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ence in controlling segmented primary 

mirrors in preparation for the European 
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ment tested various phasing techniques 
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limitations. Four optical phasing sensors 

were developed using different tech-

niques � a curvature sensor, a pyramid 

sensor, a Shack�Hartmann sensor and 
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Zehnder interferometer. The design of 

the APE instrument is described. APE 

was installed at the VLT visitor focus for 

on-sky testing and a brief summary  
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Alignment of the mirrors of a segmented 
primary mirror

Some of the next generation of giant  
optical telescopes will be equipped with 

segmented primary mirrors composed  
NE�GTMCQDCR�NE�GDW@FNM@K�RDFLDMSR
�(S�HR�
necessary to operate at the diffraction 
limit of such telescopes if the telescope is 
to use adaptive optics and be a science 
CQHUDQ��@MC�SGHR�B@M�NMKX�AD�@BGHDUDC�HE�
SGD�RDFLDMSR�@QD�VDKK�@KHFMDC�ANSG�HM�
GDHFGS��B@KKDC�EQNL�MNV�NM�fOHRSNMt��@MC�
HM�SHO�@MC�SHKS
�3GD�E@RS�BNMSQNK�NE�SGD�QHFHC�
body positions of the segments will be 
based on measurements made with edge 
RDMRNQR
�3GDRD��GNVDUDQ��B@M�NMKX� 
measure differential movements between 
adjacent segments and therefore have  
to be supplied with reference values for 
the absolute measurements of the piston 
RSDOR�@S�SGD�HMSQ@�RDFLDMS�ANQCDQR
� S�
SGD�LNLDMS��RTBG�QDEDQDMBD�U@KTDR�B@M�
only be obtained with a precision of the 
order of a few nanometres by optical 
LD@RTQDLDMSR��OQDEDQ@AKX�TRHMF�SGD�KHFGS�
NE�@�RS@Q�HM�SGD�jDKC�NE�SGD�SDKDRBNOD


The optical phasing sensor (OPS) of the 
jQRS�K@QFD�RDFLDMSDC�SDKDRBNOD��SGD�*DBJ�
SDKDRBNOD�VHSG���pRDFLDMSR��HR�A@RDC� 
NM�SGD�2G@BJl'@QSL@MM�OQHMBHOKD��VGHBG�
is also widely used in active and adaptive 
NOSHBR�@OOKHB@SHNMR
�3GD�OG@RHMF�@S�SGD�
*DBJ�SDKDRBNODR��"G@M@M��������HR�TMCDQ�
S@JDM�@S�HMSDQU@KR�NE�@QNTMC�ENTQ�VDDJR��
TRHMF�QDK@SHUDKX�AQHFGS�FTHCD�RS@QR��@MC�
S@JDR�ADSVDDM�G@KE�@M�GNTQ�@MC�SVN�
GNTQR
�%NQ�SGD�QDRS�NE�SGD�SHLD�SGD�BNMSQNK�
NE�SGD�RDFLDMS�ONRHSHNMR��@KRN�B@KKDC�
OG@RHMF��QDKHDR�NM�SGD�RS@AHKHSX�NE�SGD�DCFD�
RDMRNQR


(M�SGD�2G@BJl'@QSL@MM�LDSGNC�RL@KK�
lenslets must be positioned in the 
strongly reduced image of the primary 
mirror such that the corresponding sub�
apertures cover an area with a diameter 
NE�@OOQNWHL@SDKX����pLL�BDMSQDC�NM� 
SGD�ANQCDQ�ADSVDDM�SVN�RDFLDMSR��VHSG� 
@�OQNIDBSDC�DQQNQ�NE�KDRR�SG@M���pLL
�(M�
extremely large telescopes with po  tential 
CHRSNQSHNMR�NE�SGD�OTOHK�SGHR�L@X�AD�CHEj�
BTKS�SN�@BGHDUD
�.SGDQ�SXODR�NE�RDMRNQR�
VNQJHMF�CHQDBSKX�VHSG�OTOHK��HL@FDR�L@X�
not suffer from the effects of pupil distor�
SHNMR�@MC�LHR@KHFMLDMSR
�%TQSGDQLNQD�� 
@�OG@RHMF�RDMRNQ�SG@S�BNTKC�VNQJ�VHSG�
fainter stars would give the option to 
 perform optical phasing measurements 
during operation and therefore deliver 
BNMSHMTNTR�BKNRDC�KNNO�TOC@SDR�NE�SGD�
QDEDQDMBD�U@KTDR�NE�SGD�DCFD�RDMRNQR
�

