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ABSTRACT. The National Ignition Facility is a laser fusion
project that will provide an above-ground experimental
capability for nuclear weapons effects simulation. This
facility will achieve fusion ignition utilizing solid-state lasers
as the energy driver. The facility will cover an estimated
33,400 nf at an average height of 5-6 stories. Within this
complex, a number of beam transport structures will be
housed that will deliver the laser beams to the target area
within a 50 iwn rms radius of the target center. The beam
transport structures are approximately 23 m long and reach
approximate heights of 2-3 stories. Low-level ambient
random vibrations are one of the primary concerns currently
controlling the design of these structures. Low level ambient
vibrations, 10~'° gf/Hz over a frequency range of 1 to 200 Hz,
are assumed to be present during all facility operations.
Each structure described in this paper will be required to
achieve and maintain 0.6 firad rms laser beam pointing
stability for a minimum of 2 hours under these vibration
levels.

To date, finite element (FE) analysis has been performed on
a number of the beam transport structures. Certain
assumptions have to be made regarding structural
uncertainties in the FE models. These uncertainties consist
of damping values for concrete and steel, compliance within
bolted and welded joints, and assumptions regarding the
phase coherence of ground motion components. In this
paper, the influence of these structural uncertainties on the
predicted pointing stability of the beam line transport
structures as detennined by random vibration analysis will
be discussed.

1. INTRODUCTION.

The National Ignition Facility (NIF) project will provide an
above-ground experimental capability for maintaining

nuclear weapons competence, for weapons effects
simulation, and to provide a facility that is capable of
achieving fusion ignition utilizing solid-state lasers as the
energy driver. A key feature of this facility is that it will
generate more neutron energy during the fusion process
than the laser energy necessary to initiate the fusion
process. To accomplish the fusion reaction, the facility will
be required to deliver 192 laser beams to the target area
within 50 |im root-mean-squared (rms) radius of the target
center. The energy of the laser beams are first boosted by
repeatedly passing them through amplifiers. Several beam
transport structures are used in this process. The beam
transport structures will house and support focusing lenses,
pointing/reflecting mirrors, filters and amplifiers, and deliver
the beams to the switchyard. The switchyard, in turn, will
redirect each beam to point directly at the target center.

Each structure within the beam transport system will be
required to maintain a 0.6 urad laser beam pointing stability
during the two hour setup time prior to each beam shot. In a
static environment these alignment requirements can be
achieved through modem manufacturing techniques.
However, these structures will be subjected to low-level
ambient vibrations from external sources including traffic
and wind as they filter through the foundation to the beam
transport structures. During such time, low level ambient
vibration levels on the order of 1x 10"10 g2/Hz over a
frequency range of 1 to 200 Hz are currently postulated to be
present during all facility operations. Therefore, random
vibration analyses must be performed to determine if the
pointing stability requirements can be met.

When performing random vibration analyses during the
design phase, prior to any hardware construction, several
assumptions must be made regarding the ground motion
input, the compliance of connections in the structure, the



number of modes to be used in the calculation, the damping
that will be exhibited by the various structural components,
and numerical integration parameters. In this paper, the
results of parameter studies for two of the beam transport
structures, the Periscope and the LM-1, will be summarized
and the sensitivity to the above parameters will be reported.

2. STABILITY CRITERION

The pointing accuracy of the laser is crucial to the success
of NIF. Each component along the beam line can cause the
laser to deviate from its intended target. Therefore, a
stability criterion was developed that would allocate a certain
portion of the total beam alignment tolerance to each beam
transport structure. A breakdown was derived based on the
optical equipment supported by the various structures within
the beam transport system. Structures that support optical
lenses were given a translational allotment and structures
that support optical mirrors were given a rotational allotment.

The two beam transport structures that will be discussed in
this paper are optical platforms that support mirrors only. An
in-plane rms rotation of 0.6 ^rad has been budgeted for the
mirror surfaces supported by these structures. To put this
angular tolerance into perspective, 0.6 urad corresponds to
arc length of 1 mm (0.04 in) at a radius of 1.67 km (1.04
miles).

