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* 
CONCEPTUAL STUDY FOR A LASER DISASSEMBLY DEVELOPMENT UNIT 

J. P .  Carstens and B .  S. Weil 

ABSTRACT 

Severa l  i n h e r e n t  c h a r a c t c r i s t i c s  of l a s e r  c u t t i n g  suggest t h e  

d e s i r a b i l i t y  of  t h e  usage o f  t h i s  technique t o  c u t  metal i n  a ho t  c e l l .  

The s tudy  r e s u l t s  i n d i c a t e  t h e  b a s i c  f e a s i b i l i t y  of laser c u t t i n g  f o r  
t h e  disassembly o f  f a s t  r e a c t o r  f u e l  subassemblies.  Presented i n  t h i s  

r e p o r t  are t h e  r e s u l t s  of t e s t s  performed, a systems a n a l y s i s ,  and a 
conceptual design f o r  a developmental disassembly laser u n i t .  

?'he s tudy  r e s u l t s  i n d i c a t e  t h e  b a s i c  f e a s i b i l i t y  of laser c u t t i n g  

€or t h e  disassembly o f  fast  r e a c t o r  f u e l  subassemblies.  The s t u d y  

involved l a s e r  c u t t i n g  t e s t s ,  analyses  o f  t o o l i n g  systems and o p t i c a l  

components, and t h e  conceptual design of  a disassembly u n i t .  

T e s t s  were run a t  t h e  1 . 5  t o  10 kW powcr l e v e l  u s ing  continuous 

wave CO2 c lcc t r ic  d i scha rge  lasers  i n  t h e  i n d u s t r i a l  l a s e r  t es t  labo- 

r a t o r y  a t  1Jnited Technologies Research Center (UTRC),  East Har t fo rd ,  

Connect icut .  

empty f u e l  rods  with and without 1.5-mm spacer  wire wrapping. 

power, speed, g a s - a s s i s t  j e t  l o c a t i o n ,  gas j e t  s ize,  gas composition, 

l a s e r  beam mode, and system f o c a l  l eng th  were among t h e  parameters 

v a r i e d  i n  t h e  course of t h e  t e s t  work. 

Laser c u t s  were made i n t o  specimens of shroud backed up by 

Laser 

Considerat ion was given t o  a l t e r n a t e  focus head schemes and d i f -  

f e r e n t  guidance arrangements t o  sense t h e  l o c a t i o n  o f  t h e  fuel  sub- 

assembly shroud. 

were eva lua ted ,  and a m i r r o r  d i s t o r t i o n  a n a l y s i s  was performed t o  

a s c e r t a i n  t h e  f e a s i b i l i t y  of u s ing  uncooled copper mi r ro r s .  

was given t o  t h e  "windows" through which t h e  unfocuscd l a s e r  beam could 

be d i r e c t e d  i n t o  t h e  h o t  c e l l .  Also considered was the effect  of laser 

c u t t i n g  on t h e  cell h e a t  load and mass balance.  

Op t i ca l  components f o r  a p p l i c a t i o n s  i n  t h e  h o t  ce l l  

A t t en t ion  

* 
Extracted froiii a f i n a l  r e p o r t  on work under Subcontract  73X-56956V. 

1 



2 

2 il INTRODUCTION 

Oak Ridge Nat ional  Laboratory (ORNL) i s  developing equipment and  

processes  t o  r e c y c l e  f u e l  from f a s t  breeder  r e a c t o r s  and o t h e r  nuc lea r  

f u e l  c y c l e s .  Reprocessing t h e  f i s s i o n a b l e  material contained i n  irra- 
d i a t e d  subassemblies i nc ludes ,  as i n i t i a l  s t e p s ,  removing t h e  o u t e r  

shroud from t h e  f u e l  rods and shea r ing  the f u e l  rods as a bundle inLo 

s h o r t  l eng ths .  This f a c i l i t a t e s  chemical leaching of the f i s s i o n a b l e  

rnateri a1 from t h e  remaining m e t a l l i c  waste. 

A t y p i c a l  f a s t  breeder  r e a c t o r  fuel subassembly c o n s i s t s  of 6-11m- 

diam f u e l  rods con ta in ing  t h e  fissionable m a t e r i a l .  

with 1.5-rrun-diam spacer  wire ,  arranged i n t o  a 217-rod bundle,  and 

enclosed i n  a 5-mm-thick hexagonal shroud, as shown i n  F i g .  2 . 1 .  

Each rod i s  wrapped 

For  some time, w~1.k has  been under way i n  Great B r i t a i n  and France 

t o  develop l a s e r - c u t t i n g  concepts  for  nuc lea r  €uel disassembly. I n  

c 
I- 

/’ ,/’ , ’ ,  , , 

i WIRE ‘WRAP 
t422m-m ( O 0 5 6 1 n )  DIA 

,, 4778 crn 178” 1 PITCH ,I 

FUEL 5 842 mm ROO I O  2M m I DlA 

2!7  RFQ’D 

II 62 Crn ( 4  575 ,”  1 
HEX DIJCl TIJOF 
3 0 4 8 m m  I D 1 2 O ~ n )  WALL 

I 
i 

Fig.  2 . 1 .  Dimensions of CRBR co re  f u e l  subassembly. 
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Britain, development has rcsulted in two 400-W laser systems that remove 

upper and lower end hardware, open canisters, and also remove sections 

of  shroud prior to complete di~assembly.l-~ Both of these systems are 
cxpected to be in Eull operation, processing the prototype fast reactor 

fuel, by the spring of 1979. A report from France outlines the results 
of test cuts at the 250- to 750-W power level and presents a preliminary 
systcm concept for a laser-cutting system in a hot celle4 

references indicate that laser cutting of nuclear fuel subassemblies is 
under careful cxamination in Europe. 

These few 

Although some previous work has considered the use of pulsed and 
1019-powered C02 lasers for cutting and welding nuclear fue l  rods during 
postirradiation examination, 

consideration of high-power cw C02 laser cutting of fast breeder reactor 

fue l  subassemblies perforiiied in the United States. 

this report is the first systematic 

The following environmental problems and system design criteria 

were established by O W L  to evaluate any cutting technique for removing 

the outer shroud prior to shearing.7'8 

The amount of dross, o r  cut material lost to the general environment 
of the hot cell, should be minimized. 

Thc amount of fissionable fuel  (contained insidc the fuel rods), 
vaporized or  otherwise lost to the hot-cell environment, should 
be minimized. 

The cutting system must bc capable of reliable remote operation 
and maintenance while performing in a gamma-radiation environment 

of 5 x lo6 rd/h with possible fuel subassembly temperatures in 

the range of 260 to 520'C (ambient temperature in the hot cell is 

20 to 40'C). 

The expendables required by the cutting system, including degradable 

components, gases, and fluids, should be minimized so as not to 
add significantly t o  the decontamination and waste conditions 

already inherent in the disassembly opcration. 

The cutting system should be of a modularized design to facilitate 

remote removal and replacement of any portion of the system. 
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Several  i n h e r e n t  c h a r a c t e r i s t i c s  o f  l a s e r  c u t t i n g  suggest the 

d e s i r a b i l i t y  o f  t h e  usage of  t h i s  p rocess  t o  cu t  iiietal i n  a hot  c e l l .  
These aTe: 

No f o r c c  i s  exe r t ed  on t h e  subassembly by the  c u t t i n g  process 
it s e  3. f . 
Compared t o  o t h e r  iiietal removal techni-ques, t he  amount of  materi-a1 

vaporized o r  l o s t  as s l a g  from t h e  c u t  r eg ion  i s  minimal, due t o  
t h e  c h a r a c t e r i s t i c a l l y  small k e r f  of laser  c u t t i n g .  
The l a s e r  c u t t i n g  process  can be r e a d i l y  automated by s u i t a b l e  

iiiclexing o f  t h e  beam t r a n s f e r  and focusing mi r ro r s  ~ 

The laser i t s e l f  can be loca ted  o u t s i d e  t h e  hot  ce l l ,  which g r e a t l y  

reduces t h e  complexity of t h e  laser c u t t i n g  system i.n t h e  hot  c e l l .  

I n - c e l l  system components can be r e l a t i v e l y  small, easy t o  maintain,  

and t o l e r a n t  of t h e  r a d i o a c t i v e  and c o r r o s i v e  environment i n  the 

hot  c e l l .  

Determination o f  t h c  e x t e n t  t o  which these inhe ren t  advantages can 

be achieved i n  an a c t u a l  l a s e r  c u t t i n g  system i s  .the major goal  of  t h e  

work r epor t ed  he re .  
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The purpose o f  t h e  work repor ted  lierein i s  t o  evaluate t h c  m e r i t s  

of t h e  laser f o r  the  c u t t i n g  of r e a c t o r  fue l  subassembly shroud, This  

irivolves making a c i r cumfe ren t i a l  c u t  a t  onc cnd of  thc  subnssenibly, a 

long i tud ina l  c u t  t o  t he  o t h e r  end of the subassembly, and then a second 
c i r cumfe ren t i a l  c u t  a 'lhe approximate loca t ions  u f  t hese  cuts i n t o  t h e  

.'J-mnm-thick, type 316, 20% cold-worl, s t a i n l e s s  s tee l  shroud a m  shorn? iu 

Fig .  3.1. 

FUEL ROD ASSEMBLY TURNED 
I REVOLUTION AT EACH CUTTING 

/- POINT 

I 

1,CIRCUMFERENTIAL CUT AT A 
2. TRAVERSE SLITTING TO 0 
3.CIRCUMFERENTlAL CUT AT B 
4. TRAVERSE RETURNING TO A 

\.\ .-, c 
.I: 

Fig.  3 . 1 .  Laser c u t t i n g  scena r io .  
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4 .  LASER CUT'I ' ING TESTS 

4 . 1  Object ive 

A s  shown i n  Fig.  2 . 1 ,  t h e  hexagonal shroud i s  made of 3-nm-thick 

s t a i n l e s s  s t e e l ,  For spacing when packed i n t o  t h e  ~ h r o u d :  the f u e l  rods 

are wrapped with 1.5-nun-diam wire  us ing  a 10-cm p i t c h .  IIowever, warpage 

o f  t h e  rods during i r r a d i a t i o n  i n  t h e  r e a c t o r  can f o r c e  t h e  rocls i n t o  

d i r e c t  con tac t  with t h e  shroud i n  random reg ions .  

Laser c u t t i n g  t e s t s  werc conducted t o  determine t h e  f e a s i b i l i t y  of 

c u t t i n g  a n u c l e a r  f u e l  subassembly shroud without punctur ing t h e  cladding 

of  t he  i n t e r i o r  oxide bear ing f u e l  rods ,  

4 . 2  Laser Test  Equipment 

The l a s e r  c u t t i n g  experiments desc r ibed  i n  t h i s  r e p o r t  were con- 

ducted on two mul t ik i lowa t t  CO;1 lasers loca ted  at- t h e  U?'RC fac . i . l i ty .  

The majori-ty of t h e  c u t t i n g  was perforiiied on a l a s e r  equipped with 

unstab1.e r e s o n a t o r  o p t i c s .  

d i s t r i b u t i - o n  i n  t h e  shape of  an annulus (no laser power over an i n n e r  
diameter of t h e  laser beam). The remainder o f  t h o  work was conducted 

us ing  a l a s e r  whose beam i n t e n s i t y  d i s t r i b u t i o n  i s  gaussian ( i . e . ,  

peaked a t  t he  beam c e n t e r l i n e ) .  

This  produces an output  1)eaIii with an i n t e n s i . t y  

4 . 3  Procedure 

Laser c u t t i n g  t e s t s  were conducted by c u t t i n g  through 3-mm-thick 

simulated shroud s e c t i o n s  of  t ype  304 s t a i n l e s s  s t e e l  with 6-im-diam, 

0.4-nm wall tubes loca t ed  d i r e c t l y  under t h e  beam impingement po in t .  
The tubes were loca ted  i n  e i t h e r  direct s u r f a c e  coritact  with the p l a t e  

material o r  spaced away from t h e  p l a t e  hy wire. 

a l s o  performed t o  demonstrate a dummy fuel  pin cancept by using a s o l i d  

rod under t h e  s t a i n l e s s  steel p l a t e .  

Some c u t t i n g  t e s t s  were 
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4.4 Laser Test Variables 

The laser cutting process variables evaluated as part of this 

program arc listed and arc illustrated in Fig .  4.1. 
these variables are not independent, but have a strong dependence on one 
anothcr . 

Optimum valucs of 

ORNL O W G .  78.19439 

TEST VARIABLES- 

r F O C U S l N G  MIRROR 

JET ASS1 

LASER BEAM 

3 mrn - THICK 
STAINLESS STEEL 

rnm - DIA. I 0.4 mm 

-LASER BEAM 

3 mrn - THICK 
STAINLESS STEEL +---- ;'' 2 

- DIA, I 0.4 m m  
WALL TUBE 

VARIABLES -____ 
POWER 
% E L s i s r  

OIAMETER 
PRESSURE 
POSlflOnl 
ANGLE 
GAS 

FOCAL LENGTH 
ANGLE OF INCIDENT 
LASER BEAM MODE 

UNSTABLE RESONATOR 
GAUSSIAN 

INNER ATMOSPHERE 

Fig. 4.1. Laser cutting process variables. 

4.4.1 Power and speed 

Laser power and speed are closely related, especially under condi- 
tions where the depth of cut must be accurately controlled to cut through 

the shroud without puncturing the fuel rod cladding. 

cutting tests, power and speed parameters were obtained by making trial 
cuts in shroud material until it was just severed; then these parameters 

were applied to a fixtured shroud-tube combination. For various test 
conditions and shroud-tube combinations, power was varied from 1.5 to 

10 kW, and cutting speed was varicd from 50 to 290 cpm. 

Prior to the 
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4 . 4 . 2  Gas- j e t  assist 
. . .- .-- 

For e f f e c t i v e  l a s e r  c u t t i n g ,  a g a s - j e t  assist i s  normally employed 

t u  he lp  remoue vapors and inolten ma te r i a l  from t h e  c u t  formed a t  t h e  

beam impingcrnetit p o i n t .  'The j e t  ass i s t  i s  a s m a l l  tube pos i t i oned  t o  

angle  i t s  high v e l o c i t y  gas stream a t  t h e  beam ilnpiiigeinent p o i n t .  

Assuming t h e  j e t  assist a d  l a s e r  beam a r e  s t a t i o n a r y ,  tlie j e t  a s s i s t  i s  
most e f f i c i e n t  i n  removing m a t e r i a l  whcri t h e  horizontal component of the 

gas j e t  d i r e c t l y  opposes t h e  d i r e c t i o n  of workpiecc motion. 
The v a r i o u s  g a s  compositions t e s t e d  iiieluded a i r ,  oxygen, 50% 

oxygeai-50% n i t r o g r n ,  n i t rogen ,  helium, and COz . 

4 .4 .3  F/number 

Laser c u t t i n g  r e s u l t s  a r e  s t r o n g l y  inf luenced by t h e  f/nuiiiber of 

The f/number i s  def ined as t h e  f o c a l  t h e  l a s e r  beam-focusing system. 

leiigtli of  tlie focusing o p t i c s  (F.L.) d iv ided  by the unfocused beam 

diameter [D) a t  t h e  focus-i-ng optics (f/number = F . L . / D ) .  In gene ra l ,  

low f/nurnbe-r:.r, r e s u l t  i.n a h ighe r  i n t e n s i t y  a t  t h e  f o c a l  p o i n t ,  but  a 

s h o r t e r  depth of  f i e l d  ( i . e o 9  beam i n t e n s i t y  dec reases  r a p i d l y  as t h e  

workpiere l o c a t i o n  v a r i e s  from t h e  exact  f o c a l  l eng th  of t h e  focusi-ng 

mir ror ) .  Systems w i - t h  l a r g e  f/nuinbers have a lower beam i n t e n s i t y  a t  

t h e  f o c a l  p o i n t ,  but  a g r e a t e r  depth of f i -e ld .  Experimental resiults 
have shown t h a t  f o r  most m a t e r i a l s  l e s s  t han  6 - n ~  thi.ck, a system with 

an f/nunber between 4 and 6 produces t h e  bes t  r e s u l t s .  

s u b s t a n t i a l  numbzr of  -the c u t t i n g  t.ests were conducted us ing  a 30-cm- 

f o c a l - l e n g t h  mi r ro r ,  which r e s u l t e d  i n  an €/number of 5.3.  Also, s eve ra l  

t es t s  were conducted usiiiy a 46-cm-focal-length mir ror  [f/nurnber = 91, 

and a 51-nun-.focal-length mi r ro r  (f/numher = 10) was employed fou  t e s t s  

where a t t empt s  were made ' to c u t  a corner  from t h e  hexagonal shroud. 

There.Eore, a 

4.4.4 Angle o f  incidence - .. .- .- 

Although i n s s t  t e s t s  were run with t h e  laser beam normal t o  t h e  

workpiece s u r f a c e ,  s e v e r a l  c u t s  viere made w i t h  t h e  l a s e r  beam a x i s  

o r i e n t e d  a t  a 45' ang le  t o  t h e  s u r f a c e  (see Fig. 4 . 2 C ) .  'The r a t i o n a l e  
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3mm PLATE 

::> 
. . .. .... 

-. . . . . . . . .. 
WIRE SPACER 

OD 
A6 a1 NO SPACER 

1.3rnrn 
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3mm PLATE alNO SPACER 
b) SPAC€R 

bl SPACER 

C. 0. 
kits* 

I250 

) @  = 30" 
99 = 5" 

b) SPACER 

... big .  4 . 2 .  Cut t ing  t e s t  conf igu ra t ions  

behind t h e s e  t e s t s  was t h a t  t h e  e f f e c t i v e  wal l  th ickness  of t h e  under- 

l y h g  f u e l  p i n  tube  would be t h i c k e r  when approached a t  an angle .  

