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DESY 07-014 Publi
 version | 8.12.2006Produ
tion and Dete
tion of Axion-Like Parti
les in a HERA Dipole Magnet{ Letter-of-Intent for the ALPS experiment {Klaus Ehret,1 Maik Frede,2 Ernst-Axel Knabbe,1 Dietmar Kra
ht,2 Axel Lindner,1, �Niels Meyer,1 Dieter Notz,1 Andreas Ringwald,1, y and G�unter Wiedemann31Deuts
hes Elektronen-Syn
hrotron DESY, Notkestra�e 85, D-22607 Hamburg, Germany2Laser Zentrum Hannover e.V., Hollerithallee 8, D-30419 Hannover, Germany3Sternwarte Bergedorf, Gojenbergsweg 112, D-21029 Hamburg, GermanyRe
ently, the PVLAS 
ollaboration has reported eviden
e for an anomalous rotation of the po-larization of light in va
uum in the presen
e of a transverse magneti
 �eld. This may be explainedthrough the produ
tion of a new light spin-zero (axion-like) neutral parti
le 
oupled to two photons.In this letter-of-intent, we propose to test this hypothesis by setting up a photon regeneration ex-periment whi
h exploits the photon beam of a high-power infrared laser, sent along the transversemagneti
 �eld of a super
ondu
ting HERA dipole magnet. The proposed1 ALPS (Axion-Like Par-ti
le Sear
h) experiment o�ers a window of opportunity for a rapid �rm establishment or ex
lusionof the axion-like parti
le interpretation of the anomaly published by PVALS. It will also allow forthe measurement of mass, parity, and 
oupling strength of this parti
le.I. INTRODUCTION AND MOTIVATIONNew very light spin-zero parti
les are predi
ted inmany models beyond the Standard Model. Often theywould 
ouple only very weakly to ordinary matter. Typ-i
ally, su
h light parti
les arise if there is a global 
ontinu-ous symmetry in the theory that is spontaneously brokenin the va
uum | a notable example being the axion [1℄,a pseudo s
alar parti
le arising from the breaking of aU(1) Pe

ei-Quinn symmetry [2℄, introdu
ed to explainthe absen
e of CP violation in strong intera
tions. Su
haxion-like pseudo s
alars 
ouple to two photons viaL�

 = �14 g �F�� ~F�� = g � ~E � ~B; (1)where g is the 
oupling, � is the �eld 
orresponding tothe parti
le, F�� ( ~F��) is the (dual) ele
tromagneti
 �eldstrength tensor, and ~E and ~B are the ele
tri
 and mag-neti
 �elds, respe
tively. In the 
ase of a s
alar parti
le
oupling to two photons, the intera
tion readsL�

 = �14 g �F��F�� = 12g � � ~E2 � ~B2� : (2)Both e�e
tive intera
tions give rise to similar observablee�e
ts. In parti
ular, in the presen
e of an external mag-neti
 �eld, a photon of frequen
y ! may os
illate into alight spin-zero parti
le of small mass m� < !, and vi
eversa. The notable di�eren
e between a pseudo s
alarand a s
alar is that it is the 
omponent of the photonpolarization parallel to the magneti
 �eld that intera
tsin the former 
ase, whereas it is the perpendi
ular 
om-ponent in the latter 
ase.�Ele
troni
 address: axel.lindner�desy.deyEle
troni
 address: andreas.ringwald�desy.de1The experiment has been approved by the DESY dire
torate onJanuary 11, 2007.
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BFIG. 1: S
hemati
 view of (pseudo-)s
alar produ
tionthrough photon 
onversion in a magneti
 �eld (left), sub-sequent travel through a wall, and �nal dete
tion throughphoton regeneration (right).The exploitation of this me
hanism is the basi
 ideabehind photon regeneration (sometimes 
alled \lightshining through walls") experiments [3, 4℄, see Fig. 1.Namely, if a beam of photons is shone a
ross a magneti
�eld, a fra
tion of these photons will turn into (pseudo-)s
alars. This (pseudo-)s
alar beam 
ould then propa-gate freely through a wall or another obstru
tion with-out being absorbed, and �nally another magneti
 �eldlo
ated on the other side of the wall 
ould transformsome of these (pseudo-)s
alars into photons | appar-ently regenerating these photons out of nothing. A pilotexperiment of this type was 
arried out in Brookhavenusing two prototype magnets for the Colliding Beam A
-
elerator [5℄. From the non-observation of photon re-generation, the Brookhaven-Fermilab-Ro
hester-Trieste(BFRT) 
ollaboration ex
luded values of the 
ouplingg < 6:7� 10�7 GeV�1, for m�<� 10�3 eV [6℄ (
f. Fig. 2),at the 95% 
on�den
e level.Re
ently, the PVLAS 
ollaboration has reported ananomalous signal in measurements of the rotation ofthe polarization plane of a laser beam in a magneti
�eld [7℄. A possible explanation of su
h an apparent va
-uum magneti
 di
hroism is through the produ
tion of alight pseudo s
alar or s
alar, 
oupled to photons throughEq. (1) or Eq. (2), respe
tively. A

