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Charge Question 2: Has the design been shown to 
meet the requirements?

Charge Question 3: Do DACs and other supporting 
documentation adequately support the final design?

Question 5:  Is the design sufficiently mature to 
proceed with finalizing the procurement package? 
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This presentation covers the following documents:

S03000000-CAC10000 – CALC  Target Error Budget

And informs:

S03020000-SR0001 – Target Assembly Requirements

S03040000-SR0001 MRA System Requirements

S03060000-SR0001 - Core Vessel Requirements
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Key Parameters

• Foot is biased 2mm “up”

• Target Installation tolerance: +/- 
1mm (V&H)

• Seismic Acceleration=0.7g

• Snubber Installation 
tolerance:+/- 1mm (V&H)

• Snubber-shaft gap: 6mm (H) & 
8mm (V)

• Segment Thermal 
expansion:1.75mm (down)

• Segment centripetal deflection: 
4.5mm (radial)

• MRA Installation tolerance: +/-
0.5mm (V&H)

• Pressure deflection: 1mm (ea)

• Thermal: ~1mm

• Shield block install tolerance:+/- 
2mm (V&H)

• Seismic motion: +/- 1mm

• Thermal expansion: 0.6mm

• Vacuum deflection: -
1.5/+1.75(V/H)

Target Assembly MRA Core Vessel
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The clearance budget elaborates high level system 
requirements and functions into tractable L3 
requirements

Some high-level 
requirements come from 
the Hazard Analysis (HA)

Some high-level 
requirements  are risk 

reduction during normal 
operation “the target 

should not hit the 
shielding” but not 
captured formally
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Interaction related hazards are decomposed into component 
requirements primarily through the “Target Error Budget”

Loss of cooling

Seismic - Detonation
Seismic

Linkage From To LMC (-) MMC (+)
A Core Vessel Lower 1 99 -1 1
B Core Vessel Upper 99 2 -1 1
C Target Shaft Upper (Drive mounting to segment  3 4 -0.125 0.125
D Target Shaft Lower 4 5 -0.75 0.75
E Target Segment 5 7 -0.5 0.5
F Foot 5 6 -0.1 0.1
G Shield Block #1 8 9 -0.5 0.5
H Shield Block #2 10 11 -0.5 0.5
I Upper MRA 15 17 -0.5 0.5
J Lower MRA 15 16 -0.5 0.5
K Shield Block #3 13 14 -0.5 0.5
L Snubber Gap 5 12 0 0
IAtgt Shaft Installation Accuracy 0 5 -1 1
IAMRA MRA Instalation Accuracy 8 0 -0.5 0.5
IAsnub Snubber Installation Accuracy 12 0 -1 1
SGCS Worst case shim on Beam Guides (True positio     99 0 -1 1
IASB1 Shield Block 1 Installation Accuracy 11 0 -2 2
IASB2 Shield Block 2 Installation Accuracy 11 0 -2 2
IASB3 Shield Block 3 Installation Accuracy 11 0 -2 2

Error Budget
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Credited statements from the HAR are interpreted and agreed 
upon with ESH&Q as component & system requirements

Stress Deflection
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Target Systems Requirement #1478 – Hydrogen boundary 
interactions – derived from the HAR

Components shall not damage (inadvertent contact) the hydrogen boundaries, regardless of load 
combination.
Note: This requirement specifically includes seismic loads

Who owns/controls this gap 
& requirement?

• Target
• Moderator
• Core Vessel
• Shielding

What component errors can 
produce a collision?

