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The High Mass X-ray Binary Cygnus X-1

http://www.spacetelescope.org/static/archives/posters/

screen/cygnus_x1.jpg

HDE 226868

black hole

binary separation a = 41R�
orbital period P = 5.6d
inclination i ≈ 35◦

distance d = 6000 ly

HDE 226868: O9.7 supergiant
M? = 18M�
L? = 250 000L�
R? = 17R�
fills ≈ 90% of Roche lobe volume
wind mass loss Ṁ? = 3 · 10−6M�

Cyg X-1: black hole
MBH = 10M�
LX ≈ 10 000L�
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Chandra’s view

http://www-xray.ast.cam.ac.uk/xray_introduction/Chandra.html

Chandra:
launched in 1999
energy range 0.1-10 keV
HETG: High Energy
Transmission Grating

ObsID 3814:
19/20 April 2003
48 kilo seconds
phase -0.08 - 0.03
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Low charge states of Si
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Low charge states of Si

0 10 20 30 40

0.
5

1

Time since MJD 52748.700 [ks]

(0
.5

−
1.

5 
ke

V
)/

(3
−

10
 k

eV
)

6.2 6.4 6.6 6.8 7 7.2

0.
1

0.
02

0.
05

1.81.92

Wavelength   [Å]

Energy   [keV]

C
ha

nd
ra

−
H

E
T

G
S

 [p
ho

to
ns

/s
/c

m
2 /

Å
]

Si X
IV

Si X
III

Si X
II

Si X
I

Si X Si IX Si V
III
Si V

II

4/11



Low charge states of Si

0 10 20 30 40

0.
5

1

Time since MJD 52748.700 [ks]

(0
.5

−
1.

5 
ke

V
)/

(3
−

10
 k

eV
)

6.2 6.4 6.6 6.8 7 7.2

0.
1

0.
02

0.
05

1.81.92

Wavelength   [Å]

Energy   [keV]

C
ha

nd
ra

−
H

E
T

G
S

 [p
ho

to
ns

/s
/c

m
2 /

Å
]

Si X
IV

Si X
III

Si X
II

Si X
I

Si X Si IX Si V
III
Si V

II

4/11



Low charge states of Si
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Low charge states of Si
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large difference
between Si line
centers in Cyg X-1
and theoretical
values
⇒ Doppler shifts or
atomic physics?
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The Electron Beam Ion Trap (EBIT)

Wall of EBIT 
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https://ebit.llnl.gov/overviewEBIT.html
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EBIT-I @ LLNL

https://ebit.llnl.gov/

https://ebit.llnl.gov/EBITPhotoGallery.html

high energy variant,
SuperEBIT, can produce bare
Uranium (U92+)
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Principle of a microcalorimeter

X-ray

absorber

thermistor

thermal link

heat sink

weak

Absorber: low heat capacity
Thermistor: electrical
resistance strong function of
temperature
Heat sink: Adiabatic
Demagnetization
Refrigerator: T < 0.1 K

X-ray photon knocks electron loose
photoelectron rattles in absorber→ rise in temperature
∆T ∼ Ephoton (few mK!)
wait for thermal equilibrium→ measure resistance
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The EBIT Calorimeter Spectrometer (ECS)

https://ebit.llnl.gov/EBITPhotoGallery.html

THE ECS INSTRUMENT

The ECS instrument uses a 32-pixel x-ray calorimeter
array developed at NASA/GSFC for the Suzaku/XRS pro-
gram. Each pixel is a thermal x-ray detector !see, for ex-
ample, Ref. 7 and references therein" where an incident x ray
is absorbed in an x-ray absorber material and the heat depos-
ited by the absorption is sensed by an integrated thermom-
eter. The x-ray absorber material is chosen for its opacity
over the bandpass, fast thermalization, and low heat capacity.
With the right choice of materials and careful design, ex-
traordinary performance can be achieved with resolving
powers over 3000 and a very large bandpass from a few eV
to several MeV. In the ECS, the absorber material is HgTe
that has been successfully used in both our x-ray quantum
calorimeter sounding rocket program and in our XRS pro-
gram. The ECS detector array, shown in Fig. 1, is divided
into two subarrays: a midband array covering from
0.1 to 10 keV and a high-energy array covering from 0.5 to
over 100 keV. Both subarrays are operated simultaneously at
0.05 K giving a total instrument bandpass of 0.1 to over
100 keV. The midband array consists of 625!625 "m2 pix-
els with 8 "m thick HgTe absorbers giving a quantum effi-
ciency of 95% at 6 keV. The high-energy array is similar
with 625!500 "m2 pixels but with 100 "m thick HgTe ab-
sorbers giving a much higher quantum efficiency at high
energies, 32% at 60 keV.

