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CAST:	  a	  versaKle	  WISP	  infrastructure	  
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•  strong	  dipole	  magnet	  (LHC	  prototype,	  B=9T,	  9m)	  

•  sun	  tracking	  (2x	  1.5/day)	  

•  XRTs	  (MPE	  Abrixas	  telescope,	  LLNL	  Xray	  telescope	  (new))	  

•  variety	  of	  low	  detectors	  (exisKng	  &	  planned)	  	  
	  	  	  	  	  	  	  Micromegas,	  CCD,	  SDD,	  InGrid	   	   	  à	  Axions,	  Chameleons	  (βγ)	  	  
	  	  	  	  	  	  	  Force	  sensor	  (KWISP)	  	   	   	   	   	  à	  Chameleons	  (βm)	  
	  	  	  	  	  	  	  Microwave	  caviKes	  (CAPP,	  RADES)	   	  à	  relic	  axions	  

transformaKon	  of	  CAST	  from	  a	  „pure“	  Axion	  helioscope	  into	  	  
a	  low-‐cost(!)	  exploratory	  facility	  for	  axion-‐like	  parKcle	  searches	  	  	  



CAST	  as	  versaKle	  ALPS	  infrastructure	  
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CAST	  at	  this	  meeKng:	  	  
	  
Micromegas	   	  solar	  axions	  (Wed	  17:35h,	  Garcia-‐Pascual)	  
InGrid	  	  	   	   	  solar	  chameleons	  βγ	  (KD,	  this	  talk)	  
KWISP 	   	   	  solar	  chameleons	  βm	  (Thu	  18:40h,	  Cantatore)	  
CAST-‐CAPP 	  relic	  axions	  cavity	  (Fri	  10:00h,	  Miceli)	  
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From	  dreamatico.com	  (a	  website	  about	  dream	  interpretaKon):	  
	  
“Dreaming	  about	  chameleon	  talks	  of	  your	  capacity	  to	  change	  and	  be	  adapKve	  to	  the	  	  
	  uncertain	  and	  even	  the	  unpredictable	  things	  in	  your	  life,	  and	  this	  is	  the	  interpretaKon	  	  
	  especially	  if	  the	  chameleon	  that	  you	  dream	  of	  is	  in	  a	  healthy	  and	  green	  environment.“	  
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poor	  experimentalist´s	  understanding:	  
	  
•  microscopic	  explanaKon	  of	  Dark	  Energy	  (DE)	  is	  a	  top-‐priority	  mystery	  	  

of	  fundamental	  physics	  
•  explanaKons	  of	  DE	  by	  scalar	  fields	  (e.g.	  quintessence)	  are	  amracKve	  
•  typical	  complicaKon:	  these	  scalar	  fields	  lead	  to	  5th	  forces	  at	  observable	  distances	  
•  chameleon:	  a	  way	  to	  avoid	  large	  5th	  force	  effect	  à	  „chameleon	  shielding“	  
  [Khoury, Weltman PRL93(2004)171104, PRD69(2004)044026] 
	  
à the	  chameleon	  acquires	  a	  mass	  proporKonal	  to	  the	  ambient	  mamer	  density	  
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FIG. 2: Example of solution with thin shell.

and corresponding energy density, respectively. For con-
venience, however, we express our equations in terms of
ρ ≡ ρ̃e3βφ/MP l which is conserved in Einstein frame and
hence independent of φ. Equation (1) then gives

∇2φ = V,φ +
β

MPl
ρeβφ/MPl . (2)

The key realization from Eq. (2) is that the dynamics
of the chameleon are not governed by V (φ), but rather
by an effective potential

Veff (φ) ≡ V (φ) + ρeβφ/MP l , (3)

which is an explicit function of ρi. Moreover, although
V (φ) is monotonically decreasing, Veff has a minimum
if β > 0. This is shown in Fig. 1. In particular, the
value of φ at the minimum, φmin, and the mass of small
fluctuations about the minimum, mmin, both depend on
ρ. More precisely, φmin and mmin are decreasing and
increasing functions of ρ, respectively. That is, the larger
the density of the environment, the larger the mass of the
chameleon.

Solution for a compact object. We derive an approxi-
mate solution for φ for a compact object. For simplicity,
we restrict our analysis to the static case and consider a
spherically-symmetric body of radius Rc, homogeneous
density ρc and total mass Mc = 4πρcR3

c/3. Ignoring the
backreaction on the metric, Eq. (2) reduces to

d2φ

dr2
+

2

r

dφ

dr
= V,φ +

β

MPl
ρ(r)eβφ/MP l . (4)

The density, ρ(r), is equal to ρc for r < Rc and to ρ∞ for
r > Rc, where ρ∞ denotes the surrounding homogeneous
matter density.

