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ABSTRACT

We present SOHO Coronal Diagnostic Spectrometer (CDS) Wbimeidence extreme-ultraviolet spectra of the Sun takemfthe
beginning of the mission in 1996 until now. We use varioushuods to study the performance of the instrument during sorap fime
span. Assuming that the basal chromospheric-transitigiomeemission in the quiet parts of the Sun does not vary dwercycle,
we find a slow decrease in the instrument sensitivity oveetivile applied a correction to the NIS (Normal Incidence Spegcaph)
data, using as a starting reference the NIS absolute cidibrabtained from a comparison with a rocket flight in May T9%e then
obtained NIS full-Sun spectral irradiances from obseoratiin 2008 and compared them with the EUV irradiances obdidiom the
Apr 2008 rocket which flew a prototype of the Solar Dynamics@tatory EVE instrument. Excellent agreement is foundveeh
the EUV irradiances from NIS and from the EVE-prototype, faoning the NIS radiometric calibration. The NIS instrumewer
13 years has performed exceptionally well, with only a factfo2 decrease in sensitivity for the long-wavelength cledwith the
exception of the strongest lines. The short-wavelengtihmblesdfered badly during the period of SOHO loss.
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1. Introduction (6 in first order and 3 in second). The Del Zanna et al. (2001)
radiometric calibration was obtained relative to the resdoty

gggeg?)'f—lg ﬁ;ﬁ%r%%ge%?étifN?gfgﬁgn;ega(z?r%sfnz d%%rg% 584 A. Once the Brekke et al. (2000) responsivity at 584 A is
(GIS) Spectrometer (Harrison 1995). CDS covers, with a fe opted as areference, the Del Zanna et al. (2001) and ane st

. . rd’ calibrations agree within 30% or so, which is satigfac
minor gaps and 9 channels, the important 150-800 A EUV spegger 1y workshops held at I1SSI (cf. Del Zanna 2002, and the
tral range. CDS has routinely operated from 1996 to now, 8nGjqsk "The radiometric calibration of SOHO'), the teams o th
providing us the opportunity for the first time to study ertee 5jq,5 instruments on-board SOHO converged to a consisten

ultraviolet (EUV) radiances and irradiances along a fulBso g ative radiometric inter-calibration within 30-50%, faiv se-
cycle, from 1996, during the previous solar minimum of aQtiv |octeq wavelengths.

to now.
Before any study is performed, a full analysis of the perfor-
mance of the instrument during such long time span is need
In particular, it is fundamental to characterise the raditi
calibration as a function of time, which is the main aim ofthi

The study of the long-term ageing of each of the SOHO in-
uments has taken a considerable amount of yearsftortse
ter many attempts, we realised that the performance of the
GIS was best obtained by studying the synoptic radiance mea-

; P ; ; ; ; ts of the quiet Sun and the behaviour of line ratibs. T
manuscript. A significantféort to obtain the radiometric calibra- SU'€mMen . >Un a
tion of the CDS instrument was devoted during the first 2 yea]8a! results, published in Kuin & Del Zanna (2007), were that
of the mission, 1996-1997. or many wavelengths no appreciable drop in sensitivity was

The 'standard’ CDS calibration available through Solatsopresent. The strong lines were howeveated by gain depres-

is based on a comparison between the EGS rocket flight of 1989

May 15 (Woods Rocket) and CI8$IS FULL SUN NIS spectral After testing various methods over the last few years (see,
radiance measurements. It is described in Brekke et al0)200e.g. Del Zanna et al. 2005; Del Zanna & Andretta 2006), we
This study producedbsolute values of the in-flight NIS sensi- also resorted in using a similar approach to characteresdlts
tivities, for both NIS 1 and NIS 2. For NIS 2, it was possible t@erformance. Some of the previous attempts were based on com

estimate a coarse wavelength-dependence. For NIS 1, osly §arisons between NIS irradiances and those obtained wéth th

Del Zanna et al. (2001) obtained an independent radiom&EE EGS irradiances were calibrated with three EGS rocket
ric calibration for all the GIS and NIS channels by studyimg! flights flown in 2002,2003, and 2004. The NIS-EGS compar-
ratios in a large number of observations (on-disEJimb, quiet 1SONS indicated the need to revise the radiometric caltmaif
sun, active region). The observed line ratios were comptred! 'MED SEE EGS irradiances, a work which is in progress.
theoretical angbr previously well-calibrated measurements, to The methods we adopted basically rely on the assumption
obtain the relative sensitivity between all the 9 spectaalges that the basal chromospheric-transition region emissiothé



quiet parts of the Sun does not vary over the cycle. Theservations were analysed. For later dates, an extrapolats
have been some reports which appear to contradict thisdbaadopted, which turned out to overestimate the correctiongy
on SOHO SUMER radiance measurements (e.g. Schihle ettala factor of 2.