However, because o f  t h e  a d d i t i o a a l  energy requi red  t o  cut. through t h e  

(a l so)  t h i c k e r  shroud, i t  was not  p o s s i b l e  t o  prevent  puncturing t h e  

tube w a l l  e 

Another conf igu ra t ion  t e s t e d  t h e  a r e a  where t h e  l a s e r  beam a x i s  was 

or i .ented a t  an angle  t o  t h e  shroud su r face  and involved at tempts  t o  c u t  

t h e  corner from t h e  hexagon as shown i n  Fig.  4 . 2 U .  Two c'j.fferent angles  

(i.emg 5 and 30') were t e s t e d  with similar r e s u l t s .  When t h e  l a s e r  beam 

broke through t h e  shroud wal l ,  t h e  j e t  stream was d i s tu rbed ,  r e s u l t i n g  

i n  severe  damage and t h e  punctu.ring of  the f u e l  rod cladding.  

4.4..5 B e a m  mode 

A l l  c u t t i n g  t e s t s  except  the corner c u t s  were conducted us ing  a 
laser with u n s t a b l c  r e sona to r  opt ics .  As descr ibed  above, t h e  output  

beam From u n s t a b l e  r e sona to r  o p t i c s  has an annular  shape. 

beam p r o f i l e  a l lows t h e  unfocused beam t o  be turned  onto t h e  focusing 

'This annular  
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mir ro r  and then focused d i r e c t l y  back through a hole  i n  t h e  t u r n i n g  

m i r r o r ,  as shown i n  Fig.  4 . 3 .  This  focusing arrangement avoids  any oEf- 

a x i s  a b e r r a t i o n s  i n  t h e  focused beam, and t h e r e f o r e ,  p m v i d e s  a high- 

i n t e n s i t y  spo t  f o r  c u t t i n g .  

gaussian beam mode than  i n  t h e  annular  beam, and so  t h i s  gaussian beam 

was chosen t o  make t h e  corner  c u t s ,  

Sonewhat higher  power was a v a i l a b l e  i n  t h e  

4.4.6 Purrre 

FOCAL 
LENSTLI 

I ....... 

Fig. 4 .3 ,  

= L A T  M l R R O l  

.VORKPIEtE 

Laser c u t t i n g  focusing o p t i c s .  

F i n a l l y ,  c u t t i n g  t e s t s  were conducted 

shroud and around t h e  f u e l  rod purged w i t h  

wi th  t h e  space underneath t h e  

argon, F ig .  4 . 2 .  Argon g a s  

r e a d i l y  i o n i z e s  i n  t h e  presence of a h i g h - i n t e n s i t y  lascr beam and forms 

a plasma. 

moderates panet ra t ion  i n t o  a s u r f a c e  underneath i t ;  thus ,  it. was E e l t  

t h a t  argon might prevenL rod punctur ing.  

d i d  no t  r e s u l t  i n  rod puncture when rods  were wire-spaced from the  

shroud, t h e  cladding was punctured during d i r e c t  con tac t  tes ts  

This plasma absorbs t h e  energy of t h e  laser beam and g r e a t l y  

While t h i s  t e s t  conf igu ra t ion  

4 .5  ' l es t  Resu l t s  and Discussion 

The r e s u l t s  o f  t h e  c u t t i n g  tes ts  a r e  summarized i n  Table 4 . 1 .  

'These t e s t s  show t h a t  c u t t i n g  cannot be accomplished without p e n e t r a t i n g  



Table 4 .1 ,  Laser disassembly developirient u n i t  - lascr c u t t i n g  r c s u l l s  

(See Figa.  4.2 and 4 . 7  f o r  j e t - a s s i s t  c o n f i p r a t i o n s  and t e s t  c o n f i p u r a t i o n s )  
......................................................................... 

_I_ 

Test  Focal . Je t -ass i - s t  .Jet- 
Sample c o n f i g u r a t i o n  Power Speed l e n g t h  c o n f i p r a t i o n  a s s i s t  

( s e e  Fig. 4) (kW) (ipm) ( i n . )  (see Fig. 3) gas 
__ 
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2 
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60 

60 

65 
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35 

35 
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70 

70 

70 

75 
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45 

20 

20 
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30 
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30 
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30 

30 

30 

30 

30 

30 

30 
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12 

12 
12 

12 

12 
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12 

12 

12 
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12 
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12 
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18 
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20 

20 

20 

20 

20 

1 2  

12 
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12 

1 2  

12 

12 

12 

A.b 

A.b 

A . C  

A.  b 

A. b 

A.b 
A.b 

A.a 

A.a 
A. a 

A . a  

B.a 

B.b 

B.b 

B.b 

B.b 
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B.b 

B.b 
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B.b 
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C .  

C. 

C .  

C. 

C. 
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B.b 
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B.b 
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02 
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50  
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50 

50 

50 
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50 
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50 

50 

50 

50 
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50 

50 

50 

50 

50 

50 
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i n  Contact w i t h  p l a t e  

remainder undamaged f i x t u r i n g  
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d i r e c t l y  under beam 

t ions new f i x t u r e  

Tube c u t  through on one end; 

Burned through tube  where tube  

Tube c u t  through i n  some loca- 

No p e n e t r a t i o n  through tube wall  

Uniform pcr fora t ior i  of tube  wall  
Severe c u t t i n g  of tube  wall  

P l a t e  no t  r p i t e  c u t  a l l  t h e  way; 
one h o l e  i n  tube  

Yo damage t o  tube  wal l  - wire  
nicked 

Tube p e r f o r a t e d  i n  s p o t s  

Tube hodly p e r i o r a t e d  

Tube p e r f o r a t e d  b u L  nut  a s  bad a s  

Tbrough a t  beginning only  -r tube  

Tube badly c u t  a t  beginning - p a r t  

Tube c u t  through where beam Cut 

One p l a c e  not c u t  through n l l  t h e  

Complete c u t t i n g  of wall - p i e c e  

P l a t e  c u t  through - s l i .gh t  damage 

OC8-36 

welded t o  p l a t e  wal l  

f i x t u r e d  oil angle  

through wall  

way; e a s i l y  broken a p a r t  by hand 

f e l l  a p a r t  i n  hand 

t o  t u b e  s u r f a c e  but  n o t  c u t  
through 

S l i g h t l y  o f f  focus - penet ra ted  
through p l a t e  in a few s p o t s  
only - hole5 i n  tube  

? l a t e  Cut through - tube  per fo-  
r a t e d  

P l a t e  c u t  through except i n  a 
couple of spot.s - t u b e  ps r fo -  
rn tud  i n  s e v e r a l  s p t s  

Tube completely destroyed where 
beam c u t  through p l a t e  

P l a t e  c u t  i.n h a l f  .- tube s l i t  i n  h a l f  

P l a t e  n o t  q u i t e  c u t  tlirough every- 

P l a t e  c u t  through - tube  s l i t  

where - tube per fora ted  
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a f u e l  rud that  i s  d i r e c t l y  ad jacen t  t o  t h e  shroud. I f  t h e  f u e l  rod i s  
spaced from t h e  shroud by a 1.5-mm wirc  wrap, c u t t i n g  cond i t ions  can be 

achieved such t h a t  t h e  fuel. rod i s  not  pene t r a t ed .  If a dummy f u e l  rod 

can be provided t o  absorb t h e  l a s e r  energy and s h i e l d  t h e  o t h e r  f u e l  

rods,  a r a t h e r  widc rarige o f  c u t t i n g  parameters could be used t o  sever  

t h e  shroud without aFFecting any of  the f u e l  rods.  

4 . 5 . 1  I n i t i a l  t e s t i n g  

I n i t i a l  tes ts ,  as noted i n  t es t  conf igu ra t ion  A of Fig.  4 . 2 ,  con- 

s i s t e d  simply of p l ac ing  two 3--rllrn.-thick s t a i n l e s s  s t e e l  p l a t e s  t o g e t h e r ,  

e i t h e r  i n  con tac t  w i t h  one another  o r  spaced by shims. 

c u t t i n g  c h a r a c t e r i s t i c s  on damage t o  t h e  underlying m a t e r i a l  was inuiie- 

d i a t e l y  evident  as a r e s u l t  of t h e s e  cu r so ry  t e s t s .  T h i s  i s  i l l u s t r a t e d  

i n  F i g .  4 . 4 ,  a comparison of spaced and unspaccd specimens c u t  a t  3 . 5  kW 
and 178 cpm. A s  noted i n  F i g .  4 . 4 ,  t h e  unspaced specimen, NV 29-35, 

The e f f e c t  of 

ORNL PHOTO 0558-79 

SAMPLL NO. NV 29 35 

SAMPLE NO. N V  29-36 

Fig.  4 . 4 .  Resu l t s  o f  p l a t e - a n - p l a t e  laser c u t ,  
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e x h i b i t s  a deep scar i n  t he  underlying p l a t e ,  c e r t a i n l y  of s u f f i c i e n t  

depth t o  puncture  fuc l  c ladding.  The spaced specimen, NV 29-35, how- 

ever, i s  e n l y  s l i g h t l y  s c a r r e d  t o  a depth which would n o t  p e n c t r a t e  t hc  
cladding.  A s  mentioned above, the power-speed combination f o r  both cuts  
was a d j u s t e d  t o  be enough t o  j u s t  p e n e t r a t e  t h e  upper p l a t e  t h i ckness .  

Following t h e  p re l imina ry  p l a t e - o n - p l a t e  t c s t s ,  a t t e n t i o n  was 

d i r c c t e d  toward c u t t i n g  tests with a plate-on-rod c o n f i g u r a t i  on, with 

and without wire space r s  as shown i n  Fig.  4 .2B.  

rod t c s t s  were conducted by t ap ing  the rod t o  t h e  p l a t e  bottom. 

f i x t u r i n g  technique proved t o  be i n e f f e c t i v e  because t h e  tube  sometimes 

moved a f t e r  alignment and was riot d i r e c t l y  under t h e  beam c e n t e r l i n e  

du r ing  t h e  c u t .  "lierefore, t h e  f i x t u r e  shown i n  F i g .  4.5 -was f a b r i c a t e d  

and used f o r  t h e  remainder of  t h e  tests. 

I n i t i a l  plate-on-empty- 

This  

ORNL PHOTO 0559-79 

Fig. 4 . 5 .  Laser c u t t i n g  f i x t u r e .  
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4.5 .2  Power and speed t e s t s  

Subsequent t e s t s  i nd ica t ed  that t h e  least  amount o f  damage t o  t h e  

underlying c l a d d i n g  cou ld  be obtained a t  lower powcr and speed, 
aid unspaced specimens ( D C  5-35 aml DC 5-.34) ciit at 1.5 kW and 50 cpm 
are! sho\\il in F i g .  4 .6 .  

Spaced 

NO punctur ing of t he  cladding occurred w i t h  the 

O R N L  PtHOTO 0560-79 

SAMPLE NO. DC5 -34 NO W I R E  SPACER 

. ..,..y .....,. I...,.” ...,. .. ._.. ’. ’..* , ,....I. .. I. .. .,,. . . . ~  .....,,,.,,...,,., I .,.,. ~, ,~ . ...,....,.,..., ,- 

SAMPL F NO, DC5 33 W I  T H WIRE SPACFR 

Fig. 4 .6 .  Lasei ( l i t  specixens cut a t  1.S kW and 50 cpm. 
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spaced specimen, b u t  t h e  f l u s h  (unspaced) claclding was uni formly punc- 
t u r e d .  Close i n s p e c t i o n  O F  t h e  spaced specimen showed t h a t  t he  wire 

spacer  was nicked by t h e  bearn and that t h e  tube  surface was s l i g h t l y  

s c a r r e d ,  Th i s  i n d i c a t e s  t h a t  a c c u r a t e  c o n t r o l  o f  power, speed, and work 
distance would have t o  be mai.ntai.ned w h e n  cu.t.ting Lhrongh a shroud with 

wire-spaced rods ,  because s l i g h t  cha.niges i n  these parameters could 
result i n  punctur ing the cI.adding o r  .iraComj>Ietc p e ~ l e t r a t i o n  of .tile 

shroud. Rased on t h e s e  axid similar  t e s t  resi-ilts, -it i s  esthnated -that 
speed and power must be maintained w i t h i h  -t5% o f  s e t  va111c and t h a t  work 

d i s t a n c e  must be maintained wi th in  0.5 mm f o r  a system with an ffnimber 

of  4 t o  6. 

4 . 5 . 3  Gas j e t - a s s i s t  t e s t s  

As noted i n  F i g -  4 - 1 ,  vari .a.bles associ.ated. wi.th the jet assis t  t h a t  

were eva lua ted  inc lude  dianieter,  pressure, position, angle  o f  incidence,  

and gas  composition. 

F i g .  4 . 7 .  While s a t i s f a c t o r y  c u t s  could be obtained w i t h  a l l  j e t  

diameters ,  most of -the expesimsnt.:xl work was j?er:Fol*n,ed us ing  t h e  3-mm- I D  

tube o r i e n t e d  a t  an ang le  o f  approximately 30’ t o  t h e  workpiece s u r f a c e  

and l o c a t e d  11 mm from t h e  beam irnpiixigement po in t  A 

allowed t h e  grea’ tes t  t o l e r a n c e  t o  small placement e r r m s ,  and t h e  j e t  

was n o t  fou led  by d e b r i s  emanating from the cut. Smaller diameter j e t s  

have t h e  advantage of r e q u i r i n g  less gas flow for c u t t i n g .  

The di.ffen:ent c o n f i g u r a t i o n s  t e s t e d  arc: shown i n  

‘l’liis conf igu ra t ion  

However, 

they do r e q u i r e  more a c c u r a t e  placement and n u s t  be loca ted  clot-- 3cr t o  

t h e  beam impingement p o i n t ,  where t.hey a r e  subjec t  t o  foudirig. 
Gas p r e s s u r e  was varied bet.ween 0.97 and 7 . 2  kPa i n  p re l imina ry  

tes ts .  
above 2 a 4 kPa;  consequent ly ,  m s t  t e s t s  were c ~ n d u c t e d  a t  t h a t  p r e s s u r e .  

For many l a s e r  c u t t i n g  appl.i.cations, it has been found t h a t  maxirnum 
c u t t i n g  performance i s  obtained when t h e  arighe between t h e  h igh -ve loc i ty  

gas stream and ,the workpiece s u r f a c e  (8 i n  Fig. 4.1)  i s  maxi.mized. For 

t h e  p r e s e n t  a p p l i c a t i o n ,  where it i s  d e s i r a b l e  t o  terminate the c u t t i n g  
a c t i o n  af ter  breaking through t h e  shroud mater ia . l ,  it was found t h a t  a 

more shal low ang le  produced b e t t e r  results An angle  of a.pproxinmtely 

No s i g n i f i c a n t  c u t t i n g  advantage was demonstrated a t  p re s su res  
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ORNL O W G  78-  1946.0 

A .  

I 5 m m  D I A  % 
Cu TU56MG 

rn D I A  ID 

a1 X * 5 nm 
b l  X = 11 mm 

2. I I 

5 mm DPA. OD NOZZLE 
2 mm MA.. ID 

Fig. 4 . 7 .  J e t - a s s i s t  con f igu ra t i ans  

30° allowed room f o r  p o s i t i o n i n g  the  j e t  and helped a r r e s t  p e n e t r a t i o n  

i n t o  t h e  fue l  rod cladding.  

The e f f e c t  of  var ious  j e t - a s s i s t  gases on laser c u t t i n g  c h a r a c t c r -  

i s t i c s  was a l s o  i n v e s t i g a t e d ,  Most of tlic c u t t i n g  s t u d i e s  were conducted 

us ing  compressed a i s ,  s i n c e  it i s  inexpensive and i s  r e a d i l y  a v a i l a b l e ;  

t o  add completeness, t h e  c u t t i n g  c h a r a c t e r i s t i c s  of  n i t rogen ,  oxygen, 

50% oxygen-50% n i t rogen ,  helium, arid carbon d iox ide  were evaluated.  In 

p a r t i c u l a r ,  mixtures  of oxygen and n i t r o g e n  were evaluated t o  determine 

i f  g r e a t e r  amounts of oxygen would r e s u l t  i n  a depth of  cut t h a t  could 

be more uniformly c o n t r o l l e d .  For a l l  of t h e s e  t e s t s  a rod d i r e c t l y  

contacted t h e  p l a t e  specirncn, as s h o m  i n  Fig.  4.2B(a). Specimens c u t  

using 100% oxygen, SO% oxygen-SO% n i t rogen ,  a i r ,  and pure n i t r o g e n  are 
shown i n  Fig.  4 .8 .  Note t h a t  with pure oxygen, t h e  rod was almost 

completeely consumed when t h e  l a s e r  beam broke through t h e  ove r ly ing  

p l a t e .  This  e f f e c t  i s  t y p i c a l  of  laser  c u t s  using pu re  oxygen. Although 

badly damaged, t h e  rod a f f e c t e d  by t h e  c u t  u s ing  a mixture of 50% 
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oxygen-50% n i t r o g e n  was n o t  as badly consumed as t h e  rod a f f e c t e d  by t h e  

c u t  with pu re  oxygen, 

i n d i c a t e s  t h e  e f f e c t  of  an oxygen-rich c u t t i n g  gas .  

ai.r i n  t h e  j e t  assist  exh ib i t ed  uniform p e r f o r a t i o n  of  the tube wall as 
p rev ious ly  desc r ibed ,  while t h e  specimen shown i n  Fig.  4 . 8  ( cu t  with 

pure n i t rogen)  exh ib i t ed  seve re  s c a r r i n g  of t h e  tube wall with occas iona l  

p e r f o r a t i o n s .  Also, t h e  k e r f  walls of t h e  n i t rogen-cu t  specimen were 
s u b s t a n t i a l l y  c l e a n e r  when compared t o  those  of specimens c u t  i n  pure 

oxygen of oxygen mixtures .  In s t ead  of t h e  c h a r a c t e r i s t i c  s l a g  a t  t h e  

bottom of  tlie cu t ,  t h e s e  specimens contained t enac ious  metal f i n g e r s  

both on t h e  bottom of  t h e  p l a t e  and on t h e  tube  wal l .  