In addition to the rotations caused by ambient vibration,
other structural considerations must be accounted for in the
total allocation of this alignment budget. Thermal
deformations, foundation compliance, and kinematics
associated with the mirror mounts must be considered along
with some contingency when calculating the pointing
stability of each structure. Therefore, the above 0.6 urad
allocation has been further broken down into several
components that provide an error budget for each of these
aspects. The allocations are as follows:

Ambient Fixed-Base Vibration
Foundation Motion
Thermal
Mount Motion
Contingency

0.37 urad(38%)
0.28 urad(22%)
0.27 urad(20%)
0.19urad(10%)
0.19urad(10%)

These various components of the alignment budget are
assumed to occur randomly, hence, the Square Root Sum of
the Squares (SRSS) method is used to combine these
components to achieve the total allocation of 0.6 urad.

3. PERISCOPE AND LM-1 DESCRIPTION

The Periscope and LM-1 structures are both part of the beam
transport system. Each is an optical platform that will be
required to manipulate the laser using a series of mirrors.
Although separated by some distance, these structures as
well as other structures forming the beam transport system
share a common slab foundation.

The Periscope is approximately three stories high, 22.9 m
(75 ft) long and 9.1 m (30 ft) wide. It will act to lower the laser
approximately one story through a series of mirrors so that it

can be conditioned by a group of amplifiers and filters. The
laser will be required to make several passes through the
amplifiers and filters before returning to its original path.
Therefore, the periscope will have to act as a reflective
medium to return the laser back for two additional passes
through these components before returning the laser on to
the switchyard.

The LM-1 is the last structure in the beam transport system.
It is approximately two stories high, 22.9 m (75 ft) long and 3
m (10 ft) wide. Within this structure ninety-six mirrors are
supported by 24 steel-frame cassettes. The cassettes are,
in turn, supported by a steel superstructure that rests on
concrete support structures. This structure will serve to
provide a reflective medium for the beam line while the laser
power is being amplified.

The geometry of the Periscope and LM-1 are dictated, in
part, by the requirement that the mirror cassettes can be
periodically removed for maintenance purposes. During the
maintenance procedures the cassettes are transported to
and from the respective beam-line structures by motorized
carts. The structural design must provide access for the
motorized carts to the undersides of these structures.

4. FINITE ELEMENT MODELS

Finite element models of the Periscope and LM-1 beam
transport structures were constructed to study the effects
of ambient random vibration response on the pointing
stability. The LM-1 analysis was performed using ABAQUS
[1] on a Silicon Graphics Power Challenge. Pre- and post-
processing of this analysis was done with IDEAS [2]. The
Periscope analysis along with the pre- and post-processing
was performed on a Micron P6 200 MHz PC using
COSMOS/M [3]. A standard problem consisting of a
cantilever beam subjected to three components of random
base excitation was first analyzed with both codes. These
analyses were performed to demonstrate that the random
vibration algorithms in both codes gave the same results.

4.1. MODEL GEOMETRY

4.1.1. PERISCOPE MODEL

The finite element model of the Periscope structure is shown
in Fig. 1. The model has 29,361 degrees of freedom (DoFs).
Eight-node continuum elements were used to represent the
concrete support structure. Four-node shell elements were
used to represent the shear panel roof. Three-node beam
elements were used to represent all steel members within the
structure. All mirror, cassette, utility line and beam tube
masses were incorporated into the model using single-node
mass elements. At this stage of the analysis these masses
were accounted for by lumping the total mass of each
component at the connection points of the component
without incorporating their rotational inertia characteristics
into the model. Because the foundation and the mirror
cassettes have not been explicitly modeled at this point, the
random vibration response can only be compared to the 0.37
Urad ambient fixed-base vibration component of the
allowable rms rotation in the alignment error budget
discussed in Section 2.
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Figure 1. Finite element model of the Periscope Structure.

Steel Superstructure

Concrete Support
Structure

Mirror Cassettes

Figure 2. Finite element model of the LM-1 Structure including mirror cassettes.