2000; Pauluhn & Solanki 2003). However, the large solar-vari A preliminary correction for the other NIS wavelengths was
ablllty in small fields of view and the Iarge uncertaintieir in- then estimated by Obtaining an average normalised wide slit
ﬂlght radiometric calibration have left some doubts abbese spectrum, and scale the corrections for the other Wavdiertg;t
results. _ assuming that the burn-in would follow this wide slit spectr.

As it is often the case, it was only thanks to long-ternthe time dependence of the scale factor was derived from-an es
ground-based measurements that this issue could be darifigmate of the total number of photons recorded by the insénm
Ground-based measurements of equivalenth widths of phogger time. Ideally, one could actually count the number aiph
spheric and chromospheric lines (e.g. Ca Il) over the 'quigins recorded by the instrument over time. In reality, hasvev
Sun’ (often Sun centre) have in fact provided good evidehae t only the data pertaining to a few spectral windows are relyin
the basal photospheric-chromospheric emission has nogelia telemetered to the ground, so it is impossible to recovehthe
over the last three solar cycles (Livingston et al. 2007eNbat  tory of light exposure.
these types of measurments are independent from calibriatio So, in practice, it was assumed by Thompson (2006) that

sues, hence are very reliable. the accumulated photon count on the detector is propottiona

Fort.unately, on April 20.08’ the prototype of the SOIafh estimated accumulated exposure time. Such an assumptio
Dynamics Observatory EVE instrument was launched on-bo ever, would be valid only if the 90slit was used to observe

a rocket. It provided an excellent EUV spectrum (Woods et uiet reqi PR L
) . . gions only. This is likely to be not true, as the digant
2009; Chamberlin et al. 2009). The prototype instrumentraas |n«s of sensitivity in the NISL regions around the positiothe

diometrically calibrated at NIST, and has a much higherspéc . . )
. . Fe XVI335 and 360 A lines indicates. These lines become in fac
resolution compared to the TIMED SEE and the previous roc %‘Fe prominent lines in active region spectra, and the NIStsa

flight instruments, but very similar to that one of the NIS. W : . . T
could therefore use these rocket data to check the NIS radiom how an increasing depression with time at these wavelsngth

ric calibration. The assumption that the drop of the sensitivity has been
mainly due to the use of the wide 9@Glit predicts that the re-
gions in the detector where the strongest lines fall sholavs
2. The NIS instrument and the synoptic radiance a progressive decrease in sensitivity, something whichitta,
observations with the exception of the Fe XVI 335 and 360 A lines, do not
show as we shall see below.

The CDS instrument consists of a Wolter-Schwarzschild type  1he NIS instrument has obtained various types of routine ra-

graZiI'.‘g inc}:‘]idence_ telescope, a ?can mirror,l f’i”‘?' a setfta‘rd.i diance measurements over the years which we have usedyo stud
ent slits. The NIS is composed of two normal incidence gg&iinhe instrument’s performance. The NIS provides radianges o

that disperse the light into the NIS detector, mainly coneyplasf aximum field of view of 4«4’ by moving the scan mirror to
amicrochannel plate (MCP) and a charge coupled device (C ?;duce contiguous images of one of the long slits (a ‘rgster
known as the viewfinder detector subsystem, or VDS. The grgfsiemetry constraints are such that only a small fractiothef
ings are slightly tilted, in order to produce two wave-ba(MS  4¢4 recorded onboard are telemetred to the ground.