ordingly, photons po-
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FIG. 2: Two photon 
oupling g of the (pseudo-)s
alar versusits mass m�.Top panel: The 95% 
on�den
e level upper limits from BFRTdata [6℄ on polarization (rotation and ellipti
ity data) andphoton regeneration are displayed as dotted lines.. The pre-ferred values 
orresponding to the anomalous rotation signalobserved by PVLAS [7℄ are shown as a thi
k solid line.Bottom panel: Three sigma allowed region from PVLAS dataon rotation plus BFRT data on rotation, ellipti
ity, and re-generation [8℄.larized parallel (pseudo s
alar) or perpendi
ular (s
alar)to the magneti
 �eld disappear, leading to a rotation ofthe polarization plane [9℄. The region quoted in Ref. [7℄that might explain the observed signal is around (95%
on�den
e level)1:7� 10�6 GeV�1 < g < 5:0� 10�6 GeV�1; (3)1:0� 10�3 eV < m� < 1:5� 10�3 eV; (4)obtained from a 
ombination of previous limits on g vs.m� from a similar, but less sensitive polarization exper-iment performed by the BFRT 
ollaboration [6℄ and theg vs. m� 
urve 
orresponding to the PVLAS signal (
f.Fig. 2 (lower panel) where also two other small allowed(at 3 sigma) regions are displayed.).A parti
le with these properties presents a theoreti
al
hallenge. It is hardly 
ompatible with a genuine QCD

axion [10, 11℄. Moreover, it must have very pe
uliar prop-erties in order to evade the strong 
onstraints on g fromstellar energy loss 
onsiderations [12℄ and from its non-observation in the CERN Axion Solar Teles
ope [10, 13℄.Its produ
tion in stars may be hindered, for example,if the �

 vertex is suppressed at keV energies due tolow s
ale 
ompositeness of �, or if, in stellar interiors, �a
quires an e�e
tive mass larger than the typi
al pho-ton energy, � keV, or if the parti
les are trapped withinstars [14, 15, 16, 17℄.Clearly, an independent and de
isive experimental testof the parti
le interpretation of the PVLAS observa-tion, without referen
e to axion produ
tion in stars(see [18, 19, 20℄), is urgently needed [21℄. In Ref. [22℄,one of us (AR) proposed to exploit the strong magneti
�eld of super
ondu
ting HERA dipole magnets for a pho-ton regeneration experiment. In this letter-of-intent, wepropose a possible realization of su
h an experiment.Within the international 
ommunity the PVLAS re-sults have triggered substantial a
tivities. Besides thisproposal e�orts are under way in Europe (at CERN,INFN and within a 
ollaboration of di�erent laborato-ries in Fran
e) and the US (at Je�erson Laboratories)to dire
tly test the parti
le interpretation of the PVLASresult (for a review see [23℄). Re
ently a 
orrespondingworkshop took pla
e at the Institute for Advan
ed Stud-ies [24℄ in Prin
eton. A

ording to the presented times
hedules ALPS 
ould be the �rst experiment to 
larifyexperimentally whether a previously unknown parti
le
an be 
reated by intera
tions of photons with a strongmagneti
 �eld.II. PHOTON REGENERATION IN A HERADIPOLE MAGNETWe start with a dis
ussion of the probability P
!�!
that an initial photon with energy ! 
onverts, in themagneti
 �eld region of size B1 and length `1 in front ofthe wall, into an axion-like parti
le, and re
onverts, inthe magneti
 �eld region of size B2 and length `2 on theother side of the wall, into a photon. It is given byP
!�!
 = P
!�(B1; `1; q1)P�!
(B2; `2; q2) ; (5)where P
!� � P�!
 is the probability that a photon
onverts into an axion-like parti
le,P
!�(B; `; q) = 14 (g B `)2 F (q`) : (6)Here, q = �����m2
 �m2�2! ����� (� m�) (7)is the momentum transfer to the magneti
 �eld, i.e. themodulus of the momentum di�eren
e between the photon
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FIG. 3: Two photon 
oupling g of the (pseudo-)s
alar versusits mass m�. The 3 sigma allowed region from PVLAS dataon rotation plus BFRT data on rotation, ellipti
ity, and re-generation is shown in red [8℄.Top panel: Iso-
ontours of the regeneration probability prob-ability P
!�!
 , Eq. (5), for the parameters of the HERAdipole magnet, B1 = B2 = 5 T, `1 = `2 = 4:21 m, exploit-ing an infrared photon beam, � = 1064 nm, 
orresponding to! = 1:17 eV, in va
uum (n
 = 1).Bottom panel: Same as top panel, but in bu�er gas withn
 � 1 = 5� 10�7.and the axion-like parti
le, andF (q`) = " sin � 12q`�12q` #2 (8)is a form fa
tor whi
h redu
es to unity for small mo-mentum transfer q` � 1. For large q`, in
oheren
e ef-fe
ts emerge between the (pseudo-)s
alar and the pho-ton, the form fa
tor getting mu
h smaller than unity,severely redu
ing the 
onversion probability. Clearly, inva
uum, the photon mass vanishes, m
 = 0. In a refra
-tive medium, whi
h may be realized in our experimentby �lling in bu�er gas [25℄, the e�e
tive mass is given bym2
 = 2 (n
 � 1)!2 ; (9)where n
 is the refra
tion index of the medium. There-fore, by tuning n
 , i.e. by varying the gas pressure in the