4.1.2. LM-1 MODEL

The LM-1 structure is shown in Fig. 2. For this analysis the
mirror cassettes have been modeled in detail as shown in
Fig. 3. The concrete support structures were modeled with
4 node shell elements using a thick-shell formulation. Two
node beam elements were used to model all the steel
beams in the superstructure and in the cassettes. Shell
elements were used to model the mirrors. Spring elements
were used to model mounts that attached the mirrors to

the cassette and that attached the cassette to the steel
superstructure. Kinematic constraints were used to
connect the steel superstructure to the concrete support
structures. The complete model, including cassettes, has
approximately 25,000 DoF's. Because the cassettes
have been modeled explicitly for this structure, the
calculated rms rotations can be compared to an allowable

alignment error budget of 0.42 urad [ Vo.372+O.192 j .
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Figure 3. Finite element model of the LM-1 mirror
cassettes.

4.2. MATERIAL PROPERTIES

The same generic material properties were specified For
both models. Material properties used for steel were :

E^ , = 206 GPa (30,000 ksi),
v^., = 0.28, and

PSM = 780 kg/m3 (0.282 Ibm/in3).

Material properties used for concrete were:

E=OTcre«, = 24.8 GPa (3,500 ksi),
vCOncrO.e = 0.15, a n d
Pconcrete = 232 kg/m3 (145 Ibm/ft3).

4.3. BOUNDARY CONDITIONS

Fixed boundary conditions (translation and, if applicable,
rotation) were applied at the base of the Periscope and the
LM-1. Although soil-structure interaction analyses are
planned for the future, at this time the foundation was
considered to be rigid. Therefore, the results of the
analyses performed to date do not account for the
foundation stability allocation described in Section 2.

4.4. INPUT EXCITATION

Based on ambient vibration response measurements
made at various Department of Energy facilities, a base
input power spectral density (PSD) function with an
uniform amplitude of 1 x10 '10 g2/Hz over a frequency range
of 1 to 200 Hz was considered representative of the
anticipated ambient vibration environment that these
structures will experience. Sources of the ambient
vibration include traffic- and wind-induced motion. The
input is assumed to act in the three principal directions of
the structure. However, the components of the input are
assumed to be phase incoherent (that is, the inputs do not
all reach their peak value at the same time). This phase
incoherence has been experimentally observed for
earthquake excitations [4], but must still be verified for the
NIF-site ambient vibrations.

5. RANDOM VIBRATION ANALYSES

The random vibration analysis capabilities built into two
commercial finite element codes were used in this study.
The general analysis procedure in both codes begins by
assuming that the structure can be modeled using the
standard equation of motion for a base excited system [5]

where [m] is the structure's mass matrix, [c] is the
damping matrix, [it] is the stiffness matrix, {z} is the
relative acceleration vector, {z} is the relative velocity
vector, {z} is the relative displacement vector and {y0} is
the absolute base acceleration vector.

Next, the modal frequencies, con, and the natural modes of
the structures, <|>n, are determined by finding the
eigenvalues and eigenvectors corresponding to the
undamped characteristic equation. The engineer selects
the modes associated with the m lowest frequencies and
transforms the equations of motion into the modal
coordinates associated with these m lowest modes.
Proportional damping is assumed yielding m uncoupled
equations of motion. Composite modal damping is then
specified for each equation as described below by Eq. 8.
The resulting m uncoupled equations of motion are of the
form:

Am+Kmqm=-<iQm, (2)

where q is the response in modal coordinates, £ is the
composite modal damping for mode m, and «0 is the
base acceleration transformed into modal coordinates.

If it assumed that uo =e'M, where i is the complex

constant, and q = H(co)e'°* = H(<o)u0 where H(co) is the

complex frequency response function (FRF), then the

complex FRF can be expressed as

H(co) =

col ~ c
(3)

2$ra>nrcoi

The PSD of the response in modal coordinates is given by

Sq((D) = \H(co)f*Siio(cQ) . (4)

The rms value of the response, q(rms), is then obtained by
numerically integrating the PSD function using the
trapezoid rule

q(rms) =

oo
1/2

SJco)dco (5)



The rms displacement values are then transformed back
into physical coordinate system to yield the actual rms
displacement values that can be compared to the
allowable values specified in Section 2. Obtaining reliable
results is dependent on selecting enough modes to
accurately represent the response of the structure and on
accurately integrating the PSD function.