• Target
• Moderator
• Core Vessel
• Shielding
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Coordinating loads, tolerances and stiffness across work 
packages and leads make this (already complicated) work 
more challenging

S.03.03 – Moderator & Reflector

S.03.02 – Target Assembly S.03.06 – Vessel Systems

S.03.06 – Vessel Shielding
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Clearance objective 1: Prevent free hydrogen in the core 
vessel due  to target-MRA collision

Hydrogen in 
vessel

Hydrogen 
vessel leak

External object 
puncture

Target

Seismic 
Interaction

Normal 
operation

Shield Block

Overpressure

Blocked Relief

CV 
Overpressure

Insufficient 
strength

<thickness

<weld

<material prop

HTL ruptured

External object 
puncture

Overpressure

Insufficient 
strength

Leak @ 
connections

Seismic motion

<weld
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The target is a large pendulum suspended from a flexible lid; a 
snubber was added early in the project to limit seismic motion

Snubber ring 
(Static) Rotating Shaft

Shield block

Vertical gap 
(thermal growth)

Radial gap 
(eccentricity)

The seismic interaction problem was fixed – now 
we have a more complex operational clearance 

problem to solve with tighter clearances!
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The target must survive the relative motion between the top of 
the core vessel and the snubber ring.

Moment in 
shaft!

Worst case target install

Worst case snubber install

Seismic force

CV out of phase

Seismic motion may be 
out of phase
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Target Clearance objective #2: Prevent target from contact 
with any object during normal operation (more stringent)

The rotating target should not 
contact anything stationary!

Gaps should be small to prevent 
streaming

Competing goals
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Target Clearance Goal #2: Prevent target from contact with any 
object during normal operation.

1

3

4

1

2

3 2

5

4

5

# Horizontal Nom Vertical Nom

1 Snubber-Shaft (upstream) 6 Snubber - Shaft 8

2 Snubber-Shaft (downstream) 6 Top of Target - Upper MRA 10

3 Target segment – MRA (Beam el.) 21.5 Bottom of Target - MRA 10

4 Target Segment- MRA upper shield 22.5 Top of Target - Bottom SB#3 9

5 Target Foot - SBL#3 20 Segment Pin - Neutron flight path 4.9

6 Donut – Shield block 20

6
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Methodology
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Sources of deviations from nominal CAD include fabrication 
tolerances, deflections, and installation tolerances

* Relative to:
-Installation (Dead loads only)
-Room temperature everything
-Core vessel filled with ambient air Node Tolerances
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Linkage From To LMC (-) MMC (+) Doffs Lrot

(Dmai

nt) Pop

PMAW

P Top

CVP
MAWP

CVP
He

CVPv

ac E- Mbrg Doffs Lrot

(Dmai

nt) Pop

PMAW

P Top

CVP
MAWP

CVP
He CVPvac E Mbrg

A Core Vessel Lower 1 99 -1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3 0.3 0 0 0 0
B Core Vessel Upper 99 2 -1 1 0 -0.1 -0.1 0 0 0 0 0 -1.8 -0.3 0 0 0.1 0.1 0 0 0.3 0.5 0 0 0.3 0

C
Target Shaft Upper (Drive mounting to segment 
attachment bolts)

4 3 -0.125 0.125
0 -0.1 0 0 0 0 0 0 0 0 -2 0 0.1 0 0 0 0 0 0 0 0 2

D Target Shaft Lower 4 5 -0.5 0.5 0 -0.1 0 0 0 0 0 0 0 -0.1 0 0 0.1 0 0 0.1 1.8 0 0 0 0.1 0
E Target Segment 4 6 -0.1 0.1 0 0 0 0 0 0 0 0 0 0 0 -2 0 0 0 0 1.8 0 0 0 0 0
F Foot 6 7 -0.1 0.1 0 0 0 0 0 0 0 0 0 -0.3 0 0 1.5 0 0 0 0 0 0 0 0.3 0
G Shield Block #1 15 11 -0.1 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3 0.3 0.5 0 0 0 0 0
H Lower MRA 8 9 -0.5 0.5 0 0 0 0 0 0 0 0 0 -0.3 0 0 0 0 1 1.3 0.3 0 0 0 0.3 0
I Upper MRA 8 10 -0.5 0.5 0 0 0 -1 -1.3 -0.3 0 0 0 -0.3 0 0 0 0 0 0 1 0 0 0 0.3 0
J Shield Block #2 11 12 -0.1 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3 0.3 0.5 0 0 0 0 0
K Shield Block #3 12 14 -0.1 0.1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3 0.3 0.5 0 0 0.25 0 0
IAtgt Shaft Installation Accuracy 0 5 -0.5 0.5