Howwer, t h e  seve re  damage t o  both of t h e s e  rods  

specimens c u t  u s ing  

A specimen cut us ing  carbon d iox ide  i n  tlie j e t  assist i s  shown i n  

F igs  4 .9 .  The p e r f o r a t i o n  o r  s l i t t i - n g  o f  t h e  tube wall i s  similar t o  

t h e  r e s u l t s  obtained i n  a i r ,  with t h e  except ion t h a t  t h e  ke r f  walls were 

s u b s t a n t i a l l y  c l e a n e r  and much less s l a g  ex i s t s  a t  tlie bottom of t h e  

c u t .  

The speci-men c u t  u s ing  heliurii gas (Fig.  4.10) r equ i r ed  s u b s t a n t i a l l y  

more power a t  .the same c u t t i n g  speed than  was requ i r ed  f o r  specimens c u t  

ORNL PHOTO 0562-79 

SAMPLE NO. JN4-52 

F i g .  4.9. Laser c u t  us ing  C02 j e t  assist. 
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SAMPLE NO. J N 4  47 

Fig. 4.10. Laser cut using I-Ie jet assist. 

using 0the.r gases; even though the tube was severely perforated, the 

plate was not completely severed. 

4.5.4 Focal length test 

Cuts made using an 18-in.-focal-length mirror (finumber = 8 )  did 

not  produce satisfactory c u t t i n g  results. In fact, specimens cut with 

the rod wire-spaced from the plate could not  be cut without perforating 
the cladding, even when argon was added in the spaces between the rod 

and the plate. 

4.5.5 Incident angle tests 

Figure 4.11 shows specimens which were cut with the laser beam 

centerline making a 45" angle to the shroud surface [i.e.j test config- 

uration C, Fig.  4.2). The fuel rod cladding i n  specimen DC 7-21, which 

was spaced, was punctured in one location, even though the cutting 
parameters were marginal for completely severing the shroud material. 

Specimen DC 6-22, where the rod was in contact with the plate, indicates 

severe cutting through the cladding; in addition, the rod was welded to 
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ORNL PHOTO 0564-79 

SAMPLE NO. DC6--22  

SAMPLE DC7-21 

F i g .  4 . 1 1 .  Specimens cu t  with the  l a s e r  beam o r i e n t e d  a t  45' t o  the  
p l a t e  s u r f a c e .  
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one p i e c e  of t h c  sevcrcd p l a t e .  As noted i n  Table 4 .1 ,  inore power was 

r equ i r ed  f o r  t h i s  t ype  o f  c u t  because t h e  a c t u a l  t h i c k n e s s  is  1.414 

t imes t h e  p l a t e  t h i c k n e s s  for a 45' angle .  

r e s u l t s  i n  h ighe r  power exposed t o  t h e  c l add ing  upon breaking through 

t h e  shroud ma te r i a l  and t h u s  a more s e v e r e l y  damaged rod.  

This  g r e a t e r  amount of power 

4.5.6 Corner removal t es t  

Soveral  c u t s  werc made i n  specimens f i x t i i r e d  as shown i n  t e s t  

c o n f i g u r a t i o n  D ,  Fig.  4 . 2 ,  t o  determine t h e  f e a s i b i l i t y  of c u t t i n g  the 

co rnc r  o f f  the hcxagonal shroud. Since theTe t e s t s  involved c u t t i n g  

thxough a r e l a t i v e l y  t h i c k  s e c t i o n  ( i . e . ,  ;.I2 mm), a la4er capable  of 

h ighe r  power was u t i l i z e d  f o r  t h e s e  t e s t s .  The n i a t c r i a l s -p rocess ing  

a r e a  co inc iden t  w i th  this laser was equipped wi th  a Sl-liun, o f f - a x i s ,  90' 

p a r a b o l i c  m i r r o r  with an equivnPent f/number of  8. A l a r g e r  C/nunber 
system i s  d e s i r a b l e  when c u t t i n g  through t h i c k e r  m a t e r i a l ,  because t h e  

beam i n t e n s i t y  remains cons t an t  ovcr a 101ig~r  d i s t a n c c .  Attempts were 

made t o  p o s i t i o n  the bcam so  t h a t  i t  would c u t  t h e  liexagon comer and 

j u s t  g raze  t h e  rod loca ted  i n  t h c  co rne r .  I t  was found t h a t  the co rnc r  

of  t h e  hexagon could he c u t ;  however, as soon as t h e  c u t  broke through 

t h e  i n n e r  wall ,  s l a g  bui ldup would occur i n s i d e  t h e  shroud and d i s t u r b  
t h e  j e t - a s s i s t  f low. Also, s l a g  would s t i c k  t o  t h e  rod s u r f a c e  and make 

i t  d i f f i c u l t  t o  remove t h e  rod from t h e  shroud without rod tlaiiiage. 

F i n a l l y ,  beam alignment u s i n g  t h i s  technique was ve ry  c r i t i c a l .  When 
t h e  l a s e r  beam was n o t  directecl  c l o s e  enough t o  t h e  i n s i d e  of t h e  

shroud, it would s l i ce  a s e c t i o n  o f f  t h e  hexagonal co rne r  without 
s evc r ing  t h e  shroud. 

t o  t h e  i n n e r  s e c t i o n  o f  t h e  shroud, t h e  rod loca ted  i n  t h e  hexagonal 

co rne r  would be destroyed.  

When t h e  beam was d i r e c t e d  j u s t  a l i t t l e  t o o  c l o s e  

4.5.7 Argon purge t e s t s  

A h i g h - i n t e n s i t y  focused laser beam i o n i z e s  argon more r e a d i l y  tliari 

a i r ,  arid an energy-absorbing plasma i s  formed as a r e s u l t  of this 

i o n i z a t i o n .  

f i x t u r e d  p l a t e s  and rods  ( t e s t  c o n f i g u r a t i o n  F ,  Fig.  4 .2 )  arc shown i n  

Specimens c u t  u s i n g  argon gas  i n  the space between t h e  
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F i g .  4 . 1 2 .  

The wire-spaced specimen c x h i b i t s  very  s l i g h t  occas iona l  p i t t i n g  of  t h e  

Power and speed parameters  were 2 kW and 76 cpm r e s p e c t i v e l y .  

O R N L  PHOTO 0555-79 

SAMPLE NO. DC8-25 NO WIRE SPACER 

SAMPLE DC8- 24 W I T H  WIRE SPACER 

F i g .  4 . 1 2 .  Laser cut specimens with argon gas between the f u e l  p in  
and shroud wall .  
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c ladd ing  wi th  t h e  wi re  space r  being nickcd approximately 0.3-mm deep i n  

l o c a t i o n s  which were i n  con tac t  w i th  t h e  p l a t e .  

e x h i b i t e d  e r r a t i c  punc tu r ing  of  t h e  c l add ing  with one 3.8-cm s e c t i o n  

where t h e  c l add ing  was badly s c a r r e d ,  b u t  no t  punctured. Thus, it can 
be sccn t h a t  t h e  i n t r o d u c t i o n  of argon gas i n  t h e  space between t h e  

cladding and t h c  p l a t e  absorbs some of  the l a s e r  beam energy a f t e r  t h e  

p l a t e  h a s  been scvered,  b u t  cannot absorb s u f f i c i e n t  energy t o  prevent  

punctur ing t h e  cladding whcn it  i s  i n  c o n t a c t  with t h e  p l a t e .  

The unspaced specimen 

4.5.8 hmmy rod t e s t  -- 

Cut t ing  t e s t s  u s i n g  t e s t  c o n f i g u r a t i o n  E of  F jg .  4.2 were conducted 

t o  i l l u s t r a t e  t h a t ,  should a dummy s t e e l  rod he loca ted  i n  one co rne r  i n  

p l a c e  of  a f u e l  rod ,  t h e  shroud could be c u t  a p a r t  e a s i l y  with no r i s k  

of breaching ad jacen t  f u e l  c ladding.  A specimen with two co rne r s ,  cach 

c u t  a t  6 kW, a t  250 cpm, and 190 cpm, r e s p e c t i v e l y ,  i s  shown i n  Fig.  4 .13 .  

For c u t  DC 14-8, t he  power and speed were r c g u l a t e d  so t h a t  t h e  beam 

j u s t  broke through t h e  shroud s u r f a c e .  This c u t  contained onc small 

area where t h e  beam d i d  no t  q u i t e  s eve r  t h e  shroud, bu t  the sample was 

c a s i l y  broken apart  by hand. For c u t  DC 14-9, t h c  spced was reduced t o  

7 5 %  of i t s  p rev ious  va lue .  

One s i d c  of  t h i s  l a t t e r  specimen f e l l  away f r e e l y ,  but t h e  o t h e r  

s i d e  s tuck  t o  t h e  dummy rod.  However, t h e  rod was e a s i l y  p r i ed  froin t h e  

shroud, because i t  was n o t  wclded t o  t h e  shroud but  j u s t  s tuck  as a 
r e s u l t  of ho t  s l a g  c o n t a c t  a t  t h e  rod-shroud i n t c r f a c e .  Thus, t h i s  

c u t t i n g  t e s t  i l l u s t r a t e d  t h a t  s u b s t a n t i a l  va r i ance  i n  p rocess  parameters 

could be t o l e r a t e d  i f  a dummy f u e l  rod were loca ted  i n  a co rne r  o f  t h e  

f u e l  assembly shroud. 
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OHNL PHOTO 0566-79 

SAMPLE NO. DC 14--8 

SAMPLE NO DC14-9 

F i g .  4 .13.  Laser c u t  specimen with s o l i d  dummy rods underneath 
shroud ~ 
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5 .  LASER CU' IYLNG SYSTEM ANALYSES 

In an at tempt  t o  provide a b a s i s  €or a r a t i o n a l  approach t o  t h e  

des ign  of a laser disassembly system f o r  use i n  a ho t  c e l l ,  c e r t a i n  

ana lyses  were made. hilong t h e s e  were c o n s i d e r a t i o n  of (a) t h e  method o f  
focusing t h e  laser beam and guiding it onto t h e  shroud sur facc ,  accounting 

f o r  t h e  v a r i a t i o n s  i n  bow and t w i s t  of  each i n d i v i d u a l  subassembly, 

(b) o p e r a t i o n a l  problems and des ign  approaches t o  a C02 lascr beam 
o p t i c a l  t r a i n  t o  o p e r a t e  i n  t h e  h o t  c e l l  cnvironment, and (c) t h e  h e a t  

and m a s s  f l o w  c o n t r i b u t i o n s  t o  t k c  c e l l  environment due t o  t h c  l a s e r  

c u t t i n g  system. F i n a l l y ,  a nurriber o f  a u x i l i a r y  design requirements were 

revicwed while  developing a conceptual des ign  of a laser disassembly 

system. These areas are d i scussed  below. 

5 .1  Focus Head Control Schemes 

The method of  d j r e c t i n g  t h e  focused beam onto the  randomly d e v i a t i n g  

shroud s u r f a c c  r e q u i r e s  a b a s i c  des ign .  

methods were s tud ied  by compari son t o  determine t h e i r  r e l a t i v e  merits 

r ega rd ing  accuracy, r e l i a b i l i t y ,  d u r a b i l i t y ,  and c o s t .  

Five types  of  sense-and-focus 

5 .1 .1  F u l l  l eng th  d a t a  s t o r a g e  

I n  t h i s  method t h e  p o s i t i o n  of  t h e  fuel subassembly i s  sensed and 

s t o r c d  f o r  subsequcnt c o n t r o l  of  t h e  focus head. The z ( v e r t i c a l )  and y 
( l a t e r a l )  coord ina te s  of t h e  complete c u t t i n g  p a t h  a rc  sensed, and t h e  

d a t a  a r c  s t o r e d  f o r  subsequent c o n t r o l  of  t h e  d r i v e  motors f o r  t h c  focus 

head. One approach would employ an o p t i c a l  s c m n e r ,  or o t h e r  remote 

sensor  such as a vidicon tube, t o  f ' look'f a t  t h e  e n t i r e  subassembly t o  

determine t h e  pa th  t h e  focus head should t a k e  be fo re  c u t t i n g  i s  i n i t i a t e d ,  

A l t e r n a t c l y ,  t h c  same d a t a  could be obtained from a sensor  assembly t h a t  

i s  moved along the subassembly a x i s  and i s  s h i f t e d  v c r t i  ca l ly ,  horizon- 

t a l l y ,  o r  r o t a t e d  t o  maintain a f ixed  s p a t i a l  r e l a t ions l a ip  r e l a t i v e  t o  
t h e  subassembly. For s e n s o r s  t h a t  do no t  p h y s i c a l l y  con tac t  t h e  work, 

such as o p t i c a l ,  c a p a c i t i v e ,  o r  i nduc t ive ,  t h e  sensor  assembly must he 

d r iven  by z, y, and 0 motors under t h e  comand of  s i g n a l s  from the 
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senso r s .  

do no t  r e q u i r e  d r i v e  motors,  

F l u i d i c  senso r s  o r  r o l l e r s  t h a t  fol low t h e  work mechanically 

The advantages of . t h i s  type o f  d a t a  s t o r a g e  a r e  t h a t  accu ra t e  

determinat ion of  t h e  c u t  l o c a t i o n  can be made without i n t e r f e r e n c e  from 

t h e  o p e r a t i o n ,  and t h e  p o s i t i o n  of t h e  impingement p o i n t  can be measured 

d i r e c t l y  a t  t h e  p o i n t  t o  be c u t .  'The disadvantages are t h a t  (1) t h e  

open-loop system cannot compensate TOT changes due t o  temperature 

d i s t o r t i o n  o r  mechanical r e l a x a t i o n  a f t e r  t h e  inpu t  scan,  ( 2 )  extremely 

complicated and expensive d a t a  p rocess ing  i s  r equ i r ed ,  and ( 3 )  a l l  t h r e e  

axes,  and possi .bly r o t a t i o n ,  must be d r iven  by a c t u a t o r s .  

5 .1 .2  Par t ia l  l eng th  d a t a  s t o r a g e  

A secoiid inethod i s  t o  suspend a shroud-sellsing u n i t  o f f  tlie f r o n t  

of  t h e  focus head t o  sense t h e  l o c a t i o n  o f  t h e  shroud j u s t  ahead of  t he  

c u t t i n g  beam. Information on t h e  shroud p o s i t j o n  i s  b r i e f l y  s t o r e d  

be fo re  i t  i s  used t o  a c t u a t e  t h e  fociis head i n t o  t h e  proper  p o s i t i o n .  

The advantage o f  t h i s  method ovcr the f u l l - l e n g t h  d a t a  s to rage  

method i s  t h a t  it would n o t  be affected i f  t h e  subassembly were t o  

change p o s i t i o n  during t h e  c u t t i n g  ope ra t ion .  

5 I 1 . 3  Open-loop c o n t r o l  ... .. . ... . . . . .- 

A v a r i a n t  t o  t h e  second method, which would e l i m i n a t e  t h e  n e c e s s i t y  

f o r  d a t a  s lo rage ,  involves  measuring t h e  shroud l o c a t i o n  immediately 

ahead of t h e  c u t t i n g  beam and us ing  tlie p o s i t i o n  informatjon thus 

der ived t o  d i r e c t l y  d r i v e  t h e  fociis head. 

c o n t r o l  system. The primary disadvantage of t h i s  method i s  t h e  p o s s i -  

b i l i t y  o f  i n t e r f e r e n c e  from t h e  c u t t i n g  ope ra t ion .  

This would be an open-loop 

5.1.4 Closed-loop c o n t r o l  

A c losed-loop o r  boost  method could be used. In  t h i s  approach t h e  

sensor assewbly moves with t h e  focus head and sensing occurs  s imul t a -  

neously with t h e  c u t t i n g  ope ra t ion .  Correct ions t o  the  focus head 

locx t i  on are c o n t i n u a l l y  supp l i ed  by Liie senso r s  t o  give a closed-loop 
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c o n t r o l  system. No d a t a  s t o r a g e  i s  ril.quired, arid a continuous,  accu ra t e  

c o n t r o l  can be mairitained. lIowcver, s ens ing  cannot be done d i r e c t l y  a t  

t h e  c u t ,  and i n t e r f e r e n c e  from t h e  process  could occur .  

5 ,1 .5  Mechanical c o n t r o l  

A f i n a l .  method i s  a dj.vect d r i v e  arrangement i n  which meclaani.c.a.1 

s e n s o r s  are used, and the sensor  assembly i s  t i g h t l y  coupled t o  t h e  

focus head. The focus head i s  moved i n  t h e  v e r t i c a l  m d  la teral  d i r ec -  
t i o n s  by f o r c e s  t r a n s m i t t e d  from t h e  f u e l  subassembly sinrface. No d n . t a  

r eadou t ,  s e n s o r  s i g n a l s ,  01.' dri.ve iiiotors a r e  r e q u i r e d ,  making this 

method t h e  most r e l i a b l e ,  dural:,l.e, and p o s s i b l y  t h e  least  expensive of 
any of t h e  methods proposed. The on ly  u n c e r t a i n t y  is  whether the forces 
required t o  guide t h e  focus head are too g r e a t  t o  be imposed on t h e  fue l  

subassembly. The weight o f  t h e  head can be counterbalanced and a n t i -  

f r i c t i o n  b e a r i n g s  can be used throughout t h e  dev ice  t o  minimize t h e s e  

f o r c e s ,  bu t  t h e s e  i n e r t i a l  f o r c e s  r e q u i r e d  t o  fol low t h e  rod a t  t h e  

proposed c u t t i n g  speeds a r e  expected t o  be n e g l i g i b l e .  