magneti
 �eld regions, one may optimize the sensitivityin 
ertain mass regions by essentially tuning q towardsmall values.In Fig. 3, we display iso-
ontours of the regenerationprobability P
!�!
 in the g{m�{plane, for the param-eters of the HERA dipole magnet, B1 = B2 = 5 T,`1 = `2 = 4:21 m, exploiting an infrared photon beam,� = 1064 nm, 
orresponding to ! = 1:17 eV, in va
uum(n
 = 1; top panel) and with bu�er gas (n
�1 = 5�10�7;bottom panel). We infer from that �gure that it will bevery important to have the possibility to run the experi-ment with a bu�er gas of an optimal refra
tion index. Inorder to probe the PVLAS preferred region, the other ex-perimental parameters, su
h as the laser power, eventualpulsing, and dete
tor performan
e have to be designedin su
h a way as to be able to test a photon regenera-tion probability in the 10�20 range (
f. Fig. 3 (bottompanel)).III. EXPERIMENTAL REALIZATIONWe propose a photon-regeneration experiment plannedaround a spare dipole of the HERA proton storage ringat the DESY magnet test stand. Both parts of the ex-periment, i.e. axion-like parti
le produ
tion and photon-re
onversion have to be a

ommodated in one single mag-net sin
e the test stand ar
hite
ture in its present 
on�g-uration forbids to pla
e two fully fun
tional magnets inline.The general layout of the experiment is depi
ted inFig. 4. A high intensity laser beam is pla
ed on one sideof the magnet traversing half of its length. In the middleof the magnet, the laser beam is re
e
ted ba
k to its en-tering side, and an opti
al barrier prevents any photonsfrom rea
hing the se
ond half of the magnet. Axion-likeparti
les would penetrate the barrier, eventually re
on-verting into photons inside the se
ond half of the magnet.Re
onverted photons are then dete
ted with a pixeledsemi-
ondu
tor dete
tor outside the magnet. The indi-vidual 
omponents of the experiment are dis
ussed in thefollowing. A. MagnetThe magneti
 �eld will be produ
ed by a spare dipolemagnet of the HERA proton storage ring. At a nominal
urrent of 6000A, the magnet rea
hes a �eld of 5.355Tover a total magneti
 length of 8.82m. The devi
e is inpla
e at the magnet test stand in building 55 (Fig. 5).The length of the magnet in
luding one 
ompensatingend 
ange is 9766mm. The \open" magnet is 
onne
tedat both ends to two Helium feed boxes of 1180mm diam-eter. These boxes are the interfa
es to the va
uum, to the
old Helium and to the ele
tri
 
urrent for the magnet.The 
old inner beam pipe of the magnet has a temper-ature of 4K and is bent with a radius of approx. 588m to
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FIG. 4: S
hemati
 view of the experimental setup with the laser on the left, followed by the laser inje
tor/extra
tor system, themagnet and the dete
tor table. An intensity-redu
ed referen
e beam of the laser is guided parallel to the magnet for 
onstantalignment monitoring between laser and dete
tor.

FIG. 5: HERA dipole at the magnet test stand.follow the HERA 
urvature. A \warm" instrumentationtube of Titanium is inserted into the magnet to allow forinstrumentation for magneti
 �eld measurements. Thistube has an overall length of 13.5m, follows the 
urvatureof the beam pipe and a
ts also as a va
uum barrier tothe surrounding atmosphere. The instrumentation tubeis insulated against the 
old beam pipe by super insula-tion. During magnet tests, the tube is 
ushed with warmNitrogen to keep it at room temperature. As a side ef-fe
t the heat load on the magnet is high. About 30 g/sof 4K Helium are needed to keep the magnet 
old and toprevent quen
hes at 6000A.After a long shutdown the magnet was su

essfully putinto operation again on September 26, 2006. A s
reenshot of the 
ontrol monitor is shown in Fig. 6.The position of the Titanium tube was measured by

the DESY geometers. Although it follows the 
urvatureof the beam pipe, an open aperture of approximately18mm is available around a straight line-of-sight alongthe whole length, pla
ing geometri
al 
onstraints on thefollowing 
onsiderations for the ALPS experiment.B. Magnet Insert UnitThe Magnet Insert Unit (MIU) 
overs all instrumenta-tion inside the magnet. It will be inserted into the Tita-nium tube already installed inside the magnet. Followingthe pro
edure of standard magnet tests, this tube will be
ushed with dry nitrogen of around 300K temperaturewhile the magnet is 
ooled to liquid helium temperatures.The main purpose of the MIU is to provide a suitablelow pressure environment (LPE) whi
h the laser beampasses on its way toward the mirror and ba
k. It needsto meet several requirements:1. The spa
e between the MIU and the measuring pipemust allow for a nitrogen 
ow large enough: tokeep the temperature of the inner measurement-pipe wall everywhere a few degrees above roomtemperature and to remove the heat produ
ed inthe re
e
ting mirror.2. The pressure of the gas spe
ies inside the MIU is tobe varied between 1�bar and 10mbar. In order tominimize 
ontamination, the pipe has to be eva
-uated and possibly baked out before introdu
ingthe gas. If, at lower working pressures, degassingfrom the interior of the insert 
eases to be negligi-ble, 
ontinuous pumping and replenishing the gaswill be required. In that 
ase, in order to minimizepressure deviations along the length of the magnet,a large diameter of the tube is desirable. Also, the
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FIG. 6: S
reen shot of the magnet 
ontrol panel from Septem-ber 26, 2006. At this instan
e, the magnet produ
ed a �eldof approx. 5.6 T with a 
urrent of about 6300A (
ourtesy ofH. Br�u
k).gas may be admitted through a long 
apillary withseveral holes along its length.3. The gas pressures in front of and behind the mirrorneed to be equal. A 
onvenient way to a
hieve thisis to 
onne
t both parts by a bypass line. Sin
eabsolutely no light from the laser may propagateinto the tube part with the dete
tor, the 
onne
-tion must 
ontain a highly e�e
tive light trap. Tomake the 
onne
tion symmetri
al with respe
t of
ow 
ondu
tan
e and to separate gas inlet and va
-uum outlet, two pairs of light traps are needed. Ifthe two parts 
annot be 
onne
ted the pressuresin both parts need to be measured and 
ontrolledseparately to make them equal. This method is ex-perimentally more demanding, but does not requirelight traps.