The Active Phasing Experiment (APE) 
SDRSR�U@QHNTR�OG@RHMF�SDBGMHPTDR��
explores their advantages and limitations 
and also allows the participating institutes 
@MC�$2.�SN�F@HM�DWODQHDMBD�HM�SGD�jDKC� 
NE�OG@RHMF
�3GD�OQNIDBS�RS@QSDC�@S�SGD�DMC�
NE�����
�(S�G@R�ADDM�B@QQHDC�NTS�AX�@�
 consortium of three European institutes 
��(MRSHSTSN�CD� RSQNjRHB@�CD�"@M@QH@R�
�( "���.RRDQU@SNQHN� RSQNjRHBN�CD� QBDSQH��
�(MRSHSTSN�-@YHNM@KD�C� RSQNjRHB@��(- %��
@MC�+@ANQ@SNHQD�C� RSQN�OGXRHPTD�CD�
�,@QRDHKKD��+ ,����NMD�HMCTRSQH@K�BNLO@MX�
�%NF@KD�-@MNSDBG��@MC�$2.
�%NTQ�NOSHB@K�
phasing sensors have been designed  
@MC�E@AQHB@SDC��@KK�A@RDC�NM�SDBGMNKNFHDR�
that have been used in active and 
 adaptive optics systems during the last 
20 years: a pyramid sensor (PYPS) 
�CDUDKNODC�AX�(- %��@�BTQU@STQD�RDMRNQ��
called DIPSI (Diffraction Image Phase 
2DMRHMF�(M��RSQTLDMS���CDUDKNODC�AX�( "�� 
a sensor based on Mach�Zehnder inter�
ferometry with a combination of phase 
@MC�RO@SH@K�jKSDQHMF��B@KKDC�9$42��9$QMHJD�
4MHS�ENQ�2DFLDMS�OG@RHMF���CDUDKNODC� 
AX�+ ,��@MC�jM@KKX�@�2G@BJl'@QSL@MM�
OG@RHMF�RDMRNQ��B@KKDC�2' /2��CDUDK�
NODC�AX�$2.
� /$�G@C�HSR�jQRS�KHFGS�HM�SGD�
K@ANQ@SNQX�CTQHMF�SGD�ROQHMF�NE������@MC�
HSR�jQRS�KHFGS�NM�RJX�NM�SGD���#DBDLADQ�
����
�3GD�OQNIDBS�VHKK�DMC�HM�)TMD�������
when the instrument will be dismounted 
EQNL�SGD�UHRHSNQ�ENBTR�NM�,DKHO@K��43��
�
This experiment has been supported by 
the FP6 research programme of the Euro�
OD@M�4MHNM


Goals of APE

The basic idea behind APE is to simulate a 
RDFLDMSDC�5+3��VHSG�RDFLDMS�CH@LDSDQR�
and gaps between the segments similar to 
SGD�NMDR�HM�QD@K�RDFLDMSDC�SDKDRBNODR
�
The telescope pupil is imaged onto a small 
Active Segmented Mirror (ASM; Dupuy et 
@K
�������@MC�&NMS!�DS�@K
��������SN�SDRS�
the phasing techniques both in the labora�
SNQX�@MC�HM�@M�NARDQU@SNQX�DMUHQNMLDMS
�
3N�L@JD�BNLO@Q@SHUD�SDRSR�@MC�L@JD�DEj�
BHDMS�TRD�NE�SGD�SDKDRBNOD�SHLD�� /$�G@C�
to be capable of measuring with all phas�
HMF�RDMRNQR�HM�O@Q@KKDK
�3GHR�LD@MS�SG@S�SGD�
beam had to be split into four with identi�
B@K�HMSDMRHSHDR
�%TQSGDQLNQD��SGD�OQDBHRHNM�
of the control of the individual segments of 
the ASM had to be better than 5 nm root 
LD@M�RPT@QD��QLR�
� M�HMSDQM@K�LDSQNKNFX�
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(IM) system was developed to support  
the positioning control for the segments 
and as an independent reference system 
ENQ�SGD�./2R
�

The goals for the OPSs were to measure 
OHRSNM��SHO�@MC�SHKS�DQQNQR�NE�SGD�RDFLDMSR�
@MC�SN�TRD�SGDRD�ENQ�BKNRDC�KNNO�BNQQDB�
tions and demonstrate their functionality 
NM�RJX�TMCDQ�U@QHNTR�ODQSTQA@SHNMR��ENQ�
DW@LOKD��U@QH@AKD�RDDHMF�BNMCHSHNMR��KHL�
ited star brightness and aberrations gen�
DQ@SDC�AX�SGD�SDKDRBNOD
�6GDM�ONRRHAKD�
the OPSs should also be able to measure 
the wavefront errors generated by the  
SDKDRBNOD��SGD�jFTQD�DQQNQR�NE�SGD�RDF�
LDMSR�@MC�SGD�K@SDQ@K�CHROK@BDLDMSR��@R�
VDKK�@R�SGD�CHRSNQSHNMR��NE�SGD�OTOHK


Design of APE

APE has been designed as a modular sys�
SDL�NM�@��pL�AX��pL�NOSHB@K�ADMBG
�3GD�
main subsystems are a turbulence gener�
@SNQ��B@KKDC�, /2���SGD� 2,��SGD�(,��ENTQ�
optical phasing sensors and the junction 
ANWDR
�3GQDD�DKDBSQNMHBR�B@AHMDSR�BNMS@HM�
SGD�@LOKHjDQR��SGD�@M@KNFTD�SN�CHFHS@K�
BNMUDQSDQ�B@QCR��SGD�BNMSQNKKDQR�@MC�SGD�

