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beaming in the opposite direction. The stationary core lies at the
northern end of the visible jet. Bright ‘knots’ emerge from the core
at a rate of 1–2 per year and move south at apparent superluminal
speeds, an illusion caused by their relativistic motion6.

The radio, optical, and X-ray light curves in Fig. 2 indicate a double
flare in late 2005. The highly significant detection7 of .0.2 TeV c-rays
from 2005.819 to 2005.831 during the first X-ray flare implies that
acceleration of electrons with sub-TeV energies was particularly effi-
cient at this time. These electrons can both produce X-rays from
synchrotron radiation and scatter the X-ray photons to GeV c-ray
energies that are boosted to the TeV range by relativistic motion of
the jet plasma. The location of such flares has been controversial:
some observations8,9 indicate that they occur downstream of the core,
whereas most theoretical models require that they take place well
upstream of this region, where the plasma is more compact. As we
explain below, our data indicate that the first flare in late 2005 corre-
sponds to a disturbance passing through the zone upstream of the
core, where the jet flow is still accelerating, and that the second occurs
as the disturbance crosses a standing shock system in the core.

The identification of the location of the initial flare within the
acceleration and collimation zone is significant, since previous obser-
vations of jet collimation are quite limited. For example, an image10 at
7-mm wavelength of the radio galaxy M87 appears to reveal an ini-
tially broad outflow that narrows into a nearly cylindrical jet. This is
consistent with gradual collimation by either a toroidal magnetic
field4 or external confining gas pressure that decreases with distance
from the black hole11. The flow seen in M87 could include a ‘sheath’
that moves more slowly and is less focused than the ‘spine’12. In the

case of BL Lac, the high apparent superluminal motions of bright
knots in the jet and the pronounced variability at all wavelengths
imply that the observed radiation arises exclusively from the spine,
where special relativistic effects dominate.

The primary observational indicator of magnetic collimation
requiring a coiled magnetic field in the spine of the jet is the evolution
of the polarization. When observed at an angle to its axis, synchro-
tron radiation from a circularly symmetric jet with a helical field
displays a net polarization oriented either parallel or perpendicular
to the projected jet axis13. Such parallel and perpendicular polariza-
tions can be confused with shock waves and velocity shear, respec-
tively, which can produce the same polarization patterns. However,
in a model where magnetic forces gradually accelerate and focus the
jet, the flow velocity is directed along streamlines that follow a helical
trajectory with a different, wider, pitch angle than that of the mag-
netic field5. The rotation of the flow can be traced back to the base of
the jet in the orbiting accretion disk or differentially rotating ergo-
sphere, where the spin of the black hole drags the inertial frames. A
shock wave or other compressive feature propagating down the jet
traces a spiral path that follows a streamline and cycles through the
orientations of the helical field (see Fig. 3 and ref. 5). This should
manifest itself as a rotation of the position angle of linear polarization
as the feature moves outward. The degree of polarization should drop
to a minimum in the middle of the rotation, when the mean magnetic
field in the flaring region is transverse to that of the previously exist-
ing emission14. As Fig. 2g, h demonstrates, we see both effects.

The optical EVPA shown in Fig. 2g rotates steadily by about 240u
over a five-day interval before settling at a value of ,195u. The
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Figure 2 | Flux density at various wavebands and optical polarization of BL
Lac, as functions of time. a–d, Dependence on time of the flux of radiation
from BL Lac over a two-year interval at the indicated wavebands. The X-ray
measurements in a are of photon energy flux F integrated over photon
energies of 2–10 keV. Error bars represent 61 s.d. uncertainties in the values
plotted. The exponent of the power-law dependence of X-ray flux density on
frequency is denoted by 2ax. e–h, Enlargements of the 0.25-yr time interval
marked by vertical dotted lines in panels a–d, but with optical R-band EVPA
(g) and degree of polarization P (h) respectively replacing X-ray spectral
index (b) and radio flux density (d) (whereas e and f respectively show the
magnified intervals in a and c). Error bars represent 61 s.d. The interval of
highly significant detections7 at photon energies .0.2 TeV is indicated by
the width of the head of the arrow in e. The rotation in optical R-band EVPA
near the time of the peak of the first optical and X-ray flare is apparent.
Because there is an ambiguity of 6180u in the value of the EVPA, we have
selected the quadrant of each value that provides a consistent overall trend of