We denote by φc and φ∞ the value of φ that minimizes
Veff with ρ = ρc and ρ∞, respectively. The respective
masses of small fluctuations are mc and m∞. The bound-
ary conditions specify that the solution be non-singular
at the origin (dφ/dr = 0 at r = 0), and that the force on
a test particle vanishes at infinity (φ→ φ∞ as r → ∞).

For sufficiently large objects, the solution can be de-
scribed as follows. Within the object, r < Rc, the field
minimizes Veff , and thus φ ≈ φc. This holds true ev-
erywhere inside the object except within a thin shell of
thickness ∆Rc below the surface where the field grows.
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FIG. 3: Example of solution without thin shell.

Outside the object, r > Rc, the profile for φ is essentially
that of a massive scalar, φ ∼ exp(−m∞r)/r, and tends
to φ∞ for r ≫ Rc, as required by the second boundary
condition.

A detailed calculation [4] shows that the thickness of
the thin shell, ∆Rc, is related to φ∞, φc and the New-
tonian potential of the object, Φc = Mc/8πM2

PlRc, by

∆Rc

Rc
≈

φ∞ − φc

6βMPlΦc
. (5)

Moreover, the exterior solution (r > Rc) is given by [4]

φ(r) ≈ −φ∞
(

1 −
φ∞ − φc

6βMPlΦc

)

Rce−m∞(r−Rc)

r
+ φ∞ .

(6)
Assuming that the density contrast is high, φc ≪ φ∞,
and in the limit that the shell is thin, ∆Rc/Rc ≪ 1,
Eqs. (5) and (6) combine to give, for r > Rc,

φ(r) ≈ −
(

β

4πMPl

) (

3∆Rc

Rc

)

Mce−m∞(r−Rc)

r
+ φ∞ .

(7)
The above only applies to objects satisfying the thin-

shell condition: ∆Rc/Rc ≪ 1. From Eq. (5), whether
or not this condition is satisfied depends on the ratio of
the difference in φ potential, φ∞ − φc, to the Newtonian
potential of the object, Φc. In particular, for fixed φ∞ −
φc (i.e., fixed density contrast), then the more massive
the object, the easier it is to satisfy this condition.

Objects with ∆Rc/Rc ∼> 1, however, do not satisfy the
thin-shell condition. Instead, one has φ ∼ φ∞ every-
where in this case, and the exterior solution is

φ(r) ≈ −
(

β

4πMPl

)

Mce−m∞(r−Rc)

r
+ φ∞ . (8)

Comparison with Eq. (7) shows that the φ-profile outside
large objects is suppressed by a factor of ∆Rc/Rc ≪ 1.

The thin shell effect is a consequence of the non-
linearity of Eq. (4). It follows from requiring the above
boundary conditions as well as continuity of φ and dφ/dr
at r = Rc. Satisfying these conditions for sufficiently
large objects inevitably leads to a thin shell.

This is confirmed by numerical calculations. Con-
sider, e.g., V (φ) = M5/φ with M ≈ 6 mm−1 and
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Chameleon Fields: Awaiting Surprises for Tests of Gravity in Space

Justin Khoury and Amanda Weltman
ISCAP, Columbia University, New York, NY 10027, USA

We present a novel scenario where a scalar field acquires a mass which depends on the local
matter density: the field is massive on Earth, where the density is high, but is essentially free in the
solar system, where the density is low. All existing tests of gravity are satisfied. We predict that
near-future satellite experiments could measure an effective Newton’s constant in space different
than that on Earth, as well as violations of the equivalence principle stronger than currently allowed
by laboratory experiments.

Recent observations suggest the existence of a scalar
field which is presently evolving on cosmological time
scales. Indeed, the Universe is undergoing a period of
accelerated expansion as a result of a dark energy com-
ponent with negative pressure. Although the current
data is consistent with this being a cosmological con-
stant, the dark energy is more generally modeled as
quintessence [1]: a scalar field rolling down a flat po-
tential. In order for such a scalar field to evolve cosmo-
logically today, its mass must be of order H0, the present
Hubble parameter. Thus, one would naively expect it to
be essentially massless on solar system scales, in which
case tests of the Equivalence Principle (EP) [2] would
constrain its coupling to matter to be unnaturally small.

