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REVIEW OF DBER PROGRAM AT LANPF 

October 17-13, 1977 

TENTAT I V E  AGENDA 

A l l  meetings i n  Laboratory O f f i c e  B u i l d i n g ,  Room A - 2 3 4  on t h e  LAl4PF s i t e .  

l-londay, October 17, 1977 

8:30 a.m. ' 

8 : h C  a.m. 

9 : O O  - 9:30 a.m. 

9:30 - 1O:OO a.m. 

1O:OO - 10:45 a.m. 

Coffee 

lo:& - 11:30 a.m. 

I W O  - 12:15 

12:15 - 1:30 p.m. 

1:30 - 2:45 p.m. 

2:45 - 3:OO p.m. 

j : O O  - 4:OO p.m. 

4:OO - 5:OO p.m. 

Tuesday, October 18, 1977 

8:15 a.m. 
8:3O - 11:OO a.m. 

11:oo - 12:oo 

Taxi  p 

Taxi  p 

Commi t 

ckup a t  motel 

ckup a t  Los Alamos A i r p o r t  

ce d iscuss ion 

" I n t r o d u c t i o n  t o  LAMPF" 
1. Rosen 

"Overview of LANPF P r a c t i c a l  A p p l i c a t i o n s  and 

J. Bradbury 
I d e n t i f i c a t i o n  of DBER Programs" 

"Mater ia ls  Analys is  w i t h  Muonic X-Rays" 
R. L. Hutson 

"Proton Computerized Tomography" 
K. Hanson 
Lunch 

"P i  on B i oned i ca 1 Program" 
J. Bradbury, J. D i c e l l o  

Cof fee  

" R i  omed i ca 1 I n s t  r w e n t a t  i cn" 
J.D. Doss 

Tour of L A W F  
J. Bradbury 

Taxi  p ickups as vcqui rcd 

I n d i v i d u a l  d iscussions 

Exccut i v c  scssion 
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I. INTRODUCTI ON 
The Los AIamos Meson Physics Facility (LAMPF) provides unique high-intensity 

beams of protons, muons, and pi-mesons. Several of  these beams, together with 
some technological advances realized in developing this facility, are be 
evaluated for use in the detection and treatment o f  disease and for appl 
to environmental problems. The DEER program at LAMPF commenced in 1972. 
program is conducted by the Practical Applications Group (MP-3) and invo 
research in three main areas: development and evaluation o f  biomedical 

ng 
cation 
This 

ves 

nstru- 

mentation, new materials analysis techniques, and the pi meson biomedical program. 

The instrumentation development effort (Section I I) has been focused mainly 

on the application of hyperthermia in cancer therapy and new diagnostic posslbili- 
ties for the detection of cancer. Localized heating techniques have been used on 
various animal and human tumors. 

in cattle has been developed and is now in the commerical sector f o r  marketing. 
A similar approach may prove useful fo r  some forms o f  human eye disease. 
Instrumentation developed at LAHPF for detecting tumors i s  being tested at several 
institutions. 
normal tissue in temperature and electric potential. 

A device for treating the "cancer-eye" condition 

Electronic 

These techniques are based on indications that tumors differ from 

The materials analysis program involves the use o f  muons (Section 1 1 1 )  and 
protons (Section I V )  generated by the LAMPF accelerator. 
arising from implanting negative muons in a sample has been used to determine the 
elemental composition of a number of biologically interesting samples. 

technique is non-destructive, requires low dose, and can be used to selectively 
interrogate the interior of bulk specimens. Low-2 elements pose no problem in 
contrast to m o s t  conventional techniques. Experiments have indicated that the 
x-ray spectrum i s  also sensitive to the chemical environment in which the muon 
stops; this should have significance for a number of biological and environmental 

procedures. Protons are being used to determine the three-dimensional density 
distribution of objects i n  a manner analogous to that employed in CAT-scanning 
with x rays. 

resolution can be achieved with much less dose than with x rays. 

The muonic x-ray spectrum 

This 

The advantage of using protons is that a given spatial and density 

The primary objective of the LAMPF pion biomedical program i s  to evaluate 
the use of negative pions in cancer therapy. The physical, radiobiological, and 
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clinical experiments specifically required for this evaluation are performed by 

LAHPF and University of New Mexico personnel under a grant from the National 
Cancer Institute. 
channel about 60% of operations tiv. 
of a fundamental nature not designated in the NCI grant and includes pion radio- 
biology, selected dosimetry and microdosimetry experiments with pion beams, evalua- 
tion of new dosimetry techniques, determination of pion W-values and visualization 

studies. Huch of t h i s  research i s  performed by users from institutions other than 
LAHPF/UNM. 

these users and some limited in-house research. 

These activities currently require use of  the biomedical 
The remaining time i s  assigned to research 

The 3 B E R  supports the development and operation o f  the channel for 

In ensuing sections of this report progress i n  these areas is described. 

References are located at the end of each section. 

include selected reprints and a list of experiments on the pion biomedical channel. 
Appendices to the report 
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I 1 . B I OHED I CAL I NSTRUHENTAT I ON 
A. Backq round 

The des I gn , construct  ion  and operat ion  phases o f  LAHPF have resu 1 t ed  

i n  the c rea t i on  o f  a s i g n i f i c a n t  technology base, both i n  terms o f  personnel 

and hardware. Th is  resource has been d i rec ted  toward the so lu t i on  o f  several 

non-accelerator-related problems i n  the biomedical sphere. The s p e c i f i c  tech- 

nology app l ied  includes radio-frequency techniques, e lec t ron ic  feedback, and 

monitor ing of low-level  s ignals i n  no isy environments. 