1:308-379 Aand NIS 2: 513 - 633 A). Routine radiance measurements over the quiet Sun have been

The temporary loss of contact with SOHO in Jt_me_ 1998 da 1ken with various programs. Here we focus on the daily NIMCP
aged permanently the performance of some of its instrumen ?udy’ (Sec. 2.2). Daily synoptic radiance observationa few

The spacecraft was successfully recovered in Septemb@&: 19 ectral windows have been taken regularly in a strip along
The NIS post-recovery spectra present broadened and adyMPR meridian with various variants of the CDS study SYNOP

rical line profiles, that in particular for NI.S 1.stronglynm:i_ethe (Sec. 2.3). Radiance measurements over the whole Sun have
spectral res_olutlon. The spectral resolution in terms bfidth been taken quite regularly once a month or so after 1998 with
at half-maximum (FWHM) was: 0.35 Afor NIS 1and=0.5A  ,5'cpg study USUN (Sec. 3). They consist of 700-1000 single

for NIS 2 pre SOHO-loss. o slit exposures sampling the whole Sun in about 13 hours (see,
MCPs normally stfer a drop in gain due to the exposure t%.g_ Thompson & Brekke 2000 for details).
solar radiation. For the NIS, this results in a depressiothat '

core of the lines (the so-calldmlirn-in of the lines), that is non-

negligible for the brightest lines. Thigfect in the NIS spectra 2.1. Data analysis

has been monitored since launch with the NIMCP study, as de-

scribed in Thompson (2000) (also see below). The bias of the CCDs is regularly monitored. We have applied
The use of the wide 9&lit (number 6) also causes with timestandard processing for the de-biasing and flat-fieldinggube

a drop in the NIS sensitivity. Contrarily to the line core twin, CDS routine VDSCALIB. Cosmic ray hits strongly constrains

this kind of eficiency loss fiects wide regions of the detectorNIS observations, in the sense that exposure times canitobbe

A preliminary 'CDS standard correction’ for the observedplr long. Cosmic ray hits have been removed from the subsequent

in count rates in time assumed that the main factor in the drapalysis. Many geometrical distortions of the NIS specte a

of the sensitivity was due to the use of the wide’ 3(it. This present (see, e.g., Haugan 1999). The main one is the siduet in

standard correction has been used until now within the stahdspectra, i.e. the fact that the dispersion direction is acaltel to

analysis software, and is described in Thompson (2006). Tt CCD rows. This has been corrected for by the CDS routine

method assumed firstly that the He | 584 A radiance of qui¥PS-ROTATE.

Sun regions should be constant with time. Radiances from the NIS spectra contain a wavelength-dependent scattered ligh

long-term SYNOP (Sec. 2.3) data were used. This preliminafyackground’) component, which is mostly concentratethia

correction turned out to be quite accurate up to 2003, when atetwork areas, but disappears tt-tbmb observations. The NIS1
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Fig. 2. Averaged spectra from the NIMCP 90,3uiet Sun observations
for the NIS1 channel.

2.2. NIS MCP test (NIMCP)

The NIMCP standard observations consists of a sequence-of na

row 2’ (number 4) and wide 90(number 6) slit exposures over

a quiet Sun region. NIMCP data have been corrected for bias,
cosmic rays, flat-field, geometrical distorsions (slanhm$pec-

tra). For each exposure, spectra have been averaged alng th
slit.

For the 2 data, the burn-in in the core of the lines was
corrected for by reconstructing the line profiles. This isielo
with good accuracy (typically a few percent for some lines) a
described in Thompson (2000). The corrections applied by th
standard CDS software were obtained from the analysis af dat

Fig. 1. Top: image of the 13 years of NIMCP 9@ata over the quiet Up to 2003. An extrapolation is then applied. We have checked
Sun. Middle: a sample of averaged’pectra at three fierent epochs. the correction for the strong lines, which appears to be -accu
Bottom: the corresponding’Zpectra. Notice the overall decrease in theate to within a few percent. Fig. 1 shows the entire averd@ed

count rates in both 2,90spectra.

years of NIMCP 90data over the quiet Sun corrected for the
narrow slit burn-in. A few exposures with too low or too high
count rates were manually removed from the data set, leaving
over 1000 averaged spectra. The same Fig. 1 also shows three
averaged spectra, taken near the beginning of the missiag-(M
June 1997), after SOHO loss during solar maximum (Jan-Mar

is mostly dfected. It is believed that most of this scattered ligit001) and recently in Apr 2008. Notice the overall decrease i

is due to the H | Lyr.

the count rates in both 2,9&pectra.