In this Letter, we propose a novel scenario which al-
lows scalar fields to evolve on cosmological time scales
today while having couplings of order unity to matter,
as expected from string theory. The idea is that the
mass of the scalar field is not constant in space and time,
but rather depends on the environment, in particular on
the local matter density. Thus, in regions of high den-
sity, such as on Earth, the mass of the field can be suffi-
ciently large to satisfy constraints on EP violations and
fifth force. Meanwhile, on cosmological scales where the
matter density is 1030 times smaller, the mass of the field
can be of order H0, thus allowing the field to evolve cos-
mologically today. The philosophy, therefore, is that cos-
mological scalar fields, such as quintessence, have not yet
been detected in local tests of the EP because we hap-
pen to live in a dense environment. Since their physical
characteristics depend sensitively on their environment,
we dub such scalar fields: chameleons.

In our model, the strength of EP violations and the
magnitude of the fifth force mediated by the chameleon
can be drastically different in space than in the labora-
tory. In particular, we find exciting new predictions for
near-future satellite experiments, such as SEE, µSCOPE,
GG and STEP [3], that will test gravity in space. We
find that it is possible for SEE to measure an effective
Newton’s constant that differs by order unity from the
value measured on Earth. Moreover, the µSCOPE, GG
and STEP satellites could detect violations of the EP
larger than currently allowed by laboratory experiments.
Such outcomes would strongly suggest that a chameleon-
like model is realized in Nature. Furthermore, they
strengthen the scientific case for these missions. Some of

ρ
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FIG. 1: The chameleon effective potential Veff (solid curve)
is the sum of a scalar potential V (φ) (dashed curve) and a
density-dependent term (dotted curve).

the results below require lengthy calculations presented
in a companion paper [4]. The cosmology is studied else-
where [5].

Consider the general lagrangian

L =
√
−g

{

−
M2

PlR
2

+
(∂φ)2

2
+ V (φ)

}

+ Lm(ψ(i), g(i)
µν) ,

(1)
where MPl ≡ (8πG)−1/2 is the reduced Planck mass.
Each matter field ψ(i), labeled by i, couples to a metric

g(i)
µν related to the Einstein-frame metric gµν by a confor-

mal transformation: g(i)
µν = exp(2βiφ/MPl)gµν , where βi

are dimensionless constants. In harmony with string the-
ory, we allow the βi’s to be of order unity and to assume
different values for different matter species.

The potential V (φ) is assumed to be of the runaway
form. That is, it is monotonically decreasing and satis-
fies: V, V,φ/V, V,φφ/V,φ . . . → 0 as φ → ∞, as well as
V, V,φ/V, V,φφ/V,φ . . . → ∞ as φ → 0. See the dashed
curve in Fig. 1. A prototypical example is the inverse
power-law potential: V (φ) = M4+nφ−n, where n is pos-
itive and M has units of mass. The runaway form is
generic to non-perturbative potentials in string theory
and is also desirable for quintessence models [6].

For simplicity, we focus on a single matter compo-
nent coupled to a metric g̃µν = exp(2βφ/MPl)gµν . For
non-relativistic matter, one has g̃µνTµν ≈ −ρ̃, where
Tµν = (2/

√
−g̃)δLm/δg̃µν and ρ̃ are the stress tensor

ambient	  mamer	  density	  



Solar	  chameleon	  phenomenology	  
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Chameleons	  may	  be	  created	  deep	  in	  the	  sun	  through	  inverse	  Primakoff	  
effect	  similar	  to	  axions	  [Brax, Zioutas Phys.Rev.D82:043007,2010]	  
[Brax, Lindner, Zioutas, Phys.Rev. D85 (2012) 043014]	  

	  
However,	  they	  do	  not	  stem	  from	  the	  core	  of	  the	  sun	  (unlike	  Axions)	  
	  
à need	  to	  be	  produced	  further	  outside	  
à need	  strong	  magneKc	  fields	  nevertheless	  
à producKon	  in	  solar	  tachocline	  (R	  ~0.7	  R☉,	  B~50	  T)	  	  

à thermal	  energy	  of	  escaping	  chameleons	  smaller	  than	  for	  axions	  à	  
	  
	  
	  



axions	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  chameleons	  

Solar	  chameleon	  phenomenology	  
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CAST 2013 
� Took advantage of the available port due to MPE-XRT recalibration 

 

� SDD (from PNdetector) 

� Detector system assembled from commercial parts  

� SDD ~100 mm2 surface 

13 T. Vafeiadis    10th Patras Workshop 

No window 
• Q.E > 70%  above 400 eV 
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No window 
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case in the tachocline. If this hypothesis is relaxed and fields
between 1 T and 100 T are considered, the CAST limit on the
photon coupling can be shifted by a factor of plus or minus
101/2 as can be seen in Fig. 11. The limit obtained with the SDD
is lower than the solar luminosity bound for values of tachocline
magnetic fields below 4.9 T.

