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To provide uniform irradiation of the neutron generating target of the NSC KIPT Subcritical Assembly “Neutron
Source” facility with driving electron beam it is necessary to provide accurate targeting of the electron beam at
neutron generating target center and formation of the design beam parameters at the target. To achieve these goals, it
is necessary to develop the facility geodesic network, to determine the position of the beam reference orbit in the
developed network and to install all elements of the subcritical facility in design position relative to the reference
orbit in the developed geodesic network. The RMS accuracy of the element alignment should be about
100...200 pm in transverse (horizontal, vertical) coordinates and about 200...300 urad in longitudinal and
transverse planes. To provide such accuracy of the facility element installations relative to the accelerator axis it is
necessary to find axe of all accelerator elements (fiducialization with geodesic targets) and to match the element axis
with the accelerator reference orbit. For the network development level LEICA NA2, theodolite 3T2KP, laser
tracker LEICA AT401 and supporting devices were used. In the paper the activity results on development of the

NSC KIPT Subcritical Assembly “Neutron Source” facility geodesic network are presented.

INTRODUCTION

In NSC KIPT the Subcritical Assembly (SCA)
“Neutron Source” with 100 MeV/100 kW electron
linear accelerator-driver [1,2] is putting into pilot
operation. The SCA “Neutron Source” is the complex of
many various technological and engineering systems
and subsystems, such as facility core with fuel elements
(subcritical assembly), electron linear accelerator,
electron beam transportation channel, biological shield,
neutron flux measurement system, cooling systems,
ventilation systems etc.

To assemble and correctly, with required accuracy,
install all facility equipment in accordance with original
design it is necessary to develop geodesic network and
to set accelerator electron beam reference orbit in the
developed geodesic coordinate network. The accuracy
of all SCA and linear accelerator element alignments
relative to the reference orbit of the electron beam in the
developed geodesic network of the NSC KIPT SCA
“Neutron Source” should be of about 100...200 um in
transverse (horizontal, vertical) coordinates and about
200...300 urad of longitudinal and transvers element
slopes [3].

The electromagnetic system of the
100 MeV/100 kW electron linear accelerator-driver
consists of quadrupole lenses, quadrupole triplets,
bending magnets of the transportation channel, bending
magnets of the chicane, scanning magnets [4]. The
accelerating sections and electron gun [5] provide
generating and acceleration of the electron beam. To
relate coordinate targets or marks at the facility
elements with accelerator reference orbit the procedure
of element fiducialization should be done with proper
accuracy [6].
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To provide required accuracy of the facility unit
installations with metrological measurements the set of
up-to-date geodesic devices and supporting devices are
used. The most important devices of the geodesic
equipment are the following:

- LEICA NA2 precise optical level [7] (Fig. 1) with
the following characteristics:

Image — direct;

Magnification — 32x;

Minimal focal length — 1.6 m;

Field of view — 2.2 m;

Accuracy standard deviation per km double
run — 0.7/0.3 mm (with micrometer attachment);

Compensator (type) — air;

Compensator accuracy — 0.3".

- Theodolite 3T2KP [8] with
characteristics (Fig. 2):

Magnification (multiplisity) 30x;

Error (accuracy) 2";

Operation temperature range -40... +50 °C.

the following

Fig. 1. LEICA NA2 precise optical level

Laser Tracker Leica AT401 [9] (Fig. 3) is used as
precise metrological measuring device at the final stage
of the NSC KIPT SCA “Neutron Source” geodesic
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network development, accelerator element
fiducializations and installation of the facility elements
in design position. The laser tracker is portable
coordinate-measuring system with possibilities to fulfill
the precise measuring on long up to 320 m distances.
For measurements the geodesic optical target-reflectors
are used (Fig. 4). The target-reflector is installed at the
measured object holder or another target place holder.

Fig. 2. Theodolite 372KP

Laser tracker Leica AT401 has the following
characteristics:

Angular characteristics:

Resolution: 0.07";

Error (maximal permitted error): =(15+6) pm/m;

Accuracy of the slope installation (2c6): = 1".