I f ,  however, t h e  f u e l  rod can t o l e r a t e  no f o r c e s ,  a c losed-loop 

boost  system would be t h e  b e s t  s u b s t i t u t e  f o r  t h e  d i r e c t - d r i v e  system. 

5 .2  Shroud Sur face  Sensors 

O p t i c a l ,  c a p a c i t i v e ,  i nduc t ive ,  f l u i d i c ,  and mechanical t y p e  senso r s  

were considered i n  t h i s  s tudy  t o  track and sense v a r i a t i o n s  i n  t h e  

shroud l o c a t i o n .  A l l  a re  assumed t o  ma in ta in  a f i x e d - s p a t i a l  r e l a t i o n -  

s h i p  r e l a t i v e  t o  t h e  subassembly as they  a r e  moved a x i a l l y  along t h e  

x a x i s  o f  t h e  subassembly. The o p t i c a l ,  c a p a c i t i v e ,  arid induc t ive  

senso r s  must be d r iven  v e r t i c a l l y  ( z  a x i s )  and l a t e r a l l y  (y a x i s ) ,  a s  
well as r o t a t c d  ( 9  axis)  i n  response t o  s i g n a l s  from t h c  3ensors so t h a t  

a i iul l  r ead ing  can be e f f e c t i v e l y  maintained. The f l u i d i c  and mechanical 

seiisors can be guided by t h e  subassembly i t se l f  and thus  e x e r t  s l i g h t  

f o r c e s  on it. 
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5 . 2  1 ODtical. sensor  

The o p t i c a l  s enso r ,  as shown i n  Fig.  5 .1 ,  r e q u i r e s  a small-djameter 

col l imated l i g h t  source and a g r i d  of l i g h t - s e n s i t i v e  d e t e c t o r s  arrayed 

a x i a l l y  and l a t e r a l l y  above the subassembly. The l i g h t  beam source : s  

di-rectzd downwad a t  a s l i g h t  angle  o f f  the normal o f  t h e  subassembly 

s u r f a c e  where t h e  CUT i s  t o  occur ( F i g .  5 . 1 ~ ~ ) .  V e r t i c a l  s t andof f  i s  

maintained when the  r e f l e c t e d  beam i s  a x i a l l y  d i sp l aced  by a d i s t a n c e  

p ropor t iona l  t o  t h e  sepa ra t ion  between t h e  s u r f a c e  and t h e  l i g h t  source.  

The l a t e r a l  d e t e c t o r s  sense t h i s  displaceinent and, through s i g n a l  

processing and d r i v e  motors, a d j u s t  t h e  v e r t i c a l  he igh t  of the l i g h t  

source t u  iiiaintain the  r e f l e c t e d  beam a t  the  c o r r e c t  l a t c r n l  l o c a t i o n .  
L a t e r a l  displacement o f  tile subassembly r e l a t i v e  t o  the l i g h t  source 

causes a l a t e r a l  displacement of  the r e f l e c t e d  beam i n  t h e  oppos i t e  

d i r e c t i o n  because o f  t h c  s u r f a c e  curvature a t  t h e  impingement p o i n t ,  as 

shown j n  Fig.  5 . l b .  The l i g h t  source i s  d r iven  l a t e r a l l y  (y a x i s )  as 
- 3  ~ ~ q u i r e d  t o  res tore  t h e  r e f l e c t e d  beam t o  t h e  c o r r e c t  d e t e c t o r .  ‘4ny 

twist of  t h e  subassembly (0 a x i s )  i s  no t  important ,  because t h e  pa th  of 
t h e  sensor i n h c r e n t l y  d e f i n e s  the l i n e  where t h e  cut will occur ( i . ~ . ,  

where t h e  s u r f a c e  i s  noriiial t o  t h e  focused beam). 
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Fig. 5 . 1 .  Optical  sensor technique.  
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A s i n g l e  o p t i c a l  sensor  can measure two axes,  a l l  the r e q u i r e d  

information f o r  c o n t r o l ,  wi thout  inducing s t r e s s  on t h e  Euel subassembly 

F ibe r  o p t i c s  are r equ i r ed  f o r  both t h e  l i g h t  source and sensor  i n  o rde r  

t o  remove the  r e l a t i v e l y  coniplex o p t o - e l e c t r o n i c  package from t h e  

r a d i a t i o n  environment. Op t i ca l  s enso r s  a r e  somewhat d e l i  c a t c ,  and t h c  

r e f l e c t c d  beam can be a f f e c t e d  by s u r f a c e  s c r a t c h e s ,  d e n t s ,  arid v n r i -  
a t i o n s  i n  t h e  s u r f a c e  r e f l e c t i v i t y .  F i n a l l y ,  s i g n a l  processing and 

d r i v e  motors are  r equ i r ed  f o r  o p t i c a l  c o n t r o l .  

5 . 2 . 2  Capac i t i ve  o r  i n d u c t i v e  senso r s  

Capac i t ive  o r  i n d u c t i v e  senso r s  could be arranged as shown i n  

F ig .  5 .2 ,  w i th  a sensor  011 e i t h e r  s i d e  o f  t h e  subassembly. These 

senso r s  would l o c a t e  the s u r f a c e  l a t e r a l l y  and a senso r  011 e i t h e r  s i d e  

o f  t h c  apex (wherc t h e  cu t  would be made] would determine t h e  v e r t i c a l  

l o c a t i o n  arid t h e  twist of t h e  subassembly. The sensor  assembly would be 

r o t a t e d  u n t i l  t h e  two t o p  senso r s  were e q u i d i s t a n t  from t h e  s u r f a c e s  and 

ad jus t ed  v e r t i c a l l y  t o  a predetermined c l ea rance .  'The assembly would 

s imultaneously be a d j u s t e d  l a t e r a l l y  t o  g ive  equal  spacing from t h e  

s u r f a c e s .  Changes i n  l a te ra l  dimensions would no t  a f f e c t  t h e  c e n t e r i n g  

p rocess .  
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Fig.  5 , 2 .  Capac i t i ve  o r  i n d u c t i v e  senso r  technique.  



An ac s i g n a l  would he app l i ed  t o  the  sensors ,  and the d i f f e r e n c e s  

i n  capaci tdi ice  ix inductance  would be de t ec t ed  by b r idge  c i r c u i t s  

loca ted  -remotely f r o ~ n  t h e  senso r s .  I ir ivc nlotnrs would then be a c t i v a t e d  

by t h e  processed s i g n a l s .  l h i s  system uses s i g n a l s  t o  d e t e c t ,  t r a n s n k i ,  

and process ,  w?th r c l a t i v e  ease  and can be used on a real-time b a s i s  i n  

tlic p lane  o f  t h e  focus  head. IIomzrer, c a p a c j t i v e  yickups may bz a f f e c t e d  

by t h e  ion ized  gases  that  r e s u l t  from r a d i a t i o n  and Ljic c u t t i n g  process .  

Again, d r i v e  motors would be r equ i r ed  f o r  t h e  sensors .  

5.2.3 

R o l l e r s  could h e  arranged a r o u d  t h e  corner  (Lo be c u t )  and on t h e  

oppos i t e  co ine r ,  wi th  tlie lower s e t  being spririg loaded, t o  account f o r  

subassembly swel l ing .  

t h e  m l l c r  assembly, which, i n  turn; would pi \ loi  ahout  t h e  focal p o i n t  

o f  t h e  cu t t i r ig  beam. The locat ior i  of t h i s  p ivo t  p o i n t  could he e i t h e r  

(1) recorclcd f o r  opcn-loop d r i v e ,  ( 2 )  aitdciied d i r r c t l y  t o  tlnc fours  

head t o  guide i t  a l o n g  t h e  subassexbly wi th  no d r i v e  motors r equ i r ed ,  o r  

( 3 )  used as  p a r t  o f  a c losed  loop boost  systciii ( t o  he descr ibed  i n  tile 

next  s e c t i o n ) .  

This  j s  a very- s imple continuoils c o n t r o l  teclinique t h a t  can provide  

‘The upper  r o l l e r s  woiild he r i g i d l y  a t t ached  t o  

accu ra t e  following 01 t h e  su r face  w i i l ~ o u t  auxiliai-y guidance. I t  has  

the a b i l i t y  to  d r i v e  t h e  focus  head d i ~ e r t l y  without  br i i ig  a f f e c t e d  by 

e i t h e r  r ad  i a t i  on 01 t h e  c u t t i n g  process .  Howcver, t he  primary- d i sad  - 
vantages are L l i d t  > o m  load i s  induced by the r o l l e r s  on t h e  s u r l a c p ,  

and real-tiine c o n t r o l  i s  impossible  becairse t h e  r o l l ~ n ~ s  cannot t r a c k  

cxactly i n  t h e  f o c a l  p l a n t .  

5 .  ? . 4  F l u i d i c  sensors 

Back-prcssurc f l u i d i c  sensors  a r e  e s se i i t i z l l y  min ia tu re  llgrounlI 

e f fec t”  iliachines between 17 and 2.5 mm i n  diametdr .  Ihey resemble bottle 

caps wi th  a gas feed  l i n e ,  and f o r c e  i s  t r ansmi t t ed  from &.he cap (or  

sensor )  t o  tlie v.ork s u r f a c e  Through a cushioii of  a i r  ( o r  gas) between 

t h e  two, as shown i n  F i g .  5.3.  W i t l i  a f i x e d  gas flow, the force between 
the surfaces v a r i e s  i n v e r s e l y  as tile square  o f  t h e  sepa ra t ion  between 
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5115 ,r, 

F i g .  5 a .3 Di-rcct d r i v e  6 l i i i d  sensor  technique. 

5.3 Se lec t ed  Focus Head and Sensor Systems 

Based on the opt ions prcsentcd above, a s y y t c r n  employing a focus 
head d r iven  d i r e c t l y  by a fo l lower  u s i n g  rollers was s e l e c t e d  POT the  

design phase of t h i s  s tudy .  The  mc~chariicdP d c t a j l s  of  t k i s  system arc 

desc-sibed i n  Sect .  6 ,  .ind demonstrat ions O F  these focus liead and f o l l c  CY 

concepts a r e  t h e  pririiary a c t i o n s  recoinmendet1 f o r  the fu ture  work 011 ;L 

laser disassembly u n i t .  
111 t h e  eva lua t ion  ~f the alternate systems, it was pointed out t h a t  

t h e  mechanical To1 lower would exc r t  s o ~ m  f o r c e  on the  fuel  subassembly, 
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which may compromise t h e  ope ra t ion  of t h a t  systeiii. 
sys  L r r n  beconies unacceptable ,  t hc  second-best  system would be t h a t  

employing a closed - loop ,  o r  "boost" c o n t r o l  system. The following 

d i x u s s i o n  coricprns t h a t  approach and i t s  p o s s i b l e  iiiiplerne~itatj on with 

d i f f e r e n t  fol lower types .  

If t h e  mechanical 

In  t h c  closed loop, "boost" c o n t r o l  system, t h e  sensor  assembly 

moves x i i h  t h e  focus head, and motion i s  c o n t r o l l e d  by e r r o r  s i g n a l s  
o r ig imt l l i i g  from the senso r s .  With o p t i c a l ,  c a p a c i t i v e ,  o r  i nduc t ive  

senso r s ,  t h c  sensor  assembly would be r i g i d l y  a t t ached  i n  Lhe x,  y, 

and z axes,  bu t  would be free t o  r o t a t e  i n  t h e  0 d i r e c t i o n  about t h e  

f o r a l  p o i n t  of Lhe c u t t i n g  beam. This r o t a t  ion would permit t h e  sensor  

asscmbly t o  follow t h e  t h i s t  of t h e  subassembly and would be a f f e c t e d  by 

an a u x i l i a r y  d r i v e  motor o r  p i s t o n  c o n t r o l l e d  by t h e  senso r s .  
y and L axes ( l a t e r a l  and v e r t i c a l  t o  t h e  f u e l  subassembly longi tudir ia l  

a x i s )  would a l s o  be d r iven  by e i t h e r  e l e c t r i c  motors o r  hydrau l i c  o r  

pneumatic p i s t o n s  under sensor  c o n t r o l .  The x a x i s  (longi tudir ia l )  would 
be independently d r iven  by an e l e c t r i c  motor a d  c o n t r o l l e d  by a mini- 

computer , according t o  a predetcl-mined schedule of c u t t i n g  specd and 

l a s e r  power. 

'[he 

When us ing  mechanical r o l l e r s  f o r  t h e  senso r s ,  t h e  r o l l e r  asseinbly 

woaald be a t t ached  t o  t h e  focus head through an orthogonal p a i r  of 

a p p r o p r i a t e  c o n t r o l  dev ices ,  such as hydrau l i c  o r  piieumxtie va lves .  

These va lves  would a c t u a t e  p i s t o n s  o r  e l e c t r i c a l  t r ansduce r s  t o  c o n t r o l  

d r i v e  motors. 

t o  maintain t h e  focus head a t  a n u l l  p o s i t i o n  r e l a t i v e  t o  t h e  sensor  

assembly. 

I'he clrive motors o r  p i s t o n s  would be energi zcd as r equ i r ed  

The use  of  va lves  i n  conjunct ion w i t h  hydrau l i c  o r  pneumatic d r i v e  

c y l i n d e r s  would e s s e n t i a l l y  e l i m i n a t e  a l l  s i g n a l  proces'ing and obv ia t e  

t h e  need f o r  e l e c t r i c  motors. 

F l u i d i c  senso r s  can a l s o  be used t o  fol low t h e  f u e l  subassembly and 

d r i v e  t h e  focus head d i r e c t l y  i f  t h e  s i d e  arid v e r t i c a l  loads a r e  not  

g r e a t e r  than a few pounds. 

boost conf igu ra t ion ,  as it can a c t  both as t h e  sensing elemcnt and as 
t h e  c o n t r o l  va lve .  A p o s s i b l e  conf igu ra t ion ,  shown scheniat ical ly  i n  

Fig.  5 . 4 ,  c o n s i s t s  of f o u r  sensors  and t h r e e  pneumatic c y l i n d e r s .  Gas 

i s  fed t o  both s i d e s  of t h e  l a t e r a l  (upper l e f t )  cylincler through choked 

This  type of sensor  i s  uniquely s u i t e d  t u  a 
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Fig.  5 . 4 .  F lu id  senso r  boost. arrangement. 

o r i f i c e s  t o  ensure a f i x e d  flow rate .  The two s i d e  s e n i o r s  are a l so  
connected t o  t h e  c y l i n d e r  through f l e x i b l e  l i n e s  con ta in ing  v a r i a b l e  

r e s t r i c t i o n s  t o  a d j u s t  t h e  flow f o r  optimum performance, 

s u r f a c e  i s  c l o s e r  t o  t h e  r i g h t  sensor  than  the  l e f t ,  t h e  leakage r a t e  a t  
t h e  r i g h t  sensor  w i l l  decrease,  t he reby  i n c r e a s i n g  t h e  p r e s s u r e  i n  t h e  

l e f t  s i d e  of t h e  l a t e ra l  c y l i n d e r .  ?he c y l i n d e r  w i l l  then f o r c e  t h e  

focus  head and s e n s o r s  t o  t h e  r i g h t  u n t i l  equal leakage rates and equal 

spacings are ob ta ined .  

bu t  a d d i t i o n a l  gas l i n e s  ( t o  sense d i f f e r e n t i a l  p re s su re )  are connected 

t o  a t h i r d  c y l i n d e r .  

sensor  assembly, t h e  d i f f e r e n t i a l  p r e s s u r e  between t h e  two upper senso r s  

w i l l  cause t h e  r o t a t i o n a l  c y l i n d e r  t o  ro t a t e  t h e  focus hcacl t o  t h e  

d e s i r e d  alignment.  

1 E  the shroud 

The v e r t i c a l  s enso r s  o p e r a t e  i n  t h e  same manner, 

If t h e  subassembly i s  t w i s t e d  r e l a t i v e  t o  t h e  



34 

The focus head woiild be counterbalanced to  reduce “Lie v e r t i c a l  load 

on t11e boost  system t o  between 2 . 5  and 4 . 5  kg, which i s  s u f f i c i e n t  t o  

provide ilie iiiaximua v e r t i c a l  a c c e l e r a t i o n  r equ i r ed .  

For i n j  t i a l  p o s i t i o n i n g  of the selisor assembly, e l e c t r i c a l l y  

opcraied solenoid va lves  would be i n s e r t e d  i n  tiis l i n e s .  Closing e i t h e r  

s i d e  va lve  would d r i v e  t h e  asselnbly l a t e r a l l y  u n t i l  it was pos i t i oned  

ovcr t h e  rod ,  Opening both upper va lves ,  t h e  assembly would t h e n  he 

lowered i n t o  p o s i t i o n .  A t  LEie end of  t h e  c u t t i n g  sequence, t h e  uppcr 
va lves  would bc c losed ,  and t h e  u n i t  would ascend v e r t i c a l l y  f o r  r e t u r n  

to  the s t a r t i n g  l o c a t i o n .  

5 . 4  Op t i ca l  Components 

l’his stridy was o r i g i n a l l y  intended t o  address  only tlie i n - c e l l  beam 

t r a n s f e r  arid focusing o p t i c s  and t h e  s p e c i a l  problems caused by t h e  

r a d i o a c t i v e  environment. However, rccognizing t h a t  t he  problem of beam 

t r a n s f e r  from o u t s i d e  t h e  c e l l  t o  i n s i d e  t h e  hot c e l l  must even tua l ly  be 

confronted,  some pre l imina ry  cons ide ra t ion  was a l so  devoted t o  t h e  

window problem a n a .  Discussion of t hese  two a r e a s ,  i n - c e l l  o p t i c s  and 

t i t i :  beam t r a n s f e r  window, f o l l m s .  