Tachocline field [T]
1 10 210

)
Lo

g(

10

10.5

11

11.5

12
10% of the Sun

SDD limit

Figure 11: The CAST limit on �� for di↵erent values of magnetic field in the
tachocline.

Additionally, we have shifted the position of the tachocline
down to 0.66 R� and increased its width from 0.01 R� to 0.04 R�.
We have also considered a linearly decreasing magnetic field
(10 T at 0.7 R� down to 0 T at 0.8 R�). The changes to the bound
on �� can be found in Table 1. On the whole and irrespectively
of the astrophysics of the tachocline, we have found that the
coupling of photons to chameleons satisfies ��  1011.

Tachocline [�] Width [�] �� at 95% CL �sun
�

0.66 0.04 5.69⇥1010 2.95⇥1010

0.66 0.01 8.9⇥1010 5.89⇥1010

0.7 0.1 linear 7.29⇥1010 3.47⇥1010

Table 1: Upper limit on �� derived from our measurements for di↵erent solar
models, all for 10% solar luminosity bound.

8. Discussion

The parameter space of chameleons is determined by the
coupling constants to matter and radiation, and a discrete index
n which specifies the type of dark energy model under consider-
ation. Our result for the upper limit on �� is presented in Fig. 12,
together with other experimental bounds. Some are totally in-
sensitive to the coupling to photons, such as the torsion pen-
dulum tests of the presence of new scalar forces, and therefore
result in vertical lines in the figure. Overall, the tests of gravity
at the shortest distances lead to a lower bound on the coupling
to matter (in green) [21] while test of the modification of the
terrestrial gravitational field and its influence on the quantum
levels of ultra-cold neutrons lead to an upper bound (lilac) [22]
with future experiments in Grenoble by Granit and neutron in-
terferometry promising to lower the limit still further. Presently,
the atom-interferometry technique is promising the largest re-
duction in the upper bound [23]. Precision tests of the standard

model are only sensitive to the coupling to gauge fields, i.e.
here to photons, and provide a large upper bound. From astro-
physics, an analysis of the polarisation of the light coming from
astrophysical objects provides a bound of �� = 1.9 ⇥ 109 [24].

The results we have presented here for solar chameleons
are only valid for values of the matter coupling below the reso-
nance threshold in the production mechanism at the tachocline
(�m < 106). For larger values of the matter coupling, the large
values of the mass of the chameleon inside the tachocline com-
pared to the plasma mass lead to a large suppression. The
CHASE experiment is sensitive to the photon coupling up to
large values of the matter coupling (�m ⇠ 1014). The region
above �m ⇠ 109 is already excluded by the neutron experi-
ments. At low �m, our results extend the CHASE coverage by
over three orders of magnitude to below �m = 10 into a region
already excluded by torsion pendulum bounds.

Higher values of n could be envisaged but would not alter
the physical picture discussed here (see [7] for a discussion of
the n = 4 case). Our results are to a large extent insensitive
to n (Table 2), provided we are only interested in the region of
parameter space below the resonance in the matter coupling.

index n �� at 95% CL
1 9.26⇥1010

2 9.21⇥1010

4 9.20⇥1010

6 9.19⇥1010

Table 2: Upper limit on �� derived at CAST for di↵erent values of the index n
which defines the chameleon model.

We studied the uncertainties in the assumptions for the so-
lar model and their e↵ect on the CAST result. If for example
the solar luminosity bound is reduced by a factor 10, �sun

� is re-
duced by a factor 101/2, whilst �� remains constant, resulting
in a weaker limit relative to the solar luminosity bound. Rather
conservatively, the details of the radial field strength and its dis-
tribution at the tachocline may a↵ect the �� limit by a factor of
1.6 (Table 1). The largest e↵ect is due to the magnitude of the
magnetic field at the tachocline; we have used 10 T and have
shown that fields of 1 T or 100 T change �� by 101/2 up and
down respectively (Fig. 11).

