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I. In t roduct ion  

High speed photography has ind ica ted  t h a t  when b io log ica l  systems a r e  

exposed t o  l a s e r  r a d i a t i o n  i n  t h e  twenty j o u l e  range and above, a plume of 

v o l a t i l i z e d  ma te r i a l  i s  e j ec t ed  from t h e  t a rge t .  

oped i n  t h i s  l abora tory  whereby charged p a r t i c l e s  with energges up t o  one 

e l ec t ron -vo l t  have been de tec ted  wi th in  t h e  plume. 

Techniques have been devel- 

11. Magnetic Detect ion 

A charged p a r t i c l e  moving i n  a magnetic f i e l d  experiences a fo rce  a t  r i g h t  

angles  t o  both the  d i r e c t i o n  of motion and t o  t h e  d i r e c t i o n  of t h e  magnetic 

f i e l d .  This force  is  propor t iona l  t o  t h e  magnetic f i e l d  s t r eng th ,  t o  t h e  

e l e c t r i c  charge s t r e n g t h  of t h e  p a r t i c l e ,  and t o  t h e  p a r t i c l e  speed. Since 

t h e  magnetic f o r c e  always a c t s  a t  r i g h t  angles  t o  t h e  p a r t i c l e  motion, t h e  

r e s u l t a n t  p a r t i c l e  t r a j e c t o r y  w i l l  be c i r c u l a r  when t h e  magnetic f i e l d  is 

uniform, and when no ex te rna l  pe r tu rba t ion  s u c h a s  an e l e c t r i c  o r  g r a v i t a t i o n a l  

f i e l d  i s  present .  The c i r c u l a r  t r a j e c t o r i e s  a r e  t raversed  e i t h e r  clockwise 

o r  counter-clockwise according t o  t h e  s ign  of t h e  p a r t i c l e  charge (Figure 1). 

If a charged p a r t i c l e  e n t e r s  a magnetic f i e l d  a t  r i g h t  angles  t o  the  

f i e l d ,  the  r e s u l t i n g  c i r c u l a r  t r a j e c t o r y  w i l l  l i e  i n  a plane. If  t h e  p a r t i c l e  

e n t e r s  a magnetic f i e l d  obl ique ly ,  t h e  c i r c u l a r  t r a j e c t o r y  becomes a c i r c u l a r  

s p i r a l  of  cons tan t  pi tch.  
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When a charged particle moves i n  an inhomogeneous magnetic f i e l d ,  

simple c i r c u l a r  t r a j e c t o r i e s  no longer e x i s t .  

t r a j e c t o r i e s  of both nega t ive ly  and p o s i t i v e l y  charged p a r t i c l e s  i n i t i a l l y  

moving a t  r i g h t  angles  t o  a s p a t i a l l y  non-uniform magnetic f i e l d .  

seen from t h e  diagram, t h e  e f f e c t  of an inhomogeneous magnetic f i e l d  i s  t o  

produce a d r i f t  of t h e  cen te r  of curva ture  of t h e  p a r t i c l e  t r a j ec to ry .  

F igure  2 i l l u s t r a t e a  t h e  

As can be 

S tudies  have been c a r r i e d  out  i n  t h i s  labora tory  where high speed photo- 

graphs (8,000 - 10,000 frames per  second) were taken of the motion o f  l a s e r  

plumes moving through an inhomogeneous magnetic f i e l d  on laser i r r a d i a t i o n  

i n  t h e  t h i r t y  j o u l e  range focused on the  abdomen of black mice. 

plume macroscopic nJotion and confinement of t h e  liminous p a r t  of t h e  plume t o  

a r e l a t i v e l y  small (1 c m  ) volume was observed (Figure 31 i n  agreement with 

t h e  average e f f e c t  of many charged p a r t i c l e s  meving i n  an inhomogeneous 

magnetic f i e l d  ( f i e l d  s t r eng ths  0 - 300 gauss,  f i e l d  grad ien ts  of t h e  order  

of 200 gauss/cm.). Comparison with plumes e j ec t ed  from t h e  abdomens of 

black mice on laser i r r a d i a t i o n  by a focused beam in t h e  t h i r t y  j o u l e  range 

i n  t h e  presence of zero  magnetic f i e l d  showed r a p i d  d i s s i p a t i o n  of t h e  plume 

over a l a r g e  volume and no s p i r a l  t r a j e c t o r i e s  (Eigure 4). 

i n  t r a j e c t o r y  path was observed dur ing  these  s tud ies .  

employed was a Maser Optics Model 3100 incorpora t ing  a 6.5 X 0.375 inch ruby 

rod and an E.G. & G. PX 47-A f l a s h  tube. 