nine central processing units required for 
the control of the electronic components 
NE� /$��RHW�""#R��jUD�SQ@MRK@SHNM�RS@FDR��
SVDKUD�QNS@SHMF�RS@FDR��SVN�E@RS�RSDDQHMF�
LHQQNQR�@MC�SGD�����@BST@SNQR�NE�SGD�
��pRDFLDMSR�HMBNQONQ@SDC�HM�SGD� 2,�
�
3GD�B@AHMDSR�@QD�KHMJDC�SN�SGD�ADMBG�UH@�
SGD�ITMBSHNM�ANWDR
�%HFTQDp��RGNVR�@� 
top view of APE with its two independent 
NOSHB@K�O@SGR
�3GD�O@SG�HM�OHMJ�SG@S�
HMBKTCDR�@�QDkDBSHNM�NE�SGD� 2,��EDDCR�
SGD�./2R��VHSG�SGD�KHFGS�BNLHMF�EQNL�
DHSGDQ�SGD�SDKDRBNOD�ENBTR�NQ�EQNL�, /2
�
The path shown in green is the one used 
by the IM to measure the position of  
SGD� 2,�RDFLDMSR
�(M�SNS@K�SGDQD�@QD����
NOSHB@K�RTQE@BDR��KDMRDR��jKSDQR��LHQQNQR��
AD@L�ROKHSSDQR��DSB
��ADSVDDM�SGD�ENBTR�NE�
the telescope and the entrance foci of  
SGD�OG@RHMF�RDMRNQR
�3GD�PT@KHSX�NE�SGD�
wavefront delivered to the phasing sen�
sors is better than λ���OD@J�SN�U@KKDX�
@BQNRR�SGD�RDFLDMSDC�OTOHK
� /$�NODQ�
@SDR�@S�V@UDKDMFSGR�ADSVDDM����pML�
@MC����pML��VHSG�SGD�A@MCO@RR�ADSVDDM�
���pML�@MC����pML�QDRDQUDC�ENQ�SGD�(,
�
3GD�RDMRNQ�TMHSR��jWDC�SN�SGD�ADMBG� 
AX�JHMDL@SHB�HMSDQE@BDR��SGD�NOSHBR�@MC�
the other subsystems are aligned with a 
OQDBHRHNM�ADSSDQ�SG@M����p�L
�

3GD� 2,��RGNVM�HM�%HFTQDp��@ESDQ�HSR�
HMRS@KK@SHNM�NM�SGD�ADMBG��HR�@�k@S�LHQQNQ�
BNLONRDC�NE����GDW@FNM@K�RDFLDMSR��
L@CD�NE�9DQNCTQ�VHSG�@�QDkDBSHUD�BN@SHMF�
NE�@KTLHMHTL
�3GD�V@UDEQNMS�PT@KHSX�NE� 
SGD�RDFLDMSR�HR�ADSSDQ�SG@M���pMLpQLR
�
3GDX�B@M�AD�ONRHSHNMDC�HM�OHRSNM��SHO�@MC�
SHKS�AX�SGQDD�OHDYN�@BST@SNQR�VHSG�RSQNJDR�
NE���p�L�@MC�@�QDRNKTSHNM�NE��
�pML
�3GD�
RDFLDMSR�G@UD�HMMDQ�CH@LDSDQR�NE���pLL�
with gaps between them of the order of 
���p�L
�3GD�HMMDQ�@MC�NTSDQ�CH@LDSDQR�NE�
SGD�OTOHK�NE�SGD� 2,�@QD����pLL�@MC�
���pLL��QDRODBSHUDKX
�/QNIDBSHMF�SGD�RDF�
ments onto the primary mirror of the  
5+3��SGD�SDKDRBNOD�VHSG�@�LDMHRBTR�OQH�
mary mirror appears transformed into  
@�RDFLDMSDC�SDKDRBNOD�VHSG���pRDFLDMSR�
NE��
��pL�CH@LDSDQ��VHSG�F@OR�ADSVDDM�
SGD�RDFLDMSR�NE��pLL�@MC�VHSG�SGD�
B@O@AHKHSX�NE�BNQQDBSHMF�OHRSNM��SHO�@MC�SHKS�
VHSG�@�OQDBHRHNM�NE��
�pML


3GD�GD@QS�NE� /$�HR�SGD� 2,��ATS�HSR�
O@BDL@JDQ�HR�SGD�(,�CDUDKNODC�AX�%NF@KD�
-@MNSDBG��6HKGDKL�DS�@K
�������
�(S�HR�@�
CT@K�V@UDKDMFSG������@MC����pML��OG@RD�
shifting interferometer with two optical 
@QLR�VHSG�KDMFSGR�NE��
�pL�D@BG
�3GD�jQRS�
arm located inside the IM unit serves as 
SGD�QDEDQDMBD
�3GD�RDBNMC�@QL�FNDR�A@BJ�
and forth between the IM and the ASM 
UH@�@M�NEE�@WHR�O@Q@ANK@
�3GD�(,�LD@R�
ures the position of each segment of the 
ASM with respect to the central segment 
@S�@�EQDPTDMBX�NE��p'Y�VHSG�@�OQDBHRHNM�
ADSSDQ�SG@M��
�pML
�+HJD�@MX�NSGDQ�HMSDQ�
EDQNLDSDQ��SGD�RXRSDL�HR�RDMRHSHUD�SN�DMUH�
QNMLDMS@K�CHRSTQA@MBDR�KHJD�UHAQ@SHNMR� 
of the bench and air turbulence due to 
SDLODQ@STQD�HMGNLNFDMDHSHDR�NQ�VHMC��@KK�
creating noise in the measurement and 
consequently a loss of resolution in the 
control loop between the ASM and the 
(,
�(M�SGD�K@ANQ@SNQX�SGD� /$�ADMBG�V@R�
OK@BDC�NM�@�OMDTL@SHB�RTOONQS�SN�jKSDQ�
SGD�UHAQ@SHNMR�BNLHMF�EQNL�SGD�FQNTMC
�(M�
@CCHSHNM��SGD�SDLODQ@STQD�V@R�BNMSQNKKDC
�
The IM resolution obtained in the labora�
tory for the positioning of the segments 
relative to the central one was better than 
�
�pMLpQLR
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Figure 1.�3NO�UHDV�NE�SGD�LNCDK�NE�SGD� /$�NOSN�
mechanical bench showing the four optical phasing 
RDMRNQR��#(/2(��/8/2��9$42�@MC�2' /2��@MC�SGD�
OTOHK�B@LDQ@R��/"@L��@MC�HL@FHMF�B@LDQ@R��("@L�
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Approximately 50% of the manpower 
dedicated to APE has been spent on the 
CDUDKNOLDMS�NE�SGD�5+3�BNLOKH@MS�RNES�
V@QD��BNUDQHMF�@�U@QHDSX�NE�S@RJR�Q@MFHMF�
from the control of the motors to the 
archiving of the data gathered by APE and 
HSR�OG@RHMF�RDMRNQR
�3GD�BNLOKDWHSX�NE�SGD�
RNESV@QD�HR�CTD��NM�SGD�NMD�G@MC��SN�SGD�
MDDC�ENQ�GHFG�kDWHAHKHSX�HM�SGD�BNMjFTQ@SHNM�
@MC�DWDBTSHNM�NE�SGD�DWODQHLDMS�@MC��NM�
SGD�NSGDQ�G@MC��SN�SGD�DK@ANQ@SD�@KFN�
rithms used for the analyses of the data 
CDKHUDQDC�AX�SGD�ENTQ�OG@RHMF�RDMRNQR
�

The four optical phasing sensors

Four different types of OPSs were built 
@MC�SDRSDC


#(/2(��"GTDB@�DS�@K
��������HR�@�BTQU@STQD�
sensor analysing defocused images of 
SGD�OTOHK
�%NQ�KNV�NQCDQ�V@UDEQNMS�DQQNQR�
the signal is approximately proportional 
to the second derivative of the wavefront 
@MC�HR�D@RHKX�HMSDQOQDSDC�TRHMF�FDNLDS�
QHB@K�NOSHB@K�SGDNQX
�%NQ�RG@QO�CHRBNMSHMTH�
ties generated by phase steps at segment 
ANQCDQR��SGD�DWOK@M@SHNM�NE�SGD�RHFM@K�

QDPTHQDR�%QDRMDK�CHEEQ@BSHNM�SGDNQX
�3GD�
amplitude of the signal has been used as 
SGD�DRSHL@SNQ�ENQ�SGD�OHRSNM�RSDO
�

/8/2��/HMM@�DS�@K
��������HR�A@RDC�NM�SGD�
OXQ@LHC�RDMRNQ�SDBGMNKNFX��NQHFHM@KKX�
CDUDKNODC�ENQ�@C@OSHUD�NOSHBR
�/8/2�OQN�
duces an optical signal by splitting the 
image in a focal plane by a pyramid with 
ENTQ�E@BDR
�3GHR�HR�DPTHU@KDMS�SN�@�RHLTK�
S@MDNTR�JMHED�DCFD�SDRS�NM�SVN�NQSGNFN�
M@K�@WDR
�3GD�RHFM@K�HR�BNMRSQTBSDC�EQNL�
the intensities in the four pupil images 
@MC��AQN@CKX�ROD@JHMF��HR�OQNONQSHNM@K�SN�
SGD�jQRS�CDQHU@SHUD�NE�SGD�KNB@K�V@UDEQNMS
�
A simulated or measured interaction 
L@SQHW�HR�SGDM�TRDC�SN�QDSQHDUD�SGD�OHRSNM��
SHO�@MC�SHKS�DQQNQR�NE�D@BG�RDFLDMS
�3N�
determine the interaction matrix a record 
of the signal for each degree of freedom 
of the segmented mirror is made and  
SGD�ORDTCN�HMUDQRD�NE�SGD�L@SQHW�HR�FDM�
DQ@SDC
�3GD�HMSDQ@BSHNM�L@SQHW�CDODMCR�
NM�SGD�MTLADQ�NE�LNCDR�SN�AD�BNQQDBSDC
�
This approach has the advantage that  
it captures all parameters that affect the 
RHFM@K
�3GD�CHR@CU@MS@FD�HR�SG@S�HMSDQ@B�
tion matrices have to be determined for a 
U@QHDSX�NE�O@Q@LDSDQR�KHJD�SGD�RDDHMF�BNM�
ditions and the number of modes to be 
BNQQDBSDC
�3GD�LNCHjDC�ED@STQD�NE�/8/2��
BNLO@QDC�SN�NSGDQ�OXQ@LHC�RDMRNQR��
RTBG�@R�SGD�NMD�TRDC�HM�SGD�,TKSH�BNMIT�
gate Adaptive Optics Demonstrator 
�, #��RDD�,@QBGDSSH�DS�@K
���������HR�SG@S�
the focus on the pyramid is modulated  
by a fast steering mirror to increase the 
RDMRHSHUHSX�NE�SGD�RDMRNQ