B. Local lzed Tissue Hyperthermia 

The r e s u l t s  o f  a number of inves t iga t ions  dur ing the past 25 years 

show tha t  mallgnant c e l l s  are qu i te  o f ten  more sens i t i ve  t o  moderate l eve l s  of 

hyperthermia than t h e i r  normal counterparts. This information has l e d  to  i'n- 

te res t  i n  techniques f o r  generating loca l i zed  thermal f i e l d s  in  t i ssue  for the 

treatment of cancer, both as the sole modal i ty and i n  combination w i t h  rad ia-  

t ion therapy or chemotherapy. Some inves t iga tors  have reported a synerg i s t i c  

e f fect  from combinations o f  (low LET) rad ia t i on  treatments and hyperthermia. 

The Prac t i ca l  Appl icat ions Group a t  LAHPF began inves t iga t ing  the 

u t i l i t y  o f  l oca l i zed  rad io  frequency current  f i e l d s  (LCF) for  t h i s  app l i ca t i on  

dur ing t h e  summer o f  1972. (See attached r e p r i n t ,  c. Inst r . ,  10, Jan-Feb 1976). 

I n  t h i s  approach, electrodes are placed on (or i n to )  the t i ssue t o  create the 

desired rad io  frequency current f i e l d  pat tern,  w i t h  h igh ly  loca l i zed  hyperthermia 

being the goal. One or more thermistors (mounted i n  hypodermic needles) are 

placed i n t o  the t i ssue  t o  be heated; one o f  these thermistors i s  used to con t ro l  

the temperature i n  the t issue v i a  e lec t ron i c  feedback t o  the rf source. In  

t h i s  manner, temperature (at  the cont ro l  locat ion)  can be regulated dur ing 

therapy t o  w i t h i n  approximately* 0.2"C. 

the autumn of 1972 t o  " t reat"  t ransplanted sarcomas on mice obtained from LASL's 

H-Division. Almost a l l  the tumors regressed a f t e r  treatments a t  45°C for 20 

t o  30 minutes. In the spr ing of 1973, a co l labora t ion  was arranged w i t h  the 
Univers i ty  of New Mexico Medical School (Dept. of Surgery and Animal Resource 

Faci 1 i t y )  to  t e s t  the LCF hyperthermia technique i n  the treatment o f  spontaneous 

animal tumors. Arrangements were made w i t h  loca l  veter inar ians f o r  r e f e r r a l ;  

most o f  the cases re fe r red  were i n  an advanced s t a t e  o f  disease. This work 
continued through 1974, w i t h  the ma jo r i t y  of the animals (cats  and dogs) exper i -  

encing regression of tumor w i t h  attendant (apparent) p a l l  i a t i o n  and improvenient 

This hyperthermia method was used In 
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use in 
Tucson 
Hed i ca 

C 

of function. 

period of 1 t o  2 years following treatment. 
at UNM-HS with equipment loans from LASL to test the effectiveness of combined 
radiation and hyperthermia on similar animal tumors. 
LAMPF-designed equlpmcnt was also used to test the effectiveness of whole-body 
hyperthermia in the treatment of advanced canine and feline tumors. This work, 
while very limited, sparked interest in a whole-body hyperthermia cancer therapy 
program for humans that i s  still active at the Albuquerque VA Hospital under 
direction of the Dept. o f  Surgery at the UNH Medical School. The localized 
hyperthermia technique is also being investigated at the UNM Cancer Research 
and Treatment Center in the experimental treatment of selected human tumors. 
LAMPF is active with technical input and instruments in this UNM-CRTC clinical 
effort. LAMPF LCF hyperthermia instrumentation is also currently on loan for 

A minority of the animals were free of tumor for a follow-up 
A modified program i s  continuing 

In the earlier program, 

the very active hyperthermia program at the University of  Arizona in 
as well as programs that are just being initiated at the Tufts University 
School (Boston) and Washington University Medlcal School (St. Louis). 
Cancer-Eye Treatment 

Results of the LCF animal treatments in 1973-74 raised the question of 
the applicability o f  this technique to a disease called "cancer-eye" which has 
long been almost at epidemic proportions in Hereford cattle. 
these tumors are squamous cell carcinoma which occur on the globe or in the lid. 
A smaller proportion are papillomas or "plaques", both considered to be precursors 
to the malignant tumor. 

The majority of  

Portable LCF treatment equipment was constructed, and arrangements 
were made through the New Mexico Herefrbrd Association and the USDA Extension 
Service (NHSU) to test the techniques on two Hereford operations in northern 

New Mexico. 
experiment was complete by krch, 1977. 
considerably during the ten-month experiment. 

LCF treatment unit that could be powered from a vehicle cigarette lighter (or 
portable battery) and used by ranch workers. 
treated (0.2 to 2 cm diameter), approximately 90% remission can be expected with 
two treatments. 

The first animals were treated during June, 1976 and the pilot 
Equipment and technique were refined 

The final result was a portable h 

N 

a 
0 

When tumors of moderate size are 

Cancer-eye (or si in i  lar) treatment equipment has been loaned to a number 
Of universities and one private research institution for the investigation of 
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veterinary and human applications. Included in this group are: 
University of Arizona (Ext. Service) 
New Mexico State University (Ext. Service) 
Oklahoma State university (College o f  Vet. Med.) 
McGee Eye Instltute, Oklahoma City (Poss. human applications) 
University of  New Mexico, Cancer Research t Treatment Center 

(Now in use in human tumor treatment) 
Colorado State University (College of Vet Med.) 
(See attached reports: LA-6714-HS and LASL Mini-Review 877-14) 

D. Thermal Hodification of Corneal Structure 
Experimental results reported by Stringer and Parr (Nature, %4965, 

p. 1307, Dec. 26, 1964) indicated that collagen in the human cornea exhibited a 
critical shrinkage temperature (58-60°C) that was lower than the shrinkage 
temperature for collagen In other structures. This information led to the develop- 
ment (at the University of Florida, Gainsville) of a technique called thermo- 
keratoplasty; i.e., the appllcation o f  heat to the cornea to alter curvature. 
This technique has involved the application of a preheated metal probe (90 to 
130'C) to the cornea for durations o f  approximately one second. A condition 
that has been treated with this method is keratoconus, i.e. "cone-shaped cornea". 

m i l e  sane clinical success has been reported, there have also been reports o f  

excessive damage to the superficial portion of the cornea, and, in other cases, 
only transient changes in shape which may be due to insufficient heating of the 
deeper stromal collagen. 

distribution across the cornea (higher temperatures on the surface) which result 
from conduction heating. 