Distance meter characteristics:

Resolution: 0.1 pum;

Error (maximal permitted error): £ 10 um;

Repeatability (maximal permitted error): £ 5 pum.

Reflector-target characteristics:

Radius (ball): (19.05 + 0.0025) mm;

Shifting on distance: (0.00 =0.006) mm.

Fig. 3. Laser tracker Leica AT401
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Fig. 4. Target-reflector (Red-Ring Reflector 1.57)

A few target-reflector holder types are used to fix
target-reflector at place for the facility geodesic network
formation and to install accelerator elements in design
position relative to the electron beam reference orbit.
Figs. 5, 6 show the holders that help to develop geodesic
network of the SCA facility. The target-reflector holders
are fixed at the experimental hall walls and at the
beginning of the accelerator (Fig.9) (EGun, Base 1,
Base 2, Base 3). The target-reflector can be shifted in
the holder in horizontal direction for the geodesic
network adjustment. As one can see the target reflector
in the accelerator tunnel is different from the other three
at the experimental hall. Three target-reflectors of the
experimental hall are identical.

Y

Fig. 5. Target-reflector holder at the beginning of
the accelerator tunnel (Egun)

Fig. 6. Target-reflector holder at the wall of the SCA
facility at the experimental hall (Base 1, Base 2, Base 3)

Fig. 7. Accelerator tunnel wall target-reflector holder of
the NSC KIPT SCA “Neutron Source”
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Fig. 8. Accelerator tunnel floor target-reflector
holder of the NSC KIPT SCA “Neutron Source”

In the accelerator tunnel the target-reflector holders
are installed in the floor and walls for the accelerator
survey and alignment coordinate system development
and element adjustments. Figs. 7, 8 show wall and floor
target-reflector holders for the accelerator tunnel.

GEODESIC NETWORK OF NSC KIPT
SUBCRITICAL ASSEMLY
“NEUTRON SOURCE”

To install electromagnetic equipment of the
100 MeV/100 kW electron linear accelerator and other
facility equipment relative to electron beam reference
orbit with required accuracy and to provide coordinate
monitoring of the element positions the facility geodesic
network was developed (see Fig. 9). The development
of the geodesic network involves the following stages:

1.  Preliminary development of the plane geodesic
coordinate network:

Geodesic network of the NSC KIPT SCA “Neutron
Source” is Deckard coordinate system with X axis,
which set along axis of the linear accelerator
longitudinal axis at 1.2 m height from the accelerator
tunnel floor. Axis Y is set as perpendicular to the axis X
and cross it at the point where Neutron Generating
Target (NGT) center is set. So, axis Z is directed
vertically up (see Fig. 9) from the point of X and Y a[e
intersection. Axis X is formed with the target-reflectors
EGUN and Base 1, which put at the beginning of the
accelerator tunnel and at the opposite wall of the
experimental hall (see Figs. 5, 6). Axis Y is formed with
two target-reflectors Base 2, Base 3, which are installed
at the side walls of the experimental hall in the direction
that are perpendicular to the X axis. As one can see, the
used target holders allow to shift each target-reflector to
adjust coordinate axe.

Because the facility configuration does not allow to
adjust geodesic target-reflector positions at the side
walls with assembled movable biological shielding at
the top of the assembly core (the direct optical path is
blocked) (Fig. 10), the preliminary formation of the
geodesic network was made before installation of the
top movable lid-parts u (see Figs. 10, 11).