2' /2��,@YYNKDMH�DS�@K
��������HR�A@RDC�
NM�SGD�2G@BJl'@QSL@MM�SDBGMNKNFX�SG@S�
has been used in active and adaptive 
NOSHBR�ENQ�@�KNMF�SHLD
�(S�HR�@KRN�SGD�RS@MC�
@QC�LDSGNC�TRDC�NM�SGD�*DBJ�SDKDRBNODR�
SN�LD@RTQD�SGD�ONRHSHNMR�NE�SGD�RDFLDMSR
�
The lenslets are aligned so that the cen�
tres of the corresponding subapertures lie 
NM�SGD�ANQCDQR�ADSVDDM�SVN�RDFLDMSR
�
The signals are the diffraction patterns of 
SGD�KDMRKDSR
� KSGNTFG�SGD�OHRSNM�RSDO�
affects the position as well as the shape 
NE�SGD�RHFM@K��NMKX�SGD�RG@OD�HR�TRDC�@R� 
@M�DRSHL@SNQ�ENQ�SGD�OHRSNM�RSDOR
�2' /2�
uses cylindrical lenslets covering the  
full border between two segments that 
OQNUHCDR�SGD�kDWHAHKHSX�SN�@UDQ@FD�SGD�RHF�
nal along any fraction of the border and 
therefore measure the piston step along 

SGD�VGNKD�ANQCDQ
�3GD�KDMRKDS�@QQ@X�@KRN�
RTOOKHDR���pKDMRKDSR�HMRHCD�D@BG�RDFLDMS�
subaperture for the measurement of the 
RDFLDMS�@ADQQ@SHNMR
�

9$42��2TQCDI�DS�@K
��������HR�A@RDC�NM� 
SGD�LNCHjDC�,@BGl9DGMCDQ�HMSDQEDQNL�
DSDQ�OG@RHMF�RDMRNQ�CDUDKNODC�@S�+ ,�
�8@HSRJNU@�DS�@K
�������
� �OG@RD�@MC�RO@�
SH@K�jKSDQ�HR�HMRS@KKDC�@S�SGD�ENBTR�NE�SGD� 
SDKDRBNOD�SN�jKSDQ�NTS�KNV�RO@SH@K�EQDPTDM�
BHDR�HM�SGD�V@UDEQNMS��RTBG�@R�SGD�NMDR�
FDMDQ@SDC�AX�SGD�@SLNROGDQD��SGDQDAX�
increasing the contrast for high frequency 
errors such as those due to segment 
�OHRSNM�DQQNQR
�3GD�NOSHLTL�RHYD�NE�SGD�
L@RJ�HR�@OOQNWHL@SDKX�DPT@K�SN�SGD�CH@L�
DSDQ�NE�SGD�RDDHMF�CHRB
�'NVDUDQ��SGQDD�
CHEEDQDMS�L@RJR�@QD�RTEjBHDMS�SN�BNUDQ�
RDDHMF�BNMCHSHNMR�Q@MFHMF�EQNL��
�t�SN��t
�
The normalised signal is constructed 
EQNL�SGQDD�HL@FDR��@�RHFM@K�S@JDM�VHSG�SGD�
jKSDQ��@M�HL@FD�NE�SGD�OTOHK�S@JDM�VHSGNTS�
SGD�jKSDQ��@MC�@�C@QJ�HL@FD
�3GD�OHRSNM�
RSDOR�@QD�SGDM�DRSHL@SDC�AX�jSSHMF�@�SGDN�
QDSHB@K�DWOQDRRHNM�SN�SGD�RHFM@K
� �RHLOKDQ��
ATS�KDRR�@BBTQ@SD��LDSGNC�HR�SN�TRD�NMKX�
the amplitude as the estimator for the 
OHRSNM�RSDO
�

 KK�./2R�RTEEDQ�EQNL�SGD�R@LD�KHLHS@SHNM
�
Using monochromatic light with a wave�
KDMFSG��λ��SGD�Q@MFD�NE�SGD�LD@RTQ@AKD�
OG@RD�CHEEDQDMBD�HR�KHLHSDC�SN���λ����λ/2) 
and the signals are identical for piston 
steps differing by integral multiples of λ
�
3GD�@LAHFTHSX�B@M�AD�QDRNKUDC��@MC�SGD�
B@OSTQD�Q@MFD�HMBQD@RDC��HE�LTKSHOKD�LD@R�
urements are performed with a small set 
NE�M@QQNVA@MC�NOSHB@K�jKSDQR
�3GHR�LDSGNC��
BNMUDMSHNM@KKX�B@KKDC�SGD�LTKSH�λ tech�
MHPTD��@KKNVR�@�B@OSTQD�Q@MFD�NE�SGD�NQCDQ�
NE�@�EDV��L��ENKKNVHMF�VGHBG�NMKX�@�RL@KK�
number of iterations are  necessary in 
closed loop to reduce the piston steps to 
U@KTDR�VDKK�VHSGHM�SGD���λ����λ����Q@MFD
�
Another approach to resolve the ambigu�
HSX��TRT@KKX�B@KKDC�SGD�BNGDQDMBD�LDSGNC��
is to move adjacent segments with 
respect to each other over a large range  
NE�OHRSNM�U@KTDR
�4RHMF�@�AQN@CA@MC�jKSDQ� 
a signal will only appear if the piston step 
HR�RTEjBHDMSKX�RL@KK


(M�OQHMBHOKD��ENQ�@KK�RDMRNQR��SGD�GHFGDRS�
precision will be obtained with narrow�
A@MC�NOSHB@K�jKSDQ�LD@RTQDLDMSR�� 
OQNUHCDC�SG@S�SGD�RNTQBDR�@QD�RTEjBHDMSKX�

Figure 2. The active segmented mirror assembled 
NM�SGD�NOSN�LDBG@MHB@K�ADMBG
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AQHFGS
�'NVDUDQ��RTEjBHDMS�OQDBHRHNM�VHSG�
faint stars can only be achieved with 
AQN@CA@MC�NOSHB@K�jKSDQ�LD@RTQDLDMSR
�
%HFTQDp��RGNVR�SXOHB@K�RHFM@KR�NAS@HMDC�
AX�SGD�ENTQ�./2R