All in all, we find that the chameleon parameter space has
been significantly reduced. Additional CAST data with the In-
Grid detector and an X-ray telescope will improve the photon
coupling sensitivity beyond the solar bound in the near future.
In parallel CAST is developing a detection technique which ex-
ploits the coupling of chameleons to matter. Chameleons of
solar origin, focused by an X-ray telescope on CAST, can be
directly detected by a radiation pressure device [25].

9. Conclusions

CAST has made a first dedicated sub-keV search for solar
chameleons based on the Primako↵ e↵ect. This search, running
in a vacuum configuration using a readily-available apparatus,
did not observe an excess above background and has set a limit

7

Silicon	  Driq	  Dectector	  (SDD)	  operated	  in	  2013	  
directly	  operated	  in	  vacuum	  (no	  window)	  
QE	  >	  70%	  for	  E	  >	  400	  eV	  
	  

room	  for	  improvement:	  
•  not	  operated	  behind	  XRT	  (limited	  acceptance)	  
•  no	  posiKon	  sensiKvity	  (background	  supression)	  
•  only	  15.2h	  of	  solar	  tracking	  (1	  week)	  
à  InGrid	  detector	  

[CAST collab., arXiv:1503.04561] 
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Michael Lupberger TIPP 2014

Detector concept
Micro-pattern gaseous detectors (MPGDs):

• Primary ionisation of gas molecules by particle

(drift region)

• Charge multiplication

(amplification region)

• MPGDs: amplification structure

O(10 µm): GEM or Micromegas

• Charge readout:

O(1 mm) pads/strips or O(10 µm) pixel

Drift region

Amplification region

2

Michael Lupberger TIPP 2014

Micromegas mesh

Micromegas mesh Timepix chip

+ → 

Moiré pattern

The Detection of single electrons by means of a micromegas-covered MediPix2 pixel CMOS readout circuit

M. Campbell et al., Nucl. Instrum. Methods Phys. Res., Sect A 540 (2005) 295

4

Michael Lupberger TIPP 2014

InGrid
3rd step: wafer scale production

Yevgen Bilevych (U Bonn) at 

                       (Berlin)

• 8 inch wafer

• 107 Timepix chips

• 6th production run ongoing

7

Micromegas	  mounted	  on	  a	  pixel	  chip	  
via	  photolithographic	  post-‐processing	  
	  
pioneered	  by	  U	  Twente&NIKHEF&CEA	  
J.	  Schmitz,	  M.	  Chefdeville	  et	  al.	  
	  
Pixel	  chip:	  Timepix	  
256x256	  pixels	  (55x55	  μm2)	  ~	  2	  cm2	  

Typical	  threshold:	  500	  e-‐	  

Timepix	   InGrid	  
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•  almost	  100%	  single-‐electron	  efficiency	  	  
•  diffusion	  in	  driq	  region	  à	  1	  primary	  electron	  per	  pixel	  à	  	  
	  	  	  	  	  	  à	  electron-‐counKng	  to	  measure	  energy	  
	  	  	  	  	  	  à	  no	  gain	  fluctuaKons	  
	  	  	  	  	  	  à	  opKmal	  topological	  suppression	  of	  charged	  background	  
	  	  	  	  	  	  à	  alternaKve	  energy	  measure:	  total	  charge	  in	  all	  pixels	  
	  
	  
OpKmizaKon	  for	  E-‐resoluKon:	  

9.1 Amplification properties of di↵erent gas mixtures
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Figure 9.2: Dependence of the number of pixels over threshold in the photo peak on the grid voltage Ugrid (a) and
the gas gain (b) for di↵erent Ar/iC4H10 mixtures. All error bars are inflated by a factor of 100.

• this minimum is reached at lower grid voltages in gas mixtures with less quencher.

This strengthens the suspicion for a strong impact of photon feedback in dependence on the quencher
fraction once again. Furthermore it underlines the correlation between this photon feedback and gain
fluctuations, leading to broadened lines in the pixel spectrum that has already been discussed in chapter 7.