Each o f  these problems may be due to the temperature 

LAMPF Is developing a technique which should reverse the temperature 
gradient In the cornea so that the important superficial tissue (Bowman's mem- 
brane) can be spared while applying sufficient temperature levels to stroma to 
cause long-term shrinkage. An rf source (2 HHz) with servo control of  the rf 
amp1 itude appl ied to the cornea, and precise electronic timing of  the duration 

h of the "treatment" has been constructed by LAHPF and loaned to HcGee Eye Institute 
.-: in Oklahoma City for animal tests. Corneal probes have also been loaned, with 

d updated versions being constructed and tested at CAMPF on animal eyes procured 
from a meat-packing plant in Albuquerque. 0 

The basic technique involves passing rf currents through the cornea with 
an electrode that is placed into good electrical and thermal contact with the 
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t issue. 

i n  the cornea. The e lect rode i s  simultaneously cooled t o  remove heat from the 

surface o f  the cornea by conduction. 

energy by r f  current ,  and cool ing of the surface by conduction, i t  should be 

poss ib le  t o  achieve a more desirable temperature d i s t r i b u t i o n  i n  the cornea. 

I n i t i a l  measurements of the temperature d i s t r i b u t i o n  are being made a t  LASL I n  

dissected animal eyes. 

t o  be s u f f i c i e n t l y  we l l  designed, they w i l l  be loaned t o  HcGee f o r  f u r the r  

evaluat ion on l i v i n g  animals. Eventual success of  t h i s  experiment could lead 

t o  treatment o f  keratoconus (and s im i la r  corneal 'Ishape" disorders) w i thout  

surgery. 

With the  appropr iate electrode, energy i s  deposited almost un i formly 

By t h i s  combination of deposi t ion of  

Once these data a rc  complete, and probes are considered 

E. B i o e l e c t r i c  Potent ia ls  i n  Cancer Diagnosis 

There have been repor ts  ( I t 2 ) t h a t  negative dc e l e c t r i c  po ten t i a l s  a re  

usua l ly  associated w i th  malignant tumors i n  laboratory  animals and in  humans. 

l n  one c l i n i c a l  e~per imen t , ' ~ )  malignant tumors i n  the female gen i ta l  t r a c t  were 

i d e n t i f i e d  by the  presence o f  t h i s  e l e c t r i c  po ten t ia l .  

LAMPF i s  co l labora t ing  w i th  the Un ivers i ty  o f  New Mexico Cancer Reseerch 

and Treatment Center i n  a p i l o t  program t o  inves t iga te  the re la t i onsh ip  between 

these po ten t i a l s  and the presence o f  breast cancer. 

d i f f e r e n t i a l  breast-to-breast po ten t i a l  (a t  UNM-CRTC) were made on September 2, 

1977. To date seven subjects have had d i f f e r e n t i a l  breast po ten t i a l s  recorded. 

No cases of breast cancer have been measured yet; the seven subjects inc lude 

(r "norma1s" and cases o f  cancer o f  the skin,  lung and pancreas. S ix  of the  subjects 

M had d i f f e r e n t i a l  po ten t ia ls  tha t  were t y p i c a l l y  i n  the one t o  f i v e  m i l l i v o l t  

6 range. One case, w i t h  possible recurrent lung cancer, exhib i ted a r e l a t i v e l y  - 

The f i r s t  measurements o f  

large reading o f  18-20 m i l l i v o l t s .  

breast cancer, must be taken i n  t h i s  experiment before even t e n t a t i v e  conclusions 

can be reached. 

Much more data, p a r t i c u l a r l y  on proven 

F. Miscellaneous Projects 
h 
%* 

0 fo l lowing pro jec ts :  

d 1. Design o f  a portable device fo r  long-term monitor ing o f  

The Prac t i ca l  Appl icat ions Group has a l so  been involved i n  the 

d i f f e r e n t i a l  breast sk in  temperature f o r  use i n  breast cancer 

diagnosis. ERDA was issued a patent on t h i s  c i r c u i t  (#3,960,138 -- 
6/1/76). The device i s  under t e s t  a t  the Un ivers i ty  of Arizona 
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Hedical School i n  Tucson. It appears that the device faithfully 
records the data, but the relevancy o f  the data for tumor 

detection has not been definitely established. 

2. Two electrosurgical devices have been developed at LAMPF. 
One of has been used to cut and seal branch arteries 
during arterial transplant surgery. The other device i s  a bi- 
po1ar electrosurgical blade, which eliminates the need for the 
conventional llpatient-plate" remote electrode normally used in 
electrosurglcal procedures. The bi-polar blade confines r f  
current flow to a very small volume of tissue with improved 
safety and reduced ECG noise. ERDA has applied fo r  a patent 
(Application Serial Elo. 601113) on this device. 
3. Circuitry has been developed fsr the removal o f  electro- 

4. ERDA has been issued a patent (84,016,886) on the LCF tissue 
heating technique and is applying for a patent on a load-sensitive 
oscillator circuit developed for use i n  the cancer-eye treatment 
device. 

surgery-induced noise from ECC monitors. (5 )  
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I I I .  MUONIC X-RAY ANALYSIS (MXA) 

A. Background 

When a negative muon stops in matter it is attracted to an atomic 
nucleus and cascades dawn through muonic atom energy levels emitting x rays. 
The relative yields of muonic x-rays emitted when muons stop i n  a sample of 
material provide information about elemental and chemical properties of the 
material. The total yield within the muonic Lyman series of an element i s  a 
measure o f  the atomic concentration of that element while the relative strengths 
of the lines wlthin a series are known to be affected by the molecular environ- 
ment o f  the element. 

we are measuring muonic x-ray yields from a variety of materials in order to 

demonstrate the potential usefulness of MXA for  major element analysis in 
problems of biomedical and environmental interest. These experiments also provide 
fundamental data for testing theoretical models of the muon capture and cascade 
processes; improved models and predictive capability will increase the applications 

potential of the technique. The LASL report, LA-5867-f lS,  included in Appendix 1 1  

contains a brief discussion of the physical principles involved in the formation 
of  muon i c x-rays. 