rotation between 2005.81 and 2005.83. The solid curve in g corresponds to
the pattern predicted by the model shown in Fig. 3 when relativistic
aberration is included. The vertical arrow (with error bar) in h indicates the
time at which the superluminal knot is coincident with the stationary core
seen in the images displayed in Fig. 1. Optical polarimetric data were
obtained from Steward Observatory and the Crimean Astrophysical
Observatory. Optical flux density points were obtained from photometry at
these two sites plus Lowell Observatory, Perugia University Astronomical
Observatory and the Abastumani Astrophysical Observatory. All of the
optical telescopes are equipped with charge-coupled-device cameras.
Measurements of X-ray flux and the continuum spectrum were obtained
from a monitoring program with the NASA Rossi X-ray Timing Explorer.
Measurements of radio flux density were obtained from the University of
Michigan Radio Astronomy Observatory and the Metsähovi Radio
Observatory. Descriptions of telescopes and data analysis are available in the
Supplementary Information.
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sequence of images in Fig. 1 shows a bright, superluminal knot that
first appears upstream of the core. It subsequently moves past the
core and proceeds down the jet at a position angle of ,190u and with
an EVPA that is parallel to the jet to within the observational uncer-
tainty. The close correspondence between the optical and 7-mm
EVPAs after 29 October implies that the knot is the emitter of the
polarized optical emission during the flare.

Previous authors14–16 have suggested that rotations of the polariza-
tion vector occur in BL Lac and the similar active galactic nucleus
OJ 287. Their observations, which were more poorly sampled than
ours, allowed multiple interpretations owing to the 6180u ambiguity
of the EVPA. Despite this, the model that we advocate is quite similar
to one of those proposed previously14,15, with the location of the
emission region and connection with high-energy flares now spe-
cified by our sequences of Very Long Baseline Array images and
multiwaveband light curves.

We interpret the event in the following manner (see Fig. 3).
Explosive activity at the inlet of the jet near the black hole injects a
surge of energy into the jet across part of its cross-sectional area. This
disturbance appears as a knot of emission as it propagates along a
subset of streamlines through the acceleration and collimation zone.
Doppler beaming of radiation emitted by high-energy electrons in
the disturbance increases as the knot accelerates along its spiral path,
which stretches out with distance down the jet. These effects cause the
flux of synchrotron radiation from the knot to rise until it dominates
the optical, X-ray and (through inverse Compton scattering) c-ray
emission from BL Lac as the disturbance exits the zone of helical
magnetic field. Maximum beaming—and therefore the peak in the
light curve of the first flare—occurs during the last spiral, when the
Lorentz factor of the jet is near its asymptotic value and the velocity
vector of the knot points most closely towards our line of sight. The
peak can be quite sharp5, as observed. At the point when the flare
dominates the optical flux, we see the optical polarization vector
rotate before the shock exits the acceleration and collimation zone.
This zone is opaque at radio wavelengths, owing to synchrotron self-
absorption; hence, the first flare is absent in the radio light curves.

Beyond the acceleration and collimation zone, the disturbance
forms a moving shock wave that encounters a region of turbulence,
which is possibly driven by velocity shear across the jet6 downstream
of the point at which the magnetic and particle energy densities reach
rough equipartition4. The ambient magnetic field in the jet has a
chaotic structure in this region. Because the shock front amplifies
only the component of the field that is parallel to the front, the
EVPA becomes transverse to this direction and therefore essentially

parallel to the velocity vector of the knot at a position angle of ,190u.
During this phase, the flux lessens as the knot continues down the
broadening jet, where the magnetic field strength and electron den-
sity decrease.

According to the model we propose here, the variation of EVPA
with time should deviate from a strict linear dependence owing to
projection effects, because the circular cross-section has an elliptical
shape from our viewpoint. We have calculated this effect, including
relativistic aberration, and show in Fig. 2g that the optical EVPA data
do follow the predicted curve. The small number of brief excursions
of the EVPA from the curve, the deviations from the mean EVPA
before and after the rotation, and irregularities in the light curves can
all be explained by local flare-ups of emission that briefly amplify
both the polarization along a particular direction and the flux at
various wavebands.