5 . 4 . 1  Laser o p t i c s  i.n t h e  hot  c e l l  

In  gene ra l ,  t h e r e  a r e  two b a s i c  c l a s s e s  of o p t i c a l  components 

s u i t a b l e  f o r  use with mul t ik i lowa t t  carbon d iox ide  l a s e r  beams, These 

a r e  (a) r e f l e c t i v e  o p t i c s  (i. e . ,  f r o n t  s u r f a c e  mi~rrors) , coristructed 

e i t h e r  of  metal o r  coated semiconductors, o r  (b) r e f r a c t i v e  o p t i c s  

( i . * e . ,  l e n s e s  o r  p r i sms) ,  cons t ruc t ed  f ~ o m  an a l k a l i  h a l i d e  o r  z inc  

s e l e n i d e .  Re f rac t ive  o p t i c s  s u i t a b l e  t o  t h i s  a p p l i c a t i o n  a r e  l i m i t e d  i n  

terms of s u i t a b l e  m a t e r i a l s  f o r  c o n s t r u c t i o n .  The reqiii-rernent f o r  

trarisrriission of al.most a l l  of  t h e  i n c i d e n t  1 0 . 6  pm r ad i - a t ion  l i m i t s  t h e  

choice t o  t h e  a l k a l i  h a l i d e s ,  z inc s e l e n i d e ,  germanium, cadmium t e l l u r i d e ,  

and a few o t h e r  m a t e r i a l s .  The problems encountered with mul t i l aye red  

semiconductor o r  a l k a l i  h a l i d e  mi r ro r  coati.ngs are e s s e n t i a l l y  i d e n t i c a l  
t o  those  encountered by r e f r a c t i v e  components. However, the usage of  



t h e  r e f l e c t i v e  metall ic mi r ro r  i s  by f a . r  more general  i n  i .ndus t r ia1  

carbon d iox ide  laser systems becausc o f  i t s  lower c o s t  arid h igher  damage 

r e s i s t a n c e ,  and i s  t h e r e f o r e  p r e f e r r e d  f o r  u s e  i n  t h e  ho t  c e l l .  

?'lie s imples t  phys i ca l  model o f  a m e t a l l i c  m i r r o r  i n  ope ra t ion  i s  t o  

consid,er t h e  laser beam as an electromagnet ic  p l ane  wave t r a v e l i n g  

through a d i e l e c t r i c  medium and s t r i k i n g  t h e  s u r f a c e  of  a p e r f e c t  

conductor.  Maxwell's equa t ions  provide a d i r e c t  s o l u t i o n  which p r e d i c t s  

t h a t  t h e  r e f l e c t e d  wave leaves the mi r ro r  a t  an ang le  equal t o  t h e  angle  

of iric.iderice ( i n  c lass ical  o p t i c s ,  t h i s  i s  Sriell" law),  and a sheet 

c u r r e n t  f lows a t  t h e  s u r f a c e  of t h e  metal i n  p ropor t ion  t o  t.he n1agnetj.c 

i nduc t ion  t a n g e n t i a l  t o  t h e  s u r f a c e .  

c o n d u c t i v i t y ,  t h e  s o l u t i o n  becomes complex; it : juff ices  t o  p o i n t  out  

h e r e  t h a t  e l e c t r i c  f i e l d s  e x i s t  i n s i d e  t h e  metal  su r f ace .  These e1ectrj.c 

field55 produce c u r s e n t s ,  which, i.n t h e  presence of a f i n i t e  conductor,  
cause some o f  t h e  i n c i d e n t  power t o  be absorbed. 

f i n i t e  c o n d u c t i v i t y  r e s u l t s  -horn t h e  i n t e r a c t i o n  of t h e  f r e e  e . lectrons 

i n  t h e  metal  with t h e  c r y s t a l  l a t t i c e .  Numerous mechanisms have been 

s ' nowr i9~  t o  i n f l u e n c e  t h e  e l e c t r i c a l  conduct i -vi ty ,  such as e l e c t r o n  

c o l  1 i s  i o n s  wi th  t h e  l a t t  i c e ,  1 a t  t i ce :i.mperf ec t i.on s , and impur i~ t i. e:; . 
Resonant o r  quasi-resonant  phenomena can a l s o  occur between t h e  e l e c t r o n s  

and t h e  normal v i b r a t i o n a l  modes o f  the l a t t i c e ,  Thus, any damage i n  a 
metal m i r r o r  as a r e s u l t  o f  x-ray induced Compton scatte1:ing o r  e l e c t r o n -  

p o s i t r o n  p a i r  product ion,  should a . f fec t  t h e  conduc t iv i ty  when t h e  

induced d e f e c t s  approach t h e  ria-tural d e f e c t  level. of t h e  metal used. 

However, i n  t h e  case  o f  met.als a t  room temperature ,  t h e  cortductivLty i s  
c o n t r o l l e d  by i m p u r i t i e s ,  I t  seems u n l i k e l y  that  t h e  x--ray environment 

would l ead  t o  any i n t r i n s i c  i n c r e a s e  i n  t h e  abso rp t ion  of  a m e t a l l i c  

m i r r o r .  E x t r i n s i c  mechanisms, such as s u r f a c e  contamination with dust,,  

d i r t ,  and vapors ,  could be a s i g n i f i c a n t  problem. I n  nonnuclear environ- 

ments, t h i s  has  shown i t s e l f  t o  be t h e  l i m i t i n g  f a c t o r  i n  c o n t r o l l i n g  

mi r ro r  l i f e .  

In t h e  real-world case  of: f i n i t e  

The phys ica l  cause of  

'Two b a s i c  modes o f  m i r r o r  f a i l u r e  are o f  i n t e r e s t  i n  analyzing t h e  

system. The f i . r s t  i s  c a t a s t r o p h i c  f a i l u r e ,  i n  which t h e  iiiirror ahsorp- 
t i v i t y  becomes so  high t h a t  t h e  beam a c t u a l l y  me l t s  o r  p i t s  t he  ru.i.rror. 
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A t  t h e  f l u x  d e n s i t i e s  and power l e v e l s  of t h e  system i n  ques t ion  ( i . e . ,  

2 t o  3 kW i n  a 75-nm-diam beam), t h i s  could come about only i f  a s t r o n g l y  

absorbing material were brought i n t o  con tac t  wi t h  t h e  mi r ro r  f a c e .  

P r o t c c t i o n  of t h e  m i r r o r s  from t h i s  mode of f a i l u r e  r e q u i r e s  t h a t  t h e  

iiiirrors be p r o t e c t e d  from d u s t ,  d i r t ,  metal  ch ips ,  grcase, o i l s ,  e t c .  

This  can be done by enc los ing  each mi r ro r  i n  a purge box and in t roduc ing  

a flow of  c l ean  a i r  o r  n i t r o g e n  t o  keep t h e  m i r r o r s  d u s t - f r e e ,  

second and more s u b t l e  mode of f a i l u r e  c o n s i s t s  o r  a change i n  the 

o p t i c a l  p r o p e r t i e s  o f  tlic m i r r o r s  as a funct ion of t imc. 'This i s  caused 

by slow i n c r c a s c s  i n  mi r ro r  s u r f a c e  a b s o r p t i v i t y  of laser r a d i a t i o n ,  

inducing h e a t ,  which produces thermal s t r e s s e s .  These thermal s t r e s s e s  

cause mi r ro r  deformation ant1 a b e r r a t i o n s  t h a t  change the f o c a l  p l ane  

p o s i t i o n .  l h i s  type o f  e f f e c t  i s  ve ry  slow, am1 r e g u l a r  use of a ca l i -  

b r a t i o n  s t a t i o n  ( t o  t e s t  t h e  beam-cutting c a p a b i l i t y  be fo re  c u t t i n g  each 

assembly) s h o i ~ l d  providc c o n t r o l  of the ve ry  gradual  d r i f t  i n  focal  

p l ane  p o s i t i o n .  

The 

In o rde r  t o  determine i f ,  i n  t h e  hot c e l l  environment, it i s  

poys ib l e  to  make use  o f  uncooled m i r r o r s  f o r  t h e  focus head, two s e p a r a t e  

s e t s  of  c a l c u l a t i o n s  were made. I h e  f irst  i s  a heat  flow c a l c u l a t i o n ,  

which determines tlic r a t e  of temperature i n c r e a s e  of the mirror  s u b s t r a t e  

when it i s  i r r a d i a t e d  by a laser beam. The second i s  t h e  deterinination 

of mechanical deformation of t h e  m i r r o r ,  caused by the c a l c u l a t e d  temper- 

a t u r e  d i s  Lributioii.  

prograins p rev ious ly  dcveloped a t  tlir: United Technologies Research Center 

f o r  l a s e r  mi r ro r  a n a l y s i s .  1 1  

These c a l c u l a t i o n s  were perforiiied us ing  computer 

For t h e  c a l c u l a t i o n s ,  t h e  mi r ro r  considered was madc of s o l i d  

copper, 5-cm t h i c k  and 10-cm i n  diameter .  I t  was il lumirlated by a 

7..5-cm-diam, 5-kW, 10.6-11-laser beam, with an  i n s i d e  (no power) diameter 

of 38 mm, corresponding t o  a beam magnif icat ion of 2 .  

a h s o r p t i v i t y  of 0.01 was assumed. This  i s  a r e l a t i v e l y  conse rva t ive  

va lue  f o r  copper, which, riorrnally, under f r e s h l y  po l i shed  cond i t ions ,  i s  

approximately 0.005. An a b s o r p t i v i t y  of 0.01 means t h a t  50 1%' o f  the 

i n c i d e n t  r a d i a t i o n  i s  absorbed a t  t h e  s u r f a c e  of tlic mi r ro r .  A computer 

code, which determined the teiliperature a t  t h e  s u r f a c e  and a t  p o i n t s  

A mi r ro r  s u r f a c e  
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wi th in  t h e  m i r r o r ,  was employed t o  c a l c u l a t e  t h e  temperature  d i s t r i b u t i o n  

i n  the m i r r o r  blank f o r  a bcam-on time of  120 s. 

Two coo l ing  mechanisms were assumed t o  ope ra t c  diiring t h i s  120-s 

peri od. 

h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t h e  s u r f a c e  i n  r e l a t i o n  t o  t h e  assumed a i s  
temperature  i n  the room and c a l c u l a t e s  tlie h e a t  l o s s  by convection. 

Rad ia t ive  coo l ing  was c a l c u l a t e d  assuming t h a t  (a) t h e  s p e c t r a l  crriissivity 

of t h c  copper m i r r o r  blank i s  0.01,  and (b) the mi r ro r  i s  i n  an i s o l a t e d  

uniform a b s o r p t i v i t y  sphere of temperature  2 6 O C .  For 120-s i r r a d i a t i o n ,  

s t a r t i n g  a t  a tcrnperature of 2 S ° C ,  the h o t t e s t  p o i n t  011 t h e  mi r ro r  

s u b s t r a t e  reached a temperature  of 27'C. 

vs time f o r  t h i s  case i s  shown i n  F ig .  5.5,  

The  computer code au tomat i ca l ly  c a l c u l a t e s  t h e  Free convect ive 

The h ighes t  mi r ro r  temperature 

Based 011 p rev ious  UTRC experi  ence wi th  high-power I aser m i r r o r s ,  

this small r i se  i n  temperature w i l l  be i n s u f f i c i e n t  t o  produce any 

meaningful o p t i c a l  d i s t o r t i o n  of  the  beam. However, f o r  completeness a 
sjiiiple c a l c u l a t i o n ,  whlich g r o s s l y  ove res t ima tes  t h e  d i s t o r t i o n  of t h e  

mi r ro r ,  was made and i n d i c a t e d  t h a t  tlie mi r ro r  d i s t o r t i o n  i s ,  i n  Fac t ,  

BRNL OWG. 78-19438 

27.06 

Z f . 0 0  

26.94 

26.60 

26.78 

26.72 

26.67 

TIME - SEC. 

Fig.  5.5. Maximum t r a n s f e r  mir ror  temperature  during beam an-time. 
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n c g l i g i b l e .  The t o t a l  deformation of  t h e  mi r ro r  was c a l c u l a t e d  by 

making t h e  fol lowing assun~iptions : 

m a t e r i a l  i s  0 (mirror  has no s t i f f n e s s ) ,  ( 2 )  t h e  mi r ro r  defoims e l a s -  

t i c a l l y  by thermal expansion under an assumed uiliform temperature 

g r a d i e n t ,  arid ( 3 )  t h e  r e f l e c t i v e  s u r f a c e  of t h e  mi r ro r  has a teinperature 

which i s  0 . S o C  h ighe r  than  t h e  back su r face .  

(1) Young s modulus o f  t h e  m i  m o r  

A c a l c u l a t i o n  of  t h e  f r o n t  s u r f a c e  thermal expansion of t h e  10-cm- 

diam mi r ro r  i n d i c a t e s  t h e  f r o n t  s u r f a c e  dialnetel- i s  longer than  the back 

s u r f a c e  diameter by 6.4 x c m .  Since t h e  s u b s t r a t e  has no s t i f f n e s s ,  

i t  w i l l  deform i n t o  a s e c t i o n  of a s p h e r i c a l  s h e l l ,  because t h e  o u t e r  

s h e l l  i s  longer than the inne r  s h e l l  by t h e  p rev ious ly  c a l c u l a t d  thermal 

exparision. The induced r a d i u s  of cu rva tu re  was c a l c u l a t e d  and found t o  

be 4 . 7  x l o 5  cm. 

s ide )  01 2 . 3  x l o 5  cn. Therefore,  each of the f l a t  mi r ro r s  i l l  t h e  

o p t i c a l  t r a i n  will become s l i g h t l y  convex, The iocusing mir ror ,  which 

i s  concave, w i l l  become s l i g h t l y  l e s s  concave. Because t h e  t h r c e  f l a t s  

and tlie curved ~r i i r ror  are  $0 c l o s e  t o g e t h e r ,  and t h e  r a d i u s  of cu rva tu re  
induced by t h e  thennal  deformation i s  so laj-ge, t h e  c f f e c t s  can be 

considered a d d i t i v e ;  so  t h a t  t h e  f o c a l  lengtli  s h i f t  c a l c u l a t e d  f o r  one 

mi r ro r  can. be d iv ided  by f o u r  t o  ob ta in  an e s t i m a t e  of t h e  s h i f t  i n  t h e  

l o c a t i o n  of  t h e  ciit-ting f o c a l  p o i n t .  For an f/7 focusing m i r r o r ,  t h e  

f o c a l  l eng th  i n c r e a s e ,  due t o  t h i s  overest imated thermal expansion o f  

t h e  mirrors, i s  approximately 0 .5  mm. T h i s  i s  wi th in  The al lowablz 

t o l e r a n c e  f o r  e f f e c t i v e  c u t t i n g .  Exact c a l c u l a t i o n s  of the mirror  
deformation, i n  Nhich allowance i s  made f o r  phys i ca l  s t i € fness  OS t h e  

m i r r o r ,  can be expected io i n d i c a t e  a f o c a l  lengzh change of t h e  curved 

eleaei i t ,  which would be between 1 / 2 -  and 1-order  of  magnitude less than  

t h a t  es t imated here .  

'I 'his corresponds t o  a f o c a l  l eng th  (of t h e  concave 

5 . 4 . 2  Laser window 

I n t r o d u c t i o n  of t h e  laser beam i n t o  t h e  disassembly c e l l  r e q u i r e s  

a window t h a t  w i l l  al low l a s e r  t r ansmiss ion  t o  be c o n s t m e t e d  from 

e i t h e r  an a l k a l i  h a l i d e  mater ia l  o r  z inc  s e l e n i d e ,  

Re la t ive  t o  tlie p o t e n t i a l  u se  of e i t h e r  t h e  a l k a l i  h a l i d e s  o r  z inc  
s e l e n i d e  as a window, it i s  u s e f u l  t o  coinsirler some b a s i c  inechanisms 
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t h a t  can cause f a i l u r e  i n  t h e s e  s o l i d  windows. These m a t e r i a l s  (a)  are 

a l l  r e l a t i v e l y  weak, having y i e l d  s t r e n g t h s  i.11 t h e  range of 2 . 7  t o  41 

MPa, (b) have extremely low thermal conduc t iv i ty ,  (cj have r e l a t i v e l y  

h i g h  expansion c o e f f i c i e n t s ,  and (d) show small. ahso rp t ion  of  10.6 pm 

rad.iati.on . 
Absorption c o e f f i c i e n t s  ranging between 1.0aa4 and 5 x l .0-3 are 

cornmionplace f o r  t h e s e  materials. ?'he absorbed power must be condixcted 

through t h e  window t o  t h e  ho lde r  which suppor t s  t h e  window. This hea t  

conduction, arid the r e s u l t i n g  thermal gradient.  produce azimuthal hoop 
stresses i n  t h e  window. These hoop s t r e s s e s  can l ead  d i r e c t l y  t o  t e n s i l e  

f a i l u r e  a t  t h e  ouLsi.de edge. Keference 1 2  g ives  :I d e t a i l e d  c a l c u l a t i o n  

of t h e  s t r e s s  l e v e l s  involved and r e p o r t s  on siinple experimeiit,s showing 

t h e  mechanism a t  work i n  potassium c h l o r i d e .  A t  t he  power l e v e l s  

envis ioned f o r  t h e  laser system under s tudy ,  potassium c h l o r i d e ,  sodium 

c h l o r i d e ,  arid z inc  s e l e n i d e  should be capable  of t r a n s m i t t i n g  t h o  beam 

for long pe r iods  o-f t ime without  damage t o  t h e  window, 

Contamination of  t he  window with metal  va-pors ~ d u s t ,  o r  o t h e r  

f o r e i g n  inaterials can dras t ica l - ly  i n c r e a s e  t he  ahsorpt , iv%ty of t h e  

wi.ndow and l ead  t o  premature f a i l u r e .  In t h e  case of  t h e  a l k a l i  h a l i d e s ,  

cons ide rab le  work13- l 7  has been clone i n  i n v e s t i g a t i n g  t h e  mechanical a.nd 
vis ible  o p t i c a l  e f f e c t s  of r a d i a t i o n  damage, More r e c e n t l y  1,i.pson 
e t  a l  I l o  have shown t h a t  coba l t -60  r a d i a t i o n ,  which i n c r e a s e s  t h e  
number o f  F c e n t e r s  i n  the m a t e r i a l ,  causes an i n c r e a s e  i n  t h e  absoup- 

t i v i t y  a t  10.6 urn.  
shows r e l a t i v e l y  minor i n c r e a s e s  i n  t h e  a b s o r p t i v i t y  o f  t h e  window. 

doses 011 t h e  o r d e r  of 2 x 108 11, t he  i n c r e a s e  i n  t h e  10.G-em a b s o r p t i v i t y  

i s  approximately a f a c t o r  of 3 .  This  i s  s u f f i c i e n t  t o  degrade a s e r v i c e -  

a b l e  window t o  t h e  p o i n t  of  replacement.  