6. SENSITIVITY STUDIES

Accurate FE modeling of the beam-line structures requires
the typical assumptions that go into almost all FE
analyses regarding appropriate level of discretization, the
appropriate types of elements to be used, and the
accurate simulation of boundary conditions. In addition,
when performing analyses during the design phase,
several assumptions must be made regarding various
physical properties of the structure such as damping.
Also, practical considerations regarding the numerical
analysis procedures require the engineer to make
additional judgments that can potentially influence the
predicted response of the structure. In this section the
sensitivities of the predicted response to these various
assumptions are investigated. This discussion is limited
to the sensitivity analyses performed on the LM-1
structure. Similar sensitivity analyses were performed on
the Periscope.

The general procedure used in this investigation consisted
of establishing a baseline model and then performing
several analyses where the parameter of interest was
varied over a reasonable range of values. In all cases the
sensitivities were determined by comparing the maximum

calculated in-plane rms rotationyflf + d* for nodes

corresponding to the shell elements representing the
mirrors.

The baseline analysis considered three components of
base excitation applied separately in the global x, y and z
directions, respectively. These base excitation
components were considered to be phase incoherent and,
hence, a particular nodal response component (say rms
rotation about the x axis, 6X) was computed by applying a
SRSS combination rule to this nodal component
determined from the various inputs. The total response
can then be expressed as

(6)

where the first subscript refers to the nodal response
component and the second subscript refers to the base
excitation component.

6.1. ASSUMPTIONS REGARDING NUMERICAL
ANALYSIS PROCEDURES

RMS displacements are calculated by integrating the PSD
functions. Hence, the numerical definition of the PSD
functions can significantly influence the calculated
results. Accurate definition of the PSD function will
depend on the number of modes used in the analysis, the
number of points used to define the PSD function, and the

frequency spacing of these points. The dependence of
the calculated area under the PSD curve on the number of
points used to define the PSD and the frequency spacing
of these points is illustrated in Fig. 4. From this figure it is
evident that, because of the curvature of the PSD function
near a natural frequency, the trapezoid integration
scheme employed by the codes used in this study will
always overestimate the area under the PSD curve.

Trapezoid
Approximation
to the PSD

Figure. 4 Errors introduced by trapezoid integration
scheme when uniform frequency spacing and too
few integration points are used to define the PSD.

For the integration of the PSD functions in the baseline
analysis, 20 pts were used to define the PSD between
natural frequencies. Twenty modes were used in this
analysis. A bias factor, p, of 3 was used to concentrate
these points around the natural frequencies. The bias
formula used in ABAQUS [1] to define a frequency, fk,
between natural frequencies at which the PSD is defined is

fk =0. -f2)\y\Vpsign(y). (7)

where y = -1+2{k -1) / (n -1) ; n is the number of frequency
point between natural frequencies; it is the index ranging
from 1 to n; / ; and f2 are the lower and upper frequency
limits of the interval. A bias factor greater than 1
concentrates these intermediate frequency points closer
to the ends of the interval while a value less than one
concentrates the values closer to the middle of the
interval.

6.1.1. SENSITIVITY TO NUMBER OF POINTS
USED TO DEFINE THE PSD AND TO THE
BIAS FACTOR

Figure 5 shows the result of using a bias factor of 1, 3 and
6 to define the intermediate frequencies between a natural
frequency at 15.8 Hz and a natural frequency at 27.5 Hz;
corresponding to the second and third natural frequencies
calculated for the LM-1 structure.

The results of the baseline analysis yielded a maximum
rms in-plane rotation of 0.440 \irad. Increasing the number
of points between natural frequencies that defined the
PSD to 60 reduced this rotation to 0.378 urad (a 14.1%
reduction). Increasing the bias factor from 3 to 6 while
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Figure 5. Definition of a typical PSD using various bias factors.

maintaining 20 PSD points reduced the maximum in-plane
rotation from 0.440 \irad to 0.402 urad (an 8.6%
reduction). When both 60 PSD points were used along
with the bias factor of 6, the calculated rms rotations were
reduced from 0.440 \irad to 0.366 urad (a 16.8%
reduction). A final run was made specifying 100 PSD
points, but no significant change in the maximum in-plane
rms rotation was observed.