As p a r t  of the experimental program in the LASL Group HP-3 

The characteristics of  muonic x-ray analysis which may provide advantages 
over conventional analytical techniques include: 

-non-destructive analysis of bulk samples; 
-1w dose delivered to sample; 
-sensitivity to low-Z as well as high-2 elements; 
-sensitivity to isotopic and chemical compositions. 

We have concentrated our efforts in three areas: 
configurations and procedures fo r  maximizing count rates and minimizing background, 

2) development of data analysis techniques for extracting accurate measures of 

x-ray yields from the data and 3) examination of a number of samples and evaluation 
of the results in terms of the potential usefulness of muonic x-ray measurements 
f o r  materials analysis. A reprint [Radiology 120, 193-198 (1976)] contained In 

Appendix 1 1  discusses items 1) and 2) and the results of  a number of sample measure- 
ments. Those and more recent measurements are discussed in the next section. 

1 )  development of instrumental 

- 

B .  Investigations of Tissues and Tissue-like Materials 
In the early stages of study o f  muonic x-rays for sample analysis it was 

apparent that MXA offered advantages for use in medical diagnosis and biomedical 

00132881.011 nar I 
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research. In particular, major-element analysis of tissue volumes as small as a 
few cubic centimeters located within the body could be performed without giving 
significant radiation dose to the body and without surgical intervention. 
set outto determine if the results of  elemental analysis with muonic x-rays 
matched conventional analysis results closely enough to justify our optimism 
about the potential of the technique. 

We 

The first set of measurements were on animal tissues (muscle, fat, liver, 
bone, and blood) and on samples of tissue-equivalent plastic and tissue-equivalent 
liquid. 
tions in the muscle, fat, and liver samples were close to the concentrations 
obtained with conventional techniques but some unexpected discrepancies were noted. 

We attributed the differences to errors introduced by the inevitable sampling 

problem that arose when we tried to get few-gram tissue samples for conventional 
analysis which were representative of that of the large 100-200 g specimens used 

in the HXA measurements. 
the small samples were probably not truly representative. Results from the muonic 
x-ray studies o f  the homogeneous materials of well-known coinposition,e.g. blood, 
plastic, and tissue-equivalent liquid, gave very close agreement with the known 
elemental concentrations providing further indication that sampling problems are 
the source of  the discrepancies found with the tissue samples. 
indicate that, for the purpose of analyzing the average composition of relatively 
large samples, MXA possesses a distinct advantage over  those techniques requiring 
very small samples. 

The results of the analysis of  the plastic and tissue-equivalent liquid 

data are given in Table I while Table I I  [from Radiology 120:193-198 (1376) 
Appendix Ill contains the results of both conventional and muonic x-ray analysis 
of the various tissue samples. 

The muonic x-ray measurements of carbon, nitrogen, and oxygen concentra- 

The large samples were somewhat inhomogeneous so that  

These results 

This work stimulated enquiries from about thirty people from thirteen 

countries. As a result we were encouraged to continue our studies with tissue with 
the goal of determining ifthere are observable differences between normal and patho- 

logical tissues. 
normal and cirrhotic human liver and between normal dog liver and dog liver tumor. 

Therefore comparisons were made between the x-ray yields front 

Two samples each of normal and cirrhotic human liver were studied. For 

comparison between normal and abnormal samples we calculated the ratios of the  
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total yields of the oxygen Lyman series x rays to the yields of  the carbon Lyman 
series. These results are shown in Table 1 1 1  where a significant and consistent 
di fference Is shown between normal and abnormal tissue. 
corrections would tend to increase the difference in the ratios. In addition to 
the human llver samples we obtained one sample of normal dog liver and one sample 
of dog liver tumor. 
of two higher than for the tumor sample. 
appl icat ion in  tumor detection. 

Appl icat ion o f  background 

The O:C ratio for the normal sample was approximately a factor 
It i s  thus possible that HXA has an 

Whole-body calcium measurements can be done with neutron activation analysis 
while bone mineral levels in the arm, for example, can be determined by gamma 
transmission measurements. However, since localized areas such as the head or 

spine are somewhat inaccessible with these established techniques, MXA might be 
useful for analysis in such regions of  the body. We obtained two samples of plastic 
whose calcium and phosphorous concentrations were not identical but approximated 
those of a typical bone. The ratio of the y i e l d  of calcium x rays from one sample 
to the yield from the other sample and the ratio o f  phosphorous y ie lds  were 
1.26 f 0.10 and 1.61 f 0.27 respectively, while theory predicts ratios of 1.30 and 

1.37. 
mineral content. 

This illustrates that MXA is sensitive to relatively small changes in bone 

C. Muonic X-Ray Yields from Dilute Solutions 
In order to gain a better estimate of the detectlon limits for relatively 

low-2 elements, we measured the x-ray ylelds from dilute solutions of NaF, KCl, 
CuSO,,, and AgNO 

hour irradiation of  a thirty-grar 'sample and use a 10 cc germanium detector 
we can detect concentrations of 0.1 - 0.5% by weight of elements with Z of about 
5, concentrations of 2% for Z of about 20 and concentrations of 5% for Z of 50. 

Longer irradiations, larger samples, and use of larger detectors would, of course, 
lead to lower detection limits. 