The smoothness of the plot of EVPA versus time eliminates
the possibility16,17 that the rotation is actually a random walk of the
polarization vector due to a chaotic magnetic field. If this were the
case, our numerical simulations (see ref. 17) indicate that the curve
would be much more jagged than is observed when the degree of
polarization is ,5%. In the simulations, this level of polarization
corresponds to synchrotron emission from ,200 independent cells,
each with a randomly oriented magnetic field. Apparent rotations by
,240u are very rare in such simulations, whereas they are common
during flares of BL Lac and similar objects14.

Both synchrotron radiation and inverse Compton scattering con-
tribute to the X-ray emission from BL Lac, with synchrotron radi-
ation dominating when electrons are accelerated to energies in the
TeV range18,19. This generally causes the plot of flux density (Fn)
versus frequency (n) to steepen in the X-ray range in such a way that
the spectral index a is greater than one, where Fn / n2a. Such X-ray
spectral steepening occurs during the first flare. In contrast, the X-ray
spectrum becomes harder (a , 1) during the second flare, as is
expected if the X-rays are mostly generated by inverse Compton
scattering of optical and infrared photons.

The second flare, which started at 2005.89, is simultaneous with
the passage of the knot through the core seen on the Very Long
Baseline Array images. If the core were a standing conical shock, as
has been determined from simultaneous radio and optical polariza-
tion variability in the case of the quasar PKS 04202014 (ref. 18), the
emission would increase as the knot undergoes compression by the
shock front. The flare dies down at optical and X-ray frequencies as
the knot propagates away from the core down the expanding jet.
However, it lasts much longer at 43 GHz, at which frequency the
synchrotron radiation requires lower-energy electrons that have
longer energetic lifetimes than those emitting at higher frequencies.

In the Supplementary Information we relate the angular velocity of
the feature, inferred from the rotation of the optical polarization
vector, to the rotational velocity of the base of the magnetic field near
the black hole. We find that the rotational velocity thus obtained is
consistent with the predictions of models in which the jet is driven by
twisting magnetic fields from either the accretion disk1,3,4,5 or the
ergosphere of the black hole2,3,20,21.

The combination of densely sampled sub-milliarcsecond imaging
using the Very Long Baseline Array, polarimetry, and multiwaveband
flux measurements has allowed us to explore the inner jet of BL Lac.
Future data from more sensitive c-ray Cherenkov detectors and the
NASA Gamma-ray Large Area Space Telescope will soon allow more
refined analyses. The ability to detect emission upstream of the core
at 7-mm wavelength indicates that increasing the resolution of very-
long-baseline interferometry by adding antennas in high Earth orbits
will provide more detailed direct imaging of the inner jets of active
galactic nuclei.

Received 17 January; accepted 6 March 2008.

1. Blandford, R. D. & Payne, D. G. Hydromagnetic flows from accretion discs and the
production of radio jets. Mon. Not. R. Astron. Soc. 199, 883–903 (1982).

Moving emission feature Helical magnetic field
Streamline

Acceleration and collimation zone Millimetre-wave core
Turbulent plasma

Accretion disk

Distance from black hole

0 10RS 102RS 103RS 104RS 105RS
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Figure 3 | Proposed model for the inner jet of BL Lac. A shock propagates
down the jet along a spiral streamline. The first flare occurs during the last
240u twist of the streamline before the flow straightens and becomes
turbulent. The passage of the feature through the millimetre-wave core
stimulates the second flare. A logarithmic scale of distance from the black
hole, shown in terms of the Schwarzschild radius (RS), is used to illustrate
phenomena on various scales.
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the way that Carter’s constant (Carter 1968) can be used to
constrain four-velocity components, κ can be used to reconstruct
the polarization vector at any point along the geodesic. The two
orthonormality conditions stated above, along with the real and
imaginary parts of κ , give a total of four equations for the four
components of the polarization vector f.