S p i r a l  
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Some v a r i a t i o n  

The l a s e r  u n i t  

Uncharged p a r t i c l e s  a r e  unaffected by a magnetic f i e l d .  Therefore,  the  

presence of s p i r a l  plume t r a j e c t o r i e s  and plume confinement i n  an inhomogeneous 

m g n e t i c  f i e l d  i n d i c a t e s  t h a t  t h e  luminous plume e j ec t ed  from b io log ica l  

systems conta ins  a high dens i ty  of charged p a r t i c l e s .  

p e r s i s t s  beyond the  l a s e r  pu lse  and f l a s h  tube discharge durat ion.  

of t h e  plume beyond the  l a s e r  pu lse  dura t ion  can be due t o  i l l umina t ion  by 

Plume v i s i b i l i t y  

V i s i b i l i t y  
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r a d i a t i o n  from t h e  heated i r r a d i a t i o n  s i t e  on t h e  mouse. 

not  the  mechanism of  prolonged plume i l lumina t ion  s ince  t h e  t a r g e t  lumin- 

o s i t y  disappears  much more r a p i d l y  than t h e  plume luminosi ty  a s  judged by 

high speed photography. 

luminosity of t h e  plume. 

from an exc i ted  s t a t e  t o  ground s t a t e  t r a n s i t i o n  o r  due t o  recombination 

r ad ia t ion .  

graphy i n  conjunct ton with o p t i c a l  f i l t e r s  has shown t h a t  some c o n s t i t u e n t s  

of the  plume r a d i a t i o n  a r e  i n  t h e  v i s i b l e  region,  and consequently i n  t h e  

e l e c t r o n  v o l t  region. 

t o  recombination r ad ia t ion .  Consequently, some of t h e  plume p a r t i c l e s  observed 

which a r e  f i s i b l e  must be charged. It i s  poss ib l e  t h a t  t h i s  i on iza t ion  occurs 

j u s t  a f t e r  t h e  p a r t i c l e  i t s e l f  i s  e j ec t ed  - the  p a r t i c l e  then being f u r t h e r  

heated due t o  continued absorp t ion  of l a s e r  r a d i a t i o n  following e j e c t i o n  

from the  t a rge t .  

is  through i n e l a s t i c  c o l l i s i o n s  between f r e e  e l ec t rons  and uncharged atoms 

present  i n  t h e  plume. The presence of charged plume p a r t i c l e s  was subs t an t i -  

a t e d  by t h e  shadies  ou t l ined  in t h e  fol lowing sec t ion .  

This is probably 

V i s i b i l i t y  of t h e  plume can be due t o  s e l f  

Se l f  luminosi ty  must be due t o  r e - r ad ia t ion  e i t h e r  

These modes of r a d i a t i o n  occur i n  a plasma. High speed photo- 

Therefore,  some of t h e  r a d i a t i o n  observed must be due 

Another poss ib l e  mechanism f o r  c r e a t i n g  charged p a r t i c l e s  

111. Probe Detect ion 

A small, m e t a l l i c ,  conducting probe. suchaas a length  of copper wire ,  

is considered t o  a f i r s t  approximation, t o  be “composed“ of e l e c t r o n s  free 

t o  move about wi th in  the  boundaries of t h e  wire. 

probe is enveloped by a moving cloud of  both p o s i t i v e l y  and nebat ive ly  charged 

p a r t i c l e s ,  the  f r e e  nega t ive  charges on t h e  probe su r face  will move so as 

t o  produce a probe vol tage  change i f  t h e  cloud has a net p o s i t i v e  o r  negat ive 

When a small conducting 
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charge or i f  t h e r e  is a tendency for  p o s i t i v e  and negat ive  charges t o  group 

together  wi th in  t h e  cloud. 