6.1.2. SENSITIVITY TO NUMBER OF MODES

The baseline model of the LM-1 structure considered 20
modes in the random vibration analysis. These modes
corresponded to 30.3% of the modal mass is the global x-
direction shown in Fig. 2, 12.4% of the modal mass in the y
direction and 50.4% of the modal mass in the z direction.
For this study sixty points with a bias factor of 6 were used
to define the PSD between natural frequencies. The
maximum in-plane rms response determined from the
baseline analysis was 0.366 urad.

When the number of modes used in the analysis was
increased from 20 to 40, the percentage of the total modal
mass in the x direction increased slightly (from the
baseline model) to 30.8% (a 1.65% increase), the mass in
the y direction increased to 17.6% (a 42.0% increase) and
the mass in the z direction increased slightly to 50.9% (a
1.01% increase). The frequency of the highest mode
increased from 61.6 Hz to 68.2 Hz. However, the
calculated maximum in-plane rms response increased to

only 0.369 urad (a 0.820% increase). Using the first 60
modes increased the percentages of the modal mass to
32.1% of the total in the x (a 5.94% increase), 19.5% in
the y (a 57.3% increase), and 52.2% in the z (a 3.57%
increase). The frequency of the highest mode increased to
72.2 Hz. These changes increased the maximum rms
displacement to only 0.370 urad (a 1.09% increase).

In Fig. 6 the z-displacement PSD, calculated for the node
on the mirror surface that typically has the highest in-
plane rms rotation, is shown. The two curves displayed in
Fig. 6 correspond to the PSD calculated when 20 and 60
modes were used in the analysis, respectively. Figure 6
shows that the 40 additional high frequency modes add
very little to the area under this PSD and, hence, will not
significantly influence the rms displacement calculation.
This figure is consistent with the analytical results
regarding sensitivity of the rms in-plane rotations to the
number of modes. These analyses indicate that the first
20 modes appear to be sufficient to accurately represent
the response of this structure.

6.2. ASSUMPTIONS REGARDING PHYSICAL
PARAMETERS

Before hardware is available for testing, assumptions
must be made regarding several modeling parameters in
the FE analysis. Also, until the improved site is subjected
to its environmental vibration sources, the actual ground
motion inputs can only be assumed. These assumptions
can have a significant impact on the calculated rms



20 Modes

60 Modes

10

FREOUENCY (Hz)

Figure. 6 Changes in a typical PSD when additional modes
are used to define the response.

displacement values. In the subsections below the
sensitivities of the LM-1 calculated response to various
modeling assumptions are investigated.

6.2.1. SENSITIVITY TO ASSUMED DAMPING
VALUES

The damping that these structures will exhibit during low-
level ambient vibrations can only be determined after the
structure is built. The damping values will be dependent
on the LM-1 materials and the structural connections.
Currently, a design value specified at two percent of
critical is being used for the concrete and a design value
of one-half percent is being used for steel.

Composite modal damping is being used in the random
vibration analyses. Modal damping values, £„, are
determined as

(8)

where | a [ m a ] is the portion of the mass matrix
associated with material a normalized by the damping
value specified for that material; Mn is the modal mass
associated with mode n; and <pn is the nth mode shape
vector. This formulation leads to modal damping values
ranging from 0.50% to 0.85% for the first 60 modes of the
LM-1 structure.

In general, there is very little experimental data reported in
the technical literature concerning damping of concrete
structures subjected to low-level random excitation.
Experimental modal analyses performed on concrete
shear wall structures, similar in geometry to the concrete
pedestals used in the LM-1 and the Periscope, show that
the monolithic concrete shear wall will exhibit a modal
damping value of 1% when subjected to low-level random
vibrations [6]. When the baseline model (40 modes, 60
points defining the PSD between natural frequencies with

a bias factor of 6) was modified to specify 1% damping for
the concrete structure, the maximum in-plane nms rotation
calculated for the mirrors increased from 0.369 jirad to
0.382 urad (a 3.52% increase).