Tests in the laboratory

%HFTQDp��RGNVR�SGD�ETKKX�HMSDFQ@SDC�NOSHB@K�
ADMBG�VHSG�@KK�HSR�RTARXRSDLR�@MC�NOSHBR��
ATS�VHSGNTS�SGD�BNUDQ��NM�HSR�OMDTL@SHB�
RTOONQS�HM�SGD�K@ANQ@SNQX
�3GD�SDRSR�ODQ�
formed in the laboratory differ in many 
V@XR�EQNL�SGD�SDRSR�@S�SGD�SDKDRBNOD
�
Some of the features of the telescope and 
the atmosphere that affect the wavefront 
B@MMNS�AD�RHLTK@SDC�RTEjBHDMSKX�QD@KHRSH�
B@KKX�NQ�@S�@KK
�3GD�KHRS�HMBKTCDR�U@QH@SHNMR� 
HM�SGD�NOSHB@K�PT@KHSX�NE�SGD�SDKDRBNOD��
ONHMSHMF��SQ@BJHMF��UHAQ@SHNMR�FDMDQ@SDC� 
AX�SGD�VHMC�NQ�AX�SGD�LNSNQR��QNS@SHNM�NE�
SGD�NARSQTBSHNM�AX�SGD�ROHCDQ��jDKC�NQ�OTOHK�
QNS@SHNM��U@QH@SHNMR�HM�SGD�RODBSQ@�NE�SGD�
FTHCD�RS@QR��NESDM�Q@OHC�U@QH@SHNM�NE�SGD�
RDDHMF��U@QH@SHNMR�NE�SGD�GDHFGSR�@MC�BG@Q�
@BSDQHRSHBR�NE�SGD�STQATKDMBD�K@XDQR��DSB
� 
.M�SGD�NSGDQ�G@MC��SGD�SDRSR�HM�SGD�LNQD�
controlled and stable laboratory environ�
ment allow for a much more accurate 
determination of the dependence of the 
QDRTKSR�NM�RODBHjB�O@Q@LDSDQR��RTBG�@R�
SGD�KHFGS�HMSDMRHSX��SGD�@KFNQHSGL�@MC�SGD�
BGNHBD�NE�SGD�DRSHL@SNQ


The fully functional APE was tested for 
three months during the summer of  
�����VHSG�SGQDD�VDDJR�CDCHB@SDC�SN�D@BG�
./2
�3GD�LD@RTQDLDMSR�CDLNMRSQ@SDC�
the capability of all OPSs to measure  
SGD�OHRSNM�RSDOR�VHSG�M@QQNVA@MC��AQN@C�
A@MC�@MC�LTKSH�λ techniques using dif�
EQ@BSHNM�KHLHSDC�V@UDEQNMSR��@R�VDKK�@R�
wavefronts distorted by atmospheric see�
HMF�TO�SN��
��@QBRDB
�/8/2�@MC�2' /2�
also showed that they could measure the 
SHO�@MC�SHKS�DQQNQR�NE�SGD�RDFLDMSR
�(M�
@CCHSHNM��@KK�RDMRNQR�VDQD�SDRSDC�VHSG�CHE�
ferent light intensities equivalent to star 
L@FMHSTCDR�TO�SN���


Telescopes and Instrumentation &NMS!�%
�DS�@K
��.M�RJX�3DRSHMF�NE�SGD� BSHUD�/G@RHMF�$WODQHLDMS

Figure 3.�3XOHB@K�HL@FDR�@MC�RHFM@K�BQNRR�RDBSHNMR�
through active segments obtained with the four opti�
B@K�OG@RHMF�RDMRNQR��#(/2(��/8/2��9$42�@MC�
2' /2��RGNVM�SNO�SN�ANSSNL��CTQHMF�NM�RJX�NARDQ�
vations with a wavefront piston step of 150 nm 
�DWBDOS�2' /2�VHSG�RSDOR�NE�����ML�@MC�����ML��
@MC�RDDHMF�BNMCHSHNMR�ADSVDDM��
�t�@MC��
�t
� KK�
HL@FD�TMHSR�@QD�OHWDKR
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Figure 4.� �����CDFQDD�UHDV�NE�SGD� /$�ADMBG��SNO�

3GD� /$�ADMBG�HM�SGD�K@ANQ@SNQX��VHSG�HSR�L@HM�RTA�
RXRSDLR�HMCHB@SDC��ADENQD�SGD�BNUDQ�V@R�HMRS@KKDC�
�KDES�


MAPS

(ESO)

Internal

Metrology

(FOGALE)

ZEUS 

(LAM)
DIPSI (IAC)

SHAPS

(ESO)
PYPS (INAF)

ASM

(ESO)

APE bench

(ESO)