Mg 1%

The drop in coun rates is more evident in the NIS1 cha
nel, as Fig. 2 shows. Notice the presence of the Fe XVI 335 a
360 A lines during solar maximum, even in these "quiet Sur’ ol
servations, and the large drop in count rates in both'9§p2ctra
around these lines. Alo notice the large broadenings in 134N
lines, occurred during SOHOIoss.

The 90’ slit 'smoothes out’ the solar radiation, making i
a good candidate to study the overall decrease in sengitiv
Furthermore, almost all of the strong lines in the NIS2 chal
nel are formed at low temperatures, and have radiancestexpe:
to be constant over quiet Sun regions. Large parts of the NI
channel are also dominated by transitions formed at terape
tures at or below 1 MK, so large solar variabilitffects are not
expected.

(VA) | think there should be a figure showing the bands in
slit 6 spectra used to determine the decay of detedior| e
ciency.

We therefore partitioned the NIS1,2 channels in waveleng
bands centred on the various dominant lines, and obtained
eraged count rates from the the”9§lit as a function of time.
They are shown in Figs. 3,4. The vertical dashed lines mark
few significant events: the first VDS exposure (January 199t s
the first NIMCP data set analyzed (May 1996; taken as reft
ence for our subsequent analysis); the date of loss of cont
with SOHO (June 1998), and the return of SOHO to its norm
mode (September 1998).

The data points have been binned over a 90 days peri
obtaining an estimate of the mean and standard deviation
each time bin (points with error bars). These binned datae we
then fitted with a linear (before June 1998) or quadratice(aft ™ yms s I A e
September 1998) polynomial in logarithmic scale (thiclelin Kersseer) ce Herzed) Aret)
the f'gufes)- These_ curveswere then taken as our best esmma‘:ig. 7. Mosaics of NIS radiances in a few spectral lines observetd wit
the dficiency loss in each given band, and obtained from theflk syNOP program along a strip centred on the meridian.
the relative corrections.

To check the validity of the approch, we applied these cor-
rections to three other independent datasets. Firstipg@ount
rates in the NIMCPZ slit data. All the lines in the NIS2slit |ines ejther had low count rates or were too broad for theowarr
spectra were fitted with simple Gaussian profiles for the prggiraction windows.

SOHO loss, and broadened profiles after. The un-corrected co

ge\i[eersaﬁg%v tgfa%acl)rﬂteatgggs; gftwoog\e/e?fltgefggaéaﬁc'ft'he;nc servations spanning the 13 years of SOHO operations, ttging
rections arg aoplied. most lines show a congtant frend Mokea Qmiformly cover the whole period but at the same time tryilsga
pphied, : mtct avoid days when strong active regions dominated. We have

is presented in Figures 5 and 6. All the lines show a large sc : .
N . ocessed the NIS data by applying the standard corredions
ter, due to solar variability, but no particular trends. Mafi the the bias, flat-field, cosmic rays, and glit burn-in.

\r/;i?cli(ueglhtrr]gr?d(se,.%\./h?ci Iir?zrﬁ(.)ﬁ f\ésgsl\;rgoc?ﬁi 'fg ;tg\g i?me We have then applied the Del Zanna et al. (2001) radiometric
strong nearby lines. The lines formed at temperatures hthaa callbratlon-
1 MK (e.g. Si XI1520.6 A and Fe XVI335.3 A) do show much ~We have then, with custom-written software, created mo-
higher counts during the period of solar maximum (2000-2003aics of the 9 rasters, by checking the alignment and by gvera
We then applied the corrections to the daily synoptic okesening the strips where overlap between successive rastemsdsit
tions as described below. (Fig. 7).