LMC MMCIAMRA MRA Installation Accuracy 8 0 -0.5 0.5
IAsnub Snubber Installation Accuracy 12 0 -0.5 0.5

SGCS

Worst case shim on Beam Guides (True position 
within beam tube set)

99 0 -1 1

IASB1 Shield Block 1 Installation Accuracy 11 0 -0.5 0.5

Fabrication 
tolerances

Install tolerances Deflections of isolated 
effects

!!Core Vessel deflections are 
in mm of target motion!!
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Isolated deflections are assessed as ~19 load and 
error combinations

Core Vessel thermal growth

Vacuum deflection

Segment/shaft 
thermal expansion

Install accuracy

Snubber install 
accuracy

1 Installation - Target Assembly 
2 Rotation Test, Target Assembly
3 Component Pressure Test
4 Core Vessel Vacuum, No Beam
5 Core Vessel Vacuum, Beam on
6 Core Vessel Vacuum,  No Beam, Seismic
7 Core Vessel Vacuum,  Beam On, Seismic
8 CV Vac, Component MAWP, No Beam
9 CV Vac, Component MAWP, Beam On

10 CV Helium Mode, No Beam
11 CV Helium Mode, Beam On
12 CV Helium Mode, No Beam, Seismic
13 CV Helium Mode, Beam On, Seismic
14 CV He, No Beam, Component MAWP
15 CV He, Beam On, Component MAWP
16 CV MAWP, No Beam
17 CV MAWP, Beam On
18 Target Change Out
19 Bearing Change Out (Shaft on lid)
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Sign Convention

Gaps are computed systematically by tracing linkages & nodes 
with assigned MMC/LMC conditions relative to World Center

Many objects are installed relative to 
STS GCS –eliminates some fab 

tolerances

Deflection paths skip shims/install 
tolerance elements

+ -
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The linkages for fabrication errors, install errors, and 
deflection are captured carefully and systematically (0,1,-1)

Sign Convention
+ -
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Tolerance Linkages Deflection Linkages

1) Enter path of interest 
& load combinations 
(build the equation)

3) Expand LMC and MMC to 
all combinations (+/- paths) 

4) Max gap = + path MMC – path LMC
Min gap = +path LMC – path MMC  

0) Trace path of interest
-tolerance
-deflection

2) Lookup 
magnitudes

Capturing all 
combinations of 
paths and linkage 
conditions ensures 
complete coverage 
of situations
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Vertical Gaps Operation Seismic
Snubber - Shaft 1.575 1.315
Top of Target - Upper MRA 4.475 3.925
Bottom of Target - MRA 2.825 2.275
Top of Target - Bottom SB#3 5.275 4.725
Segment Pin - Neutron Beam guide 2.075 1.825

Horizontal Gaps
Snubber - Shaft (upstream) 2.25 N/A
Snubber Shaft - Downstream 0.875 N/A
Target Foot - MRA lower 15.5 7.25
Target Segment- MRA upper shield 13.625 2.75
Target Donut- Shield Block 10.38 0.13
Target Foot - SBL#3 13.275 5.15

The minimum clearances are tight, but estimated in a very 
conservative approach (worst case stack up)

1 Installation - Target Assembly 4 12 8 9.0 7.0
2 Rotation Test, Target Assembly 8 9.3 6.7
3 Component Pressure Test 8 9.0 6.4
4 Core Vessel Vacuum, No Beam 8 9.3 4.4
5 Core Vessel Vacuum, Beam on 8 9.9 1.7

6
Core Vessel Vacuum,  No Beam, 
Seismic 8 9.7 4.1

7
Core Vessel Vacuum,  Beam On, 
Seismic 8 10.3 1.3

8 CV Vac, Component MAWP, No Beam 8 9.3 4.3
9 CV Vac, Component MAWP, Beam On 8 9.9 1.6

10 CV Helium Mode, No Beam 8 9.3 6.2
11 CV Helium Mode, Beam On 8 9.9 3.4
12 CV Helium Mode, No Beam, Seismic 8 9.7 5.8
13 CV Helium Mode, Beam On, Seismic 8 10.3 3.1
14 CV He, No Beam, Component MAWP 8 9.3 6.1
15 CV He, Beam On, Component MAWP 8 9.9 3.3
16 CV MAWP, No Beam 8 9.8 6.5
17 CV MAWP, Beam On 8 10.4 3.7
18 Target Change Out 8 9.1 6.4
19 Bearing Change Out (Shaft on lid) 8 11.0 5.0