ISSN 1562-6016. Problems of Atomic Science and Technology. 2025. N26(160)

i &Baseﬂ "o o
X
]
F
Base 3
Y
Base 2
. ) ‘
‘.I
o
A . L F
c| B
® Z
o 2h el ]
3 I
g 5 3D
o] i
B
) i
B
® @k Fgun
i o

Fig. 9. Layout of the allocation of the basic geodesic
target-reflectors in accelerator tunnel and
experimental hall of the NSC KIPT SCA “Neutron
Source” facility

Fig. 10. Layout of the NSC KIPT SCA “Neutron
Source” biological shield with closed and open top
movable lid-parts: 1 — top movable side lids;

2 —top flat rotating lid

For mounting of the base wall target-reflector
holders theodolite 3T2KP was «leveled» and «centered»
above the design construction mark, which matches
with the center of the facility core tank and to the center
of the NGT.
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Fig. 11. Biological shield of the NSC KIPT SCA
“Neutron Source” core without top movable
lid-parts

Further, in accordance with design drawings, the
position of the target-reflector EGun holder was
marked. After that, with two separate measurements of
the horizontal 180° angle «through the zenith» the
position of the Base 1 target-reflector holder was
marked. In such way, the axis X is formed with base
points EGun - Base 1. Measuring horizontal angle in 90°
relative to EGun - Base 1 axis the position of the base
holders for the Y axis is determined. So, the facility
coordinate system is preliminary formed with theodolite
accuracy of about 2”, that on the 0...30 m distance
matches the error value in target-reflector position
Base 1 in horizontal plane equal to + 0...3.0-10 m. The
center of the developed coordinate system is the axis of
the theodolite vertical rotation. Because the target-
reflector holders do not have possibilities for vertical
adjustment the level, which was marked with level
LEICA NA2 for the target-reflector EGun determined
the height for the holders relative to EGun height level
with RMS level accuracy of abou +4-10° m.

2. Laser tracker Leica AT401 coordinate system
formation [10, 11].

After formation of the facility geodesic network with
theodolite 3T2KP it was necessary to relate
“mechanical” coordinate center of the theodolite with
“virtual” laser tracker Leica AT401 coordinate system.
Before the start of the accelerator equipment mounting
and assembling, and before installation of the top,
movable side lids of the core (see Fig. 10) the top flat
rotating lid of the core biological shield was mounted
(see Fig. 10). Setting the laser tracker at the rotating flat
lid in direct view of all coordinate system basic target-
reflector holders the “real” position in the horizontal

~ .. plane of the vertical coordinate axis Z was determined

as intersection of projection X and Y axe at horizontal
plane of EGun target-reflector level. Because the laser
tracker has better angle accuracy (0.07”) in comparison
with theodolite angle accuracy (2”), positions of Y axis
target-reflectors were adjusted a little bit to correct the
intersection angle of X and Y axe closer to 90°. The data
of target-reflector position coordinates were put to the
laser tracker and formed the facility geodesic network.

In addition, the “real” center of the top flat rotating
lid of the core biological shield was determined.
According to the original design the top lid of the core
biological shielding should be rotated around vertical
coordinate system axis Z and its center is matched with
NGT and core center. “Real” X, Y coordinates of the
rotating axis Z for the top flat lid were determined by
setting the laser tracker at any point of the top rotating
flat lid with direct view of basic network target-
reflectors and with use of laser tracker function of circle
formation with two tangent lines and radius. Fig. 12
shows the sketch of the top rotating lid of the core
biological shield with pressing rollers and coordinate
network. Radius of the rotating flat lid is 1365.65 mm.

In parallel with all measurements described above
the coordinates of the pressing rollers were measured.

Tabel 1 shows the results of the base target-reflector
coordinate measurements for the geodesic network of
NSC KIPT SCA “Neutron source” facility. The values
of measurement RMS errors are generated automatically
with standard tracker AT401 algorithm on the base of
series of measured data. As one can see from Table 1
the maximal errors in target-reflector coordinates are in
the range = 120...200 pum.

Fig. 12. Sketch of the coordinate measurements of
the rotating center of the top lid of the core biological
shielding

Table 1

Coordinates of the basic target-reflectors along the facility X and Y axe
of NSC KIPT SCA “Neutron Source”

X, mm A X max, pm Y, mm A'Y max, pm Name of the basic target-reflector
-30788.295 +10 -0.024 199.79977 Egun
0 +20 0 +20 «0»
17450.462 +10 0.0125 119.702772 Base 1
-0.012 199.79977 11026.25 +10 Base 2
0.012 119.702772 -11030.37 +10 Base 3

So, the basic target-reflectors “EGun”, “Base 1” and
virtual “0” of the facility geodesic network (axis X),
which form the accelerator reference orbit are at one
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straight line with accuracy equal to 0.024 +0.2 (36)
mm, on the base of 48 m.