Based on these measurements we conclude that if we do a four- 
3 3' 
LL 

6 

s 

L 

e. D. Chemical Effects 

cv 
0 

0 

The above discussion has been directed toward elemental composition studies. 
In some cases information about the chemical environment of an element in a 
compound can also be obtained by studying the relative yields of x-ray lines within 
a series. 

1)  Hydrogen Effect 

It is now well-established that hydrogen in a molecule such as a hydro- 
carbon alters the x-ray pattern of the carbon Lyman series.") Theory doesn't 
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yet adequately explaln thls effect. 
help us better understand the processes involved so that such effects may be 
app I ied to anal ys i s  problems. 

We have begun a series of measurements to 

Two samples we have studied are paraffin and naphthalene for which the 
respective carbon ratios are 2.0 and 0.8 . Results indicate that the relative 
strengths of the higher members of the carbon Lyman series increase with increases 
in H/C concentration. This i s  consistent with results'l'for x-ray yields from 
polyethylene and graphite. 
erizing this effect. 

2) 

We are planning more measurements directed at charact- 

Effect o f  Bonding Type on Muon Capture Probabilities and X-Ray 
Spectral Patterns 

Besldes the hydrogen effect we are interested in determining to what 
extent muon capture probabilities and muonic Lyman series patterns are affected 

by the bonding configurations and types in organic compounds. 
exists it could provide a way to gain information about the chemical state of a 
biological material. We have chosen to start by studying the oxygen containing 
compounds furol, acetone, ethanol, and phenol. 

I f  such an effect 

E. HXA for Energy/Environnent Problems 
1 )  Coal Studies 
Knowledge of the chemical form of sulfur in coal i s  important f o r  planning 

the efficient removal of the sulfur before the coal is burned, a necessity i f  the 
sulfur-based pollutants formed during coal burning are to be minimized. Existing 

techniques for studying sulfur in coal suffer serious problems so we are planning 
to determine if HXA can provide information about the chemical form of sulfur in 
coal by measuring the sulfur x 

thiophene, and dimethyl disulf 
coal. 

2) Fuel Rod Analysis 
Another analysis prob 

rays from the sulfur-bearing compounds pyrite, 
de, whose structures are'typical of those found In 

em related to the general area of energy production 
and potential environmental pollution is that o f  determining the plutonium content 
of spent fuel rods. Some fuel rod analysis techniques require that a rod be cut 
into sections for analysis with the resulting increesed possibility of pollution 
of the working environment with fissionable and otherwise toxic materials. With 
HXA we have the possibility of surveying plutonium levels (with isotopic separation) 
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without cutting into the fuel rods. 
I n  cooperatlon with other LASL personnel, are going to measure the relative y i e l d s  

o f  plutonium x rays from their isotopes contained in samples of  Pu02 having 
different concentrations of the isotopes. 

To study this potential application we, 
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TABLE I 

> 

RELATIVE MUOi i IC  X RAY YIELDS 

PREDICTION BASED OR 
KNOWN COMPOS IT1 OiJ 

8717 * 0,4 
387 f 9.1 
6,4 * 0,7 

' 1,1 f 0,1 
1.1 f c l e l  

14.7 
5,o 
8013 

87,8 2 0,s 
3e7 k O e 2  
Ce5 -i. 0,3 
1.1 f 0.2 
L O  k 0,7 

14,1 * 9.6 
3,9 * 0,2 
81,9 5 0,6 
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TABLE I I  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

a. 
9. 

10. 

11. 

12. 

13. 

14. 

15. 

~~ 

Pig mu+e (1-1); 
Liquid nl trogm frozen 
Pig musclo (1-1) 
Thawed 
Pig muscle (1-1). 
Ref rozen 
Pig muscle (1-2). 
Liquid ni tro3en frozen 
Pig muscle (1-3). 
Liquid nitrogen frozen 
Pig musctlc (2-1). 
Ory ice frozen 
Pig muscle (2-2) 
Freezer frozm 
Pig muscle (2-3) 
Liquid nitrosen trottn 
Pig muscle (2-4). 
Formalin preserved 
Pig fat (1-I), 
Liquid nitro n frozen 
Pig liver (1-5. 
Liquid nitrogen frozen 
Bovine muscle (WA-1). 
Liquid nitrosen frozen 
Bovine livzr (WA-7) 
Freezer frozen 
Bovine liver (WA-12). 
Liquid nitrogen frozen 
Dog liver, 
Freezer frozen 
Dog blood 

Table I t :  Carbon, nitropen, and orysen content (2rr cen: by weight) ofwcrnal tissueurnpin 

Carbon -- -Ni trown- - 0xyc;rn- - 
Con tent Error Content Error Content Error 

15.45 z 0.25 3.47 t 0.47 81.08 10.96 

13.58 0.69 2.80 0.3 I 83.62 0.75 

Sample Description - 
M 
C 16.17 3.15 80.58 
M 
C 16.17 3.15 60.58 
hi 

M 
18.05 0.76 3.27 0.27 78-68 am 

C 16.17 3.15 80.6B 

C 13.65 3.30 8105 
M 14.46 1.05 2.93 p.r I 82.t 1 1.12 

18.07 0.6 7 3.31 0.28 78.62 . 0.72 

C 

Bovine bone, 
Freezer fraren 

- 
M 10.21 0.85 4.25 0. c6 85.29 0.96 1 
C 16.78 3.36 79.86 

C 25.23 3.63 71.14 
M 16.04 

!!! 15.01. 1.02 4.08 0.50 80.9 1 1.13 

M 1a.65 0.89 4.86 0.4 x 80.49 0.98 ' 

