primordial gra.vitaional lensing.induced B-mode signal, ant! Lo 
precisely charncteri~e a11y polarised Galacti~ signals nch A.! ynchrolron racliati1 n ;md polarised emi.-sfon 
fro111 dtb-t. An overview of C10Ycr is given in Section 2. while instrument aud obsen'lltlou details Cl.Te 
given in Sections 3 k I. 

°'The tensor-to-scalar ration! r, is proportional to the energy scale of inftation to the fourth power3 
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Figure 1: Theoretical angular power speC"tra for the temperature, E-mode and B-mode ?:iignals a...'-suming the ACD1·1 c:osm(>. 
logical mocleJ9 and r = 0.1. The black. B-mode curve compri~~ a primordial inAationary gravity wave :signal and a p1edicterl 
non-primordial B-mode foreground signal produced. by the gravitational lensing of partially polarised CiMB radiation as it 
pa...;;sed through large-scale stn1c:turf!i. The P.Xpected. performance of Ct over is ovPrpJott.ed ~s binned points, with error h;irs 
t.aking into ac:cow1t the atmospheric alul instrumental nois.e for lSO GHz and Lhe sample V'driance for the Cc over survey are.a . 
For comparison, we plot the power spectra of the forecasted. foreground signals in the Crover observation region.,. before 
clean.ing, based on polarisation observations and mod.els of unpolarised emi.ssionlO,ll,J:!. Thette foreground signals iru;lude 
polarised thermal emission from aligned dust grains and polarised synchrotron emission. The dust and s)'·nchrotron siguals 
a1e plotted at 225 and 97CHz. r~pective)y t.o show the worst case scenario. Both signals ~houl<l be smaller at l;}OCH~ 

2 The C1over Experiment 

During two years of operation, C;oYer will make polarimetric observations of approximately 1000 deg1 

of the sky from Pampa la Bola in the Atacama Desert, Chile, which i~ within the AL:'.\IA science pre­
serve. This location was selected because the millimetre-wave transmit.tance of the atmosphere al the 
site is among the best in the world for ground-based observatories, primarily due to the high ait itude of 
·1.9 km. The polarimetric observations will be made in spectral bands cer....;ed on 97, 150 and 225 GHz 
with two independent inst.rumen ts, one for 97 GHz and another for 150 and 2?5 GHz. The three '.·~e­

qucncy bands, primarily set by atmospheric transmission windows, are well mc.'',hed to the 2.7 K CMB 
blackbody spectrum and are expected to provide sufficient leverage for the spectral removal of the an­
ticipated astrophysic.al foregrnund signaL5. The baseline design of the experiment ,., Jls for the use of 
576 superconducting transition edge sensors (TES), cooled to lOOmK with a pulse tube cooler. a Hc-7 
refrigerator and a dilution refrigerator13 . The large number of detector outputs will be multiplexed with 
a time-domain cryogenic readout. The receivers containing the detectors will be mountPC! at. the fo<:al 
planes of low cross-polarisation, off-axis compact range antenna reflecting telescopes. The 97 GHz tele­
scope will provide 7.5 arcmin beams on the sky, while the 150/225 GHz telescope will provide 5.5 arculiu 
bea111~. The expected i11stru111e11t i\"ET :::: I 8 µK JSeC at 150 GHz give.s a µred ·:c,.J 111ap ~•msitivity uf 
around 1. 7 µK per 5.5 arcmin resolution clement for the Q and IJ Stokes paraructcrn after a t·.''o-ycu.r 
observing campaign. The beam sizes are well matched to the primordial B-mode signal. which dominates 
the non-pri;;wrdial B-mode signal below l:::: 100 for r ;:::: 0.01, and will allow wry good sensitivity t.o 
the non-primordial B-mode signal from gravitational lensing (see Figure 1). To mitigate the effect of 
1/ f noise from detector drifts and atmospheric fluctuations, to reject systematic errors and to achieve 
the best noise performance, Ctover will use rapid polarisation modulation. This modulation is produced 
by a rotating achromat.i<: h<tlf-wave plate and fixed orihomodc t.ransducers, whieh arc the polarisation 
analysers. I3ccausc the Il-mode signal is faint , the instrument design outlined above has r -2en advised by 
detailed cosmological simulations to ensure our re.snits should not. be contaminated by >;'ll'.rions instm­
mentlll signal~14 . The expecte<l performance of Ctover is shown in Fignre 1, anrl fi morlel of one oft.he 
C1over instruments i5 shown in Figure 2. 
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3 lhstrument Description 

Both the Ctovcr instruments will use a compact 
range antenna (CRA), which is composed of a 
parauolic primary 111irror autl hyperuolit: sec-
011dary mirror. Both mirrors are off axis. This 
optical dcsipi gives excellent cross-polarisation 
pi>rforrnance and low abnrations across a largi>, 
flat focal planei.;. For all focal plane elements. 
the Strehl ratio is greater than 0.95, and the 
cross polarisation -including the cross polari­
sation oft he horn-is het.ter than -3/ldB. The 
projected diameters of the primary mirrors are 
1.8 and 1.5 m for t.hc 97 and 150 /225 GHz in­
st.rnmP.nt.s rP.,pi>ct.ivP.ly. ThP t.P.lP.srope mirrors 
will be surrounded by a co-moving ba!Re lined 
with millimetre-wave absorber, which will pre­
vent signals in lhe far side lobt>s oft he telescope 
from being modulated as the telescope scans. 