I n  t h e  s t u d i e s  c a r r i e d  o u t  i n  t h i s  baboratory,  copper probes i n i t i a l l y  

he ld  a t  ground p o t e n t i a l  were posi t ioned near  t h e  path of t h e  plume. If a 

n e t  charge were present  wi th in  the  plume a vo l t age  would be induced i n  t h e  

probe. D i rec t  l a s e r  i r r a d i a t i o n  of t h e  probe produced no de tec t ab le  probe 

vol tage  change. During experiments on charged plume p a r t i c l e s ,  precaut ions 

were a l s o  taken t o  avoid d i r e c t  i r r a d i a t i o n  of t h e  probes. Probe vol tage  

changes were de t ec t ed  when copper probes were placed near  t h e  pa th  of t h e  

plume e j e c t e d  from var ious  phys ica l  and b io log ica l  t a r g e t s  on i r r a d i a t i o n  i n  

the  20 j o u l e  range. 

a long  the  approximate plume p a t h  a vo l t age  d i f f e r e n c e  was de tec ted  between 

t h e  b o  probes as a func t ion  of t i m e .  This da ta  v e r i f i e d  t h e  presence of 

charged plume p a r t i c l e s  and allowed an es t imate  t o  be mnde of t h e  average 

v e l o c i t y  a t  which t h e  plume expands. Charged p a r t i c l e  v e l o c i t i e s  a s  high 

a s  10 cm./sec. were detected.  

By pos i t i on ing  two probes a measured d i s t ance  a p a r t  
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Other s t u d i e s  were c a r r i e d  out  us ing  s t r e a k  photography. The plume 

p a r t i c l e  v e l o c i t i e s  measured with t h i s  technique were i n  agreement with the  

v e l o c i t i e s  obtained by probe measurements a t  some d i s t a n c e  from t h e  animal. 

However, s t r e a k  photography ind ica t ed  t h a t  pbservable i n i t i a l  plume p a r t i c l e  

v e l o c i t i e s  near  t h e  animal su r face  were a t  l e a s t  f i v e  times g rea t e r  than 

those  v e l o c i t i e s  measured by probes placed a t  some d i s t ance  from t h e  i r r a d i a t e d  

animal surface.  An a n a l y t i c  model of the  plume ind ica t e s  t h a t  many e l ec t ron  

v e l o c i t i e e  wi th in  t h e  plume will exceed t h e  v e l o c i t y  of mass plume motion by 

a t  l e a s t  an order  of magnitude (g rea t e r  than 10 

e l e c t r o n  mass is extremely small, these  v e l o c i t i e s  represent  very low e l e c t r o n  

energies.  

5 cm./sec.). Because the  
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* 
IV. Pree Radical Detection 

Electron spin resonance measurements following irradiation of black 

mouse skin and homolysin preparations indicated with high probability that 

free radicals are produced in these biological materials on laser irradiation. 

Irradiated skin of white mice and collagenase gave no signal. 

* Carried out in collaboration with Dr. V.E. Derr, The Martin Company, 
Orlando, Florida. 
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V. Summary 

1. Magnetic f i e l d s ,  probe measurements and e l e c t r o n  s p i n  resonance 

s t u d i e s  ind ica ted  with high p robab i l i t y  t h a t  charged p a r t i c l e s  

a r e  produced during laser i r r a d i a t i o n ,  and that charged p a r t i c l e s  

are present  in t h e  plume. 

2. The "C" type magnet used was pos i t ioned  with one pole  f ace  in 

f r o n t  of  t h e  animal su r face  but:2 cm. or more l a t e r a l l y  d i s t a n t  

from t h e  inc iden t  l a s e r  beam. The f i e l d  s t r e n g t h  of  t h e  magnet 

va r i ed  from a maximum of 300 gauss near  t h e  pole  &ace t o  a much 

lower s t r e n g t h  a t  a d i s t ance  from t h e  pole  face. 

f i e l d  g rad ien t  w a s  t he re fo re  present  i n  t h e  region of t h e  plume. 

The ruby laser energy used i n  these  s t u d i e s  was of t h e  order  of 

30 j o u l e s  focused t o  a spo t  s i ze  i n  t h e  millimeter range somewhat 

below t h e  s k i n  surface.  

could not  be determined due t o  normal mwement of the  animal, 

inc luding  r e s p i r a t o r y  excursions. 

A high magnetic 

' ,  

The exact pos i t i on  of the foca l  po in t  
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Trajectory of charged part ic les  i n  a homogeneous magnetic 
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Direction of increasing 
f i e l d  strength 

Magnetic f i e l d  direct ion 
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Trajectory of charged part ic les  in an inhomogeneous magnetic 
f i e l d .  
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Spiral Plume trajectories  i n  an inhomogeneous magnetic f i e l d .  

Figure 3 
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Figure 4 

Unperturbed plume trajector ies  i n  zero magnetic f i e l d .  
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