C 12.90 3.55 83.59 
0.80 4.48 0.45 79.48 0.95 

L 
52.95 1.05 1.8 1 0.21 45.22 1.05 

14.81 0.64 3.42 0.29 81.77 0.70 

8.56 1.12 4.23 0.59 67.15 1.27 

M 
C 47.43 2.2 1 50.37 
M 
C 
M 
C 12.95 3.72 83.32 M 
C 
M 

C 

C' 10.75 3.23 86.02 
C 

13.75 0.70 1.72 0.33 84.52 0.17 

12.27 0.74 3.03 0.42 64.70 0.84 
C 13.36 2.70 a.94 
M 20.35 0.90 4.07 0.2 7 75.58 a94 
M 9.03 0.49 3.14 0.25 87.83 0.55 

M+ 4 o. 68 1.07 3.37 a z o  47.83 1. IO 
- 

*Human blood Composition taken from Rcfrrcnct 15, 

c = Content as determined by conventional chemical analysis: 
Plus: phosphorus 

= content as d+:rtmine6 by muonlc x - ~ a y  JnzJysiS. The 
data h3S been normalized so that the sum i s  1ODZ. The absolute sumJ are typically of  Ute order at 55-90?;, th+ remainder 
being mostly hydrogen. 

1.90 z 0.2935. calcium = 6.22 2 0.93%. Normllt~cd sa that the sum of all five components it 160.5. 

h 

. .  

0 
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TABLE 1 1 1  

0:C RATIOS 

NORMAL L I V E R  

#1  1 . 2 4 *  .01 

/2 1.24 f .01 

# I  

R2 

I 

CIRRHOTIC L I V E R  

1 . 1 6 ~  .01 

1 . 1 7 *  .01 
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I V .  PROTON COHPUTED TOMOGRAPHY 

A. Introduction 
The first phase of this program involved a feasibility study for 

implementat ion o f  a proton computed tomography (CT) system at LAt4PF. 

were performed to provide a detailed comparison of  proton and x ray Ct systems. 
Several reconstruction algorithms were evaluated and applied to simulated proton 
data. It was determined that protons may be used to produce reconstructed 

two-dimensional density distributions with accuracy comparable to existing 
comnercial x ray CT units at significantly lower dose levels. 
Coulomb scattering which protons undergo as they pass through the specimen i s  the 

limitlng factor in the spatial resolution. 

Calculations 

The multiple 

The experimental implementation of a proton CT scanner at LAHPF consti- 

tuted the second phase o f  the program. In this experiment it was shown that the 

stability required for a competitive proton CT system could be mainta 
CT scans were performed on two plastic phantoms designed to test spat 
density resolution. The analysis of the scan data and the subsequent 

structions are presently underway. 
B. Density Resolution and Dose Calculations 

ned. Proton 
a1 and 

CT recon- 

In the CT method, the two-dimensional density distribution ,f a specimen 
is reconstructed from integrated density ( I p d x )  distributions taken through 
that section at various angles. 
the integrated density distributions, or projections, by measuring the energy 
lost by protons which traverse the specimen. 

The proton CT technique consists of obtaining 

The uncertainty in the integrated 

density i s  determined by the statistical fluctuations which occur in the energy 
loss process, commonly called straggling. 
experimentally determined by measuring the residual range of the exiting proton 
i n  some specified material, the uncertainty in the integrated density is given by 
the range straggling. 

If the energy lost by the proton i s  

Thus, a single 190 MeV proton, which has a range of 
23.6 g/cm 2 in water, can provide integrated density to an accuracy of 0.28 g/cm 2 . (1) 

In order to explore the usefulness of protons in reducing the dose 
required to obtain a given reconstruction quality, we have computed the dose 
needed to produce a reconstruction similar to tha t  obtained by the updated E H l  

head scanner. (2) 

to 6e examined with picture elements o f  dimension 1.5 mm x 1.5 mm. 

resolution desired is 0.4% per picture element. 

It was assumed that a 1.3 cni thick slice within a specimen i s  

The density 

00132881.019 
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Use of the Shepp and Logan reconstruction alg~rlthm'~) was assumed 
in the noise calculation. 
are taken from a full 360' range of  angles. 
from the ionization energy loss with an RBE = 1 .  

fraction of incident protons which undergo nuclear interaction rendering them 
unusable in the energy loss measurement. The x-ray dose was calculated on the 
basis o f  the energy absorption coefficient, the back-scatter factor and the 

depth-dose relation. (4) Figures 1 and 

2 show the dependence of the required proton and x-ray dose, respectively, upon 

the particle energy for 10 cm, 20 cm and 30 cm examination diameters. Table 1 
summarizes the doses at the optimum particle energies. 
protons could provide the same density information as monochromatic x rays with 

It was also assumed that the projection measurements 

The proton dose was determined 
A correction was made for the  

A rnonoenergetic x-ray beam was assumed. 

It is apparent that 

cm diameter specimen and a 

omb scattering was used to 
protons as it passes through 
emen t d i s t r i but i on may be 

approximated by a Gaussian distribution. A Monte Carlo program was used to 

a reduction of the dose by a factor of 3.9 f w *  a 20 
factor of  8.2 for a 30 cm specimen. 

C. Spatial Resolution Calculations 
A modified Holigre theory of multiple Cou 

determine the spatial spreading o f  a pencil beam of 

tissue. The major portion of the transverse displa 

incorporate proton energy loss. Table 1 1  gives t h e  equivalent Gaussian widths 
for the incident proton energies t h a t  would be used to examine 20 and 30 cm thick 
specimens. A comparison o f  the resolutions given in Table I 1  with the r.m.s. 
resolution of present commercial scanners, approximately 1 m, points to a need 
to improve the spatial resolution obtainable with protons. 

such an improvement i s  to measure the ptlcition of the protons as they exit from 
the specimen. As depicted in Figure 3, this results in good spatial resolution 
at entrance and at exit with the worst resolution occurring i n  the center o f  

the specimen. Another possible approach would be to use heavier charged particles 