When a ray intersects with the midplane, we calculate the
diffuse reflection (i.e., repeated Thomson scattering in a semi-
infinite plane) in the local frame following the approach of Chan-
drasekhar (1960, Section 70.3). Similar to the single-scatter ap-
proximation, the polarization of a diffusely reflected photon
is generally oriented perpendicular to the plane of scattering,
and the degree of polarization is highest for large scattering
angles. However, unlike the case of individual Thomson scat-
tering, there exist nontrivial geometries for which the scattered
radiation has zero polarization (the well known Brewster and
Babinet points in the Earth’s atmosphere are examples of this
effect; Brewster 1847).

When a ray reaches an observer at infinity, the polarization
vector is projected onto the detector plane. To describe the
detected polarization direction, we define two basis vectors e1
and e2: f = (0, cos ψ e1 + sin ψ e2) (in our convention, e2 is
parallel to the projected rotation axis of the BH and disk). From
δ and ψ , as measured by the detector, we can reconstruct the
normalized Stokes parameters X and Y via Equation (2). The
observed spectrum Iν is propagated along the geodesic path as
well, containing within it the emitted spectrum, modified by
all relativistic effects as well as any energy change that may
occur when returning radiation scatters off disk electrons. Iν

provides the absolute normalization that, when applied to X and
Y allows Qν and Uν to be recovered for each photon bundle
reaching the detector. Integrating over all photon bundles gives
the polarization degree δν and angle ψν as a function of energy
(see J. D. Schnittman 2009, in preparation for details). These
are ultimately the quantities that we wish to be able to measure
and use to probe the accretion geometry of the BH.

3. DIRECT RADIATION

In Figure 1, we show a simulated image of a Novikov–Thorne
accretion disk around a BH with spin parameter a/M = 0.99
and luminosity 0.1LEdd, corresponding to a disk whose X-ray
spectrum peaks around 1 keV for a BH mass of 10 M⊙. With
the observer at an inclination of i = 75◦, significant relativistic
effects are clearly apparent. The increased intensity on the left
side of the disk is due to special relativistic beaming of the gas
moving toward the observer, and the general relativistic light
bending makes the far side of the disk appear warped and bent
up toward the observer. Superposed on top of the intensity map
is the polarization signature, represented by small black vectors
whose lengths are proportional to the degree of polarization
observed from that local patch of the disk. Far from the BH,
the polarization is essentially given by the classical result of
Chandrasekhar (1960) for a scattering-dominated atmosphere:
horizontal orientation with δ ≈ 4% when i = 75◦; nearer to the
BH, a variety of relativistic effects alter the polarization.

While the fundamental calculation of polarization from a
thermal BH accretion disk is not at all new (Connors et al.
1980), to the best of our knowledge this is the first published
polarization map as seen projected in the image plane. The
usefulness of such a map is primarily as a tool to understand
how relativistic effects determine the integrated polarization at
different energies.

Figure 1. Ray-traced image of direct radiation from a thermal disk. The observer
is located at an inclination of 75◦ relative to the BH and disk rotation axis, with
the gas on the left side of the disk moving toward the observer, which causes the
characteristic increase in intensity due to relativistic beaming. The BH has spin
a/M = 0.99, mass M = 10M⊙, and is accreting at 10% of the Eddington limit
with a Novikov–Thorne zero-stress emissivity profile, giving peak temperatures
around 1 keV. The observed intensity is color-coded on a logarithmic scale and
the energy-integrated polarization vectors are projected onto the image plane
with lengths proportional to the degree of polarization.
(A color version of this figure is available in the online journal.)

The two most prominent relativistic effects are gravitational
lensing and special relativistic aberration/beaming, both lower-
ing the net level of polarization seen by the observer. Gravita-
tional lensing causes the far side of the disk to appear warped
up toward the observer, and thus have a smaller effective incli-
nation. Relativistic beaming causes photons emitted normal to
the disk plane in the fluid frame to travel forward in the direc-
tion of the local orbital motion when seen by a distant observer;
the result is a smaller effective inclination and thus degree of
polarization. On the other hand, photons emitted at high incli-
nation angle in the local fluid frame but against the direction of
orbital motion are ultimately seen by observers located at lower
inclination, and therefore raise the polarization in that direction.
Naturally, these relativistic effects are most important close to
the BH, where the gas is also the hottest and the photons have the
highest energies. All these effects are clearly visible in Figure 1
that shows a smaller degree of polarization where the beaming is
greatest (yellow region of high intensity in the left of the image)
and the lensing is strongest (just above the center of the image).
At the same time, the gas moving away from the observer on the
right of the image has an enhanced level of polarization because
the observer sees photons emitted at a larger inclination in the
fluid frame.