FIG. 7: View of the magnet insert along the beam line at thebeam entran
e, at the middle of the magnet, and at the beamexit (top to bottom) as seen from the dete
tor. The magnetinsert 
annot fully 
ompensate the 
urvature of the Ti tube.In designing the MIU, a 
ompromise between two di-verging obje
tives has to be found: reliable, repeatableand easy alignment of the axis of the laser beam andthe photon dete
tor and 
omplete opti
al separation ofthe laser and the dete
tor part, so that none of photonsprodu
ed on the laser side rea
hes the dete
tor.We propose to start with an MIU shown in Figs. 7and 8 
onsisting of three parts:1. The laser side part, 
onsisting of a metal tube of 7mlength, approx. 35mm outer diameter and 1mmwall thi
kness, with an opti
al window at ea
h end.It is inserted from the laser side.2. A diele
tri
 mirror that re
e
ts the laser beam. Itis mounted on a holder su
h that it 
an be ele
-tro me
hani
ally tilted around two axes whi
h areperpendi
ular to ea
h other and lo
ated in the mir-ror plane. It is inserted into the measurement pipeeither by a spe
ial tool or in 
onne
tion with thelaser part. The temperature of the mirror is mea-sured with a temperature sensor. The laser beamis re
e
ted ba
k out of the magnet, separated by
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FIG. 8: S
hemati
 view of the magnet insert perpendi
ular to the laser beam (dashed line). Shown is the installation at thebeam entran
e, in the middle of the magnet, and at the beam exit. Long uniform passages are 
ut out. Drawing is not to s
ale.the opti
al insulator and dire
ted into a laser beamdump.3. The dete
tor side part 
onsists of two 
on
entri
metal tubes of 1mm wall thi
kness ea
h. The outertube has an outer diameter of approx. 37mm. Itis inserted from the dete
tor side. The inner tubeis terminated with a full window at the dete
torend. At the end pointing to the laser there is asmaller, e

entri
 window and, diametri
ally a
rossit, a light trap. The inner tube may be rotatedbetween one position where the axis of the laserbeam passes the two windows, and another, wherethe laser beam axis is blo
ked by the light trap.Both tube subunits are suspended by (asymmetri
)distan
e holders (�xed to the tubes) whi
h glide on theinner wall of the measuring pipe when the MIU is beinginserted. That way, in the middle of the magnet, theytou
h the inside wall of the measuring pipe on the sidewith the smaller bending radius and on the opposite side(with the larger bending radius) at the ends of the mag-net. The mirror surfa
e is opti
ally usable approx. 1mmfrom its edge. This leaves a horizontal 
learan
e of 14mmfor the laser beam into and out of the tube subunits. Theparts outside the magnet of the laser side tube and of theinner dete
tor side tube are equipped with va
uum tight
onne
tors for pumping, gas inlet and ele
tri
al wiring.The spa
e between the MIU and the measuring pipe issubje
ted to a dry nitrogen 
ow.The tube material (e.g. aluminum, stainless steel,OHFC 
opper, Titan) will be sele
ted later in the designpro
ess.An alternative MIU design whi
h 
on
entrates on as-suring a 
omplete opti
al separation between laser anddete
tor part, has also been 
onsidered and is only sum-marized here:� The re
e
ting mirror is pla
ed inside the laser sidetube. Behind the mirror the tube is 
losed by ametal plate so that no light 
an es
ape.

� On the dete
tor side there is just one 
losed tubewith a window on the outer end.� Both tubes are joined in the middle of the magnetby a sliding 
oupling.With this alternative MIU the opti
al adjustment re-quires a 
omplex pro
edure. It relies entirely on the per-manent 
orresponden
e between the position and dire
-tion of the laser beam axis and referen
e beams derivedfrom it (
f. Fig. 4). Both the dete
tor and the laser as-sembly need to be moved in and out of the magnet beampath in a reprodu
ible way.In spite of its drawba
ks, this se
ond MIU design 
anserve as a fall-ba
k solution in 
ase of unsurmountablediÆ
ulties with the preferred design as well as a 
ross
he
king option in 
ase of eviden
e for axion-like parti-
les. In setting up the experiment, we intend to makethe ne
essary preparations to be able to implement anduse this MIU design if needed.C. LaserThe design of the laser system is driven by two main as-pe
ts: the need of large intensity of order 1021 photons/sand the small aperture of the MIU. In addition, 
ontrol-lable linear polarization is desirable to distinguish s
alarand pseudo s
alar axion-like parti
les and to allow forsystemati
 tests. Commer
ial laser systems with therequired intensity are available for near-infrared wave-lengths of order 1100nm. Typi
al parameters for di�er-ent te
hnologies are listed in Tab. I.An important 
hara
teristi
s is the beam quality fa
torgiven by M2 = !0��=� ; (10)whi
h depends on the initial beam radius !0, the diver-gen
e angle � and the wavelength �. In the proposed



7Laser Con
ept Output Power (W) Beam Quality (M2) Polarization OperationRod-Laser 100 - 4.000 35 - 75 random 
wDisk-Laser 250 - 8.000 12 - 24 random / linear 
wFiber-Laser 100 - 10.000 1.15 - 35 random / linear 
w, q
wTABLE I: Spe
i�
ation for di�erent 
ommer
ial available laser systems.setup, the laser beam diameter is at best equal at theentran
e and exit of the magnet, and due to �nite diver-gen
e hen
e has to be minimal on the mirror in the middleof the magnet. Fig. 9 shows the evolution of beam diam-eters with the propagation length for di�erentM2 valuesand initial diameters. It is evident that beam qualitieswithM2 < 5 are needed to safely guide the laser throughthe magnet.