Since we are interested in the properties of the quiet Sun
radiances, we did not consider data beyondR,8thus remov-
ing limb-brightening &ects and, above all, avoiding the polar
NIS has observed with daily cadence a strip of the Sun alomg ti€gions, which, especially during the minimum, are seyeaél
meridian with 9 4x4’ rasters with the 22 slit — study SYNOP. fected by the presence of coronal holes. From these mosaics,
Different versions of this study have been run over the yeahéstograms of radiances were derived for each of the linéisein
with different line selection. However, all of them included thetudy (Fig. 8). We note that this is the first time that a stufly o
two brightest lines, the Hel 584 A and the OV 630 A. Thes@diance distributions along a cycle has been possible.
lines are formed at chromosphere-transition region teeper Atthe low temperatures of formation of He I, OV, these dis-
tures, and are therefore les$emted by the solar cycle. Indeedtributions, over quiet regions, appear remarkably staihdehave
they are the only lines that could be used for our purposé®rOta log-normal distribution. The presence of such a distidlouis

We have selected a (relatively small) sample of synoptic ob-

2.3. Daily synoptic observations (SYNOP)
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Fig. 3. Time-dependence of average radiances in various wavékefrgim NIMCP 90 quiet Sun observations in the NIS1 channel.
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Fig.4. As Fig. 3, but for NIS2 channel.

not new, as it was found, e.g., in Skylab d- and more (which also provides an estimate of its width). We found this
wpai statistical estimate to be less sensitive than the mearean#
recently *rediscovered” in SOHO d_' dian to the distorsion of the distribution due to active o&gi (on
In order to evaluate the variability with time of the centér othe higher-radiance side) or to the occasional equatastainal
the log-normal distribution, we chose to estimate the “nipdehole (on the lower-radiance side).
or the peak of the radiance distribution in the CDS raste@yaw  Fig. 9 therefore shows estimates of the “quiet Sun mean ra-
from the poles, via a gaussian fit of the core of the distrdyuti diance” at disk center: theffect of possible active regions or
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Fig. 6. Line radiances from NIMCP’2juiet Sun observations in the NIS2 channel, as in Fig. 5.

equatorial coronal holes crossing the meridian is smalhdde Fig. 9). The “standard” correction currently available tois
there should be little or no influence on those radiances fom effects, while adequate for the weaker OV line, would how-
lar cycle variations (except, of course, from possibletrfisic”  ever result in a steady increase of He | radiances (filledesjc
variations in the quiet Sun itself.) This latter dfect is also apparent by comparing the histograms

in Fig. tai hs.
Ignoring the drop in NIS sensitivity would produce a markelcﬁ1 'g- 8 obtained attwo dierents epochs

drop in mean quiet Sun radiances with time (open circles in
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The correction we derivethdipendently from NIMCP data atures, such as the majority of lines in the NIS 2 channed,ithi
(Sec. 2.2) does instead produce radiances in the current miaually less than 1%.
imum consistent with the previous one (starred symbols in No NIS full-Sun observations during the EVE prototype
Fig. 8). We also found that the widths of the log-normal hisocket flight were scheduled, so a direct co-temporal coispar
tograms are also similar during the two minima of solar aigtiv is not possible. However, fortunately, the level os soldivayg
has been extremely low and a 'featureless’ Sun was typical fo
most of 2008. We have done a preliminary analysis of many NIS
3. NIS irradiances compared to those from the EVE  full-Sun observations and we have indeed found that sgectra
prototype irradiances have been very constant. In particular, we heve
cessed the NIS full-Sun NIS irradiances obtained befor@§20
On the 14th of April 2008, the prototype of the Solar Dynamidslarch 17) and after (2008 May 26) the 2008 April 14 rocket
Observatory EVE instrument was launched on-board a rockight and found diferences only to within a few percent. For the
and produced an excellent EUV spectrum that we have used@kwing, we only consider the spectra of 2008 March 17.
a final check on the NIScalibration. We have corrected the USUNdata for bias, cosmic rays (with
The USUN study consists of 69 rasters covering the whadespecially-written software), flat-field. We have then ated
Sun (with some fi-limb coverage). The movement of the slit ishe radiances in all the lines, and constructed a mosaiceof th
'sparse’ in the sense that thé dlit is moved in stpes larger thanrasters to check for accuracy of the pointing. We have then li
its width. The total radiance of the Sun is therefore subdadhp early interpolated the spectra in the spatial domain, aed th
by about a factor of 6. Exposures are also binned on-boangjalsummed them. We have then applied the Del Zanna et al. (2001)
the slit, to increase the count rates and reduce the telgioatt. radiometric calibration. Finally, we have applied the wawngth-
The NIS rasters do not observe the whofielomb coronato dependent corrections for the sensitivity drop.
great distances. As part of the analysis work in prepardtion The resulting spectra are shown in Fig. 10 (black line)
a follow-up paper, we have also constructed mosaics of ti&e Ndlongside the spectrum from the EVE prototype (red linel Th
radiances, and studied th&-4¢imb behaviour of all the lines in NISscattered light has been removed by subtracting a fixed
the NIS spectra, to estimate of th&-tmb contribution which amount at all wavelengths. Indeed, the scattered light ade n
was not observed. For lines formed at chromosphere-TR tempagppear to have any wavelength-dependence in the raw spectra
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Fig. 9. Radiances of Hel (top), OV (bottom) with and without the eation for gain depression.