In addition to reducing the polarization amplitude, the strong
gravity near the BH also rotates the angle of polarization due to
the parallel transport: since the polarization vector f must remain
perpendicular to the photon momentum k, as the geodesic path
bends around the BH, the polarization angle must also rotate. For
example, the high-energy photons beamed toward the observer
in Figure 1 are also bent by the BH’s gravity, initially moving to
the left before curving back to the observer, thus producing the
rotated polarization vectors seen to the left of the image center
(the same lensing effect rotates the redshifted photons from the
right side of the disk, but in an opposite direction).

Integrating over the entire disk, we can calculate the angle
and degree of the observed polarization as a function of energy.
Plotted in Figure 2, these results essentially reproduce those of
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Figure 7. Polarization degree and angle for a range of BH spin parameters. All
systems have inclination i = 75◦, BH mass 10 M⊙, luminosity L/LEdd = 0.1,
and Novikov–Thorne radial emission profiles.
(A color version of this figure is available in the online journal.)

displays a sharp swing around the photon energy corresponding
to the disk temperature at that radius: Etrans ≈ 3T (Rtrans). On the
other hand, moderate spin systems with NT emission profiles
have a shallow temperature gradient around Rtrans, giving a broad
swing in the polarization angle (Figures 7 and 9), or none at all
in low-spin cases where there is simply not enough emission
from inside Rtrans to overcome the horizontal contribution from
emission outside of Rtrans (note the sharp swing in angle for
a/M = 0 in Figure 9 occurs at such high energy that there is
essentially no observable flux).

For reasonably high resolution spectra, we find the transfer
function method gives a speed-up factor of better than 10,000
compared to the direct Monte Carlo calculation. This method is
particularly straightforward in the thermal state, where the scat-
tering cross sections and polarization transport are essentially
independent of energy. However, even when including inverse-
Compton coronal scattering, the transfer function method is still
applicable, with the added dimension that the transfer function
is dependent on the seed photon energy and accretion geometry
(again, see J. D. Schnittman 2009, in preparation for details).

In Figure 12, we show quality-of-fit contours for matching
the target parameters of three different models: two NT radial
profiles with a/M = 0 and a/M = 0.998, and one case with
additional emissivity in the plunging region with α = 1 and
a/M = 0.97. All three cases have M = 10 M⊙, L/LEdd = 0.1,
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Figure 8. Same as Figure 7 but for a power-law emissivity profile F(R) ∼ R−3

all the way to the horizon.
(A color version of this figure is available in the online journal.)

and i = 75◦. The top row of figures corresponds to cases
where the disk inclination and Eddington-scaled luminosity (i.e.,
the BH mass and distance) are known a priori, and the target
data is fit by scanning over a and α. The middle row repeats
this calculation, but assumes prior knowledge only of the disk
inclination, and then for each value of a and α minimizes χ2 over
L/LEdd. Finally, the bottom row assumes no prior knowledge
about the system and minimizes χ2 with respect to L/LEdd and
inclination i. In each frame, the target parameters are marked
with an ‘X’ and the contours show confidence intervals in
significance units: !1σ (white); 2σ (blue); 3σ (purple); 4σ
(red); 5σ (orange); and >5σ (yellow). Here σ is given by a
standard χ2 distribution: σ =

√
2ν, with ν the number of data

points minus the number of free parameters. For large values of
ν, these confidence intervals correspond very closely to those
of a normal distribution: (68%, 95.5%, 99.7%, etc.).