FIG. 9: Beam propagation within the length of the laser tubefor di�erent beam quality parameters and beam diameters.It is planned to fo
us the re
onverted photons on asmall region of the dete
tor to allow the use of smallpixeled semi
ondu
tors with low noise. The path of in-
oming laser photons, 
reated axion-like parti
les and re-
onverted photons lay on top of ea
h other for all pra
-ti
al purposes, and so the initial laser beam quality alsodetermines the minimal spot size of re
onverted pho-tons rea
hable on the dete
tor. A 
orresponding 
urveis shown in Fig. 10. The required beam quality 
an beeasily a
hieved.In summary: Commer
ial available laser systems inthe near-infrared region with output power above 200W(
orresponds to a 
ux ex
eeding 1021 photons per se
ond)and high beam quality mat
h the requirements of theALPS proposal. However su
h systems are only availableoperating in 
w-mode.D. Dete
torConsidering the 
onversion probability P
!�!
 =10�20 (Fig. 3) and the laser properties dis
ussed above

FIG. 10: Minimal fo
us diameter versus beam quality fa
torM2 for a �nal fo
us lens with f = 20mm and a beam diameterof 5mm.we expe
t a signal of the order of 10photons/s, equiva-lent to 2� 10�18W. The dete
tor must be able to dete
tphotons at this low rate. Although this is 
hallenging,
omparable sensitivities are rea
hed in dete
tors for in-frared astronomy.In the following we will 
on
entrate on semi
ondu
tordete
tors. As the ALPS time s
hedule is somewhat am-bitious we prefer 
ommer
ial available systems and 
annot a�ord for time 
onsuming extensive R&D.Sili
on, InGaAs, and HgCdTe have been 
onsidered upto now. For these materials sensors from single diodes upto two-dimensional 
ameras are available.� Sili
on:Sili
on dete
tors normally rea
h their highest eÆ-
ien
y at wavelengths around 700nm. At 1070nmthe quantum eÆ
ien
ies rea
h typi
ally only veryfew per
ent. Therefore sili
on dete
tors seem to beinadequate to our requirements.� InGaAs:InGaAs dete
tors are frequently used in infraredastronomy. Usually they are sensitive to photonwavelengths above 800nm and up to 1700nm (or2,500nm in extended versions).� HgCdTe:Su
h dete
tors have also been used in infrared as-tronomy sin
e quite some time. They o�er a similarsensitivity range as InGaAs dete
tors.
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FIG. 11: Exemplary sensitivities of Si and InGaAs diodes.Figure 11 shows typi
al sensitivities of Si and InGaAsdiodes.We have de
ided to fo
us on InGaAs in the followingwhile still 
onsidering HgCdTe as a possible alternative.InGaAs sensors are available as single diodes, one-dimensional and two-dimensional arrays. As the laserwill be essentially operated in 
w-mode we do not needfast triggering and gating. Therefore we prin
ipally pre-fer two-dimensional arrays:� They are less sensitive to potential misalignments.� The beam 
ould be fo
used on the most sensitivepixel.� Pixels outside the signal region 
ould be used tomonitor the ba
kground 
onditions.Semi
ondu
tor dete
tors su�er from dark 
urrent andread out noise. To rea
h the required sensitivity the totalba
kground has to be limited. As an exemplary 
al
u-lation the maximal ba
kground is estimated requiring a�ve standard deviation dete
tion of the signal assuminga measurement with signal (S + B1) and subtra
ting aba
kground measurement B2.(S +B1)�B2pS +B1 +B2 > 5 (11)Assuming B1 = B2 = B and S = 6; 000 for an inte-gration time of 10 minutes a ba
kground rate of about1kHz 
ould be allowed for 
onsidering only statisti
s. Inthe experimental set-up it remains to be proven that thesystemati
 un
ertainties are suÆ
iently well under 
on-trol.The dark 
urrent is strongly in
uen
ed by the opera-tion temperature. To minimize the te
hni
al e�orts wewill 
onsider only 
ooling by Peltier modules (down to180K) or liquid nitrogen (77K).

We would like to stress that in the near infrared re-gion 
onsidered here the ba
kground indu
ed by thermalradiation of the environment amounts to at most onlyfew photons per minute (depending on the size of thedete
tor) and hen
e is negle
ted.In summary:� The dete
tor should be based on InGaAs orHgCdTe.� Fast triggering and gating is not required.� The dark 
urrent should preferably be below 103ele
trons per se
ond.� The dete
tor will be 
ooled by Peltier modules orliquid nitrogen.� A two-dimensional array is to be preferred with re-spe
t to a one dimensional array or single diodes.� Small area dete
tor elements 
an be used due tothe option to fo
us the laser beam. This will helpto redu
e the noise.At DESY nearly no experien
e with low intensity in-frared dete
tion exists. In order to build up some 
ompe-ten
e the infrared sensitive 
amera ST-402ME-C1 (SantaBarbara Instrument Group) has been ordered in summer.Although this Si-dete
tor 
ould not be used at ALPS itwould be an easy-to-use devi
e to gain some insight intoeventual experimental diÆ
ulties. However due to thenew EU regulations (RoHS) on lead-free soldering the
amera has not arrived yet.One of us (GW) has an InGaAs 
amera at hand(XEVA-USB-FPA-640). At present the properties of the
amera are investigated, but probably the noise leveldoes not mat
h our requirements. Further tests in
luding
ooling are under way.