Design intent achieved for order of 
contact (seismic)

1. Snubber
2. Shielding
3. Moderator (never)

20

22.5

Assume that contact between target 
donut & shielding in a seismic event is 

permitted – PASS with no margin

No collisions occur if all requirements 
are met by sub-components
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What are the drivers of tight vertical clearances to 
the snubber (<1mm min clearance)? 

Core Vessel thermal growth 
(V=0.6mm) 

Vacuum deflection 
(V=1.8mm)

Segment/shaft 
thermal expansion 

(1.8mm)

Install accuracy 
(+/- 1mm)

Snubber install 
accuracy (+/-1mm)

Manufacturing 
tolerances & 

smaller effects 
(1.4mm)
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Inputs to the analysis that satisfy “no contact” solutions are 
captured as requirements for each L3 system at areas of 
concern.

CV target mounting flange

Snubber mounting flange

MRA mounting feature

Shield block lower surface

MRA

Target 

47 requirements generated
• -27 to Vessel systems
• -2 for MRA
• -18 for Target Assembly

Governing Tolerances
• Nominal Gaps
• Installation tolerance
• Fabrication tolerances
• Adjustment capacity

Deflection load cases simplified to: 
• Normal operation and overpressure
• Deflections during seismic events
• Maximum relative displacement
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Requirements allocated to the target assembly
10646Upper mounting point - 

Horizontal Installation 
tolerance S.03.02-10646

The target assembly (the axis of rotation) shall be located within +/- 
1mm~, of the global (master) coordinate system in the horizontal 
direction.

10793Upper Mounting point - Vertical 
Installation tolerances S.03.02-10793

The target assembly shall be located within +/- 0.5mm~, of the 
global (master) coordinate system in the vertical direction.

10735
Lower restraint - adjustment 
allowance S.03.02-10735

The lower restraint or the target assembly shall be able to 
withstand adjustment relative to the shield mounting points of:
Horizontal: +/-3.5mm &  Vertical: +/- 1.5mm

10699
Upper mounting point 
adjustment allowance S.03.02-10699

The target assembly shall permit adjustment relative to the core 
vessel lid of:
Horizontal: +/- 5mm & Vertical: +/-1.5mm

10698
Structural capacity during 
relative motion S.03.02-10698

The target assembly shall be capable of maintaining structural 
integrity under a horizontal relative motion between base and 
lower extremity (snubber ring) of up to: 13mm.

10734
Mid-height location - Profile 
tolerance S.03.02-10734

The vertical surfaces of the target assembly (above the target foot) 
shall have a profile tolerance~, when assembled, not to exceed +/-
0.5mm relative to the installed axis of the shaft.

10733Mid-Height locations - 
Horizontal deflections during 
normal operations S.03.02-10733

The outer profile of the target assembly (above the target) shall not 
deflect in the horizontal direction more than +/-4.5mm during 
normal operation and pressure testing operations.

10693

Mid-height locations - 
Horizontal deflections during 
seismic operation S.03.02-10693

Any portion of the target assembly shall not deflect in the 
horizontal direction more than 7mm during a seismic lateral force; 
displacement is that beyond relative displacement between 
mounting flange and lower extremity.

http://sts-req.ornl.gov:8080/cb/issue/10646
http://sts-req.ornl.gov:8080/cb/issue/10793
http://sts-req.ornl.gov:8080/cb/issue/10735
http://sts-req.ornl.gov:8080/cb/issue/10699
http://sts-req.ornl.gov:8080/cb/issue/10698
http://sts-req.ornl.gov:8080/cb/issue/10734
http://sts-req.ornl.gov:8080/cb/issue/10733
http://sts-req.ornl.gov:8080/cb/issue/10693
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How can there possibly be 13 mm of relative motion between 
the target drive and the bottom of the snubber with a 6mm gap?