Ead1 array element in the focal plane com­
prises a profiled rnrrugatcd horn , an ortho­
mocle transducer (OMT) and t.wo (TES) de­
tectors. The TES detectors are photon noise 
limited l\fo/Cu superconducting bolometers 
with transilion lemperalures around 190mK 
(4:~0mK for 225 GHz) and time constants 
aroun<l 0.5ms16· 17 . In the 97GHz focal plane 
the 01-IT is composed of an elect.roformed 
turn.~tilc jnnc:tion with a drc:nlar waveguide 
input and two rectangular waveguide out­
puLs1". Eac:h output waveguide terminates in 
a microstrip-<:ouplcd TES via a finliuc transi­
tion w At 150 anti 225 GHz each born couples 
to a planar OMT comp0&,>Q of four rectangular 
probes in a cylindrical waveguide211 • Out.puts 
from opposing pairs of probes are combinl"<l in 
a microstrip circ·uit, which terminates in the 

• axis 

azimuth axis 

Figure 2: :\ n1odel of one of the two Ctover instrumc:nts. The 
lhree ... ax.is mount also allows Lhe roLaLion of the entire optical 
assembly around rhe telescope boresight. The mirrors are held 
inside a co-moving baffle (translucent in the figure for clarity) 
Th<'! (".o-moving haffit"' i:io: lin<'<i v.·lr.h il.h:-;orhcr to m<lll<'P. thr. rtf('l('t 
of sid€ lobes. A counter balance, which iE not shown her~. will 
be mounted on the boresight axis on the opposite side of the el­
evation a.xis from the telescope. All of the instrument hard\\'Rfe 

showu here is either built or under construction. 

TES; this design combines the OMT and detectors on a single chip. The focal plane elements are 
grouped into eight-element modules, and each module is read out with a SQUID multiplexer2 L 22·2'l. 

A single achromatic half-wave plate (AHWP) will be mounted approximately IOOmm in front of 
'"'cb focal plane24·25 . The AH\VP is composed of three A-cut. sapphire discs at 97GH:i: aud five disc:s al 
150/225 GHz. The diameter of each disc is approximately 300 mm, and the disc thicknesses arc 4.65 mm 
and 2.13 mm al 97 and 150/225 GHz respectively. The 97 GHz AWHP central disc has a birefringent axis 
oriented at. 59° relative to the outer discs. while the second to fifth crystals in t.he 150/225 GHz stack 
arc rotated by 29° , 95°, 29" and 0° respectively with respect to the first crystal in the stack. To improve 
transmission and to minimise spurious polarisation from differential reflection, the AHWP will have a 
three-layer, uroa<lba11tl a11t.i-1eflectio11 coatiug on the external face:; of the stack. 

The cryostat and optics are mounted lo a common oplical assembly, which sils ou lop of a three-axis 
mount as shown in Figure 2. The third axis, rotation around the boresight, is necessary for identifying 
and suppressing systematic errors from instrumental polarisation and for increasing cross-linking. 

4 Observation Strategy 

C1ovcr will observe a total of l000dcg2 of the sky. This coverage is divided into tile four regions sbo1m 
in Figure 3, eat'.h rou~hly 20° in rllam.Ptn. Two of I tu> fielcL~ are in lhe soulhr.m ·k.v ~ncl two lie alon11; 
I.he eq11:1 I or. To c:ont rol the conlribnt ion from 1 he >\I mo~pbern eac-.h Lel.,,;rope will <;c-... 'ln 1tl Rppraximll.lely 

U.5 deg/ se: in azimuth at a con.'<tent elevatlou. £\·ezy few houl'$, the elevation ang1e of the Lel"'5C'ope will be 
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Figure 3: The four observation regions selected for Ctover, centred on 04:50-40, 2230-45, 0900+00 and 1400+00. plotted 
in equatorial coordinates o'"" a model of the magnitude of the polarised Galactic emission at 225 GHz. The field locations 
were chosen based on models of thr Galactic emission 11 •1 2 • and are optimally distributed in RA. The.«e fields are intended 
to overlap nicely with the survey areas of other B-mode experiments. AU;o plotted are the zenith dedination (dashed) from 
Pampa la Bola (22° 28' S, 67° 42' W) and the ecliptic plane (dotted). Grey areas never rise above 45° from the Ctover site, 

which means they are not. useful or ac~cssiblc. 

re-point.oo l:o allow for field I.rocking. During all ob~ervations, l:hP AH\VP will be rotal.oo mnl.innmL•l.v at. 
approximately 5 Hz and the telescope will be rotated around its boresight axis periodically. Observations 
at 97 GHz a.re expected to begin in late 2009, with 150/225 GHz observations expected from mid-2010. 
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