C 

v, 
e 

One method for obtaining 

c 

such as alpha particles. (7 )  h 
0: D. Experimental Configuration 

0 

0 

In order to demonstrate the feasibility of obtaining high quality CT 
scans with protons, an experiment was recently performed on the P3 West channel 
at LAMPF. The experimental layout is shown schematically in Fig. 4. A specially 
developed tune of the P3 channel provided protons in a momentum bite of  0.22 

COPIED FCG 
bi3?iiii .020 



. .  - 19 - 1 

with a 1.5 m diameter beam spot. 

from the measurement of the residual proton energy with a hyperpure germanium 
(HPGe) detector. 
1.25 cm. The event trigger was obtained from the two scintillation counters, 
51 and 52. 52 ,  with an active diameter o f  2 cm, restricted the events to the 
central region in the HPGe detector. A delay line readout proportional chamber 
PC, was used to measure the transverse deflection of the proton at the exit of  

the water bath. During the measurements the phantom was nmved across the beam 

line under computer control. 
by computer command before a new traverse was begun. 
analog-to-digital converters allowed us to acquire data at an average rate of 
1000 events per sec with 50% deadtime. 

The energy lost by each proton was determined 

The HPGe detector had a diameter of 3.3 cm and a thickness of 

A t  the end of each traverse, the phantom was rotated 
The use of buffered CAHAC 

E. Experimental Results 
During the early phase of data taking it was demonstrated that the proposed 

experimental method has sufficient stability to allow us to obtain high quality 
tomograms. 
degrader in place of the water bath. 
an r.m.s. width o f  4.5 MeV caused by straggling in the polyethylene. 
mately 40,000 events were accumulated In each run to reduce the statistical error 
in the mean residual energy to 0.023 MeV. 
deviation in the residual energy was found to be 0.041 MeV indicating the presence 

of systematic uncertainties. These systematic uncertainties are of no consequence 
when compared with the statistical uncertainties associated with 1,000 events 

Ln which are needed at each measurement point in an actual torrlographic scan. 

6 measured systematic uncertainties imply the r.m.s. dr i f t  in the mean momentum - or' the incident beam is less than 0.004%. 

A 210 MeV proton beam was used with a 25.4 cm thick polyethylene 
The residual proton energy was 45 MeV with 

Approxi- 

In a series of such runs the r.m.s. 

0 

The 

The sensitivity of  the systemwes demon- 
strated by placing a single sheet of Xerox paper in front of  the polyethylene. 
The resulting 0.18 MeV shift of the residual energy, clearly visible in Fig. 5, 
corresponds to the addition of 0.013 g/cm of polyethylene, or less than 0.068 
o f  the original material thickness. 

2 h 

3' 

0 

0 
The data for two CT scans have been taken, and are currently being 

analyzed. 
designed to facilitate a direct comparison between x-ray and proton scans. 

Prel iminary CT reconstruct ions have been very encouraging. 
from 0.5 to 1.0 rads the proton CT reconstructions should have density resolutions 

The plastic phantoms had diameters o f  20 and 30 cm and were specially 

A t  dose levels of 
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somewhat in excess o f  those obtainable with present day commercial x-ray scanners 
whlch deliver doses up to 10 rads. It is hoped that complete reconstruction will 
be available i n  the near future. 

REFERENCES 

1 .  R.H. Sternheimer, Phys. Rev. 117, 485-488 (1960). - 
2. D.P. Boyd, H.T. Korobkin and A. Moss, SPIE 96, Optical Instrumentation 
in Medicine V, 303-312 (1976). 

- 
3. R.D. Evans, Radiation Dosimetry, 2nd E., F.H. Attix and W.C. Roesch, 
New York, Academic (1968). 

4. 
Springfield, Charles C. Thomas, 1969. 

H.E. Johns and J . R .  Cunningham, The Physics o f  Radiography, 3rd Ed., 

5 .  V . C .  MoliGre, Z. Naturforschg. - 3a, 78-95 (1948). 

6. 
Commission on Radiological U n i t s  and Heasurensnts, Natl. Bur. Std.  (USA) 
Handbook - 85 (1964). 

Physical Aspects o f  Irradiation, Recommendations o f  the  International 

7. T.F. Budingcr, et a \ . ,  Proceedings Image Processing for 2-D and 3-0 
Reconstruct ion from Projections, Stanford, CA,  August 4-7, 1975. 

-- 

b. 
N 

0 

0 

COPED FOR 
H s E32881.022 



- 21 - I 

TABLE 1 

h 
N 

d 

0 

Comparison o f  P5oton and X-Ray Doses RequIred t o  Obtain a 0.4% Density Resolution 
i n  1 .5  x 1.5 mn Picture Elements for a 13 mm Thick Section o f  Water-Like Material  

- PROTONS X-RAYS PROTON DOSE 
ENERGY SURFACE DOSE ENERGY SURFACE DOSE ADVANTAGE 

PATH LENGTH,P 

( G / c M ~ )  (MeV) (RAD) (KeV) (RAD 1 

55 0.026 2.5 

80 0.12 3.9 

10 130 0.010 

20 190 0.032 

100 0.53 8.2 30 230 0.065 

TABLE 1 1  

Root Mean Square Transverse Displacement o f  Protons i n  ICRU H ~ s c l e ' ~ )  o f  Unit Density 

PROTON ENERGY 
MeV 1 

190 

230 

DEPTH 
(cm) 

10 
20 

15 
30 

R.H.S. RESOLUTION 
(mn) 

1.2 
3.8 

1.9 
5.9 
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Figure 5 .  Measurement of the mean residual energy o f  a proton beam of  
0.2% momentum spread, obtained in a series of nine runs, each 
run containing - 40 000 events. 
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V. P I O N  BIOHEDICAL PROGRAM 
A. Background 

As a result ofajointly funded construction program by ERDA and NCI, 
a dedicated facility at LAMPF is now available for biomedical studies and clinical 

trials using negative pions. The facility consists o f  a pion beam channel, a 
computer and peripheral equipment for operating and monitoring the channel, data 
acquisition systems, and areas for research and treatment activities. 
i s  operated about one-half time for a series of clinical studies to evaluate pion 
cancer radiotherapy (supported by the NCI) and one-half time for fundamental 
physical and radiobiologlcal studies aimed at understanding and applying mixed- 
field radiation therapy, com7uterized dynamic control of charged particle beams, 

and visualization techniques. The DBER program supports these latter activities 
in terms of channel operation, beam line control systems and software development, 
dose monitoring services, training of operations personnel, and pion beam diagnostic 
measurement s. 