9Therefore we do not have at present a dete
tor avail-able mat
hing the requirement. Four dire
tions 
ould befollowed to arrive at an adequate system:� Continue the tests with the 
amera at hand and
he
k also other 
ommer
ially available solutions(i.e. from Prin
eton Instruments).� Che
k the possibility to develop own read-out ele
-troni
s (based on 
ommer
ial available ASICS) forInGaAs CCD 
hips.� Develop a dete
tor based on single diodes.� Che
k whether a system 
ould be 
opied or evenborrowed from an infrared astronomy group.Signi�
ant e�ort is ne
essary within the next threemonth to develop a dete
tor system. Dedi
ated personnelresour
es are ne
essary. However no show-stoppers havebeen identi�ed yet so that 
on�den
e exists to rea
h thegoals. It would be ni
e if at least two di�erent systems
ould be built to allow for systemati
 studies at the ex-periment. E. AlignmentThe alignment pro
edure 
onsists of �ve steps:1. The inner dete
tor tube is rotated into the positionwhere the laser beam passes the two windows ofthe inner dete
tor side tube (see Fig. 8). The laserbeam is dire
ted toward the mirror and re
e
tedba
k into the laser beam dump.2. The dete
tor now is aligned w.r.t. the laser beamby using the fra
tion of laser radiation not beingre
e
ted or absorbed by the mirror (less than 1%).During this step, the dete
tor will be prote
ted byadditional laser attenuation outside the magnet andde
oupled from the dete
tor.3. A low intensity referen
e beam, generated from themain laser beam with a beam splitter, is 
enteredonto a position sensor whi
h is �xed with respe
tto the dete
tor. From then on the position of thereferen
e beam is 
ontinuously monitored using theposition sensor. An auto alignment system will usethis information to maintain a proper alignment oflaser beam and dete
tor.4. The inner dete
tor side tube is now rotated intoa position where the light trap is behind the mir-ror, so that any light originating from the laser andpassing the mirror is blo
ked.5. The mirror system inside the magnet might havemoved during tube rotations and now needs to bere-aligned in order to re
e
t the laser beam out ofthe magnet and into the beam dump again. Nei-ther laser nor dete
tor will be a�e
ted by this step,

thus the alignment between these two units remainsun
hanged.Optionally, the adjustment pro
edure 
an be repeatedbetween measurement runs.F. SafetyIn the experiment we are 
onfronted with the followinghazards:� Cryogeni
 temperatures;� high magneti
 �elds;� high ele
tri
 
urrents;� intense laser beam.The experiment utilizes the magnet test stand in build-ing 55. Safety 
on
epts for the �rst three items are es-tablished for this area and will not be repeated here.During normal operation the main laser beam will be
onstrained to the tube of the HERA magnet withouthaving a 
han
e to es
ape. Also any referen
e beam asidethe magnet will be guided in 
losed tubes. A detailedsafety report (\Gefahrenanalyse") for the laser operationwill be prepared on
e a spe
i�
 laser system has beende
ided on.Closed areas with fen
es and interlo
k doors will be es-tablished at both sides of the magnet. A simple ele
tri
alinterlo
k loop will swit
h o� the laser in 
ase of risk likeopening doors, quen
h of magnet, opening of the systemet
. IV. EXPERIMENTAL REACHIn this se
tion we estimate the sensitivity of the ex-periment w.r.t. the two physi
s goals: exploring the the-oreti
al parameter spa
e favored by the PVLAS resultsand rea
hing optimal ex
lusion limits in 
ase of no signalobservation.The sear
h for axion-like signals will be performed ondata taken with and without the possibility of axion-likeparti
le produ
tion, e.g. with the laser blo
ked before orguided through the magnet. Both measurements shouldbe performed alternating to minimize any systemati
 ef-fe
ts. With equal integration time of the ba
kground andthe signal-plus-ba
kground measurements, we will needa measuring time t = 25 S + 2BS2 [s℄in order to observe a 5� signal ex
ess over ba
kgroundwhere S and B are the dete
ted signal and ba
kgroundrates, respe
tively.With the variable refra
tion index tunable with thegas pressure inside the LPE, we have the probability to



10adjust the maximum 
 � � � 
 re
onversion probabil-ity for ea
h mass hypothesis, i.e. we 
an tune F fromequation 8 to be unity. The rate of re
onverted photonsthen is 
ompletely determined by the parameters of themagnet and laser systems, with the 
oupling as sole freeparameter. Assuming a laser with an output power of200W at 1070nm sending its beam into a HERA dipolemagnet we a
hieveNALPS
 = 1:3� 1025 � " � g4 [Hz℄:The 
oupling strength g is given in GeV�1; " is the eÆ-
ien
y of the dete
tor and all opti
al 
omponents, whi
his not yet known exa
tly. Here we 
onservatively assume" = 50% and with g = 10�6 GeV�1 one a
hieves a sig-nal S = NALPS
 = 6Hz. Hen
e with a ba
kground rateof 1 kHz it follows from the equation given above thatt � 23min are needed to observe a 5� signal. This timeis to be doubled due to the ne
essity of a ba
kgroundmeasurement.The allowed parameter spa
e from the 
ombination ofPVLAS and BFRT is 
onstrained to three regions withmasses roughly between 1 and 3meV and 
ouplings above10�6. In order to s
an these mass ranges, we will needless than 100 di�erent 
on�gurations for the LPE gaspressure, if the separation of the 
on�gurations is 
hosensu
h that the photon re
onversion rate with one 
on�gu-ration is still 90% at the mass for whi
h the next 
on�g-uration is optimal. The total measurement time to probethe parameter spa
e allowed by the 
ombination of thePVLAS and BFRT results thus is100 
on�gurations � 46min � 80 h:To �rst approximation, the experimental rea
h for theaxion mass is determined by the number of pressure 
on-�gurations, while the sensitivity for the 
oupling depends