For r a d i a t i o n  doses on t h e  o r d e r  o f  l o 7  R ,  1,ipsoxi 

F o r  

A more advanced type  of a l k a l i  h a l i d e  wi-ndow, which has been a w t i -  
f i c i a l .  l y  s t rengthened by doping with rubidium, europium, o r  o ther  

m a t e r i a l s ,  u n f o r t u n a t e l y  shows a similar t r e n d .  

shown t h a t  i r r a d i a t i o n  wi.th l-MeV e l e c t r o n s  produces an e f f e c t  similar 
t o  t h a t  observed by Lipson in  pure potassium c h l o r i d e ;  t h a t  i s ,  t h e  

10.6-prn a b s o r p t i v i t y  i n c r e a s e s  as a f u n c t i o n  of r a d i a t i o n  dmage. 

u s e  am a l k a l i .  h a l i d e  window cons ide r ing  the r e s u l t s  of  Lipson a ~ i d  

Magee e t  a l .  19 have 

To 
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Magee,18,19 it w i l l  be necessa ry  t o  s h i e l d  t h e  window from t h e  cobal t -60 

r a d i a t i o n .  A l i m i t i n g  window l i f e t i m e  w i l l  be reached when t h e  window 

exposure reaches an i n t e g r a t e d  va lue  of approximately l o 7  R .  Although 
110 d i r e c t  measurements have been found t o  d a t e  on z inc  s e l e n i d e ,  it i s  

assumed t h a t  a s imilar  p rocess  will t ake  p l a c e  i n  t h i s  m a t e r i a l .  J.,i.pson 

arid Magee have shown t h a t  r a d i a t i o n -  induced damage i s  d i r e c t l y  connected 

with t h e  10.6-i.lin a b s o r p t i v i t y .  

h a l i d e s  and t h e  z inc  s e l e n i d e  a t  10.6 pm i s  i n  both cases  a combination 

o f  e x t r i n s i c  abso rp t ion  ( i . e . ,  impurity-induced and multiphoiion absorp- 

t i o n  frorn t h e  l a t t i c e ) ,  i.t seems l i k e l y  t h a t  i r r a d i a t i o n  of t h e  z inc  

s e l e n i d e  will produce an i n c r e a s e  i n  t h e  lO.6-vm a b s o r p t i v i t y  of t h e  

m a t e r i a l .  

Since t h e  abso rp t i -v i ty  of t h e  a l k a l i  

Another b a s i c  problem with t h e  use of s o l i d  windows i s  r e s i s t a n c e  

t o  t h e  decontaminating f l u i d s  used i n  t h e  ho t  c e l l .  The a l k a l i  h a l i d e s  

are  almost completely water s o l u b l e .  They cannot be exposed even t o  a 

r e l a t i v e l y  humid room (e .  g .  , about SO% r e l a t i v e  humidity) without siis- 

t a i n i n g  r a p i d  damage and degradat ion of t h e  i n f r a r e d  p r o p e r t i e s  of t h e  

material .  Zinc s e l e n i d e  does not  have the water s o l u b i l i t y -  problem. In 

a d d i t i o n ,  z inc  s e l e n i d e  i s  reasonably r e s i - s t a n t  t o  hydro f luo r i c  ac id  and 

some o t h e r  s o l v e n t s .  I n d u s t r i a l  experience has s h o ~ n  t h a t  z inc  s e l e n i d e  

windows t y p i c a l l y  r e q u i r e  c l ean ing  ( t o  remove d u s t  and metal vapor 

d e p o s i t s )  every 200 h o r  so t o  maintajn t h e i r  o p t i c a l  p r o p e r t i e s .  

I n  summary, t h e  concept o f  a c e l l  window f o r  t h e  laser beam was not  

considered as p a r t  of  t h i s  f e a s i - b i l i t y  s tudy,  but  information i n d i c a t e s  

t h a t  beam en t r ance  t o  t h e  c e l l  should no t  c r e a t e  any problem t h a t  would 

preven.t t h e  use o f  a laser f o r  disassembly. 

5 . 5  J.,aser Heat and Mass Contr ibut ions t o  t h e  Iiot Ce l l  

?'he l a s e r  c u t t i n g  system will in t roduce  hea t  and g a s  loads i n t o  t h e  

disassembly c c l l .  The hea t  loads t o  be considered a r e  t h e  laser energy 

i t s e l f ,  which i s  e v e n t u a l l y  deposi ted i n  t h e  environment of t h e  c e l l ,  

t h e  hea t  energy generated by t h c  motors t o  d r i v e   he o p t i c a l  assembly, 

and p o s s i b l y  o t h e r  motors n e c e s s i t a t e d  by t h e  s e l e c t i o n  of  a p a r t i c u l a r  

g a s - j e t  gene ra t ing  scheme. In  gene ra l ,  t h e s e  hea t  loads are i n s i g n i f i c a n t  

r e l a t i v e  t o  t h e  o t h e r  hen% loads i n  the disassembly c e l l .  
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Assuming a 3-kW l a s e r  beam w i l l  r e q u i r e  f i v e  minutes t o  c u t  approx- 
imately 3 .8  m of  shroud m a t e r i a l  

hour ,  t h e  l a s e r  bcam w i l l  d e p o s i t  t h e  continuous cqu iva lcn t  of  500 W 

i n t o  t h e  disassembly c e l l .  
d e p o s i t  a 20-W e q u i v a l e n t ,  assuming it i s  o p e r a t i n g  a t  maximum power f o r  
t h e  f u l l  f i v e  minutes of  each cyc le .  R pump motor w i l l  pu t  an a d d i t i o n a l  

h e a t  load of 730 MT on thu c e l l  environment. Thus, a t o t a l  heat load on 

tlie o rde r  of 1250 W i s  est imated f o r  t h e  l a s e r  c u t t i n g  system, which i s  
small compared t o  o t h e r  h e a t  sources  wi th in  t h e  c e l l  ( e . g . ,  13,000 W f o r  

waste heat from t h e  fue l  subassembly). 

and assuming two c u t t i n g  c y c l e s  p e r  

The d r ive  motor f o r  t h e  focus head w i l l  

With r ega rd  to  t h e  mass balance,  t h e  p r i n c i p a l  mechanism o f  mass 

iri jectiori  i n t o  t h e  ce l l  i s  t h e  c u t t i n g  j e t - a s s i s t  gas .  Basing t h e  

c a l c u l a t i o n s  on t h e  assumed t e n  minutes of  t o t a l  c u t t i n g  timc i n  any 

given onc-hour pe r iod ,  t h e  c u t t i n g  j e t  will r e q u i r e  an average a d d i t i o n  

of 1 .39  s t d  l i t e r s  p e r  second of gas added t o  t h e  cell. This  i s  based 

on t h e  assuriiption t h a t  an  external source of h i g h  p re s su re  gas i s  used 

t o  supply t h e  c u t t i n g  j e t .  

c u t t i n g  j e t  by p u t t i n g  a small coiiipressor and gas  s t o r a g e  tank i n  the 
disassembly c e l l .  Gas from t h e  c e l l  environment could then be pumped t o  

high pressure and used as t h e  c u t t i n g  j e t ,  t h u s  reducing t h e  gas load on 

I t  would a l s o  be p o s s i b l e  t o  c lose - loop  t h e  

t h e  decontarnination systems. 
If as p r e s e n t l y  envis ioned,  tlie arnbient environment 

assembly c e l l  con ta ins  oxygen, i t  can be shown t h a t  impact 
gas t r ea tmen t  system i s  i n s i g n i f i c a n t ,  i f  not advantageous 

n the d i s -  

urn the c e l l  
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6.  SYSTEM D E S I G N  

Based on t h e  general  approach o u t l i n e d  by t h e  ana lyses  d i scussed  i n  

t h e  previous scc t io l i ,  p re l imina ry  l ayou t s  were made of a lasen. disassembly 

syst-eiix €o r  use i n  a disassembly ho t  c e l l .  This s e c t i o n  con ta ins  a 

d e s c r i p t i o n  o f  t h i s  systeiii, i nc lud ing  four  engineer ing drawiiigs, t h r e e  

i soinetric ske tches ,  and a systeiii s p e c i f i c a t i o n .  

6 . 1  Laser Cu t t ing  System Descript ion 

Shown i n  Fig. 6 .1  i s  t h e  laser cu t t i r lg  system which i s  used t o  cut 

t h e  o u t e r  shroud o f  a spelit f u e l  subassembly so t h a t  the  shroud can be 

reriioved t o  expose t h e  inne r  rods .  An i somet r i c  <ketch of  t h e  systsrn i s  

shown i n  F i g .  6 .  2, 

The system i s  designed t o  s a t I s € y  the  requirements of c u t t i n g  i n  a 

h o t - c e l l  radiaLion environiiierit. Only t h e  IIX" c a r r i a g e 9  which c a r r i e s  

t h e  focus head over t h e  f u e l  subassembly, i s  a c t i v e l y  d r iven .  The focus 

head has no d r i v e  motors o r  o t h e r  e l e c t r i c a l  componcnts. 

I I Z ' ?  motions, t o  a l low t h e  focused heam t o  follolu t h e  shroud upper co rne r ,  

a r c  c o n t r o l l e d  by mechanical shroud fo l lowers  which t r a c k  t h e  shroud 

s u r f a c e  during c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  c u t t i n g .  

inents and replacements are designed t o  be accomplished From a v e r t i c a l  

p o s i t i o n  with remote manipulators .  'Ihe t o t a l  systeiii c o n s i s t s  of  t h e  

f o l l o w i n g  assemblies:  

I t s  i rYc7 and 

Mirror aLj gn- 

1. a 3-kW l a s e r ;  

2 .  a h o t - c e l l  window f o r  passage of t h e  l a s c r  beam through the  c e l l  

w a l l ;  
3 .  a gan t ry  assembly w i t h  support  s t r u c t u r e ,  llX1l a x i s  c a r r i a g e  and 

d r i v e  system, "Z" t u r n i n g  m i r r o r ,  arid r e s t  s t a t i o n ;  

4. the focus head assembly; 
5. t h e  shroud frn1lower assembly wi th  c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  

fo l lowers ;  and 

6 .  t h e  c a l j  b r a t i o n  s t a t i o n .  

The f i rs t  two i tems,  t h e  l a s e r  and t h e  h o t - c e l l  window, were riot 

t h e  s u b j e c t  of design i n  t h i s  s tudy.  The o t h e r  items i n  t h i s  l i s t  a r e  

d i scussed  below i n  t u r n .  
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F i g .  6 .2 ,  Lsomerrie v i e w  of laser c u t t i n g  system, 

6 .1 .1  Gantry assembly 
-..._.._._..l.l_._. _____ 

The suppor t  s t r u c t u r e  f o r  ilie c u t t i n g  system u t i l i z e s  s t ee l  I-beams 

i n  i t s  cons t ruc r ion .  A s  shown i n  F i g .  6 .1 ,  t h e s e  I-beams form an opcn- 

box framework which s t r a d d l e s  the  f u e l  subassembly a d  i t s  r o t a t i n g  

mechanisms. 'rhe dimensions i n d i c a t e d  i n  F ig .  6 .1  are  sub jec t  t o  change, 

depending on t h e  dcs ign  c o n s t r a i n t s  imposed by the f u e l  subassembly 

r o t a t i n g  a d  h a n ~ l l i n g  mecharlisms. 

Along t h e  t o p  of t h e  long i tud ina l  T -beams a r e  mounted p r e c i s i o n  

roclndways which support  the "X"-moti on c a r r i a g e ,  The t I X t f  c a r r i a g e  

supports and car r ies  t h e  "Z'I-turning mirror ,  focus  head, and shroud 

fo l lower  assembl ies .  The r e c t a n g u l a r  opening iil t h e  t o p  o f  the ItX" 

c a r r i a g e  a l lows  t h e  l a s e r  beam t o  enter t h e  focus  head and v e r t i c a l  

removal of  t h e  rocus head assembly f r u a i  t h e  system. 

The d r i v e  system t o  t r ave r se  t h e  I t X t t  c a r r i a g e  over  t h e  f u e l  sub- 

assembly could c o n s i s t  D f a s tcppi i ig  motor-gearbox combination and 
c j t h e i  a b a l l  screw o r  cha in  d r i v e  wi th  support  r o l l e r s  a l o n g  t h e  c h a i n  

l eng th ,  as shown i n  F i g .  6.2, ? h e  c o n t r o l  system inco rpora t e s  a s t epp ing  
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motor t r a n s l a t o r ,  microprocessor ,  and o t h e r  r e l a t e d  componcnts t o  c o n t r o l  

a c c e l e r a t i o n ,  v e l o c i t y ,  p o s i t i o n  of  t h e  r r X s '  c a r r i a g e  ( i .  e .  l o n g i t u d i n a l  

beam l o c a t i o n ) ,  and o t h e r  s e q u e n t i a l  c o n t r o l  f u n c t i o n s .  
?'he "Z" m i r r o r ,  as mentioned e a r l i e r ,  i s  rnounted on t h e  t o p  of  t h e  

'IX" c a r r i a g e  and d i r e c t s  t he  h o r i z o n t a l  incoming last-r bc'im down i n t o  

t h c  focus head assembly. 

focus head asscrribly, are s o l i d  copper with gold-coatcd r e f l c c t i v e  

s u r f a c e s .  As shown i n  t h e  a n a l y s i s  s e c t i o n ,  water-cool ing i s  not 

r e q u i r e d  f o r  t h e s e  m i r r o r s .  

' 'Z" m i r r o r  mount pcrmit  remote aligniiierit of  t h e  mirror  t o  aim t h e  l a s e r  

bcam i n t o  t h e  focus head. Removal o f  t h e  "Z" m i r r o r  i s  accomplished by 

loosening a c a p t i v e  b o l t  and l i f t i n g  t h e  assembly v e r t i c a l l y  from two 

l o c a t  i ng p i n s .  

Thc l f Z "  mir ro r ,  as w e l l  as t h e  m i r r o r s  i n  t h e  

Adjustment screws on t h e  top  s u r f a c e  of t h e  

A t  t h e  extremc r i g h t  of the support  s t r u c t u r e  i s  a rest s t a t i o n  f o r  
t h e  l l Z "  c a r r i a g c .  

relitoval and replacement o f  system components t a k e  p l a c e  with t h e  "XI' 

c a r r i a g e  i n  t h i s  r e s t  l o c a t i o n .  Also, t h e  r e s t  s t a t i o n  provides  a known 

p o s i t i o n  f o r  t h e  IfX" c a r r i a g e  and focus head motions, allowing a r e p e a t -  

a b l e  s t a r t i n g  p o i n t  f o r  any cut t i r rg  scquence. A s  t h e  v lXs"  c a r r i a g e  i s  

d r iven  toward t h e  rest  s t a t i o n ,  a r o l l e r  on t h e  hottom of  t h e  focus hcad 

c o n t a c t s  a v e r t i c a l l y - i n c l i n e d  s u r f a c e  which pushes t h c  focus head ' f Z f '  

motion t o  i t s  extreme v e r t i c a l  p o s i t i o n .  Continued t r a v e l  by t h e  "X" 

c a r r i a g e  causes t h e  focus head t o  c o n t a c t  a ho r i zon ta l ly -ang led  s u r f a c e  

which pushes t h c  "Y" motion t o  i t s  extreme l e f t  p o s i t i o n .  

Loading and unloading of t h e  f u e l  subassemblies and 

6 . 1 . 2  Focus head assembly 

The focus  head assembly a t t a c h e s  t o  t h e  "X" c a r r i a g e  and incorpo- 
rates t h r e e  m i r r o r s  t o  d i r e c t  and focus  t h e  l a s e r  beam onto t h e  shroud 

s u r f a c e .  The annu la r  c h a r a c t c r i s t i c  of  t h e  unfocused l a s e r  beam al lows 

on-axis focus ing ,  u s i n g  a s p h e r i c a l  focusing m i r r o r  ( sec  Fig.  4 . 3 ) .  

P e r t i n e n t  des ign  f e a t u r e s  are shown i n  Fig.  6 . 3 ,  arid an i somet r i c  sketch 

i s  shown i n  Fig.  6 .4 .  

As t h e  unfocused beaiii e n t e r s  t h e  focus head, it i s  turned horizon- 

t a l l y  by a "Y"-motion f l a t - t u r n i n g  m i r r o r .  Thc beam then  s t r i k e s  an 
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Fig ,  6 . 4 .  I somet r i c  view of  :focus head assembly. 

annular  f l a t - t u r n i n g  m i r r o r ,  dirccLirig tlie beam upward onto the  sphe r i ca l  

focusing m i r r o r .  Thc focusing m i r r o r ,  w i t h  a nominal f o c a l  l eng th  of 
30 c m ,  j s  pos i t i oned  t o  d i r e c t  t h e  beam through t h e  opening i n  t h e  
arinular-turning m i r r o r  onto t h e  shroud s u r f a c e .  