The facility 

B. Biomedical Channel Development 
The biomedical channel is controlled by a dedicated computer. Hardware 

and software developments over the past two years have provided the capability for 

the computerized moving o f  slits and wedges in the channel, setting of magnet 
currents, monitoring of dose rates and integrated dose, and acquisition of various 
kinds of data. 

provides reasonably uniform dose distributions from stopping pions for many volumes 

ranging from 2 x 2 x 2 cm to 12 x 12 x 12 cm . The stopping pion distribution along 
the beam axis i s  controlled by a dynamic range shifter which can easily be programmed 

A catalog o f  beam tunes and hardware settings i s  available which 

3 3 

to prov 
sloped, 
genera 1 
of  low, 
primary 

cal ibra 

de any desired physical depth k s e  distribution e.g., flat, uniformly 
curved, etc. Considerable documentation exists for many beams which 
y Includes the detailed three-dimensional dose distribution, distribution 

medium and high LET components, and muon and electron contamination. The 
dose monitor i s  a large ionization chamber at the channel exit which i s  

ed for specific experiment configurations using small ion chambers. 
Facilities available include small animal holding area, animal preparation 

laboratory, sterile tissue culture laboratory, and a 300 keV x-ray machine for 
controlled experiments. Equipment available includes a Coulter cell counter, auto- 
clave, incubator, freezer, and disti 1 led water generator. 

P 

At 300 p A  proton current, dose rates for several irradiation volumes (the last 

dimension being depth) arc as follows: 
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d 

0 

3 2 x 2 x 2 c m  
5 x 5 x 1 0 c m  

3 
3 

10 x 8 x 8 cm 

C. Pion Research (MP-Division 
Dosimetry of negative pion 

than that of conventional radiations 

100 raddmin 
20 rads/min 

8 rads/min 

beams i s  generally in a more primitive state 
Basic data have recently been acquired in 

The effects on pion dosimetry of ionization chamber size, shape, several areas. 
and material have been studied. The fraction of the dose from delta rays 

associated with pions has been determined to be 5-10% by use of an extrapolation 
chamber. Several investigations have been performed of the dose,RBE, and radiation 
quality of the neutrons (arising from room background and TI capture)in the regions 

in and around the irradiation volume. Microdosimetry measurements for small and 
large volume pion beams have been obtained for comparison with radiobiology results. 

- 

A system has been developed to measure the number of pions per unit area 
by use of activation techniques. Disks of plastic scintillator are placed in the 
beam and irradiated for several minutes. After the irradiation, an off-line 
measurement is made to determine the B 
Cross sections 
solute fluences. An initial check on the relative precision o f  this method showed 
it to be reproducible to- f 3%. This value could be improved, if necessary. 

The U-values (energy per ion pair) for pions were determined in the 

+ activity from 'IC produced in the plastic. 
1 1  - -  

for the reaction 12C(rr I~ n) C were then used to determine ab- 

following manner. A parallel plate ionization chamber, 2.5-cm-diam, was sand- 
wiched between two disks of plastic scintillator of the same diameter. The total 

charge produced in the gas volume of the chamber during irradiation was measured, 
and the total fluence through the gas was determined by the technique described 

in the previous paragraph. 
nitrogen, argon, methane-based tissue-equivalent gas,  and propane-based tissue- 

equivalent gas; preliminary W-values f o r  these gases for 78 f 2 MeV TT- are 

33-4 f 2.0, 37-3i 1.4, 2 7 . 7 *  1.2,  3 3 . 0 ~  2.3, and 27 .0  i 0 . 8  in units of eV per 
ion pair. 
arising in the walls of the chamber. 

Data were obtained with the chamber filled with air, 

These values have been corrected for the contribution from delta rays 

D. Pion Research (Outside Users) 
The current mu1 tidiscipl inary research program with negative pi mesons 

at the biomedical facility includes experiments concerned with radiobiology, 
dosimetry and microdosimetry, visualization, pion capture, new detector systems, 
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and clinical trials of pion cancer radiotherapy. Approximately one-half of the 
beam time i s  allotted for  research specifically designated in the NCI-sponsored 
program, Jointly conducted by UNM and LASL (MP-Div.), to evaluate pions for 
cancer therapy. 

(which, of course, may also prove relevant to the clinical program) by investigators 
from other institutions. To date scientists from 14 other institutions have 
received approval for 18 experiments, of which 1 1  have been completed. 

experiment tltles, and experiment status are listed in Appendix 1 .  Support for 
the non-LASL/UNM users is provided through the DBER program. This support ranges 
from low-level effort in assisting with experiment setup and channel operation 
to full-fledged participation in the experiment. 

The remaining one-half beam time is available for other research 

Institutions, 

Some of the experiments for which major phases have been completed 
are 1 isted below with references. 

- High LET particle detection with plastic track detectors and 

- LET measurements in meson beams 

- Fragments fromn- capture on C 
- TI capture probabilities in tissue 

- Visual itation of stopping pion distributions 
- Normal tissue repair fromn- irradiation 
- Effects of TI on mouse bone marrow cells ( 5 ) ,  (6) 
- DNA strand breaks by n 
- Biological effects ( R B E ,  OER) in plateau and peak (7) - (10) 

and nuclear emulsion ( 1 )  

(2) - 
(3)  

(4) - 
- 
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