The ECS detector array is housed in a laboratory version
of the XRS detector assembly8 with some important im-
provements to increase the gain stability and energy reso-
lution. Specifically, we have improved the readout circuit by
increasing the size of the load resistors from 90 to 120 M#
!Ref. 8" to allow greater bias stability at 50 mK and have
introduced infrared absorbing materials into the detector
housing to decrease the sensitivity to infrared radiation. The
refrigeration system is also substantially improved and much
easier to operate than that on the predecessor XRS/EBIT
spectrometer.

The ECS cryogenics package, shown in Fig. 2, consists
of a three stage cooling system that operates from a 4.2 K
interface, requiring no external plumbing and no moving
parts. A liquid nitrogen shielded liquid helium dewar, run-
ning at atmospheric pressure, provides the 4.2 K interface in
the ECS. A similar system running in our laboratory operates
from a commercial pulse-tube mechanical cooler and uses no
cryogens. The ECS cryogenics package contains a Chase
Cryogenics9 closed cycle He3 /He4 refrigerator to cool the
detector assembly housing and to precool a magnetic refrig-
erator to 350 mK. An adiabatic demagnetization refrigerator8

!ADR" then cools the detector array to its 50 mK operating
temperature. The ECS refrigerator is a single shot system
that operates at 50 mK for 65 h before needing a 2.5 h re-
charge cycle. During the recharge, both the He3 /He4 refrig-
erator and the ADR are automatically cycled under computer
control. The only user servicing is to fill the ECS’s 25 l
liquid nitrogen tank every 5 days, and the liquid helium tank
every 21 days. Otherwise the operation of the spectrometer
is entirely transparent to the user. The cryogen-free version
of the ECS, which is in its final stages of assembly, is pre-
dicted to operate for over 200 h at 50 mK between 2.5 h
recharge cycles and will require no servicing.

ECS PERFORMANCE

The ECS performance was benchmarked using both
standard x-ray calibration sources and the EBIT instrument
itself. Figure 3 shows a composite spectrum from the 18
midband channels of a 55Fe electron-capture radioactive
source. A fit to the natural line shape10 yields a Gaussian
instrumental function with a full width at half maximum
!FWHM" of 4.5 eV at 6 keV. This performance was also
realized after installation on the EBIT. Figure 4 shows a

FIG. 1. !Color online" The 36 pixel ECS microcalorimeter array. The left
side of the array includes the 624!624!8 "m midband detectors and the
right side of the array includes the 624!500!100 "m high-energy
detectors.

FIG. 2. !Color online" The ECS cryogenics package includes the detector
assembly !upper right", the closed cycle He3 /He4 refrigerator !front left",
and the adiabatic demagnetization refrigerator !middle back". The package
cools the calorimeter detector array to 0.05 K for over 65 h and requires
only a 4.2 K interface, has no moving parts, and has no external plumbing.

10E307-2 Porter et al. Rev. Sci. Instrum. 79, 10E307 !2008"

Downloaded 14 Aug 2011 to 128.115.27.10. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions

F. S. Porter 2008

operated at 50 mK
32 HgTe pixels:
18 mid energy: 0.1-10 keV
625 x 625µm2, 8µm thick
14 high energy: 0.5-100 keV
625 x 500µm2, 100µm thick
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The Spectrum
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resolution: 4.47 eV FWHM
line w: fit: 1864.801 eV theory: 1864.9995 eV (Drake’88)
Lyα: fit: 2005.64 eV theory: 2005.49 eV (Garcia’65)
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The Spectrum
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colored sticks: output of the Flexible Atomic Code
(FAC; M. F. Gu 2004)
compare theoretical predictions with fits to help the line
identification
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Closing the circle
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much better
agreement of
Cyg X-1 with
laboratory
spectrum than
with theory

Doppler shifts of
the order of few
ten to ∼ 100 km/s
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