The basic target-reflectors “Base 2”, “Base 3” and
virtual “0”, which are the Y axis of the facility geodesic
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network and together with axis X form the accelerator
horizontal plane, are at one straight line with accuracy
equal to 0.012 + 0.2 (36) mm, on the base of 22 m.

RMS accuracy of the laser tracker Leica AT401
center is 67 pum, that with NGT sizes of 64x64 mm is
about 0.2% deviation from the NGT center.

Fig. 13 shows the scheme of the geodesic network
center in the vertical plane with elements of electron
accelerator beam transportation channel. Q9, Q10, Q11
are quadrupole magnets, B1, B2 are 45° dipole magnets,
ScM_H, ScM_V are horizontal and vertical scanning
dipole magnets, NGT is neutron generating target. So,
setting laser tracker at any point of the facility
experimental hall and have at least one target-reflector
in direct view, one can determined the laser tracker
position measuring distance and angle to the target-
reflector. With laser tracker position one can start to
install and adjust equipment in design position with
closed top movable lids of the core biological shielding.

Accelerator tunnel

Basel
LA
Coordinate system

Egun |

Q10
Accelerator tunnel floor

T

B o

Fig. 13. The scheme of the geodesic network center
determination in vertical plane

Fig. 14. The view of the accelerator equipment
allocation in the facility 100 MeV/100 kW accelerator
tunnel and target-reflectors of the accelerator tunnel

geodesic network

In the same way the position of the accelerator
elements in the accelerator tunnel can be determined
and elements can be adjusted and aligned. However, the
simultaneous direct view of “EGun” and accelerator
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elements is impossible (Fig. 14) and the procedure of
accelerator element alignments in the accelerator tunnel
requires addition geodesic (survey and alignment)
network in the tunnel.

To have possibility to align each accelerator element
independently without direct view of the basic target-
reflector EGun and with closed top side movable lids of
the core biological shield (see Fig. 10) the addition
geodesic (survey and alignment) coordinate network of
the accelerator tunnel was developed. Accelerator
geodesic coordinate network of the NSC SCA “Neutron
Source” facility is formed with 23 target-reflectors
which installed in the floor and walls of the accelerator
tunnel (see Fig. 9, red circles, Fig. 14, general view).
Geodesic points are the target-reflector holders with
magnetization for the tracker target-reflector. Such
holders provide accurate, repeatable installation of a
reflector at the holder (see Figs. 7, 8).

To develop accelerator tunnel coordinate system, it
is necessary to determine coordinates of each target-
reflector holder out of 23 along the tunnel. The
coordinates should be determined for geodesic network
of the facility, namely, relative to basic target-reflector
EGun, center of the facility geodesic network and its X
axis. At the first step of the accelerator coordinate
system development the laser tracker is set in direct
view of the target-reflector EGun. Measuring distances
and angles from the laser tracker to the geodesic
network center and to the target-reflector EGun, the
position of the laser tracker and all target-reflectors,
which are in direct view of the tracker are determined.
The measured coordinates, which initially were
measured for the intrinsic laser tracker coordinate
system, are transferred to the facility geodesic network.
According to the laser tracker data the error in
determination of the target-reflector  position
coordinates is about ~ 20 pm. Further the procedure of
the target-reflector coordinate determinations is step by
step coordinate measurements of certain groups of the
target-reflectors (3-4 target-reflector measurements at
one position). Laser tracker is set in the way, that the
direct view of 2 next target group and 2 previous target
group target-reflectors (measurable and measured) was
possible. The layout of target-reflector holders in the
accelerator tunnel of NSC KIPT SCA “Neutron Source”
is shown in Fig. 9. Measurement of 3 target reflector
coordinates is necessary and sufficient condition to
transfer laser tracker to the next position and next
target-reflector group. The procedure of the target-

| reflector coordinate determination is shown in Fig. 15,

where A, B, C, D are geodesic target-reflectors. The
target-reflector holders of the accelerator tunnel were
divided on 7 groups. After measurements of the target-
reflector coordinates for all 7 groups the cloud of the
target coordinates in the tunnel in the geodesic network
of the NSC KIPT SCA “Neutron Source” facility was
obtained.