Low-level random vibration experimental modal analyses
performed on welded steel structures have indicated that
similar structures may exhibit damping as low as 0.1% [7].
When the damping specified for the steel portion of the
LM-1 structure was reduced from 0.5% to 0.1%, the
maximum in-plane rms rotation calculated for the mirrors
increased from 0.369 urad to 0.543 urad (a 47.2%
increase). When the steel material is assigned a value of
0.1% damping and the concrete is assigned a damping
value of 1%, the maximum in-plane rms rotation calculated
for the mirrors increased from 0.369 urad to 0.585 (irad (a
58.5% increase).

The first mode of the LM-1 structure is shown in Fig. 7.
Examination of the LM-1 mode shapes shows that the
structure is responding with primarily beam-like behavior
of the steel superstructure. The concrete pedestals
remain relatively rigid for most of these modes. This
response is observed in the influence of the steel and
concrete damping values. Clearly, the damping that is
specified for the steel portion of the LM-1 most influences
the calculated response of the structure.

At this point, additional energy dissipation that might
result from the connections of the cassettes to the
superstructure, from the connections of the mirrors to the
cassettes, from the connection of the superstructure to
the pedestals, and for any construction joints that may be
present in either the steel superstructure or the concrete
pedestals have not been investigated.

6.2.2. SENSITIVITY TO PHASE INCOHERENT
GROUND MOTION COMPONENTS
ASSUMPTIONS

The assumption of phase incoherence. of the ground
motion can not be verified for the NIF beam line structures
until the final structure is complete and field
measurements of the local ground motion are made.
However, based on arguments that the ground motion
results from multiple waves having numerous reflections
and refractions along their propagation path, the principal
ground motion components have been considered phase
incoherent. This assumption leads to the use of the SRSS
method of summing the response caused by different
components of ground motion input as described in Eq. 6.
Without this assumption the nodal responses caused by
the different components of ground motion are calculated
as (rotation about the x axis for this example)

(9)

If the ground motion is assumed not to be phase
incoherent, the calculated rms in-plane rotations for the
nodes corresponding to the mirrors increase from 31.5%
to 57.4%. The maximum rms in-plane rotation increased
37.4% when the ground motion components were not
considered phase incoherent.



Fig. 7 First mode calculated for the LM-1 Structure.

6.2.3. SENSITIVITY TO KINEMATIC MOUNT
STIFFNESS ASSUMPTIONS

Currently, the mounts that connect the cassettes to the
steel superstructure have not yet been designed. It is
known that these mounts will only constrain certain degrees
of freedom at specific mounting points. In these preliminary
analyses stiffness values were assumed for the constrained
degrees of freedom. Stiffness values of 0.175 GN/m (1 x 106

Ib/in) were used as a baseline assumption. Values of 17.5
GN/m (1 x 10" Ib/in) and 175,000 GN/m (1 x 1012 Ib/in) were
also investigated. As the stiffness of these springs are is
increased, the joint stiffness becomes a function of the
stiffness of the members supporting the mount.

The general trend found for the LM-1 was that the stiffer
spring caused increased calculated in-plane rms rotations.

By stiffening these connections mass from the cassettes
was coupled into the structure and the inertial forces were
increased. The increased inertial forces were more
significant than the increase in global stiffness of the LM-1
caused by the stiffer mounts.