1mm CV seismic

Target Assembly
1mm install accuracy
6mm nom gap
1mm snubber install accuracy
1.75mm vac motion
0.875mm geometric runout
0.5mm imbalance
Total: 11.125mm

Shield block
0.25mm CV seismic
0.5mm Thermal
Total 0.75mm

Min Gap: 0.875mm

Max Moment
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Target Assembly Requirements

10792Snubber Nominal Gap - 
Horizontal S.03.02-10792

The restraint ring at the bottom of the target shall have a nominal 
radial gap of 6mm between rotating and static faces.

10791
Snubber Nominal Gap -Vertical S.03.02-10791

The restraint ring at the bottom of the target shall have a nominal 
vertical gap of 8mm between rotating and static faces.

10674
Profile Tolerance S.03.02-10674

The profile tolerance of the lower target extremity (snubber) shall 
be radially within +/~-0.875mm from nominal.

10676

Horizontal Deflections During 
Normal Operation S.03.02-10676

The lower extremity (snubber) shall not deflect in the horizontal 
direction more than +/~-0.5mm during the worst case combination 
of

10677
Vertical Deflections During 
Normal Operation S.03.02-10677

The lower extremity shall deflect in the vertical direction <2mm 
(down) and< 0.2mm (up) during the worst case combination of:

10701
Foot location - Profile S.03.02-10701

The target shall have a profile within +/~- 0.2mm of the nominal 
CAD boundary (at installation)

10732
Foot location - Horizontal 
deflections during normal 
operations S.03.02-10732

The outer boundary of the target assembly at the foot elevation 
shall deflect <0.5mm horizontally during the worst case 
combination of:

10702Foot location - Vertical 
Deflections During Normal 
Operations S.03.02-10702

The outer boundary of the target assembly at the foot elevation 
shall not deflect in the vertical direction more than 3.25mm (down) 
or more than 0.25mm (up) during the worst case combination of:.''

10713
Foot location - Horizontal 
Deflections During Seismic 
Event S.03.02-10713

The outer boundary of the target assembly at the foot elevation 
shall deflect in the horizontal direction <0.25mm beyond any 
imposed displacements between mounting flange and lower 
extremity.

10731

Foot location - Vertical 
Deflection during seismic event S.03.02-10731

The outer boundary of the target assembly at the foot elevation 
shall deflect in the vertical direction < 3.65mm (down) and 
<0.55mm (up) during a seismic vertical force.

http://sts-req.ornl.gov:8080/cb/issue/10792
http://sts-req.ornl.gov:8080/cb/issue/10791
http://sts-req.ornl.gov:8080/cb/issue/10674
http://sts-req.ornl.gov:8080/cb/issue/10676
http://sts-req.ornl.gov:8080/cb/issue/10677
http://sts-req.ornl.gov:8080/cb/issue/10701
http://sts-req.ornl.gov:8080/cb/issue/10732
http://sts-req.ornl.gov:8080/cb/issue/10702
http://sts-req.ornl.gov:8080/cb/issue/10713
http://sts-req.ornl.gov:8080/cb/issue/10731
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MRA requirements

2374MRA Boundary Requirement The MRA nominal boundary shall match the boundary defined 
in the MRA-Target Assembly-Core Vessel Clearance Budget 
Document.

2995
MRA profile tolerance requirement

The MRA shall have an overall profile tolerance of +/- 1mm to 
the ideal boundary after installation

2994

MRA deflections

The MRA outside surfaces shall not deflect more than +/- 
1.5mm from their installed locations under any expected 
loading conditions.
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The error budget clarifies the adjustment needed to achieve 
reasonable fabrication tolerances and shim heights

Target Assembly MRA

Shim height

Bolt clearance

Shaft clearance
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Core Vessel requirements
Mounting 

requirements

Shielding 
Requirement

(Several 
locations)

Snubber attachment 
requirements

MRA attachment 
requirements
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