on the integration time at ea
h 
on�guration. The rea
hin mass (
oupling) depends on the square (on the fourthpower) of the total measuring time, making it hard to ex-plore phase spa
e regions well beyond the PVLAS/BFRTallowed region.To explore masses up to 5meV would require 180LPE 
on�gurations, while already 750 
on�gurationsare needed to rea
h 10meV. Similarly, with an hourof integration time per 
on�guration, the 
oupling 
anbe explored down to values of 5 � 10�7GeV�1 with apossible improvement by one order of magnitude in themore optimisti
 
ase of only 10Hz ba
kground rate.Based on these 
onsiderations, we are 
on�dent thatthe proposed ALPS experiment is sensitive enough toexplore the parameter spa
e for axion-like parti
le pro-du
tion allowed from the 
ombination of PVLAS andBFRT. The potential to explore regions of the parame-ter spa
e mu
h further however are limited and 
an onlybe extended moderately with longer integration timesand lower ba
kground rates. Please note that for thestandard QCD axion masses above 100 eV are predi
tedfor 
oupling strengths above 10�7GeV�1. A QCD ax-ion with a mass around 1meV would have a 
ouplingstrength around 10�13GeV�1. Corresponding sensitivi-ties are 
learly out of rea
h of ALPS.A
knowledgmentsWe would like to thank Markus Ahlers, Martin Br�auer,Rolf-Dieter Heuer, J�org J�a
kel, and Ulri
h K�otz for valu-able input to this proje
t. We are also very gratefulto Heinri
h Br�u
k, Herman Herzog, Johannes Prenting,Matthias Stolper and the 
ryogeni
s group MKS for te
h-ni
al support.[1℄ S. Weinberg, \A New Light Boson?" Phys. Rev. Lett.40, 223 (1978); F. Wil
zek, \Problem of Strong P andT Invarian
e in the Presen
e of Instantons," Phys. Rev.Lett. 40, 279 (1978).[2℄ R. D. Pe

ei and H. R. Quinn, \CP Conservation inthe Presen
e of Instantons," Phys. Rev. Lett. 38, 1440(1977); R. D. Pe

ei and H. R. Quinn, \Constraints Im-posed by CP Conservation in the Presen
e of Instantons,"Phys. Rev. D 16, 1791 (1977).[3℄ P. Sikivie, \Experimental Tests of the `Invisible' Axion,"Phys. Rev. Lett. 51, 1415 (1983) [Erratum-ibid. 52, 695(1984)℄; A. A. Anselm, \Axion <|> Photon Os
illationsin a Steady Magneti
 Field. (In Russian)," Yad. Fiz. 42,1480 (1985); M. Gasperini, \Axion Produ
tion by Ele
-tromagneti
 Fields," Phys. Rev. Lett. 59, 396 (1987).[4℄ K. Van Bibber, N. R. Dagdeviren, S. E. Koonin, A. Ker-man and H. N. Nelson, \An Experiment to Produ
e andDete
t Light Pseudos
alars," Phys. Rev. Lett. 59, 759(1987).

[5℄ G. Ruoso et al., \Limits on light s
alar and pseudos
alarparti
les from a photon regeneration experiment," Z.Phys. C 56 (1992) 505.[6℄ R. Cameron et al., \Sear
h for Nearly Massless, WeaklyCoupled Parti
les by Opti
al Te
hniques," Phys. Rev. D47, 3707 (1993).[7℄ E. Zavattini et al. [PVLAS Collaboration℄, \Experimen-tal Observation of Opti
al Rotation Generated in Va
-uum by a Magneti
 Field," Phys. Rev. Lett. 96, 110406(2006) [arXiv:hep-ex/0507107℄.[8℄ M. Ahlers, private 
ommuni
ation (unpublished).[9℄ L. Maiani, R. Petronzio and E. Zavattini, \E�e
ts ofNearly Massless, Spin Zero Parti
les on Light Propaga-tion in a Magneti
 Field," Phys. Lett. B 175, 359 (1986);G. Ra�elt and L. Stodolsky, \Mixing of the Photon withLow Mass Parti
les," Phys. Rev. D 37, 1237 (1988).[10℄ G. G. Ra�elt, \Axions: Re
ent Sear
hes and NewLimits," in Pro
eedings of the Eleventh InternationalWorkshop on \Neutrino Teles
opes", edited by Milla