As seen in Figure 9, the Schwarzschild case closely resem-
bles the Chandrasekhar limit of horizontal polarization with
amplitude of a few percent. When the emission cuts off at the
ISCO, relativistic effects play a much smaller role in rotating
the polarization of the direct radiation. Furthermore, the fraction
of returning radiation is much smaller, minimizing the contribu-
tion from vertically polarized photons. The only way to generate
such a polarization spectrum is by producing the observed flux
at large radii, from where the photons can propagate through
nearly flat space to the distant observer, arriving with their
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1112 V. Burwitz et al.: The thermal radiation of RX J1856.5–3754 observed with Chandra and XMM-Newton

Fig. 2. The Chandra LETGS 505 ks X-ray spectrum fitted with a NS solar-mixture atmosphere model (left) and a blackbody model (right).
From top to bottom the panels show the countrate spectra, the residuals given in sigmas, and the photon flux spectra. The model spectra are
overplotted in both the top and bottom panels.

atmosphere models fail to fit the X-ray data (Pavlov et al. 2002;
Braje & Romani 2002).

Another possibility would be to fit the data with NS at-
mosphere models for strong magnetic fields. However, avail-
able magnetized hydrogen models, although not well elab-
orated yet for such rather low temperatures of interest (see
Zavlin & Pavlov 2002 for discussion), have the same problem
as the nonmagnetic case: they overpredict the optical flux. On
the other hand, the spectra emitted by magnetized iron atmo-
spheres (Rajagopal et al. 1997) show numerous absorption fea-
tures which should be detectable with the modern instruments
of high energy resolution. We note that smearing of spectral
features due to line shifts in inhomogeneous magnetic fields
(for example, varying by a factor of 2 over the NS surface for a
dipole magnetic field configuration) may be expected to wash
away narrow-band features, but anyway, should result in broad-
band deviations from the blackbody spectrum, similar to the
case of a fast rotating NS, as discussed above.

We conclude that the “classic” NS atmosphere models
(with assumption of radiative equilibrium) are unable to re-
produce the X-ray emission of RX J1856, which is best fit-
ted by a simple blackbody model (see Fig. 2, right panels).
The possibility of a NS atmosphere which is not in radiative
equilibrium since its outer layers heated by particle or photon

irradiation has been discussed by Gänsicke et al. (2002). In this
case one can produce a spectrum which is close to that of a
blackbody. However, this remains a pure speculation until the
required source of the additional heating is identified.

An alternative possibility3 is to assume a condensed mat-
ter surface – liquid or solid – which might result in a virtually
featureless Planckian spectrum in the soft X-ray band. Such
a situation may occur at low temperatures (kT < 86 eV) and
high magnetic fields (B > 1013 G) when hydrogen, if present
on the NS surface, is expected to be in the form of polyatomic
molecules (Lai & Salpeter 1997; Lai 2001).

Yet another problem arises from the fact that the param-
eters derived from X-rays (kT1bb,X = 63 eV and R1bb,X =

4.4 (d/120 pc) km) do not fit the optical data obeying the
Rayleigh-Jeans law with an intensity about a factor of 7 larger
than that given by the continuation of the blackbody model
yielded by the X-ray data. This situation has led Pons et al.
(2002) to introduce a two-component interpretation: the model
applied in the X-ray band is supplemented with an additional
soft blackbody component emitted from about 80% of the
NS surface and being responsible for the optical emission (cf.
Fig. 3 left). The requirement that the soft component does not

3 Originally suggested by G. Pavlov (see B01 for a reference).
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Fig. 2. The Chandra LETGS 505 ks X-ray spectrum fitted with a NS solar-mixture atmosphere model (left) and a blackbody model (right).
From top to bottom the panels show the countrate spectra, the residuals given in sigmas, and the photon flux spectra. The model spectra are
overplotted in both the top and bottom panels.

atmosphere models fail to fit the X-ray data (Pavlov et al. 2002;
Braje & Romani 2002).