To keep t h e  beam f o c a l  p o i n t  p o s i t i o n e d  p rope r ly  on t h e  shroud 

s u r f a c e  wi th in  t h e  expected f u e l  siibassembly t o l e r a n c e s  of a two-dogrce 

twist and a 10-cm maximum bow, a mechanical shroud fo l lower  (descr ibed 

i n  t he  nex t  s c c t i o n )  i s  employed which moves t h e  focus head mirrors i n  
v e r t i c a l  "Z" and h o r i z o n t a l  "Y" d i r e c t i o n s  /. A pncuiiiatic a c t u a t o r  r o t a t e s  

t h e  c i r c u m f e r e n t i a l  o r  t h e  long i tud ina l  shroud fo l lower  i n t o  p o s i t i o n .  
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A "Z"-motion c a r r i a g e  suppor t s  t h e  enti.re focus head assembly. 'T'he 

l lZ"  c a r r i a g e  a t t a c h e s  t o  t h e  "X"-motion c a r r i a g e  on t h e  support  s t r u c -  

t u r e ,  V e r t i c a l l y - o r i c n t e d ,  p r e c i s i o n ,  l o w - f r i c t i o n  hardened roundways 

and bal l -bushings provide _+ lo  c m  o f  tile "ZIT ( v e r t i c a l )  motion. To 

minimize t h e  downward g r a v i t y  f o r c e  of  t h e  focus head (approximate?y 

90 kg) as t h e  mechanical fol lower i s  t r a v e r s i n g  t h e  ftiel subassembly, a 

s e r i e s  o f  c0nstan.t f o r c e  s p r i n g s  i s  a t t ached  between t h e  top of t h e  I r Z s '  

roundways and t h e  t o p  of t h e  "Z" c a r r i a g c .  These s p r i n g s  e f f e c t i v e l y  

perform t h e  same f u n c t i o n  as a counterweight.  

A nominal + l o  cm of h o r i z o n t a l  motion i s  achieved through a "Y"-liiotion 

c a r r i a g e  supported by t h e  I 1 Z 3 '  c a r r i a g e .  The annular  t u r n i n g  mi r ro r  and 

t h e  s p h e r i c a l  focusing mi r ro r  a r e  mounted on the c a r r i a g e ,  which i s  

f r e e  t o  iiiove l a t e r a l l y  on h o r i z o n t a l  hardened roundways and ba l l -bush ings .  

The "Y"-turnirig m i r r o r  i s  mounted t o  t h e  I tZ i '  c a r r i a g e  and a l igned  i.n 
such a rnanner t h a t  du r ing  r l Y r r  and I fZ "  motions, the laser beam i s  always 

posi t i .oned c o r r e c t l y  011 t h e  annular  t u r n i n g  mi r ro r .  

lock l f Y 1 l  and r r Z f f  mot:-ons as r e q u i r e d  during systeiii ope ra t ion .  

Pneuma.tic a c t u a t o r s  

Alignment of t h e  "Y"-tnrning mi r ro r  and t h e  s p h e r i c a l  focusing 

mirror i s  accomplished by t u r n i n g  .the adjustment screws on t h e  t o p  

s u r f a c e  of  t he  mounts (Fig.  6.3, views A-A and B - R ) ,  The annular-  

t u r n i n g  mi r ro r  i s  f i x e d  and is a l igned  a t  i n i t i a l  assembly. 

The focus head i s  designed f o r  long l i f e ;  however, maintenance and 

replacement of optica.3. components w i l l  be necessary a t  peri0di.c i n t e r v a l s .  

Provis ion has been made i n  t h e  design €or t o t a l  o r  p a r t i a l  disassembly 

and removal froiii t h e  system. The e n t i r e  focus head assembly i s  removed 

by l i f t i n g  v e r t i c a l l y  a t  t h e  l i f t i n g  lug t h a t  i s  mounted on the t o p  of 

t h e  "Z" c a r r i a g e  (Fig.  6 . 3 ,  p o i n t  A ) .  A s  t h e  "Z" c a r r i a g e  i s  r a i s e d ,  

l o c a t i n g  p i n s  on t h e  t op  of  t h e  c a r r i a g e  engage ho le s  i n  t h e  c r o s s  

support  yoke of t h e  cons t an t  f o r c e  sp r ing  assembly. Continued l i f t i n g  

~ u l l s  t h e  sp r ing  assembly and I 1 Z r v  c a r r i a g e  frorii t h e  ends of  t h e  round- 

ways; t h e  e n t i r e  focus head asseiiiblp i s  disengaged from t h e  system. The 

"Z" roundways remain permanently a t t ached  t o  t h e  "X" car- '  L i a g e .  The ends 
of t h e  "Z1'  roundways a r e  tapered t o  guide t h e  ba l l -bush ings  during t h e  

reassembly and reat tachment  of t h e  sp r ing  assembly. 
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The focus ing  m i r r o r  and t h e  annu la r - tu rn ing  m i n o r  a r e  removed as a 

u n i t  by looscnirig a c a p t i v e  b o l t  and l i f t i n g  t h e  assernlily v e r t i c a l l y  

with t h e  l i f t i n g  lug from two l o c a t i n g  p i n s  (Fig.  0 .3 ,  B ) .  The procedure 

i s  reversed  f o r  reasscnibly. The "Y"-turning mi r ro r  can a l s o  be reniovcd 

3s a s e p a r a t e  u n i t  u s ing  a similar procedure [Fig.  6.3,  p o i n t  C > ,  

6 .1 .3  Shroud fol lower assemb1.y .-.-_____ 

The shroud fo l lower  c o n s i s t s  of  two mecliariical t r a c k i n g  assemblies  

designed t o  move t h e  focus head i n  a p p r o p r i a t e  'gY'' and r r Z "  motions to 

maint.ain t h e  f o c a l  p o i n t  of  t h e  laser beam a t  t h e  c o r r e c t  loc,ati.on 

durirrg c u t t i n g .  One assembly fol lows t h e  contour o:ff t h e  f u e l  subassenlbly 
shroud du r ing  c i r cumfe ren t i a l  c u t t h g ,  and the o t h e r  assenibly f o l  lows 

t h e  shroud cont.our du r ing  l o n g i t u d i n a l  c u t t i n g .  Both fo l lower  assemblies  

i nco rpora t e  t h e  necessa ry  a s s i s t - g a s  j e t s  f o r  e f f e c t i v e  c u t t i n g .  ?hese 

assemblies  are shown i n  F igs .  6.5 and 6.6. Figure 6 , 7  i s  an i somet r i c  

ske tch .  The fo l lower  assernb3.ies are t i e d  t o g e t h e r  th rough  a coiiiiiion 

connect ing arm, which, i.n t u r n ,  i s  a t t a c h e d  t o  t h e  rrY1'  c a r r i a g e  a t  a 
r o t a r y  p i v o t  p o i n t  ( F i g .  6.5,  poi.nt A) ~ A l l  rnoverrient r e s u h i n g  from t h e  

f o r c e s  exe r t ed  on t h e  fol lower assemblies  during t r a c k i n g  i s  t r a n s m i t t e d  

t o  the focus  head a t  thris p ivo t  p o i n t .  

by a pneumatic r o t a r y  a c t u a t o r  b r i n g s  e i t h e r  fo l lower  asseiiibly i n t o  

p o s i t i o n .  

n e u t r a l  posi.ti.on when d e s i r e d .  

Rotat ion of  t h e  connecting arm 

A pneumatic lock ho lds  t h e  fol lower assembly i n  a h o r i z o n t a l  

The c i r c u m f e r e n t i a l  fol lower i s  a t t a c h e d  t o  the ].eft end of t h e  

connect ing arm and has  two r o l l e r s  which con tac t  the top and l e f t  s i d e  

s u r f a c e  of  t h e  shroud when brought i1it.o p o s i t i o n .  A h o r i z o n t a l  l o c a t i n g  

guide i s  a t t ached  and p i v o t s  a t  t h e  s i d e  r o l l e r .  Mounted t o  t h e  IrX" 

c a r r i a g e  i s  a s l i d i n g  weight; i t s  f u n c t i o n  i s  explained i n  t h e  fol lowing 

o p e r a t i n g  d e s c r i p t i o n .  

P r i o r  t o  ope ra t ion ,  t h e  fol lowing i n i t i a l  cor idi t ions apply:  (a)  t h e  

r9X9'  c a r r i a g e  i s  i n  t he  r e s t  s t a t i o n ;  (3) t h e  follower connecting arm is 

in the n e u t r a l  p o s i f i o n  and locked; (c) ''Y" and ' fZ1 '  focus head motions 

are locked; [d) the f u e l  subassembly i s  locked i n  p l a c e  with one co rne r  

o r i e n t e d  s t r a i g h t  up (as shown i n  F ig .  6 .5) .  
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F i g .  6.5. Circumfe ren t i a l  shroud fo l lower .  

'The "X" c a r r i a g e  moves i n t o  p o s i t i o n  t o  make t h e  i n i t i a l  c i r cumfe r -  

The connecti-ng a r m  i s  unlocked and r o t a t e d  counterclockwise e n t i a l  c u t .  

u n t i l  it c o n t a c t s  a mechanical s t o p  on t h e  l r Y r r  c a r r i a g e .  

pneumatic a c t u a t o r  remains energized du r ing  t h e  c i r c u m f e r e n t i a l  c u t  

cyc le .  

t h e  connecting arm l if . ts  t h e  s l i d i n g  weight v e r t i c a l l y  ( see  Fig. 6 .5 ) .  

The "Yrl-motion pneumatic lock i s  r e l e a s e d  and t h e  c a r r i a g e  i s  d r iven  

t o  t h e  rj .ght by t h e  g r a v i t y  fo rce  of  a s l i d i n g  weight (mounted from t h e  
l l X r l  c a r r i a g e  and f r e e  t o  s l i d e  only i n  t h e  v e r t i c a l  directS.cm) pushing 

011 t h e  45'-inclined surface. 

The r o t a r y  

A t  t h e  same t.i.me, an i n c l i n e d  p l ane  s u r f a c e  on t h e  r i g h t  s i d e  of 

The r r Y r r  motion cont inues u n t i l  e i t h e r  t h e  
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F i g  

F i g .  6 . 6 .  Loiigj tudirial shroud fo l lower .  

O R N L  DWG. 78-19457 
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,. 6 . 7 .  Exploded view o f  shroud fo l lower  assembly. 
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h o r i z o n t a l  l o c a t i n g  guide o r  t h e  s i d e  r o l l e r  c o n t a c t s  t h e  l e f t  f l a t  

s u r f a c e  of t h e  shroud. Once con tac t  has been made, t h e  " Z " - l i l o t i O n  

pneumatic lock i.s r e l e a s e d ,  and t h e  s l i d i n g  weight d r i v e s  t h e  focus head 

v e r t i c a l l y  u n t i l  t h e  t o p  r o l l e r  i.mpacts t h e  t o p  hex poi.nt on t h e  shroud. 

The c i r c u m f e r e n t i a l  c u t  i s  now made by turnii ig or! t h e  laser and gas j e t  

and r o t a t i n g  t h e  f u e l  subassembly 360' .  

kept i n  c o n t a c t  with t h e  shroud s u r f a c e  during r o t a t i o n  by t h e  s l i d i n g  

wei-g'nt. A f t e r  completion of  t h e  c i r c u m f c r c n t i a l  c u t ,  t he  and r r Z 1 '  

f o c u s  head motions a r e  locked t o  maintain t h e  l o c a t i o n  o f  t h e  beam 

impingement p o i n t .  

The s i d e  and top r o l l e r s  a r e  

'The l o n g i t u d i n a l  fol lower (Fig.  6 .6)  i.s a t t ached  to the  r i g h t  end 

of  t h e  coiiiiecting arm and c o n s i s t s  of  t o p  and bottom r o l l e r  assembli~es 

mechanically t i e d  t o g e t h e r .  Both of t h e  r o l l e r  assemblies have two 

r o l l e r s  pos i t i oned  t o  fol low the  shroud s u r f a c e  on e i t h e r  s i d e  o f  t h e  

hex p o i n t s .  The r o l l e r  assemblies  a r e  t i e d  t o g e t h e r  by lower and upper 

l i nkages .  
?'he bottoiii r o l l e r  assembly i s  spring-loaded and i s  connected t o  a 

pneumatic a c t u a t o r  rod and the lower l inkage.  The connection p o i n t  i s  

s l o t t e d  t o  allow v e r t i c a l  moti.on of  t h e  bottom r o l l e r  asseiilbly t o  coiii- 

pensa t e  for  changes i n  t h e  shroud width du r ing  lorigitudi n a l  cutt i .ng.  

To open t h e  r o l l e r  asserribli.es f o r  i n i . t i a l  p o s i t i o n i n g  and removal, 

t h e  pneumatic a c t u a t o r  i s  energi~zed. This  r e s u l t s  i n  a downward f o r c e  

on t h e  bottom r o l l e r  assembly. A t  t h e  same tj~rne, t h e  lower l inkage 

p u l l s  on t h e  bottom of t h e  upper l i nkage ,  causing it .to r o t a t e  about i t s  

p i v o t  p o i n t  ( see  Figs.  6 .6  and 6 .7)  and r a i s i n g  t h e  upper r o l l e r  assembly. 

The open t r a v e l  i s  l i m i t e d  by t h e  upper l i nkage  coming i n  con tac t  with 

t h e  open t r a v e l  s t o p .  To c l o s e  t h e  r o l l e r  assemblies  f o r  con tac t  with 

t h e  shroud s u r f a c e ,  t h e  pneumatic a c t u a t o r  i.s deenergized aid t h e  f o r c e s  

exe r t ed  by t h e  bottom r o l l e r  sp r ing  and t h e  upper l inkage sp r ing  b r ing  
the r o l l e r  assemblies  i n t o  p o s i t i o n .  

'To mai1itai.n beam p o s i t i o n  during cut t i -ng as the shroud s u r f a c e  

l i w - i - s t s ,  t h e  r o l l e r  assemblies  follow t h e  s u r f a c e  change through t h e  
mechanical connection between t h e  fol lower support  arm and t h e  connecting 

a r m .  This  mechanical connection was designed t o  allow angular  movement 

between t h e  fol.lower support  arm and t h e  connecting arm. Three r o l l e r s  
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r ide i n  a s l o t  i n  t h c  connecting ami  (Pig.  6 .7)  and are posit ioricd such 

t h a t  t hey  fo l low a c e n t e r  o f  r o t a t i o n  about t h e  beam impingement p o i n t  

on t h e  f u e l  subassembly shroud. An angular  change i n  the fol lower 

support  arm r e s u l t s  i n  a f o r c e  on t h e  connecting arm which i s  t r a n s l a t e d  

i n t o  a p p r o p r i a t e  and "2" focus head motions through t h e  connecting 

arm p i v o t  p o i n t .  

Ge1.4 C a l i b r a t i o n  s t a t i o n  

The c a l i b r a t i o n  s t a t i o n  shown i n  F ig-  6 .1  i s  an area where lascr 
c u t s  on t e s t  samples can bc made t o  determine i f  all. c u t t i n g  parameters 

a r e  c o r r e c t  be fo re  proceeding with t h e  f u e l  subassembly c u t t i n g .  

Performing t h e  c a l i b r a t i o n  c u t  p r i o r  t o  c u t t i n g  each f u e l  subasscmbly 

al lows compensation of power, speed, o r  alignment f o r  hourly o r  d a i l y  

changes i n  c u t t i n g  c a p a b i l i t y  due t o  m i r r o r  abso rp t ion  changes laser 

mode changes, o r  o t h e r  f a c t o r s .  The t e s t  sample support  s t r u c t u r e  has 

one open s i d e  t o  a l low p o s s i b l e  viewing of  t h e  underside of t h e  c a l i -  

b r a t i o n  samplc wi th  a T V  system. 

Whcn t h e  t e s t  sample i s  i n  p l a c c ,  t h e  sample t o p  and rear v e r t i c a l  

support  walls are i n  t h c  same s p a t i a l  r e l a t i o n s h i p  as t h e  top  hex p o i n t  

and t h e  l e f t  f l a t  wall on t h e  shroud. This  r e l a t i o n s h i p  allows t h e  

c i r c u m f e r e n t i a l  fo l lower  t o  determine t h e  beam impingement p o i n t  once 

t h e  focus head i s  brought i n t o  p o s i t i o n  over t h e  t c s t  samplc. Af t e r  t h e  

sample c u t  i s  made, t h e  focus head i s  d r iven  back t o  t h e  r e s t  s r a t i o n  

p r i o r  t o  beginning f u e l  subassembly c u t t i n g .  

6 .1 .5  Typical  c u t t i n g  sequence 

The fol lowing i s  a t y p i c a l  c u t t i n g  sequence of a f u e l  subassembly. 

I n i t i a l l y ,  t h e  fol lowing c o n d i t i o n s  apply:  (a) t h e  focus head i s  a t  t h e  

rest  s t a t i o n ,  (b) t h e  l l Y r r  and "Z" focus  head motions a r c  locked, (c> t h c  

shroud fo l lower  is i n  t h e  n e u t r a l  p o s i t i o n  and locked, and (d) a tes t  
sample i s  i n  p l ace .  

given by a view o f  t h e  system as i n  Fig.  6 . 2  o r  t h e  s i d e  view of Fig.  6.1.  