with the exception of the lower and higer parts of the NISInchaparticular for the NISchannel. The fitting in the NISspeoties
nel. Notice that the large increase in the NIS1 spectrumvegio done on the spectra in photon-events, where the scatteytetd li
wavelengths is mostly due to the way the responsivity changeamponent is more constant. Then, the Del Zanna et al. (2001)
(Del Zanna et al. 2001). calibration was applied to the data. The NISirradiancesnefsl

The overall agreement between the NISand EVE prototy@élich are blended in the EVE spectrum have been summed.
spectra is excellent. In the NIS2 channel, the spectraluien ~ These NISvalues are shown in Fig. 11 as triangles, togetitier w
of the EVE prototype is slightly lower, but all the main lineghe values from the EVE prototype spectrum (diamonds). The
observed by NiSare also seen there. Note that the He 1l 304§erall diference of about a factor of 2 is evident. We have
line observed in second order with NISis not present in th& EVNen applied the correction for gain loss found here (boaes)
prototype spectrum (however this line, blended with Si i, ithe ‘Standard’ one (stars). An indicative uncertainty o¥3(Del
observed in first order). The comparison between the NIS1 af@nna etal. 2001) s also shown. With few exceptions, extgm
the EVE prototype is also very good. Here, the EVE-prototy&?Od agreementis found, if one considers the various cuivela
spectral resolution is also lower, but the lines in the NIBdrme|  uncertainties. Very good agreement is found for the strenge
are so broad that any measurement is Veﬂymmt line in the NIS1 channel, the Mg IX 368 A line. Dérences

To provide a quantitative comparison, all the spectralgind? the other lines are partly due to the uncertainity in thekba
have been fitted, those in the EVE prototype with Gaussighound subtraction. o _
profiles, while those in the NISspectra with broadened msfil ~ Very good agreement for most NIS2 lines is found, with the
(which have been developed by WTT). The larger uncertainty hotable exception of the two strongest lines, the He | 584 d an
the fit is the location of the background for the scattereit]ijm Ov 630 A lines. Historical measurements of the irradiances of
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Fig. 10. Spectral irradiances from the NISUSUNSspectra (black) aachfthe EVE prototype. The NISdata have been radiometyicalibrated
with the Del Zanna et al. (2001) responsivities, and coedbr the loss of gain depression.

these two lines go back to the 1960’s. These measurements sugNevertheless, considering the various cumulative unicerta
gest that the EVE irradiances of these two lines are sligiwgr- ties, we consider that providing a time-dependent absahite
estimated, in particular the ©630 A line. Another likely expla- diometric calibration which compares well, to within 30%ea
nation for the disagreement is an overall 20% underestimafi a period of 13 years of operation is a considerable achieneme
the irradiances in the 1997 May 15 (Woods Rocket) spectrum.

Indeed, almost all the NIS2 irradiances are consistenlyetow/cnowiedgements. GDZ acknowledges support by STFC (UK) through the

Advanced Fellowship program.
than those from the EVE-prototype spectrum. The results obtained here could not have been achieved writhe éforts
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Fig. 11. Line irradiances from the NISUSUNspectra and the SDO EVE
prototype (diamonds). NlISirradiances obtained with thé Danna

et al. (2001) radiometric calibration are shown with trilesg We then
applied the correction for gain loss found here (boxes) &eddtan-
dard’ one (stars).
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