Further study shows that the optimal stiffness for the
mounts was the lowest value such that the cassettes did not
exhibit a local mode independent of the overall structure.
When the stiffness of the mounts was lowered to 0.0175
GN/m (1 x 10s Ib/in), the structure responded with these local
modes. This result is structure specific. A similar result was
not observed for the Periscope, because the Periscope
mount stiffnesses were more significant than the additional
mass that was coupled to the structure. Therefore, the
stiffer mounts reduced the in-plane rms rotations.
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60
60
60
60

6-
6
6
6

2%
1%
2%
1%

0.50%
0.50%
0.10%
0.10%

0.175
0.175
0.175
0.175

15.6
15.6
15.6
15.6

68.2
68.2
68.2
68.2

30.8
30.8
30.8
30.8

17.5
17.5
17.5
17.5

50.9
50.9
50.9
50.9

3.69E-07
3.82E-07
5.43E-07
5.85E-07

Variations from cassette support spring constants
20
20
20
20

20
20
20
20

3
3
3
3

2%
2%
2%
2%

0.50%
0.50%
0.50%
0.50%

0.0175
0.175
17.5

175,000

15.0
15.6
16.0
16.0

29.3
61.6
71.4
71.5

25.0
30.3
41.5
42.1

14.0
12.4
14.6
14.6

34.6
50.4
53.1
53.2

4.73E-07
4.40E-07
5.64E-07
5.67e-07



TABLE 2

Summary of Sensitivity Studies Performed on the Periscope Structure
No. of
modes

No. of
Integration

Points

Bias Concrete
Damping

Steel
Damping

Cassette
Support
Spring

Stiffness
(GN/m)

1st
Freq.
(Hz)

Last
Freq.
(Hz)

%
Mass

X

%
Mass

Y

%
Mass

Z

Max
In-plane

RMS
Rotation

(rad)
Baseline

75 25 3 2% 0.50% 1.75 15.8 42.7 57.9 21.0 55.6 9.19e-7
Variations from spectrum integration

75
75
75

60
25
60

3
11
11

2%
2%
2%

0.50%
0.50%
0.50%

1.75
1.75
1.75

15.8
15.8
15.8

Variations from number of mode
25
50
75

25
25
25

11
11
11

2%
2%
2%

0.50%
0.50%
0.50%

1.75
1.75
1.75

15.8
15.8
15.8

42.7
42.7
42.7

57.9
57.9
57.9

21.0
21.0
21.0

55.6
55.6
55.6

9.26e-7
9.30E-07
9.22E-07

23.7
32.3
42.7

44.7
48.5
57.9

0.7
20.8
21.0

36.1
40.4
55.6

3.52E-07
7.18E-07
9.30E-07

Variations from material damping (No Cassettes Modeled)
75
75
75

25
25
25

11
11
11

2%
- 1 %

2%

0.50%
0.50%
0.10%

1.75
1.75
1.75

16.2
16.2
16.2

43.6
43.6
43.6

56.5
56.5
56.5

20.5
20.5
20.5

60.6
60.6
60.6

1.81E-07
1.88E-07
3.56E-07

Variations from cassette support spring constants
75
75

25
25

11
11

2%
2%

0.50%
0.50%

1.75
175,000

15.8
15.9

42.7
35.1

57.9
59.8

21.0
21.3

55.6I9.30E-07
62.1 |5.50E-07

7. SUMMARY AND CONCLUSIONS

A summary of the sensitivity analyses that were performed
on the LM-1 structure is given in Table 1. Similar studies
were performed on the Periscope structure and these
studies are summarized in Table 2. These analyses indicate
the sensitivity of the mirror rms in-plane rotations to the
parameters that were investigated. It must be realized,
however, that the quantitative results reported are structure
specific.

The number of modes used in the analysis, the number of
frequency points used to define the response PSDs and the
bias factor that concentrates these frequency points near
the natural frequencies were first studied. The results
obtained from this study yield values of these parameters
that can not be significantly improved upon to yield better
estimates of the rms displacements. Further analyses,
however, could produce a more optimal combination of the
number of frequency points and the bias factor such that
rms displacements of similar accuracy can be obtained in a
more computationally efficient manner.

The assumptions that most influence the calculated rms in-
plane mirror rotations are the damping values assumed for
the steel portion of the structure and the assumption of
phase-incoherent ground motion. Both these assumptions
will require vibration testing of the as-built structures to
accurately determine the appropriate model that will best
represent these physical mechanisms.

Finally, the joint flexibilities of the welded connections in the
steel superstructure have not been investigated. The
current models assume that the joints are rigid. This

assumption will also have to be verified experimentally when
the actual structures are available for testing.
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