Ar/iC4H10 Ugrid / V Gain Egrid/Edri f t R

90/10 380 6346.1 ± 5.1 368 3.85% ± 0.06%
95/5 335 6069.8 ± 3.4 134 4.38% ± 0.05%
96/4 320 6122.0 ± 3.3 163 4.76% ± 0.06%
97/3 300 3735.5 ± 2.3 257 4.60% ± 0.05%

97.7/2.3 280 2381.5 ± 1.4 96 5.33% ± 0.04%
98/2 290 3493.8 ± 2.1 133 5.40% ± 0.06%
99/1 275 2053.7 ± 1.5 169 9.02% ± 0.10%

Table 9.1: Overview on the smallest energy resolutions achieved in the di↵erent gas mixtures with corresponding
grid voltage and ratio of amplification and drift field.
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@5.9	  keV	  

B Pixel spectra and charge distributions

(a) (b)

(c) (d)

(e) (f)

Figure B.1: Examples of pixel spectra with a Gaussian fitted to the photo peak. Data recorded in Ar/iC4H10
(90/10) (a), (95/5) (b), (96/4) (c), (97/3) (d), (98/2) (e) and (99/1) (f).
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Ar/Iso	  90/10	  
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The	  CAST	  InGrid	  Detector	  
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Detector Concept

X-ray photon

Gas atom

9



Setup	  in	  CAST	  
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InGrid	  is	  here!	  



Setup	  in	  CAST	  
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Setup	  in	  CAST	  
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Topological	  Background	  RejecKon	  
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X-‐Ray	  Window	  
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X-‐ray	  calibraKon	  at	  CAST	  detector	  lab	  
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•  Successful	  running	  in	  CAST	  in	  Oct/Nov	  2014	  
•  Detector	  operated	  without	  intermission	  for	  27	  days	  
•  2	  379	  029	  frames	  of	  0.98	  s	  each	  have	  been	  recorded	  
•  27	  sun	  trackings	  (data	  sKll	  blinded)	  

•  analysis	  of	  data	  is	  ongoing	  
•  preliminary	  background	  spectrum	  based	  on	  full	  data	  set	  
	  	  	  	  	  (tuned	  for	  ~90%	  soqware	  efficiency)	  

•  using	  simple	  3-‐variable	  likelihood	  with	  real	  X-‐rays	  as	  
reference	  

First	  data	  taking	  2014	  
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Background	  spectrum:	  27	  days	  
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Expected	  sensiKvity	  esKmate	  
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expect	  a	  discovery	  or	  a	  world-‐best	  limit	  on	  new	  physics	  	  
(chameleons)	  using	  Timepix	  +	  InGrid...	  



Outlook:	  Grid	  signal	  readout	  
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Outlook:	  TimePix-‐3	  
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Timepix3 + Readout 
� Since early July we have assemblies with 300 mm thick Advacam sensors 

� Thanks to medipix3 collaboration for their support! 
� PCB with cut-out behind chip to reduce material 

� All sensors I/V tested and equalised at Nikhef before moving to CERN 
� Readout with SPIDR, 2 TPX3 per board 

 
 

 

First tests with Timepix3 telescope, 17 Sept 2014 Martin van Beuzekom 6 

Timepix-‐3	  chip	  available	  
not	  equipped	  with	  InGrid	  
	  
-‐  fully	  data-‐driven	  readout	  
-‐  640	  MHz	  Kming	  clock	  
-‐  simultaneous	  readout	  of	  charge	  (TOT)	  	  
and	  Kme	  per	  pixel	  (TIME)	  

à full	  3D	  reconstrucKon	  of	  charge	  cloud	  possible	  
à improved	  background	  rejecKon	  for	  ⊥cosmics	  



•  CAST	  setup	  is	  being	  used	  to	  broaded	  its	  physics	  scope	  
	  	  	  	  	  (solar	  axions,	  solar	  chameleons,	  relic	  axions)	  

•  Successful	  data	  taking	  with	  InGrid	  as	  low-‐energy	  X-‐Ray	  
detector	  in	  2014	  

	  
•  data	  analysis	  ongoing,	  sun	  trackings	  sKll	  blinded	  	  
	  	  	  	  	  sensiKvity	  should	  outperform	  SDD	  
	  
•  CAST	  run	  2015	  with	  InGrid	  „imminent“	  	  

•  several	  ideas	  for	  further	  improvement	  towards	  (in	  2015	  &	  
2016)	  

•  R&D	  towards	  IAXO	  

Summary	  &	  Conclusion	  
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The	  group	  in	  Bonn	  
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Many	  thanks	  to	  the	  great	  CAST	  collaboraKon	  for	  all	  their	  support	  	  
and	  for	  accepKng	  us	  as	  „late	  comers“	  

Christoph	  
Krieger	  

Jochen	  
Kaminski	  

Yevgen	  	  
Bilevych	  

Michael	  
Lupberger	  



Photon	  absorpKon	  in	  3cm	  Ar	  

Backup	  
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Detector	  operaKonal	  parameters:	  
	  
Ugrid	  =	  295	  V	  
Edriq	  =	  500	  V/cm	  
ldriq	  =	  3	  cm	  
Gas	  Ar/Isobutane	  97.7/2.3	  
gas	  gain	  ~	  2400	  
threshold:	  1000	  e-‐	  
σE/E	  ≈	  6%	  @	  5.9	  keV	  

Backup	  
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...	  