Integration on Paranal

APE was dismounted in Garching at the 
DMC�NE�2DOSDLADQ�����
� �SNS@K�NE����
BQ@SDR�VHSG�@�UNKTLD�NE���pBTAHB�LDSQDR�
and a weight of 9 tons were shipped  
SN�/@Q@M@K
�3GD�QD�@RRDLAKX��HMBKTCHMF�SGD�
support structure and the cooling inter�
E@BDR��HM�SGD�HMSDFQ@SHNM�G@KK��KNB@SDC�HM�SGD�
5+3�BNMSQNK�ATHKCHMF�SNNJ�SGQDD�VDDJR
�
 ESDQ�SVN�VDDJR�NE�SDRSR�@MC�UDQHjB@SHNMR��
APE was installed as a complete unit at 
SGD�UHRHSNQ�ENBTR�NM�SGD�-@RLXSGp �OK@S�
ENQL�NE�,DKHO@K
� �EDV�C@XR�VDQD�QDPTHQDC�
to align the APE bench with the tele�
RBNOD
�%HFTQDp��RGNVR� /$�ETKKX�@RRDL�
AKDC�NM�HSR�RTOONQS�RSQTBSTQD��VHSG�RNLD�
scaffolding around it for easier access 
and two of the three electronics cabinets 
NM�SGD�QHFGS
� /$�V@R�QD@CX�ENQ�HSR�jQRS�
KHFGS�NM���#DBDLADQ�����


.M�SGD�SDKDRBNOD�� /$��@R�DWODBSDC��V@R�
confronted with perturbations that did  
MNS�NBBTQ�HM�SGD�K@ANQ@SNQX�DMUHQNMLDMS
� 
A pneumatic support structure could not  
be used since it would not have allowed 
for a proper alignment of the bench with 
QDRODBS�SN�SGD�SDKDRBNOD
�3GDQDENQD��@KK�
the electronics cabinets that are equipped 
with fans generating vibrations were  
isolated from the Nasmyth platform by 
C@LOHMF�CDUHBDR
� MNSGDQ�RNTQBD�NE�
vibrations was the movement of the tele�
RBNOD�HSRDKE
�3N�LHMHLHRD�SGD�SQ@MREDQ� 
NE�SDKDRBNOD�UHAQ@SHNMR�SN�SGD�ADMBG��SGD�
system had been designed such that  
the lowest eigenfrequency was as high as 
ONRRHAKD
�#TQHMF�SGD�NM�RJX�LD@RTQD�
LDMSR��SGD�LNRS�HLONQS@MS�RNTQBDR�NE�
noise turned out to be the wind forces on 
APE and temperature gradients inside 
 /$
�3GHR�MNHRD�V@R�RSQNMFKX�QDCTBDC�AX�

protecting the IM�ASM optical path by an 
@CCHSHNM@K�HMSDQM@K�DMBKNRTQD
�-DUDQSGD�
KDRR��SGD�QDRNKTSHNM�V@R�@KV@XR�ADSSDQ�
SG@M���ML�QLR�@MC�DUDM�EDKK�ADKNV��pML�
QLR�CTQHMF�SGD�RDBNMC�G@KE�NE�SGD�MHFGS


First light and preliminary results

3GD�jQRS�KHFGS�HL@FDR�NE�SGD�ENTQ�NOSHB@K�
phasing sensors obtained on the  
��#DBDLADQ������@QD�RGNVM�HM�%HFTQDp�
�
 ESDQ�SGD�BNLLHRRHNMHMF�QTM�� /$�G@C�
SGQDD�LNQD�QTMR�VHSG�@�SNS@K�NE���pMHFGSR
�
Two types of measurements were 
NAS@HMDC
�3GD�jQRS�SXOD�CHC�MNS�HMUNKUD�
BKNRDC�KNNO�BNQQDBSHNMR�NE�OHRSNM��SHO�@MC�
SHKS�NE�SGD�RDFLDMSR
�3GHR�HMBKTCDC�LD@R�
TQDLDMSR��ODQENQLDC�HM�O@Q@KKDK�AX�@KK�
RDMRNQR��NM�SGD�CDODMCDMBD�NE�SGD�RHF�
M@KR�NM�O@Q@LDSDQR�KHJD�SGD�OHRSNM�RSDOR��
SHO�@MC�SHKS�NE�SGD�RDFLDMSR�@MC�RODBHj�
cally measurements with telescope aber�
Q@SHNMR��@R�VDKK�@R�SGD�SDRS�NE�SGD�BNGDQ�
DMBD�LDSGNC
�%NQ�RNLD�RDMRNQR�HS�
produced calibration data required for  
the second type of measurements  
VHSG�BKNRDC�KNNO�BNQQDBSHNMR
�(M�SGHR�B@RD�
the ASM was controlled by one sensor 
whereas the other sensors were just 
LD@RTQHMF�SGD�V@UDEQNMS�DQQNQR
�3GD�
results reported below were all obtained 
VHSG�BKNRDC�KNNO�LD@RTQDLDMSR
�

Based on narrowband measurements  
by the OPSs with bright stars under see�
HMF�BNMCHSHNMR�ADSSDQ�SG@M��t��SGD�BKNRDC�
loop corrections of the piston steps 
@BGHDUDC�OQDBHRHNMR�ADSVDDM���@MC���pML�
V@UDEQNMS�QLR
�+DRR�SG@M�jUD�KNNOR� 
VDQD�TRT@KKX�RTEjBHDMS�SN�BNMUDQFD�SN�SGD�
jM@K�QDRHCT@K�DQQNQ
�3GHR�HR�HKKTRSQ@SDC�HM�
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Telescopes and Instrumentation