Another possibility would be to fit the data with NS at-
mosphere models for strong magnetic fields. However, avail-
able magnetized hydrogen models, although not well elab-
orated yet for such rather low temperatures of interest (see
Zavlin & Pavlov 2002 for discussion), have the same problem
as the nonmagnetic case: they overpredict the optical flux. On
the other hand, the spectra emitted by magnetized iron atmo-
spheres (Rajagopal et al. 1997) show numerous absorption fea-
tures which should be detectable with the modern instruments
of high energy resolution. We note that smearing of spectral
features due to line shifts in inhomogeneous magnetic fields
(for example, varying by a factor of 2 over the NS surface for a
dipole magnetic field configuration) may be expected to wash
away narrow-band features, but anyway, should result in broad-
band deviations from the blackbody spectrum, similar to the
case of a fast rotating NS, as discussed above.

We conclude that the “classic” NS atmosphere models
(with assumption of radiative equilibrium) are unable to re-
produce the X-ray emission of RX J1856, which is best fit-
ted by a simple blackbody model (see Fig. 2, right panels).
The possibility of a NS atmosphere which is not in radiative
equilibrium since its outer layers heated by particle or photon

irradiation has been discussed by Gänsicke et al. (2002). In this
case one can produce a spectrum which is close to that of a
blackbody. However, this remains a pure speculation until the
required source of the additional heating is identified.

An alternative possibility3 is to assume a condensed mat-
ter surface – liquid or solid – which might result in a virtually
featureless Planckian spectrum in the soft X-ray band. Such
a situation may occur at low temperatures (kT < 86 eV) and
high magnetic fields (B > 1013 G) when hydrogen, if present
on the NS surface, is expected to be in the form of polyatomic
molecules (Lai & Salpeter 1997; Lai 2001).

Yet another problem arises from the fact that the param-
eters derived from X-rays (kT1bb,X = 63 eV and R1bb,X =

4.4 (d/120 pc) km) do not fit the optical data obeying the
Rayleigh-Jeans law with an intensity about a factor of 7 larger
than that given by the continuation of the blackbody model
yielded by the X-ray data. This situation has led Pons et al.
(2002) to introduce a two-component interpretation: the model
applied in the X-ray band is supplemented with an additional
soft blackbody component emitted from about 80% of the
NS surface and being responsible for the optical emission (cf.
Fig. 3 left). The requirement that the soft component does not

3 Originally suggested by G. Pavlov (see B01 for a reference).
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such as ultraviolet photon counting detectors. Mechanical drilling
is a well-developed technique, and the glass epoxy substrate may
be easier to treat than the flexible polymer used in ordinary GEMs.
It is, however, impossible to mechanically drill fine-pitch through-
holes, e.g. less than 100mm pitch, on the glass epoxy substrate.
Therefore, the THGEMs are not suitable for this application.

2. Production of thick-foil and fine-pitch GEMs

Table 1 presents the list of the GEMs that were used in this
study.1 The production process was the same as those shown in
our previous paper [7]. The active area of all GEMs that we tested
was 30! 30 mm2, although SciEnergy can provide up to 230!
300 mm2 GEMs. First, we fabricated the GEMs referred to as
‘‘RIKEN-140-PI’’ which had the same hole pitch ð140mmÞ,
diameter ð70mmÞ, and thickness ð50mmÞ as the so-called
‘‘standard’’ CERN GEMs. The only difference between the RIKEN-
140-PI and the CERN standard GEM was the method for drilling
holes through the substrate. We have employed a carbon dioxide
laser ðl ¼ 10:6mmÞ, whereas CERN uses a wet etching technique.

Second, we produced the GEMs by using a new material, liquid
crystal polymer (LCP),2 instead of using polyimide (PI) as the
insulating layer. The first LCP GEM we produced, referred to as
‘‘RIKEN-140-LCP’’, has the same hole pitch, diameter, and thick-
ness as the RIKEN-140-PI. The mechanical, thermal, and hygro-
scopic properties of LCP are summarized in Table 2. LCP gives
lower expansion rate in fabrication as it absorbs less water than
PI. This is an advantage for etching micro-pattern foils with a good
accuracy. The low moisture absorption rate also leads to less out-
gassing in operations. Although the melting temperature of LCP is

slightly lower than that of PI, this is not a disadvantage for normal
operation.