Backup	  
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Energy	  bins	  for	  likelihood	  
	  
low	  [keV]	  	  	  	  high	  [keV]	  	  	  	  line	  
0	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.4	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  C	  K-‐alpha	  
0.4	  	  	  	  	  	  	  	  	  	  	  	  	  	  0.7	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  O	  K-‐alpha	  	  	  	  	  
0.7	  	  	  	  	  	  	  	  	  	  	  	  	  	  1.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Cu	  L-‐alpha	  
1.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Al	  K-‐alpha	  
2.1	  	  	  	  	  	  	  	  	  	  	  	  	  	  3.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ag	  L-‐alpha	  
3.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Ti	  K-‐alpha	  
4.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  6.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Mn	  K-‐alpha	  
6.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Cu	  K-‐alpha	  
	  

Backup	  
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9.1 Amplification properties of di↵erent gas mixtures
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Figure 9.2: Dependence of the number of pixels over threshold in the photo peak on the grid voltage Ugrid (a) and
the gas gain (b) for di↵erent Ar/iC4H10 mixtures. All error bars are inflated by a factor of 100.

• this minimum is reached at lower grid voltages in gas mixtures with less quencher.

This strengthens the suspicion for a strong impact of photon feedback in dependence on the quencher
fraction once again. Furthermore it underlines the correlation between this photon feedback and gain
fluctuations, leading to broadened lines in the pixel spectrum that has already been discussed in chapter 7.

Ar/iC4H10 Ugrid / V Gain Egrid/Edri f t R

90/10 380 6346.1 ± 5.1 368 3.85% ± 0.06%
95/5 335 6069.8 ± 3.4 134 4.38% ± 0.05%
96/4 320 6122.0 ± 3.3 163 4.76% ± 0.06%
97/3 300 3735.5 ± 2.3 257 4.60% ± 0.05%

97.7/2.3 280 2381.5 ± 1.4 96 5.33% ± 0.04%
98/2 290 3493.8 ± 2.1 133 5.40% ± 0.06%
99/1 275 2053.7 ± 1.5 169 9.02% ± 0.10%

Table 9.1: Overview on the smallest energy resolutions achieved in the di↵erent gas mixtures with corresponding
grid voltage and ratio of amplification and drift field.
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reference	  (2.1	  –	  3.2	  keV)	  	  	   reference	  (<0.4	  keV)	  	  	   background	  



Out	  of	  2379029	  frames	  (0.98s)	  1988773	  frames	  look	  like	  this:	  
	  	  

Noise?	  No	  

10	  



Out	  of	  2379029	  frames	  (0.98s)	  1988773	  frames	  look	  like	  this:	  
	  	  

Noise?	  No	  

10	  

suitable	  for	  rare	  event	  searches...	  



8-‐chip	  InGrid	  boards	  exisKng	  (Octopuce/Saclay,	  Octoboard/Bonn)	  
Challenge	  (for	  X-‐ray	  detector):	  	  
-‐  dead	  areas	  between	  chips	  
-‐  field	  distorKons	  

Outlook:	  Larger	  Areas	  

24	  

Abb. 3.2: Schematische Darstellung des Octoboards im Detektor.

Um die Feldverzerrungen zu reduzieren muss das Potential der Gitter auch über
den Lücken gegeben sein. Um das zu realisieren eignen sich Streifen aus Aluminium-
folie, die über den Lücken angebracht und mit dem Gitter leitend verbunden werden.
Aluminiumfolie ist günstig erhältlich und hat nur eine Dicke von 15 m-17 m. Da
die Gitter am Rand von einem Rahmen umgeben sind bietet dieser sich als Auflage
für die Aluminiumfolie an. Die Maße in Abb. 3.1 zeigen, dass die Streifen eine Breite
von etwa einem Millimeter haben müssen, um auf beiden Seiten auf dem Rahmen
aufzuliegen. Die Befestigung erfolgt mittels Silberleitkleber des Typs E-Solder 3025.
In kleinen Tropfen wird die mit Klebeband positionierte Folie an den Ecken der
Chips auf dem Rahmen fixiert. Zunächst wird das Kreuz in der Mitte geklebt, dann
werden die Streifen mit einer Schere auf die richtige Länge geschnitten und an den
äußeren Ecken geklebt. Das Ergebnis ist in Abb. 3.3 sichtbar.