%HFTQDp�B�VHSG�2' /2�ADHMF�SGD�L@RSDQ�
RDMRNQ
�"KD@QKX��SGD�RDDHMF�G@R�@M�HLO@BS�
NM�SGD�jM@K�QDRHCT@K�DQQNQ�NE�D@BG�./2
�
'NVDUDQ��9$42��NVHMF�SN�SGD�OQDRDMBD�NE�
SGD�L@RJ�@C@OSDC�SN�SGD�RDDHMF�@MC�jKSDQ�
HMF�NTS��HM�O@QSHBTK@Q��SGD�KNV�RO@SH@K� 
frequency modes dominating the aberra�
SHNMR�FDMDQ@SDC�AX�SGD�@SLNROGDQD��
seems to be the most robust sensor with 
QDRODBS�SN�SGHR�ODQSTQA@SHNM


%NQ�D@BG�./2�VHSG�@�AQN@CA@MC�jKSDQ��SGD�
limiting star magnitudes for which the 
closed loop corrections would still con�
UDQFD�G@UD�ADDM�CDSDQLHMDC
�3GD�BNMUDQ�
gence has been obtained with magni�
STCDR�ADSVDDM����@MC����CDODMCHMF�NM�
SGD�RDMRNQ
�3GD�/8/2�LD@RTQDLDMS� 
HR�RGNVM�HM�%HFTQDp�A
�2S@QSHMF�EQNL�@M�
HMHSH@K�BNMjFTQ@SHNM�VHSG���pML�QLR�OHRSNM�
V@UDEQNMS�DQQNQ��SGD�KNNO�BNMUDQFDC� 
VHSG�@�jM@K�OQDBHRHNM�NE���pML�QLR
�6HSG�
SGD�LTKSH�λ�SDBGMHPTD��LNRS�RDMRNQR�VDQD�
capable of extending the capture range 
SXOHB@KKX�SN�@�EDV��L
�%HFTQDp�@�RGNVR�@�
BKNRDC�KNNO�BNQQDBSHNM�VHSG�#(/2(�TRHMF� 
@�RDS�NE�ENTQ�NOSHB@K�jKSDQR
� ESDQ�RDUDM�
HSDQ@SHNMR��SGD�HMHSH@K�Q@MCNL�V@UDEQNMS�
OHRSNM�DQQNQ�NE����pML��QLR��V@R�QDCTBDC�
SN���pML
�3GQDD�RDMRNQR�VDQD�@KRN�@AKD�
to close the loop for the correction of 
RDFLDMS�SHO�@MC�SHKS�DQQNQR
�%HFTQDp�C�
shows a typical sequence obtained with 
9$42�@BGHDUHMF�@�jM@K�OQDBHRHNM�ADSSDQ�
SG@M��
��@QBRDB�QLR
�3GHR�HR�DPTHU@KDMS�SN�
a residual error at the borders of the seg�
LDMSR�NE���pML�V@UDEQNMS�QLR


2N�E@Q��NMKX�@�EQ@BSHNM�NE�SGD�C@S@�F@SGDQDC�
@S�SGD�SDKDRBNOD�G@R�ADDM�@M@KXRDC
�(M�
@CCHSHNM��SGD�SD@LR�VNQJHMF�VHSG�SGD�ENTQ�
sensors used different methods to esti�
L@SD�SGD�OHRSNM�RSDOR
� �ADSSDQ�TMCDQ�
standing and comparison of the sensors 
QDPTHQDR�@�SGNQNTFG�@M@KXRHR�NE�@KK�SGD�C@S@
�

APE conclusions

6HSG�SDRSR�HM�SGD�K@ANQ@SNQX�@MC�NM�RJX�@S�
SGD�5+3�� /$�CDLNMRSQ@SDC�SG@S�SGD�ENTQ�
SDRSDC�NOSHB@K�OG@RHMF�RDMRNQR��@KK�A@RDC�
NM�CHEEDQDMS�SDBGMNKNFHDR��@QD�B@O@AKD�NE�
OG@RHMF�@�RDFLDMSDC�OQHL@QX�LHQQNQ
�(M�
O@QSHBTK@Q��SGDX�RTOOKHDC�RTEjBHDMS�Q@MFDR�

Figure 6.�1@V�jQRS�KHFGS�RHFM@KR�NE�SGD�fRDFLDMSDCt�
OQHL@QX�LHQQNQ�NE�SGD�5+3�NAS@HMDC�AX�SGD�ENTQ�NOSHB@K�
OG@RHMF�RDMRNQR
�3NO�QNV��9$42��2' /2��ANSSNL�
QNV��/8/2��#(/2(


Figure 5. APE fully assembled on the visitor focus of 
,DKHO@K��43��
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ENQ�SGD�B@OSTQD�NE�K@QFD�OHRSNM�DQQNQR
�(M�
@CCHSHNM��ENQ�SGD�BNQQDBSHNM�NE�OHRSNM�RSDOR��
OQDBHRHNMR�NE�SGD�NQCDQ�NE��pML�V@UDEQNMS�
rms could be reached with bright stars 
@MC�OQDBHRHNMR�NE�SGD�NQCDQ�NE���pML�VHSG�
RS@QR�@R�E@HMS�@R�L@FMHSTCDp��
� �SGNQ�
ough analysis of all the data during the 
next few months will further improve our 
understanding of the capabilities of the 
ENTQ�NOSHB@K�OG@RHMF�RDMRNQR
�3GD�RTB�
cess of this experiment has also been the 
result of a good cooperation among  
SGD�O@QSMDQR�NE�SGD�BNMRNQSHTL��RGNVM�HM�
%HFTQDp��@S�jQRS�KHFGS
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Figure 7. The resulting rms 
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tions for the four OPSs:  
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with a faint star (magnitude 
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