http://arxiv.org/abs/hep-ex/0507107


11Baldo Ceolin (Istituto Veneto di S
ienze, Lettereed Arti, Campo Santo Stefano, 2005), pp. 419-431[arXiv:hep-ph/0504152℄.[11℄ A. Ringwald, \Axion interpretation of the PVLASdata?," J. Phys. Conf. Ser. 39, 197 (2006)[arXiv:hep-ph/0511184℄.[12℄ G. G. Ra�elt, \Astrophysi
al Axion Bounds Diminishedby S
reening E�e
ts," Phys. Rev. D 33, 897 (1986);G. G. Ra�elt and D. S. Dearborn, \Bounds on Hadroni
Axions from Stellar Evolution," Phys. Rev. D 36, 2211(1987); G. G. Ra�elt, Stars As Laboratories For Fun-damental Physi
s: The Astrophysi
s of Neutrinos, Ax-ions, and other Weakly Intera
ting Parti
les, Universityof Chi
ago Press, Chi
ago, 1996; G. G. Ra�elt, \Parti
lephysi
s from stars," Ann. Rev. Nu
l. Part. S
i. 49, 163(1999).[13℄ K. Zioutas et al. [CAST Collaboration℄, \First Resultsfrom the CERN Axion Solar Teles
ope (CAST)," Phys.Rev. Lett. 94, 121301 (2005).[14℄ E. Masso and J. Redondo, \Evading Astrophysi
al Con-straints on Axion-Like Parti
les," JCAP 0509, 015(2005); \Compatibility of CAST sear
h with axion-likeinterpretation of PVLAS results," Phys. Rev. Lett. 97,151802 (2006) [arXiv:hep-ph/0606163℄.[15℄ P. Jain and S. Mandal, \Evading the astrophysi
al limitson light pseudos
alars," arXiv:astro-ph/0512155; P. Jainand S. Stokes, \Self intera
ting dark matter in the solarsystem," arXiv:hep-ph/0611006.[16℄ J. Jae
kel, E. Masso, J. Redondo, A. Ringwald andF. Takahashi, \We need lab experiments to look foraxion-like parti
les," arXiv:hep-ph/0605313; \The needfor purely laboratory-based axion-like parti
le sear
hes,"Phys. Rev. D 75, 013004 (2007) [arXiv:hep-ph/0610203℄.[17℄ R. N. Mohapatra and S. Nasri, \Re
on
iling the CASTand PVLAS results," arXiv:hep-ph/0610068.[18℄ A. Dupays, C. Rizzo, M. Ron
adelli and G. F. Bignami,\Looking for light pseudos
alar bosons in the binary pul-sar system J0737-3039," Phys. Rev. Lett. 95, 211302(2005) [arXiv:astro-ph/0510324℄.[19℄ M. Kleban and R. Rabadan, \Collider Boundson Pseudos
alars Coupling to Gauge Bosons,"arXiv:hep-ph/0510183.[20℄ M. Fairbairn, T. Rashba and S. Troitsky, \Shining lightthrough the Sun," arXiv:astro-ph/0610844.[21℄ M. Ahlers, H. Gies, J. Jae
kel and A. Ringwald, \Onthe parti
le interpretation of the PVLAS data: Neutralversus 
harged parti
les," arXiv:hep-ph/0612098.[22℄ A. Ringwald, \Produ
tion and Dete
tion of Very LightBosons in the HERA Tunnel," Phys. Lett. B 569, 51(2003).[23℄ A. Ringwald, \Photon regeneration plans,"arXiv:hep-ph/0612127.[24℄ Workshop homepage:http://www.sns.ias.edu/�axions/s
hedule.shtml[25℄ K. van Bibber, P. M. M
Intyre, D. E. Morris andG. G. Ra�elt, \A Pra
ti
al Laboratory Dete
tor For So-lar Axions," Phys. Rev. D 39, 2089 (1989).

Web LinksALPS webpage:http://alps.desy.de/Experimental situation:http://www.desy.de/�ringwald/axions/axions.htmlhttp://www.inp.demokritos.gr/�idm2006/http://www.sns.ias.edu/�axions/axions.shtmlDete
tors:http://www.XenICs.
om/http://www.sbig.
om/http://www.kodak.
omhttp://www.laser
omponents.
om/http://www.hamamatsu.
om/Experimental setup:http://www.matthiaspospie
h.de/studium/vortraege/http://www.lzh.de/http://www.
hronz.
om/home/index.phphttp://www.physikinstrumente.de/de/index.phphttp://www.feinmess.de/http://www.piezojena.
om/http://www.veri
old.de/

http://arxiv.org/abs/hep-ph/0504152
http://arxiv.org/abs/hep-ph/0511184
http://arxiv.org/abs/hep-ph/0606163
http://arxiv.org/abs/astro-ph/0512155
http://arxiv.org/abs/hep-ph/0611006
http://arxiv.org/abs/hep-ph/0605313
http://arxiv.org/abs/hep-ph/0610203
http://arxiv.org/abs/hep-ph/0610068
http://arxiv.org/abs/astro-ph/0510324
http://arxiv.org/abs/hep-ph/0510183
http://arxiv.org/abs/astro-ph/0610844
http://arxiv.org/abs/hep-ph/0612098
http://arxiv.org/abs/hep-ph/0612127
http://www.sns.ias.edu/~axions/schedule.shtml
http://alps.desy.de/
http://www.desy.de/~ringwald/axions/axions.html
http://www.inp.demokritos.gr/~idm2006/
http://www.sns.ias.edu/~axions/axions.shtml
http://www.XenICs.com/
http://www.sbig.com/
http://www.kodak.com
http://www.lasercomponents.com/
http://www.hamamatsu.com/
http://www.matthiaspospiech.de/studium/vortraege/
http://www.lzh.de/
http://www.chronz.com/home/index.php
http://www.physikinstrumente.de/de/index.php
http://www.feinmess.de/
http://www.piezojena.com/
http://www.vericold.de/