In Table 2 the coordinates of one out of 23 measured
target-reflector group are presented.
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Table 2

Measured coordinates of the target-reflectors for the 3"
target group of the accelerator tunnel*

Base

X, mm Y, mm Z, mm target
mark

-21123.436 376.205 -1339.686 03A
-21204.759 | 2035.347 | -1337.724 03B
-21216.597 | 2163.859 610.502 03C
-20968.805 | -1489.168 225.767 03D

*According to laser tracker AT401 data the accuracy
in each target-reflector position determination is about
+0.020 mm.

To align the elements of the accelerator in design
position it is necessary to install the laser tracker in a
view of one of the working target holder groups of the
accelerator geodesic network. The accuracy of the laser
tracker positioning for all three coordinates of the
network Axi targetr AYir targets A2ty targer are + 0.020 mm
relative to all target-reflectors of the certain working
group. Taking into account the absolute accuracy of
each target reflector position measurement themselves
AXiargets AYiargets AZiarger are +0.020 mm, the absolute
accuracies for the laser tracker position determination
on each coordinate axis of the geodesic network are:

2 21/2_ .
AXtr i= (Axtr target i + AXtargeti ) = 0.028 mm;
2 212 .
Aytr i= (Aytr target i + Aytargeti ) 0.028 mmj
2 21/2_
AZtr i= (Aztr target i + AZtargeti ) = 0.028 mm.

To relate laser tracker coordinates with accelerator
element target-reflector holder coordinates with one
more coordinate measurement with the same accuracy
AXir-ety AYir-ely AZirer , which are £ 0.020 mm and add the
value of the accuracy to the previous one:

2 2 21/2_ .
AXeI i:(AXtr target i + AXtargeti +Axtr»eli ) — 0.035 mmj
2 2 21/2_ .
Ayel i= (Aytr target i + Aytargeti +Aytr»eli ) — 0.035 mm;
2 2 21/2_
AZeti= AZyr targeti- + AZtargetic + AYireli') = 0.035 mm.

So, the total measurement error budget for the
accelerator alignment target coordinate measurements is
about 0.035 mm. Such accuracy satisfied the
requirements for the accelerator element alignment at
the reference orbit. The final stage of the accelerator
element alignments is adjustment of each element with
the accelerator reference electron beam orbit with
accuracy AxXsg, AViia, AZig- After this procedure the
accelerator alignment will be completed and its final
accuracy will be:

2 2 2 1/2.
AXeI I ref= (AXtr target i + Axtarget i +AX" it Axfid) ’
2 2 2 1/2.
AYeI I ref= (Aytr target i + AYtarget i +Aytr eli T Ayfid) ’
2 2 2 1/2
Azel I ref= (Aztr target i + Aztargeti + Aytr eli Azfid) .

Considering the requirements to the accelerator
element alignments (0.15...0.2 mm) the accuracy of the
elements fiducialization should be in a range
0.1...0.2 mm.
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Fig. 15. View of accelerator tunnel geodesic target-
reflector coordinate determination, where A, B, C, D
are geodesic target reflectors

CONCLUSIONS

The geodesic coordinate network was designed and
developed for NSC KIPT SCA “Neutron Source”. To
provide necessary alignment accuracy which is about
100...200 um in transverse (horizontal, vertical)
coordinates and about 200...300 prad of longitudinal
and transvers planes slope, level LEICA NAZ2,
theodolite 3T2KP, laser tracker LEICA AT401 with
target-reflectors and supporting devices were used.

The network is formed with 4 base target-reflectors
at the walls of the experimental hall and accelerator
tunnel with “virtual” center at the position of NGT.
Addition 23 target-reflectors allocated in the accelerator
tunnel provide possibility to align accelerator equipment
independently and in the accelerator tunnel.