Abb. 3.3: Foto des mit Aluminiumstreifen beklebten Oktoboards.

10

manually	  mounted	  
Al	  strips	  

promising	  but	  bemer	  procedure	  needed...	  	  

5.3 Messung mit Aluminium

Nach dem Anbringen der Aluminiumfolie werden die drei Messungen wiederholt.
Bei allen wird diesmal die stärkere Quelle verwendet. Da beim Kleben vermutlich
ein Kontakt zwischen Gitter und Chip entstand (wie in Kapitel 3 bereits diskutiert)
zeigt nur noch Chip 7 brauchbare Ergebnisse. Die fehlende Spannung auf der rechten
Hälfte des Oktoboards sorgt für Verzerrungen an der rechten Seite des 7. Chips,
sodass diese für weitere Auswertungen unbrauchbar ist. Die restlichen drei Seiten
sind davon jedoch nicht betro↵en.

5.3.1 Variation der Anodenspannung

Wie oben wird die Anodenspannung von 285V-445V verändert, während die Git-
terspannung und das Driftfeld konstant sind. Es werden auch wieder beispielhaft die
Belegungsdichten von 285V, 310V, 315V und 445V gezeigt.

Abb. 5.4: Belegungsdichte für vier verschiedene Anodenspannungen bei angebrach-
ten Aluminiumstreifen. Die Spannung am Gitter (295V) und das Driftfeld
(93 V

cm) bleiben konstant.

Gut erkennbar ist, dass an der linken und unteren Seite, wo sich die Folie befindet,
der Chip bis zum Rand ausgeleuchtet ist, während er an der oberen Kante ein
ähnliches Verhalten wie ohne Folie zeigt. Auch hier ist die Anodenspannung, bei der
der Chip am besten ausgeleuchtet wird wieder 315V, auch wenn das vierte Bild auf
den ersten Blick einen anderen Eindruck erweckt. Hier tritt allerdings wieder der
E↵ekt auf, dass bei hohen Anodenspannungen die Elektronen ins Innere des Chips
gedrückt werden und nur noch einzelne den Rand erreichen.

18

5 Messung der Belegungsdichte der Chips

5.1 Messaufbau

Um einen E↵ekt der Aluminiumfolie auf die Feldverzerrungen zu beobachten wird
die Belegungsdichte der Chips mit und ohne Alufolie gemessen. Dazu wird das Oc-
toboard in einen Detektor (wie in Kapitel 3 bereits erwähnt) eingebaut. Über das
Driftfeld wird möglichst mittig eine Sr 90-Quelle platziert. Die Elektronen aus dem
�-Zerfall des Isotops ionisieren das Gas.

Maßgeblich für das elektrische Feld über dem Octoboard sind drei Parameter:
Die Stärke des Driftfeldes, die Anodenspannung und die Gitterspannung. Dement-
sprechend werden drei Messungen durchgeführt, wobei jeweils zwei Parameter kon-
stant bleiben und der dritte variiert wird. Anschließend wird das Octoboard mit den
Aluminiumstreifen versehen und die Messungen erneut durchgeführt. So kann das
Verhalten mit und ohne Aluminiumfolie verglichen werden.

5.2 Messung ohne Aluminium

5.2.1 Variation der Anodenspannung

Der Abstand zwischen Octoboard und Anodenplatte beträgt etwa 1,52mm, dar-
aus ließe sich die Anodenspannung berechnen, die dem Potential des Driftfeldes an
dieser Stelle entspricht. Da die Chips aber unterschiedlich tief im Kleber liegen ist
dieser Wert nicht exakt. Zur Kontrolle wird also die Anodenspannung bei konstanter
Gitterspannung und konstantem Driftfeld zwischen 285V und 445V variiert um die-
sen Wert zu finden. Beispielhaft werden hier die Belegungsdichten von 285V, 310V,
315V und 445V dargestellt. Die nicht gezeigten befinden sich im Anhang (Abb. 7.4).

Abb. 5.1: Belegungsdichte für vier verschiedene Anodenspannungen. Die Spannung
am Gitter (295V) und das Driftfeld (93 V

cm) bleiben konstant.
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no	  Al	  strip	   with	  Al	  strip	  
(only	  leq	  edge	  can	  be	  	  
compared)	  