L e f t  and r i g h t  are de f ined  from t h e  vantage p o i n t  

For a sample c u t ,  the focus head is d r i v e n  t o  the l e f t  u n t i l  

pos i t i oned  over t h e  l e f t  s i d e  of t h e  t e s t  sample. The shroud fol lower 



54 

i s  unlocked and the c i r c u m f e r e n t i a l  cut t i r ig  assembly i s  swung i n t o  

p o s i t i o n  t o  determine t h e  beam impingement p o i n t .  

d r iven  t o  t h e  r i g h t ,  and a sample c u t  i s  made. The fol lower assembly i s  

r e tu rned  t o  t h e  n e u t r a l  position and locked. The Eociis head i s  d r iven  

t o  t h e  r i g h t ,  onto t h e  res t  s t a t i o n ,  e s t a b l i s h i n g  "Y" and r l Z ' i  i n i t i a l  

p o s i t i o n s .  Then the  l r Y r r  and r l Z i s  p o s i t i o n s  are  lockcd, while i n spec t ion  

of t h e  sample proceeds,  A t  t h i s  t ime, adjustments can be made t o  l a s e r  

p o w r ,  t r a v c r s c  speed, o r  iiiirror alignments,  and o t h c r  sample c u t s  can 

bc made u n t i l  a t e s t  c u t  i s  judged s a t i s f a c t o r y .  

The focus head i s  

To make t h e  l e f t  c i r c u m f e r e n t i a l  c u t ,  Llie focus head i s  driveii  t o  

t h c  left.  u n t i l  pos i t i oned  over t h e  lower c i r c u m f e r e n t i a l  c u t  a r e a  of t h e  

f u e l  subassembly, and t h e  c i r c u m f e r e n t i a l  fol lower i s  swung i n t o  p o s i t i o n .  

With tile l a s e r  011, the f u e l  subassembly i s  r o t a t e d  3bOo, t h e  l a s e r  cut 

i s  made, and t h e  l a s e r  i s  turned o f f .  The and "Z" focus head motions 

a r c  loched t o  complete t h e  c i i t .  

To make t h e  lorigitudinal c u t ,  t h e  l o n g i t u d i n a l  fol lower i s  swung 
i n t o  p o s i t i o n ,  t h e  l a s e r  i s  turned on, t h e  focus head i s  d r iven  t o  t h e  

r i g h t ,  and t h e  laser c u t  i s  made. Af t e r  t h e  laser i s  turned o f f ,  t h e  

and r l Z r l  motions a r c  locked t o  complete t h e  cut.  
'l'he f i n a l  r i g h t  c i r c u m f e r e n t i a l  c u t  i s  accomplished by r e p e a t i n g  

t h e  l c f t  sequence; however, t h e  t o t a l  process  i s  complete when t h e  focus 
head i s  r e tu rned  t o  t h e  r e s t  s t a t i o n .  

6 .1 .6  System f e a t u r e s  t o  be designed .- 
_I-.-- 

There a r e  two f e a t u r e s  of the l a s e r  c u t t i n g  system which do no t  

appear on t h e  drawings (Figs .  6 .1  through 6 .7)  bu t  would have t o  be 

inco rpora t ed  i n t o  t h e  system. Needed features are  (1) a r e f l e c t i v e  hea t  

s h i e l d  around t h e  focus  head t o  reduce t h e  h e a t  load from t h e  ho t  f u e l  

subassembly, arid (2 )  some form of  purgc box around t h e  mirrors i n  t h e  

hot  c e l l  t o  prevent  d u s t  from s e t t l i n g  on t h e  mi r ro r  surfaces. 

6 . 2  System S p e c i f i c a t i o n  

Based on t h e  tes ts ,  anal.ysis,  and design work r epor t ed  above, t h e  

fol lowing p re l imina ry  system s p e c i f i c a t i o n  i s  given f o r  a laser disassembly 

system t o  f u n c t i o n  i n  a h o t - c e l l  environment. 
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6 .2 .1  Laser system and o p t i c a l  t r a i n  
__l_--.----l_l_ 

The f o l  lowing s p e c i f i c a t i o n s  d e f i n e  the requirements f o r  t h e  l a s e r  

source and lascr beam t r ansmiss ion  t o  t h e  focus head. 

a . 

b .  

C .  

ti . 

e.  

f .  

g .  

11. 

Laser type  - CO2, cw, and e l e c t r i c  d i scha rge ,  t o  he placed out-  

s i d e  t h e  c e l l .  

Laser r a t e d  power l e v e l  - 3 kW, cori t imous,  ?2% shor t - t e rm 

(1 El) s t a b i l i t y ,  and -15% long-term s t a b i l i t y .  

Beam s ize  and type  - 5- t o  8-cm d i m ,  u n s t a b l e  o s c i l l a t o r  with 

beam magnif ica t ior i  21.8, 

H o t - c e l l  l a s e r  window - S o l i d  (NaC1, K C 1 ,  o r  ZnSe)" Requires 

f u r t h e r  s tudy.  
I n - c e l l  m i r r o r s  - Uncoolcd s o l i d  copper s l a b s  and f r o n t  s u r f a c e  

gold-coated. 

Op t i ca l  t r a i n  - Four mi r ro r s ,  t o  t u r n  and focus beam, Mirrors  

t o  be enclosed by purge boxes ( t o  be designed). 

Mirror i n s t a l l a t i o n  - Means r e q u i r e d  f o r  a d j u s t i n g ,  removing, 

and r e p l a c i n g  i n d i v i d u a l  m i r r o r s .  

Power c o n t r o l  - Laser power must be c o n t r o l l e d  t o  provide 

cont inuous c u t t i n g  through t h e  r a i s e d  load pad on t h e  f u e l  

subassembly. 

6 . 2 . 2  Focus head f e a t u r e s  
-_ll--l_ 

The fol lowing s p e c i f i c a t i o n s  d e f i n e  t h e  r e q u i r e d  f e a t u r e s  of  a 

remotely ope ra t ed  laser focus head. 

a ,  F/number: 4 t o  6.  

b.  Ass i s t -gas  j e t  -Ambient c e l l  gas,  345 kPa,  and nonclogging 

design,  r e q u i r e d  f o r  both c i r c u m f e r e n t i a l  and l o n g i t u d i n a l  c u t s .  

Focus head c u t t i n g  speed - 50 t o  1 2 8  cpm, i n f i n i t e l y  v a r i a b l e .  e ,  

d .  Focus head c o n t r o l  - P r e f e r a b l y ,  b a l l  screw d r i v e  along f u e l  

subassembly a x i s ,  mechanical fo l lower  t o  provide c a p a b i l i t y  o f  

fol lowing f u e l  shroud s u r f a c e  through 210 cm bow and 2' t w i s t .  

Focal p o i n t  t o  be maintained on shroud s u r f a c e  t o  +O.C,-mn- 

v e r t i c a l  v a r i a t i o n  and 41.2-mm v a r i a t i o n  j n  h o r i z o n t a l  plane. 



e .  Radiat ion r e s i s t a n c e  - Focus head p a r t s  t o  r e s i s t  r a d i a t i o n  

l e v e l s  of  5 l o 6  r d / h  f o r  thousands of hours.  

Temperature con t ro l  - Focus head. must be designed t o  work on 
f u e l  subasscmbl i e s  w i t h  su r f ace  temperatures  i n  t h e  range of  

260 t o  54OOC. 

f .  

6 j. 2 . 3  Mechanical 

The fol lowing s p e c i f i c a t i o n s  d e f i n e  t h e  r equ i r ed  mechanical f e a t u r e s  

of  t h e  genera l  l a s e r  system. 

a .  

b .  

C .  

d.  

e .  

Cut t ing  gant ry  -Must be ab le  t o  s t r a d d l e  fuel  assembly t o  

allow easy loading u f  assembly. 

Modularity - E n t i r e  focus head and moving cary jage  must be 

removable aiid rep laceable .  

Optics  -All mir rors  must b e  remotely a d j u s t a b l e ,  a s  well  a s  

removable and replaceabl  e .  
System c a l i b r a t i o n  - Mcans must be provided f o r  r e g u l a r  monitor- 

ing  o f  system c u t t i n g  c a p a b i l i t y ,  and a d j u s t i n g  same by a d j u s t i n g  

l a s e r  powcr, speed,  o r  a l i g n i n g  iiiirror t r a i n .  

Environmental c o n t r o l  - To ease  gas makeup requirements i n  h o t  

c e l l ,  c u t t i n g  gas and beam tube purge gas should be taken from 

ce 11 environment. 

7 .  CONCLUSIONS 

1. Nuclear f u e l  subassembly shrouds can be c u t  a p a r t  by a l a s e r  with 

very l i t t l e  r i s k  o f  p e r f o r a t i n g  t h e  cladding o f  ad jacent  fue l  rods 

i f  t h e  c u t  i s  made i n  a corner  of t h e  hexagonal shroud conta in ing  

a s o l i d  dummy p in .  A hollow dummy p i n  with t h e  same wall th ickness  

as t h e  f u e l  p i n  could a l s o  be used t o  s h i e l d  f u e l  rods ,  bu t  t h e  

to l e rance  t o  v a r i a t i o n s  would no t  be as g r e a t .  

2 .  hue1 rods spaced away from t h e  shroud wal l  by a 1.4-mi wire allow 
c u t t i n g  o f  t h e  shroud without  punctur ing t h e  underlying f u e l  c ladding 

i f  l a s e r  power arid c u t t i n g  speed a r e  i n  t h e  range of 1 .5  t o  2 kW 
an3 65 t o  7 7  cpm r e s p e c t i v e l y .  I t  i s  es t imated  t h a t  power and speed 
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3 .  

4 .  

5. 

6 ,  

7.  

8.  

9. 

10. 

11 * 

would have t o  be maintained wi th in  45%, and t h a t  work d i s t a n c e  ( i . e .  , 
focusing mi r ro r  t o  workpieces s u r f a c e )  could n o t  va ry  more than 

L 0 . 5  mm,  assuming the: use o f  a focusing system with m f/number o f  

approximatcly 5 .  These conclusions a r e  based on t h c  use of an aj7- 

j s t ,  
scquirements somewhat . 
I f  t h e  f u e l  rod i s  c l o s e  t u  ( ~ 0 . 5  rm) o r  i n  con tac t  with t h e  shroud, 

tlie shroud cannot be c u t  without  punctur ing t h e  f u e l  c ladding.  

The b e s t  way t o  c u t  t h e  shroud i s  t o  o r i e n t  t h e  beam normal t o  i t s  

surface such t h a t  t h e  w a l l  t h i c k n e s s  t o  be c u t  i s  minimized. O f f -  

normal o r i e n t a t i o n ,  which e f f e c t i v e l y  i n c r e a s e s  the th i ckness  t o  be 

c u t ,  r e s u l t s  i n  more r i s k  of  damage t o  underlying f u e l  p i n  walls. 
A j e t - a s s i s t  nozzle  with a minimum flow diameter  of  3 mm, which can 

be loca ted  approximately 11 inn from t h e  l a s e r  beam i n r e r a c t i o n  p o i n t ,  

is e f f e c t i v e  i n  m a t e r i a l  removal arid i s  not  o v e r l y  s u b j e c t  t o  f o u l i n g  

du r ing  c u t t i n g .  
Minimum p e n e t r a t i o n  i n t o  underlying f u e l  c ladding can be obtained by 

o r i e n t i n g  t h e  j e t - a s s i s t  a x i s  a t  a small ang le  (rb300) t o  t h e  shroud 
surface. 
Argon gas i n  t h e  space between tlie f u e l  rod and t h e  shroud j ,  a 

d e t e r r e n t  t o  p e n e t r a t i o n  o-E t h e  cladding.  

A i r ,  n i t r o g e n ,  o r  carbon d iox idc  j e t - a s s i s t  gascs  r e s u l t  i n  sa t is-  
f a c t o r y  c u t t i n g  o f  t h e  shroud m a t e r i a l ,  however, oxygen-rich mixtures 

g r e a t e r  t han  50% cause more cx tens ive  damage t o  underlying f u e l  rods 

Small f/number focusing systems (between f/4 and f l 6 )  provide t h e  

l e a s t  r i s k  of punctur ing t h e  f u e l  c l add ing  when c u t t i n g  t h e  shroud. 

O f  t h e  f i v e  d i f f e r e n t  approaches f o r  guiding t h e  focus head along 

the f u e l  shroud as de f ined  i n  t h i s  s tudy ,  a p a s s i v e  system i n  which 

t h e  focus head i s  guided d i s e c t l y  by t h c  f u e l  subassembly i s  t h e  most 

d e s i r a b l e  i n  terms of s i m p l i c i t y ,  r e l i a b i l i t y ,  l ack  of d a t a  s t o r i n g  

o r  p rocess ing ,  and low c o s t .  The major drawback of t h i s  system i s  
t h a t  it may p u t  s i g n i f i c a n t  f o r c e  on t h e  f u e l  subassembly. 
If t h e  loads imposed on t h e  f u e l  subassembly by t h e  cornpletcly 

p a s s i v e  focus head s t e e r i n g  system are t o o  g r e a t ,  and a l t e r n a t e  
method i n c o r p o r a t i n g  a power boost  between t h c  f u e l  subassembly 

Use o f  n i t r o g e n  gas with soo oxygen would i n c r e a s e  Lhe power 
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1 2  * 

1.3. 

1 4 .  

15. 

16. 

1 7 .  

fo l lower  and t h e  focus head can be used.  

be a c t i v a t e d  by e r r o r  s i g n a l s  generated by the  d i f f e r e n c e s  i n  

p o s i t i o n  between t h e  focus head and t h e  f u e l  shroud fo l lower ,  and 

t h u s ,  would n o t  r e q u i r e  any special .  d a t a  s t o r a g e  o r  handling. 

O f  t h e  v a r i o u s  f u e l  fo l lowers  considered,  a simple wheeled yoke with 

r o l l e r s  t h a t  r o l l  d i r e c t l y  on t h e  shroud s u r f a c e  appears t o  be t h e  

s imples t ,  most r e l i a b l e  design approach. 

I n s i d e  t h e  ho t  c e l l ,  o p t i c a l  elements used t o  t r a n s f e r  and focus 

t h e  l a s e r  beam should be f r o n t  s u r f a c e  r e f l e c t i v e  mi r ro r s  r a t h e r  

than t r ansmiss ive  elements.  For t h e  duty c y c l e s  (5 min maximum p e r  

h a l f  hour) and power l e v e l s  ( 3  kW max) fo re seen  f o r  t h e  f u e l  d i s -  

assembly t a s k ,  t h e s e  m i r r o r s  do not need t o  be water-cooled. 

Ileat r a d i a t i o n  s h i e l d i n g  w i l l  probably be reot,uired around t h e  focus 

head t o  s h i e l d  i ~ t  from t h e  high temperature of  t h e  f u e l  subassembly, 

To monitor small changes i n  t h e  l a s e r  system c u t t i n g  c a p a b i l i t y ,  a 

c a l i b r a t i o n  s t a t i o n  where a sample c u t  could be made and examined 

p e r i o d i c a l l y  may be requi-red.  This technique would g ive  warning of 

changed c u t t i n g  cond i t ions  due t o  mi r ro r  degradat ion,  o p t i c a l  t r a i n  

misalignment, beam mode o r  power changes, o r  any o t h e r  circumstance 

t h a t  could a l t e r  t h e  system's cu t t i -ng  capab i l i - t y .  

On t h e  hot  c e l l  heal: loads due t o  l a s e r  c u t t i n g  a r e  n e g l i g i b l y  small 

r e l a t i v e  t o  t h e  h e a t  r e l e a s e d  from t h e  f u e l  subassembly i t s e l f .  

The laser appears  t o  o f f e r  b a s i c  advantages f o r  disassembling nuc lea r  

f u e l  elements i n  i t s  a b i l i t y  t o  cu t  by remote c o n t r o l  with minimum 

dross  from t h e  c u t  a r e a  and mi.nj.mum v o l a t i l i z a t i o n  o r  o t h e r  loss  o f  

f i s s i o n a b l e  m a t e r i a l .  With some l i m i t a t i o n s ,  . there do not  appear 

t o  be any b a s i c  t e c h n i c a l  f a c t o r s  prohibitikng t h e  use o f  l a s e r  f o r  

i - r r a d i a t e d  r e a c t o r  subassemblies.  

This  power boost would 

8 .  RECOMMENDATIONS 

Addit ional  c u t t i n g  t e s t s  a r e  recoiiiinended. These tes ts  should 

involve t h e  use  of a s i n g l e  f u e l  rod and shroud conf igu ra t ion .  The 

t e s t s  should cons ide r  t h e  usc of power ramping t o  c u t  t h e  load pad 
r eg ion  of t h e  f u e l  subassembly, t h e  minimum spacing between rod cladding 

arid shroud t h a t  will allow l a s e r  c u t t i n g  without breaching t h e  cladding,  
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a d e t a i  l ed  assessment o f  the f i s s i o n a b l e  m a t e r i a l  t h a t  could be r e l e a s e d  

i n  t h c  evcrit o f  rod c l add ing  damagc, and t e s t s  which e v a l u a t e  circum- 

f e r e n t i  a1 c u t t i n g .  
A c r i t i c a l  element i n  e s t a b l i s h i n g  t h e  f e a s i b i l i t y  of t h e  disassembly 

dev ice  proposed i n  t h i  s s tudy  i s  t h e  ope ra t ion  o f  t h e  mechanically 

d r iven  focus head and fo l lower .  I t  i s  t h e r e f o r e  recommended t h a t  a 
follow-on s tudy provide  f o r  t h e  des ign ,  f a b r i c a t i o n ,  and t e s t  of a focus 

head and fo l lower  t o  f i r m l y  e s t a b l i s h  t h e  f e a s i b i l i t y  of t h i s  a-pproach. 
As a f i n a l  rccommcndation, t h e r e  should be, i n  t h e  f u t u r e ,  c loser  

i n t e r a c t i o n  between r e a c t o r  f u e l  d e s i g n e r s  and f u e l  r ep rocesso r s  t o  

develop f u t u r e  r e a c t o r  fue l  subassemblies t h a t  have disassembly f e a t u r e s  

without compromising neutron econnmy arid breeding ga in .  
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