The absolute accuracies of the geodesic target-
reflector installations are between 0.1...0.2 mm for the
base targets and 0.02 mm relatively base target for the
23 accelerator tunnel targets.

The absolute accuracy of the coordinate
measurements is 0.035 mm plus accuracy of the element
fiducializations. The geodesic coordinate network
satisfies to necessary accuracy requirements but the
final accuracy is depended from the fiducialization
accuracies of accelerator elements.
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TEOJE3UYHA CUCTEMA KOOPJIUHAT NIAKPUTUYHOI 35IPKH
«I7ZKEPEJIO HEUTPOHIB» HHI{ X®TI

0. be3oimko, A. Muyuxkoe, A. 3enincoekuii

Just  3a0e3medeHHs PIBHOMIPHOTO OINPOMIHCHHS €IIEKTPOHHHM IIYYKOM HEWTPOHHO-TEHEpYIYol MilleHi
miAKpUTHYHOI ycTaHOBKH «J[xepemo nedtpoHiBy HHI[ X®TI nHeoOxigHO 3a0e3mednTH TOYHE HABEICHHS
€JIEKTPOHHOTO My4Ka Ha IICHTpP MilleHi Ta GOpMYyBaHHS MPOEKTHIX T€OMETPHIHUX PO3MIpIiB IMydKa Ha MimeHi. [is
JIOCSITHEHHS 1IIMX LIel HeoOXiqHO chopMyBaTh reo/Ie3uYHy CiTKy YCTaHOBKH, BU3HAUUTH IMOJ0XKEHHS PIBHOBAXKHOT
OpOITH ENeKTPOHHOTO Iy4YKa 1 BCTAHOBUTH BCi €JIEMEHTH MiJKPUTUYHOI 30IpKH 1 JIHIHHOTO NPUCKOpIOBaYa
€JIEKTPOHIB Y IIPOEKTHE TOJIOKEHH BiJTHOCHO PIBHOBaYKHOI OpOITH B CHCTEMI KOOpAMHAT reoe3ndHoi Mepexi SITY
«Ixepeno wueritponiey HHI] X®TI 3 tounictio mopsaky 100...200 MKM y MONEpPEYHHX KOOPAUHATAX,
100...200 MKM y TIO310B)KHBOMY HampsMKy i mopsiaky 200...300 MKpaq y MO3A0BKHBOMY Haxwii eJIeMeHTiB. J{is
3a0e3Me4eHHs AaHOi TOYHOCTI YCTAHOBKM €JIEMEHTIB HEOOXiJHO BHPILIMTH TPW 3aBJaHHS: MMOOYAYBAaTH IJIAHOBY
reone3nyHy citky ycraHoBku AIIY «Jlxepemo wewrponisy HHI[ X®TI, 3B's3aTH KOOpPAWHATH T'eOJE3UIHUX
MillIeHel Ha eJeKTPOMAarHiTHUX EJIEMEHTaX JiHIHHOTO NPUCKOPIOBAa4Ya 3 PIBHOBAKHOIO OpOITOI0 €IEKTPOHHOTO
mydka (Qimymiamizamisi eIeKTpOMarHiTHHX CJIEMEHTIB), BCTAHOBHUTH TEOMETPUYHY BICh EJIEKTPOMArHiTHHX
CIIEMEHTIB y TPOEKTHE IIONIOKEHHS 3 HEOOXiAHOI TOYHicTIO. HaBemeHo pesynmsTaTH pOOOTH 31 CTBOPCHHSA
reone3nyHoi citku ycraHoBku SIIY «/Ixepemo meiitponiy HHI[ X®TI. Ilpu cTBOpeHHI Teome3W9HOI CiTKH
ycraHoBku BukopuctoByBaBcs HiBenmip LEICA NA2, teomomit 3T2KII, mazepumii Tpekep LEICA AT401 i
JTOTTIOMIXKHI Te0JIC3MYHI MPUIIAIH.
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