Third, we fabricated GEMs which had 140mm pitch, 70mm
diameter, and 100mm thick LCP insulator, referred to as ‘‘RIKEN-
140T-LCP’’. According to a simulation to calculate the electric field
inside the holes, we expected that a thicker foil would yield more
gain than a 50mm thick GEM at the same applied high voltage.
This was the motivation for producing the thick-foil GEMs. When
we employed the PI substrate, we produced very few of 100mm
thick GEMs. After we changed the substrate from PI to LCP, the
production yield of the thick-foil GEMs was improved and reached
almost 100%. A cross-section of the GEM is shown in Fig. 1a.

Finally, we fabricated fine-pitch holes on a 100mm thick LCP
substrate. The GEMs have 80mm pitch and 40mm diameter,
referred to as ‘‘RIKEN-80T-LCP’’. A cross-section of the GEM is
shown in Fig. 1b. The fine-pitch and thick-foil GEM was expected
to give a high gain without any discharge while keeping the high
spatial resolution.

3. Gain measurements and results

3.1. Test setup

Fig. 2 shows a schematic view of the GEM test setup used in
this study. The setup consisted of a drift plane, a GEM foil, and

Table 1
List of GEM foils examined in this study.

Name Hole pitch
ðmmÞ

Hole dia.
ðmmÞ

Thickness
ðmmÞ

Insulator Thickness of Cu
ðmmÞ

RIKEN-140-
PI

140 70 50 Polyimide 5

RIKEN-140-
LCP

140 70 50 LCP 9

RIKEN-
140T-LCP

140 70 100 LCP 9

RIKEN-80T-
LCP

50 30 100 LCP 9

All listed GEMs are produced by CO2 laser etching.

Table 2
Typical mechanical, thermal, and hygroscopic properties of LCP and polyimide
provided by SciEnergy Co., Ltd.

LCP Polyimide Note

Tensile strength (MPa) 200 274
Tensile elongation (%) 40 57
Tensile modulus (MPa) 2900 4606
CTE (ppm/K) 20 20
Thermal conductivity (W/m K) 0.5 0.2
Water absorption (%) 0.04 3.2 24 h in water
Moisture absorption (%) % 0:04 1.5 24 h in 50%RH at 25 &C
CHE (ppm/%RH) 1 28

CTE: coefficient of thermal expansion; RH: relative humidity; CHE: coefficient of
hydroscopic expansion.

Fig. 1. Cross-section of (a) RIKEN-140T-LCP and (b) RIKEN-80T-LCP obtained with a
metallographic microscope.

1 GEM foils produced by SciEnergy Co., Ltd. (info@scienergy.jp).
2 The trade name of the LCP substrate we used is the ESPANEXs L-Series

manufactured by Nippon Steel Chemical Co., Ltd.

T. Tamagawa et al. / Nuclear Instruments and Methods in Physics Research A 608 (2009) 390–396 391

system control. The amplified signals are fed into CAMAC
peak-hold ADC (LeCroy 2259B) controlled by a PC. To
make a calibration curve between amount of input charge
and ADC channel, a well-defined rectangular wave from a
research pulser (ORTEC model 448) was fed into the
preamplifier through a 2 pF capacitor.
During the test, we flowed a mixture of 70% argon and

30% CO2 by volume through the chamber. The CO2 sense
as a quencher. The primary reason we selected this gas
mixture was to easily compare our results to other
experiments; many GEM studies have been done with this

ARTICLE IN PRESS

Table 1
List of GEM foils examined in this study

Name Pitch (mm) Hole dia. (mm) Etching method

CERN-140 140 70 Chemical
RIKEN-140 140 70 CO2 laser
RIKEN-100 100 50 CO2 laser
RIKEN-50 50 30 CO2 laser
RIKEN-50ex 50 30 Excimer laser

Fig. 1. A typical procedure of GEM production with the laser etching technique. Photographs in the left column are the SEM images of the foil, and those
in the right column are the cross-section of the foil corresponding to each left image. Top images show the copper-removed polyimide foil, middle ones
show laser-etched foil irradiated from a side, and bottom ones show laser-etched foil irradiated from both sides.

T. Tamagawa et al. / Nuclear Instruments and Methods in Physics Research A 560 (2006) 418–424420
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